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Spin labels containing nitroxyl radicals possess many properties that render them useful
for electron paramagnetic resonance (EPR) spectroscopy. This review describes the
relationships between the structure and properties of nitroxide spin labels, methods for
their synthesis, advances in methods for their incorporation into biomolecules, and
selected examples of applications in biomolecule structural investigations.

1 Introduction

Within the field of electron paramagnetic resonance (EPR) spectroscopy,
‘spin labelling’ describes the attachment of a radical or paramagnetic
centre (ie. a molecule containing at least one unpaired electron spin)
onto a material of interest, which enables its investigation using para-
magnetic resonance spectroscopy. For such applications, spin labels
should ideally fulfil several criteria: the framework of the label must
stabilise the radical against redox processes; the radical must possess
desirable properties for the magnetic resonance experiment (such as
chemical stability and spin coherence persistence); and, the label must
be readily (and site-specifically) attached without structural distortion of
the system under study.

By far the largest family of spin labels are those based on the nitroxyl
(N-0°) radical, which are called nitroxide spin labels. These are typically
five- or six-membered heterocyclic derivatives of piperidine, pyrrolidine,
isoindoline, and other heterocycles containing two heteroatoms;
importantly, the nitroxyl radical is flanked by two quaternary carbon
atoms. The ‘classic’ nitroxide is the piperidine-based 2,2,6,6-tetra-
methylpiperidine 1-oxyl (TEMPO, 1, Fig. 1), which has found use in many
chemical and materials applications. This radical, in which the unpaired
electron is located mainly on the nitrogen and oxygen atoms, is stabilised
by the steric screening imparted by its four adjacent methyl groups,
which protect the radical from reduction or other processes. The lack of
a-protons also prevents the decomposition of the nitroxyl to the corres-
ponding nitrone. Some other examples of common nitroxide families
(2-7) are illustrated.
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Fig. 1 Structures of parent nitroxides.

A ‘spin label’ can be defined as a derivative of the parent nitroxide in
which the core ring system (or its substituents) is modified to enable its
incorporation into a larger framework, and thus to be used as a probe.
The framework of interest may be a polymer, a surface, or a biomolecule
such as a protein, nucleic acid, sugar or lipid.

Spin labels are commonly used to measure interspin distances (i.e. the
distance between two stable free radicals) using continuous wave (CW) or
pulsed techniques, which for nitroxides have an effective range of 0.5 to
>10 nm." ™ They can also be used to probe the local environment of the
label, such as its accessibility and dynamic mobility.* Nitroxides are also
employed as paramagnetic relaxation enhancers in nuclear magnetic
resonance (NMR) spectroscopy, and as polarisation/contrast agents in
dynamic nuclear polarisation (DNP) or magnetic resonance imaging
(MRI) experiments.®”’

Modification of the basic structure of the nitroxide can lead to
dramatic changes in the properties of the spin label, and it is for this
reason that a myriad of spin labels have been designed.®*'® Essential
considerations centre on the structure of the nitroxide around the
nitroxyl radical itself, and the functionality used to enable spin labelling.
This chapter discusses these aspects, along with recent advances in the
synthesis and applications of nitroxide spin labels in EPR spectroscopy.

2 The nitroxide spin label as a probe in EPR spectroscopy

2.1 Magnetic properties

The Zeeman splitting for the nitroxide spin labels is anisotropic and
typically g, > g, > gz, with g, and g, close in value and greater than the
free electron g-value. The g,, axis is roughly coincident with the = orbital,
approximated as a linear combination of the 2p, orbitals of oxygen and
nitrogen. Therefore, in planar systems such as pyrrolinoxyl spin labels,
the g, is perpendicular to the plane of the ring. The x-axis is taken as
coincident with the NO bond."’

The unpaired electron is considered to reside in the n orbital. The spin
density is on the nitrogen and oxygen with almost no delocalisation over
the rest of the framework (for adjacent alkyl groups).”>*' The hyperfine
coupling constant, A, for nitroxide spin labels is typically in the region
of 40 to 47 MHz. Due to the relative spin localisation the hyperfine
splitting of the Zeeman levels is dominated by the nitrogen of the
NO group (*°O nuclei have zero spin and the predominant isotope of
nitrogen is "*N with a nuclear spin, I, of 1). The hyperfine axes approxi-
mately follow the g-tensor principal axes with A, ~xA,, <A, where A, is
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typically about 100 MHz. Both g and A4;,, are weakly sensitive to solvent
polarity and proticity, with A;s, increasing and g-values decreasing in
increasingly polar/protic solvents.”>*® This property has been used to
map membrane protein channels, and to probe changes in solvent
behaviour associated with the glass-transition temperature in water/
glycerol mixtures.****

Coupling of proximal nuclei (I#0) to the electron gives rise to the
characteristic appearance of an EPR spectrum. Usually, the greatest
splitting is caused by coupling to the nitroxyl nitrogen atom, with much
smaller splitting from other ring substituents. However, this super-
hyperfine splitting can afford additional information, such as the extent of
protonation of imidazolinyl and imidazolidinyl spin labels.>> *° The nature
of the substituents flanking the nitroxyl radical can also significantly affect
signal linewidth.>® Substituent effects on the ring conformation can be
influential: the faster dynamic averaging of the hyperfine interaction of
the nitroxyl with the methyl protons in 4-oxo-TEMPO (8, Fig. 2) compared
to 4-hydroxy-TEMPO (9) can be explained by a higher barrier to conforma-
tional ring flip in the latter, where the ring framework is fully sp>-hybridised
(aside from the nitroxyl).>! Isotopic labelling such as perdeuteration or
*N-substitution, can also lead to line narrowing, and therefore improve the
sensitivity of the spin label.>* This property has been used to improve
the precision of measurement of tumbling rates, and in oximetry.>*°

The positioning of certain spin-active nuclei directly adjacent to the
nitroxyl can cause more significant splitting. For example, the phos-
phorus nucleus in PROXYL spin label 10 (Fig. 2) has I=1/2, with the
largest hyperfine coupling at 140 MHz.*® The resultant two-line spectrum
is then split by the nitrogen atom to give a six-line pattern. It was shown
that this spin label is a sensitive probe of dynamics, which suggests that
it may be possible to simultaneously label a molecule of interest at two
sites, with this label and a standard nitroxide, to enable simultaneous but
distinguishable measurements.

The anisotropy in the g and A tensors are such that when the spin
labels can rotate rapidly, as might be the case in low-viscosity organic
solvents at room temperature, the CW EPR spectrum is motionally
narrowed and reveals only gis, and A;s,. However, if the tumbling dynamics
of the system are slowed, through increasing viscosity, decreasing
temperature, or tethering to a larger, more slowly diffusing molecule, the
measured line shape of the nitroxide alters (Fig. 3). At X-band microwave
frequencies the changes in the lineshape are sensitive to rotational cor-
relation times () in the ns region, with particular sensitivity to changes in
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Fig. 2 Structures of TEMPO derivatives and a phosphonate-substituted nitroxide.

Electron Paramag. Reson., 2017, 25, 1-34 | 3


http://dx.doi.org/10.1039/9781782629436-00001

Downloaded on 08/12/2016 14:06:09.
Published on 30 November 2016 on http://pubs.rsc.org | doi:10.1039/9781782629436-00001

View Online

X-Band X-Band X-Band X-Band
Isotropic Fast-motion Slow-motion Rigid Limit
=0.6ns T.=6ns

w-Band
Rigid Limit

Fig. 3 Representation of the link between 7. and CW lineshape at X-band microwave
frequencies. A comparative W-band CW spectrum shows increased spectral anisotropy.
Spectra were simulated with EasySpin using typical parameter values.®”*’
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Scheme 1 The nitroxyl radical is susceptible to redox reactions.

dynamics when 7, ~1 ns. Altering the microwave frequency will alter the
timescales measured and higher frequencies will offer enhanced angular
resolution.>”*® There are many reports of using this property to map
global and local dynamics in spin-labelled proteins.***°

2.2 Chemical stability of the radical

The nitroxyl radical 1 can undergo redox processes to produce the
oxoammonium cation 11 (Scheme 1), hydroxylamine 12 or secondary
amine 13.” From the viewpoint of maintaining the radical on the spin label
(e.g- to enable EPR studies in living cells), protection against reduction
to the hydroxylamine is important. The stability of a given nitroxyl radical
to reduction is not only determined by its electrochemical reduction
stability,*®*° but also by the cyclic framework in which it is contained, and
the nature (charge, size, etc.) of the associated substituents.”>>"

The stability of nitroxyl radicals to reduction is often assessed using
the biologically-relevant ascorbic acid as a reducing agent, albeit this
is only a simple model for the various processes and differing reducing
environments that may be encountered in cells.”’>® Through com-
parison of susceptibility to ascorbate, some general properties of
nitroxides have been identified which improve the resilience of the
radical in reducing environments. The first of these is that five-membered
ring nitroxides are significantly more stable towards reduction than
six-membered.”>****> This is likely a consequence of the change in
hybridisation of the nitrogen atom that occurs on reduction, where
torsional strain is relieved on going from sp” to sp® hybridisation for six-
membered rings, but increases for five-membered rings. Inductive effects
of substituents on the ring can also play a role, particularly for substituted
pyrrolinoxyl radicals.****® An approximate order of stability is illustrated
in Fig. 4.
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Fig. 4 The stability of nitroxyl radicals towards reduction correlates with the size and
nature of the nitroxyl-bearing ring.
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Fig. 5 Nitroxide frameworks shown to be particularly stable towards reduction.

The second general stabilising effect is that of increasing the steric bulk
of the flanking alkyl substituents which shield the radical from reduction,
or stabilise it relative to the hydroxylamine where an equilibrium exists.>®
For example, tetraethyl-substituted isoindolinyl nitroxides have been
shown to be highly resistant to ascorbic acid reduction, and its stability
was further enhanced when bound to the ribose of RNA via a thiourea
linker (14, Fig. 5).°” The enhanced stability of the PROXYL framework can
be combined with such steric protection to give particularly stable radicals:
the tetraethyl-flanked PROXYL (15) remains ~90% intact after two hours
exposure to ascorbate or frog oocyte cells/cell extract.”’® Bis(spiro-
cyclohexyl) groups flanking the nitroxyl (16) also confer stability against
bioreduction, although to a lesser extent than tetraethyl substituents. This
is likely due to less effective steric shielding for a cyclohexane ring com-
pared to the more mobile ethyl groups.”******® However, some spirocyclic
systems can confer remarkable stability: the fully substituted PROXYL (17)
was found to be exceptionally resistant to ascorbic acid reduction.®

One caveat in label design is that many of these extended alkyl chains
increase label hydrophobicity, which may cause problems for some
labelling strategies, or unwanted sample aggregation.®’ The electronic
influence of substituents can also affect stability, and a careful con-
sideration of both steric and electronic effects is therefore required when
designing labels.*’

2.3 Use of nitroxides in DEER

The pulsed EPR experiment known as double electron-electron
resonance (DEER), or pulsed electron double resonance (PELDOR), has
become a useful method for measuring nanometre distances between
pairs of nitroxides.>*%*®* The popularity of this experiment in bis-
nitroxide systems originates from its use of two microwave frequencies,
which allows much of the nitroxide spectrum to be measured under
common hardware limitations. The 4-pulse DEER experiment measures
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the dipolar coupling frequency as a modulation on a refocused echo.®>°

The DEER measurement needs to be set up such that the dipolar
frequency can be measured accurately, which means that the echo
must have a good signal-to-noise ratio (SNR) with the appropriate DEER
inter-pulse delays (i.e. time window). The SNR can be improved by
repeating the experiment and averaging results. The repetition rate is
optimal when the echo is approximately more than 70% recovered, at
1.2 x Ty (longitudinal relaxation time), where T; values are typically on
the order of one millisecond.®” The time window is dependent upon the
spin coherence time (7,,,) of the spin label. It is often shortest for samples
with high local or global concentration, as has been explored for spin-
labelled proteins in lipid membranes.®>®® Relaxation due to instantaneous
diffusion can be reduced by working at as low concentrations as feasible
and through careful choice of pulse lengths in experiments such as
DEER.%” For the 5- and 6-membered nitroxides with four methyl groups
flanking the radical, this balance between the T; and T, relaxation times
with the Boltzmann distribution is often optimal at around 50 K.**

A typical soluble spin-labelled biomolecule would have a T,, time
of 2-3 us and this would allow for a time window of ca. 3 pus which
corresponds to the accurate measurement of a 3.5 nm distance. However,
it has been found that using deuterated solvent and cryoprotectant
significantly lengthens the T,, time since the *H nuclei have a lower
magnetic moment than 'H, and this reduces the rate of relaxation
through spin diffusion.®®””" The loss through spin diffusion can also be
reduced by using more advanced DEER pulse sequences, e.g. 5-pulse
DEER.”? Further, Norman and co-workers have shown that deuteration of
the molecule the spin label is attached to, in their case a protein, reduces
the contribution from this relaxation mechanism to such an extent that
distances over 14 nm can be measured accurately.>”>”* Interestingly,
isotope substitution of the protons on the gem-dimethyl substituents
does not extend the relaxation time.®> Conversely, in CW EPR where
distances over 1 nm are assessed by the dipole-dipole broadening on the
spectral linewidth, it has been shown that deuteration of the label
increases the upper measurable distance from 2 nm to about 2.5 nm.””
The alternative isotope substitution of *’N at the nitroxyl moiety has been
applied to allow orthogonal labelling using two, or more, nitroxide spin
labels: this makes use of the two microwave frequencies used in DEER,
and indeed its CW predecessor ELDOR, and the only partial spectral
overlap between the '°N (I=1/2) and "N (I=1) EPR lineshapes.”®”’

The lower distance limit in the DEER experiment is determined by the
requirement that the bandwidth of both sets of pulses can excite the full
dipolar lineshape. In practice this has set the lower limit at approximately
1.5 nm.>”® The DEER experiment itself only requires that the labelled
molecule does not tumble fast enough to average out the dipole-dipole
coupling between the spin labels.”® Thus, if the spin labels can be opti-
mised such that their relaxation rates are favourable for measurement at
higher temperatures, then tethered or otherwise immobilised molecules
could be used. This would open up the possibility of measurement at or
near physiological temperatures.®**'
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The DEER technique is capable of extracting distances and their dis-
tributions with nanometre accuracy, and also orientational information
between the labels when the nitroxide spin labels have a well-defined,
narrow distribution of conformations with respect to one another.®*
The likelihood of this occurring is increased if the label is con-
formationally restricted through either steric bulk, or linker restriction.
However, it is important that disruptions to the material are minimal,
and that the label can be used in a facile manner through simple and
efficient labelling procedures.

The conformations and dynamics of some spin labels attached to bio-
molecules, particularly methanethiosulfonate (MTS, 18, Fig. 6), have been
investigated computationally and experimentally through EPR analysis
and crystallography.®”~*° Importantly, there is software freely available to
enable users to label their target in silico and calculate the most probable
conformations, since the conformation of the spin label tether must also
be considered when interpreting DEER measurements.'*"%

2.4 Spin relaxation rates

The DEER experiment relies on measuring the dipolar coupling fre-
quency between the spin labels, which increases as r* where r is the
distance between the radicals. Hence, the measurement of relatively long
distances requires the spin labels to have long spin coherence times,
which also increases the concentration sensitivity of the experiment for a
given dipolar frequency. Nitroxide spin label measurements are usually
carried out at 50 K, and enhancing spin coherence times could enable
measurements at higher temperatures (i.e. liquid nitrogen, rather than
the expensive liquid helium currently required by laboratories not
equipped with a closed-circuit cryostat). Ultimately, measuring DEER at
higher temperatures, perhaps even physiological temperatures, would
provide valuable structural information for many systems.

At 50 K, tetramethylpyrrolinoxyl spin labels such as MTS (18, Fig. 6),
have optimal relaxation times for the DEER experiment; other nitroxide
frameworks either match these relaxation times, or compare unfavour-
ably to the pyrroline structure. However, for methyl-flanked nitroxyl
radicals, as temperatures increase above ~70 K, the adjacent methyl
groups begin to rotate at a rate comparable to the hyperfine anisotropy,
which provides a route for dephasing (Fig. 7). Higher aliphatic groups
(such as ethyl) are expected to provide a similar relaxation mechanism,
albeit with a different energy barrier.'®® However, adjacent cyclic groups
(i.e. bis(spirocyclic) nitroxides) cannot undergo this rapid rotation and
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Fig. 6 Structure of the methanethiosulfonate (MTS) nitroxide spin label.
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Fig. 7 The temperature dependence of T, ! and T,, ! for tetramethyl- (triangles) and
bis(spirocyclohexyl)-substituted (squares) pyrrolinoxyls. Image modified and reprinted
from ref. 81 with permission from Elsevier.

consequent modulation of the field; the T, for these nitroxides decreases
much more slowly with increasing temperature, as other motions are able
to modulate the g and A anisotropy.'®*'%> As the glassy solvent matrix
softens and eventually melts, the echo dephasing is dominated by motional
processes.'” Increasing the temperature from 50 K also decreases the T}
(Fig. 7), and this is dependent upon the structure the spin label, the degree
of spin-orbit coupling and the nature of the solvent.'*®

Despite the above properties, spirocyclic groups do not appreciably
increase T, relative to gem-dimethyl-containing nitroxides when measured
at ambient temperatures in a trehalose (disaccharide) matrix (Fig. 7).*"
However, a spirocyclohexyl-iodoacetamido-TEMPO label (see 19, Fig. 9)
attached to T4 lysozyme (T4L) allowed for an ambient temperature DEER
measurement of 3.2 nm to be taken, whereas MTS (18) did not.*’ A similar
effect was found for labelled DNA immobilised in trehalose.®* Therefore,
just as for free labels, the interaction between the label and its environ-
ment is important for determining 7,,,.'® This effect will be crucial if DEER
experiments are to be made at physiological temperatures.

3 Synthetic routes to nitroxide spin labels

3.1 Synthesis of nitroxyl radicals

A prerequisite for the synthesis of any spin label is the installation of the
nitroxyl functionality itself. This is most commonly achieved through
oxidation of the corresponding secondary amine, for which a variety of
oxidants can be used (Scheme 2). The most popular method involves
treatment of the amine 20 with excess H,O, and a catalytic amount
(typically 15-20 mol%) of Na,WO,.° Although frequently employed, the
high polarity of the solvent needed to solubilise the catalyst (usually
water/ethanol mixtures) can lead to poor substrate solubility for
lipophilic spin labels, and consequent long reaction times and/or low
conversion.'*® The mechanism of this process involves oxidation of 20 to
the hydroxylamine 21, which is further oxidised by the relatively strong
tungsten(vi) oxidant to oxoammonium salt 22 (Path A). This salt is in turn
able to oxidise H,O, to O,, itself being reduced to the nitroxyl 23, or can
react with residual hydroxylamine 21 to form two molecules of nitroxyl
radical 23 (Path B)."%” Pre-formed hydroxylamines may also be oxidised to
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Scheme 2 Methods for the preparation of nitroxyls.

OH OH
— m-CPBA —
N CH,Cl,, 0°C, 12 h, N
H 48-74% c‘).
24 25
oH OH o

)
N
N N "
H
O. O.

26

m-CPBA (2.0 equiv.

CH,Cl,

9 42:58 8

Scheme 3 N-Oxidation by m-CPBA, and functional group tolerance.

the nitroxyl by mild oxidants such as MnO, or NaNO, (Path C);**'°® this
latter oxidation can even proceed spontaneously in the presence of
atmospheric oxygen under neutral or basic conditions.’

An alternative method for amine oxidation employs 1.5-2 equivalents
of m-CPBA."*>'' This reagent often results in a rapid and high-yielding
oxidation, which likely proceeds via path B in Scheme 2.""" It is tolerant
of other functional groups: for example, the double bond of pyrroline 24
(Scheme 3) was unaffected during nitroxyl formation (25)."'*> One
cautionary note in all of these oxidations is that the oxoammonium salt
22 (formed in both the Na,WO,/H,0, and m-CPBA methodologies) has
been observed to effect oxidation of alcohols, as in the oxidation of
aminoalcohol 26 to a mixture of nitroxyl alcohol 9 and ketone 8.'%*1%113

Due to the potential susceptibility of nitroxyls to reduction or oxidation
during chemical synthesis or under biological conditions, several inter-
esting protection strategies have been employed that allow a late-stage
deprotection of the nitroxyl itself. This includes the use of an O-methyl
hydroxylamine derivative 27 (Fig. 8), a robust functionality from which
the nitroxyl can be revealed on treatment with m-CPBA."'* An elegant
photolabile protecting group strategy has also been developed, where
irradiation of 28 at 405 nm delivers the nitroxyl in high yield (92%).""
This latter chemistry has been applied to a masked nitroxyl attached to a
DNA oligonucleotide at cytidine.

3.2 Synthesis of piperidinyl (TEMPO) nitroxides
2,2,6,6-Tetramethyl-4-piperidone (29, Scheme 4) is ubiquitous as a
starting material for the synthesis of the frequently used TEMPO

Electron Paramag. Reson., 2017, 25, 1-34 | 9
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[¢] X

N-Oxidation

FGls

—_—
N N Q 9 9
H |
On

29

o
NH,4CI, _
[BnNMe]OH, ﬁjj N-Oxidation ; Eg(;;ONH
DMSO, A Y FGlIs R

——————

32
R R
N R N R
T3 o 36
Y=8
H,, Raney Ni

Scheme 4 General synthetic routes to 6-membered ring piperidinyl spin labels.

spin labels.? Straightforward functional group interconversions (FGIs)
lead to a wide variety of functionalised 2,2,6,6-tetramethylpiperidines
(30, see following discussion).

An important and convenient method to transform 29 into 2,6-
bis(spirocyclic) piperidones 31 (Y =CH,, O, C=0, SO,, NAc, etc.) uses a
phase-transfer catalyst to effect a formal exchange of acetone for ketone
32.''° This chemistry provides access to spirocyclic piperidine spin labels
33, many of which have been found to exhibit enhanced phase memory
times in EPR experiments due to the restricted rotational freedom
imparted by the spirocyclic ring system.'®* When Y =S§, reductive cleav-
age of the C-S bonds with Raney nickel leads to the tetraethyl-substituted
spin label 34, which offers improved steric shielding of the nitroxyl.”®*"®

Whilst this ketone exchange methodology is procedurally simple and
highly effective for the synthesis of spirocycle-containing spin labels, an
alternative ‘de novo’ route to piperidine-derived nitroxides involves a
double Horner-Wadsworth—-Emmons reaction of bisphosphonate 35 to
generate an intermediate dienone, which is a substrate for double
aza-Michael addition of ammonia leading to piperidone 36. This method
has been used to prepare tetraethyl-substituted ketone and alcohol
nitroxides (34, X=0 or OH, respectively)."'” A similar route has been
used to prepare a bis(spirocyclohexyl)ketone (33, X=0, Y = CH,).""®
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The substituent X at the 4-position of the piperidine ring in 30, 33 and
34 is easily functionalised to prepare the spin label for attachment to
target systems of interest (Scheme 5). N-Oxidation of ketone 29, followed
by addition of trimethylsilyl acetylide, and subsequent dehydration and
desilylation, leads to enyne nitroxide 37 which is primed for CuAAC click
reactions' " or Sonogashira cross-coupling.'*°""** Alternatively, reduction
of the ketone to an alcohol, conversion to a leaving group, and nucleo-
philic substitution by azide affords the complementary CuAAC azide
partner 38."** Amine 39, which is suitable for target labelling by methods
such as amide formation'** or alkylation,"**'**"**° can be installed by
reductive amination with ammonia.'*! 39 can also be converted to iso-
cyanate 40 or thioisocyanate 41 on treatment with diphosgene or thionyl
chloride, respectively;'*>"** these spin labels undergo reaction with
amines to give (thio)urea-linked spin labels."?*"** Ketone 29 may also be
transformed into acid 42 on treatment with tosylmethyl isocyanide
(TosMIC), followed by hydrolysis of the intermediate nitrile."*® 42 in turn
can be used directly as labelling agent, or converted into an activated
carboxylate such as the N-hydroxysuccinimide ester 43."3°

For tetraethyl- or bis(spirocyclohexyl)-substituted piperidinyl nitroxides,
comparatively few labelling functionalities (X) have been reported (Fig. 9).
Although tetraethyl derivatives such as 44°' and spirocyclic amine
45%13713% have been synthesised, they have not to date been used for
spin labelling. Iodoacetamide 19 has recently been used to spin label T4
lysozyme (T4L) and perform DEER measurements at room temperature.®’

I e cos
1) N-Oxidation H H 1) N-Oxidation
= 2) TMS-acetylene, n-BuLi H H 2) TsCH,NC
N 3) MsCl, NEty : u : 3) Ba(OH),, H,0 N
| 4) TBAF : : )
O, H 29 H O,
37 (TEMPA) e H 42
1) NaBH,4
2) N-Oxidation 1) N-Oxidation N Hydroxysuccmlmlde
2) NH40Ac
3) MsCl, NEt; 3) NaBH,CN
4) NaNj
c
2
\/k’ \/k/ CICOZCCI3 \/k/ SOCI2 \/k/
38 40 39 41 43

Scheme 5 Structures and syntheses of commonly used piperidinyl spin labels.

NH, NH, HNJ\/I Nj
) ) ) )
O, s O, o O, O,
44 45 19 46

Fig. 9 Tetraethyl- and bis(spirocyclohexyl)-substituted TEMPO derivatives.
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Azide 46 was recently reported by our groups, and was used to label nucleic
acids in a CuAAC spin-labelling strategy."**

3.3 Synthesis of pyrrolinyl and pyrrolidinyl (PROXYL) nitroxides
5-Membered ring 2,2,5,5-tetrasubstituted pyrrolinyl and pyrrolidinyl
(PROXYL) nitroxides can, as mentioned, benefit from improved stability
towards reducing conditions compared to their 6-membered ring cousins,
and as such enjoy much popularity. However, it is worth noting that
substituted PROXYLs are generally synthesised as racemates, and thus are
likely to give rise to a mixture of diastereomers on labelling biomolecules.
The unsaturated 3-pyrroline scaffold is most conveniently accessed
from the corresponding piperidones (47, Scheme 6) via an initial double
(,0") bromination.'*® To avoid decomposition pathways such as trans-
annular nucleophilic substitution to give an aziridine, the intermediate
dibromide 48 is typically isolated as a hydrobromide salt. Exposure
to basic conditions (e.g. hydroxide, methoxide, or ammonia) effects a
Favorskii rearrangement, followed by iz situ elimination of HBr, to give the
3-substituted pyrroline carboxylic acid derivatives 49.'*" Oxidation to the
nitroxyl can be followed by any necessary functional group manipulations
to convert these Favorskii-derived carboxylic acid derivatives to the various
spin labels of the pyrroline family (50, see following text for examples).
The related saturated pyrrolidine nitroxides (often nicknamed
‘PROXYLs’) 51 (are synthesised via a similar route, this time through
monobrominated ketone 52.°%°%'°® Here, the secondary amine is first
‘protected’ as a hydroxylamine, which prevents the aforementioned
aziridine formation. However, as oxidation is difficult to stop at the
hydroxylamine stage, a nitroxyl radical is first formed, which is then
reduced to the hydroxylamine. After Favorskii rearrangement, the pyr-
rolidine nitroxide derivatives 53 can be functionalised as desired (51, see
following text for examples). Pyrrolidine carboxylic acid derivatives 53 have
also been formed by reduction of the corresponding pyrrolines 49 with H,
and Pd/C."*" As the nitroxyl radical is also at risk of reduction in this step,

9 B o : o
Br Br : ! 1) N-Oxidation Br
Br, E . 2) Nitroxyl reduction
FTNNS T mon WS oo, N7
. ; C e HH 2, 3 . ;
--RoH R. i h--ROH R 4) NOH-Oxidation ROl R
Bri : : °
48 L 52
OH~ OH-
or MeO~ Reduction or MeO~
N-Oxidation

or NH3 or NH3

. X X
Y N-Oxidation Y
_ FGls e/ \ & R R FGls
R R-, |7 N ST R R-,

Scheme 6 General synthetic routes to pyrrolinyl and pyrrolidinyl nitroxides.
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it is generally performed before N-oxidation (however, LiBH, has recently
been shown to reduce the double bond of an amide pyrrolinyl nitroxide
without affecting the radical or carbonyl).*®

Syntheses of some commonly used 5-membered nitroxide spin labels
are shown in Scheme 7. Several derivatives are prepared from initial
reduction of the carboxylic acid sidechain (49, Y= OH) to allylic alcohol
54, a key intermediate that has been transformed into many labelling
groups. If carried out after N-oxidation, carboxylic acid reduction has
been found to be challenging,'** as competing conjugate reduction and/
or reduction of the nitroxyl can be observed. Our groups have recently
found that N-oxidation and subsequent reduction of the methyl ester
(49, Y=0OMe) with DIBALH at —50 °C effects a clean and high-yielding
reduction to 54, avoiding these side reactions.’*® Alternatively, acid
derivatives 49 may be reduced before N-oxidation, the latter process being
tolerant of the resultant allylic alcohol.'*

From alcohol 54, iodide 55 is prepared by mesylation and Finkelstein
reaction."** Alcohol 54 has also been converted to methanethiosulfonate
MTS (18), a popular spin label for the functionalisation of cysteine resi-
dues in peptides (see following text for applications)."** Alternatively, 54
can be transformed into azide 56 by mesylation and substitution.'*’
Enyne 57 (known as TPA) is another popular spin label which is readily
prepared from aldehyde 58'*>'*® by Ohira-Bestmann alkynylation,"*” or
other alkyne-forming methods.'*® The saturated carboxylic acid 53 (or
derivatives) also serve as useful precursors to labelling functionalities.
For example, N-hydroxysuccinimide ester 59 has been synthesised from

53 (Y =OH) by diimide-mediated esterification."*> Amine 60 is available

o)
— — |
) \ N
Oe 1) MsCl, NEt O O
sCl, 3
55 2) LiBr 18 (MTS) 59 61
3) KSSO,M
1) MsCl, NEty | ) 2ie vy =oH | HOBT, EDC, 1) CICOCH,Br
2) Nal N-hydroxysuccinimide 2) Nal
T o T o
: Yoo Y :
1) N-Oxidation H H H H
) Reduction - H ' 1 Y=NH,
' H H .
: N HE N © NaOBr N
H H ! : | ' |
: b O, ' o,
54 MnO, P49 HE 53 ! 60
1) MsCl, NEts 1) N-Oxidation l Maleic:
2) NaNg 2) Reduction anhydride
0o
N, cHo )J\n/wowle)z V4 \
-
N N K,CO;4 N N
0. o, 0. o.
56 58 57 (TPA) 62

Scheme 7 Structures and syntheses of commonly used pyrrolinyl and pyrrolidinyl
spin labels.
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64: X = CH,SSO,Me 67:X=S,R=(CHys

65: X = CH,N, 68: X =NH, R = (CH,)s

66: x = NCO 69: x-S R=Et

70:X=NH,R=Et

Fig. 10 Bis(spirocyclohexyl)- and tetraethyl-substituted pyrrolinyl and pyrrolidinyl nitroxides.

via a Hofmann rearrangement of the amide 53 (Y = NH,);’ this spin label
can be further derivatised to labels such as iodoacetamide 61 (by
acylation and iodination)'*® or the Michael-acceptor maleimide 62."%'

A number of bis(spirocyclohexyl)-substituted pyrrolinyl and pyrro-
lidinyl labels have been prepared (Fig. 10). For the spirocyclic nitroxides,
N-hydroxysuccinimide esters are known for both the saturated"* and
unsaturated*>''* 5-membered rings (63), prepared in analogy to their tet-
ramethyl relatives (see 59, Scheme 7), as have the methanethiosulfonate 64°°
and azide 65."* Other variants include isocyanate 66, accessed by treatment
of the unsaturated ester 63 with NaN; followed by a Curtius rearrange-
ment,"> and two spirocyclic amino acid derivatives (67 and 68).'"> Several
tetraethyl-substituted pyrrolinyl and pyrrolidinyl nitroxides, which have
been found to be highly stable to reduction, are also known: examples
include amino acid derivatives 69 and 70, and N-hydroxysuccinimide esters
71, prepared in analogy to their spirocyclic counterparts.'

3.4 Synthesis of imidazolinyl, imidazolidinyl and oxazolidinyl nitroxides
Spin labels containing additional heteroatoms in the nitroxyl-bearing ring
have been synthesised through various modular de novo ring-forming routes
(Scheme 8). These nitroxides have the benefit of being readily adaptable
to contain functional groups for label attachment (substituents X, Y). Syn-
thetically, the hydrochloride salts of a-hydroxylamine ketones (72) can be
condensed with ketones 73 in the presence of ammonium acetate to obtain
unsaturated imidazoline nitroxides 74 after oxidation of the intermediate
hydroxylamine.?' These have been further N-alkylated at the imine nitrogen
atom, and the resulting iminium ion reduced to form the saturated imi-
dazolidine nitroxides (75).** This chemistry has been particularly exploited
in the field of protein spin labelling, due to the suitability of attachment to
proteins via the residual sidechain functionalities in the spin labels.

A selection of imidazolinyl and imidazolidinyl nitroxides is shown in
Fig. 11, which illustrate the diversity of spin-labelling functionalities that
can be installed (76-79).>° Related oxazolidine nitroxides (often termed
‘DOXYLs’) have also been described (80), prepared from condensation of
a ketone and an aminoalcohol.">*

3.5 Synthesis of isoindolinyl nitroxides
The final major structural class of nitroxide spin label in common usage
is the isoindoline-derived scaffold. The most common starting point for
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Scheme 8 Routes to spin labels containing additional heteroatoms in the nitroxyl-
bearing ring.
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Fig. 11 Structures of selected imidazolinyl, imidazolidinyl and oxazolinyl nitroxides.

1) Debenzylation

Rovgl Rl 2Fels
3) N-Oxidation

Scheme 9 General route to isoindoline-derived nitroxides.

the synthesis of these derivatives is N-benzylphthalimide (81, Scheme 9),
from which the four a-alkyl substituents are installed via a challenging
quadruple Grignard addition.”” An improved methodology towards
these substrates was recently reported,'>® where the easily formed
hemiaminal 82 was isolated from a single addition of Grignard reagent,
and then resubmitted to a six-fold excess of organomagnesium compound
to reach the fourfold adduct. High-temperature reflux for several days in
the latter step afforded tetrasubstituted isoindolines 83 in respectable
yields; it is not clear why this procedure offers advantages over the
‘one-pot’ approach. Following the quadruple alkylation, hydrogenolysis of
the amine benzyl group and subsequent straightforward functionali-
sations of the aromatic ring and N-oxidation, affords isoindoline spin label
derivatives 84. The aromatic substituents can be tuned to impart aqueous
solubility on the otherwise relatively lipophilic isoindoline skeleton,'*”*®
and/or provide a handle for covalent attachment of the spin label.

An overview of synthetic routes toward some common or recently
reported isoindolinyl nitroxides is shown in Scheme 10. For the purpose
of clarity, these transformations are illustrated with the parent amine,
but it should be noted that N-oxidation can be carried out at several
different points in these synthetic sequences; the N-oxidation step is
therefore not specified in the reaction scheme. N-Oxidation is in general
performed as the last synthetic step, as long as the oxidation conditions
are tolerated by other functional groups.

Functionalisation of the parent isoindoline 85 is easily achieved
through aromatic substitution chemistry. For example, arene carboxyl-
ation to 86 can be effected by bromination'>*"*° followed by cyanation and
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Scheme 10 Structures and syntheses of a selection of isoindolinyl nitroxides.

hydrolysis;'*® activation of 86 as an N-hydroxysuccinimide ester has been
achieved through DCC-catalysed esterification."”® Amine 87 is a common
intermediate in the synthesis of many other functionalised isoindoline
nitroxides, and is prepared from 85 by nitration and hydrogenation of the
nitro group.'®" Treatment of 87 with thionyl chloride leads to thioiso-
cyanate 88, which can be reacted with amines to form thiourea-linked
spin labels.”” Alternatively, a copper-catalysed diazo transfer reaction
leads to azide 89.'°” Todide 90 can be synthesised through diazotisation
and Sandmeyer reaction (or by direct iodination of the parent isoindoline
85 nitroxide with periodic acid);'®*'®* 90 can further be converted into
alkyne 91 by Cu-free Sonogashira coupling, followed by desilylation.'®®
Doubly-functionalised isoindolines have been used to create rigidified
symmetrical spin-labelling systems. Aminoalcohol 92 has been prepared
from amine 87 by diazotisation, hydrolysis to the phenol, ortho-nitration,
and nitro reduction."®® Oxidative condensation of 92 with 5-formyluridine
followed by N-oxidation provides the conformationally restricted spin-
labelled uridine derivative 93.'®” The related benzimidazole-tethered
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Scheme 11 Synthesis of cytidine analogue C.

nitroxide uridine derivative 94 was obtained from triamine 95,'°” the latter

prepared by nitration of 85, then amination through vicarious nucleophilic
substitution, and nitro reduction.’®” Triamine 95 has also been employed
for the synthesis of 96 from oxidative condensation with the corresponding
benzaldehyde.'®® A further approach uses iodophenyl phthalimide 97,
which is prepared from 85 by a double bromination/cyanation/hydrolysis
sequence,'”'*® then condensation with p-iodoaniline. A Sonogashira
coupling strategy leads to uridine derivative 98."*°

One further notable example is the cytidine analogue 99 (Scheme 11),
also known as C, which gives highly rigid systems in the EPR spectro-
scopic investigation of nucleic acids.'®® 99 was synthesised from
isoindoline o-aminophenol derivative 92 (Scheme 10) by reaction with
5-bromouridine (100) and cyclisation of intermediate bromide 101. After
conversion into a phosphoramidite building block, nucleoside derivative 99
was incorporated into nucleic acids by solid-phase synthesis under modi-
fied conditions. A free nucleobase analogue of 99 (known as ¢) has been
developed using equivalent chemistry on 1-benzyl-5-bromouracil.*”**"*

3.6 Bifunctional nitroxides for two-point attachment
Nitroxide spin labels equipped with two functional groups for two-point
label attachment offer opportunities to construct particularly rigid sys-
tems. The two functional groups can be identical, or different, the latter
potentially enabling attachment of each group to a biomolecule of
interest under orthogonal reaction conditions. A simple example is
amino acid derivative 102 (Scheme 12), which is commonly used to label
peptides. It is prepared by a Bucherer-Bergs reaction from the TEMPO
ketone 8, with hydrolysis of the intermediate hydantoin and carbamoyl-
ation delivering the Fmoc-protected amino acid.'”> A 2,6-bis(spir-
ocyclohexyl) version of this spin label (103) was recently prepared from
the corresponding piperidone nitroxide 104 via a similar route.'*®
3,4-Bifunctionalised pyrroline spin labels are also available (Scheme 13).
Many of these are synthesised from diol 105, itself prepared by Michael
addition of nitromethane to enoate 106, followed by a Nef reaction and
reduction of the intermediate B-carboxyaldehyde.'*® Double iodination/
elimination of 105 affords diene nitroxide 107, which has itself been
used as a starting point for numerous nitroxide derivatives (including an
alternative route to the isoindoline framework)."”> 107 can be converted to
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Scheme 12 Amino acid derivatives for two-point attachment of piperidinyl spin labels.
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Scheme 13 Bifunctional spin labels for two-point attachment strategies.
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Scheme 14 Synthesis of 3,4-disubstituted pyrroline nitroxides.

1,4-dibromide 108 on treatment with Br,, albeit this transformation
requires temporary reduction of the nitroxyl to the hydroxylamine, and re-
oxidation after bromination. Dibromide 108 can then be transformed into a
selection of bifunctional spin labels: treatment with NaSSO,CH; affords the
symmetrical bis(methanethiosulfonate) 109,"*® whilst hydrolysis and mono-
oxidation gives aldehyde 110, which can in turn be submitted to Ohira-
Bestmann alkynylation and Appel bromination, followed by conversion into
functionalities such as a methanethiosulfonate (111) or azide (112).'*’
The syntheses of the above bifunctional spin labels are rather lengthy.
An alternative route to 3,4-disubstituted pyrroline nitroxides involves
deprotonation of the pyrrolinyl ester 106 (Scheme 14) at the B-position
with LTMP, followed by trapping with electrophiles (E) such as iodine or
a chloroformate, leading to iodide 113 and diester 114 respectively.'”*
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Improved access to such compounds would lead to shorter and higher-
yielding routes to bifunctional nitroxides.

4 Recent advances in applications of spin labels

The site-directed spin labelling using nitroxides at specific sites within a
molecule can be achieved either through non-covalent interactions or,
more usually, through covalent bond formation. Although spin labelling
can be applied in many contexts (such as soft matter and surfaces),
discussion in this chapter is limited to biomolecule spin labelling (pro-
teins, oligonucleotides, lipids and sugars).

4.1 Spin labelling of proteins

Of the 20 universally genetically encoded amino acids, the thiol group of
cysteine arguably has the most possibilities for orthogonal covalent spin
labelling. For SDSL, cysteines are therefore engineered into recombinant
proteins at sites of interest. The most popular label for attachment to
cysteines is MTS (see 18, Scheme 7), which attaches to the target by
formation of a mixed disulfide with a cysteine thiol."** Once bound to a
cysteine, the complete modified disulfide-linked side chain is often
referred to as R1. It provides a CW EPR spectrum that is sensitive
to conformations, and may give narrow distributions in DEER due to
the reasonably short linker with its restricted conformational
freedom.40,90,97,1007102,175

MTS spin labelling has recently been applied to the intact E. coli
cobalamin transporter BtuB outer membrane protein, which was labelled
at cysteine residues external to the cell.'”®'”” Distances between R1 labels
and R1 to TEMPO-labelled cyanocobalamin (TEMPO-CNCDb], 115, Fig. 12),
which binds to BtuB with high affinity, were measured by DEER. It was
shown that conformational changes upon ligand binding could be fol-
lowed to characterise the structure of an extracellular loop.

The conformational freedom of R1 can be further restricted through
the addition of substituents:'*®'7%'7%17% for example, the 4-pyridyl
analogue (116, Fig. 13) demonstrates restricted internal motion when
attached to a protein, compared to R1."®° The choice of a pyridine sub-
stituent (rather than phenyl) improves label solubility, and reduces pro-
tein aggregation post-labelling. Reaction of the disulfide IDSL (117)
installs an imidazolinoxyl side chain (known as V1) upon reaction with

N_ o
g o

N o}
o)
li_O HO

/O P\ N
CN-B,) OH <\
N

115 (TEMPO-CNCblI)
Fig. 12 TEMPO-labelled cyanocobalamin.
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Fig. 13 Structures of various disulfide bond-forming spin labels.

cysteine.”®*®" A study found this label to have strongly hindered internal
motion; the authors suggest that this is due to van der Waals interactions
between the disulfide and the nitrogen atom at the 3-position of the ring,
but may also be due to minimization of steric interactions.

An interesting method to reduce conformational freedom is to cova-
lently attach the spin label to two amino acids. This two-point binding
strategy has been achieved using the ‘double MTS’ label 109 (known as Rx
once attached to a pair of proximal cysteines).”*'*® Due to the rigidity of
the spin label, Rx reduces the distance distribution in DEER.*>**'#> More
than one well-defined conformation may be adopted depending upon
local environment and tethering sites, and this can render orientation-
selective DEER challenging.®® The reaction to form the bridged product
involves titration of substoichiometric amounts of 109 to the buffered pro-
tein, and subsequent dialysis — often extensive — to remove unbound label.

‘Next generation’ maleimides such as 118 and 119 (Scheme 15, syn-
thesised in analogy to 62, Scheme 7, using mono- or dibromomaleic
anhydride) may also prove useful for binding to pairs of cysteines.'®* For
a dibromomaleimide (119, X, Y=Br), a pair of proximal cysteines can
substitute for both, giving a ‘cystine mimic’ which features an unsatur-
ated bridge; consequently, the dynamics of the spin label are small. This
kind of label has been used in ‘spinostics’ to show that antigens binding
to labelled antibody fragments can be detected through changes in
the solution-state CW EPR lineshape.'® Reaction of a mono-
bromomaleimide (118 or 119, Y =H) with a single cysteine results in a
maleimide linked label. However, if a pair of cysteines binds through a
further conjugate addition reaction, then a succinimide bridge will be
formed. '® The reactivity of the maleimide labelling agent can be tuned
by replacing the bromide leaving group(s) with e.g. phenoxy groups,
which changes the labelling kinetics or other properties.'®®

Other amino acids can also be targeted for labelling. Ideally, these
would be labelled through orthogonal linker chemistry, and be naturally
sparse. One candidate is the phenol found in tyrosine, where a three-
component Mannich-type condensation between a spin label, the tyrosine-
containing protein (120, Scheme 16) and formaldehyde give either the
Mannich product (121) or the benzoxazine rings (122 and 123) through
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Scheme 15 'Next-generation” maleimide approach to labelling of cysteines.
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Scheme 16 Spin labelling of proteins at tyrosine residues.
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Fig. 14 Spin labelling of the Hisg-tag by binding of P-trisNTA.

further reaction with formaldehyde. 4-Amino-imidazolinoxyl and amino-
isoindoline labels have been employed in this chemistry, and differences
in their abilities to measure dynamics characterised.'®”'%®

Polyhistidine motifs such as the Hise-tag are commonly introduced at
the N- or C-terminus of recombinant proteins for the purpose of purifi-
cation with nickel affinity columns. PROXYL-tris-nitrilotriacetic acid
(P-trisNTA, 124, Fig. 14) has a cyclam scaffold with three NTA groups
which bind to the polyhistidine-complexed nickel(u) ions, and a linker to
a PROXYL nitroxide.'®® The T,, of the nickel-bound P-trisNTA is shorter
than that of a standard nitroxide spin label; however, it was successfully
used in a DEER experiment to investigate conformational changes in the
maltose-binding protein MalE on substrate binding, or the formation of
protein-protein complexes. The DEER-derived distance distributions
were fairly broad, but useful information could be extracted. The label
also successfully bound to the Hiss-tagged MalE in cell lysate, which is
promising for future work in live cells.

Unnatural amino acids may be incorporated into proteins for the
purpose of spin labelling.'® This strategy can be useful to enable single
(orthogonal) labelling of cysteine rich proteins, or to avoid labelling of
other natural amino acids. This could eventually allow labelling of pro-
teins in cells or the incorporation of different types of label. A large
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number of unnatural amino acids have been incorporated into proteins
using expanded genetic code methodologies for a variety of purposes.*®
For EPR, p-acetylphenylalanine has been labelled via an oxime to give
the K1 side chain (125, Fig. 15). Good yields of the unnatural amino acid-
containing T4L protein were obtained in E. coli, however relatively harsh
labelling conditions were required (pH 4, 37 °C for 12 hours). The
resultant label possessed a large degree of conformational freedom, but
has generally proved useful for labelling proteins where cysteines cannot
be easily incorporated.’®’'?> The reaction conditions have since been
improved through the use of p-methoxyaniline as a catalyst, which
presumably forms an intermediate (and more electrophilic) ketimine from
the acetophenone.'®*"** p-Azidophenylalanine has also been incorporated
into T4L for click cycloadditions: The T1 side chain (126) was created
through copper-free, strain promoted click with a cyclooctyne-containing
spin label synthesised from the corresponding cyclooctyne carboxylic acid
and the amine-containing nitroxide."*'®® Propargyloxycarbonyl lysine
(PocLys) has been incorporated into proteins for click reactions.'**™'%® In
work carried out by our groups, two positions of sperm whale myoglobin
were mutated to contain PocLys using the expression system of Chin and
co-workers."”® This was labelled for DEER experiments with azido nitr-
oxide 56 (Scheme 7) via copper-catalysed click conditions (127). However,
the results showed some loss of radical and a flexible linker."*”**
There are many advantages to the strategy of incorporating the
nitroxide spin label directly into the protein structure. Amino acid
nitroxides such as TOAC (102, Fig. 16) and TOPP (128), can be incorpo-
rated into small peptides and proteins during solid-phase syn-
thesis.”°>*! There has also been a report of a pyrrolinoxyl amino acid
(129)-containing peptide being chemically ligated through reaction of
a C-terminal thioester of the protein and an N-terminal cysteine of the
peptide and rearrangement to give a native peptide bond.”**?%
Arguably the most flexible way of incorporating the nitroxide is
through genetic code expansion methodology. Early work necessarily
required chemical aminoacylation of the tRNA with the labelled amino
acid (cysteine- or tyrosine-based); while successful incorporation was
observed, yields were low.>**?°* Recently, a highly efficient incorporation
of lysine derivative SLK-1 (130) into thioredoxin has been reported, using
E. coli Top10 and RF1 knockout JX33 cells (with higher expression from
the latter).>® The radical was found to be partially reduced in the cells,
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although active levels as high as 70% were possible. Similar to the
method used to introduce PocLys, the orthogonal tRNA™!/pyrrolysyl-
tRNA-synthetase (PylRS) pair was evolved to accept the SLK-1. The
shorter, amide linked, version 131 did not produce a PylRS mutant.”*>°
Rotamer libraries of the SLK-1 side chain have been produced to aid
interpretation of the DEER results. DEER experiments were performed on
isolated double SLK-1 mutant thioredoxin.**°

4.2 Spin labelling of nucleic acids
The nucleotides used in DNA and RNA offer a number of potential
positions for chemical modification/spin labelling: the pyrimidine and
purine rings, the sugar or the phosphodiester. Labelling is most usefully
carried out post-oligonucleotide synthesis, which prevents exposure of
the nitroxyl to incompatible reaction conditions during solid-phase
synthesis (such as TCA or I,). Modified DNA synthesis conditions can
alternatively be employed to circumvent this issue, and allow incorpo-
ration of spin labels through the solid-phase DNA synthesis. A brief
overview of some recent advances in this area will be undertaken here to
demonstrate the scope of covalent SDSL in oligonucleotides.”®”

Hobartner, Bennati and co-workers have used 4-amino-TEMPO (39,
Scheme 17) with nucleotide precursors carrying leaving groups (132-134)
to give C, A and G bases labelled at their exocyclic nitrogen (135-137)."21%°
This was shown to cause little disruption to RNA conformations, and to
provide useful distance distributions in DEER experiments."*°

The 3,4-di(bromomethyl) pyrrolinyl nitroxide 108 (Fig. 17) has been
linked to phosphorothioate groups at adjacent nucleotides in DNA or
RNA to give the cyclic R5c label 138, an analogue of the Rx label used in
proteins.?’® The 2/-position of the ribose may be functionalised in several
ways; our groups have recently showed that U, C and A can be alkynylated
at this position, which enables a variety of different azide-containing spin
labels to be attached to duplex DNA via CuAAC (139)."*°

It is also possible to spin label oligonucleotides which contain abasic
sites. For example, the polyaromatic spin label ¢ (140) hydrogen bonds to
guanine at an opposing abasic site engineered into a DNA duplex.'”%*%°
The labelling efficiency of this compound is high at low temperatures. To
enhance binding efficiency, further modifications at N3 have been
explored.'”* The ¢ label was found to bind rigidly enough for distance
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and orientation data to be determined from DEER signals. In this study,
DNA duplexes of the Lacl operator sequence containing one abasic site
per strand were doubly labelled with ¢ and then either measured alone or
bound to the Lac repressor protein which induces duplex bending.”"’

Compared to the chemical synthesis of DNA, the reduced coupling
efficiency and chemical stability of RNA imparts an upper limit of around
50 ribonucleotides to synthetic RNA, thus rendering most natural
(longer) RNAs inaccessible for SDSL.>"! Two approaches to spin labelling
longer RNA targets have been employed: the first uses enzymatic ligation,
where short RNA strands containing a 4-thiouridine are spin labelled
with iodoacetamido-PROXYL (61, Scheme 7) and ligated together with the
unmodified RNA fragments using splinted T4 DNA ligation, without
reducing agent DTT, and followed by HPLC purification.*'* Ligation
efficiency was 20-40% but the final isolated product was estimated to be
close to 100% labelled. The resulting doubly labelled 72-mer nucleotides
from the non-coding RNA RsmZ were measured by DEER, together with
NMR, experiments to investigate the mechanism for protein seques-
tration of RsmE in gene expression regulation.”"

An alternative strategy (Scheme 18) involves binding of [4-(N-2-
chloroethyl-N-methylamino)benzyl]-phosphoramide short synthetic DNA
sequences to a target sequence of RNA, which then leads to alkylation of
the opposing nucleobase. Subsequent hydrolysis of the phosphoramidate
bond detaches the short DNA sequence, and leaves the RNA chemically
modified at a specific position. The amino group that has now been
introduced is then labelled with an N-hydroxysuccinimide ester nitroxide
(e.g. 63, Fig. 10).>'* This approach has been used to doubly label the 341
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nucleotide IRES site of hepatitis C genomic RNA. Despite a fairly broad
distribution of distances in DEER, these results demonstrate exciting new
possibilities for structural studies of long RNAs.*"?

Advances have been made to improve the applicability of nitroxide
labels for DEER measurements in cells. We have already seen that MTS
(18) and TEMPO-CNCDbl (115, Fig. 12) allowed for measurements on the
outer membrane of E. coli, and that SLK-1 (130, Fig. 16) can be bio-
synthetically incorporated into proteins.'’”?°>*'® DEER measurements
within cells have so far focused on frog oocytes, in which DEER experi-
ments have been carried out by loading labelled proteins and oligo-
nucleotides by microinjection, and then flash freezing. For example,
ubiquitin was double labelled with 3-maleimido-PROXYL (62, Scheme 7),
and found to have an approximate radical half-life of 50 minutes.>'” The
distances measured did not vary much from the in vitro results, although
with incubation time the SNR for the DEER deteriorated, which mani-
fested as an apparent broadening of the distance distribution. A 7-mer
DNA duplex with TEMPA (37, Scheme 5) incorporated at the 5’ end of
each strand demonstrated fast bioreduction and a broader distance
distribution when in the cell.>'® This is possibly due to the DNA
denaturing or undergoing processes within the cells. In another study,
two RNA structures and a 12-mer DNA duplex labelled with pyrrolinoxyl
TPA (57, Scheme 7) have been measured.”® Good measurements were
possible after 70 minutes incubation time. In this instance the DNA
measurements indicated some assembling, possibly end-to-end stacking
of the duplexes inside the cell, whereas the RNA structures were seen to
compare well with in vitro measurements.

4.3 Spin labelling of other biomolecules

Other types of biomolecules are also suitable for spin labelling, but have
been less widely exploited. For example, in the field of carbohydrates, the
highly-sulfated polysaccharide heparin has been partially labelled at
the uronic acid or glycosamine residues using 4-amino-TEMPO (39,
Scheme 5), or the activated TEMPO ester 43, to give heparin-polynitroxide
derivatives for use in diagnostic and therapeutic applications.'** Lipids
have also been targeted: the interaction of DOXYL stearic acid (labelled at
the 5 and 16 positions from the headgroup, 80, Fig. 11) with human and
bovine serum albumin has recently been used to probe a variety of
structural and dynamics properties.>'® By utilising the 2-position of the
nitroxide as an attachment point it is possible to benefit from a reliable
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alignment between the magnetic frame of the nitroxide and the labelled
substances.*® For example, 38-DOXYL-5a-cholestane (141, Fig. 18) is an
analogue of cholesterol and used to probe the structure of mem-
branes.’**® Recent work in this area has investigated the heterogeneities
of membrane structures using electron spin echo decay curves to meas-
ure local concentrations.**°

Imidazolinoxyl (and related imidazolidinoxyl) radicals have been used
as pH sensitive probes in biomolecules, and have been structurally tuned
to exhibit a useful range of pK, values.'”*>**? For example, the 1,2-
dipalmitoyl-sn-glycero-3-phosphothioethanol (PTE) adduct of IKMTS (142)
has a pK, of ~6, whilst that of IMTS (143) has a pK, of ~3.3.”® Applications
of this chemistry have been limited to the labelling of lipids in different
environments to explore effects on pK, values,”® and to the measurement
of electrostatic properties in the lipid bilayer.*® This so far minor class of
spin labels may become significantly more important in the future.

5 Summary

Advances in the synthesis of nitroxide spin labels, and associated label-
ling methods, have broadened the scope of applications of EPR spec-
troscopy to the study of biomolecules. An intimate knowledge and
understanding of the physical aspects that determine relaxation times
and radical stability in different environments is fundamental to pro-
gressing this wide range of uses. These advances have begun to enable
the use of nitroxide spin labels to probe the structure of biomolecules
under physiological conditions, a field that looks set to see further
developments and discoveries over the coming years.
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