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Abstract: Singlet states with lifetimes that are longer than spin—Ilattice relaxation times Ts > T; offer unique
opportunities for studying very slow dynamic processes in solution-state NMR. A set of novel experiments
can achieve broadband excitation of singlet states in pairs of coupled spins. The most elaborate of these
experiments, two-dimensional singlet-state exchange spectroscopy (SS-EXSY), is independent of the offsets
of the two spins, their relative chemical shifts, and their scalar couplings. The new methods open the way
to study very slow chemical exchange or translational diffusion using mixing times tm ~ Ts > T;. The
lifetimes Ts of singlet states of pairs of protons in a partially deuterated saccharide are shown to be longer
than the longitudinal proton relaxation times T; in the same compound by a factor of ca. 37.

Introduction magnetically equivalent spins. Alternatively, as shown below,
a singlet state|S> can be populated by first creating a
longitudinal two-spin ordev = 2I,S,, which, in contrast to a
system in thermal equilibrium witle = I, + S, comprises

In conventional NMR studies of slow translational diffusion,
chemical exchange, and refolding of biomolecules such as

prot|e|_ns or nucl:llelé: amds_, thde[;Jpplnqerlllmlt_ ofdt_helaC(lzes&_bIe t_|me eigenstatef 3> and|fa> with nonvanishing populations. Like
scale is normally determined by the longitudinal relaxation time ZQ coherence, al2S, term (also known asZZ order”) can

constanily, which is usually regarded as the maximum lifetime be converted into a population of the singlet-stie~ by
O; the memory ofdnlﬁclearhspms. ICorreIatlons bet\{vﬁen itatesappropriate radio frequency irradiation, which in effect leads
that are connected through very slow processes with a characy, decoupling of thd,s interaction. The population of a singlet

t’\?&sé'c twfne (i_(lanstant longer thaln E%ulinot be momt(;)rLeéth:y state can in principle be preserved indefinitely if decoupling is
so far. However, recent work by Carravetta an t ideal and if all relaxation mechanisms other than the dipolar

h_as shown th_at itis pOSS|bIe_tc_) excn_e and observe So'ca"_edinteraction between spins | and S can be neglected. In practice,
singlet ;tates in systems containing pairs of scfsllar-coupleltlzlzsplnsmmdeal decoupling leads to a reduction in the lifetifa@ as
Such singlet statelS> = N{|af> — |fo>} with N = 2 does relaxation of the | and/or S spins by chemical shift

"’Ee gntllsymmetrl!;: gn%er a perr;utat:jog oLthe twolzplr:jé and anisotropy (CSA) or by dipolar interactions with further spins
g_esl,ln_g et-sta_te |t<)et|m sIS EOta ecte . yt; mlutua Ipl'f . in the vicinity that may belong to the same molecule or to
ipole interaction between these two spins. Singlet-state |et|mesneighboring (solvent) molecules.

Ts can be more than an order of magnitude longer than It has been shown that singlet states can be exploited to study

Ionglltudlnald relaxgtlon t'mez-;i in tWO',SE',n systerlng W'thf slow translational diffusioA.Preliminary demonstrations have
analogous dynamic propertiés nonvanishing population o been carried out with a simple test molecule, 2-chloroacryloni-

a singlet statdS> can 'F’e obtained by first exciti_n_g a ZETo-  yrjle which contains only two protons | and S with a small
guantum coherence &Q_.e., a cqherent superpos!tlon_ of two difference in chemical shiftdrs = 1 — vs = 38 Hz at 300
states|aﬁ>. and |fa> W|th a sunable_phase, which is then MHz (0.13 ppm) and a scalar couplidg = —3 Hz* We have
convert(_ad mtola populauqn of.th.e singlet staf> by an found that, contrary to earlier belief, proton-containing solvents
appropriate radio frequency irradiation that suppresses the ef'fectsd0 not lead to a dramatic reduction of the lifetirfie of the
of the offsets. In practice, this irradiation converts a coupled singlet states; however, the removal of dissolved oxygen is
two-spin IS system s = 0) into an b system with two recommended. Molecules such as saccharides that contain more
f Ecole Polvtechnique Bérale de L protons have reduced lifetimds compared to molecules that
Cole Polytecnhnique ale de Lausanne. : . : . .
* Ecole Normale Supieure. contain _only_lsolated _p_roton pairs, but partial deuteration of
(1) Carravetta, M.; Johannessen, O. G.; Levitt, M.FHlys. Re. Lett. 2004 saccharides in all positions except for the Bnd H'" protons
92, 153003-153004. ; : ; ;
(2) Carravetta, M.- Levitt, M. HJ. Chem. Phys2005 122, 214505-214506. (we have adopted the numbering appropriate for nucleic acids)
(3) Carravetta, M.; Levitt, M. HJ. Am. Chem. So@004 126, 6228-6229.

(4) Cavadini, S.; Dittmer, J.; Antonijevic, S.; BodenhausenJGAm. Chem. (5) Gopalakrishnan, K.; Bodenhausen, I Magn. Reson2006 182, 254—
S0c.2005 127, 15744-15748. 259.
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leaves a pair of diastereotopic protons with= J(Hs' Hs'") = the singlet statéS> has a nonvanishing populatigiS) =
—12.5 Hz and a small difference in chemical shiftgis = v, TH{o|S> <S|}. Prior to applying the RF field, one must have

— vs = v(Hs") — v(Hs'") = 75 Hz at 400 MHz (0.18 ppm).  either a nonvanishing Z{xero-quantum coherence or a non-
(Such partial deuteration can be achieved conveniently by vanishing longitudinal two-spin ZZ ordet,3,, or a combination
oxidation of a perdeuterated saccharide to an aldose andof both ZQ and ZZ. There are two orthogonal forms of zero-
subsequent reduction.) When these saccharides are incorporatequantum coherences, i.e., Z8 {|of> <fa| + |fa> <of|}/2

into nucleic acids such as RNA, the chemical shifts of thke H and ZQ = —{i|e><pBa| — i|fa><ap|}/2. Only the ZQ

and K" protons should be affected by conformational exchange component can be converted into a singlet state by decoupling.
and refolding processé€.Such protons can therefore be used On the other hand, two-spin ZZ order can be expressed as a
to study the kinetics of slow exchange, for example, by two- linear combination of four populations, i.el;& = {|o.o.> <aq|

dimensional exchange spectroscopy (EX&Y)The kinetic — laB><ap| — |fo> <pa| + |fB> <Lp|}/2. Only the middle
window of such experiments is normally limited by longitudinal two terms can contribute to the population of the singlet state
relaxation to mixing times, ~ Ti(*H). In H-detected'>N p(S) when the RF irradiation is switched on. This population

exchange spectroscopy this limitation can be somewhat relaxedp(S) can be determined by converting the Zéhd ZZ terms
since one can use mixing timeg ~ T1(**N) > T1(*H). One of contained in the density operator from the product base PB into
the objectives of this paper is to show that singlet-state (SS) the singlet-triplet base STB. Likewise, when the RF irradiation
variants of two-dimensional exchange spectroscopy (SS-EXSY) is switched off at the end of the mixing intenva, it is sufficient
can be designed that extend the observable kinetic window toto convert the remaining populatign(&) from the singlet
mixing timestm ~ Ts(*H) > T1(**N) > T1(*H). triplet base STB into ZQand ZZ terms in the product base
The pulse sequences for singlet-state excitation that have beerPB. The latter can then be converted into observable terms
described so far* suffer from a number of drawbacks: (i) the following the usual rules of product operator calculatidhs.
RF carriervge must be positioned halfway between the chemical ~ Through a simple basis transformation, any Cartesian operator
shifts v, and vs of the two nuclei, (ii) the efficiency of the  product represented in the product base PB of the weakly
sequences depends on the differefegs = v — vs between coupled IS system can be expressed in the singtgtiet base
the chemical shifts, and (iii) the efficiency also depends on the STB of the b system when the two spins are in effect made to
scalar coupling constads. Clearly, slow dynamic processes be magnetically equivalent. The matrix representations of
A < B, such as chemical exchange or refolding of biomolecules various terms in the two bases are given in Table 1 of the
like proteins and nucleic acids, must lead to changes in chemicalSupporting Information. The following combinations of Car-
shiftsy/A = /B and/orvs® = v<P to be observable by NMR. In  tesian operator terms in the product base PB can contribute to
general, thelifferencesn chemical shifts may also be affected the populations of the singletriplet base STB:
by chemical exchange, i.eAvs® = (WA — vdh) = AyB =

(v\B — v<B). Furthermore, it is possible that the scalar couplings {E(,%95). 2.5, 2Q} es @
are also affected by chemical exchange, iJ” = JsB. If The conversion matrix is the following:

singlet states are to be used to investigate such slow processes,

the pulse sequences must be modified so as to become 1 0 _1 -1

independent of chemical shifts and couplings. ISTS, ‘11 %

In this work, we present new methods that make slow T, | = 0 -= 1 E
exchange phenomena in biological macromolecules amenable 0o~ 0 —|4 2 Al 1S (2
to study via singlet-state NMR spectroscopy. To begin with, T, T, 111 0 21,5,
we introduce ways to excite singlet states in spin pairs with IT_1T_,| 11 % % ZQ,
different chemical shifts and-coupling constants. Next, we 1 2 o 0

show that adequate broadband decoupling preserves singlet
states over a wide range of frequencies, and finally we present It can readily be seen that only longitudinal two-spin order
a 2D experiment that can correlate signals of coupled spins that2l.S, and real zero-quantum coherence,Z@n be converted
are exchanging slowly between different magnetic environments into singlet-state populations. The inverse transformation can
that lead them to have different chemical shifts drmbuplings. be described by the following matrix:

Such slow exchange processes occur, for instance, during the

refolding of RNA 7 and play a key role in proteifprotein é é i _j:_l'

interactions'® Their study can greatly benefit from the atomic E 1 11 1 SIS

resolution that NMR can afford in native molecular conditions. IZZI—I—S? = 5 35 3 I ool 3)
z | T, T,

Theory ZQ, —% % o of \Tam

As will be shown below, there are two distinct ways of

obtaining a system described by a density matrin which Clearly, if we ignore the unobservable unity operaigrthe

(6) Wenter, P.; Furtig, B.; Hainard, A.; Schwalbe, H.; PitschASgew. Chem., singlet-state populations can only be converted into longitudinal
Int. Ed. 2005 44, 2600-2603. -sDni - Z'Q"I

(7) Wenter, P.; Bodenhausen, G.; Dittmer, J.; Pitsch]).SAm. Chem. Soc. two-spin Orqer £S and real_zero quantu_m C(_)herencex e_
2006 128 7579-7587. transformations of the 16-dimensional Liouville space are given

(8) %6252&2/'5%@ B. H.; Bachmann, P.; Ernst, R1.RChem. Phys1979 in the Supporting Information.

(9) Macura, S.; Ernst, R. RMol. Phys.198Q 41, 95-117.

(10) Guenneugues, M.; Drevet, P.; Pinkasfeld, S.; Gilquin, BnézeA.; Zinn- (11) Sarensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.; Ernst, R.

Justin, SBiochemistry1997, 36, 1609716108. R. Prog. Nucleic Magn. Reson. Spectro$683 16, 163—-192.
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Figure 1. Pulse sequences designed for excitation of singlet-state populations and their subsequent reconversion into observable magnetizatibn. Pulses wi
flip angles ofx, 7/2, andr/4 (45°) are indicated by open, filled, and hatched rectangles, respectively. All pulses are applied with phases al@xisthe

of the rotating frame, unless otherwise indicated. The delays must be adjusted to the1pfés®tss of spins | and S and to the coupling constdpt

according to Table 111 = 1/|4Jis|, 72 = 1/[2(vi — vs)], T3 = T2/2. Sequence | also requires that the carrier be set halfway between the two chemical shifts,
vre = (v + v5)/2. (I) Sequence for singlet-state excitation designed by Caravetta andiexitanded with some optional delays for the sake of symmetry.

The singlet state is excited only via ZQ coherences which precess in theervals. The phase cycle is = X, —X, g2 = 2(X), 2(—X), and@rec = X, —X.

(II) Sequence for singlet-state excitation that uses both ZQ coherences and longitudinal two-spih,8r{i&Z2 order) in thet; intervals. The phase cycle

was @i = X, =X, @2 = 2(X), 2(—X), @3 = 4(y), 4(-y), andgrec = 2(X, —X), 2(—X, X). (Ill) Sequence designed for two-dimensional singlet-state exchange
spectroscopy (2D SS-EXSY) to monitor correlations between different states of a spin system undergoing a slow dynamic process. The singlet state is
excited via a combination of ZQ and ZZ terms in theintervals. The phase cycle was = x, —X, @2 = 2(y), 2(=Y), and@rec = X, 2(—x), x. Quadrature

detection in thet; dimension was achieved by time-proportional phase incrementiam ¢TPPI). The pulsed-field gradients (PF@) and g, lead to

dephasing of coherences with orges 0.

Experimental Methods the Supporting Information. In sequence | of Figure 1 (which becomes
equivalent to the experiment of Carravetta and Levitt if the optional

This study presents a series of new spectroscopic methods that are . .
. ) . | h , le- -ph h
designed to fulfill the following demands: delays at the end are dropped), single-quantum in-phase coherences

; o . . . excited at point a are transformed into antiphase coherences between
(i) Broadband excitation of singlet-state populations in both 1D and ) . A .
L ) points a and b. Between points b and c, the chemical shifts lead to a
2D NMR spectroscopy to convert the equilibrium populations of the . .
- . . . conversion of the real termd,3, + 21,S, (which have the same phase)
IS system into singlet-state populations of thesystem over a wide

range of shifts and couplings. Previous methods contained intervalsInto imaginary terms B, — 21,5, (with opposite phases). To achieve

. this effect, the carrierrr = (v| + vs)/2 has to be set precisely halfway
that had to be adapted to th I tant d to the offset
& hac [0 be agapred fo e Coupling constants and fo e otise Sbetween the chemical shifts of spins | and S. Th), pulse at point

between the individual chemical shifts and the RF carrier, which made . . . h
them impractical for molecules containing coupled spin pairs featuring ¢ excites imaginary zero-qqan}um conerence 2Q2,S - 21ySe.
a range of chemical shifts or couplings: Between points d and e, this is converted into the desired real ZQ
(i) An evaluation of adequate broadband composite decoupling coherence. As explained in more detail in the Supporting Information,
this coherence is transformed into opposite contributions to the

methods for optimizing the lifetim@&s of the singlet state when there . . ) S
is a nonvanishing offset between the average chemical shift of the two populations of the singlet and central triplet states under RF irradiation
spins and the RF carrier; starting at point e. The triplet state populations can be neglected because

(iii) Two-dimensional experiments designed to study correlations (hey do not survive the protracted decoupling period.

between different environments, with a mixing time perigdwhere The new sequence Il in Figure 1 was designed for broadband
the “memory” of the system is “stored” in the form of singlet-state excitation of singlet states in coupled spin systems. In contrast to
populations. sequence |, where the carrier must be set halfway between the two

Figure 1 shows a comparison between existing methods (that requirechemical shifts, i.e.yrr = (v + v5)/2, sequence Il does not have any
prior knowledge of the chemical shifts and scalar couplings) and new requirement orvge. Consequently, it is possible to study molecules
proposed techniques for broadband singlet-state excitation. A step-by-with multiple sites undergoing dynamic effects if they feature different
step analysis of the sequences in terms of product operators is given inchemical shifts in the two conformations A and B, provided the
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it is preferable to suppress the zero-quantum terms by a filter proposed
11 by Thrippleton and Keele®'2 since the longitudinal two-spin order
21,S, can still be used to generate singlet-state populations. This is
demonstrated in the 1D and 2D sequences IV and V of Figure 3, where
two frequency-swept pulses and pulsed field gradients, both of duration
71, are inserted prior to and after the mixing period. The most effective

suppression of ZQwas achieved by using a first gradient along the

it

z-axis and a second gradient along an orthogoxal §) axis. The use
of the filter makes the efficiency of singlet-state excitation and

T T T T T T T T T T reconversion entirely independent not only on the chemical shift
45 41 37 45 41 37 differencesAv;s = v, — vs but also on the individual offsets andvs.
H (ppm) This extension of the range comes at a cost of 50% of the signal

intensity for each interval where the ZQC is suppressed, so the 2D
Figure 2. Comparison of signals of thesHand H" protons in the partly sequence V affords only 25% of the signal detected with the 2D
deuterated saccharide shown in the inset, obtained with sequences | (|eftsequence 11 (see Supporting |nf0rmation). The pathways shown below

z?g%% a}?irzld(rzil%gt If)nalljlfl)sc)efqiigrl:(i }I’ :gﬁleusdsi”gré?]i “t%psgﬂgﬂselrirlgigﬁén the 2D sequence of Figure 3 indicate the population transfer processes
effects. The doublets stem from the diastereotopic protonsJglitki, Hs'") that occur between the e"O'U“F’” and -deFectlon intervals. )
= —12.5 Hz. The fixed intervals werg = 20 ms,7, = 6.7 ms, andm, = In systems where the selective excitation of ZZ order suffices, say

5 s. The continuous decoupling field had an amplitude of ca. 1.2 kHz. To to determine the time constafit in the absence of exchange, it is

limit artifacts arising from convection induced by sample heating, a Shigemi possible to excite ZZ order directly from thermal equilibrium by

sample tube was used with a sample height of ca. 15 mm. selective inversion of one or several lines in the single-quantum

spectrum* albeit at the expense of a 50% loss in signal intensity which

chemical shiftdifference between the coupled pairs of protons are Can only be recovered by using both ZZ and ZQ terms.

preserved £rs® = Ars®). This is achieved by exciting both ZQ Table 1 summarizes to what extent the fixed delays in sequences |

coherencand longitudinal two-spin order 25, using a {/4), pulse at to V have to be adapted to the scalar coupling conslgraind to the

point b. Between time points ¢ and d, the sign of the, ZGherence is  difference in chemical shiftdis = v — vs. Only the original sequence

reversed (ZQ — —ZQ,) under the effect of the difference of the | of Carravetta and Levittrequires that the RF carrier be positioned in

chemical shiftsAns = 1 — vs, a process which we may refer to as  the center of the spectrumrr = (1 + vg)/2. If there are no

“ZQ reversal”. Sincer, = 1/(2Av;s), this requires prior knowledge of requirements, the sequences may be considered lbodaelbandwith

the relative chemical shifts but not of the individual offsets. This ZQ  respect to the average shift (+- vs)/2, to the relative shiftyfy — vs),

reversal is necessary to prevent mutual cancellation of ZQ and ZZ and to the coupling constadi.

contributions to the singlet state. As seen from the analysis provided The broadband character of the excitation and reconversion of singlet

in the Supporting Information, the singlet population created at point States is not the only requirement for studying pairs of spins in different

d of sequence Il is equal to the singlet population created at point e of environments simultaneously. In order to preserve the populations of

sequence |. The sensitivities of these two experiments are thereforesinglet states for long time periods, suitable decoupling sequences have

comparable if losses through various relaxation processes can beto be used. Figure 4 shows signals of the saccharide described below,

neglected. It should be emphasized that the mechanisms are not theobserved using sequence Il while stepping the offset between the RF

same: in sequence |, only a Z@rm contributes to the population of ~ carrier and the average chemical shift, using either continuous-wave

the singlet state, while a combination of Zand 2,S, contributes in (CW) decoupling or composite-pulse radio frequency irradiation. The

sequence II. In the last part of sequence II, the singlet-state populationuse of the WALTZ16 sequentehas proven to be effective in

remaining at the end of the mixing timmg, is reconverted into single- preserving the singlet state over a rangetdfkHz with respect to the

quantum coherences via symmetrical processes. If the optional delayscarrier @&2.5 ppm at 400 MHz). This is a satisfactory range for typical

at the end of sequence Il are used, two in-phase doublets with the samegroups involving coupled protons in biomolecules, such as diaste-

sign for both spins | and S can be observed. In Figure 2 we show a reotopic CH groups in proteins or nucleic acids.

comparison between signals detected using sequences | and Il in Figure A mixing period 7, with continuous decoupling, no matter how

1, using the pair of protons in a partly deuterated saccharide shown inweak, may lead to undesirable heating effects that can cause convection

the inset. currents. This phenomenon can lead to a shortening of the apparent
The 2D sequence Il in Figure 1 does not contain any fixed{ w lifetimes Ts?*P < Ts of the singlet-state populations if the molecules

— 14] interval for generating antiphase magnetization, since such terms that carry these singlet states move out of the sensitive volume enclosed

will build up naturally, with a coefficient simJist1), in the course of by the transmitter and receiver coils. The use of Shigemi tubes with a

the evolution timet;. Like other 2D experiments with antiphase limited sample height is recommended to combat such artifacts.

multiplet structures (such as COSY, ZZ-EXSY, etc.), this requires an

adequate choice of the maximum durattgt# of the evolution period Results and Discussion

so that one achieves sufficient resolution in thedomain to resolve A monosaccharide with a five-membered furanose rind was
the antiphasel-coupled multiplets. In sequence lll, the coherence 9

transfer from both | and S spins that undergo precession in the evolution synthe_5|zed _'r_' such a manner that all h_ydfoge” atoms _except

period contributes to both ZQ and ZZ terms and, hence, to the those in positions E and H'" were substituted by deuterium

population of the singlet state during the mixing time. The reconversion atoms. The 5l and H" protons have a chemical shift difference

of singlet-state populations into ZQ and ZZ terms and from there into of 75 Hz at 400 MHz (0.18 ppm) and a scalar coupling constant

observable (antiphase) coherences of spins | and S follows similar

pathways as described above for sequence Il (12) Thrippleton, M. J.; Keeler, JAngew. Chem., Int. EQR003 42, 3938
It is noteworthy that in the case where not only the average chemical ,, . 3941

)
. . . . 13) Cano, K. E.; Thrippleton, M. J.; Keeler, J.; Shaka, AJ.JMagn. Reson.

shift but also the differencAv;s = v — vs changes from site to site (13) 2004 167, 291_25';)?, 9

)

)

(Avis* = AnsP) neither is it possible to ensure that the ZA@rms in (14 I\E/VagtneRf, (R3-; \?V%qennatésgnke-i"“cﬂ# N-JSREEQC% l\lﬂé;?ng{ingZh(sO' W
. rnst, R. R.; Wthrich, K. J. Am. Chem. So 4 )
sequence | are converted into ZQor can one be sure that the ZQ (15) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJRviagn. Reson1983

components in sequences Il or lll are converted EQ;. Therefore, 52, 335-338.
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Figure 3. (V) Sequence designed for 1D spectroscopy with excitation of singlet-state populations only via two-spin Z2 & desifg filters to suppress

the ZQ terms in they intervals. The rectangles with diagonal bars represent adiabatic frequency-swept pulses applied in conjunction with pulsed field
gradients (black rectangles) to suppress zero-quantum coherences. The phase cycle is the same as that for sequence Il. (V) Sequence for 2DEGS-EXSY usi
only two-spin ZZ order. The phase cycle is the same as that for sequence Ill. The chemical shift correlations that can be observed in the 2D spectra are
shown schematically below the pulse sequence.

Table 1. Comparison of the Five Sequences Presented in Figures 1 and 3, Showing Which Delays Must Be Adapted to the Coupling
Constant Js, the Relative Shift (v, — vs), and the Average Shift (v| + vg)/22

adjustment
with respect to sequence | sequence Il sequence Il sequence IV sequence V
coupling constandis 1= 1/|4Js| 71 = 1/|4Js] broadband 71 = 1/|4)s| broadband
relative shiftAvis= v, — vg 72 = 1/(2Avis) 72 = 1/(2Avis) 72 = 1/(2Avis) broadband broadband
73 = ‘L’2/2
average shiftify + vs)/2 VRe = (V| + vg)/2 broadband broadband broadband broadband
relative sensitivity (%) 100 100 100 25 25

(neglecting relaxation)

a|f there is no need for any adjustment, the experiment has a broadband character with respect to the corresponding parameters.

of Js = J(HsHs") = —12.5 Hz. The sample was initially  a limited height to combat convection. For a similar saccharide
dissolved in deuterated degassed DMSO in view of reducing where none of the protons were substituted by deuterons, we
intermolecular dipolar interactions with the solvent. For both measuredi(Hs') = Ty(Hs'') = 0.34+ 0.02 s andl's(Hs', Hs'")

Hs' and H' protons, we determined the same nonselective = 1.5 + 0.2 s. Thus, partial deuteration leads to a 2-fold

longitudinal relaxation time constaifii(Hs') = Ti(Hs'") = 0.7 extension of the longitudinal relaxation time constanand to
+ 0.03 s, while the lifetime of the singlet state was found to be a 17-fold extension of the singlet-state lifetire
Ts(Hs', Hs'") = 26 & 3 s, which is longer thaifi; by a factor of Figure 5 shows a two-dimensional singlet-state exchange (SS-

37 + 6. In nondeuterated degassed DMSO, we have measuredEXSY) spectrum of the selectively deuterated monosaccharide,
a similar value. This shows that the long lifetimes of singlet recorded using sequence Il of Figure 1. The 2D spectrum was
states can be exploited in protonated solvents. Removal of deliberately acquired while placing the carrier 160 Hz away from
paramagnetic oxygen by using a few punipeze-thaw cycles the average shift of the two proton spins, to illustrate the
or, as in our case, by letting a stream of argon bubble through broadband character of the method. The mixing time during
the sample is essential to obtain the maximum valugs(Hs', which spins were maintained in the singlet state was= 12

Hs"), which otherwise can be as low as 15 s. It is however s. As expected, each spin gives rise to antiphase doublets in
difficult to seal degassed samples while using sample tubes withboth dimensions with respect to tdecoupling.
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Figure 5. 2D singlet-state exchange spectrum of thg &hd H'' protons
in the partly deuterated saccharide again shown in the inset, recorded with
JJWL”JJM MNJ b i sequence Il at 300 K and 400 MHz. Positive and negative signals are
represented by continuous and dotted contours. A matrix of 3256
! | L | UL | Frrd | rr I UL | rr I J points was acquired and transformed to 32kk points. The spectral widths
in the w2 and w1 dimensions were 10.2 and 2.6 ppm.(daand 1 kHz).
1500 1000 500 0 -500 -1000  -1500 The carrier frequencyrr was set at 4.5 ppm, at an offstt = v, — vre
= 160 Hz from the center of the two resonanegs= (v, + vs)/2. The
duration of the mixing period with WALTZ16 decoupling wag = 12 s,
Figure 4. Signal intensities (obtained with sequence Il) of the partly and the amplitude of the decoupling field was 976 Hz. The fixed intervals
deuterated saccharide shown in Figure 2, as a function of the dffset were the same as those in Figure 2. The peak amplitudes of; thied g,
vay — Vrr between the center of the two resonanegs= (v + vs)/2 and pulsed field gradients (PFG) were 73% and 29% of the maximum intensity
the radio frequency carrierge. (@) CW decoupling; (b) WALTZ16 (50 G/cm), respectively.
decoupling. The frequencyre was used for all pulses and during the
decoupling period, and it was incremented in 33 steps of 100 Hz. The analogy, we like to refer to our new singlet-state method as
amplitude of the decoupling field was = w,/27 = 976 Hz, and the g5 EXSY. The side chain of Tyrosine 35 in basic pancreatic

duration of the mixing period was, = 10 s. The fixed intervals were the L . . .
same as those in Figure 2. At each step a signal consisting of two in—phasetrypSIn inhibitor (BPTI) is a good illustration for exchange

doublets is detected, as in Figure 2. studies, as the shifts of the four protons in thende positions
. ) . . L . di - < Ho2 1
This 2D experiment is conceived to excite singlet states in are Well-dispersed Chemical exchange (M« H’? and H

different environments (for example in two distinct environments =~ H) appears due to the slow rotation0 s™* at 309 K) of

A and B where the spins | and S have chemical shifts and the TYr ring around the €-C7 axis. The singlet state can be
couplingsv®, vsh, Jis* and B, v, JisB, respectively). The  created for coupled pairs of protons on both sides of the ring
chemical shifts are first labeled in the evolution interalso (i.e., the pairs H'—H< and H>—H< both with aJ-coupling .
that the coherences at point b in sequences Ill and V are constant oh-8 Hz). A 2D SS-EXSY spectrum of the aromatic
modulated at the frequencieg, v<*, 18, andv<®. Singlet states region of BPTI is shown in Figure '6. As with ZZ exchange
SS and S$ are then excited at point d for both environments SPectroscopy four cross-peak multiplets of Tyr35 were ob-
A and B. During the intervatm, exchange may occur between Served centered on the chemical shift position of i thew;
the environments A and B, leading to a partial interconversion domain, at the chemical shifts of the following protons in the
of singlet-state populations $&nd S$. At point g the singlet- @2 domain: H? (diagonal peak, coded in green in Figure 6),
state populations are transformed back into antiphase single-H (due to the mixing of magnetization of the two spins in the

quantum coherence of spins | and S and resume precession atindlet state, in biue), andHand H* (both of which are due
the four chemical shifts in the detection interval. Thus, even  t0 slow exchange, color-coded in red). For residues Y10, Y21,

in the absence of exchange, a magnetization that was initially @1d Y23 in BPTI, the exchange cross-peaks coincide with the
labeled at a frequency® duringt; is detected at frequencies smglet-mlxmg lcross-ptiaks, due to the fact that the chemical
A andv<® in t, because the spins | and S are mixed to form shifts oflthe H ?nd H?2 protons, on the one hand, and those

a common singlet state during,. If exchange between states  ©f the H* and H* protons, on the other hand, are averaged by

A and B occurs, additional signals will be detected at frequencies fast €xchange on the NMR time scale. _
B andvs? in t, as shown schematically in Figure 3. Thus, in The 2D method illustrated by the spectra of Figures 5 and 6

the presence of exchange, one diagonal and three cross-peaWould prove useful if it can be applied to the study of RNA
multiplets can be detected at eashfrequency. In the absence strands that slowly interconvert between different conformations.

of exchange, only one diagonal and one cross-peak multiplet ! @ recent study, an RNA 34-mer was shown to exist in three
(which arises from the blending of the magnetization of two Conformations. The rates of the slow exchange processes suggest
the spins in the singlet state) are detected, as it can be seen ithat refolding involves the simultaneous dissociation of several
Figure 5. base pairs. When slowly relaxing longitudif@\-magnetization

~ The structure of a 2D spectrum obtained using the SequUeNCe ¢, \yagner, G.: DeMarco, A.; Wirich, K. J. Magn. Resorl975 20, 565
in Figure 3 is reminiscent of that of ZZ-EXS¥spectra, so, by 569.

frequency offset (Hz)
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- _ asparagine and glutamine, respectively, will be protonated, thus
\Q, providing opportunities to generate isolated singlet states in a
I ' | v deuterated background. Such singlet states would act as probes
YI5B/8, yas y vavee @ of exchange processes such as slow rotations around nearby
& imes i oA N—C bonds. These types of rotations have been shown to occur
B{YSS;E;@ V35, fer—e e Y21 in asparagine side chains in the active site of an alpha-
. : e Lt o AN neurotoxin, a dynamic event that is believed to play a role in
Ymﬁb . 5 /6. o = . ' y . Pay
Iy "“:\ -~ £ blocking neuromuscular transmissios.
}E:ﬂ o I& Conclusions
B i Y23:5/€ ) This study demonstrates that singlet states with long lifetimes
ye »-m;é"-‘: ' : -0 can be exciteq efficiently over significant sp_ectral ranges. The
singlet-state lifetimes are remarkably long in selectively deu-
. terated saccharides that could be incorporated into nucleic acids.
"N yass,s, W Slow exchange processes that occur in such moletatesd
1 1*35:52’% — hitherto not be characterized by conventional EXSY methods
7.5 7.0 6.5 because of short longitudinal relaxation tim&s but now
H (ppm) become experimentally accessible with the SS-EXSY experi-

Figure 6. 2D singlet-state exchange spectrum of aromatic protons in BPTI, MeNt. This method should be useful to monitor dynamic
recorded with sequence V at 310 K and 400 MHz. The sample was not processes such as chemical exchange, refolding of proteins or
deuterated. A matrix of 4k 256 points was acquired and transformed to  nycleic acids, and hindered translational diffusion of large
8k x 512 points. The spectral widths in tle and »; dimensions were : : : : :

5.6 and 2.2 ppm. The carrier frequengywas set at 7.3 ppm. The duration molecules in porous media. The time W'nd(_)w of _SUCh StUd_'eS
of the mixing period with WALTZ16 decoupling was, = 200 ms, and can be extended by about an order of magnitude in comparison
the RF amplitude of the decoupling field was 1427 Hz. The peak amplitudes to conventional EXSY methods employing longitudinal mag-
of theg; andg; pulsed field gradients (PFG) were 28.5% and 65% of the natjzation. In principle, it should also be possible to monitor
maximum intensity (50 G/cm) along tlzeandy axes, respectively. A Chirp . L .

inversion pulse of lengthy = 12 ms, with a sweep width of 80 kHz and a h!gher-order crqss-relaxaﬂon processes, which could convert a
maximum amplitude of 2348 Hz, was used simultaneously with the gradients Singlet state SSinto another singlet state 8$hrough a dual

for filtering ZQ, coherences. The assignments of diagonal signals are labeledflip-flop process that would lead to an interchange of the spin

in green, those of cross-peaks originating from exchange are labeled in states of 4 and B on the one hand and oSand $ on the
red, while those of peaks originating from mixing of magnetization in the

singlet state are labeled in blue. Wherever the two types of cross-peaksOther. Although such processes are likely to build up very
may be in overlap due to the position of resonances, black labels are used slowly, they can be expected to do so within the long lifetimes

of singlet states.
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applications are by no means limited to nucleic acids. Proteins

: Supporting Information Available: Expressions of the rel-
have also been shown to feature exchange on slow time scales . :
o . . evant product operators in the product base (PB) and singlet
of hundreds of milliseconds to seconds in global unfolding,

. . P . . . > triplet base (STB); description of the pulse sequences in terms
allosteric transitions, “breathing” motions, and flips of aromatic . .
1647 . . . . of product operators. Supplementary figures containing spectra
rings 617 Diastereotopicl-coupled pairs of protons in various - . e
! . - - acquired with sequences Il and IV and exponential fits of the
amino acids can be used for generating singlet states. If a

C T . L signals as a function of the decay time. This material is available
perdeuterated protein is dissolved in® thed ande sites in free of charge via the Internet at http://pubs.acs.org.
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