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Sub-second 2D NMR Spectroscopy at Sub-millimolar Concentrations
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Progress in NMR rests on two areas that have traditionally
defined the capability of a spectroscopic characterization: the RF
method’s sensitivity and its spectral resolution. Foremost among
the technical advances that enhanced NMR’s sensitivity was the G
introduction of pulsed NMR and the time-domain signal-averaging
of data! A similar impact but in the site-resolution front came with Laser M N
the advent of multidimensional spectroscépyotwithstanding the g6 1. Ultrafast 2D TOCSY sequence used in this study, akin to that

maturity achieved by these principles, the quest for enhancing described elsewhet@xcept for the addition of the pre-acquisition laser
sensitivity and resolution in NMR continues. Important develop- irradiation period required by CIDNP.

ments that have influenced these areas include the introduction of
faster modes for acquiring multidimensional speétaad methods

a limited compatibility with 2D NMR, stemming from significant

that increase NMR'’s sensitivity by creating macroscopic nuclear photobleachlng effects that 5‘?t on ?‘“‘?V.the first few “g.ht irradiation
cycles. These, in turn, reflect in a significant decrease in the nuclear

magnetizations that greatly exceed the natural thermal values. sianal following the initial scans. leading to broad peaks and
Dramatic gains have been reported on both accounts: among the 9 g ! 9 P

new multidimensional NMR methodologies counts an “ultrafast” |ncre_ased1 noise along the indirect spectr_al domain. A number of
approach capable of completimg NMR acquisitions within a solutions have been proposed and exploited over the years to alle-

single sub-second transiéhtamong the sensitivity strategies, viate such complication, including the use of light-stable photo-

enhancements factors reaching up t61ave been achievedYet sensitizers, the addition of tiny aliquots of photosensitizers or oxi-
despite their unquestionable potential, these strategies exhibit certai dants between scans, as well as evacuating/replenishing the sample

. e . SR - r‘following each scarfi®f On the other hand, as was mentioned
handicaps that may limit their applicability. Signal-enhancement . ’ :
procedures, for instance, usually require relatively long times to earlier, ultrafast 2D NMR could complete the photo-CIDNP acqui-

prepare their very peculiar polarization states, and do so with a sition within a single scan ar_1d_ _thus avoid such complicati_ons alto-
degree of reproducibility that is less than perfect. These featuresgeg;ﬁlr('el—%ﬁ;gz%tn&Igozs'ebélt'rtg’migrljs: Zg:gpo\flviar: tl)g::::r:ﬁ#nd
make them impractical starting points for traditional multidimen- P eter, cap mp ng

sional NMR techniques demanding the acquisition of several ultrafast 2D NMR b"?‘sed onisotropic homonuclgarmlxmgs (Figure

consistent scans. Ultrafast 2D acquisition schemes, on the otherl)' A _Spectra—Physn:s .CW argon laser operating aV and 4.88 .
hand, suffer from sensitivity limitations, which compromise their nm (single mode) pro_wded the light source for these experiments;
full potential when involving studies on dilute analytes. It is its output was pulsed into the NMR sample by a mechanical shutter,

noteworthy that both kinds of complications could be simulta- operating unqler control from the spectrometer’§ pullse programmer.
neously lifted if pre-polarization and ultrafast 2D NMR schemes ;leslss::ci::gzz:% asll]tzd rtgtoggz grr: t%pgie;r::blz ' tILTt;Z itrr:setr?g dc?fnto
were combined. The present study explores this potential using what P 9 magnet, P

is arguably the simplest of these combinations: chemically induced tgﬁ;,ﬂ”ﬁ Is;:(:sto?ﬁ;gi ch?fkt)r:Zlcfit?é?t\j\/e;seriiiﬁtsaﬁgé(}\?vitwiixgnIﬁ\engr]e
dynamic nuclear polarization (CIDNP) for enhancing NMR’s X

sensitivity, andiH TOCSY® as the 2D experiment tested coaxial tube, which dipped into the solution studied. Two samples
A CIDNP experiment begins with light irradiating a suitable \(/)vgga :nt%)ézgil?n sthﬁhf::igg) dn;rgu?]j’”?:\{lr S;?I'lurt(lglz (;Ltrl%zl%’d'c
photoexcitable moleculeThe fate of the radical pairs created by Pep Sy yry

this irradiation will depend on hyperfine interactions between the Egmniucr:éztag:: rﬂg;;ﬂfgé'nat(%ma% gssglll\jteignztclorrlrt]:ilﬁir?mh
unpaired electrons and their surrounding nuclei. This, in turn, P 2 g

endows these transient electronic species with the capability ofp'125 mM flavin mononucleotide as photosensitizer. To control

affecting the steady-state polarization reached by the surroundingglcs‘;li': :C?Gsﬂfoc(:‘,lg:llgirt]ilot:se vs:;'e?é 'ttﬁesg:lrﬁfr?cv}lgrsmheLig;nai;;gslth
nuclear spins. When the irradiation is carried out on a peptide or S P )

! . . g Figure 2 presents single-scan 2Bl TOCSY NMR spectra
protein sample placed in the presence of a suitable photosensitizer : pag .
the radicals generated during CIDNP will enhance the NMR signals gghﬂﬂigrggni“(};ﬂ? g‘n%%ﬁsﬁgcseegn%Q tzgﬁﬁ)’ Igsegigsosf-g;it%r?sl\lp
of certain aromatic residues (tryptophan, tyrosine, histidine) that laced inside the figure’s ganels c’orres ond tc})lllD traces arisin
have sufficient physical access to the photosensitizer. Despite itsP 9 P P 9

apparent limitations, the CIDNP approach has been shown to servefrom conventional single-pulséH experiments, and show the

as an excellent marker for quantifying solvent accessibility to an tehxg)gﬁt%?nr;s%r;?ggsli?h;“ﬁﬁ?gg:tt ;?é ttnee rtlvgoa}g'\;gséﬁﬁ;s;d;gﬁt'sn
aromatic residue, and thus for measuring protein folding at a affecti% the.NMR eak)sl ar?sin from the aromgatic H3/H5 protons
particular aromatic sité&s" As usual when implementing NMR 9 P 9 P '

studies on peptides or proteins, it would be desirable to carry out which in the ‘_‘Iight” spectrum appear with absolute intensities th"_"t
this sensitivity-enhancement procedure while spreading the affected®'® OVE' 12 times larger .”.“"?” those in the “dark” counterpart. This,
resonances throughout a 2D frequency spectrum. Here, howevern turn, places the sensitivity of such resonances well above the

- N Tlimit of detection of single-scan 2D NMR, which on the basis of
CIDNP shares with most other nuclear hyperpolarization SChemesprevious calculations we estimate at ca. 4 mM/scan for a TOCSY

: Department of Chemical Physics. correlation run on a thermally polarized sample at 115 The
§ Department of Structural Biology. consequences of this sensitivity enhancement are demonstrated by
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Single Scan - Dark Single Scan - Light belov a 1 mM concentration, as illustrated by the dramatically
T - 7 — different qualities of the “dark” and “light” 2D NMR data presented
- = = i = in Figure 3.
_ '_JA_MJ)-,! The main objective of the present study was to explore the
benefits that could result from combining nuclear pre-polarization
Hyi's schemes with single-scan 2D NMR methods. The former provide
Tyrosine residues sensitivity gains that would be hard to achieve by gradual
; HiHS improvements in the traditional NMR hardware, but do so at the
- ==, expense of setups that are poorly suited to multiscan NMR
[e-Alad-Ala-Tyr-Tyr-Glu-Glu-Alad-Ala] = 0.5 mM acquisitions. The latter, on the other hand, are capable of providing
_ R the complete information being sought within a fraction of a second,
Wk ) O e but suffer from significant sensitivity limitations. The combination
of both methodologies is therefore a natural avenue to exploit. For
Figure 2. Single-scartH 1D and TOCSY 2D NMR spectra of the C-17  jmplementing an initial, test we chose to couple ultrafast 2D NMR
octapeptide (inset), recorded in the absence (“dark”) and in the Presence, ith CIDNP, a sensitivity enhancement method of relatively wide

(“light”) of a 1 sCIDNP pre-acquisition enhancement. Ultrafast 2D acqui- licability. As for th | its of h binati it
sitions involved\; = 22 square excitation pulses applied at offset increments applicability. As Tor the general meris or such a combination, [LIs

TH shift (v2, ppin)
]
I
I

AO = 8 kHz and spaced bxt; = 290 s while in the presence ofjaGe worth noting that, in terms of sensitivity per unit acquisition time,
= 121 kHz/cm, a 32 ms long WALTZ-based mixing period, o= 192 the 2D TOCSY results in Figures 2 and 3 are very promising,
decoding gradient echoes witht, = 270 us andynG, = 139 kHz/cm. particularly when recalling that CIDNP’s enhancement is not nearly

Data were sampled throughout these decoding echoes at a 200 kHz rateas dramatic as that achieved by other hyperpolarization methods
and processed into the displayed magnitude spectra (plotted at identical e ssed in the literature. The opportunities opened up by these
levels normal to their maximum peak intensity) as described elsewhere. additional combinations, as well as the ways by which these hybrid
" N experiments could help expand the potential of biomolecular NMR,
Single Scan - Dark f Single Scan - Light are Currently being assessed.
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Figure 3. Top: Single-scafdH 1D NMR spectra recorded on 1 mM insulin
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