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The effects of pH titration on the EPR spectra of imidazolidine nitroxides located at the surface of mixed b i l m  
composed of dimyristoylphosphatidylllycerol (DMPG) and dinq~'istoylphesphatidykbolinc (DMPC), and at the 
surface of the protein, human serum albumin (HSM, h~,e been investigated, it is found that the shift in pK a of the 
amino IWonP of the imklazolidinc radical from its value of 4.6 in water depends both on the interracial polarity 
(ApKatd) and on the electrostatic surface potential (ApKd)  wheu it is positioned at the bilayer/water interface by 
an anchoring hydrocarbon tail. The polarity shift is determined to be:. ApKaPd = -- 1.3 units at the surface of DMF~ 
bllayers at 17"C, cerr~poudlall  to an effective interracial dielectric ~ n t  of ~-~ 37, and depends on rite 
temperature with a coefficient o f d A p K ~ p d / d T =  -0.01 per desree. The electrostatic shift at the surface of DMPG 
bihtyers is 4 p K ~  = + l  J; units jjt 0.1 M KCI, which coz~espouds to an dectrostatic surface potential cf - 9 5  mY. 
This electrostatk shift depends s t r o n ~  beth oa ionic strenteth and tat the fraction of cbmltui lipid Jn the 
DM[ 'C /DMPG mixlures, in a manner that agrees with the predictlous of e lec t rmta~  d e o l ~ P l ~ r  theo l .  I~ Js 
found that the shift in pK.  of an imidazolidine radical covalont~ bound at the surface of H ~  is determi~,d maduly 
by the surface electrostatics (ApK,  pd ~ 0) and correspends to an electrostatic potential of +3:" mY in O.el M KCI 
at a ~H below the isoeleclrk point of the protein. 

Introduction 

It has been shown that the EPR spectra of nitro~! 
radicals containing ionizable groups are sensitive to the 
pH of the medium [1-3]. T:;ose spin labels most useful 
as pHoprobes are imidazolidine radicals, which allow 
one to measure pH in the range from 0 to 14 with an 
accuracy of 0.05 pl-! units [3,4]. Recently these radicals 
have be.en u.~.d for monitoring intraliposomal pH dur- 
ing transmembrane proton transport [5]. It seems to be 
o! considerat~le interest to use pH-sensitive spin labels 
for measuring I~H at the surface of membranes and 
proteins because, amongst other reasons, this allows 
one to estimate the surface polarity ~ad the electro- 
static surface potential. In early studies by Fromherz 
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~,,d coworkers (reviewed in ReL 8), pH, sensitive fluo- 
rescent probes have been used to measure surface 
potentials, and the interracial ionization equilibria have 
been a n a ~ ,  .~ _:~l detail by Fernz~ndez and Fremhen' 
[28] to yield the shifts in pK a of such probes that arise 
from the lower polarity at the interface. 

The electrostatic surface pote~:tial plays a aignif'cmat 
role in ma.-.y biological fun¢t~ot;s such as transmem- 
brane transport, membrane-protein interactions, and 
enzyme catalysis, etc. The method~ applied for measur- 
ing surface potential either can be indirect, as in the 
estimation of ~'-potential by studies of electrephoretic 
mobility or in conductance measurements [6.7], or car.. 
be direct approaches using NMR methods [6], fluores- 
cence spectroscopy [6-8,28l, or spit: probe EFR [9-11]. 
The advantages of spin probes lie mainly in the Ix~i-  
bility of a direct spectral readout related to the loca- 
tion of tl~e probe, and the abiliw to handk: opaque or 
highly ~atter irg samples on the one hand, a;;d the 
sensitivity relat.:ve to NMR on the other hand. The 
EPR spectra of nitro~i radicals of the rfpe p~eviously 
used in Refs. 9-11 are not intrinstcaiiy sensitt~c to t;H 
(nor to electrostatic potential) in homogeneous solu- 
tion. Their use far estimation of surface potential, or of 
,~::rfaee polarity, det~nds upon changes in interaction 
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between the radical and membrane phase, either di- 
rectly with surface potential or in,~irectly with pH. 
Such methods have, so fat; not proved amenable to 
measunng electrostatic potentials at the surface of 
proteins. 

The apl~lieation of spin lab~:ls with intrinsic spectral 
sensitivity to pH seems promising for the study of 
electrostatic surface potential of membrane5 and par- 
ticularly of proteins. In the present paper we have used 
pH-~nsitive imidazolidine radicals for measuring the 
electrostatic potential and .'.he local polarity at the 
surface of negative~.y charged phospholipid' model 
membranes and at the surface of a protein - human 
serum albumin (HSA). 

Materials and Methods 

Spin label synthesiv. The radicals given in Scheme ! 
were .,;ynthesized using published procedures. The syn- 
thesis of radical R-Br is described in Ref. 12, that of 
radicals R.  and R-I in Ref. 13, of radical R.Glut in 
Ref. 5 and of radical R-'COOH in Ref. 14. The reac- 

R,, ts tion scheme for the synthesis of radicals R,, and *" 
given in Scheme II. The radical R* was synthesized as 
described in Ref. 25 by condensation of hydro.'cyl- 
aminokemne, 1, with methylheptylketone in the pres- 
ence of ammoiiium acetate, followed by oxidation with 
MnO 2. The compound, II ( n  = 6), was obtained by 
reaction of the radical R* with dimethylsulphate [25]. 
The compounds R'~. and !! (n --- 16) were synthesized 
simii::rly, as described in Ref. 25. The radicals R~, and 
R, ,  were synthesized as described in Ref. 26 by reduc- 
tion of the compounds II (n = 6 and n- -  16, respec- 
tively) with NaBI-14 in water-ether solution with a yield 
of 90%. During the reduction a mixture of di- 
astereoi~_ome= is obtained, which was separated by 
chromatography on a silica gel column and eluted with 
a mix;.o,e of ethyl acetate and hexane (1 : 6, v/v). The 
diastereon,er shown in the scheme was used in the 
present work. Elemental analyses found (calculated) 
wele C 70.1(79.3), El 11.3(11.3), N 11.6(11.7); C 
76.1(76.0). H 12.5ft2.4), N 7.4(7.4); C 70.5(70.7), H 
12.4(12.2), N 10.9(11.0); and C 76.1(75.9), H 13.0(12.9), 
N 6.9(7.11 for the compounds R.~*, R'~,, R ,  and R, , .  
respectively. 

Modification of  HSA by R-COObt radical. The pro- 
cedure for covalent linkage ,.~f R-f (JOH to human 
seium albumin follows ~.ef. 15 and was performed as 
follows. The carboxyl group of the radical was activated 
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Scheme I. 

b y  u s i n g  dipcntofluorophcnylcarbonate (DFPC)which 
was synthesized at the Institute of Proteins of the 
USSR Acad. Sci. For this purpose, 25 mg (0.063 mmol) 
of PFPC and 7/~1 (0.05 mmol) of triethylamin¢ wcrc 
added to a solution of 16 mg (0.05 retool) of R-COOH 
in 200/~1 of dimethylformamide (DMF) and the mix- 
ture was incubated for 30 rain at 20°C. The analysis of 
the reaction mixture was performed by thin-layer chro- 
matography on silica 8el (Merck, N 5554): the R[ is 
0.05 for the initial radical ~nd 0.17 fl, r the activated 
one lint heptane/acefone (2: I, v/v)). The reaction 
mixture!was diluted with I nil of diethyl ether and 5 rnl 
h~ptan(!, upon which tl'¢ activated radical precipitated 
as aa (ill, and was washed with hexane and dried in 
vacuo, iTbe activated radical was bound to HSA as 
follow~ A solution of 16 mg of activated ra6ica[ in t20 
#1 of DMF was added dropwise to a solution of 60 mg 
of HS~ (Reanal, Budapest, Hungary) in !.2 ml of 2% 
NaHCO.~. fhe reaction mixture was incubated for 24 h 
a t 2~,:'C. After the in,:ubatio;,, unreacted radical was 
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removed by gel filtration (Sephadex G-50, Pharmacia, 
Uppsala, Sweden). The degree of modification was 
0.5 + 0.1 nitroryl groupg per protein. 

Modification of lISA by R-Br and R.i radicals. A 
solution of 2 ml of  the radical (c = 0.075 M) and HSA 
(5 mM) in i).Ol M NaOAc buffer (pH 5.0), was incu- 
bated for 16 h with stirring at 2"C. After imubation,  
the unreacted radical was removed by gel filh'atiot, 
(Sephad,.'x G-25, Pharmacia, Uppsala. S~eden~. The 
protein concentration was det,.'rmined by the Low~' 
method [16] and the radical concentration was deter- 
mined from the double integral of the EPR spectrum. 
The degree of modification was !.! +0 .2  nitroxyl 
groups per protein. 

Preparation of phospholipid mtdtilayers. Solutions of 
! ,2-dimyristoyl-sn-glyce ro-3-phosphocholir: _o (DMPC) 
(Fluka, Buchs. Switzerland), 1,2-dimyristoyl-sn-glycero- 
3-phosphoglyeerol (DMPG) (Avanti, Birmingham, Al- 
abama) and radical R , ,  in C H , C I ,  were mixed in the 
required concentrations, then the total ~ lu t ion  was 
dried under  vacuum for 12 h. The dry lipid film was 
dispersed in the appropriate buffer, introduced into a 
100 tzl glass capillary and centrifuged at 10000 × g for 
5 rain. The sedimented multilayers were used for EPR 
stt~dies. 

EPR spectroscopy. EPR spectra were recorded on 
Varian Associates E-line and on Braker ER 200D-SRC 
9 GHz EPR spectrometers. The lipid samples were 

' , . . I , . . , k l ~  . .  I I  thermostat ted by nitrogen gas flow, using a t,o,.,~,~-~,,:,, 
quartz sample dewar. Tempera ture  was measured us- 
ing a fine-wire thermocouple positioned at the top of 
the cavity and dipping into silicone oil contained i .  a 
standard 4-ram quartz EPR tube in which the s.ample 
capillary was located. Subtractions were performed on 
digitized spectra, essentially as described in Ref. 23. 

Results and Discussian 

pK a of the ladicul Rt,, bt DMPC bilayers 
The intrinsic pK~'of the nitrogen atom N-3 in the 

heterocyclc of the imidazolidine radical R~,, is ex- 
pected to have a value of approximately 4.5 in water. 
This value ":annot be measured directly due to the vet5' 
low solubility of this radical in water and was estimated 
from the pK~ values for radicals R ,  (pK~ j -----4.7) and 
R ,  (pK~ ~= 4.6). The addition of a number  of  methy- 
lene group substituents at position 2 of the h~terocycle 
cannot change significantly the value of the pK,~ of the 
radical because of th,~ relatively large distance of these 
group.~ from tho N-.~ atom. 

Fig. I ~hows the eftec! of pH on the EPR spectra of 
the radical R , ,  incorporated in DMPC multilavers. 
There  ar,: spectral changes in the pH range from 2 to 
4.5 due ,.o protort~fir~n of  the N-3 ~tom of the R t ,  
radical. For the R'i'~, radical incorporated in DMPC 
multibilayers, on the other  hand, we did not observe 
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F'g. i. EPR speclra of the rad;cal Rt, as a function of pH in DMPC 
bilaycr dispersions (10 mM NaOAc buffer) at 17"C. Full lines are Ih¢ 
original experimental spectra and the dashed lines ;~re lhe results of 
spectral subtraction and additi, m. Dashed lines: (a) srmclrum at pH 
3~3 minus .18C of lhe spectrum of the unprotonated ,-:distal al pH 
5.q: (b) 68% of the sl~ctrurn of the protu~,ated .'adical at pH 2.0 plus 
32~ of the spCchum of the tmpt'olonated radicA at pH 5.0: (c) 52% 
of the speclrum of the rad;.cal at pi| 2.0 pltls 4t5% of the Sl~clnlm of 
the radical at pH 5.0; (d) 35% of ti;e spectrum o[ the radical at pH 
2.0 plu~ 65~- of the spectrum of the radical at pH 5.0; (c) spectrum 
at pit 3.3 mhms 52% of the speclr, m of the: protonated radical 
::t¢H 2.0 The spec|ra ~er¢ nonnalixed to the .~tn~¢. dnubie tale- 
grated intensity for the sl~cctral subtractions and additi~,ns, but are 
scaled to tilt: same maximum lincheights in the plots. Total scan 

width - 10 roT. 

any spectral changes over the same pH ra'~ge, in agree- 
ment  with the very acidic pK~ (about l) of the N-3 
atom of this particular imidazolidine radical. It should 
be noted that the main reason for the pH sensitivity of  
the EPR spectrum of radical R t ,  in liposomes ts not 
changes of the intr i~ic hyperfinc pare.meters of the 
N O fragment on protonation of the hi-3 atom, as ~s 
the case in homog,~eous  solution, bt~t is the change ; ,  
!nterac',icn '-~:tween tiac radical and membrane on pro- 
tonat ; -n of the imidazolidine moiety. The exact molec- 
ular nature of this cha ,gc  is not known with certainty,, 
but it might result from a change in the vertical loca- 
tion of the probe (as in spin-labelled fatty acids [29]) c.r 
from a direct interaction of the charged moiety with 
the phosl~holipid headgrou~ .  In any case, it is clever 
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that it is the protonated, i.e. positively charged, form of 
the probe which has the greater restriction of its rota- 
tional mobility. 

An interfacial pK~ of 3.3 + 0.2 was estimated for 
R ~  it'. DMPC at 17~C by fitting the EPR spectra of the 
radical at intermediate pH values as a linear combina- 
tion of  normalized (second integral fixed to unity) 
sw.mta obtained at the titration extremes of pH 2 and 
pH 5. The spectnt~ that gives equal fractions of  the 
two components in the total spectrum corresponds to 
pH = pK.  ~ (see Fig. 1). Fitting the fraction, f ,  of the 
high pH component to a conventional zitration curve: 

f =  ~/(1 + [H' ]/K~) (1) 

provided a check on the estimate o f  the interfacial 
~)K,. These res, dts are given in Fig. 2 and yield ~ ;,a'ue 
of  pK~ = - tog : )K~ = 3.3. A simpler, empirical analysis 
from the pH-dependence of  the ratio of  peak intensi- 
ties of  the central (m,  = 0) and low-field (m,  = + 1) 
E P g  comw2nents was also found to yield reliable val- 
ues of  the p K  i, as i!!us(rated in Fig. 3 which is given 
later below. This method gave a w:tue of pK~ = 3.25 
for the radical R , ,  in DMPC at 17°C, in agreement 
with the more direct analysis. Because of  its simp~iciw 
and reliabili~ the lineheight ratio method was used in 
the subsequent analysis. 

The interracial pK~ of the radical at the po la r /  
apolar interface of  the bilayer is shifted from the 
in !~ns ic  p K  ° by an amount  ApK~ which depends in 
the general case both on the interfacial polarity and on 
the surface electrostatics [8,18,28]: 

pK~ -- pK'." + d p K ~  ~ + A p K F  ~ (2) 

v 
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4O-  
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2O-  
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pH 
Fig. 2. pH dependence of '.he fraction, f. of the unprolona~.t:d form 
of the raOical R~, in DMPC bilayer dispersions at 17°C. The values 
of f were determined ttom the EPR spectra as indicated in Fig. I. 
The solid line is a non-linear least-squares fit of the data to Eqn. I. 

yielding a value, of pK: = 3.3. 

Hence the measurement  of the negative shift in pK a 
( -~pK~ t -- -- 1.3) of  radical R,+ in DMPC bilayers at 
17°C allows an estimate of  the effective dielectric con- 
stant at the membrane surface in the region of  the 
radical heterocycle. Using eqn. 4 this gives a value of  
e i -- 37, corresponding to a lower polarity at the mem- 
brane inlerface than. in I:ulk solution (cf. Refs. 8 and 
28). This polarity-induced shift is tcmpc:'ature depen- 
dent as s:,en in Fig. 3 (given below) and corresponds fo 
a temper-~ture coeff/cient of dAp  K ~ l / d  T -- - 0.L,! per  
degree. For a carbo~lic  acid spin p~obe in DMPC 
bilayers :z similar temperature-induced shift in pK~ 
was found [! I] but of  the opposite sign to that found 
here, as ~s CXl~cted for the dissociation of a molecular 
acid as ~pposed to a cationic acid. 

The elecLrostatic shift, dpK~ ~, in pK;, is related to the 
surface ix, remittal, ~k, by the following equation [18]: 

3pK~ ei = - e & / l n (  10)kT (3) 

where T is the absolute tempermt, re. e is the elemen- 
tary charg~ and k is Boltzmann's constant. In the case 
of ,.:~ci~arged DMPC bilayers th~s electrostatic shift is 
equal to zero. 

The polarity-induced shift is de,:ermined by destabi- 
lizatim, of the forward associatio;~ reaction R~6 + H + 
~, Rt6H + by the lower polarity a~ the interface {8,28], 
and ~'or reactions involving the dissociation of a molee- 
~,lar acid (e.g. stearic acid in DMPC bilayers [10,11]) it 
has the opposite sign. Titration of  the radical R 6 in 
water-ethanol solutions results in a linear dependence 
of dpK~ p~ on the dielectric constant, e, over the range 
of • from 30 to 78, namely: 

A p K .  n'~ = 0.032(e - etl , o )  (4) 
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Fig, ~. pH dependence of the ratJn of the EPR spectral peak height 
inlensities of the central (mt -O/  and low-field (m I - + I) compo- 
nents, for :he radical Rt~ ) in DMPC bilayer dispersions (three left. 
hand curves) and in DMPG bilayex dispersions (three rJgllt-I~and 
curves) in 10 mM NaOAc buffer, e. Data at 9"C; IP ,4 1"~'C; A, at 
50~C. The solid lines represent non-linear least-squares fits of the 
data to F..qn. $, where a is determined from the spectra a t. the 
~-xit'cmes of the titration to havc values of: O.6b. 0.83 and 1.39 at 9, l? 

and 51FC0 respectively. 



Measurement of the surface potential of bilayers contain- 
ing DMPG 

The pH titration of the radical R,6 in DMPG bilay- 
ers is compared with that in DMPC bila~ers in Fig. 3. 
The titration is expressed in terms of the empirical 
lineheight ratio R = h(O)/h( + 1), where h(0) t.nd h( + 1) 
are the lineheights of the central and low-field compo- 
nents, respectively. The titration curves have been fiE- 
re0 to the st~.-:~ard express;.on (cf. eq. 1) [17]: 

R=(Rm.~+r,,~,a[H+]/K'..,)/(I +~[H+]/K~) (5) 

where Rma x and K,,~, are the values of R for the fully 
deprotonated and the fully protonated species, respec- 
tively, and a =h.~i~(+ l ) / h , . ~ ( +  1) is the ~at;o of the 
normalized low.field lincheights of the protonated and 
deprotonated sp~z~es, respectively. 

When the r ,  dical R=o is incorporated in negatively 
charged DMPG bilayers a positive shift is observed in 
the pK,  i of the radical, namely ApK'.', = + 1.3 at I'PC, 
which is due both to the polarity-induced shift and to 
the electrostatic shift. Using the polarity-induced shift 
measurt~d above in DMPC yields a value for the clcc- 
trostat~'~ily induced shift of ApK~*= + 2.6. "rl, iis elec- 
trostatic shift then allows estimation of the surface 
v,.,ie,d ~L ~,  b,~ using Eqn. 3; a value of ¢, = - 150 mV 
is obtained for DMPG in 10 mM NaOAc a! I'PC. 

The ionic strength dependence ol the surface poten- 
tial of DMPG b.ilayers n:.ea~ured in *,he above manner 
is given in Fig. 4. At 0.1 M KCI the surface potential is 
found to be - 9 5  inV. Th~s Js in agreement with a 
previous determination using a different spin-label 
methoo which gave a value of 4~ '- - 10f~. mV for DMPG 
bilayers in the gel phase at a similar ionic strengtt~ [20]. 
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Fi B. 4. De~,endenee of  the electrostatic surface potential, cb. of 
DMPG blJ%'er dispersions in 10 mM NaOA¢ bu~ on Ka conc~n. 
tration. Experimental pointz (II)were determined from the el~ctro- 
static shift in pK. ~ of the radical Rt, as illustrated in Fig. 3 and the 
solid curve is a non-linear least.,.~ua~s fit to Eqn. 6. with an area 

per lipid molecule of ,40 ~' 1,17 nm 2. ' 
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Fig. 5. Dependence of the e|ectrostatic surface potenlial. ~, of 
DMPG-DMPC mixed lipid dispersions in I0 ram NaOAc buffer on 
Ihe mole fraction of charged lipid (DMPG) in the bilayet. Expert. 
mental points (11) were determined from the electrostatic shift in 
pK~ of the radic;~l Rm as illustrated in Fig. 3 and the solid c,~r~e is a 
non-linear ]east-~uarcs fit to Eqn. 6, with an a~a per lipid w*~cule 

of ,40 = 1.20 nm z. 

The data in Fig. 4 have been fitted re, the standard 
Gouy-Chapman equation from ele~.trostatic double- 
layer theo,'y [18]: 

¢#-- (21:T/e) sinh-'(o'/(¢[8006%,solV^kTl] ) ) (6) 

where o- is the surface charge density, e b and 4 0 are 
the d;.electric constant in the electrical double-layer 
and the pe~atittivity of free space, respectively, and I is 
the ionic strength. The surface charge density s given 
by: o r = - e X / A o ,  where X is the mole iraetion of 
negatively charged lipid (DMPG) and Ao is the area 
per lipid molecule. The. fit requires an artificially high 
value for the area pet lipid molecule (Ao = 1.17 nm 2, 
instead of 0.48 nm 2 as determined for DMPG in the 
gel phase by X-ray diffraction studies [!9]). This orv'er- 
estimation of the electrostatic surface potential for 
highly charged membra,les by Gouy-Chapman theory is 
well-known [20] and is attributable at lease in part to 
the simplifying assu~.pt..;¢ns made in this approach (see 
Ref. 18 for a discussion). 

The electrostatic surface potential was a!so meas- 
ured as a function of surface charge density in bilayers 
composed of mixtures of the negat~,.~:ly charged lipid 
DMPG with the zwitterionic lipid DMPC. Tllese re- 
sults are given as a function of the mole fraction, X, of 
DMPG in Fig. 5. The decrease in surface potential 
frith decreasing surface charge density is clearly appar- 
en~ in the figure. These data have also b~.e,.~ fitted to, 
the predictions of electrostatic doub!,:-layer theory by 
using Eqn. 6. Again a larger value of ,4 o = 1.20 nm-' is 
required for the area per lipid molecuee in order to fit 
the data with standard Got*y-Chapman theory. 
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T~',us :he =adical R ~ extends the class of spin labels 
with ionizable head groups that are useful for surface 

"dectrosta~.~¢ measurements by EPR [10,11,21] and also 
extends the pH range of their applicability. It should 
be noted that the acidity of N-3 in the imidazolidine 
ring is strongly dependent on the substituent at the C-4 
atom [4], and therefore other analogues are available 
in principle with higher values of the intrinsic pK~ ~ 
than that of R~,. The length of the alkyl chain c~n be 
adjusted to improve partitioning, but in d'iute mem- 
brane suspensions a contaminating free aqueous spin 
label signal ,nay cause complications unless double- 
chain pi'obes are used. The abiIity to work with opaque 
or highly scattering samples is an advantage. However, 
it is also something of a necessity for reasons of signal- 
to-noise ratio. The smaller size of the reporter group 
may be of advantage in comparison w:,th fluorescent 
probes, although EPR cammt compete with fluores- 
cence in terms of sensitivity if concentrations are limit- 
ing. 

/ 
/ ~  R-COOII 

Measurement of surface potential of the protebt lISA 
The electrostatic potential at the surtace of a pro- 

tein can be measured using pH-sensitive radicals by 
comparing the pK a of the radical in bulk solution with 
that at the surface of the protein. In this ca.~c, the 
intrinsic sensitivity of the EPR spectra of the imidazoli- 
dine radicals to pH (see Refs. 3 and 4) is exploited. 
The choice of the length of the linkage between the 
protonatable group and the point of covalent attach- 
ment, and of the intrinsic pK/, I of the radical, is impor- 
tant for such determinations. For instance, when the 
radical R-COOH was covalently bound to HSA (see 
Materials and Methods) a highly mobile EPR spectrum 
of the radical was observed (see Fig. 6A). In addition, 
the pK~ of the bound radical determined by titration 
of the isotropic hyperfine splitting constant, aN, (see 
Fig. 6B) was found to be equal to that of the radical 
R-COOH in bulk solution (pK d = 4.7). The motionat 
freedom of the bound label suggests that the proton- 
atable imidazolidine moiety zs located at a position 
remote from the protein surface. Therefore, the pK., 
of the label is insensitive to the protein electrostatics 
and remains unshifted from its intrinsic value which is 
close to the isoelcctric point of the protein (p l - -4 .9  
[271). 

When the radical R-Br  with a short distance be- 
tween radical heterocycle and alkylating-CH2Br group 
was covalently bound to the SH-group of HSA (see 
Materials and Methods) a moderately immobilized EPR 
spectrum of the radical was observed (see Fig. 6A). A 
clear shift in pK,, of the label covalently bound at the 
surface of HSA was found relative to lhat for the label 
bound to the low-molecular weight compound glu- 
tathione in aqueous solution (see Fig. 6B). In order to 
exclude the possibility that the spectral changes ob- 

z6'° I B" 15.8 l ~  A~,m 

/f/  
z 1,5.2 ,! 
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t4,H 

I.! ,6 . . . . .  ~ . . . .  ~ r  

pH 
Fig. 6. (A) EPR spectra recorded at 23°C of the radicals R-COOH 
and R-Br covalently bound to human serum albumin in 0.01 M KCt 
a! pH 4.9 and pH 5,0. respectively. The isotropie hyperfine splitting constant, a N. is .'neasured as lhe distance between the baseline 
crossing points of the low-field (m! = + l) atJd central (m I = 0) lines, 
Tutal scan width = 6 roT. (B) pH dependence of the isotropic hypero 
fine interaction constant, a N. for the radicals R-COOH (A) and 
R-Br (e) covalcntly bound to HSA and of Ihc radical R-Br bound 
to glutathione (II) and of the radical R-COOH alone ( r, ) in 0.01 M 

KCI at 23°C. 

served might be associated with conformational changes 
of the protein on changing the pH, the nonprotonat- 
able radical R - l  was used as a control. The EPR 
spectra of R- I  in aqueous solution and bound to HSA 
were insensitive to pH over the range from 1.5 to 6.6. 

The observed downward shift in pK,, of the R-Br  
radical could be connected either with the electrostatic 
potential, or with a lower polarity, at the surface of 
HSA. To estimate the surface polarity at the position 
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Fig. 7, Dependence t:f lhe elcctro.g|atic poicnfial at ihc h~cdtion of 
the N-3 atom of the radic;:[ R-Br  ,-'ovalent!y bound to HSA on KCI 
concentration. Experimental points (11) were determined from the 
shift in pK;D of the radical as illustrated in Fig. ~ and the solid curve 
is a non-linear leest-squares fit to Eqn. 7, with r~, = 2.8 am, yielding 

,.lr = I).2 nm and ~b. = + 65 inV. 

of the radical moiety it is possible to use the well-known 
dependence of the hyperfine interaction constant, a N, 
of nitroxyl radicals on polarity [22]. There is found to 
be very little difference in aN for the radical R-Br  
bound to glutathione and to HSA, both in the 9rata- 
noted and in the unprotonated forms of the radical 
(see Fig. 6B), indicating that the polarity at the loca- 
tion of the radical bound to HSA is similar to that in 
bulk solution. Therefore, the main re:t.;-m for the shift 
in oK~ of the radical at its binding site en HSA results 
from the non-zero electrostatic potential at the surface 
of the protein. The surface potential can be calculated 
using Eqn. 3, where AoK~ ~ is given by the difference 
between the oK.., for the radical R-Br  bound to HSA 
and to glutathione. A value of + 33 mV is obtained for 
HSA at oH 2.5-3 in 0.01 M KCI, the sign of which is 
consistent with the isoelectric point of the protein: 
p i  = 4.9. 

The dependence on salt concentration of the poten- 
tial measured at the location of the N-3 atom of the 
radical bound to HSA is given in Fig. 7. The screening 
of the potential with increasing ionic strength, I, has 
bc :n fitted to the linearized Poisson-Boltzmann equa- 
tion for an isolated spherical surface of radius r0 (see 
Ref. 18): 

d~ = d~0[A/(?, + r0 )  ] exp( -ARIA} (7) 

where Ar = r - r p  IS the distance of the N-3 atom from 
the protein surface, 4hj is the surface potential at 
zero ionic strength (1=0, Arc--O), and A 
=~te~,okT/(2OOONAeZl)] is the Debye screening 

length (A = 0.304/VQ nm at 294 K for monovalent 
salt). The data fit well with the N-3 atom of the radical 
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located at a distance Ar = 0.2 nm from the pro,ein 
surface, yielding a value of ~b~ --- 65 mV for the surface 
potential in the absence of salt. where a value of 
rp = [3,~ff:r,/4-rrNx] |,'3 =-- 2.8 nm is taken for the radius 
of the protein [24]. Tt.c agreement of the ionic strength 
depec dence with Dei:,~/e-Hiickel theory and the nearly 
complete screening at a KCI concentration of approx. 2 
M further confirm that the shifts in pK;, observed for 
the radical R-Br  bound i,J HSA are dominated by 
electrostatic effects and hence give a reliable method 
of estimating the surface potential. 

Conclusions 

(1) TI'e hexade,cyl-linked im~,!azolidine radical, R, , ,  
has an i;ltrinsic pK.., of approx 4.6. it can be u ~ d  to 
determine both the surface polarity and the surface 
potential of I;pid bilayer membranes. The sensitivity 
arises from the different interactions of the protonated 
and deprotonated forms with the membrane environ- 
ment. It is complementary to the long-chain fatty acid 
spin labels used previously in that the protonated form 
is chargeu and therefore the polarity-induced shifts in 
pK=, are of the opposite sign. 

(2) The activated imidazolidine radical, R-Br,  cart 
be covalently linked to nucleophilic side chains on 
proteins. The intrinsic sensitivity of the imidazolic'iae 
radicals to pH can then be used to determine the 
electrostatic potential at the surface of the protein. 
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