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SPIN LABELS: NEW BIOLdGICAL APPLICATIONS FFOR ESR
- : Wallace Snipes and Alec Keith
Lawrence Radiation Laboratory

Y . ' | . University of California .
Berkeley, California 94720

Augﬁst 1969

These new probes of biological struc-
ture and function can be_ﬁsed in systems that -
are opaque to visible and ultraviolet light.
They are sensitive to the local environment,
molecular orientatioh, and molecular motion

of the spin-labeled molecule.

In the past, electron spin resonance (ESR) spectroscopy h'as been
used in various fields of biological.and biophysi'éal research. The
technique can be applied only torsyster.ns that contain some paramagnetic
component, since the resonance requires the prese‘nce of unpa.ired elec-
trons. Free-radical intermediates in enzyme reactions, as well as‘1_:hAe
more stable free radicals produced by ionizing'radiation; have been
W | - studied by ESR. Most biological systems are basically diamagnétic, : .

hoWever, and fequire some perturbation to produce the free radicals"
necessary for ESR investigation. This absence of unpaired electroné'

has limited the versatility of the technique for biological research.
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Recently, a new approach has b_eén developed for introducing
pafamagnetic species into the normally di_amagnetic biological system.
Nitroxide free radicals are stable in aqueous vand nonaqueous solutions
for months or pos sli.bly years. Thrdugh'ingenious construction of these
nitroxide radicals --i. e.‘, through appropriate choice éf ﬁitro#ide—-the-
various components of a biological system can often be spin-labeled
quité specificaliy, either covalently or by noncovalent interactions.

As there are no-inferfering signals from the unlabeled _environ.rnent,' the
diamagnetic nature of organisms be‘comes an asset ra1_:h‘er than a liability.
Valuable information is contained in the ESR spectra of spin-labeled
biological macromolecules. |

Analysis of Nitroxide ESR Spectra

In a 's.trong magnet’ié 'field, an unpaired elecv:tronvis oriented
either pa'.railei or antiparallel to the field direction. These two orienta-
tions, | called spiﬁ ‘stateé, corrgspond to two different .ene‘rgies for the
ﬁn'paired electron, and spin resor;anf:e occurs when electrons va're -pro- -
moted from the lo;\vvef enéréy 1Aevel to fhe upper lével. This _r_equire_$ _
‘electromagnetic energy, typically in the microWave region, which must
be supplied by the ESR spectrometer. Thevcondition for resoné,nce is
that the energy h.v of the microwave radiation be equal to_thg'enei‘gy
difference between the two electron spin. states. This energy difference
depends on the magnetic field strength H of fhé spectrometer ahd on
a spectroscopic parameter, the g-value, which is determined by the
electronic structure of the free radical. The familiar " resonance con-
dition'" for ESR is then

hv = gBH, : (1)
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where P is a constant, the Bohr magneton. Equipment requirements
for ESR spectroscopy are an electromagnet, microwave apparatus, and
sufficient el.éctr.onic equipmeht for 6bf.aining bgood 'éensi;ti\fify. Compléte
ESR spectrometers are av_aila‘ble commercially from several sources.
Those most coﬁu_nonly used diSplaiy thg ESR spéctrum. as the derivative
éf the microwave'v power absorption vs magnetic fiéld strength.

From Eq. 1, a single absorption line would be.'expected, with its -

' position in the magnetic field plot being determined by th¢ g-value. The

electronic structure of stable nitroxide free radicals of the general form -

¢ ¢
R~ NN SR
e
O

XBL6E98 -3592

is such that the unpaired electron interacts with the nucleus of thev‘nit'ifqgen
atom. This interaction, called hyperfine .coupling, .splits_the" vabsorption
into three lines of equal intensity and equal spacing. Thé bniib;rogen hyper-
fine coupling, AV, is another parameter (in addition to the g-value) that
contains potentially valuable information. A thivrd paraméter, the w1dth

W of the absorption lines, depends on various environmental factors,
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and in general is different for each of the three hyperfine components.
Since all three lines are of equal intensity, a broad line has less anipli-
tude h on a derivative absorption curve. Figure 1 shows thev spectral
.paramete»rs for a nitroxide inh a somewhat viscous environment. The g-
value is determined by the position of the center of the spectrum, wﬁieh )
in this case is the centralvline_, according to Eq. 1. Withe. suitable
choice of probes end a knowledge of whé.t factors influence the param.eters
N

g, A", and ‘W, the researcher can de31gn exper1ments w1th a versatlhty

11m1ted only by h1s imagination.

Choosing a Spin Label
Two classes of nitroxide spin labels are used most frequently as

probes. | Early spin- labehng studies employed almost exclusively the first

class, which are the five- or six-membered cyclic nitroxides with struc—

R

tures 1 arid I1.

( I I) |

XBL698-3593
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The functional group R is determined by the specific reaction required
for labeling the molecule of interest. This group may be one that reacts

chefnically to provide a covalent bond to the macromolecule, or it may

" be one with wéaker forces such as hydrogen bonding or hydrophobic in-

teractions. An inherent disadvantage in probes of this type , for many

studies, is that the linkage between the nitroxide fnoiety‘ and the macro-

molecule allows some relative motion between the two. This introdu_ces

some ambiguity in correlating the motion of the macromolecule with
that of the nitroxide group.
A more recent class of spin labels generally developed for

attachment to ketone sites has a linkage that binds the nitroxide rigidly

- to the remainder of the molecule. An example of this class is the stearic

acid derivative-

COOH

XBL698-3590

In this case, the mobility of the nitroxide more accurately reflects the _

mobility of the molecule as a whole.

Factors Affecting g and AN

Both the g-value and the nitrogen hyperfine coupling depend on
the orientation of the nitroxide free radical in the magnetic field of the

spectrometer. If the molecules are tumbling very rapidly, however, the
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spectrum obtained is simple and has average values for these parameters.
These average values are called the isotropic g-value and the isotropic
hype rfiﬁe coupling. |

If the unpaired elecfrbn in a nitroxide radical were completely ‘
localized on the oxygen atom, there would .be no isoir'opic cdupling to the
nitfogen nucleus. The observed coupling arises frqm fhe charged xfeso—'

nance structure

o ‘ . :  ",‘ . .'<'.
o 0

XBL698-359]

where the unpaired ¢1e¢tron,is on the nit;dgen atom. This charged
structure is stabilized to a greater extent wheh the nitroxide is ina
polar.medium of high diele;:tric constant, such as water, than wheﬁ it
is in a nonpolar hYdroca.rbbn environment. 'I‘he result is that the same
: probe has a larger\ isetropic nitrogen coupling in a polar enviromneﬁt
than in a nonpolar environment. There is also a solvent effect on the
g-value, .since this parameter is. gene‘rally_la_lv'ger for an unpaired eléc;
tlv'onv on oxygen than on nitrogen. Table 1 gives the isotropic values of

g and AN for nitroxide II(R:= OH) in several different solvents. It is
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‘a.p‘parent that AN increases and g decreases with increasing dielectric

constant of the solvent.

TABLE 1. Nitrogen hyperfine couplings (gauss) and g values for
: nitroxide II (R = OH) in solvents of different
dielectric constant.

S Dielectric ' Hyperfine

Solvent _ Constant - Coupling ' : g Value
n-Hexane ' _ 49 | | | 1 :LSZ . | | . 2.0061
Ethyl cther 4.3 . 153 2.0061
t-Butanol 10,9 . 16.0   2.0059
n-Butanol o 17.8 16.4  2.0059
Ethanol 243 ,. 164 2.0059
Methanol 32.6 | 16.4 2.0059
Ethylene : . o '
glycol 37.7 16.4 - 2.0058

Water , 78.5 | 174 : 2.0056

" In a biological system, this solvent effect can be used to deter- ‘
mine the polarity of the region surrounding the spin label.  Hubbell and

McConnell1 found that nitroxide II (R = H), diffused into several membrane

systems, was located in two distinct regions of different polarity. The

effect of polarity on g and AN was such that the low-field and mid-field
lines of the two spéctra overlapped, but the high-field line was clearly
resolved into two components. Both the polé,r and nonpolar regions .wér.e

of low viscosity, in that the probe tumbled rathe.f freely in both environments.
The relative intensities of the two high-field cofnponents could be us“edv as

a measure of the partitioning of the probe between the two environments,

and this was found to change with the addition of other molecules to the
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system. It appears that polarity effects on g and’ AN can be used to
good advantage in heterogeneous systems. |
' ¢

Factors Affecting Line Widths -

Oxygen Broadening | : o ) ¥

Line broadening by oxygen is often undesirable but .jin some cases
may be used to the expefimenter's advantage. - ‘O_XYge'n, being para-
magnetic, can cause local variations in the.'n_et 'ma;.gnet'ic_: field surrounding
the nitroxide, i.e., the field due to both the spectrometer and the-magnetic
dipole moment of okygen. -The ’result‘is _a-l.)roadening of the spectral lines,
since, at any time, different nitrox"ide“‘rnolecules:ekpe'rienoe siightl’y dif-
ferent net magnetic fields, All tﬁfee hyperfine lines are broadened
equally' by the presehce of oxygen, in contrast to the effeét of restricted
. motion on the line width. Figure 2 .shows spectra of‘ nitroxide II (R = OH)
in hexane and Water, with and without osiygen present. The broadening
effect is qu1te pronounced in the hydrocarbon solutlon but is not noticeable
in water. This may be due to 2 much greater clusterlng of the polar\m
oxygen molecules about the polar n1trox1de molecule in a nonpolar solvent
than in water. |

Although no biological studies ha‘v.e- beeh reported that make use
of oxygen broadenlng, it seems that thls effect might be used to detect
'local regions of h1gh oxygen concentratlon in nonhomogeneous systems.
Such determinations m1ght prove more useful than measurements of the
é.verage oxygen concentration in cases in which there are large local dif-

ferences in oxygen concentration.
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Excharige Broadenin‘g‘ :

" Like oxygen broadening, this e_ffect' can be both detrimental and
useful. Exchange broadening occurs when the nitroxide concentrat‘ic.)n

become_é so high that significanf electron exchange occurs between ad-

" jacent molecules. In most cases, especially when line broadening due to

restricted molecular motion is of interest, it is best to keep‘the spin-

label concentration low enough to avoid exchange interaction. In a ho-

) ! Y ) .'"3 .
‘mogeneous system, safe concentrations are about 10° ™ M or less.

'In nonhomogeneous systems, exchange broadening often reflects
very hlgh local concentrations of spin label in a system whose average
n1trox1de concentration is quite low. Figure 3a- -e shows spectra of a
hydrocarbon probe in a 0.5% aqueous solution of sodium dodecylsulfate.
The sodium dodécylsulfate at this concentrations forms micelles con-
taining regions that are quite hydrophobic iﬁ nature. The hydrocarbén
probe is insoluble in water, but diséolves readily in the local micellar
hydfocarbon region.

In Fig. 3a, with only 1.1 probe per micelle, the spectrum svhows_
no exchange broadening. The increased width of the high-field line is

due to the restricted motion of the probe within the micelle. With in-

" creasing nitroxide concentration, the lines all broaden and finally

coalesce into a single, unresolved line. Thé average concentration, '
3x1072 M, at which this occurs is mﬁch less than would be required if
the system were homogeneous. For corﬁparison, Fig. 3f shows the
spectrum of a 10-2 M solution of nitroxidé II (R = OH) in 'water. Thgre

is little, if any, exchange broadening evident here, even though the

average concentration is about the same as for Fig. 3d. Itis clear
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that exchange broadening is a sensitive detector for very high local

radical concentrations.

Molecular Motion

Perhaps 'fhe most useful infoi'mé;tién obtained from spin-la.béi ex-
periments to date has come 'fr.orri the effect of restricted moletular motion
on the line widths of the nitroxide spectrva.f A nitroxide radicai which is
freely tumbling in solution, vw‘ith' a fotational correlation time (’r‘c) less

than about:10” 10

sec, exhibits 'only the isbtropic values of g an& A:N;
since the anisotropic dipolai‘ co.ritributionsvare avé'ragéd oﬁ{: by the rapid
motion. 'In this case, the three nitrogen hyperfine lines have approxi-
mately the‘ same line widths, and a symmefric speci:rum is obseifved.
Restriction of the molecular motion, such as occurs in a viscous solution,
has the effect of introducing contributions from the anisotropic parts of

g and AN into the ESR spectrum. The pattern becomes somewhat
asymmetric, with the high-field line having a gi‘eater width than the other
: fwo lines. Equations have Been derived that relate the rotational corre-
lation time to the ESR line Widf,h_s. Application of these equé.tions re-
quires a knoWledge_ of both the is otropic and anisotrbpi-c contributions to
g and AN, these parameters generally being determined from studies
on single cfystals. Fortunately, most nitroxides have quite similar
values for the S’pectfal'paré.meters, anci,these have been meésured_for

a few spin lab,eis. _

The appropriate line-broadening equations,

_y_ BmNEW, W, Wy
c - BhAvH W, W, |°
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@) 4m/-3wo W w
'rC = > : + -2i,
e . :

provide two ways to calculate 'rc,'. and these give an internal check for
consistency. The .quantities b and 'A‘y ‘are related to the anisotropies
in AN and b respectively. Using spectral parameters of Griffith

et al. '2, and with H = 3400 gauss, er‘ can reduce these to

S - [ . 1_/2" “ _1/2.
| » h h
r Mo esx107t0 w | & A2)
c O{th h, -
\Po4 1/
r @) Zgex10710 w I{ O H42 - 21,
c . S 0 h__1 , h1

Here, the ratios W _ /W0 and Wi/WO have been répla‘ced by (lr'lo/v.h_i)i/2
and (ho/hi)i/z;' where h is the lihé héight of the first derivative s?éctrum.
The liné-héight ratios are“usvually more easily and accurafely measurable
than the line widths, and the Substitutidn as sun;xesv only that ’the lines é.ie
Lorentzian in sha.I.‘)e‘. Nu.mericaily, the iiné width W0 is in gaus s.v

| This method for monitoring molecular motion may be applied for
10 45 1078 sec.
For more restricted motion, the line widths become iso great that the
individual lines overlap, andvit becomes difficult to make accurate 1ine- '
width measurements. Spectra observed for mdtion_ in the range of 1_(5_~8 sec
to thé completely immobilized state ére iﬁ general qﬁite complicated t;o
analyze. For the more rigid case, such as those of Fig. 4, the asyrhmetric
spectrum has three promiﬁent peaks. 'I’he separation between the outer
c_orﬁponents is approximately twice the isotropic COupling 'AN. _,Altﬁough
all spectra similar to those in Fig. 4 aré often referred to as " rigid.

glass spectra,' it is obvious that different degrees of rigidity may be seen.
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To somewhat quantitate estimates of molecular mobility in the
range where the line-broadening equations camét be applied, an-empirical
relation based on suitable spectral parameters such as the two heights
a and b of Fig. 4 may be used. Stokes' law relates the rotational cor-
relation time of a spherical object, of radius r,-to the vis cosity n of

the medium, by

. 4 3 .
T,=——L1T L ,«t'>
¢ - 3kT

where k is‘Boliv:zmah“n's. coﬁstant é.nd,' T the absolute femperature;v
Values of n at differént t"ernperafures for various solvents are knc;wn, -
and it would be expected that the temperature effect on viscosity would
be reflected by the mébility of:.fhe diss-o‘lved nitroxide. In the rangé

-5° to -45°C, the viscosity of glycerol changés byv a factor of apprin-
mately 750 (Fig. 5). The ratio a/b for nitroxide II (R = OH) in the

' glycerdl solution varies smoothly in 't'his: tempefafure range, a'nd“ Fig. 5
shows thé relation between a/b and the viscosity.. Although there is no‘
simple Qvay of correlating 'fc with spectral par'amét‘er‘s such aé a._/‘b,-
the point to be made is that the ratio a/b reflects quantitativelly ‘changes
in mobility, perhaps by a factor of several hundred, in a rangé where the
line~-broadening equations are inappropriate aﬁd where‘ aLll spectra are
often referred to as representing complete lack of motion.

Difficulfy may be encounter‘ed. in attempting to reiate T, 28 de-
termined by Stokes' equation to that calculated from the line -broadéniﬁg
equations, even for a molecularly homogeneous systerﬁ. The problem
apparently arises from a vast discrepancy between the bulk v‘iscésitybf

a solution and the local vis cosity encountered by the nitroxide free radical.

£

&
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. As'an.exan‘iple ,. the ‘spectra of nitroxide II (R = OH) in oétade'cane at

40° :Aand 20°C are shown in Fig. 6a,bi. Thé bulk viscésity for these two
cases is different by several orders of magnitude,' since at 40°C octadecan‘e
is a 1iquid', whereas at 20°C it is a solid. On the other hand, the two spec-
tra are \}erf sir_hilar, ‘which shows that the local viscosity in the vicinity
“of the .prqbe changes :only slightly,. ‘The effect is -n_ot'l.imite'c'l to octadecane,
as can be seen in Fig. 6c¢c, nor is it limité.djto the particulaf nitroxide used
in this example. For biological ﬁrocés se"s., the local viécosity," at the
molecular 1e§e1, mé.y well be more significant than bulk viscosity as -
measured ’fo.r isolated components, and the‘nitroxide spin labels should
serve as excellent sensors for localized motion in an otherwise seemingly

rigid environment.

Clqmp'lex Spectra

In éomplex systems, a siffxple three-lihe épectrum does not al-
Ways appeé,i'. The resulting Specfra may be complex and the reasons
hur'n.e_r'o:us; | some of the les s c_qrhpléx exampleé are discus s.e’d°

In sofrie heteroge'n'e.ous. systems avprol‘ie may be in tw.cv).v states of
' ifnmobilization; the‘refore, three sharﬁ lines superimposed én a broadened
spectrufn are observed.

.Other.heterggenéous systems, such aé é, phospholipid di.sper.s"ipn
in water, partition certain sxﬁ_all nitroxides 'betweéﬁ the hydrocarbon ana
the aqueous phases. In the example shown (Fig. 7), two 'low-fiel.d lines
'andbtwo high_—fielci line.s appear. This complex speétrum is caused by
alteration of. AN by the probé's local environmeht; At room temperature
(Fig. 7a) the high-field hydrocarbon line is bvroadened; at higher tefnbera-

tures (Fig. 7b), the hydrocarbon lines are notic'eably- sharpened. Further-
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more, the partition coefficient of the nitroxide is also altered at elevated

temperatures, so that a greater propb’rtion ‘now resides in the hydrecarbon
phase. Figure 7c shows the effect of Vitamin C, a yvater-soluble reducing
agent, on the mixed spectrum. Part of the 51gna.1 in the aqueous phase has

been destroyed but that in the hydrocarbon is undlsturbed Complex spec-

tra may occur frequently in biological systems, and the experimenter must

go to great lengths to selectively destroy or matﬁematicaliy simplify the -

s ighal.

REFERENCES ‘ ’
1. W. L. Hubbell and H. M." McConnell Proc. Natl. Acad Sci.” U. S. ,-
61, 12 (1968).
2. O. H. Griffith, D. W. Cornell, a.ndH M. McConnell J. Chem

Phys. 43, 2909 (1965).

The interested reader should consult recent
reviews by Hamilton and McConnell ‘in“

Structural Chemistry and Moleculéi' Biology,

A Rich and N, ‘Davidson, eds. (W. H. Freeman -
and Company, Sa.n Franc1sco, 1968), and

Grlfﬁth and Waggonner, .Accc_)unts Chem, -

Res. 2, 17 (1969), where many r_eferences

to the current spin-label literatufe are

given. The chemistry of nitroxides is

described by Forrestor, Hay, and

Thomson in Organic Chemistry of Stable
Free Radicals (Academic Press, Inc._',

New York, 1968),. .

b




5

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

2.

-15- UCRL-19314

FIGURE LEGENDS

1. First derivative ESR spectfum of armitroxide free radical.

Effect of oxygen on line widths in hexane and water.

3. Exchange broadening by high local probe concentrations in

~ micelles of sodium dodecylsulfate.

4.

5.

6.

Different degrees of rigidity in extremely viscous environments.
Relation of viscosity to temperature and the ratio a/b for
nitroxide II (R = OH) in glycerol.

Relatively freezmotion of a nitroxide in " solid'"  environments.

Fig. 7. Complex spectra from a nitroxide partitioned between aqueous -

and hydrocarbon environments.
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