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ABSTRACT: Exchange processes which include conformational

with di erent NMR shifts is obtained from the development of, OFF 7?)( , oN
cross-peaks. Whereas 2D NMR enables the real time study of ¥ Fxchange cross-peaks
millisecond and slower exchange processes, 2D ESR in the form of - IpRooREmRarssan: )
2D-ELDOR (two-dimensional electretectron double reso- N Auto-pests | U 0h

nance) has the potential for such studies over the nanosecond tb E——

microsecond real time scales. Cross-peak development due,,t%’
chemical exchange has been seen previously for semiquin
ESR, but this is not possible for most common ESR probes, such as&
nitroxides, studied at typical ESR frequencies because, unlike NMR,
the exchanging states yield ESR signals that are not resolved from

each other within their respective line widths. But at 95 GHz, it becomes possible to resolve them in many cases because of
increasedyfactor resolution. The 95 GHz instrumental developments occurring at ACERT now enable such studies. We
demonstrate these new capabilities in two studies: (A) the protonation/deprotonation process for a pH-sensitive imidazoline spi
label in aqueous solution where the exchange rate and the population ratio of the exchanging states are controlled by tl
concentration and pH of the law solution, respectively, and (B) a nitroxide radical partitioning between polar (aqueous) and
nonpolar (phospholipid) environments in multilamellar lipid vesicles, where the cross-peak development arises from the exchange
the nitroxide between the two phases. This work represemss géxample of the observation and analysis of cross-peaks arising
from chemical exchange processes involving nitroxide spin labels.

I. INTRODUCTION considerable resolution improvement compared to 1D ESR,
tt-}i]s has not enabled the needed site separation for nitroxides.
l(B this article, we report that with recent sigant
strumental |mproveme1rﬁ$o 2D-ESR at 95 GRZ it
tnow possible to perform 2D-exchange ESR with nitroxide
n labels. We demonstrate this with twereit examples:
1 the protonation/deprotonation process for a pH-sensitive
Ugldazollne spin laBélin aqueous solution where the
population ratio of the exchanging states and the exchange
rate are controlled by pH and by the concentration of the
k&u er, respectively, and (2) a nitroxide radical partitioning
between polar (aqueous) and nonpolar (lipid) environments in
ngltllamellar lipid vesicf&s. 2° In both cases, it was possible

Spin-label ESR spectroscopy is a useful and powerful tool
chemistry and biology. However, it has not been possible
develop it into the analogue of 2D NMR that is extensively
used for applications such as protein structure determination
ambient temperatures and the study of exchange of an N
probe between dirent chemical environments. In such NMR
applications, the fundamental capability is the ability to resol
the signals from the dirent chemical sites due to their
di erences, often very small, in chemical-$Hiti. perform
similar studies using 2D ESR with nitroxide spin labels,
would be very useful to fully resolveemint chemical
environments that are labeled by nitroxide moieties. While t
is rarely feasible by CW-ESR at standard frequencies (e.g+=<

GHz), it is now possible to achieve such separation by the useceived: September 2, 2020 =JACS
of high-eld ESR (e.g., at around 95 GHZ)However, in the ~ Published: December 11, 2020 &
past it was not possible to perform 2D ESR experiments 5
enabling the observation of cross-peaks betweenetteatdi M
chemical environments of a nitroxide spin label. Although 2D-

ESR at lower frequencies (¥ GHz) '’ provided
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to observe cross-peaks that arise from microsecond exchamge purchased from Sigma-Aldrich. D54-DMPC (D54-1,2-dimyr-
processes occurring between the two sites. This isaasigni  istoylsrglycero-3-phosphocholine) was purchased from Avanti Polar
complement to the 2D NMR method that enables the realipids. P_erdeu_terated DTBN (drtbutyl nitroxide) was prewously

time study of millisecond and slower exchange processes sfygnesized in the Freed laboratory by a previously published

. : ; od? and was pured for this study by TLC. Deuterated
2D ESR (in the form of two-dimensional electe®ctron inland trityl radical, trityl OX063_d24 (D24-methyl-tris[8-carboxy-

ESR, 2D-ELDOR) has the potential to study in real time muc 2.6,6-tetrakis[2-hydroxyethyl]benzo[L,2-d:aBid, 3]dithiol-4-

faster processes occurring on the nanosecond-to-microsecoiéisodium salt), and the lithium phthalocyanine radical were a

time scale. While other NMR and ESR methods do exist thgénerous gift from Prof. Howard J. Halpern, Center for EPR Imaging

cover a wider time range, they are indirect in that they do nat Vivo Physiology, University of Chicago Medicine.

utilize the 2D exchange advantage of explicitly observing thé’hosphate ber was used to set the pH value close tokhefp

spectra of both sites and their cross-peaks and their tinfreand to vary the chemical exchange rate. Fine pH adjustment was

development due to the exchange. achieved by adding either,®, or N&PO, of the same
2D-ELDOR has been used extensively in the past to stuH9”°§”g:r?]%rl‘easr;%ratrgfiAﬂ'gi' dBESR Spectroscopyhe bu ered

t_he _motlonal dynamlcs_of spin labels in complds such as water solutions of Rvere placed in the sample holderHigiure ).

liquid crg/stals, peptides, polymers, and model mem-

branes. ***” The auto- and cross-peak development as a

function of mixing timd,,, provides rich details from which

one extracts quantitative insight about local reorientational

motion and local anisotropic potentiaécting the spin label,

as well as overall dynamics of its surrounding sSobgéitn

addition, one can study microscopic details of the translational

motion of spin prob&sAlthough our present study at 95 GHz

addresses the new application of microsecond exchange

processes involving nitroxide spin labels, these other features

are still manifest in the 2D-ELDOR spectra, and we show in

this work how one is able to distinguish the unique features of

the exchange processes and obtain the relevant rate constants.

We do note that the present study is in the motionaI-F_ 1 dard le holder for | les. (1) Etched
narrowing ran§é® (also known at the Reeld limit) where igure 1.Standard sample holder for lossy samples. (1) Etched quartz

o . . . . e, (2) unetched quartz plate, (3) etched concave depr#sdion

we can resoIV(_e the dlstl_nct _nlt_rOX|de _slgnals, asis the caseq‘lﬁf1 sample. (4) vacuum grease applied, and (5) epoxy sealant
2D NMR studles.that Q|spr|m|nate distinct proton sites an pplied if necessary. The diameters of the etched plate and the cover
can be analyzed in a similar fas%ﬁ%n._ ) plate are 25 and 17 mm, respectively, with a disc-like sample region

Past 2D-ELDOR studies on compligids often are in the  etched into (1) with dimensions of a ca. 4.5 mm radius and 0.2 mm
slow-motional regime requiring more sophisticated analysis tHgkness.
the Stochastic Liouville equation (SPEut that is not the
case in the present work. We do note that in a very recefitconsists of a quartz plate that has a shallow concave depression of
publication, predictions are made of the virtues of 2D-ELDORa. 4.5 mm radius and 0.2 mm thickness, which was etched with a
at 95 GHz for the study of internal dynamics in protéing, 48% HF solution and into which the solution is placed. It is then
that application does require the SLE, which is not required #iovered with another quartz plate and sealed with vacuumi’grease.
the present study. This enables one to study relatively large volumes of the aqueous

We show how 2D-ELDOR can be successfully utilized fSfMPle at 95 GHz. The sample holder illustrategjine 1has a
studies of chemical and physical exchange processes utiliyfigme of ca. 1. The samples containitfy-PDT and"*N-PDT

nitroxide spin labels, given our recent instrumental imprové\'e prepared in a similar way as YanRwith no buer used. To
' . - ! ompensate féfN-PDTs lower signal intensity compared to that of
ments at 95 GHZ These include the ability to deliver P 9 y P

_ _ VETY 15\-PDT due to the presence of three hypetines instead of two,
short and intense nanosecond pulses at this frequency and#9 maintained their concentration ratio at 1:0.6 for all samples

detect the 2D-ELDOR signals with very good sensitivity angydied.
with very short dead times. Tgfactor resolution at 95 GHz Lipid samples for the pulse experiments were prepared by the
then enables one to clearly distinguish the respective auto- diydration of 8 mg of d54-DMPC powder with 20@f a 0.2 mM
cross-peaks in the 2D-ELDOR experiment. solution of PD-DTBN in BD for 15 min at 45C with occasional

The recent substantial upgrades of the ACERT 95 GHz 2[yortex mixing. After centrifugation and the removal of the
ELDOR spectrometer that have enabled this study a pernatant, the lipid pgllet was then subjected to a triple freeze
summarized iection Il Section llipresents the results on 11aW pump deoxygenation cycle, sealed under vacuum, and trans-

. . ferred to an anaerobic glove chamber. Then, under argon, it was
the exchange processes as studied by 2D-ELDOR. A d|scus§lgged in the sample holger the same way as fdrslbhulR)n,gbut

of the applicability of these methods for studies on exchangefih additional sealing using Norland UV-hardening epoxy resin.
the nanosecond to microsecond range and thecaigre of  Note that the step in which supernatant was removed from the pellet
the two studies reported are givenSiaction IV The that had been equilibrated with ®Bolution of 0.2 mM PD-DTBN

conclusion appears$ection V was performed below the main phase-transition temperature of
DMPC of 23.7C. At 40°C, the temperature of most 2D ELDOR
Il. MATERIALS AND METHODS experiments in this system, the actual concentrations of the nitroxide

in the water and lipid phases are estimated té®eM and 1.7
II.A. Materials.The pH-sensitive spin label YRl-amino-2,2,5,5- mM, respectively, due to a sharp change in the partiticrierteat
tetramethyl-3-imidazoline-1-yloxy, was synthesized ardl @i  the transition point.
previously reported. Perdeuterated tempone (PDT, D16-2,2,6,6- The trityl radical standard for determining the intensity of the 2D
tetramethyl-4-oxo-1-piperidinyloxy) labeled with Ynittand N ELDOR signal as a function of the magnelito set contained 0.4

21369 https://dx.doi.org/10.1021/jacs.0c09469
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mM trityl in 2 mM NaOH. It was also thoroughly deoxygenated by a Recent ACERT millimeter-wave instrumentation development in

triple freezethaw cycle and handled in an anaerobic manner similagooperation with millimeter wave specialists (ELVA-1, St. Petersburg,

to that of the lipid sample. Russia) has resulted in a substantial upgrade to a new, highly stable
To estimate the ectiveB, value for our experiments on lossy ‘MK II" version of the spectroméeoriginal 95 GHz transceiver,

samples, a small crystal of LiPC was placed in the anaerobic chani@¥iding signcantly increased receiver sensitivity and bandwidth

in the middle of the concave depression in the sample holder aféd transmit-modulation versatility. For probing molecular motions

coated with a small amount of melted pardhen a test sample and exchange phenomena on a longer time scale, the sensitivity

with the buer solution using this concave plate was prepared tgnprovement of the_MK Il receiver now extends t_he capability Of.
observing the evolution of cross-peaks to several microseconds, which

match the dielectric properties of the samples that were studied. . . ; . o
X-Band EPR spectra were recorded at a microwave frequency O[f)g jypically after substantia} decay. Receiver signal-to-noise

erformance has been sigaitly improved, with a reduction of
GHz on a Bruker ELEXYS-Il E500 spectrometer. CW and 2Dy \k || receiver front-end noisgure to <4.5 dB from tH#&K |”

ELDOR spectra at 95 GHz were recorded at the recently updatgdcejves value of ca. 12 dB, enabling weaker signals to be detected,
ACERT Mark Il High Power quasioptical 95 GHz spectroffi€fer.  thus permitting the use of longer mixing tiries, Also data
(See the next subsection.) collection and averaging times have been decreased by a factor of
I1.C. Instrumentation (95 GHz ) for 2D ELDORn 2D ELDOR, better than 2.4; this appreciably reduces deftte Transceiver
the second spectral dimension, coupled with the ability to distinguistequency stability is now better than 1 ppm/h, thereby further
homogeneous broadening, gyeatcreases the sensitivity to enhancing resolution over long averaging times. The transmission
molecular motions. Whereas higla; high-frequency experiments bandwidth and versatility of the MK Il transceiver are now based
o er improved resolution of the structure and dynamics, 95 GHentirely on the heterodyne architecture, whereas the MK | transceiver
millimeter-wave technology is not as well developed as microwd@éed upon frequency multiplication via bandwidth-limited IMPATT
technology in the 9.7 GHz regime; therefore, we are engaged in gliode devices. Accordingly, the nanosecond-scale MK Il transmitter
continuing process to improve its application to 2D ESR spectroBd/Se-forming and QPSK modulation performance now permit a

conv. We have developed a 95 GHz high-power pulse spectromat§ier range of pulse patterns. The MK Il transceiver is capable of very
bagzd on quasioptical tpechnold‘ggL(re S)lgg’zgln thisrznstrurrﬁ)ent well dened short pulses down to 2.5 ns FWHM compared to the 4.5

B ; ; ns minimum pulse capability of the MK | transceiver.
we employ a 1.2 kW extended-interaction Klystron (EIK)_arnpll Our quasi-optical bridge and state-of-the art MKII receiver section
generate intense and coherent nanosed@ngulses, which are

. - o permits us to access signals Withecay times that are as short as 15
guided into the Fabryeot (F P) resonator containing the sample. ns, which is more than stient for the present project. However, we

A block diagram of the complete spectrometer is shéiguia 2 are currently exploring the means of further spectrometer dead-time
reduction by a minimization of transmission path impedance
discontinuities and the utilization of AWG techniques for active
R e Z ring-down compensation. Increased spectral coveBagmbgince-
AWG 95GHz QUASI- ment has been achieved in preliminary studies via dielectric loading of
MK 11 e, OPTICAL the 95 GHz FP resonator and will be incorporated in the near
Transceiver K AMPUFIER DUPLEXER future. AWG-driven wave-shaping for more extended coverage is also
1.2 kwpk being explored.

TIMING | T I1.D. MKII Spectrometer Performance As will be seen below,
L2t very good 2D-ELDOR signals could be obtained for Shgtteres

(100 200 ns) from 50M solutions of Rwith about 8 min of signal
averaging at a repetition rate of 5 kHz. But for Idhger.g., 2 s),
greater accumulation times were required digesignal decay and
the use of a slightly reduced repetition rate of 3.6 kHz. The 16- and
32-step phase-cycle sequences that were utilized have been discussed
elsewher&'

Given a nominal dead tinyg of ca. 22 ns for the spectrometer, we
chose a safe dead-time cuib 30 ns, which was stient for the
present studies.

TheB, value for a point sample (a crystal of lithium phthalocyanine
radical) in a nonlossy environment without dielectric enhancement is
Figure 2.Block diagram of the MK 1l 95 GHz high-power pulse 18 G, corresponding to £ pulse of 5 ns. Under the conditions of
spectrometer. Pulse sequences of 1 ns resolution (software-upgradaliteexperiment, which is performed with relatively large volumes of
to 500 ps resolution) are produced by the system-controllediater in the sample holder (€fgure ) (ca. 13 L), this value is
computer and timing/arbitrary waveform generator (AWG) sectionsbout 13 G, as measured by Rabi oscillations for a single pulse FID
(DPG11-8M, DAX22000-8M, Wavepond, Langley, WA). The timingxperiment.
signals provide transmitter/receiver (Tx/Rx) gating and quadrature The spectral coverage for a 2D ELDOR experiment was obtained
phase-shift keying (QPSK) phase-sequencing control; the AWGy recording signals from an aqueous solution of the trityl radical in
driven wide-band analog I/Q vector-modulation inputs may behe same sample holder that was used for our 2D exchange
utilized simultaneously. Modulated 95 GHz pulses as narrow as a @periments.
ns FWHM are produced by the MK Il transceiver (see the text), As seen inFigure S the bandwidth for our 2D ELDOR
amplied to the 1.2 kW level in the EIK (extended interaction experiments allows for nearly complete coverage for the whole
klystron, VKB2469, CPI Georgetown Ontario, Canada) and arspectrum of a nitroxide radical (38G) in the fast-motional regime
directed via the quasioptical bridgeigfire Sto an F P resonator and for full coverage of any of two hypetines in this spectrum. As
located in the bore of a superconducting magnet at 3.4 T (Oxford Gdlso shown ifrigure S2the bandwidth for the thre€ pulse 2D
narrow bore, Abington, U.K.). The orthogonally coded ESR signal E. DOR experiment is nearly half that of a siglpulse FID.
directed through a manually operated attenuator to the receiver portThe development of cross-peaks between tworypees (M=
of the transceiver. The 500 MHz bandwidth transceiver I/Q outputs1 and 0) due to strong Heisenberg excA2ig&) in a 1 mM
are digitized at 1 G-sample/s. The overall bandwidth of theolution of PDT in water is showrFigure 3Note that the intensity
spectrometer hardware #1250 MHz; consequently, the limiting of the cross-peaks at longer mixing times (see below) reaches the
factor in spectral coverage is th® FesonatoB, of 15 18 G. intensity of the auto-peaks, which is indicative aiesu spectral

CTRL "| MODULATOR

v 5.C
MAGNET
SYSTEM CONTROL OFFSET/ 3.4
& ACQUISITION SWEEP >
COMPUTER P.S

F-P RESONATOR
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104 with respect to timegandt,. This leads to auto-peaks, which provide
: S f 1 mM the normal ESR spectral lines and cross-peaks. The real-time
) evolution of the 2D-ELDOR spectrum is obtained by stepping out
+ the mixing timeT,,,. In typical 2D-ELDOR experiments, the cross-
-1 04mMm peak development as a functionTgfis due to nuclear-spin
' transitions induced by motional modulation of the electwatear
dipolar (END) term, coupling the drent hf lines which have a
02 mM selection rule of M, = +1, where Mis the nuclear spin quantum
, A number (e.g., fdPN these are transitions between the ML/2 and
e o T 1/2 nuclear spin states, and'fdr they correspondtol 0 and
1 o - 0 + 1 transitions). >*° For example, fdfN they lead to cross-
P B I peaks between thg #+1 and 0 hf lines but not betweentfieand
L 1 hf lines. As the spin concentration is increased, the mechanism of
50 uM Heisenberg spin exchange (HE), involving bimolecular collisions of
T - electron-spin-bearing molecules, becomes increasingly important.
o _ i - This mechanism yields cross-peaks between all of the hf lines (e.g.,
% 1 * forN: +1 Oand+l 1 hflines). **>° This di erence in
- - T T " T their cross-peak selection rules enables them to be distinguished in a
0 1000 2000 2D-ELDOR experiment. However, they are frequently distinguished
T, NS by the simple fact that HE is a spin-concentration-dependent
mechanism whereas END is concentration-independent.
Figure 3.Cross-peak/auto-peak ratio Tys for di erent concen- The 2D-ELDOR experiments described in this article are all in the
trations of PDT in water at 2T, determined as the average of the motionally narrowed region wherein END and HE cross-peaks are
amplitudes of the two cross-peaks between hf lines, with &hd usually clearly distinguishable. However, in this work we also consider
+1 divided by the intensity of the auto-peak wijth 1 Dotted lines ~ chemical exchange (CE) [and physical exchange (PE)] processes, so
present ts to the exponential expression @xp(1 crosd /(1 we will need to distinguish their contributions to the 2D-ELDOR
+2exp( cosdm) (ref 8), where s the rate of the cross-peak Spectra from those of END and HE. All of these mechanisms are well-
development due to both Heisenberg exchange and the EN@escribed within the context of fast motional tfigdry.
mechanism: ;os= 1e + 3W,. Note that at 50M the HE has been We rst illustrate the ects of END and HE in 2D-ELDOR
signi cantly suppressed and the slow growth of cross-peaks is duectperiments with two dirent distinguishable species between which

the weak electromuclear dipolar (END) mechanist, (Section ~ there is no CE (or PE) so that we can discriminate them from the
I1.E). e ects of CE on 2D-ELDOR spectra which are descriSedtion

1. This is a mixture of tHéN and'™N isotopes of PDT. IRigure 5

the various sources of cross-peaks are delineated. Note that HE can

coverage for these lines. At BQ one sees that HE is completely lead to cross-peaks betwé®h and N hf lines, whereas END

suppressed, as evidenced by negligible cross-peaks between treardiot.

lines with M= +1 and 1 and the absence of any change in the cross- Figure 6and Figure S3show the manifestations of these two

peak to auto-peak ratio wiflarther decrease in the PDT mechanisms of cross-peak development in mixtiftds aridN-

concentration. PDT in aqueous solution. (Note that in this work we use the
Since the frequency separation between exchanging hf lines dinections of, andf, axes similar 3 and the reverse of those in

both exchange experimentSéution Illis substantially less than the some earlier publications on 2D E&R! this convention better

distance between the hyper lines, our current capability, in terms visually relates the 2D ELDOR plots to the corresponding CW

of spectral coverage, is more than adequate for our study. spectra.) Some of thesgures have the auto-peaks removed by
I.LE. 2D-ELDOR Experiment.” The 2D-ELDOR experiment subtraction of the spectrum at the shoffgsand just show the

utilizes three very shorf2 pulses, each of which simultaneously cross-peaks. One can see that for high concentratipns ¢ HE

excites the full ESR spectrum in a coherent fashion. This pulsauses the development of multiple cross-peaks, including between

sequence is shownFRigure 4and by appropriate phase cy€lifig,  the hf lines of derent isotopic species. With a decrease in the spin

the § and $, coherence pathways also shown in thise are concentration, most of these lines disappear, except two cross-peaks

selected. The,Spathway is echo-like and is favored over.the S between the lines BN-PDT and four cross-peaks between adjacent

pathway which is FID-like since it remains stronger aftemnittle  lines of'“N-PDT (Figure SB The presence of only these peaks

dead timety. The 2D spectrum is obtained by Fourier transformingindicates the END mechanism. 2D-ELDOR dafaginme S3how

the complete elimination of HE at a PDT concentration of between

°
[o2)
1

cross peak/auto peak ratio
o o
s (e}
1 1
1 [}
e

o
N
1
——
[
|
e

0.0

/2 /2 /2 25 and 50 M, which is consistent with results obtained much earlier
. with CW-ELDOR? Note that no other ESR technique besides
p ELDOR is capable of studying and even detecting the END-related
t, Tm Ly nuclear relaxation. The rate of this END process, which is
: N intramolecular and cannot give cross-peaks between hf lines from
VvV -~ the two dierent isotopic species, can be estimated from the plot of
Preparation  Mixing I : » b the cross-peak/auto-peak ratio vs mixing Tignat low radical
S Detection concentrations in the absence of HE. For example, for PDT in water
e _— this rate constanE{gure 3 determined as described inféef 9 x
/ \ 10* s . At higher concentrations of PDT and the emergence of
e . TNy Ocoherenceorder Heisenberg exchange, the cross-peaks develop more rapidly, with the
+ * PPV rate of this development expressed.gs= e + 3W, (see the
S(:—f— analysis in re8), whereW, is concentration-independent while
Heisenberg exchange is a bimolecular reaction with a rate propor-
tional to the concentration of the radicak = kyg[PDT].
Figure 4.Schematic of the 2D-ELDOR experiment, with ttigee For example, at 1 mM the rate of cross-peak developmenkis 2.83
rotation microwave pulses. Coherence pathwaysdSs are also 10 s L. Of this rate, 2.56x 1P s ' is due to Heisenberg exchange,
shown. which gives an HE constant for PDT of (28613)x 1M s,
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Figure 5.Possible cross-peaks in the mixtutéNePDT and“N-

PDT. Large circles represent the positions of the auto-peaks (red for
N-PDT and blue for'“N-PDT), small circles show the
corresponding cross-peaks which appear due to both HE and END,
and symbdix’ indicates cross-peaks which appear only as a result of
HE but not END. HE cross-peaks between the hf litdsafd*N

species are shown in brown, and the blue crosses show cross-peaks 0)
between hypene lines with M= 1 and M = +1 of “N-PDT.

For comparison, the HE constant obtained with the CW X-Band EPR 10

from the line broadening in PDT solutions is 27 M st 5

(Figure SB Note that the estimates of the error for the rates and rate

constants determined frotting the experimental dataHigure 3o 0

the relevant exponential expressions or by linear regreSgianein 50

S3are well within 5%. 50

One notes irFigure 6that the intensity of the auto- and cross-
peaks decreases across the 2D spectfuands, increase. This is Vo)
largely due to the well-known hf broadening mechanism that is linear 44/93 50 -50 A \\l\\’\l
across the spectrum, arising from a cross-term betwgéeantar
andhftensor, and more prominent at 95 GHz, as well asatteoé Figure 6.2D ELDOR spectra of the mixture of 6800of N-PDT
the nite dead time leading to greater attenuation of the broader ffnd 380 M of ™N-PDT at (A) T, = 1.6 s and (B) 100 ns. (C)
lines during the deadtime. Only cross-peaks are shown as obtained by subtraction of the scaled
In 2D-ELDOR, a useful means of measuring the overall electr@pectrum af,,, = 100 ns for this mixture. Onads the complete
spin signal decay with decay consfams to measure the double disappearance of cross-peaks caused by Heisenberg exchange at the
integral over thi-f, plane including all auto- and cross-peaks. Thigower concentrationsijure Sy (Note that in this gure and all
integrates out the ects of the END and HE mechanisms which sypsequentgures the frequency scales are set so that the zero

merely transfer the electron-spin polarization among the hfequency corresponds to the actual applied millimeter wave

component$??° However, in this work we simply use for the most frequency of the experiment.)
part peak heights instead of integrals. It is generally a convenient

approximation for obtaining cross-peak to auto-peak ratios between,
components with very similar shapes (e.g., hf lines,with ML for | i means that we are able to analyze each hf compgrenti(M

anN nitroxide (cfFigures Znd6)). In the next sectionSection 0 @nd 1) separately. The use of peak heiglitstasobtainT, is
Il.A), we use a similar approach for this ratio due to chemicainown for simpler cases of just a single comporfégtine S3o
exchange (CE), which is the dominant process, thereby permittin@’@ld virtually identical results to that of the double integrals.

separate analysis of each hf region (i.es, M, 0, and 1) and
yielding very similar line shapes for the two exchanging nitroxidd. CHEMICAL EXCHANGE PROCESSES STUDIED BY

species. The case of physical exchangeS®@tipf 111.Bis a more 2D-ELDOR

complex one, requiring actligineasurements of auto-peaks, since ||| A. Chemical exchange between charged and
cross-peaks are weak and thested by the tails of the strong auto- noncharged forms of a pH-sensitive radical. For the
peaks as well as by residual artifacts. It is also a case where the aslf dy of protonation/deprotonation, we Chose'a pH-sensitive

eaks of the two components haverdntT, andT, values, which N . . . T
\‘/)vould require a morepcomplex analysislaﬁszymately itisa Imidazoline spin label, 4-amino-2,2,5,5-tetramethyl-3-imidazo-

case where the END and HE mechanisms are weak compared to #i-1-yloxyRigure y with a (K, at pH 6.1. It is referred to as
electron-spin relaxation raé, = (2T,) ' for the aqueous R'.Figure Bhows CW spectra of this compound at a pH close

component, which is the one utilized for Themeasurements. to this value. It consists of two triplet components, which are
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Figure 7.CW spectra of 4-amino-2,2,5,5-tetramethyl-3-imidazoline-1-yloxy in water at pH 6.1 at 9.4 and 95 GHz. The hf separations for the
protonated (14.98 G) and unprotonated (15.80 G) forms of the radical are marked in red and blue, respectively, since the pH viljie is equal to p
and the concentrations of the protonated and nonprotonated forms are equadrdriie dione is inscient to provide good resolution at 9.4

GHz, but the components are well resolved at 95 GHz due tetieack in thgfactor of 2.% 10 * which manifests itself in separations of 0.35

G at 9.4 GHz and 3.6 G at 95 GHz and 3.6 at 95 GHz.

resolved at 95 GHz but not at 9.4 GHz. The component witfRH**]  [R’]. In the 2D ELDOR experiment, the chemical
larger hypene splitting and a lowgfactor is the uncharged exchange manifests itself in the development of cross-peaks
form of R, and it is virtually identical to the only spectral between the hf lines corresponding to thg dRd [RH*]
component seen at pH 10. The second componenforms of the imidazoline nitroxide.

corresponds to the protonated form, Ridnd is virtually To ensure that the cross-peaks originate only from CE but
identical to that recorded at pH 2.5. This provides a veryot from HE due to bimolecular collisions between the two
convenient model system since both the ratio of exchangifims of the radical present in the solution, the total radical
states and the exchange rate are controlled by the compositigihcentration was kept at 3@ (25 M for each state). A

and the concentration of the bu solution, respectivély. clear indication of a negligible contribution of HE is the
The protonation/deprotonation equilibrium in the presenceypsence of cross-peaks between hf components with M

of bu er is 1 (i.e., M, =%2). As seen iffigure 8this criterion is well
F+BH 9RH'+ B (1) met at 50 M concentration so that all of the cross-peak

) . intensity between the spectral lines of charged and noncharged
The concentration ratio of the Rrand R forms of the  orms of R(R* and RHY) is due to chemical exchange. Note
radical depends only on the pH of the ébusolution 54 that the dominant CE cross-peaks are primarily between
according to RH " and R hf lines corresponding to the samenistlear-
[RHT . SpH spin quantum number. This clearly indicates that it is the same
W = 10™ @ nitroxide moiety exchanging between the protonated and
unprotonated forms (i.e., this is a mononuclear process with
However, the exchange rates depend on ther bu respect to the nitroxide). The small cross-peaks invaijng
concentration. The rates of the protonation and deprotonatioa +1 that are just between hf lines belonging to the same

reactions for Rare given by the following expressions: radical species are primarily from the END mechanism that is
= K[BH occurring at a slower rate.
protonation (3a) To separate the cross-peaks from the partially overlapping

= ks[B auto-peaks and to analyze the development of the former with
deprotonatior™ ™S (3b) increasing,,, we subtracted the scaled spectru,fer100

Here,k, andk ; are the rate constants of the protonation andns from the other consecutive spectra inTtheeries®’
reverse reactions, respectively, and in this study we keep thegure 3. The intensity of cross-peaks may be seen from
ratio of [RH*] to [R*] close to unity by working at pH close these 2D plots after this subtraction. A helpful result of this
to pK, and controlling the rate of chemical exchange bgubtraction indicates little change in the line shapes during the
changing the ber concentration while keeping the pH valueT,, evolution and very simil@g relaxation times for both

the same. Thus, at equilibrium, Whgi&onatior™  protonation exchanging compamts. Indeed, if thd, values were

, equatingqs 3and3b, we havéy/k ; [B]/[BH ] since di erent, then the intensity ratio of the components would
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Figure 8.2D ELDOR spectra of (A) 50 and (B) 40@ of R at pH

6.1 with a concentration of phosphateebof 8 mMT,, = 1600 ns.

Note the near absence of cross-peaks between thaéjipes with

M, =1 (i.e., M, =% 2) at50 M and their presence at 404. It

indicates virtually no HE at 5M. At this radical concentration, all
cross-peak intensity between the lines of protonated and unproto-
nated forms of ‘R(R* and RH*) can be attributed to chemical
exchange, while the cross-peaks that are between only the respective
hyper ne lines of either'Rind RH* with M, =+1 are just due to

the END mechanism.

be dierent at dierent Ty, values and we would observe Figure 9.Separation of cross-peaks and auto-peaks by subtraction of
decreasing relative intensity for the component with Shorter e 2D ELDOR spectrum at the shorfest The plots shown

To calculate the rate of chemical exchange, we measured Respond to the original spectra Wit 1600 ns (A) and 100 ns
ratio of cross-peaks to auto-peaks atetl it to the (B) and the result of their subtraction (C). The concentration-of R

exponential expression @xf. S RH*is 50 M, the total phosphate concentration is 8 mMTand
18 eXpS 2T.) 17°C. The amplitude of cross-peaks for each hf line was determined
KT, = - T - my from (C) as a half-sum of the two peak heights and compared with
1+ expb 2T,) 4) the amplitude of auto-peaks from (A).

where is the exchange rate. Note #atifor HT,) is valid
for equal populations of the exchanging states, which is true

since the experiments have been adjusted to achieve this (SRfionated forms of RThus. the chemical exchange rates, as
the above discussion), but small deviations would n etermined from cross-peék to auto-peak raiipsré 1)) '
signi cantly aect the results as noted in BieAs expected  yig|gk, = (1.442 0.06)x 1C° L/(mols) (protonation) and

in this caseRigure €), the intensities of both cross-peaks j . = (1.84+ 0.08)x 1¢° L/(mol-s) (deprotonation). Note

around each hf line are equal. . that the rate constant for the deprotonation reaction is about
The development of cross-peaks due to chemical exchangg third of the Smoluchowski limit for augion-controlled

at di erent buer concentrations is shownFigure 18. As L . 8RT .
expected, the rate of this exchange is proportional to éine by "€action in water, which§™ and equal at 17C in water to

concentrationKigure 1B). However, for the HR® + H* 6 x 1& L/(mol-s). Note that under these conditions of mM
H,PO, equilibrium, which includes the two éning agent  bu er concentrations the rates are im$ent to cause
forms present under our experimental conditiggs, ©213° signicant line broadening in CW-ESR. To render enough
this means that at this pH, JM0, ] = [BH] = 12.9 [B] = line broadening, it is necessary to increase dancentration

[HPO.? ]. Therefore, foreaction 1k ; = 12.%; with the by an order of magnitude. Furthermore, as in 2D NMR, the
corresponding derence in the lifetime of unprotonated and cross-peaks clearly show which are the exchanging species.
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T ns the hydrophobic lipid core and interbilayer water iruidgohase of
m the DMPC membrane.

B) Nitroxide probes patrtition between the membrane phases,

showing a superposition of two triplet hf spectra: one with the

& larger hf splittinga) and the smalleg,, corresponds to the
nitroxide in the water phase and the other with laggleuty
smallelg, is the lipid phase. The partition cognt strongly

- favors a hydrophobic environment (e.?., octanol) for nitroxides

5 without a polar substituent in its struct(iseith the partition

g pattern for DTBN (cfFigure 1@ similar to that of Tempo.

% + The PD-DTBN we use (also referred to as DTBN below) has

* ﬁ'g been suggested to be an excellent probe for partition’studies.

17 . , It is the smallest amphiphilic nitroxide radical, exhibiting

narrow triplets in both interbilayer water and the hydrophobic

core of the membrane. As seefignire 14see also ref3),

95 GHz provides very good separation of the components

019 corresponding to the dirent polarity of the local environ-

0

O

T T

10 20 ment, so 95 GHz could be considered to be an ideal frequency
Buffer Concentration, mM to study this system. Fgure 12in the 40°C spectrum the
more intense hf triplet corresponds to DTBN in the liquid-
Figure 10(A) Development of cross-peaks due to chemical exchang@ystalline lipid phase, while the weaker triplet is from DTBN
between protonated and unprotonated forms’ ot T al = n'the water phase. For the spectrum a€1he water-phase

di erent phosphate concentrations at pH 6.Tand7 °C. Dotted ; ; . ;
lines present ts to the exponential expressioneaf 4 (B) triplet remains sharp but that from the lipid gel phase is

Dependence of the rate of this exchange on the phospete bu signi cantly broadened. Note the strong variation of the hf line

concentration. The lineatting yieldsk, = 1.44 0.06 L/(mols). ~ Widths for the lipid component. "

Figure 12is consistent with the fact that the partition
coe cient of DTBN between the lipid bilayer and water phase
experiences an increase above the main transition temperature

This example of chemical exchange between the protonafed DMPC of 23.7C, with most probe molecules located in
and unprotonated forms of fR" and RH*) shows key the uid hydrophobic core of the membrane in its liquid-
advantages of 2D ELDOR at 95 GHz. #rs a simple and crystal phase.
reliable way to detect and analyze exchange processes on thetegration of the CW spectrum for 4D in Figure 12
microsecond time scale. These rates are too fast to be detectbdws that only about 1/30 of all DTBN spins are located in
by NMR, and to a large extent they are too slow to be studigtie water phase versus ca. 1/8 4C1The fraction of DTBN

by conventional ESR methods. in the water phase at 20 is consistent with our experimental
111.B. Partition of Nitroxide Probe between Phospho- estimate of the partition cogient for DTBN in octanol/
lipid Bilayers and Interbilayer Water in Multilamellar water, which is 28; octanol has been used routinely as a model

Membranes. The second system we studied by 2D ELDOR if the membrane environmé&nlt indicates that nearly all of

the physical partitioning of a nitroxide between the hydrahe water is present as highly dispersed interbilayer water, not
phobic core of the phospholipid membrane and theas large water pockets trapped in the MLV. Thus, we may

interbilayer water. A schematic representation of this systempect that the DTBN molecules are likely to travel between

is shown irFigure 11The thickness of the hydrophobic core the membrane phases on the time scale of a 2D ELDOR

of the membrane in thaiid phase of DMPC (phosphate-to- experiment.

phosphate distance) is 3.03%irand the interbilayer water Indeed, if we assume the translationalsidin coe cient

spans 2 to 3 nAt* for DTBN in water 2 x 10 ® cnf/s (Tempone in water 1
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Figure 12.Partitioning of DTBN between the lipid bilayer and
interbilayer water in multilamellar vesicles (MLVs) of DMPC as

shown by 95 GHz CW ESR spectra. Note therefice in the

partition coe cient and the DTBN line shapes at 17 an8iC40At

17, the sharp peaks are from the interbilayer water phase and the

broad peaks correspond to signal from the MLV gel phaséCAt 40 Figure 13Relative 2D-ELDOR intensities of spectral components for
the stronger signals are from the MLV in the LC phase. In the LOTBN partitioning between the hydrophobic lipid core and the water
phase at 4%C, the lines are in the motional narrowing regime and ar@hase in multilamellar vesicles of DMPC afl (43 50 ns and (B)
stronger than those from the aqueous phase because they are 28 tilges 800 nsT = 40°C. The broader components correspond to the
more concentrated in the LC phase (partition ceatK, 28), lipid phase. The concentrations of DTBN are caM@nhd 1.5 mM

with the water/lipid volume ratio being close to ﬁﬁ?@/‘?o In the in the interbilayer water and lipid phases, respectively.

gel phase at T, the lines from the gel phase are much broader due

to both slower motional ects and higher concentrations than in the for di . b
aqueous phase. Even though the partitiorciz for the gel phase 10 di erent components in a 2D-ELDOR spectrum can be

is about 3.6 times smaller than for tiid phase, in the gel phase the directly estimated from their rate of decay Wth In our

nitroxide molecules are excluded from the hydrophobic core af@seT, P =272+ 3 ns andr,**'= 449+ 9 ns Figure Sy

instead are concentrated near the membrane surface in the phosphatehe ability of 2D-ELDOR to identify and separate spectral

regior® resulting in a high local concentration. components based on theiredent relaxation times can be a

useful advantage. By changing the component ratif,with

one can demonstrate the presence of multiple components in

10 3, 25°C),* the mean linear traveled distance imillbe  the spectrum and distinguish them from a single component

there >, v2Dt 70 nm. If we take the dision with a complex line shape, which is a common issue in ESR.

coe cientin the uid lipid phase to H2 10 ®cn¥/s,™® *°it However, the derence ifT; complicates some aspects of

yields z g 14 nm. Both values are about an order ofthe analysis of the 2D-ELDOR spectra. For example, with the

magnitude larger than the thickness of the lipid bilayer and obnstantly changing ratio of spectral componeiiis, tise

the waterdled gap between them. subtraction method we used to separate and measure cross-
While the CW-EPR spectrum shows most spins in the lipideaks to study the’ R BH* RH* + B process is not

phase, in the 2D ELDOR spectrufig(res 1andS9 the applicable. Also, there is a relatively narrow rargg iof

water signal is more pronounced &af alWalues than it is in  which to look for cross-peaks between the partition

the CW spectrum. It dominates the spectrum for the [Bpger components in the system: at syt the cross-peaks do

at 40°C and at all,, values for 17C (Figure Sp This is due not have time to develop, whileTat> 1.2 s, the DTBN

to the di erent relaxation properties of these two signals. In th&gnal from the lipid phase nearly disappears becausk, of the

LC phase at 40C, bothT, and T, are signicantly shorter  decay. That means that that the best ranggfof observing

than in water. Moreover, tfig in the LC phase is short the cross-peaks is around @D ns when the components

enough for the signal to decay noticeably during the dead tirs#ll have comparable intensity.

ty of the spectrometer;, is even shorter and the decay during Figure 1&hows views of the highld (M, = 1, panels A

the dead time is more pronounced for the gel phasé@t 17 and B) and central (M= O, panels C and D) components in

because of (1) the slower molecular motion in this viscoutie 2D-ELDOR spectrum of DTBN in DMPC at°@at a

phase and (2) the enhanced role of intermolecular electromixing timer,,, of 700 ns. For both the,M 1 and O cases,

spin dipolar interaction, which hasats similar to HE in both  panels A and C are stack plots and panels B and D are the

1 and 2D ESR, in this viscous medftifti*® equivalent contour plots, respectively. One can see small cross-
The fraction of the signal from the probe in water increasgeaks between the hf lines corresponding to thkeeik

with increasing,,, because the nitroxide signal in the LC phasepolarities of the local environment. The cross-peaks appear at

is decaying faster with its shofgfFigure 13 TheT; values precisely the correct frequencies reoimg their identica-
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Figure 14 High- eld (M, = 1) (A and B) and central (M 0) (C and D) hypeme components of DTBN in DMPC at4DatT,= 700 ns.
Panels B and D show contour plots for panels A and C, respectively.

tion. Note that we do not utilize the most intense~{gtire provided one is not near the freezing point of the fofmer.

13 low- eld M = +1 region for our analysis because the autoThus, for our well-deoxygenated samples we attribute the

and cross-peaks are bunched too close to each other. decrease iify(1) in the interbilayer phase compared to its
Because of very @rent populations of the exchanging value in pure D to the exchange process.

states and their direntT, andT, values, the simple formula  The derivation of the physical exchange rate from the

(eq 4 used for the Requilibrium is no longer applicable. Full enhancement in tHE, relaxation caused by this exchange is

expressions for nitroxide spectra in the fast motional regime &ifen in theSl as noted above. It follows frem Sthat we

given elsewhere and in general involve coupled relaxat@é‘timaté(l (7.4+ 0.4)x 10s 1, sok, = k/K 2.6+ 0.1x
among the hf linésHowever, in the limit when HE (and 1 ’

intermolecular dippl_ar) and. END terms are .Sma“’ simple In justifying the approximate treatment of each hf region
expressions describing manifestations of chemical exchang& &M= 1and M= 0, cfFigure 1} separately, we note

a system of two species withedent populations are simply that the cross-peak development from the END mechanism
given by the Bloch-McConnell equafitsfor a two-level ves O 10's 1pwhich i mgre than an order of magnitude

electron-spin system because each hf line relaxes independ SWler thaim,(1) 1= (680x 109) 1= 1.5x 16 s %. Note

of the others with its distin€t. .
These expressions are summarizédens S1S4 For the also that the low concentration of DTBN (&) leads to HE

special case &f  k, (sinceky/k, = 28), one obtains the being negligible (cFigure 3for ;[he similarly slize nitroxi.de
limiting expressions for the auto-peaksS@ and the cross-  PDT). If we compark, to Ty(2) ~ = 3.7x 1P s %, we see it

peaks €q SJ. For the former, we have must have a negligibleset on theT,(2) measurement so that
. » T,2) '+ k, T42) L For this reason (as well as the
h{T e kt T(°HT, (5) di culty of obtaining an estimateTgf2) in the absence of

which means that we just requiremeasurements in the exchange), one cannot obtain any estimigérofn the lipid

presence and absence of exchange in the aqueous phase.o?ﬂéoonents Of. the 2D-ELDOR spectrurii ¥sAs noted at .
results for tha (1) and T,(2) measurements for DTBN in € end ofSection I the weak cross-peaks, as now seen in
the presence of exchange &CHare 443 9 and 272 3 ns, Figure 14 have. made it .dcult to_ obtain qyant|tqt!ve
respectively, whereas in pus® 2 is 680+ 5 ns (cf.Figure measures of their peak heights (or integrated intensities) due
S?. to artifacts and tails of nearby auto-peaks. Even where they are

Ample evidence exists that the interbilayer water is similar fiagaximized (af,, = 600 800 ns), we estimate from the above
bulk water in its properties, except for th8 A region  results ork, andk; that they are only 3 to 4% of the auto-
adjacent to the lipid bilayéPsAn ESR study using the 4- peaks, roughly consistent with our observations. Thiig, the
phospho-Tempo probe showed almost neralice in ESR  vsT,,approach we have used is clearly the more reliable way to
parameters between interbilayer water and bulk waterxtract these rate constants.
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IV. DISCUSSION biology than proton transfer. Adidse reactions involving

We have demonstrated that 2D-ELDOR can be used to stuf§?to"s appear in nearly all enzymatic reactions. Acid or base
microsecond-scale processes of chemical and physical ?Eﬂf Isnc;[heh nn";?stl tco??r?q(lm phenomenon in - organic
ni cance, and the specirelevance of the two examples we® sty and chemical technology.

studied, namely, proton transfer and transport between pha%elgtgurd'efhgfrst?eumfcﬁﬁmsgﬂ tﬂisptr(;)t?cn atrar;zfreerd ?r?(\nlfe ?hgnng
is discussed below $ection IV.BBut rst we discuss the Y- P bic app

range of applicability of 2D-ELDOR at 95 GH&dation 200 years ago and correctly hypo_thesmed*tbat:hlange was

VA the mechanism of water conductivity Io?gg before the chemical
IV.A. Range of Applicability of Exchange by 2D- Logsrgu'rzggmagerraﬁa:il;']ngﬁ:ftqog ?a%abeA;iT[?gngwglaC%st

ELDOR at 95 GHzWe wish to comment on the range of pld y '

applicabilty of exchange studies by 2D-ELDOR at 95 Grigec 20 C0 e P G2 L\ GRRTED DL RE TS B O
when it is possible to distinguish the exchanging sites. First §p2 54The barriers for proton transfer and hence the rate

note the time-scale range. Given our current dead-f oetnhte. rocess depend on the molecular structure and the
limitation (ca. 22 ns), processes occurring as fast H3050 X P

: L strength of the hydrogen bonds. Thugrdit proton-transfer
ns should pose no challenge. Maximum useful mixingtimes . ; X .
are Iimitedpby the nitroxidegsm{) which we have foundgtné) be proggsses ShOUId b? studied bgrent techniques operating
. . . on di erent time scales.
g]xtt:r? d rgﬂ?ge?rf]a%%azo. Ot% g-sfollérgﬁ%%fasr:g!ﬁgt%nh?f tSoNR Although direct time-resolved techniques with fast reaction

(as well as on artifacts), yet this may be further extended jjagering have been used for such stidasnanosecond
modern denoising techniqt®® Therefore, the slowest d faster processes, spectroscopic 2D techniques are more

processes would correspond tdd s. For example, the convenient and more clearly identify the process. For superfast

! : . kinetics occurring on a picosecond scale (e.g., short-distance
inverse rate constants for DTBN transfer between interbilay: . . .
water and lipid are 1.35 and 38 but with the latter tramolecular transfer), the spectroscopic technique of choice

Tt TP is 2D-IR;® while for slow exchange on time scales of a
dete_r mined |nd|re_ctly. The prc_)ton—transfer process was re""drﬁ}{llisecond or slower the most valuable and proven method is
suded on the merosecond ime ame, 1 ange of waneiet i pemer

Pr¢ . nanoseconds and several microsecondscidtdio directly
concentration, with the proton exchange rate dependeg udy by either 2D exchange NMR or IR methods. However

\ljv%?l? ;??o\?vuiagfnﬁegﬁéonﬁagg'nss rtrz)ez;rsjt t?:;SWHeEC?nUIShthis range is relevant for many important phenomena in
9 PP emistry and biology, including such common cases as

aqueous phase. Chemical exchange processes that di"fision-controlled reactions in simpléds and proton

b|mo_lecula_r (i.e., involving coI_I|S|or_13 between nitroxid ermeation through biological charitiesir work using 2D-
species) will, however, lead to identical cross-peak patte

as for the HE mechanidiwhich is typically dision- DOR aims toll the niche and to introduce it as a method
controlled, so they may be dilt to study. In therst-order of choice for such cases. Although the present study is limited

. o n imidazoline nitroxi in water, similar pH-sensitiv
processes that we studied, there was the additional advanto a dazolinenitroxide ater, similar pH-sensitive

. cals can be introduced into protein molecules and
that the cross-peak development between exchanging SpeﬁiSﬁ)gical membranés® and thus provide valuable kinetic

pres_erved the n_ucl_ear_—spm quantum nur_nb_gr,chh information about proton transfer and aoébe interactions
provides a clear indication of its nature. This is not the Cas§ the labeling site

for HE as describ_ed 8ection I . . ESR has been routinely used to measure partition
One might ask if there would be any advantage in going ,Eie cients K,) of free radicals between efent phases in

even higher frequencies, as has been the case for NMR. The,c ) jinid membranes but not individual rate conktants
instrumental challenge is the lack afrdgable high-power andkfof tr?eirtransport between the phases Wq,erbl/lg

pulse sources needed to provide intense and very short pu'ﬁ%ﬁition studies on spin-labeled drugs or on simple nitroxide
above ca. 95 GHz. But there is a more fundamental issq di b 9 P

Sdicals in combination with other membrane-modifyin
Above this frequency, the role of théensor becomes fying

; . \ compounds are important for drug deli¥efi’. Wherea¥
dominant. Whereas theralue separation between the signal§s™ o “important factor in the membrane permeability of
from the dierent nitroxide sites increases linearly with th

L i X erelatively small nonpolar molecules by the solubilityieti
_eld and frequency, théensor contribution to the line widths - e ohanisiff the actual permeability iseated by the ects
increases quadratically, rédiy overwhelming any site

lutiod 620 Furth . he | 0 of interfacial resistarfceThis means that the permeability
resolutiort. urthermore, given the increasegtansor kinetics may be very drent for the santg, values. For this

e ects, line shapes would no longer be governed by a motion son, 2D ELDOR capable of obtaikjagdk, may provide

narrowin_g approaph. I . important insights into the membrane permeability and
One might consider the possibility of utilizing a frequency elivery of small-molecule drugs.

35 GHz for which in some cases (Eigyre J the high-eld
component would show some site resolution, but likely the
would still be some bunching of auto- and cross-peaﬁz CONCLUSIONS
analogous to what we observedigure 13or the low-eld In this study, we have successfully demonstrated that both
line at 95 GHz; therefore, we did not use it for our analysis ahiemical and physical exchange processes occurring on the
noted in Section [Il.B However, detailed line-shape simu-microsecond time scale can bentligely studied by 2D-
lations would be helpful in such cases. ELDOR at 95 GHz using nitroxide probes, which constitute
IV.B. Signi cance of the Two Cases Studied.It is the most common form of spin probe/label. This has been
di cult to imagine a more important process in chemistry oenabled by recent improvements in instrumentation, and it is
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