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In this paper, we report our initial results on studying magneti-
cally aligned phospholipid bilayers (bicelles) at high magnetic fields
(~3.4T)with electron paramagnetic resonance (EPR) spectroscopy
at 95 GHz (W-band). In order to characterize this system for W-band
EPR studies, we have utilized the nitroxide spin probe 33-doxyl-
5a-cholestane to demonstrate the effects of macroscopic bilayer
alignment. At W-band due to the increase in magnetic field strength
(when compared to X-band studies at 9.5 GHz) (S. M. Garber et al.,
J. Am. Chem. Soc. 121,3240-3241 (1999)), we were able to exam-
ine magnetically aligned phospholipid bilayers at two orientations
with the bilayer normal oriented either perpendicular or parallel
(upon addition of YbCl3) with respect to the direction of the static
magnetic field. Additionally, at a magnetic field of 3.4 T (g =2
resonance at W-band), we were able to study the parallel align-
ment with a lower concentration of Yb3*, thereby eliminating the
possible unwanted effects associated with lanthanide—protein inter-
actions and paramagnetic shifts and/or line broadening induced by
the lanthanide ions. The development of this new spin label align-
ment technique will open up a whole new area of investigation for
phospholipid bilayer systems and membrane protein EPR studies
at high magnetic fields. © 2001 Academic Press

Key Words: model membrane; nitroxide spin label; EPR spec-
troscopy; high-field EPR; orientation.

INTRODUCTION

yet still retain a high degree of ordering. Magnetically aligned
phospholipid bilayers are disc-like with an approximate di-
ameter of 200A and a thickness of 4@, depending upon
the long-chain/short-chain lipid ratia?). Generally, the lipid
mixture consists of short-chain 1,2-dihexansyglycero-3-
phosphocholine (DHPC) and long-chain 1,2-dimyriste-
glycero-3-phosphocholine (DMPC) phospholipids 7). For-
tunately, the bicelle technique is well suited for a wide variety
of spectroscopic techniques that can be applied to biophysic
research: NMR spectroscopy, electron paramagnetic resonar
(EPR) spectroscopy, neutron diffraction, X-ray diffraction, anc
several optical spectroscopic techniquésg). One recent re-
view article pointed out the enormous potential for examining
oriented protein/phospholipid bicelle systems with spin labe
EPR spectroscopy.

The magnetic alignment of the bicelle discs results from the
anisotropy of the magnetic susceptibility tensary() (6). The
negative sign of this tensor for phospholipid bilayers dictate:
that the bicelles align with their bilayer normal, or director, ori-
ented perpendicular to the direction of the static magnetic fielc
The degree of ordering depends upon several factors includir
the strength of the magnetic fiel@{), the sign and magnitude
of the magnetic susceptibility anisotropy tensor, and the amou
of material ). The strength of the magnetic field has the dom-
inant effect because the degree of ordering depends upon t

A promising new technique for studying uniaxially alignedquare ofB,. Recently, it was discovered that the addition of
phospholipid bilayers is based on a magnetic alignment of tBertain types of paramagnetic lanthanide ions shifjs to a
membrane bilayers of a certain composition in static magnefigsitive value, thus causing the bicelles to flip 80ch that the

fields of high strengthsl{-6). These bilayered micelles or bi-membrane normal is parallel with the direction of the magnetic
celles serve as an excellent model for membrane studies, becaigs@ (9). Thus, spectroscopic studies of magnetically alignec
they represent an intermediate morphology between lipid veghospholipid bilayers can be carried out at two different orien.
cles and mixed micelledl]. Bicelles are believed to be aqueousgations with respect to the magnetic field. In uniaxially aligned
lipid-detergent assemblies in which lipid bilayer sections are stgystems, the NMR data can yield the orientation of the moleculz
bilized near their edges by various detergeat$(7). For solid-  fragments with respect to the magnetic field and the lipid bilaye
state NMR studies, the bicelles are still mobile enough (apprope, 10-13. Similarly, the orientation of spin-labeled molecules
imately 70% aqueous) to provide a high degree of resolutiognd protein fragments site-specifically labeled with nitroxide:
could also be deduced from EPR spectra from uniaxially aligne

1 To whom correspondence should be addressed. Fax: (513) 529-5715. systems. The overall goal of our research is to develop ne
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techniques that will extend our knowledge of membrane protestane spin-label (CSL), andl-[2-Hydroxyethyl]piperazine-
systems by investigating magnetically aligned phospholipid b¥’-[2-ethanesulfonic acid] (HEPES) were obtained from Sigma
layers with EPR spectroscopy. Aldrich. The cholesterol was obtained from Avocado Researcl
Almost all spin-labeling EPR studies of membranes are cuthemicals, Ltd. All lipids were dissolved in chloroform
rently carried out at X-band (0.3 T resonance field) and onlyaand stored at -2@ prior to use. An aqueous solution of
handful have been conducted at higher magnetic fields partigtterbium chloride hexahydrate was prepared fresh before eac
larly with bilayers under physiologically relevant temperaturesxperiment.
(13-17%. However, no EPR studies to date have been carried oufThe standard bicelle sample, consisting of 25% (w/w) phos
on phospholipid bilayers aligned by high magnetic fields. Invepholipid to solution with a DMPC/DHPC ratio of 3.5, was made
tigating magnetically oriented phospholipid bilayers at highén two separate 15- and 25-mL pear-shaped flasks. In one fla:
magnetic fields with EPR spectroscopy has several advantaDd$PC, PEG2000-PE, and cholesterol were mixed together ¢
over parallel studies performed at X-band. First of all, the biceltaolar ratios of 3.5/0.035/0.35, while in the second flask DHPC
discs are easier to align because the degree of bicelle ordemngl CSL were combined at molar ratios of 1/0.0056 respectively
increases as square Bf (4, 6). Obtaining well-oriented bicelle The chloroform in both flasks was blown off by a constant low-
systems has never been a problem in NMR spectroscopy becaursssure stream of nitrogen gas (approximately 20 min), an
the magnetic field strengths are much greater than those typicalbth flasks were stored under vacuum overnight in a desiccat
used in EPR spectroscopy. Recently, we first demonstrated tdoanected to a mechanical vacuum pump. The following day
feasibility of conducting EPR studies on magnetically alignetthe total amount of 100 mM HEPES pH 7.0 buffer needed for the
phospholipid bilayers at X-band.§). However, the magnetic entire sample was halved, and an aliquot was added to each flas
field was ramped up to 0.72 T to initiate the alignment proce$e two flasks were then vortexed briefly, sonicated for abou
and then lowered down to 0.34 T in order to observeghe?2 30 min, and vortexed again. Next, the DHPC and cholestane st
nitroxide spin label EPR signal at X-band. The jump in magnetiation was added to the flask containing the DMPC, PEG2000
field could cause slight misalignment of the bicelle discs, thuBE, and cholesterol, and vortexed until homogeneous. Finall
resulting in additional inhomogeneous broadening. By perforrtiie combined sample (approx. 200 mg) was subjected to tw
ing these experiments at higher magnetic fields of approximatélgeze/thaw cycles (77 K/room temperature).
3.4 T we will be able to analyze the oriented spectra at the sameClear fused quartz capillary tubes (0.20 mm ID) (CV2033Q,
magnetic field at which the phospholipid bilayer discs aligivVitroCom, Mountain Lakes, NJ) were used for the W-band EPF
Also, at higher magnetic fields less lanthanide is needed to segperiments. The bicelle samples were loaded by placing th
cessfully flip the bicelles so that the membrane normal is paralesid of the capillary tube into the membrane-containing flask
with the magnetic field. This is advantageous because at lowdrich was kept at @ in an ice bucket. Critoseal (Fisher) was
lanthanide concentrations complications caused by lanthanidesed to seal both ends of the capillary tubes. Typical sampl
protein interactions, paramagnetic shifts, and line broadenimglumes inside the W-band EPR cavity was 150-300 nL.
are avoidedR). Furthermore, at higher magnetic fields3 T)
the g-anisotropy of nitroxide spin labels dominates over that EPR spectroscopy.Preliminary experiments (data not
of the nitrogen hyperfine interaction, yielding new informatioshown) were carried out at Miami University on a Bruker EMX
on the motion and environment of the spin laldel (19. Inad- X-band CW EPR spectrometer consisting of an ER 041XG mi:
dition, the absolute point sensitivity increases at W-bd). ( crowave bridge, a Tfg, cavity, and a BVT 3000 nitrogen gas
Thus, membrane protein samples can be prepared on a mighperature controller (temperature stabilityted.2°C).
smaller scale, when compared to samples needed for X-band ex-or W-band measurements, spin-labeled bicelle samples we
periments. Finally, higher magnetic field experiments are mopeepared at Miami University and shipped overnight on dry
sensitive to faster rotational motions than X-band stud€s ( ice to the lllinois EPR Research Center. Before shipment
Rapid molecular motions observed at X-band through motioseme samples were checked for magnetic field alignment wit
ally averaged nitroxide spectra may not be rapid enough to casséid-state NMR spectroscop$*P and’H) and signal intensity
motional averaging at high magnetic fields. Thus, by comparimgth X-band EPR spectroscopy.
spectra at different field strengths we can map out a wider rang&V-band (94 GHz) experiments were carried out with a
of rotational frequencies and build up a better model of motidromebuilt EPR spectrometer at the University of lllinois EPR
(14, 2. Research CenteR®, 23. The sample temperature was main-
tained with an Oxford variable temperature system outfittec
MATERIALS AND METHODS with a modified constant flow CF1200 cryostat and ITC-4 dig-
ital temperature controller (all supplied by Oxford Instruments,
Sample preparation. DMPC, DHPC, and 1,2-dimyristoyl- Ltd.) A constant flow of nitrogen gas was supplied directly
snglycero-3-phosphoetholaming-[Poly(ethylene  glycol) to the cryostat and heated to the desired temperature. Tt
2000] (PEG2000-PE) were purchased from Avanti Polar Lipidample temperaturet0.1°C) was monitored with two ther-
(Alabaster, AL). Ytterbium (lll) chloride hexahydrate, cholemocouples directly mounted in the brass block surrounding
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the resonance cavity and thus providing excellent temperature 60°C
stability.

=

RESULTS DMPC/DHPC/Yb

Figures 1 and 2 show a series of W-band EPR spectra of
a 38-doxyl-5x-cholestane spin label (CSL) incorporated into

° (B)
40°C DMPC/DHPC

(A) DMPC/DHPC/Yb

(©) DMPC/Yb
(B)

DMPC/DHPC
l ] T | I I I 1 1 | I
3.370 3.375 3.380
Magnetic Field (T)
(C) o .
DMPC/Yb FIG. 2. Same as described in the legend to Fig. 1 except the sampl

temperature was 6C and (D) is omitted.

T T T T magnetically aligned and randomly dispersed DMPC-rich bi
3.370 3.375 3.380 layers at 40 and 6, respectively. Figure 1A is the EPR
Magnetic Field (T) spectrum of a magnetically oriented phospholipid bilayer sam
ple consisting of DMPC/DHPC/cholesterol/YB{FEG2000-
PE/cholestane in molar ratios of 3.5/1.0/0.35/0.35/0.035/0.00%
in 100 mM HEPES buffer at pH 7.0. Solid-state NMR studies
have indicated that magnetically aligned phospholipid bilayer
DMPC/DHPC doped with YB* are oriented such that the normal of the mem-
brane bilayer is parallel to the static magnetic field direction
For CSL, the nitroxidey axis is approximately parallel to the
long axis of the steroid-derived spin probe. Previous studies ha
shown that CSL aligns with its long axis parallel to the long axis
of the phospholipids and undergoes a rapid rotatRy) ébout

E

I LI I LI I LI I LI I th|s aXIS e4)-
3.36 3.37 3.38- 3.39 3.40 First, we observed a reduction of the hyperfine splitting an
Magnetic Field (T) the linewidth in Fig. 1A with respect to those of the unorientec

FIG. 1. W-band (95 GHz) EPR spectra (40) of a cholestane spin la sample in Fig. 1C. This is clearly indicative of a macroscopic
bel incorporated into phospholipid bilayers. (A) Magnetically aligned pho§'-‘IIgnment of the_ phOSphO“p_ld b”ayers such that_thelr normal
pholipid bilayers consisting of DMPC/DHPC/cholesterol/YpeEG2000- (and hencey-axis of associated cholestane spin labels) ar
PE/cholestane in the molar ratios 3.5/1.0/0.35/0.35/0.035/0.0056 in 100 nparallel withB,. Although the spectrum in Fig. 1A appears to be
HEPES buffer, pH 7.0 at 25% wiw. (B) Phospholipid bilayers at 25% w/w witg|ose to the fast motional limit, least-squares simulations witl
the same composition as (A) except Ye®as not included in the mixture. Lorentzian—Gaussian convolution lines (i.e., Voigt Iineshape

(C) Unoriented phospholipid bilayers at 25% w/w with the same compositionv led that thr main tral mponents are not
as (A) except DHPC was not included. (D) Phospholipid bilayers of the sarﬁg eale a €€ main spectral components are not equa

composition as (B) but at 20% wiw. This spectrum was acquired over a broag&aced (Fig.. 3A). This inequality in spacing i_S 50|e_|y due
spectral window. All spectra were amplitude normalized. to slow-motional effects (second-order hyperfine shifts fol
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EPR spectrum using a fast-motional model with equal spacin

between the components fits the data exceptionally well. Th

best fit is shown in Fig. 3B where the experimental spectrum i
40°C superimposed on the simulations and the residual is shown at tf
bottom. The splitting between spectral components determine
from the simulations was 184+ 0.02 G.

Figures 1B and 2B display the EPR spectra of magnetically
aligned phospholipid bilayers of the same composition as ir
Figs. 1A and 2A except Yb@lwas not added at 40 and6D. A
broad scan from a sample of similar DMPC/DHPC composition
is shown in Fig. 1D at 4CC. At this bicelle composition?H
and3!P solid-state NMR studies have indicated that the mem
brane normals are perpendicular with respect to the directio
of By (1, 2. The slow-motional effects are clearly seen in the
spectra at 40C (Figs. 1B and 1D). It is worthwhile to note
here that the spectra at4D can be considered as a superposi-
tion of relatively narrow three-line features (as clearly seen ir
the narrow-scan spectrum of Fig. 1B) and much broader three
line features as seen in Fig. 1D. The corresponding splitting
are 105+0.2 and 175+ 1 G respectively (measured between
the corresponding two low-field components). At°60this
T broad spectrum collapses into one set of three lines with al

most equal spacing of 15.6 G (8D). The randomly dispersed
3.370 3j375_ 3.380 phospholipid bilayer samples (Figs. 1C and 2C) were pre
Magnetic Field (T) pared from DMPC/ cholesterol/Ybg@PEG2000-PE/cholestane

FIG. 3. Comparison between simulated and experimental 95-GHz EF!H molar ratios of 3'5/0'35/0'3.5/0'035/0'0056' For the randoml)
spectra of lanthanide-doped magnetically aligned bicelle samples (membrgjlﬁpersed samples, the experimentally measured hyperfine spl
normal is parallel withB) from Figs. 1A and 2A. The experimental spec-tings were 10.5 G (4C) and 13.9 G (6TC), respectively (mea-
tra and the simulated are superimposed on top of each other. The residgalsed between the two low-field components).

(experimental-simulated) are shown below the corresponding spectra. Temper-
ature: (A) 40C and (B) 60C.

=
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—_—

B) 60°C

DISCUSSION

The dynamics and ordering of CSL in phospholipid mem-
nitroxides at W-band are on the order of 3 mG and can Ibeanes has been well studied by conventional EPR technique
neglected for practical purposes). The best fit is shown (&3, 26—29. Recently, Barnes and Freed utilized DMPC-rich
Fig. 3A where the experimental spectrum is superimposptiospholipid bilayers mechanically aligned by the isopotentia
on the simulations and the residual (a difference betwespin-dry ultracentrifugation (ISDU) technique to study the dy-
experiment and simulations) is shown below. From simulatiomsmics and ordering of CSL with EPR spectroscopy at 250 GH.
the splitting between the two low field components wer@3). They obtained the following magnetic parameters for
8.85+ 0.06 and 805 £ 0.06 G for the high-field pair. The cholestanepyx = 2.00871,9,y, = 2.00573,9,, = 2.00210,
simulations were carried out with a least-squares convolutioAsy/ye = 4.9 G, Ayy/ve = 5.5 G, andA;;/ye. = 33.1 G (3).
based fitting program2). The results closely agree withWe will use these literature values to compare with our 95-GH:
the values previously reported for cholestane incorporatefPR results obtained by a novel alignment method based upc
into phospholipid bilayers with 10% cholesterol, which wertghe magnetic ordering of mixed DMPC/DHPC bicelles in a mag-
mechanically aligned on glass plat@4 (2. Furthermore, this netic field.
agrees well with the value of 8.7 G obtained from our previous For our magnetically oriented phospholipid bilayers contain-
oriented bicelle study performed at X-barid). This indicates ing CSL and oriented such that the membrane normal is para
very similar effective order parameters for CSL obtained fdel with the magnetic field, the EPR spectrum should consis
this and earlier studies utilizing magnetic field alignment.  of three lines separated b&,,, if the cholestane is aligned

Figure 2A displays an EPR spectrum of the same sampleasng the bilayer normal and all effects of motion exc&pt
in Fig. 1A, except that the temperature has been raised’©.60are negligible. These conditions are close to what we observe
Visual examination indicates that the splittings between the rigr the Yb**-doped bicelle sample (Fig. 1A), which displays a
trogen hyperfine components are greater &C6han at 40C. hyperfine splitting of 8.85 G. A randomly dispersed motionally
We have found that spectral simulations of the®@holestane averaged isotropic sample should yield an isotropic hyperfin
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value Axx + Ayy + Az7)/3ye approximately equal to 14.5 G.reported for X-band alignment with ramping the magnetic fielc
Although the 8.85-G hyperfine splitting we observed is largéB4, 35. This alone demonstrates a very similar overall orde
thanAyy (5.5 G), itis still much smaller than the isotropic valueparameter. After combining with measurements at perpendicul
We can attribute this difference to imperfect alignment of owrientation, we estimate the overall order paramster0.64+
bicelle discs (tilt between the bilayer normal and the magnefid4 for the sample at 4C.
axis of CSL) and/or a restricted rapid random walk motion of Previous X-band EPR studies have investigated the effe
the cholestane spin label that occurs perpendici®a) (o the of cholesterol on the phospholipid bilayers prepared from eg
surface of the bilayerXl, 24, 30. Previous NMR studies have lecitin and dipalmitoyl lecitin using mechanically aligned bilay-
indicated that DMPC/DHPC bicelles are not perfectly aligneers and indicated that at approximately 10% molar cholester:
with respect to the direction of the static magnetic fieldq, concentration and room temperature the order parameter of C¢
31). The degree of alignment as defined through$gyer or-  is aboutS=0.6. The overall order parameter we measured her
der parameter depends upon several factors including the s&8=0.64) and from previous X-band experiments with mag-
ple phospholipid ratio, temperature, and water contend (6. netic field ramping $=0.7) are somewhat greater. This could
For a sample composition similar to that used in our high-fielae due to a difference in the bilayer composition and/or due t
EPR samplesSiayer has been found equal to£ 0.05 with  some increase of the lipid order in the membrane polar hez
respect to a static bilayer for solid-state NMR spectral studiesgion upon lanthanide doping. The latter could incre@gg
carried out at 8.5 T23). Additionally, studies of mechanically for CSL and, thus, increase the overall order paran@t#rin-
aligned cholestane egg lecithin multibilayers also show a signifeed the lanthanide ions increase the CSL order parameter, tl
icant deviation of experimentally measured splittings betwe&rould also explain why ai$ was observed in our W-band ex-
the spectral components frofy,, because of nonnegligiblR,  periment somewhat lower than that in previous X-band studie
cholestane motion2(l, 24. Depending upon the morphologythat utilized higher lanthanide concentrations.
of the membrane, the addition of cholesterol to the membraneOverall, the high-order parameters observed for CSL in mac
can decrease fluidity and reduce the amplitude oRhenotion netically aligned bicelles indicate that overall alignment is sim-
(21, 24, 27-29, 3R Thus, in an effort to minimize this effectilar to that previously achieved with the membranes deposite
and reduce th&, motion we have added 10% molar cholesterain the quartz surface26).
(with respect to DMPC) to all of our samples. When the sample temperature was raised from 401G ghe
In general, an oriented membrane sample is characterizednhgasured hyperfine splitting increased from 8.85 to 13.7 G fc
at least three parameters: (1) a dynamic order paranSgfer the Yb**-doped bicelle sample in which the bilayer normal is
describing restricted molecular motion of the spin-labeled prolemlinear with the direction of the static magnetic field (Figs. 1A
(2) an order parametes,; attributed to the alignment of the and 2A). We attribute the increase to an enlargement in the ar
bicelles in the magnetic field, and (3) a tilt angle of the probelitude or rate of the random walk motion (particulaRy) and
The overall order paramet&is a function of dynamic ordering a decrease in the overall alignment of the oriented bilayer dist
effects and the bicelle alignment and can be approximated asaused by the increase in temperature. Previous solid-state NI\
studies of lanthanide-doped bicelles indicate that phase instab
S~ Siyn - Sic- [1] ity can occur at temperatures greater thafG0vhich would
lead to a decrease in bicelle alignme36{39. This is also jus-
The overall order paramet&can be estimated from the ex-tified by the least-squares simulations shown in Fig. 3B, whicl
perimental spectral at two perpendicular orientation88s ( demonstrates an almost perfect fit to the fast-motion model i
which the nitrogen hyperfine components are equally space
S= AA/AAnax [2] The fact that the CSL EPR spectrum af6(alls into a fast-
motion limit indicates a faster rate of rotational diffusion. The
where AA is the difference between the splittings observesplitting determined from this fit (184 £ 0.02 G) approaches
when magnetic field is perpendicular and parallel to the planetbk isotropic hyperfine value (14.23 G) derived for cholestan
the sample and Anax is the maximum observable anisotropyin the DMPC-rich bilayer environment from the 250-GHz study
which for CSL isAAnax = (Axx + Azp)/2—Ayy = 135 G. (13). Theincrease inthe apparent hyperfine splitting is indicativ
Recent X-band EPR experiments with DMPC/DHPC bicellesf a more disordered sample.
doped with Tni+ and Dy** aligned by magnetic field ramping Figures 1B and 2B represent the W-band EPR spectra of CS
indicated thatAA = 9.4 G, which givesS = 0.7 assuming in oriented phospholipid bilayers whose membrane normals a
that the overall order parameter is the same for the two bilayserpendicular to the magnetic field direction at 40 andB@\t
orientations achieved by doping with different lanthanide iorthis orientation, it is much more difficult to distinguish between
(34). magnetically aligned and randomly dispersed bicelle sample
In our W-band experiment the splitting corresponding to th&igs. 1C and 2C) at the same temperatures. The similarity b
bicelle discs orientation with the director parallel to the magnetiween the perpendicular alignment and the randomly disperse
field is 8.85 G, which is only marginally greater than 8.7 Gamples was also previously observed for mechanically aligne
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membranes containing CSRg, 39. At this orientation, CSL is disadvantages of performing these experiments at X-band |
undergoing a rapid rotational motion coincident with the bilayehat the field must be ramped up to at least 7200 G in order t
normal {y axis of CSL). magnetically align the phospholipid discs and then allow the
In order for the EPR spectrum to appear close to the fasemple to anneal in the, phase for approximately 2 h. Further-
motion regime the rate oR; motion (i.e., about the long more, in order to observe the nitroxide EPR signal the field mus
cholestaney axis) should be sufficient to effectively aver-be lowered to approximately 3300 G. Alternatively, the advan-
age out the corresponding anisotropigs(— g.2)8:Bo/h and tage of W-band EPR is that the bicelle discs align spontaneous
(Axx— Az2). For the nitroxides, both andA anisotropies are the in the 3.4-T magnetic field and the aligned spectra are gathere
largest forx andz pairs; thus, this condition is hard to satisfy esat the same field strength at with they were aligned (no fielc
pecially at high magnetic fields. At W-bandix§ — 9,2)8:Bo/h  ramping is needed).
exceeds Axx — Azz) by a factor of 4. Thus, this motion is oc- To our knowledge, this manuscript represents the first time
curring at an intermediate rather than a rapid frequency. Thigt magnetically aligned phospholipid bilayers have been in
results in a line broadening and a decrease in the observed sphistigated with EPR spectroscopy at 94 GHz. This method ref
ting between the components due to nitrogen hyperfle Qur resents an attractive alternative to the ISDU alignment techniqu
observation of 15.6 G for the splitting at®8Dis in accord with because the sample preparation and conditions for alignment a
these considerations. At the lower temperaturé @0the rate much easier.
of cholestane motion slows down even more. Xtendz com-
ponents are not effectively averaged, resulting in a broader spec-
trumthatSpreadS.betwe.g{& andg;, regions with a distribution The X-band EPR spectrometer in the Department of Chemistry and Bio:
of components with splittings of 19 + 0.2 and 175 + 1 G. chemistry at Miami University was obtained from NSF Grant CHE-97,24192.

Under these conditions,' both the perpenquUIar alignmegia. L. acknowledges support for this work from Miami University, NIH Grant
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