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Abstract: Under magic-angle spinning (MAS), the 2D-MELODRAMA pulse sequence reintroduces homo-
nuclear dipolar couplings, thereby allowing internuclear correlations to be determined. The evolution of the
density matrix under the average Hamiltonian established under the 2D-MELODRAMA pulse sequence has
been evaluated, and closed-form expressions for the dependence of cross-peak intensity as a function of the
dipolar mixing time are presented. In the case of sodium proprionaté3@,3>90% 1C) it is shown that

analysis of cross-peak intensity vs mixing times allows estimates of dipolar coupling with an accuracy
comparable with the 1D-MELODRAMA experiment. The potential for simultaneous multiple internuclear
correlations and distance measurements in spin systems for which there is not a large difference in resonance
frequencies is illustrated with glucod#éEs (36% uniformly labeled). It is shown that multiple correlations for

each ring carbon can be detected and good estimates of the corresponding internuclear distances can be extracted
from analysis of cross-peak intensities as a function of the dipolar recoupling time.

Introduction a higher degree of accuracy and precision than is attainable with

Significant progress has been made during the past Olecaolesolution-state NOE NMR studies. A frequent criticism of many

in developing nuclear magnetic resonance (NMR) multidimen- of these techniques is that multiple distances must be measured

: . : . one at a time, which is expensive and time-consuming. To
sional correlation spectroscopy to investigate molecular structurea ddress the latter issue t\AF/)o- dimensional variants hav% been
in amorphous or polycrystalline samples. These techniques '

combine magic-angle spinning (MAS}which achieves a *high prop'osed. which aIIowlchemic.aI shift porrelations with con-
resolution” spectrum, with rotor-synchronized rf pulse trains comitant internuclear distance informati&n-6 Carbohydrates

which reintroduce the dipolar couplings that provide structural present a partlpu_larly d'ﬁlc.u" pr_oblem since chemical synthesis
information. The experiments may be classified as hetero- Is frequently d_|ff|cult and |solat|o.n from natural sources Ieadg
nuclear (e.g. REDOR/TEDOR: RFDRCP) and homonuclear to smgll quantities. These practical concerns mal§e it essent!al
(e.g. rotational resonanéé’,SEf)RA? RFDR 910 DRAMA 1112 that distances be measurable between multiple sites (multisite

and its variants, DRAWS19. Because the direct dipolar labeling) and on relatively small samples. Because the chemical

o . . f
coupling scales as the inverse cube of the internuclear separationShlft dispersion of resonances is often smaki0 ppm for'*C)

there is the potential for measurement of longer distances with fn carbohydra'_[g systems, spectr_al reS(_)Iutlon is of significant
concern. Additionally, this chemical shift range makes carbo-

:To whom correspondence should be sent. hydrate systems challenging in that the frequency differences
National Research Council of Canada. may be too small for sequences such as RFBRNd too large
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Figure 1. 2D-MELODRAMA pulse sequence. During the interial
evolution is under the chemical shift Hamiltonian. Reintroduction of
the homonuclear dipolar coupling by the MELODRAMA sequence
during the intervalnix gives rise to coherence transfer from spito
spin S During the intervalt;, evolution is under the chemical shift
Hamiltonian. Phase cycling of the rf pulses is as given by Sun*t al.

MELODRAMA results. Application to glucos&Cs (36%

uniformly labeled) demonstrates that sufficient resolution may
be achieved to detect multiple correlations among the ring
carbons and to estimate distances between sites with goo

Jarrell et al.
H(t) = Hy + Hiy 1)
Hi=w,(,+3) 2)

Hine = Hes+ Hp = 0,01, + od0S, + 0p()(31,S, — 1+9)
@)

Each of the terms in the internal spin Hamiltonian of eq 3 is
time dependent, and the explicit form of this time dependence
imposed by MAS on the internal spin interactiohg¢l = CS

or D) can be compactly expressedas

2
0, = v+ Y of(apy)e™ @)
m=-2

wherecuflSO is the isotropic chemical shift, and the'(c.,3,y)'s

are the components of the respectivinteraction tensors in

the rotor frame. If the Hamiltonian in the toggling (interaction)
framé'® is cyclic, according to average Hamiltonian theory
(AHT),18 the evolution of the spin system undef, and a
periodic pulse sequence can be viewed as being generated by
an effective, constant Hamiltonidn:

Ho= Y

P.a=Xy,z

2
Z{) [ap,m(lprCSm + Spwg&n) +
wD,mapq,mI psq] (5)

Cl/\/here

accuracy. Furthermore it is shown that such measurements can

be made on small amounts of material (5 mg in the case of the
glucose sample).

Materials and Methods

Materials. Sodium proprionate-2-3:C, (90%*°C) was purchased
from MSD Isotopes (Monfra, Québec). p-Glucosel®C; (36.6%*°C)
was obtained from ISOTEC Inc. (Miamisburg, OH).

NMR Spectroscopy. All spectra were recorded on a Varian Unity-
400 spectrometer at €C resonance frequency of 100.1 MHz. The
1D- and 2D-MELODRAMA sequence is shown in Figure 1 and was
performed as described by Sanal'” Samples consisted of 15 mg of
labeled sodium proprionate and 5 mg of glucasei5 mmzirconia
rotor with Kel F end caps. No attempt was made to confine the sample
to the center of the rotor as suggested by 8tial!’” Spectra were
acquired with use of a Doty 5 mm MAS probe with fiber optic spin
rate detection (Doty Scientific, Columbia, SC}H-'3C cross-polariza-
tion (0.75 ms contact time) and MELODRAMA spin-lock were
performed with a3C yB; of 25 kHz at a spinning rate of 5 kHN(=
5). A *H cw-decoupling field strength of80 kHz was used during
thets;, mixing, and acquisition periods. The spinning rate was controlled
to within +5 Hz with a Bruker spin-rate controller (Bruker Instruments,
Billerica, MA). 2D spectra were acquired Wifl. K complex data points
in thet, dimension and 64 to 10Q increments and a spectral width in
both dimensions of 15 kHz and 5188 Hz, for sodium proprionate and
glucose, respectively. The recycle time was set8T; for protons
(20 s for sodium proprionate and 80 s for d-glucose). A sine-bell
squared apodization was used prior to a ¥KLK complex Fourier
transform. Peak heights were determined by standard Varian software
routines.

Theory

The total spin Hamiltonian in the rotating frame for a
homonuclear spin pait,§) undergoing MAS can be expressed
in terms of thel and S spin chemical shift € interactions,
the dipolar coupling) interaction, and the rf field interaction
as

H (6 = Uy Hipn()Uy (6)
Under the MELODRAMA sequencE,where the cycle time is
four rotor periods €. = 4t;), Sun et ak’ have shown that for
integer values of the ratidN = w/w,, only theayq: of eq 5
survive, and in particular, foeven N the average Hamiltonian
takes the form

H (1) = Dy(1,S, — ,S)

— 14
- DNIX

()
(8)

where the residual dipolar couplimyy can be expressed in terms
of the dipolar coupling constamip as”’

6N? sin(28) cos)

Dy=w (9)
NP on(an? - 1)
where
Mo Ay vs
wD_4¢[ rfs (10)

The fact that the MELODRAMA cycle time is four rotor
periods ¢: = 4t;) would suggest that for two different mixing
periods,nit, andnyty, each expressed as some integer multiple
n of the rotor period, only durations which are congruent modulo
4, i.e.,m = np mod4, should be considered. However, our
calculations of the functional dependence of the coefficiapts
andayg in eq 5 on the parametsr= wf/w, show that there is
a simple relationship between the duration of the mixing period

(18) Haeberlen, U. High-Resolution NMR in Solids. Advances in
Magnetic Resonanc¢&augh, J. S., Ed.; Academic Press: New York, 1976;
pp 64-69.
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(expressed as an integral multiple of the rotor period) and the

average Hamiltoniat®2% If the mixing time ist. = nt;, the
average Hamiltonian can be expressed as

H ()= EDlel"‘ (11)

with corresponding signals given by

m,+ St = %T [ dgsing [ dy cos{%DN(ﬁ,y)t] (12)

As an example, from eq 11, we see that for a basic MELO-
DRAMA pulse sequence of one rotor period in duration, the
average Hamiltonian would be scaled down by a factor of 4. In
considering the effects of MELODRAMA dipolar mixing in a
two-dimensional homonucleat3C—13C) chemical shift cor-
relation experiment! we develop an expression for the cross-
peak intensity following a mixing period of MELODRAMA
cycles. Referring to Figure 1, and assuming an initial condition
of Iy + S, following cross-polarization, through the chemical
shift evolution periods of duratioy andt,, and the MELO-
DRAMA mixing period of durationty, we focus on the fate of
magnetization originating on tHespin. Chemical shift evolu-
tion during periodd; andt, is governed by the Hamiltonian

H=ol,+ oS (13)

while the appropriate form of the Hamiltonian for an initial state
of Iy + S, (oddN) during a MELODRAMA mixing timetm (tm
= 4t,) ist’

H () = D\(I,S, — 1,S) (14)

During t;

otyl, .
l,—— 1y ot — Iy sinayt, (15)
As we now keep track ofl spin magnetization through
successive periods of MELODRAMA mixing, we consider only

the contribution from the first term of eq 15; it is easily shown

that the second term of this equation makes no off-diagonal

contribution. During the first MELODRAMA mixing period
of durationty, using product operator techniqé®st and the
fact thatl,S, 1,S,, andl,S, commute with each other, we find
that the term inly evolves under the action of Hamiltonian of
eq 14 as:

(1 cycle)
Aty
l, cosw t, — I, cosm;t, coS(Dyt,2)
— 1,S, cosmt; SinDyt,) — 1,S, coswt, SINDyt,,)

— S, cosat, sin(Dyt,/2) (16)

(19) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G., llI; Skelton, N. J.
Protein NMR Spectroscopy (Principles and Practji@&ademic Press: San
Diego, 1996; pp 7393.

(20) Waugh, J. SJ. Magn. Reson1982 50, 30—49.

(21) Slichter, CPrinciples of Magnetic Resonancepringer, New York,
1990; pp 344-350.
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=1, coswltll%(l + (DNtm))] — 1,S, cosm,t; SinOyt,)

— 1, cosayt; sinOywty) — § COSw|t1E(1 — cosOyt,)
17)
Before we consider the effects of further MELODRAMA cycles,
we pause to note parenthetically the origin of cross-peaks from
this expression. During an acquisition perigdollowing one
such MELODRAMA mixing period, each of the four terms in
egs 16 and 17 evolve under the chemical shift Hamiltonian of

eq 13, leading to the following expression for the density
operatorp:

p =1, cost,) CoS@t,) COS(Dyt,/2)
— 1, cost,) sin(,t,) co$(Dyt./2)
— LS cosuty) cos,ty) sinDyt,)
— 1,S, cosguty) sin(wt,) SinOyty)
— 1,§ cost,) cosd,) sinDyt,,)
= 1,§ cos@ty) sin(wd,) sinOyt)
— §, costy) cosd,) Sir(Dyt,/2)
+ S, cos@ty) sin(d,) Sif(Dyt,/2) (18)
The +ly term in this expression corresponds topasitive
diagonal peak, the-S, term corresponds to aegatie cross-
peak, and the remaining antiphase terms are unobservable and
do not contribute any intensity. According to this expression,

the complex magnetization recorded during the acquisition
period would be given by

M (t) O Tr[p(l, + il )]

= Tr(1, coso,ty) — I, sint)(1,c+ il )] x
cos@,t;) coS(Dyt,/2)

= —2 cosf,t,) cog(Dyt,/2) expl(wt, — 7/2)] 19

ME(t) O Tr{p(S, +iS)]

= 2 cosfy,ty) Sif(Dyt,/2) expli(wd, — 7/2)] (20

If instead there is a second consecutive MELODRAMA mixing
period of duratiort, each of the four terms in eq 17 then evolve
under the action of Hamiltonian of eq 14 as follows:

|yﬁ» l, coS(Dyt,/2) — 1, S, sinDyt,) — IS, sinDyt,)
— §, sinf(Dyt,{2) (21)

-5 ﬁ- -5 CO§(DNtm/2)
_ gy SinDyt,/2) cosD\t,/2)

- 2%’ SiNDyt,/2) cosOyt,/2) + 1,S, SiIf(Dyt,/2) (22)
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Ht

—1,5,— — 1S, cod(Dyt,/2)
- gsy SiNOyty/2) COSO\L./2)

—~ ély SiNDyt,/2) cosDyt,/2) + 1S, sirf(Dyt,/2) (23)

-S, S S, coS(Dyt,/2) + 1,S, SinOyt,)
+ 1,8, SinDyt,) + 1, Sif(Dyt,{2) (24)

Jarrell et al.

C1, = cof(D,t/2) x C1,_, + si’(D\t./2) x C2,,_,
- %sin(DNtm) «C3._, (28)

C2, = Sirf(Dyt,/2) * C1,_, + coS(Dyt,/2) * C2,,_;
+ Z5in0yt) * C3, 1 (29)
C3,=sinDyt,) * (C1,_, — C2,_,) + cosO\t,) * C3,_;
(30)

with Cly = 1, C2, = 0, andC3p = 0. Straightforward matrix
techniques can now be used to solve these coupled recursion
relations for the coefficients as

These evolution equations can be used to obtain, after some

simplification, the following expression for the Hamiltonian after
2 MELODRAMA cycles:

(2 cycles)
Zﬁtm 1
I, cosmt; —— 1, coswyty| ~(1 + cos(Dyt,,))
2
— 1.S cosot; SInOyt,) — IS, coswt; sinDyt,,)
1
— § cosayty[~(1 — cos(Dyty)| (25)
2
Similarly we find after three and four consecutive MELO-
DRAMA mixing periods, each of duratioty, the following

expressions for the respective Hamiltonians:

(3 cycles)

Sﬁtm 1
I, coswt,— I, cosayt, 5(1 + cos(Dyt)

— 1S, cosmt; sin(3Dyt,) — 1,S, cosw,t; sin(Dyt,)

— § cosat; g(l — cos(Dyt)| (26)

(4 cycles)

4Ht,

1
I, cosmt; l, cosawyt; 5(1 + cos(Dyt)

— 1S, cosmt; sin(4D\t,) — 1,S, cosw,t, Sin(4Dt)

— § cosoty g(l — cos(Dyt))| (27)

Referring to eq 18, we see that each of §derms in eq 17
and eqs 2527 gives rise to cross-peaks in the two-dimensional
chemical shift correlation experiménif Figure 1.

As an alternative to the tedious calculation of the Hamiltonian
for each increment of the mixing period by one MELODRAMA
cycle, the expressions of eqs-224 can be used to derive simple
recursion relations for the coefficients of the termdpf-S,
and — IS, (or —I,S) after n MELODRAMA cycles. If we
denoteCl,, C2,, andC3, as the coefficients of the terms iy
=S, and—LS; (or —1,S)) respectively, in the Hamiltonian after
thenth MELODRAMA cycle, we derive the coupled recursion
relations

C1,= %[l + cosfiDyt,)] = cos nd (31)
1 .
C2, = 3[1 — coseDty)] = S (32)
C3,, = sin(nDyt,) = sin 2n0 (33)
where
6 = Dyt,/2 (34)

The recursion relations of eqs 280 can be formulated in
matrix form as

(35)

where

(36)

(37)

cog 0 sir 0 —sin 6 cost
sin? 6 cos 6 sin 6 cos6
2 sinf cos® —2sinf cosd cod @ — sin’ O

This set of coupled finite difference equations which define the
recursion coefficient§ C1,,C2,,C3,} can be solved by using
standard techniqués. We find

A= (38)

z,= A"z, (39)
where
Ci1, 1
Zy= Chl=|0 (40)
C3, 0

Writing out the matrix elements of eq 39, using an * to denote
irrelevant elements, we note that

(22) Jordan, D. W.; Smith, PMathematical TechniquesOxford
University Press: Oxford, 1994; pp 58399.
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* *x K x |[1
C2,|=|A% A% A%]|0
* * * % ||O
and thusC2,, the coefficient that determines the amplitude of

the cross-peak intensity afteMELODRAMA cycles, is simply
given by

(41)

C2,=A%, (42)

It remains to find the explicit matrix elements Af, for which
purpose we use induction to show that

* * *
A" = [sir’no cond sinnd cosnd (43)
* * *

where, as above, the starred elements are irrelevant in this cas:
for the induction argument. Equation 38 shows that the equality

of eq 43 is satisfied fon = 1; we assume it is satisfied for

J. Am. Chem. Soc., Vol. 120, No. 4010998
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Figure 2. Total intensity of the’*C resonances of the GHCH;

=k — 1, and use this fact to show that eq 43 is then satisfied carbons of sodium proprionate-23z, with use of the 1D-MELO-
DR

for n = k. Therefore, suppose

Akl —
* * *

sin? (k—1)0 cog(k— 1)0 sink — 1)0 cosk — 1)0
* * *

(44)

It follows then from eqs 38 and 44 that = Ak"1A can be
expressed as the matrix product

* * *
sin? (k—1)0 cof(k — 1)0 sink — 1)0 cosk — 1)0 | x
* * *
cos 6 sirf 6 —sin 6 cosé
sin? 6 cog 6 sinf cosh | (45)

2sinf cos® —2sinf cosh cod h — sir’ 6
and so for example

A% = sirf(k — 1) cog 6 + cog(k — 1)0 sin? 6
+ 2 sink — 1)0 cosk — 1)0 sin 6 cosO (46)

= {sink — 1)0 cos@ + cosk — 1) sin 6}* (47)
= {sin[(k — 1)0 + 0]}? (48)
= sin’(k0) (49)
Similarly, from eq 45, we find
A%, = cod(kh) (50)
A%, = sinkh) coskd) (51)
and so
* * *
AYsirt ko cod kg sinke coskd (52)
* * *

which completes the induction argument.

AMA pulse sequence. The spinning rate was 5 kHz, and the ratio
of 13C radio frequency field strength to the spinning rate wal 5=(
5). Filled circles are the experimental data points, and the solid and
dashed lines are fits of eq 12 to the data with values of dipolar coupling,
Dy, of 1922 and 1808 Hz, respectively.

Data Analysis

Inspection of eq 12 reveals that, because of the nature of
the average Hamiltonian established by the MELODRAMA
sequence, fitting of experimental data as a function of the dipolar
recoupling timetn, reduces to a dependence on one parameter,
Dn. In simple isolated two-spin systems such as sodium
proprionate-2-33C,, the diagonal and cross-peak intensities of
2D-MELODRAMA spectra as a function of the number of rotor
periods of dipolar recoupling may be fit directly according to
egs 31 and 32. However, for multispin systems it is desirable
to have the level of isotopic labeling low<@Q0% uniform
labeling) to ensure that the MELODRAMA experiment is
dominated byisolated two-spin interactions. Thus the total
diagonal intensity associated with each label positiopn, C
represents the sum of the diagonal intensity for eaetGZspin
pair, which for each pair is given by eq 31. As a result of this
superposition of diagonal peaks, it is not practical to fit either
diagonal peak intensities or absolute cross-peak intensities. In
such cases relative cross-peak intensities may be fit by minimiz-
ing an error function of the form:

= [Vvij (R(calc)i - R(exp)i)/ R(expi]2

whereRcaii is the ratio of the calculated cross-peak intensity
licalg(7;) at a mixing time ofr; to that of the reference calculated
cross-peak intensitlcag(r1) at a mixing time ofry, Rexpi iS

the ratio of the corresponding experimental cross-peak intensi-
ties, andWj is the signal-to-noise ratio of cross-pedks;)
relative to that ofli(zy). The powder averaged signiakag(t;)

is calculated according to:

Error (53)

oo = S5 3 BN @) sinp By (54)

licaig(B,y)(t1) is the cross-peak intensity associated with a
particular crystallite orientation, wheyg andy are the usual
polar and azimuthal angles relating the orientation of the
internuclear dipolar vector to that rotor axi$caig(8,y)(r1) is
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Figure 3. 2D-MELODRAMA *C NMR spectra of sodium proprionate-2-%,. Left, contour plot for mixing time of 1 ms. Right, traces along
F, axis at the CHresonance showing the cross-peak intensity at thedbiemical shift as a function of the mixing time: from bottom to top, 0.2,
0.4, 1.0, and 2.0 ms, respectively. Data were acquired at a spinning rate of 5 kHz, and the rati&@friio frequency field strength to the
spinning rate was 5N = 5).

given by eq 32 wher®y is given by eq 9. The error function It is expected that the projection of the 2D-MELODRAMA

represents a one-parameter fit that may be minimized by usingspectrum onto thé; or F, axis would be equivalent to the

the golden routing3 corresponding 1D dipolar-dephased spectrum. Thus the total
spectral intensity of a trace from the 2D-MELODRAMA

Results spectrum through a cross-peak corresponds to the dephasing

Sodium Proprionate-2-333C,.  Application of the 1D- curve arising from the 1D-MELODRAMA sequence. Figure

MELODRAMA sequence to sodium proprionate-23, (90% 4 shows the predicted dependence of the diagonal, cross-peak,
13C) under conditions where the ratjd;(13C)/v;, N, is equal and tgtal peak intensities on the mixing time fqr two values of
to 5 for increasing number of rotor periods gives rise to the the dipolar coupling constant and aty8./v; ratio (N) of S.
expected dipolar dephasing curve of Figure 2. The total peak The diagonal and cross-peak intensities approach equal values
intensity (, + S) was fit to eq 13 of Suret al'7 to give a whlc_;h are of opposite sign. As expected the total signal intensity
dipolar coupling of 1865+ 57 Hz corresponding to a-6C arising from one of the spins corresponds to the normal 1D-
bond length of 1.59 0.03 A, in good agreement with the 1.54 MELODRAMA dephasing curve. In principle, the analysis of

A expected for this type of €C bond. Figure 3 shows results _the bu!ldup of cross-peak intensity as a function of mixing time
of the 2D-MELODRAMA chemical shift correlation experiment 1S Straightforward and depends only on the magnitud®ef

as a function of the mixing time. As the dipolar interaction is [N an isolated two-spin system that is 100% isotopically enriched
reintroduced for longer periods of time, the transfer of coherence thiS is true since the absolute intensity of the diagonal may be
between the methyl and methylene carbons becomes moreobta_lned aty = 0 and used to normalize cross-peak intensities.
complete. Evaluation of the density matrix under the average Additionally, for each valuén, T, effects may be compensated
dipolar recoupling Hamiltonian (eq 11) gives the cross-peak S!nce
intensity at a mixing time, as

= Idiags_ leross (58)
1 pn p2n .
looss= g Jo Jo {1+ cosPy(B.y)r,]} sinp ds dy = lo exp(-t,/T,) (59)
(55)
where
and a diagonal peak intensity given by
1 T 27T
1 w2 Idiags: IOeXp(_tn/TZ)QJ(; f(; x
liogs= 52 Jo Jo {1+ cosDy(B.y)7,]} sinf dp dy {1+ cosDy(B.y)r,]} sinf dg dy (60)
(56)
leroes= lo XDt/ T [ 7"
yielding a total spectral intensitly cross = lo €XPE1o/ Z)QIO o X

1 {—1+ cosDy(B.y)7yl} sinf ds dy (61)

| = lyoget looss= == [ [ cosDy(B. sin A dg d
diags © "cross Mt/; 0 Pufy)end sinf '8(57;) where lg is the initial intensity att, = 0. This may be
particularly important whemDy is comparable to #T,. For

(23) Bock, K.; Thogersen, H. IAnnual Reports on NMR Spectroscppy ~ More complicated and perhaps more interesting situgtipns in
Webb, G. A, Ed.; Academic Press: San Diego, 1996; Vol. 13, pp® which there are more than two sites labeled<dt00%, it is
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§ 0.0—-»-..,." Figure 5. Best fit of the relative intensity of the 2D-MELODRAMA
= ""s..‘.\ cross-peak intensity at several values of the mixing timg for sodium
054 e e Crosspeak proprionate-2-3%C,. The cross-peak intensities were taken from the
spectra shown in Figure 3. All cross-peak intensities were referenced
to that fortmix = 2 ms. Data fit was according to eq 53. Solid line best
'1-00 : 10 15 fit with Dy =1516 &+ 56 Hz (the error corresponds to the standard
B . deviation in theDy values when the peak heights or peak integrals
Mixing Time ( ms ) were used in the fits and also when either cross-peak intendify at

Figure 4. The simulated 2D-MELODRAMA signal intensities as a 2 ms was used for referencing).

function of the dipolar coupling)n, and the dipolar recoupling time, o ) )
tmx INtensities were calculated according to eqgs 55, 56, and 57 as a  GlucoselCe. A criticism of distance measurements by solid-

powder average with a ratio of the radio frequency field strength to State NMR techniques is that typically such measurements are

the spinning rate of 5N(= 5). Top: Dy = 2 kHz; bottom: Dy = 140 made on pairs of sites, and then only on one pair at a time.
Hz. The values oDy were selected to represent the range of values of This task can certainly be time consuming, if not costly as well.
Dn expected to occur in glucose. The 2D-MELODRAMA sequence has been shown to be capable

- . of revealing multiple homonuclear chemical shift correlations
more difficult to analyze the buildup of the absolute cross-peak i, hentides having more than two sites labeled Wihat >90%
Intensity as a func’qon of mixing time since the valuel pfor . enrichment’ Carbohydrate systems represent a difficult class
each site involved in a two-spin interaction may not be Tead"Y of biomolecules for such studies because chemical synthesis is
determined. An alternatlv_e is to express the cr_o_ss-peak intensity yissicult and costly and thé3C chemical shift range is often
at.s.ever_al values df, relative to that at a specific value of the ¢ -1 Thus it is highly desirable in these cases to be able to
mixing time: incorporate multiply labeled sites either through chemical or

P . J. biochemical synthesis to make simultaneous multiple chemical

Reross = lerosdtm)/Terosdt) (62) shift correlations and distance measurements on small amounts
, , , , of material. To reduce multi-spin effects and maximize isolated
wherely {t,) and I}, () are cross-peak intensities at mix- two-spin correlations, it is expected that the level of uniform
ing timest,,, andt),, respectively. In this casd, is a mixing isotopic labeling must be low (e.g. #20%). To test the
time for which the absolute cross-peak intensity is near maximal viability of the 2D-MELODRAMA experiment for determining
and most reliable (best signal-to-noise ratio). Figure 5 shows accurate multiple internuclear distances for carbohydrates,
results of the best fit of the relative cross-peak intensities of measurements were made on 5 mg of glucose unifofi@y
both sets of peaks in the sodium proprionate-2G> 2D- labeled at 36.6%. It was expected that at this level of isotopic
MELODRAMA spectra (Figure 3) tdy according to eq 53, labeling, the assumption of isolated spin pairs may be prob-
which gaveDy = 1516+ 56 Hz. In an alternative approach lematic for some sites. Some positions (e.g. C3 and C5) exhibit
based on eqgs 31 and 32, a similar fit of the ratio of cross-peaka small chemical shift difference<Q.5 ppm), a situation
to diagonal intensity gave a value of 1508 Hz fof. The typically found in carbohydrates. Thus the sample is a stringent
former results give a £-Cz bond length of 1.7 0.02 A. The test of the sequence’s ability to resolve correlations and distances
accuracy of the measured distance by 2D-MELODRAMA between sites having a small range of shifts on a small sample
appears to be less than that obtained by the 1D experiment buf{~5 mg). Figure 6a shows that in the 1D spectrum of glucose,
is still within 10% of the actual value. This may in part arise all resonances for the six carbons are resolved. Resonances
from the use of peak ratios derived from 2D cross-peak may be assigned based on those of glucose in aqueous séfution,
intensities whose accuracy is limited by the signal-to-noise ratio. and these assignments are consistent withCCcorrelations
The results show that on a small amount of material (15 mg), revealed by the 2D-MELODRAMA spectra. Figure 6b shows
2D-MELODRAMA can reveal homonuclear chemical shift 13C 2D-MELODRAMA spectra and corresponding traces at the
correlations and permits the measurement of internuclearanomeric carbon frequency (C1) at several mixing times. At
distances with good accuracy. short mixing times, only correlations between C1 and ring
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Figure 6. (a) 1D 3C MAS NMR spectrum of glucos&Cs showing spectral resolution. Small peaks are fhanomer of glucose. (b)
2D-MELODRAMA 3C NMR spectra of glucos&Cs. Left, contour plot fortmix = 4 ms. Right, traces alonfg; axis at the C1 resonance showing
the cross-peak intensity at the C2 to C6 carbon chemical shifts as a functiontgftrem bottom to top, 0.2, 1.2, 2.0, 4.0, and 8.0 ms, respectively.
Data were acquired at a spinning rate of 5 kHz, and the ratié@fadio frequency field strength to the spinning rate wasl5=(5).

positions<2 A are detected. At longer mixing times correla- the basis of the cross-peak intensity predicted by eq 32 at the
tions between C1 and all other carbons are detectable. Ofmeasured mixing times, a qualitative analysis of the data would
interest is that the signal-to-noise ratio is sufficient to detect allow C—C correlations to be grouped into shortq A),
C—C correlations even between relatively distant carbons. On medium (2-3 A), and long &3 A). Inspection of traces through
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Figure 7. Best fit of the relative intensity of the 2D-MELODRAMA Z.
13C cross-peak intensity for the €T3 pair of glucose?C; at several
values oftmix. The cross-peak intensities were taken from the spectra 0 T 7 3
shown in Figure 6. All cross-peak intensities were referenced to that 0 1
for tmx = 2 and 6 ms. Data fit was according to eq 53 with = 515 Calculated
Hz. The solid line represents that for exact correspondence betweenFigure 8. Best fit of the relative intensity of the 2D-MELODRAMA
calculated and experimental intensities. 13C cross-peak intensity for the €5 pair of glucosé?C; at several

o o values oftmix. The cross-peak intensities were taken from the spectra
the 2D spectrum shows that spectral resolution is not sufficient shown in Figure 6. All cross-peak intensities were referenced to that

to monitor all G-C correlations (data not shown). Since the for tmx= 2 ms @) and 6 ms[d). Data fit was according to eq 53 with
diagonal peak is relatively large and has opposite sign to thatthe indicated values obn. The solid line represents that for exact

of the associated cross-peak, overlap of the two makes detectiorforrespondence between calculated and experimental intensities.

of cross-peaks difficult, and quantitation of intensities impos- sample are shown in Table 1. For comparison the corresponding
sible. For this reason, the 2D spectrum does not appear to bedistances derived from a neutron diffraction study of methyl
symmetric about the diagonal. In principle, analysis of the a-p-glucospyranosidé are also given in Table 1. Due to
cross-peak intensity at one or more mixing times as describedspectral overlap some internuclear distances could not be
above should permit the evaluation of the entire distance matrix determined such as the short-634 (1.53 A). In general there
relating all inter-carbon separations. However, unlike a simple is good agreement between distances estimated from the
two-spin system, the multiply labeled glucose presents severaldependence of cross-peak intensities on mixing time and those
problems. First, the diagonal represents a superposition ofderived from single-crystal studies. However, there are some
diagonals associated with each two-spin subsystem so thatotable discrepancies. While correlations between positions
normalization of cross-peak intensity is difficult. Second, since having internuclear distances greaterrit® A are observed,

the expected magnitudes of dipolar couplings range from 2 kHz the derived distances appear to be shorter than expected. A
to <100 Hz, it is difficult to optimally define the buildup of all  possible source of this inaccuracy is that long mixing times are
cross-peak intensities without recourse to what may in some required to properly define the cross-peak buildup curves. As
cases be impractical experimental times. Finally, for the long a result, transverse relaxation effects could lead to cross-peak
mixing times required when small dipolar couplings are being intensities that are significantly less than expected. Since the
measured, it is difficult to directly estimate intensity corrections fitting procedure uses relative cross-peak intensities (where
for T, effects by the approach discussed above. For the glucoseexperimental and calculated cross-peak intensities are referenced
data, the buildup of cross-peak intensity as a function of mixing with respect to that from a long mixing time) the latter effect
time was analyzed according to eq 53 where the intensity at would give the appearance of a cross-peak buildup rate greater
each value of the mixing time is expressed relative to the than expected for the true internuclear distance. This appears
intensity at a particular value of the mixing time. Results of to be the most likely explanation for the short-©626 and C3-
typical fits are shown in Figures 7 and 8. Internuclear distances C6 distances. In contrast, short distances are measured as being
derived from the estimated dipolar couplings for the glucose 10—20% longer. This is similar to the result obtained with

Table 1. Glucose'*C—13C Distances (in A) from 2D-MELODRAMA Cross-Peak Intensifies

position C1 Cc2 C3 C4 C5 C6

C1 0.00 1.83+ 0.02 248+ 0.1 ND 2.60+ 0.07 2.89+0.10
0.00 1.53 2.49 2.87 2.38 3.67

Cc2 2.00+ 0.04 0.00 1.8+ 0.04 1.81+0.17 ND ND
1.53 0.00 1.52 2.49 2.87 4.24

C3 2.344+0.05 1.61+0.1 0.00 ND ND 3.08+ 0.16
2.49 1.52 0.00 1.53 251 3.87

C4 ND 1.81+0.17 ND 0.00 1.8 0.03 2.6+ 0.01
2.87 2.49 1.53 0.00 1.53 2.52

C5 2.61+0.03 ND ND 1.98+ 0.1 0.00 2.2+ 0.05
2.38 2.87 251 1.53 0.00 1.52

C6 3.03+0.01 ND ND 2.66+ 0.2 ND 0.00
3.67 4.24 3.87 2.52 1.52 0.00

2 Errors represent standard deviations among fits for which different cross peaks were used in referencing relative cross-peak/alitekip.
in italics are calculated from the crystal structure of metiwyd-glucopyranosidé* ND = Not determined either because of spectral overlap or
absence of corresponding cross-peak.
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sodium proprionate for which the-€C distance measured by of the true value). It has been shown that the cross-peak
2D-MELODRAMA was ~10% greater than expected. Sein intensity has a simple dependence on the value of the dipolar
al.}” have noted that rf inhomogeneity reduces the efficiency coupling and the mixing time, and that analysis of experimental
of the reintroduction of homonuclear dipolar recoupling by the results amounts to a simple one-parameter fit of the data. While
MELODRAMA sequence, which would be manifest as an there are a number of well-established techniques for distance
apparently smaller dipolar coupling. In the present case this measurements in peptides and proteins, the 2D-MELODRAMA
seems unlikely since for the sodium proprionate sample, 1D- approach discussed in this study appears to hold particular
MELODRAMA gave close agreement between the measured -omise for 3D structural analysis of carbohydrate systems.
and expected internuclear distance. Inspection of Figure 4 andgjnce carbohydrates are notoriously difficult to crystallize, the

simu[ations o.f.crogs-peak intensity (data. not shown) as a 2D-MELODRAMA approach certainly offers an alternative to
Lul_r|1ct|on dOf rgllxwllg time Sl.hOW :chgt,kaor a}[hsplgn.llr(ljg spefed of 5 single-crystal X-ray crystallography for structural analysis with
Z and a dipofar coupling o z, the buridup of cross- Angstram resolution. One of the frequently used methods of

peak intensity is essentially complete after 8 rotor cycles. Thus establishing conformation of glucoconjugates is the combination
for the glucose case the experimental cross-peak buildup may 9 9 1ug . .
of NMR spectroscopy and molecular mechanics/dynamics

not be as well defined for short distances (1.5 A) as for longer ) - .
calculations. However, there are still important concerns with

distances, leading to less accuracy in estimating the dipolar he f fiol leulati hich ari iy f insuf
coupling. In cases where both short and long distances areth® force field calculations which arise mainly from insuf-

expected, a possible strategy is to use higher spinning rates sdiciently validated parameter sefs.In contrast to the situation
that better definition of cross-peak buildup may be obtained. Which obtains in the area of peptides and proteins, this arises

In the present study, a spinning rate of 5 kHz was the maximum in part from the lack of a sufficiently large base of known

stable spinning speed achievable. structures from which to refine force field parameter sets. Solid-
state NMR distance measurements therefore hold considerable
Conclusions promise for expanding the database of carbohydrate structures,

2D-MELODRAMA allows multiple homonuclear chemical thereby contributing to the refinement of parameter sets for
shift correlations in systems where there is not a large separatiorcarbohydrate structure prediction.
in the resonance frequencies of dipolar coupled spin pairs. In
addition, analysis of the buildup of cross-peak intensity as a Acknowledgment. This research was partially supported by
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