Published on 17 February 2014. Downloaded by Freie Universitaet Berlin on 17/10/2014 12:50:19.

ROYAL SOCIETY

OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Magnetic field dependent long-lived spin states in
amino acids and dipeptides

Cite this: Phys. Chem. Chem. Phys.,

2014, 16, 7584 Andrey N. Pravdivtsev,” Alexandra V. Yurkovskaya,?® Herbert Zimmermann,©

Hans-Martin Vieth® and Konstantin L. lvanov*3®

Magnetic field dependence of long-lived spin states (LLSs) of the B-CH, protons of aromatic amino
acids was studied. LLSs are spin states, which are immune to dipolar relaxation, thus having lifetimes far
exceeding the longitudinal relaxation times; the simplest example of an LLS is given by the singlet state
of two coupled spins. LLSs were created by means of the photo-chemically induced dynamic nuclear
polarization technique. The systems studied were amino acids, histidine and tyrosine, with different
isotopomers. For labeled amino acids with the o-CH and aromatic protons substituted by deuterium
at low fields the LLS lifetime, Ti s, for the B-CH, protons was more than 40 times longer than the
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Accepted 17th February 2014 in the fully protonated amino acids it was about 10; that is, the long-lived mode was still preserved in

DOI: 10.1039/c3cp55197k the system. In addition, the effect of paramagnetic impurities on spin relaxation was studied; field
dependencies of T; and T s were measured. LLSs were also formed in tyrosine-containing dyads; a

www.rsc.org/pccp TiLs/ Ty ratio of ~7 was found, usable for extending the spin polarization lifetime in such systems.

|. Introduction becomes zero. In general, the dipolar relaxation rate of the I;If

of two scalar-coupled spins at arbitrary magnetic field B is:
Investigation of relaxation phenomena in NMR spectroscopy is
a well-known method to obtain information about molecular
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mobility in solution (notably, for proteins and bio-molecules), t 60 v @
liquid crystals, etc. An interesting special case of nuclear spin 1 1 J
relaxation is given by relaxometry of long-lived spin states where R = 7 is the rate of T;-relaxation, 0 = Sare tanm is

1 v

(LLSs)," which have attracted significant attention during the
last decade.™ By an LLS we mean a nuclear spin state having a
lifetime, Tips, much longer than the longitudinal relaxation
time, 7;. LLSs arise from the fact that in a scalar-coupled spin
system in a certain magnetic field range (as will be discussed
below) some of the eigen-states are the same for the static and

. n
fluctuating parts of the spin Hamiltonian.>* As a consequence, angle 0: two spins are strongly coupled when [0] — 1 and

their relaxation rate, Rys = 1/T11s, is considerably slower than weakly coupled when |0] — 0. It follows from eqn (1) that in
the relaxation rate of the net polarization, R, = 1/T;. The simplest  the strong coupling regime R;;5 — 0, which leads to a drastic

example of an LLS is the singlet state of a 2-spin system,"® which  jncrease of the relaxation time. In the weak coupling regime
is immune to dipolar relaxation that usually is the main source
of relaxation in solutions. The singlet state is an eigen-state of
both the static and fluctuating dipolar spin Hamiltonian at low increase is not so pronounced as that at low magnetic field. The
magnetic field, consequently its relaxation rate (Rpys = 1/T11s = 0) reduction of Ty g is caused by the fact that in the weak coupling

regime the singlet state is no longer an eigen-state of the static

Hamiltonian. Although the dipolar interaction is not the only
“ International Tomography Center SB RAS, Institutskaya 3a, Novosibirsk, 630090, source of relaxation it is usually the predominant one; thus, at
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Heidelberg, Germany impressive values such as 26 min.'* Although usually LLSs in
? Freie Universitdt Berlin, Arnimallee 14, Berlin, D-14195, Germany two-spin systems are discussed, LLSs exist in the multispin

the ‘mixing’ angle for the two-spin system; here J is the scalar
spin-spin coupling and 8(B) = (v; — v,) is the difference in
Larmor precession frequency of the spins at the field B. In the
present work we will use the following notion of the coupling
regime between spins that can be determined by the mixing

R
Ryis — Tl: thus, Typs is still longer than T; but the lifetime
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system too although the prolongation of the lifetime is usually
smaller.>®'%">7'% In previous investigations it was shown that
exploiting an LLS allows one to study molecular geometry in multi-
spin systems, namely, to determine molecular torsion angles.®

LLSs can also be exploited to study slow processes; in
addition, they are frequently utilized in connection with spin
hyperpolarization (HP), which is a promising strategy for
increasing the low inherent sensitivity of NMR spectroscopy.
There are a few HP techniques like Dynamic Nuclear Polarization
(DNP),**** Ppara-Hydrogen Induced Polarization (PHIP),>***
Chemically Induced Dynamic Nuclear Polarization (CIDNP),>®
which have received much attention during the last decade.
One of the main problems in HP is increasing its lifetime because
it usually decays with T; thus being relatively short-lived. In
CIDNP and PHIP experiments long-lived spin order can be
formed directly in the polarization process without additional
NMR pulses.>'®**?” HP generated by means of DNP is usually
net-polarization, which relaxes with 73, but can be transformed
into long-lived spin order by application of special RF-pulse
sequences. For this reason, new NMR methods for converting
the longitudinal spin order into LLSs (and back) have been
developed.>**®*® Only in the special case of very strong DNP
singlet order can be formed directly and does not require
applying additional RF-pulses.®® Thus, exploiting LLSs to store
HP of different kind is possible and opens up a prospect for new
applications of NMR spectroscopy; in particular, it will allow one
to store HP for extended time periods and to investigate®'*?
dynamic processes which are masked by Tj.

In a recent study” we suggested to use photo-CIDNP for creating
LLSs and investigated the magnetic field dependence of Ti;s. In
the CIDNP method HP is generated as a result of electron-spin
selective radical recombination and nuclear-spin dependent inter-
system crossing in a transient radical pair. It has been shown
earlier”**° that using photo-CIDNP at low magnetic field allows
one to selectively populate spin states in the diamagnetic reaction
product with respect to their total spin quantum number. For a
two-spin system this results in an overpopulated or an under-
populated nuclear singlet state as compared with the triplet states.
The resulting spin order is long-lived with a lifetime equal to Typs.
Therefore photo-CIDNP at low magnetic field allows one to
increase the lifetime of HP by a factor of Ti;s/7T; along with
increasing the NMR signal for particular lines by a factor of about
100 (related to the Boltzmann polarization at magnetic field of
7 Tesla).” This was demonstrated for the B-CH, protons of
histidine. These protons have a T; of about 1 second while Ti;g
is about 40-60 seconds in partially deuterated histidine. The -CH,
protons are important in the context of LLSs because they are
present in most of the natural amino acids and have a rather short
T; that is usually less than 1 second. Therefore increasing their
relaxation time in combination with the NMR enhancement
provided by HP is promising. In ref. 5 the whole field dependence
of Ti;s (relaxation dispersion) was measured for protonated and
deuterated histidine. However, the field dependence 7y of the
B-CH, protons of histidine was not analyzed quantitatively, nor
was a sharp feature observed in the Ty;s field dependence of
fully protonated histidine modeled.

slow
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In the present work we continue the study of Ti;s in amino
acids, namely, we investigate histidine and tyrosine amino acids in
aqueous solution with deuteration at different positions. It allows
us to investigate the influence of neighboring nuclei on the
lifetime of LLSs in the field range from 0.1 mT up to 7 T. We will
show that a continuous increase of the number of protons leads to
a decrease of Tiys. The appearance of sharp features in the field
dependencies of Ty;s at specific field positions can be explained as
an effect of nuclear spin Level Anti-Crossings (LACs). We will also
study the influence of paramagnetic additions on Ty, a topic that
is important, e.g., for DNP-related applications of LLSs. Finally, we
will study the field dependence of Ty;s in Tyr-containing dyads.
They have a rather short 73, which can be a severe limitation of HP
studies in such systems. Using LLSs in this case is thus crucial for
preserving spin polarization sufficiently long. All results will be
modeled quantitatively using a density matrix approach and the
Redfield theory of spin relaxation.

Our study is thus relevant for using the LLS methodology to
create and preserve HP in biological molecules in aqueous solu-
tions and in biological tissues. In particular, we will measure the
full field dependence of Ti;s, since this is of importance to
understand the nature of LLSs and to optimize their ‘longevity’,
ie., the T4/ ratio. Another focus of our work is considering
systems of more than two spins, since such systems are commonly
met. Moreover, in comparison with two-spin systems they have
additional characteristic features in their relaxation behavior,
for instance, those coming from LACs.

Il. Materials and methods

A. Field-cycling

All experiments were carried out using a 7 T (300 MHz) NMR
spectrometer equipped with a fast field-cycling device.*® The
field-cycling method is based on mechanical shuttling of the
NMR probehead in the fringe magnetic field along the bore axis
of the spectrometer cryo-magnet. Changing the location of the
probehead enables setting the magnetic field in a range from
50 mT up to 7 T. Magnetic fields below 50 mT are adjusted by
an additional system of electromagnets. The minimal time of
shuttling the probehead from 0.1 mT (the lowest position) up to
the detection field of B, = 7 T is ~0.3 s. Using slow sample
rotation and a zero-susceptibility material for the field-cycling
probehead allows us to detect 'H NMR spectra with a spectral
resolution of about 0.3 Hz.

A pulsed excimer XeCl laser with a wavelength 4 = 308 nm
and a repetition rate of 100 Hz was used for initiating
the photoreactions, which led to the CIDNP formation. The
probehead is equipped with a flexible light guide, thus allowing
us to initiate photo-CIDNP at arbitrary magnetic fields under
constant irradiation conditions.

B. Experimental protocol

Our previous results’® demonstrate that by photo-CIDNP at low
magnetic field LLSs can be formed. In the present investigation
we used the same way of creating LLSs in all systems under study.
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Fig. 1 Experimental protocol for studying LLSs at variable magnetic field
using photo-CIDNP. (1) During the time period 1, the sample is irradiated
by a laser at the field B,. At this stage photo-CIDNP is formed. (2) External
magnetic field is changed from B to B during the time period ;. (3) CIDNP
generated at stage (1) relaxes to the thermal equilibrium polarization at the
field B during the time period 7. (4) The external magnetic field changes
from the relaxation field B to the detection field B during time 7. (5) An RF
pulse is applied and the free induction decay is observed at Bo = 7 T.

The experimental protocol for measuring the lifetime of
hyperpolarization is shown in Fig. 1. The protocol consists of
5 consecutive stages. At the first stage (preparation) the sample
is irradiated by the laser during the time period 7, at the field
Bp,; during this stage the required HP is generated. At the
second stage (field variation 1) the probe with the sample is
shuttled during the time 7, to the variable intermediate field B.
At the third stage (relaxation) the spin system relaxes to the
equilibrium polarization at this field during the time 7. At the
fourth stage (field variation 2) the probehead with the sample is
shuttled during the time period 7, to the observation field B, of
the NMR spectrometer. Finally, at the fifth stage (detection) a
45° or 90° RF-pulse is applied and the Free Induction Decay
(FID) is recorded. After Fourier transformation of the FID,
individual lines in the proton multiplets of high-resolution
NMR spectra are analyzed. The time traces of the line intensities
were simulated by the sum of two exponential functions. The
longest decrement was attributed to Ty;s at the field B. In our
experiments the setting of field B, was 0.1 mT when B > 30 mT
and B, = Bwhen B < 30 mT. The experiment was carried out in
this way because the fields below 30 mT are adjusted by the
system of electromagnets with high field-homogeneity (less than
10 mT m™ "), which is, however, not designed for fast field
switching. Therefore to avoid the slow stage of adjusting the
magnetic field by switching the electric current and in order to
keep the high field-homogeneity for B < 30 mT we have taken
B, = B, thus sacrificing the optimum HP; accordingly, the
second stage in the protocol was omitted.

C. Simulation method

For simulating the experiment we used the same theory as
before.**>?” It takes into account every stage of the experi-
mental protocol. For modelling the generation of HP by means
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of photo-CIDNP we used a Green function approach®®*° for
calculating the spin evolution in radical pairs.**’ It allowed us
to calculate the starting populations of the spin states of the
diamagnetic reaction product. These state populations were
used as the initial conditions for modelling the subsequent
stages in the experimental protocol. For the following three
stages the Liouville-von Neumann equation for the spin density
matrix was numerically solved as explained in our previous
studies.’®*" For modelling the relaxation the intramolecular
dipolar interactions were calculated from the actual molecular
geometry. For calculating the relaxation operator we assumed
that the molecule was tumbling as a whole; the correlation
times, ., 100 ps for amino acids and 200 ps for dipeptides and
dyads were used. In the whole range of magnetic fields under
investigation the product of 7. and the Larmor precession
frequency of proton is much smaller than 1 (w7, « 1) therefore
it was possible to use the extreme narrowing limit*” for calculating
the relaxation operator. Also the relaxation super-operator was
simplified. We considered only relaxation of the eigen-state
populations, whereas relaxation of coherences was completely
neglected; the elements of the relaxation matrix were calculated
in the same way as before.*'®'® After modeling the first four
stages we calculated the kinetics of net polarization for all spins in
the system as a function of B and t, (I¥) (¢, B), and for the B-CH,
protons we calculated in addition the evolution of the following
spin order (' — 8% (1, B) (for the reason explained below). After
that the time traces were simulated by a mono-exponential decay
for the net-polarization, (f ’Z“), the decrement was attributed to Ty,
and by a bi-exponential decay for the (1" — P?) term, with the
longest decrement defined as T;s. Also the field dependence of
the T;-relaxation times was calculated with the aim of checking
the validity of our approach. As has been found earlier, the
calculation method described gives accurate predictions not
only for the high-field T;-relaxation times but also for the whole
Ty(B) dependence.”

As was discussed before the long-lived singlet spin state in
the two-spin system of the f-CH, protons corresponds to the
difference in populations of the singlet and triplet states, which
is given by the spin order (i**.i"%). Previously it was shown®*?
that in the case of adiabatic field cycling such spin order at low
magnetic field is correlated with the (¥* — %) spin order at
high magnetic field. As far as the §-CH, protons are concerned
the conditions of adiabaticity are always fulfilled, as follows
from our numerical calculations. In fact, for the f-CH, protons
adiabaticity is provided by the large spin-spin interaction (the
largest in the molecules studied) and the small chemical shift
difference (about 0.15 ppm). The lifetime of the singlet state
thus can be determined by analyzing the term (I#* — 15?) as a
function of 7. Interestingly, for the f-CH, protons in the amino
acids under study CIDNP results in overpopulated triplet
states and underpopulated singlet states;**’ i.e., the polarized
molecules are formed predominantly not in the singlet state
but in the triplet state. Nonetheless, the resulting spin order
(given by the difference in the singlet and triplet state popula-
tions) is long-lived and relaxes with the Ti;s time, which does
not depend on the preparation method.
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When in the case of a two-spin system only dipolar relaxa-
tion is considered the approach described above gives infinite
Tiis in contrast to experimental observations. This is because
other mechanisms of relaxation are present that relax the
singlet state. To take into account such sources of relaxation
we added a field-independent constant R, to the relaxation
rates of both net polarization, R;, and long-lived singlet spin
order, Ryis; the Ry value was determined from fitting of the
experimental data. This was done for coupled two-spin systems,
since for higher-spin systems the time T, is always finite. The
only exception of a scalar coupled multi-spin system where it
was found necessary to take R, # 0 was L-tyrosine. However, in
all cases other relaxation sources contribute only slightly to the
relaxation rates: the rate R, was always small as compared to
the high-field relaxation rates: R, < R; (By). Thus, in our treat-
ment we either neglected other relaxation mechanisms (such as
the chemical shift anisotropy, which is small for protons) or took
them into account phenomenologically as additional small field-
independent contributions.

All NMR parameters used (chemical shifts, J-couplings,
hyperfine interaction (HFI) constants, T;-relaxation times at
high field) for all protons of amino acids and dyads under

Table1l J-couplings, chemical shifts, T;-relaxation times at 7 T for His and
N-Ac-His and HFI constants of His® (g = 2.00226)**

J/Hz p1 p2 o H2 H5
p1 — — — —

B2 —14.8 — — —

o 4.9 8.2 — —
H2 — — — —
H5 -0.8 05 — 1.6

o/ppm 2.96 2.81 4356 7.65 7.0
T,(7 T)/s 0.75 075 44 24.4 11.1
Ty(7 T)/s (purified from O,) 1.25 1.24 — — —
HFI (His*)/mT 1.53 1.53 —0.03 -1.21 -1.06
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investigation are shown in Tables 1 and 2. Chemical shifts and
J-couplings were determined by simulation of the NMR spectra
taken at 7 T. HFI constants and g-factors of the radicals
have been determined before.** Tj-relaxation times were
measured at 7 T using the conventional inversion-recovery
scheme and were used for comparison with the results of
the calculation described above and with the Ty;g times. Dis-
tances between the protons that were used for calculating
dipolar interactions were obtained from a quantum chemical
calculation performed in ORCA*® using a B3LYP functional and
a cc-pVDZ basis set in aqueous solution. Distances used
for calculating the dipolar relaxation operator are shown in
Tables 3 and 4.

D. Chemical compounds

The dye 2,2’-dipyridyl (DP), the solvent D,O, as well as DCl
and NaOD that were used to adjust the proper pH were
obtained from Sigma-Aldrich. The amino acids N-acetyl-i-
histidine (N-Ac-His), r-histidine (His), N-acetyl-L-tyrosine
(N-Ac-Tyr), and i-tyrosine (Tyr) were obtained from Bachem.
The dipeptides N-acetyl tyrosyl-tyrosine (N-Ac-Tyr-Tyr) and
tryptophyl-tyrosine (Trp-Tyr) were obtained from Sigma-Aldrich.
The dyad 4-carboxybenzophenone-Tyrosine (4CBP-Tyr)***” was
kindly provided by Dr G. Horner; the nitroxyl radical 4-hydroxy-
TEMPO (TEMPOL) was synthesized by us according to the

Table 3 Distances between the protons in N-Ac-His taken for calculation
of the dipolar relaxation operator

r/A p1 B2 o H2 H5
B1 — — — —
B2 1.802 — — —
o 2.548 3.061 — —
H2 5.251 5.164 4.724 —
H5 2.784 3.137 4.668 4.255

Table 2 J-couplings, chemical shifts, T;-relaxation times at 7 T for Tyr and tyrosine containing derivatives and HFI constants of Tyr® (g = 2.0045)**

J/Hz p1 B2 o H2 H6 H3 H5
p1 — — — — — —

B2 —14.7 — — — — —

o 5.16 7.80 — — — —
H2 — — — — — —
H6 — — — 2.43 — —
H3 — — — 8.36 0.27 —
H5 — — — 0.41 7.44 3.14

o(Tyr)/ppm 3.253 3.105 4.01 7.246 7.246 6.939 6.939
S(N-Ac-Tyr)/ppm 3.149 2.938 4.545 7.181 7.181 6.874 6.874
S(N-Ac-Tyr-Tyr)/ppm 2.84 2.63 4.6 7.02 7.02 6.82 6.82
O(Trp-Tyr)/ppm 2.93 2.76 4.42 7.02 7.02 6.82 6.82
6(4CBP-Tyr)/ppm 3.71 3.54 5.34 7.63 7.63 7.27 7.27
Ty(7 T, Tyr)/s 0.6 0.6 1.9 1.65 1.65 2.87 2.87
Ty(7 T, N-Ac-Tyr)/s 0.62 0.62 2.05 1.74 1.74 3.2 3.2
Ty(7 T, N-Ac-Tyr-Tyr)/s 0.36 0.36 0.94 1.18 1.18 1.9 1.9
Ty(7 T, Trp-Tyr)/s 0.21 0.22 1.1 1.25 1.25 2.46 2.46
Ty(7 T, 4CBP-Tyr)/s 0.34 0.37 1.6 1.7 1.7 2.4 2.4
HFI (Tyr*)/mT 0.77 0.77 — 0.15 0.15 —0.615 —0.615
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Table 4 Distances between the protons in N-Ac-Tyr taken for calculation
of the dipolar relaxation operator

A B1 B2 o H2 H6 H3 H5
p1 — — — — — —
B2 1.767 — — — — —
o 2.488  3.062 — — — —

H2 2.537 3.741 2.894 — — —
H6 3.687 2.455 4.218 4.300 — —
H3 5.483 4.743 5.786 4.964 2.476 —
H5 4.799 5.529 4.910 2.490 4.964 4.296

procedure described earlier.*® The selectively deuterium sub-
stituted amino acids (Tyr-Dy 6, Tyr-D3 5,55 Tyr-D3 3 56,00 HiS-D3 4,
His-D, 5 ,) were synthesized according to the protocol described
in ref. 49 and 50 using H/D exchange under acidic conditions at
elevated temperature. Exchange reactions above 100 °C were
carried out in a sealed glass tube. The acid catalyzed exchange
reactions were neutralized after the exchange with NaOD-D,0O
or NaOH-H,O to pH 7.

Three kinds of aqueous solutions were used: (i) 4 mM Tyr or
other tyrosine derivatives (N-Ac-Tyr, N-Ac-Tyr-Tyr, Trp-Tyr) and
1 mM DP at pH 3.3, (ii) 25 mM His or N-Ac-His with 1 mM DP at
pH 5, (iii) 4 mM 4CBP-Tyr at pH 3.3 were dissolved in a 1:1
mixture of D,O and acetonitrile-D;. DP and 4CBP absorb light
at the wavelength 4 = 308 nm of our laser; the DP concentration
was chosen to give an optical density of 3. For 4CBP we were
using even higher optical density to minimize problems coming
from depletion of this dye; then only a small fraction of the 4CBP
molecules was excited by each laser pulse, though at the expense
of non-uniform sample illumination. The radical pair formation
and the pathway of the radical pair evolution for these amino
acids and dyes have been investigated before.>”'**> Before each
series of experiments every sample after adjusting the pH was
purified from dissolved oxygen by purging it with nitrogen gas
for 10 minutes. In the solution of His and DP additional
purification presumably from dissolved oxygen by laser irradia-
tion was found; this kind of ‘purification’ leads to a significant
increase of Typs (see Section IILA).

Three kinds of dyads were used: N-Ac-Tyr-Tyr, Trp-Tyr,
and 4CBP-Tyr. CIDNP formation is different in these dyads: in
Trp-Tyr only the tyrosine part is polarized by means of CIDNP.>?
In N-Ac-Tyr-Tyr both ends are hyperpolarized; due to different
chemical shifts of the B-CH, protons in the two residues (caused
by the presence of the acetyl at the N-terminus) it was possible to
measure Ty;s of the B-CH, protons on both ends of the dyad
separately. In 4CBP-Tyr photo-CIDNP was formed without an
additional dye molecule; the photochemistry of the 4CBP-Tyr
dyad has been investigated before.***”

Our investigations show that the stable radical TEMPOL
reacts with free radicals of Tyr and DP, which are produced by
light irradiation. As a result diamagnetic molecules of 2,2,6,6-
tetramethyl piperidine-1,4-diol are formed. A similar reaction
with TEMPOL was reported before.>® To avoid experimental
errors coming from such side reactions in experiments involving
TEMPOL (see Section III.C) we have taken care that the depletion
of the nitroxide was always below 20%.
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Ill. Results and discussion
A. LLSs in histidine

To demonstrate the validity of our experimental and theoretical
approach for studying the Ty field dependencies in multi-spin
systems let us start the discussion from the two-spin system of
the B-CH, protons of the amino acid histidine. We will gradually
increase the complexity of the system under investigation to the
three-spin system of His-D, , and finally up to five spins in fully
protonated N-Ac-His. The Ty.s field dependencies of the f-CH,
protons in the histidine case are shown in Fig. 2.

The Tips field dependencies for the two-spin system of
His-D, 5 ,, are in full agreement with the theoretical prediction
when the LLS relaxation rate is given by the sum of Ry;s (see
eqn (1)) and small R,. The T;ps behaviour is conditioned by the
coupling regime of the two protons. As is predicted by the
theory, Ty.s is maximal at strong coupling (being equal to 1/R,
at zero-field) and decreases with increasing magnetic field (see
Fig. 2). Our experiments reveal that both Ty,s and T; gradually
increase upon light irradiation (see Fig. 2 and Table 1) and
reach their maximal values after about 1000 laser pulses. We
suggest that this increase of the relaxation times is due to depletion
of dissolved triplet oxygen. Therefore two field dependencies of
Ti1s were measured: one with less than 200 pulses and the
other with more than 1000 pulses. The LLS lifetime at low
magnetic field increases from 30 s (below 200 laser pulses) up
to 60 s (above 1000 pulses) and T; at 7 T increases as well from
0.7 s up to 1.2 s. Hence, in both cases Ty,s is about 43 times
longer than Ty: Ty (B = 0)/Ty = 1/(RoT;) ~ 43. For other deuterium-
substitutes of His we did not look in detail at possible ‘purification’
effects because at zero-field the Ty, s time was considerably shorter
(~16 s as compared to ~30 s with the consequence that it
becomes more difficult to measure quantitatively the corre-
sponding changes in the relaxation rate).

Increasing the number of proton spins to three in His-D, ,
we observed a similar behaviour of Tyg (Fig. 2): T.s decreases

0.1 1 10 100 1000

B/mT

Fig. 2 Field dependencies of T s of the B-CH, protons of N-Ac-His
(circles), His-D,, (squares), His-D;s, (down triangles), and His-D,s,,
after light irradiation by 1000 pulses (up triangles). Solid lines show the
calculation results.
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with increasing field. Although formally the singlet state is not
an eigen-state of the spin Hamiltonian, still Ty;s > T; and the
T1.s field dependence are similar to that in the two-spin system.
This is because of two factors: First, the singlet state is nearly
an eigen-state of the static part of the Hamiltonian because of
the J-stabilization’ mechanism™® reported earlier: the coupling
between the B-CH, protons is so large that the singlet state is
almost completely ‘isolated’ from other states, namely, | Jp1,p2| =
14.8 Hz » 0.3 Hz = |J1,m5 — Jp2u5/- Second, the singlet state is
almost an eigen-state of the stochastic part of the Hamiltonian
because of a similar reason. The dipolar interaction between
the B-CH, protons is much stronger than those between each of
the B-CH, protons and the H5 proton because the dipolar

. . [ . .
interaction decreases as — with the distance between the spins,
P

with the distance between the B-CH, protons being the shortest.
Hence, long-lived character of the B-CH, proton state survives in
His-D, ,, although Ti;s is shorter than in His-D, s ,.

In the case of the three-spin system of His-D, , a new sharp
feature appears at around 70 mT. The origin of the feature is
the scalar coupling between the two B-CH, protons and the H5
proton (see Chart 1 and Table 1) giving rise to an LAC in the
three-spin system. An LAC occurs when upon field variation two
energy levels with the same projection of the total nuclear spin,
L, tend to cross, but a coupling matrix element between them
leads to a splitting of the two energy levels so that the crossing
is avoided. This behaviour is termed an LAC or an avoided
crossing. In a two-spin system an LAC is always present at zero
magnetic fields, while in scalar-coupled multi-spin systems
LACs also appear at non-zero fields. In our case the sharp feature
at 70 mT appears as a result of an LAC between two states that
correlate with the pair |Boer) and |oafS) of the high-field states (here,
as usual, |o) and |B) are the spin-up and spin-down Zeeman states);

N-Ac-His N-Ac-Tyr TEMPOL
a o
H H OH
HOOC——NH—COCH3 HOOC NH—COCH3
B1 g2 1 B2
H——H H H
H3C: CH.
" V% H5 2H, H6 3 N 3
H3C | R CH3
NH o
2H 3H HS5
OH S
N-Ac-Tyr-Tyr Trp-Tyr

Chart 1 Molecular structure and the numbering scheme of amino acids:
N-acetyl-histidine (N-Ac-His), N-acetyl-tyrosine (N-Ac-Tyr); dipeptides:
N-acetyl tyrosyl-tyrosine (N-Ac-Tyr-Tyr), tryptophyl-tyrosine (Trp-Tyr),
dyad 4CBP-Tyr, and nitroxyl radical TEMPOL. Numbering of protons is
done here according to the IUPAC nomenclature.
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in the product states the spins are listed in the order $1-CH,,
B2-CH,, H5. The decrease of Ty;s at the LAC point is caused by
mixing the LLS with another state having faster relaxation. As is
seen from Fig. 2 our theoretical approach is in good agreement
with the experimental observation reproducing the influence of
the LAC. At low fields Ty;s is about 16 s that is 21 times longer
than T, at high field. It is worth noting that although the influence
of the H5 proton on the relaxation dispersion of the B-CH,
protons is relatively weak, it cannot be described by simply
assuming that the H5 proton only changes the R, value. This is
because the scalar couplings with the third proton become
important leading to effects, which cannot be taken into account
by redefining R,. A striking manifestation of the J-coupling is the
LAC effect seen as a sharp peak in the Ty;5(B) dependence.

Finally, we investigated the Ty, field dependence in the five-
spin system of fully protonated N-Ac-His. Ty;s in the five-spin
system is the shortest. The further decrease of Ty.s is due to
two reasons. First, the main reason is that J-stabilization is less
efficient here than in His-D,, because the scalar couplings
between the f-CH, and the o-CH protons are much bigger than
those between the B-CH, and H5 protons while the difference
|Jp1,0 — Jp2,«| = 3.3 Hz is only 4.5 times smaller than | /g, p.|;
therefore the corresponding LLS has smaller singlet character.
Second, the dipolar interactions between the B-CH, and o-CH
protons are stronger than those between the B-CH, and H5
protons; this also supports faster relaxation of the LLS. Never-
theless, Tiig is still 10 times longer than T; at high field.
Interestingly, the sharp feature in the Ty;s field dependence
is shifted from 70 mT to 300 mT. This is explained by an LAC
between states that correlate with the high-field states |Bo) and
|ooB) where the nuclei are listed in the following order: f1-CH,,
B2-CH,, o-CH. This LAC occurs at 300 mT as has been found
before;***> often the B-CH, and o-CH protons of amino acids
(namely, in histidine, tryptophan, etc.) have an LAC in this field
range. As the relaxation in protonated His is much faster than in
deuterated species additional features (e.g:, those coming from LACs
caused by couplings to the aromatic protons) tend to disappear.

Thus, in all the cases it is seen that our theoretical treatment
(solid lines in Fig. 2) perfectly explains not only the main trend
of the monotonous increase of Ty;s with decreasing field but
also reproduces the sharp features caused by the LACs in scalar
coupled multi-spin systems.

B. LLSs in tyrosine

Having understood the field dependencies of LLSs in histidine
let us analyze Ti;s in tyrosine with different isotopomers
(see Fig. 3). Here we will start again from the simplest case of
the two-spin system of the B-CH, protons of Tyr-D, ;5 ¢, and
Tyr-Dy 6. Although Tyr-D,e, has four protons (B-CH,, H3
and H5) it is easy to see that the Ty.s field dependencies of
Tyr-D; 3 5,6, and Tyr-D, ¢, are almost identical (see Fig. 3) and
similar to those of His-D 4, (Fig. 2). It indicates that the scalar
coupling and dipolar interaction among the H3, H5 and -CH,
protons, which can lead to a distortion of the singlet state of the
B-CH, protons, are negligible. This can be seen from a compar-
ison of the results for the LLS in Tyr-D, 3 56, and Tyr-Dyg .
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Fig. 3 Field dependencies of T, s of the B-CH, protons of N-Ac-Tyr
(down triangles), Tyr (squares), Tyr-Dss (up triangles), Tyr-D,s, (Open
circles), and Tyr-D 356, (filled circles). T, s of the B-CH, protons of Tyr-
D,3565 and Tyr-D, g, are 45 times longer than the T;-relaxation time at
7 T. Solid lines show the calculation results.

In both cases Ty, s at low fields is about 27 s while T, at 7 T is
about 0.61 s, resulting in an increase of the HP lifetime by a
factor of Typs/T: = 43 as compared to the longitudinal spin
order. The fact that the difference in Ty;s is small for Tyr-
D5 3,56, and Tyr-D, g , is not surprising: remote protons in the
H3,5 positions only slightly affect the relaxation behaviour of
the B-CH, protons, an effect that can be accounted for by
adjusting the R, value (also there is no sizeable direct scalar
coupling between the B-CH, protons and the H3, H5 protons).

Now let us increase the complexity of the spin system and
consider the field dependencies of Ti;s in the other three tyrosine
derivatives (Fig. 3). We have found that Ty, at low magnetic field
increases in the sequence from N-Ac-Tyr (3.8 s), to Tyr (4.3 s) and,
finally, to Tyr-Ds 5 (4.9 s) (see Fig. 3) while 7; at 7 T is almost the
same, about 0.61 s. In all cases the ratio Ti;s/T; is only about 6-8
due to the influence of the neighbouring protons (a-CH, H2, H6).
In order to increase Ti;s it is necessary to first substitute the
proton nearest to the B-CH, protons (in this case this is the o-CH
proton), by a deuteron. In the field dependence there is again a
sharp feature at fields around 250 mT for N-Ac-Tyr and around
500 mT for Tyr and Tyr-Dj3 5. As in the case of N-Ac-His it is due to
an LAC in the three-spin system of the o-CH and B-CH, protons
between the same spin states as discussed before. We have found
that even when other protons stay far away from the B-CH,
protons, like the acetyl group in N-Ac-Tyr or the H3, H5 protons
in N-Tyr and Tyr, they still contribute to the relaxation of the LLS
but do not change the main trend of increasing Tips with
decreasing magnetic field. Removing the acetyl group leads to
an increase of Typs by 15% while further deuteration of the H3
and H5 protons gives a total gain of 34%. Different LAC positions
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in the three tyrosine compounds are caused by the changes in the
chemical shift of the protons: the chemical shift difference
between the o-CH and B-CH, protons increases by a factor of
1.9 in the presence of the acetyl group. As a result, the LAC field
decreases by the same factor, as was found experimentally and
reproduced by the theoretical model.

The difference between the relaxation dispersion of the LLS with
its singlet character and that of other spin orders is rather pro-
nounced. Because of the nature of photo-CIDNP at low magnetic
field not only the LLS is formed but other spin orders as well. Their
lifetimes have also been measured; in particular we can compare the
behaviour of Ti;gand T;. As shown above the LLS lifetime increases
with decreasing magnetic field, whereas the T;-relaxation dispersion
behaves in the opposite way for some of the protons.

This is the case, for instance, for T; of the o-CH proton. The T;
dispersion of the o-CH proton in Tyr is shown in Fig. 4. The o-CH
proton has scalar couplings with the $-CH, protons, which have a
faster rate of Ty-relaxation. It was shown before®®®” that in a
multi-spin system in the strong coupling regime the spins tend to
relax with a common T3, which is given by the ‘average’ rate of
their T;-relaxation. Therefore T; of the o-CH proton, which is 4.5 s
at high field, becomes shorter because of the interaction with the
B-CH,, protons that have a T; of only 0.62 s at high field (but now
they have partly singlet order). The sharp feature at 500 mT
(see Fig. 4) as we discussed above is caused by the LAC at this
field. In all cases the presence of an LAC leads to a decrease of
Tirs, Which is accompanied by an increase of T, of the o-CH
proton. This is because at the LAC region the two crossing states
are mixed, hence they start relaxing with the average rate, which
leads to the increase of T; and decrease of Ty;g.

C. LLSs in tyrosine in the presence of TEMPOL

When LLS applications in Magnetic Resonance Imaging (MRI)
in vivo are discussed one faces a problem that biological tissues
may contain paramagnetic compounds, which reduce the Ty
time. Also, LLSs are promising for DNP experiments where HP
can be converted to long-lived spin order and stored there. The
DNP technique is inherently confronted with the presence of stable
radicals in solutions (except for special cases> where radicals are
quenched chemically), which decreases both T;;s and T;. Therefore
studying the influence of paramagnetic additives on Ty;s is an

6.0
4.5

7

K 3.0
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0.0%
0.1 1 10 100

B/mT

Fig. 4 Field dependencies of T s and T;: T s of the B-CH, protons
(squares) and T; of the a-CH protons (circles) of Tyr. Solid lines show the
calculation results.
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Fig. 5 Field dependencies of T, s of the B-CH, protons of Tyr-D; 356, for
different concentrations, Cg, of added TEMPOL: 0 mM (filled circles), 1 mM
(open circles), 1.3 mM (filled squares), 1.6 mM (open squares), 1.75 mM (filled
triangles), 2 mM (open triangles). Lines show the calculation results.

important issue for optimizing the performance of such DNP
experiments.” In order to investigate the 7Ty, ¢ field dependencies in
the presence of a stable radical the two-spin system of Tyr-D, ¢35
has been chosen. The nitroxyl radical TEMPOL was used as a
paramagnetic agent. The TEMPOL concentration dependence of
Ry;s is monotonous (Fig. 5). Tizs of the sample with 2 mM of
TEMPOL and 2 mM Tyr-D, ¢ 5 5, is 4 times longer than T; (without
paramagnetic additives Typs/Ty & 40). This is in qualitative
agreement with the results of Tayler and Levitt,” who found that
singlet states are less sensitive to the presence of paramagnets
than the longitudinal magnetization. This can be accounted
for” by partly correlated local fields from paramagnets, which
are experienced by the two coupled protons.

To simulate the paramagnetic influence on spin relaxation the
following assumptions were used: (i) contributions from different
relaxation mechanisms are independent, as a result, the relaxation
rate is the sum of the rates; (ii) intramolecular dipolar relaxation
does not depend on the TEMPOL concentration; (iii) the R,
value coming from additional relaxation mechanisms is field-
independent. Therefore the following equation for modelling
the influence of the paramagnetic agent on Ryrs can be used:

Ry15(B,Cg) = Rrrs(B) + Rpm(B,Cr) + R (2)

where Ry;s(B) is the LLS relaxation rate in the absence of
TEMPOL (see eqn (1)), R, is a constant that represents additional
mechanisms of relaxation, Cr is the TEMPOL concentration,
Rpm(B,Cp) is the contribution conditioned by the presence of para-
magnetic agents, which depends on Cy and the external magnetic
field. The term R,y,(B,Cg) can be due to either inner-sphere or
outer-sphere contributions.’® The inner-sphere contribution is
coming from molecules bound to the paramagnets; it depends
on the field in the following way:

(AB(Cg)) e

RS (B7 CR) = 1+ (w(B)fe)z

pm

®)

Here AB is the fluctuating part of the magnetic field near the
B-CH, proton caused by the paramagnetic agents, w(B) = yuB is
the proton Larmor frequency (with vy being the proton

This journal is © the Owner Societies 2014

View Article Online

PCCP

gyromagnetic ratio), 7. is the correlation time of the field
fluctuations. Typically, as follows from the Bloembergen-
Solomon-Morgan theory,"* the correlation time is of the order of
the electron spin relaxation times. The outer-sphere contribution
comes from freely diffusing molecules; it is conditioned by trans-
lational diffusion, which modulates electron-nuclear dipole-dipole
interactions. This contribution can be described by using a model
proposed by Hwang and Freed® or more recent models,**
which give similar results. When the molecule under study and
the stable radical do not form a tightly bound complex that rotates
as a whole the relaxation is due to the outer-sphere contribution.
The Rpm(B,C) term is then as follows:*

4
Rim(B, Cr) = Cr|3Ja(0n — e) +4Ja(on) + 8Ja(on + o)

Ja(w)

= B s i — 2 e[ — 2) sinut (o + du+2) cosu] )

2
4)

Here u = (wt,)"?, 7, = d°/D is the characteristic translational
diffusion time (d is the distance of the closest approach of the
molecule and the radial, D is the relative diffusion coefficient);
®e = B (ye is the electronic gyromagnetic ratio). The spectral
density, J4(), is conditioned by the modulation of the dipole-
dipole interaction by relative translational diffusion of the
interacting molecules:**
o=

Usually, the outer-sphere mechanism is taken as the main
mechanism of nuclear spin relaxation caused by the presence
of stable radicals;®® however, in some cases considering both
contributions becomes necessary.*® In our experiments none of
the eqn (3) and (4) provides perfect fits of the data; however,
eqn (3) better describes the R,y(B,Cg) contribution. For this
reason we used eqn (3) for modelling the data with (AB)?, Ry
and 1. were taken as fitting parameters; we assumed that 7, and
R, are independent of Cg; only (AB)* was taken concentration-
dependent. The correlation time, 7., obtained from fitting was
560 ns, which is similar to the previously measured electron
relaxation time.®® As is seen from Fig. 5 the simulations are in
good agreement with the experimental observation. In this
particular case we prefer to show the field dependence of the
relaxation rate instead of that of the relaxation time because
such a presentation (i) makes the TEMPOL-induced changes
better visible and (ii) combination of different mechanisms
leads to the summation of the rates, see eqn (2), rather than the
times, with only one contribution being Cz-dependent. Importantly,
the T1.s field dependence is not monotonous anymore in the
presence of TEMPOL, but has a maximum at fields around
100 mT. The decrease of Ty;s at low magnetic field is caused by
the fact that below 10 mT one is in the extreme narrowing
regime, which leads to an increase of the relaxation rate Rpny
(¢f eqn (3) and (4)). The decrease of Tirs at high field has
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Fig. 6 Field dependencies of T s of the B-CH, protons of the tyrosine
residue in two dipeptides: N-Ac-Tyr-Tyr (squares), Trp-Tyr (circles), and in
the dyad 4CBP-Tyr (triangles). Correlation time . was taken 200 ps. Solid
lines show the calculation results.
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already been discussed and is caused by the change in the eigen-
states of the static part of the Hamiltonian. This study shows
that for samples containing paramagnetic substances the mag-
netic field value must be carefully optimized, on the one hand
low enough to guarantee strong coupling of the nuclear spins
so that their singlet state is kept and on the other hand so high
that wt. >» 1 is fulfilled.

D. LLSs in tyrosine-containing dyads

Having investigated the field dependencies of LLSs in free
amino acids we continued our study of LLSs by going to larger
molecules, namely, dyads, with the aim of assessing long-
lived spin modes in cases where Tj-relaxation is so fast that
HP can hardly be preserved in the longitudinal spin order. In
Tyr-containing dyads T; is about 0.3 s, which is comparable to
the times, 7, and 1,, of field variation thus being at the border
of detectable relaxation times in our experiments. For this
reason in dyads it becomes crucial to exploit LLSs, which do
not relax during the field variation. To compare the data with
the previous measurements of Tiyg of the B-CH, protons of the
Tyr residue in N-Ac-Tyr-Tyr, the dipeptide Tyr-Trp and the dyad
4CBP-Tyr (see Fig. 6) were studied. The Ty, s times of the B-CH,
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protons in N-Ac-Tyr-Tyr at both termini are almost identical
therefore in Fig. 6 we show the average T7;s. The three com-
pounds studied have almost the same T; (about 0.3 s) and Ty s
(about 2 s at low field). Hence, increasing the molecular size
leads to the decrease of both T and T; by a factor of 2, which
is attributed to the change in correlation time of the molecular
motion from 100 ps to 200 ps. Thus, in the fully protonated
dyads Tirs at low field is about 7 times longer than T, at high
field, a result that is comparable to the Ty;s/T; ratio in the fully
protonated amino acids discussed above. Thus, the long-lived
character of HP is preserved in dyads as well. Dips at fields
around 200 mT are caused by the LAC in the three-spin systems
of the o-CH and B-CH, protons as it was described above. The
slight difference in the LAC field position is caused by the
difference in their structure.

IV. Conclusions

In the present work we systematically studied the relaxation
dispersion of long-lived spin states in amino acids with different
isotopomers, also in dyads containing a tyrosine residue. We have
shown that using photo-CIDNP formation at low magnetic field
allowed us to generate an LLS of the 3-CH, protons even in multi-
spin systems with up to seven scalar-coupled protons and to study
the whole Ti;s field dependence. Using CIDNP gives several
advantages: first, HP is generated rapidly and the preparation
process is easy to control, while in analogous PHIP and DNP
experiments the preparation can take much longer periods of
time. Second, the CIDNP technique allows one to overpopulate the
LLS without the need of additional NMR pulses and to increase the
NMR signal by a factor of ~100 (although one should note that
the NMR enhancement factor in DNP*®%”°® and PHIP'®*"* cases
is usually larger). Third, the experiment is carried out at room
temperature and does not require cooling the sample down to
cryogenic temperatures. Fourth, CIDNP can be formed in various
bio-molecules, e.g., amino acids, peptides, and proteins, thus
allowing one to increase the lifetime of the f-CH, proton spin
order, which has a short T;-relaxation time. Typically, with our
method one can polarize only amino acids with ring structures,
which can be both a difficulty (as other amino acids cannot be
assessed with this method) and an advantage (as one can study
selected amino acid residues in proteins and peptides). We have
shown that in the case of the isolated f-CH, two-spin system an
increase of Tyrs by a factor of approximately 45 as compared with
T, is achievable. The ratio Ti;s/T; decreases upon increasing
the number of protons in the system, down to about 7 in fully
protonated amino acids and dyads. We have applied the theory of
dipolar relaxation to simulate in all cases studied the relaxation
dispersion of the LLS finding good agreement with the experi-
mental observations. This theory also allowed us to explain sharp
features in the relaxation dispersion of LLSs caused by LACs. Our
experimental and theoretical approach made it possible to measure
and model the whole field dependence of Ti;s in multi-spin
systems. Previously, studies of LLSs were limited to high fields
and very low fields, with only a few exceptions.>®”
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We have also investigated the influence of a paramagnetic
agent (stable radical TEMPOL) on the field dependence of Ty;s.
Our results are in agreement with previous observation of a
monotonous increase of R;;g with an increase of the concen-
tration of the paramagnetic agent.” However, the investigation of
whole field dependence allowed us to find out that Ty, is longest
not at the lowest field. We have shown that the longest Ty is at
fields low enough that protons are strongly coupled, but high
enough that the influence from the paramagnetic agent decreases
when the motional regime, wt. > 1, is reached. In our experi-
ments, the maximal 7y, s was found at around 100 mT. Our study
demonstrates that in order to improve the performance of DNP
experiments and to store HP in LLSs it is desirable to investigate
the whole T;, field dependence for the compounds under study.
The investigation of the field dependence of Ti;s in amino acids
and dyads helps to optimize experiments, in which HP is stored
in LLSs, and for improving relaxation studies using LLSs. In
addition, from our studies the conclusion can be drawn that
the most important step for increasing the LLS lifetimes is
substituting the nearest proton being the o-CH proton, by
deuterium: this is by far the easiest position for substitution;
moreover, it provides a drastic increase of Ti;s. In contrast,
other positions are much more difficult to substitute and (when
His is taken as an example) provide only an additional two-fold
gain in Tyys/T;.

The long Ty, s times that we obtained can be used to study slow
dynamic processes by NMR. Notably, one can harness LLSs to
study®'** very slow chemical exchange or translational diffusion
and protein unfolding.”® Recent examples of MRI using long-lived
spin order show’"”* that LLSs are promising for in vivo and clinical
applications. Since delivering hyper-polarized molecules to the
observation position takes certain time, during which hyper-
polarization relaxes, exploiting LLSs can be promising to sustain
signal enhancement in MRI experiments. In this context long LLS
lifetimes reported here can be useful. Because of the possibility to
create LLSs in amino acids and peptides one can also exploit long
Tirs times to study slow dynamics in biomolecules.
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