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The ability to weakly align a macromolecule in solution relative o1 ¥
to an external magnetic field, usually by means of a dilute lyotropic 4, I 2 I 8 I I I%llg %BI %2| frec
liquid crystalline medium, makes it possible to obtain direct o2 y
information on the orientation of internuclear bond vectors from AJA] T g T4
li t th tat f int I bond tors f I |3|E|22|22IIIII
the residual internuclear dipolar couplings (RDCs) by NMRSo iC A GARP

far, most practical applications have focused on the measuremenigrag o o f o a QG“ o Ba 2 o a 4G

of one-bond interactions, particularly those for the backidéNe- G1 G1 Gy GgGa Gs Gg Gg Gy Gr Gl

'H and*3C*—'H* groups in proteins and also on other one-bond fgre 1. Puise scheme of the GHSE HSQC experiment. Narrow and

interactions such a¥C*—13C' and couplings across the peptide wide bars indicate nonselective 90 and 1§@ises, respectively. Unless

bond (3C'—1N). Measurements of fixed-distance dipolar inter- specified, pulse phases ateDelay durations:A = 1/(2JCH)= 3.35 ms;

actions for nuclei separated by two or three bonds also have proven: = 1.48 ms;z2 = 2.03 ms. For selection of the upfieldC component:

to be useful in this regartt® More recently, attention has focused ~ %: % ¢2= (135, ~45%; drec = (x,~X). The experiment is recorded in

Al h - the eche-antiecho manner: for eadhincrement, two FIDs are acquired,

on measurement oH-'H RDCS~® which, despite the variable  one with G inverted, and stored separately. For selecting¥elownfield

internuclear distance, can also easily be integrated in structurecomponent:¢; = —y; ¢2 = (225, 45°); ¢rec = (X,—X). Field gradients are

determination protocol, sine-bell shaped with duratior@,, ¢ of 1, 2, 0.25, 2, 2, 0.2, 0.3, 0.35,
Remarkably, théH—H coupling between geminal methylene girlesgio?z;( ir;p;tidij‘ gfyl(;, 218‘ 12, 30, 20, 10, 12, 30, 30 G/cm, and

protons is often more difficult to measure accurately. These protons o m e

frequently have a complex multiplet shape and fall in a crowded

region of thelH spectrum. This made it essentially impossible to

measure these couplings for the' @Bd many of the CZsites in

a palindromic DNA dodecamét for example. However, measure-

ment of the individual'3C—1H, and 1*C—'Hg interactions in

methylene groups has been reported for a drug bound to a

perdeuterated protein, where spectral complexity is greatly reduced.

A clever alternate approach measures simultaneoushf@retH,, For suitably chosen durations of the delayandt,, wherec,,s,,

131 o1 . . . 4
.3C He, a.md Ha . He dlpolar |nt§ract|ons but for practlpal reasons . g s .S + St the above summation corresponde(bl
is not easily applied to side chain methylene groups in proteins or + 2Hy,Hay) + A(Hax + 2HaH1y), which represent the upfield €

i i 2
to I:uclelc ac(;dé. ol di ional NMR . sign for Jyi2 < 0) and downfield (%" sign) components of the
eri’ we l(;amonstrate a simple two- lfrrl;enhsmk)‘na experi- H,—{H2} and H—{H;} doublets. Thus, with suitably chosen
ment that ylelds accurate measurement of both the sum and 7, values, the RaneeKay element selectively converts the

1 131 i i —1 i

Ha ar_ld 3C. Hg cfouhpllr’\\?,\s/lsnd the gem'r?éHA H?t couphng(,j d downfield CH, triplet component into the upfield components of
even in r_(;lglodns or the I speg_trumT:] at are often consi ereh the H—{H,} and H—{H;} doublets. As shown in Supporting
Inaccessible due to spectral crowding. The experiment narrows t €Information, the selectivity of this transfer is relatively insensitive

. o o i ) i
Ilnel ‘_N'ldth 'r': thi H d|kr]nen§|on by siuppressmg part of the—H to the precise value ak, and undesired transfers are suppressed
mLfI_tr']p et, : ere ?/]en ancmdq ;’eso ution. e q2 by more than 10-fold for up tet30 Hz deviations inJcy when

e pulse scheme used for measurementJah and “Dyy selectingry » durations for optimal S/Nt¢ = 0.210c; 72 = 0.30/

couplings is shown in Figure 1!H magnetization is initially Jow, A= 0.65 in the above expression). For shorter durations of
transferred té3C by means of an INEPT transfer, and subsequently 71, €ven more robust suppression of unwanted transfers can be

either the downfield or upfielc! comppnent of _tHK: triplet is obtained, albeit at lower S/N. For example, for= 0.1250c and
selected by the 9Q 13C pulse (time poing), the final pulse of a 7> = 0.200cy, calculations indicaté = 0.55, and 50-fold suppres-

- 3 i i ! . !
Sr? car:I:gCSE lelemenf-. The ch0|cef O; the RF Pha:‘m 1S sucr;d d sion is obtained for variations of up t840 Hz from the nominal
that t Boltzmann component of the magnetization is co-adde Jen. Calculations and simulatiotfsindicate that higher sensitivity
to the INEPT-.transferred component selected B, Shereby can be obtained when the 90purge pulse (time poinb) and
pflrtlally lqﬁlsettlng the loss Otf) 5|gnacli _from S]Ine of tk;edt\iﬁﬁi— gradient G5 are omitted in Figure 1 (Supporting Information), but
{*H} multiplet components, observed in regulrcoupled HSQC this makes suppression of the unwanted multiplet component more

spectra. At the end of th_e c_onstant-tlme evolution period,xhe sensitive to inhomogeneity of the radio frequency field, and this
component oft3C magnetization, €+ 4CHiHy, + 2(CHy, + option is therefore not used.

The above transfer from orl€C—{H} triplet component to a

CiH>,), is stored along the-axis (timeb), where the “+” sign refers

to the case where the upfieldC triplet component is selected,
and the “=” sign to the downfield component. The subsequent
“Rance-Kay"” style transfet* converts these terms intb(H1xC1281

+ HxCi1S2) — 2HuH2511812C0182 — 2HaH1:81181581C00 —
2H1HoCo1500 — 2HiH 251020, Wheres; = sin(mdcnjri) andcj =
cos(rlchiTi), wheret; designates; or 7, in Figure 1.

Igfg&ogﬂi\"gfgg‘_es of Health. single’H—{'H} component is conceptually similar to the so-called
§ University of Minnesota. ST2-PT transfer from®N—{H} to *H—{1*N} doublet components
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Figure 2. C5 regions of the 800 MHz CiH-S°E [13C,!H] HSQC spectra

of the uniformly3C-enriched stem-loop RNA oligomer, in 22 mg/mL Pf1.
Sample conditions: 1.9 mM RNA oligomer, 10 mM NaCl, 10 mM
phosphate, pH 6.8, 0.05 mM EDTA, 99%,@, 25 °C. The spectra
containing (A) the!3C-upfield and (B) the downfield components of the
13CH triplets were acquired in an interleaved manner, with acquisition times
of 25 (1) and 85 ;) ms, 8 scans per FID. (C) Composite of expanded
regions of spectra (A) and (B). Horizontal and vertical relative displacements
correspond tC;JHs'—Hs” + 2DH5'—|-|5” anlecg_Hsv + 1J05_H5v' + :I'D(;s«_Hsv

+ 1Dcs-ps, respectively.

used in TROSY experimerfsand also bears similarity to the
“SPITZE-HSQC” transfer experiment, which relies on heteronuclear
Hartmann-Hahn transfet? Although the total amount of magne-
tization transferred in the experiment of Figure 1 is about 2-fold
smaller than that in an optimized Ranggay transfer, all magne-
tization is present in half of théH—{H} doublet. Therefore, in
cases where gemind0yy + 2Dpy couplings are resolved, the

experiment yields S/N comparable to the normal case, where delay

durations are chosen to optimize net transfer.

The experiment is carried out at 800 MH frequency, on a
sample containing 1.9 mM of a uniformiyC-enriched RNA stem-
loop oligomer, mimicking nucleotides 73760 of E. coli 23S
ribosomal RNA, and modified to contaipz4 The sample also
contains 22 mg/mL liquid crystalline Pf1, which functions to impose
weak alignment relative to the magnetic field on the solute RNA
structurel’” Figure 2 demonstrates the quality of the St$E—
HSQC spectra, obtained with a constant-time (CT) durationdat1/
~ 25 ms. Better'3C resolution, at a cost of lower S/N, can be
obtained for CT= 50 ms. The up- and downfiel&®C—{'H}
multiplet components are separated into Figures 2A and 2B. Their
relative displacement in théC dimension corresponds tdcy; +
Wchz + Dchr + Dcpa. The expansion shown in Figure 2C
highlights the relative displacement of multiplet components in the
IH dimension, which corresponds t&yin, + 2Duine. Data
measured under isotropic conditions indicate a relatively uniform
2312 value of—11 Hz. With the exception of thé-ferminal C5H,
group, all methylene groups also show quite unifdda; + *Jch2
= 298 4+ 1 Hz values (Supporting Information). Note that in the

absence of overlap, two independent measures for each splitting
are obtained from H5and H3', yielding information on their
reproducibility and permitting averaging of these values to improve
accuracy. In virtually all cases, pairwise differences were smaller
than 1 Hz.

In the aligned state, highly negative values are observed;igi,

+ 2Dy1nz, corresponding to negativi®y, values for all nucle-
otides. Thez-axis of the alignment tensor is approximately parallel
to the helical axis of the stem region of this structure. Negative
values therefore indicate a H5H5'"" vector pointing in the same
direction. This is expected for the A-form helical stem region, but
it is remarkable that the same feature is observed for all eight loop
nucleotides too.

Our results indicate that dipolar couplings for methylene groups
in 13C-enriched biomolecules can be measured at high accuracy,
even in spectral regions that frequently are considered intractable.
In oligonucleotides, this provides important experimental restraints
for the frequently ill-determined backbone torsion angles; in proteins
the same experiment yields invaluable information on side chain
conformation and dynamics. The experiment also yiélis_ns
+ Dcs-psr values, which function as important complementary
restraints in structure calculatidhand analogously th&Dcy 2
+ D¢y _p2 andiDyy_por values in DNA.
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Supporting Information Available: Plots of transfer efficiency
as a function ofr; and, for the purged and Rane&ay versions,
plots of the ratio of the largest unwanted transfer and the selected
transfer as a function of mismatch Jgy, and a table with scalar and
dipolar H8—H5" couplings, observed in the RNA stem-loop. This
material is available free of charge via the Internet at http://pubs.acs.org.
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