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The effects of pH titration on the EPR spectra of imidazolidine nitroxides located at the surface of mixed bilayers
composed of dimyristoylphosphatidylglycerol (DMPG) and dimyristoylphosnhatidylcholine (DMPC?, and at the
surface of the protein, human serum albumin (HSA), have been investicated. It is found that the shift in pK,, of the
amino group of the imidazolidine radical from its value of 4.6 in water depends beth on the interfacial polarity
(ApK!™) and on the electrostatic surface potential (ApK?') when it is positioned at the bilayer /water interface by
an anchoring hydrocarbon tail. The polarity shift is determined to be: ApK™ = —1.3 units at the surface of DMFC
bilayers at 17°C, corresponding to an effective interfacial dielectric cousiant of ¢ =37, and depends an the
temperature with a coefficient of dApK?™ /dT = —0.01 per degree. The electrostatic shift at the surface of DMPG
bilayers is ApKS = +1.6 units in 0.1 M XTI, which corresponds to an electrosiatic surface potential cf —95 saV.
This electrostatic shift depends stromgly both on iomic strength and om the fraction of charged lipid in the
DMPC /DMPG mixtures, in @ manner that aprees with tiwe predictions of electrostatic donble-layer theory. It is
found that the shift in pX, of an imidazolidine radical covalently bound at the surface of HSA is determined maindy
by the surface clectrostatics (Ap K™ = 0) and correspends to an electrostatic potential of +37 mV in 001 M KC1

at a pH below the isoelectric point of the protein.

Introduction

It has been shown that the EPR spectra of nitroxyl
radicals containing ionizable groups are sensitive to the
pH of the medium [1-3]. Tiiose spin labels most useful
as pH-probes are imidazolidine radicals, which allow
one to measur: pH in the range from 0 to 14 with an
accuracy of 0.05 pH uaits [3,4]. Recently these radicals
have been used for monitoring intraliposoral pH dur-
ing transmembrane proton transpori {5, It seems to be
of considerable interest to use pH-sensitive snin labels
for mecasuring ¢H at the surface of membranes and
prcteins because, amongst other reascas, this allows
one to estimaie the surface polarity #2ad the electro-
static surface potential. In carly studies by Fromherz
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and coworkers (reviewed in Ref. 8), pH- sensitive fluo-
rescent proves have been used to measure surface
potentials, and the interfacial ionization equilibria have
been analys. ! i detail by Ferndndez and Fremhers
{28} to vield the shifts in pK_ of such probes that arise
from the lower polarity at the interface.

The electrostatic surface poteitial plays a significant
role in many biological funciions such as transmem-
brane transport, membrane—-protein interactions, and
enzyme catalysis, etc. The methods apolied for measur-
ing surface potential either can be indirect, as in the
estimation of {-potential by studies of elecirophoretic
mobility or in conductance measureents [6.7], or can
be direct approaches using NMR methods {6}, fluores-
cence spectroscopy [6-8.28], or spii: probe EPR [9-11].
The advantages of spin probes lic mainly in the possi-
bility of a direct spectral rcadout related to the loca-
tion of ihie probe, and the abilizy to handlc opaque or
nighly scattering samples on the one hand, aud the
sensitivity relative to NMR on the other hand. The
EPR spectra of nitroxyl radicals of the type previously
used in Refs. 9-11 are not intrinsicaily sensiive to pt
{nor to electrostaiic potentia!) in homogenecus solu-
tion. Their use far estimation of surface potential, or of
curfase polarity, depends upon changes in interaction
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between the radical and membrane phase, either di-
rectly with surface potential or inirectly with pH.
Such methods have, so far, not proved amenabic to
measuning electrostatic potentials at the surface of
proteins.

The application of spin labels with intrinsic spectral
sensitivity to pH scems promising for the study of
clectrostatic surface potential of membranes and par-
ticuiarly of proteins. In the present paper we have used
pH-sensitive imidazolidine radicals for measuring the
elcctrostatic potential and the local polarity at the
surface of negaiively charged phospholipid - modcl
membranes and at the surface of a protcin — human
serum albumin (HSA).

Materials and Methods

Spin label synthesis. The radicals given in Scheme |
were synthesized using published procedures. The syn-
thesis of radical R-Br is described in Ref. 12, that of
radicais R, and R-! in Ref. 13, of radical R-Glut in
Ref. 5 and of radical R-COOH in Ref. 14. The reac-
tion scheme for the synthesis of radicals R, and R} is
given in Scheme 11, The radical R} was synthesized as
described in Ref. 25 by condensation of hydroxyl-
aminoketone, 1, with methylheptylketone in the pres-
ence of ammoiium acetate, followed by oxidation with
MnO,. The compound, Il (n =6), was obtained by
reaction of the radical R} with dimethylsulphate {25].
The compounds R%, and Il (n = 16) were synthesized
simiiurly, 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 NaBH | in water-ether solution with a vield
of 90%. During thc reduction a mixture of di-
astcreoisomers is obtained, which was separated by
chromatography on a silica ge! column and eluted with
a mixiwve of cthyl acetate and hexane €1:6, v/v}. The
diastereomer shown in the scheme was used in the
present wors. Elcmental analyses found {calculated)
weie C 70.1(70.3), H 11.3(11.3), N {1.6&11.7); C
76.1(76.0), H 12.3032.4), N 7.4(7.4), C 70.5(70.7), H
12.4(12.2), N 10.9(11.0%; and € 76.1(75.9), H 13.0(12.9),
N £97.1) for the compounds R¥, R},. R, and R,
respectively.

Madificationi of HSA by R-CGOH radical. The pro-
cedure for covalent linkage of R-CUOH to human
serum albumin follows Kef. 15 and was performed as
follows. The carboxyl group of the radical was activated
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by using dipentofluorophenylcarbonate (DFPC) which
was synthesized at the Institute of Proteins of the
USSR Acad. Sci. For this purpose, 25 mg (0.063 mmol)
of DFPC and 7 ul (0.05 mmol) of tricthylamine were
added 1o a solution of 16 mg (0.05 mmol) of R-COOH
in 200 ul of dimethylformamide (DMF) and the mix-
ture was incubated for 30 min at 20°C. The analysis of
the reaction mixture was performed by thin-layer chro-
matography on silica gel (Merck, N 5554): the R, is
0.05 for the initial radical 2nd .17 for the activated
oae tin: heptane /acetone {(2:1, v/v)). The reaction
mixture/was diluted with 1 ml of diethyl ether and 5 ml

:ptan(!, upon which tl'¢ activated radical precipitated
as an dil, and was washed with hexane and diied in
vacuo, [The activated radical was bound to HSA as
follows; A solution of 16 mg of activated radical in 120
p] of IP)MF was added dropwise to a solution of 60 mg
of HSA (Reanal, Budapest, Hungary) in 1.2 ml of 2%
NaHCO,. rhe reaction mixture was incubated for 24 h
at 20°C. After the in.ubation, unreacted radical was
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removed by gel filtration (Scphadex G-50, Pharmacia,
Uppsala, Sweden). The degiee of modification was
0.5 + 0.1 nitroxyl groups per protein.

Modificaiion of HSA by R-Br and R-i radicals. A
solution of 2 ml of the radical (¢ = 0.075 M) and HSA
(5 mM) in 0.01 M NaOAc bufier (pH 5.0), was incu-
bated for 16 h with stirring at 2°C. After in: ubation,
the unrcacted radical was removed by gel filtratior.
(Sephadex G-25, Pharmacia, Uppsala, Sweden). The
protein concentration was detzrmincd by the Lowry
method [16] and the radical concentration was deter-
mined from the doublc integral of the EPR spectrum.
The degree of modification was 1.1 +0.2 nitroxyl
groups per protein.

Preparation of phospholipid mudtilayers. Solutions of
1,2-dimyristoyl-sn-glycero-3-phosphocholire  (DMPC)
(Fluka, Buchs, Switzerland), 1,2-dimyristoyl-sn-glycero-
3-phosphoglycerol (DMPG) (Avanti, Birmingham, Al-
abama) and radical R, in CH,(l, were mixed in the
required concentrations, then the total sclution was
dricd under vacuum for 12 h. The dry lipid film was
dispersed in the appropriate buffer, introduced into a
100 p1 glass capillary and centrifuged at 10000 X g for
5 min. The sedimented multilayers were used for EPR
studics.

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

" thermostatted by nitrogen gas flow, using a deublc-wall
quartz sample dewar. Temperature was measurcd us-
ing a fine-wire thermocouple positioned at the top of
the cavity and dipping into siliconc oil contained in a
standard 4-mm quartz EPR tube in which the sample
capillary was located. Subtractions were performed on
digitized spectra, essentially as described in Ref. 23,

Results and Discussion

pK, of the radical R, in DMPC bilayers

The intrinsic pKYof the nitrogen atom N-3 in the
heterocycle of the imidazolidine radical R, is ex-
pected to have a value of approximately 4.5 in water.
This value ~annot be measured directlv due to the very
low solubility of this radical in water and was estimated
from the pK, values for radicals R, (pK! =4.7) and
R, (pK! = 4.6). The addition of a number of methy-
lene group substituents at position 2 of the heterocycle
cannot change signiticantly the value of the pK, of the
radical because of the relatively large distance of these
grouns from the N-3 atom.

Fig. I shows the eftect of pH nn the EPR spectra of
the radical R, incorporated in DMPC muitilayers.
There ar: spectral changes in the pH range from 2 10
4.5 due o protoration of the N-3 ztom of the Ry,
radical. For the RY, radical incorporated in DMPC
muitibilayers, on the other hand, we did not observe
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Fig. 1. EPR spectra of the radical Ry, as o function of pH in DMPC
bilayer dispersions (10 M NaOQAc buiier) at 17°C. Full lines are the
original experimental spectra and the dashed lines are the results of
spectral subtraction and addition. Dashed lines: (a) spectrum at pH
3.3 minus 4870 of the spectrum ol the unprotonated ridivad at pH
S0 () 687 of the spectrum of the protoiated sadical ai pH 2.0 plus
22% of the specirum of the unprotonated radic.| at pH 5.4% (c) 52%
of the spectyum of the radical at pi 2.0 plus 487 of the spectrum of
the radical at pH 5.0; (d) 354 of the spectrum of the radical at pH
2.0 plus 657 of the spectrum of the radical at pH 5.0; (¢) spectrum
at pH 3.3 minus 529 of the spectrum of the proionated radicat
at pH 20 The spectra ware normalized to the samg doubie inte-
grated intensity for the spectral subtractions and additions, but are
scided to the same maximum lineheights in the plots. Total scan
width = 10 mT.

any spectral changes over the same pH range, in agree-
ment with the very acidic pK, (about t) of the N-3
atom of this particuiar imidazolidine radical. It should
be noted that the main reason for the pH sensitivity of
the EPR spectrum of radical R,, in liposomes 1s not
changes of the intrirsic hyperfine parameters of the
N-QO fragment on pretonation of the N-3 atom, as is
the case in homogenreous solution, but is the change in
intaraction 'sotween the radical and membrane on pro-
tonation of the imidazolidine moiety. The exact molec-
ular nature of this change 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 29D cr
from a direct interaction of the charged moiety with
the phospholipid beadgroups. In any case, it is clear
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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 pX! of 3.3+ 0.2 was estimated for
R,, ir DMPC at 17°C by fitting the EPR spectra of the
radical at intermediate pH values as a linear combina-
tion of normalized (sccond integral fixed to unity)
spccira obtained at the titration extremes of pH 2 and
pH 5. The spectrum 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 titration curve:

f=17Q0+{H'J/K]) n

provided a check on the estimate of the interfacial
K. These results are given in Fig. 2 and yield z value
of pK} = ~log , K} = 3.3. A simpler, cmpirical analysis
from the pH-dependence of the ratio of peak intensi-
ties of the central (i, =0j and low-field (m,= +1)
EPR compenents was also found te vield reliable val-
ues of the pKli, as illusirated in Fig. 3 which is given
later below. This method gave a value of pK =3.25
for the radical R, in DMPC at 17°C, in agreement
with the mozz direct analysis. Because of its simphicity
and reliability the lineheight ratio method was used in
the subsequent analysis.

The interfacial pK! of the radical at thc polar/
apolar interface of the bilayer is shifted from the
intrinsic pK? 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]'+ApK: + ApK P ()]

The electrostatic shift, ApK ', in pK,, is related to the
surface potential, ¢, by the following equation [18]:

ApKS = —e¢ /In(10)kT (3)

where T is the absolute temperaivre. ¢ is the elemen-
tary charge: and k is Boltzmann's constant. In the case
of enciarged DMPC bilayers this electrostatic shift is
equul to zero.

The polarity-induced shift is dztermined by destabi-
lization of the forward association reaction R, + H*
= R (H* by the lower polarity a: the interface {8,28),
and {or reactions involving the dissociation of a molec-
tlar acid {e.g. steuric acid in DMPC bilayers [10,11]) it
has the opposite sign. Titration of the radical R, in
water-ethanol solutions results ir a linear dependence
of ApKP™ on the dgielectric constant, e, over the range
of £ from 30 to 78, namely:

ApK P = 0.032(¢ ~ €11.0) (4)
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Fig. 2. pH dependence of the fi £, of the unprotonated form

of thz radical Ry, in DMPC bilayer dispersions at 17°C, The vaiucs

of f were determined trom the EPR specira as indicated in Fig. 1.

The solid line is a non-linear icast-squares fit of the data to Eqn. 1,
yielding a value: of pK} = 3.3.

Hence the measurement of the negative shift in pK,
(ApKP = - 1.3) of radical R,, in DMPC bilayers at
17°C allows an estimate of the cffective dielectric con-
stant at the membrane surface in the region of the
radical heterocycle. Using eqn. 4 this gives a value of
&' = 37, corresponding to a lower polarity at the mem-
brane intzrface than. in bulk solution (cf. Refs. 8 and
28). This polarity-induced shifi is temperaturs depen-
dent as sc-en in Fig. 3 (given below) and corresponds te
a lempernture coefficient of dApK o /dT = — 0.1 per
degree. For a carboxylic acid spin rrohe in DMPC
bilayers = similar temperature-induced shift in pX}
was found [11) but of the opposite sign to that found
here, as is expected for the dissociation: of a molecular
acid as ~pposed to a cationic acid.
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Fig. %, pH dependence of the ratio of the EPR spectral peak height
intensities of the central {m; = 0) and low-field (m, = + 1) compo-
nents for the radical Ry, in DMPC hilayer dispersions (three lefi.
hand curves) and in DMPG bilayer dispersions (three right-hand
curves) in 10 mM NaOAc buffer. ®, Data at 9°C; ®. ut 17°C; a, at
S0°C. The solid lines represent non-linear leasi-squares fits of the
data {o Eqn. 5, where a is determincd from the spectra at the
exivcmes of the titration to have values of: 0.65, 0.83 and 1.39 at 9, 17
and 50°C, respectively.



Measurement of the surface potential of bilayers contain-
ing DMPG

The pH titration of the radical R, in DMPG bilay-
ers is compared with that in DMPC bilayers in Fig. 3.
The titration is expressed in terms of the empirical
lineheight ratio R = h(0)/A( + 1), where (0) and 2(+ 1)
are the lineheights of the central and low-field compo-
nents, respectively. The titration curves have been fit-
ted to the standard expression (cf. eq. 1} {17]:

R=(Rpu+ Rosea[H*}/K3) /(1 + alH* /KD  (5)

where R, and K., are the values of R for the fully
deprotonated and tiie fully protonated species. respec-
tively, and a =k, (+1)/h (+1) is the 1aiiv of ihe
normalized low-field lincheights of tile protcnated and
deprotonated spuc:es, respectively.

When the radicat R, is incorporated in negatively
charged DMPG bilayers a positive shift is observed in
the pK! of the radical, namcly ApK}= +1.3 at 17°C,
which is due both to the polarity-induced shift and to
the elecirostatic shift. Using the polarity-induced shift
measured above in DMPC yiclds 4 value for the clec-
trostati~2ily induced shift of ApK' = +2.6. Thiis elec-
trostatic shift then allows estimation of the surface
puicinita, ¢, by using Eqn. 3; a value of ¢ = - 150 mV
is obtained for DMPG in 10 mM NaDAc at 17°C.

The ionic strength dependence of the surface poten-
tial of DMPG hilayers measured in the above manner
is given in Fig. 4. At 0.1 M KCl the surface potential is
found to be —95 mV. This is in agreement with a
previous determination using a different spin-label
method which gave a value of ¢ = — 10C YV for DMPG
bilayers in the gel phase at a similar ionic strength [20].
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Fig. 4. Dependence of the electrostatic surface potential. ¢, of

DMPG bilayer dispersions in 10 mM NaOAc buff: on KCl concen-

tration. Experimental points (@) were deicrmined from the electro-

static shift in pX of the radical R ¢ as illustrated in Fig. 3 and the

solid curve is a non-linear least- tquar:s fit 10 Eqn 6, wl|h an area
per lipid molecule of Ag = 1.17 om?.
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Fig. 5. Dependence of the el ic surface p ial, &, of

DMPG-DMPC mixed lipid dispersions in )0 mM NaQAc buifer on

the mole fraction of charged lipid (DMPG) in the bilayer. Experi-

mental points () were determined from the clectrostatic shift in

pK} of the radicat R, as iHustrated in Fig. 3 and the solid curve is a

non-linear i2ast-squarcs fit to Eqn. 6, with an arca per lipid wolecule
of Ay=120nm".

--

The data in Fig. 4 have been iiiicd « the standard
Gouy-Chapinan equation from electrostatic doubie-
layer theory [18):

= (24T/e) sinh™{o/(/[800e,5,NKTT] )}  (6)
where ¢ is the surface charge density, ¢, and ¢, are
the dieicetric constant in the electrical double-layer
and the peziitiivity of free space, respectively, and I is
the ionic strength. The surface charge density s given
by: o= —eX/A,, where X is the molc iraction of
negatively charged lipid (DMPG) and A, is the area
per lipid molecule. Thc fit requires an artificially high
value for the area per lipid molecule (4,=1.17 nm?,
instead of 0.48 nm® as determined for DMPG in the
gel phase by X-ray diffraction studies [19)). This over-
estimation of the electrostatic surface potential for
highly charged membranes by Gouy-Chapman theory is
well-known [20] and is attributable at least in part to
the simplifying assumntions 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 mixiures of the negatively charged lipid
DMPG with the zwitterionic lipid DMPC. These re-
sults are given as a function of the mcle fraction, X, of
DMPG in Fig. 5. The decrease in surface potential
with decreasing surface charge density is clearly appar-
ent in the figure. These data have also bcen fitted s
the predictions of electrostatic double-layer theory by
using Eqn. 6. Again a larger valuc of A, = 1.20 nm* is
required for the arca per Lipid molecule in order to fit
the data with standard Gowy-Chapman theory.
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Th.us the cadical R,, extends the class of spin labels
with jonizable hcad groups that are useful for surface
“electrostatic measurements by EPR [10,11,21] and also
exiznds the pH range of their applicability. It should
be noted that the acidity of N-3 in the imidazolidine
ring is strongly dependent on thz substituent at the C-4
atom [4], and thercfore other analogues are available
in principle with higher valucs of the intrinsic pK”
than that of R,.. The length of the alkyi chain cun be
adjusted to improve partitioning, but in d’iutz mem-
brane suspensions a contaminating free aqueous spin
label signal rnav cause complications unless double-
chain picbes are used. The ability 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 with fluorescent
probes, although EPR canuot compete with fluores-
cence in terms of sensitivity if concentrztions are limit~
ing.

Measurement of surface potential of the protein HC.

The electrostatic potential at the surtace of a pro-
tein ¢an be measured using pH-sensitive radicals by
comparing the pK, of the radical in bulk solution with
that at the surface of the protein, In this case, the
intrinsic sensitivity of the EPR spectra of the imidazoli-
dine radicals to pH (see Refs. 3 and 4) is exploited.
The choice of thc length of the linkage between the
protonatable group and the point of covalent attach-
ment, and of the intrinsic pA’! of the radical, is impor-
tant for such dererminations. 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 hypcrfine splitting constant, a,, (see
Fig. 3B) was found to bt cqual to that of the radical
R-COOH in bulk solution {pK = 4.7). The motional
freedom of the bound label suggests that the proton-
atable imidazolidine moiety s located at a position
remote from the protein surface. Therefore, the pK,
of the label is insensitive to the protein clectrostatics
and remains unshifted from its intrinsic value which is
clese to the isoclcctric point of the protein (pf = 4.9
[27h.

When the radical R-Br with a short distance be-
tween radical heterocycle and alkylating ~-CH , Br 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 that 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-
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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 KC|
at pH 4.9 and pH 5.0. respectively. The isotropic hypeifine splitting
constant, @y, is measured as the distance belween the baseline
crossing points of the low-ficld (my = + 1) and central (m; = 0) lines.
Total scan width = 6 mT. (B) pH dependence of the isotropic hyper-
fine interaction constam, ay. for the radicals R-COOH (a) and
R-Br (#) covalently bound 10 HSA and of the radical R-Br bound
1o glutathione (W) and of the radical R-COOH alone (a) in 0.0 M
KCl at 23°C.

served might be associated with conformational changes
of the protein on changing the pH, the nonprotonat-
able radical R-1 was used as a control. The EPR
spectra of R-1 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 pX, 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 of the clectrostatic poteniial at ihe location of
the N-3 atom of the radical R~Br covalently bound to HSA on KCl
concentration. Experimental points (8) were determined from the
shift in pK, of the radical as iustrated in Fig. 6 and the solid curve
is a non-linear leest-squares fit to Eqn. 7, with r, = 2.8 am, yielding

Ar = 0.2 nm and &, = +65 mV.

of the radical moiety it is possible to use the well-known
dependence of the hyperfine interaction constant, ay,
of nitroxyl radicals on polarity [22). There is found to
be very little difference in ay for the radical R-Br
bound to glutathione and to HSA, both in the nroto-
nated 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:inn for the shift
in pK, of the radical at its binding site oa HSA results
from the non-zero electrostatic potential at the surface
of the protein. The surface potential can be calculated
using Eqn. 3, where ApK? is given by the difference
between the pK, for the radical R-Br bound to HSA
and to glutathione. A value of +33 mV is obtained for
HSA at pH 2.5-3 in 0.01 M KCI, the sign of which is
consistent with the isoelectric point of the protein:
pl=49.

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
be :n fitted to the linearized Poisson-Boltzmann equa-
tion for an isolated spherical surface of radius r, (see
Ref. 18):

b =dy[A/(A +1,)] exp( ~Ar/A) (7

where Ar = r-r, is the distance of the N-3 atom from
the protein surface, ¢, is the surface potential at
zeto ionic strength (=0, Ar==0), and A
= /le,ekT/ (2000N,€)] is the Debye screening
length (A =0.304/VI 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 protein
surface, viclding a value of ¢, = 65 mV for the surface
potential in the absence of salt, where a value of
ro=[3MF_ /47N, % == 2.8 nm is taken for the radius
of the protein [24}. Tt.c agrcement of the ionic strength
depen dence with Dewve-Hiickel theory and the nearly
complete screening at 2 KCl concentration of approx. 2
M further confirm that the shifts in pK, observed for
the radical R-Br buund io HSA are dominated by
clectrostatic etfects and hence give a reliable method
of estimating the surface potential.

Conclusions

(1) The hexadecyl-linked imidazolidine radical, R,
has an iatrinsic 5K, of approx. 4.6. It can be used to
determine both the surface polarity and the surface
potential of lipid bilaver membranes. The sensitivity
arises from the different interactions of the protonated
and deprotenated forms with thc 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 skifts in
pK, are of the opposite sign.

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