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Abstract: Pseudocontact shifts (PCSs) induced by a site-specifically bound paramagnetic lanthanide ion
are shown to provide fast access to sequence-specific resonance assignments of methyl groups in proteins
of known three-dimensional structure. Stereospecific assignments of Val and Leu methyls are obtained as
well as resonance assignments of all other methyls, including Met ¢CH3 groups. No prior assignments of
the diamagnetic protein are required nor are experiments that transfer magnetization between the methyl
groups and the protein backbone. Methyl C,-exchange experiments were designed to provide convenient
access to PCS measurements in situations where a paramagnetic lanthanide is in exchange with a
diamagnetic lanthanide. In the absence of exchange, simultaneous *C-HSQC assignments and PCS
measurements are delivered by the newly developed program Possum. The approaches are demonstrated
with the complex between the N-terminal domain of the subunit € and the subunit 6 of the Escherichia coli
DNA polymerase .

Introduction The resonance assignment of methyl group$3@ labeled

Methyl groups are excellent probes for the study of proteins Proteins is usually achieved by magnetization transfer from
by NMR spectroscopy because of their favorable relaxation sequentially assigned backbone resonaftahile this ap-
properties and intenséH NMR signals. When buried, they  proach works well for proteins up to 30 kDa, it is impeded by
report on the packing of side chains in the protein core and fast transverse relaxation for proteins of high molecular weight
thus provide important restraints for protein fold determination. or for paramagnetic proteins. Recent advances use tailored
On the protein surface, they can serve as hydrophobic probegsotope labeling schem®s* which are expensive and not
of protein—proteir?2 and proteir-ligand* interactions. Methyl generally applicable to any type of methyl group. In particular,
groups have also been established as probes of proteinthe methyl groups of methionine residues are hard to assign
dynamic8~* which, in contrast to amide protons, are inert with since any scalar couplings with tk€Hz group are smaft®

regard to solvent exchange. As a further drawback, experiments that transfer magnetiza-
! Australian National University. tion between methyl groups and backbone resonances usually
;g”'vefi'ty gcfj Quee”ga”d-A © Univétsitastitute of | _ do not afford stereospecific discrimination between the prochiral
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Chemistry, D-37077 Gitingen, Germany. methyl groups in Val and Leu residues. In this situation,
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In the case where the three-dimensional structure of the lographic experiment&.Using an intein-based stratetfithe N-terminal
protein is known prior to the NMR studies, it would be attractive Ser2 and C-terminal Alal86 @fl86 were linked by the nonapeptide
to use the structure to facilitate the NMR resonance assignmentsTRESGSIEF (numbered 187.95). Apart from tt‘f N- and C-terminal
In favorable situations, structure-based resonance assignmentiesidues that are structurally disorderedek86," the amide proton
can be achieved from NOE da¥ln addition. structure-based  chemical shifts of the linear protein are conserved ie1#6 within

. ' . . £0.05 ppm, indicating that cyclization does not significantly affect the
assignments of backbone resonances have been achieved usi

. . . . . npgotein structure. The proteins €286 andd were prepared, and used
residual dipolar couplings (RDCs) measured with different to isolate samples of the 4866 complex, essentially as described

alignment medi# or using the combined information from previously* NMR experiments made use of three different samples
pseudocontact shifts (PCSs), RDCs, paramagnetic relaxationof complexes of unlabeled with isotope-labeled cz186: (i) a
enhancements (PREs), and cross-correlated relaxation (CCRniformly 3C/AN-labeled sample (0.5 mM), (i) a biosynthetically
induced by paramagnetic metal iciThe structural interpreta-  directed fractionat®C-labeled sample prepared from 20%-glucose
tion of PCSs has been used earlier to support resonance(0.5 mM)!®7and (iii) a sample with*C/**N-Leu (0.15 mM). Samples
assignments of ligand residues in heme prot&inRecent of €186 were dialyzed against NMR buffer (20 mM Tris, pH 7.2,
advances in site-specific attachment of single lanthanide ions 100 mM NaCl, 0.1 mM dithiothreitol, and 0.08% (w/v) Nakh 90%
to proteing®37 extend this approach to long-range paramagnetic H20/10% QO). s _ s
effects, with the possibility of tuning the range of focus by 's-f‘”tha”'des (Li = La®" or 11 mixtures of _Lé*/Dy + or Ladt/
choice of a particular lanthanid3®39 Yb )_vyere adde(i from LnGI_stock solutions in the same buffer
Here we show that the analysis of PCSs induced by Ianthanidecontaml'ng tqtal LA™ concentrations of 30 mM. The 1:1 m_lxtures were
. . added in slight molar excess to catalyze the metal ion exchange,
ions presents a powerful tool for the assignment of methyl resulting in exchange rates of a few! 4> Restoration of the apo-
resonances, which by reference to the 3D structure of the proteincomplex was achieved by extensive dialysis against buffer containing
works even in situations when connectivities to the backbone 1 mm EDTA followed by dialysis against EDTA-free buffer.
resonances are difficult to establish or the backbone resonance NMR Spectroscopy. All NMR experiments were performed at
assignment is incomplete. Stereospecific assignments of Val and25 °C on a Bruker AV 800 MHz NMR spectrometer equipped with a
Leu methyls are obtained as well as the assignments of anycryogenic TCI probe. Sequence-specific resonance assignments of the
other methyl resonances, including those of M@H; groups. methyl groups in the diamagnetic state were established by 3D HNCA
We present two GEXSY experiments for the convenient and (H)CCH-TOCSY spectra of the uniformBC/*N labeled sample
measurement of PCSs in situations where a paramagneticcomplexed with 1 equiv of L& (cz<186#/La*") and by reference to
lanthanide is in exchange with a diamagnetic lanthanide. In e @ssignments reported for the linedi86 protein with Mg™"
addition, an algorithm was developed to assign#@HSQC fStereospecnflc aSS}gnments of Val and Leu methyl groups were obtained
. . . rom a constant-time (28 msfC-HSQC spectrum recorded of the
cross-peaks of methyl groups in the situation where no exchangeg, ionally 3 labeled sample. Where possible, the rotameric states
information is available. The approaches are demonstrated With ¢ the sige chains of Val and Leu residues in the crystal structure of
the 30 kDa complex between the N-terminal exonuclease (186 were confirmed in solution by a 3D NOESYN-HSQC

domain €186 and the subunit of Escherichia coliDNA spectrum (mixing time 60 ms) recorded of the uniforA#p/AN labeled
polymerase IlI. The active site @186 binds two divalent iorf8 sample.
that can be replaced by a single3trion.*t Sequence-specific resonance assignments of the methyl groups in

the paramagnetic state were established by 2D and 3D meHBXEY

) ) ) spectra recorded with the pulse schemes of Figure 1 using a mixing
Sample Preparation. A cyclized version ofe186, cz¢186, was period ) of 480 ms and spectral widths of 30 ppiQ) and 16 ppm

designed for enhanced stability of the protein in unrelated crystal- (1) The 2D spectra were acquired with 1601024 complex data

Experimental Section

(21) Sattler, M.; Schwalbe, H.; Griesinger, €. Am. Chem. Sod.992 114, points and 32 scans in 10 h,_ while the 3D spe_ctra were acquired with
1126-1127. ) ) o 80 x 64 x 1024 complex points and 4 scans in 40 h. For all spectra,
(22) éaggga’:‘:ﬁgi&ggzh?’gdgjél“_"ég‘*z”ans' H.; Schwalbe, H.; Griesinger,  the initial t; delay was set to half the increment so that folded
(23) Tugarinov, V.; Kay, L. EJ. Am. Chem. So@004 126, 9827-9836. paramagnetic peaks could be identified by their inverted %ign.
(24) Tang, C.; lwahara, J.; Clore, G. NI. Biomol. NMR2005 33, 105-121. ; ; ; ;
(25) Grishaev, A.; Llinas, MProc. Natl. Acad. SciU.S.A.2002 99, 6707 The methyl group assignments obtained with these experiments
6712. provided the controls for the assignment methods described below.
(26) Jung, Y.-S.; Zweckstetter, M. Biomol. NMR2004 30, 25-35. ;
(27) Pintacuda, G.; John, M.; Su, X.-C.; Otting, &c. Chem. Re2007, 40, Manual Resonance Assignments from PCS5he P.C§S measu.red.
206—-212. from EXSY spectra were used to evaluate the possibility of assigning
(28) Senn, H.; Wthrich, K. Quart. Re». Biophys 1985 18, 111-134. the methyl peaks by comparison with back-calculated PCSs. PCSs were
(29) Ma, C.; Opella, S. . Magn. Reson200Q 146, 381—384.
(30) Dvoretsky, A.; Gaponenko, V.; Rosevear, PFEBS Lett2002 528 189—
192. (40) Hamdan, S.; Carr, P. D.; Brown, S. E.; Ollis, D. L; Dixon, N.Sructure
(31) Wahnert, J.; Franz, K. J.; Nitz, M.; Imperiali, B.; Schwalbe, #H.Am. 2002 10, 535-546.
Chem. Soc2003 125, 13338-13339. (41) Pintacuda, G.; Keniry, M.; Huber, T.; Park, A. Y.; Dixon, N. E.; Otting,
(32) lkegami, T.; Verdier, L.; Sakhaii, P.; Grimme, S.; Pescatore, B.; Fiebig, G. J. Am. Chem. So2004 126, 2963-2970.
K. M.; Griesinger, CJ. Biomol. NMR2004 29, 339-349. (42) Park, A. Y. Ph.D. Thesis. Australian National University, Australia, 2006.
(33) Prudecio, M.; Rohovec, J.; Peters, J. A.; Tocheva, E.; Boulanger, M. J.; (43) Williams, N. K.; Prosselkov, P.; Liepinsh, E.; Line, |.; Sharipo, A.; Littler,
Murphy, M. E. P.; Hupkes, H. J.; Kosters, W.; Impagliazzo, A.; Ubbink, D. R.; Curmi, P. M. G.; Otting, G.; Dixon, N. E. Biol. Chem2002 277,
M. Chem. Eur. 32004 10, 3252-3260. 7790-7798.
(34) Leonov, A.; Voigt, B.; Rodriguez-Castedia, F.; Sakhaii, P.; Griesinger, (44) Hamdan, S.; Bulloch, E. M.; Thompson, P. R.: Beck, J. L.; Yang, J. Y,;
C. Chem. Eur. J2005 11, 3342-3348. Crowther, J. A.: Lilley, P. E.; Carr, P. D.; Ollis, D. L.; Brown, S. E.;
(35) Haberz, P.; Rodriguez-Ca3eata, F.; Junker, J.; Becker, S.; Leonov, A,; Dixon, N. E. Biochemistry2002 41, 5266-5275.
Griesinger, COrg. Lett 2006 8, 1275-1278. (45) John, M.; Headlam, M. J.; Dixon, N. E.; Otting, &.Biomol. NMR2007,
(36) Rodriguez-Castaala, F.; Haberz, P.; Leonov, A.; Griesinger, I@agn. 37, 43-51.
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(37) Su, X.-C.; Huber, T.; Dixon, N. E.; Otting, GChemBioChen200§ 7, 129 462-463.
1599-1604. (47) DeRose, E. F.; Darden, T.; Harvey, S.; Gabel, S.; Perrino, F. W.; Schaaper,
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Figure 1. Methyl CAEXSY experiments. (a, b) Pulse schemes of the 2D and 3D versions, respectively. Narrow and wide bars represent radio frequency
pulses with flip angles of 90and 180, respectively, applied with phagaunless indicated otherwise. Selecth¥€ pulses were applied as a 1.5 ms Q5 pulse
prior to the delayrc and as a 1.5 ms time-reversed Q5 pulse prior to the dglagenerating an excitation bandwidth of 20 ppid.saturation is achieved
with 120° pulses applied every 5 ms, and the 3-9-19 sequence is used for water suppressionzRUB@(*H) pulses are applied every 6 ms with a
MLEV-16 supercycle to suppress cross relaxation betveeand13C spins. The phase cycle wag(x, —X), ¢2(2X, 2(—X)), ¢3(X), ¢a(4y, 4(—y)) andpredX,
2(—x), X, =X, 2, —X). States-TPPI was applied ga and¢s for quadrature detection. Delay3: = 28 ms,0 = 3 ms,7c = 0.75 ms;ry = 1.7 ms. Gradients
(Gi) were applied along the-axis with strengths of 23.2, 14.5, 20.3, 17.5 and 11.6 G/cm. (c-e) Simulated dif©leglaxation rates and NOE in isolated
CHjs groups versus molecular rotational correlation timg (ising egs 4 in ref 5: (c) transverse relaxation rd&g (d) longitudinal relaxation ratB;, and

(e) steady-stat®®C{H} NOE. The dashed line reports the relaxation rates calculated for a stagigrGip, whereas the solid line takes into account a rapid
rotation around the 3-fold symmetry axis with a correlation time 25 ps and assuming tetrahedral geome&% < 0.111,rcy = 1.10 A, rcc = 1.52 A)7

The dotted line represents the contribution from a neighboi@gspin toR,, Ry, and cross-relaxatiorv), respectively. The vertical axis of tHéC—13C
cross-relaxation rate in panel e is intsBecause of the small contribution of PRERg*® the 13C{1H} NOE is similar for paramagnetic and diamagnetic
proteins.

back-calculated using a Mathematica (Wolfram Research) script and observable intH-detected NMR spectra. By comparing the chemical

the crystal structure af186 (PDB entry 1J53, ref 40). They-tensor shifts in the diamagnetic and paramagnetic states, Possum attempts to

parameters of DY in complex with €186/ have been reported find the resonance assignment with the lowest residual@@stiefined

previously*® The tensor parameters for ¥bwere determined from by

15N-HSQC spectra using the program Echitfras Ayax = —6.52 x T o

1032 me, Ay = 1.12 x 1072 m?, o = 24.%, f = 84.5, andy = cl)= Z % COHLKI) + c(TCii,j k) @

299.5 (using thezxzconvention of Euler-angle rotationdd PCSs of bl

methyl groups were calculated for each of the three methyl protons \yith

individually and averaged. This average is largely insensitive to the :

rotational position of the methyl group. Residual CSA effects owing N [PCSdk)) — P05,(.0) — “0%5,4))]1 2

to paramagnetic alignméfitwere disregarded since CSA tensors of c(Sijkl) = D12 4 (P25 (i |) — 9255 (i) 2 @)

methyl groups are smdll. (el [ exil-l) exell)]

The Program Possum.The program Possum (paramagnetically subject to

orchestrated spectral solver of unassigned methyls) was developed to non

assign the cross-peaks of methyl groups in correlation spectra recorded X =1

with diamagnetic and paramagnetic metal ions by reference to the 3D JZ ; K '

structure of the protein and independently determiagdensors. The noon

program requires that the amino-acid type is known (e.g., by residue- X =1, forj=1,..n ©)

type selective!3C-labeling). Furthermore, it can accept information ; ; bk e

about methyl cross-peaks belonging to the same residue (“methyl non

connectivity” data for lle, Leu, and Val, as provided by HCCH-TOCSY Z Z %=1, fork=1,...
& e

fori=1,...,n

experiments) and stereospecific information (“methyl specificity” data
distinguishing betweep2 ando1l cross-peaks of lle}1 ando2 cross- i
peaks of Leu angtl andy?2 cross-peaks of Val, as provided by samples
produced with biosynthetically directed fractiod&C-labeling®7-2%or %k €101 4)

stereoselective isotope labelin§)® In the present version of the  \where PCS.dk,)) is the predicted PCS value for the siBifS = 1C
program, the methyl connectivity information is always assumed to be o 1H) of the methyl group in residuearising from the paramagnetism
available for the diamagnetic state. of the lanthanide, P*®S.(j,!) is the chemical shift of the resonanice

The program takes as input the and**C chemical shifts of methyl  in the presence of the lanthanitiéor the spinS, and®@S.i) is the
groups measured iHC-HSQC spectra and tHéC chemical shifts of diamagnetic resonanééor the spinS. The cost function assigns smaller
methyl groups that are too close to the paramagnetic center to be directlycosts for deviations between calculated and observed PCS values when
the experimentally observed PCS is large, while the constét
(49) Schmitz, C.; John, M.; Park, A. Y.; Dixon, N. E.; Otting, G.; Pintacuda,  prevents a singularity in the cost function and accounts for the error in
(50) (\]36’,1:"u,\?|(_3‘;r,’3;3k" Ef%@ogiﬂxﬁgg?g_?gi;i 8,3_‘ E.; Otting,JGAm. Chem. measurements when a spin experiences small paramagnetic effects far

S0c.2005 127, 17190-17191. away from the paramagnetic centefl) scales with the magnitude of

J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007 13751
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The program also takes into account the absence of paramagnetic

a b parI55 pnmas pPcss | . A
il _ oxp oxp wv| peaks due to PRE by preventing the assignment of observable para-
e e s e L | magnetic peaks to methyl groups located closer to the metal ion than
i=1 k=1 a user-specified cutoff. In the present work, cutoffs of @ 8 were

used for the YB"™ and Dy** complexes, respectively. Paramagnetic
peaks missing for any other reason (e.qg., spectral overlap) are also toler-
MO M ated. This is achieved by assigning a cost only to pairings of observable
| | 3 L JL N JAIHIIL paramagnetic and diamagnetic peaks, whereas a zero cost is associated
n d with any unassigned diamagnetic peak left over. Finally, the program
= = | =l | G e s & allows for the possibility that paramagnetic shifts may have been
- q‘““ . | 6”‘". PCScs §°‘° O " Berp| | PCScas observed only for either théC or the'H resonance of a methyl group.
2 The calculation of the assignment starting from the chemical shifts
of Table S1 took less tima2 h on an AMD 644200+ processor, when
using all available information, including methyl connectivity and
methyl specificity information and the chemical shifts from the*b
T i il and Dy** complexes. Possum is available upon request.

fm,_mz. im, m

m?_ mi_mz mr_mz_ m, | | m, m,

) . . . Results
Figure 2. Formulation of the assignment problem depending on the

information available. The columi85S.y, andP¥ ¥, contain the chemical 13C-HSQC Spectra of the cze186M/Ln3" Complexes.

shifts §= 13C andS= H as observed for¥C-HSQC cross-peaks) measured i ) .
in the presence of a diamagnetic or paramagnetic lanthanide, respectively.cons'tant timesC HSQC spectra of the unlformWC labeled

The column marked PGS, contains thé*C and'H PCSs calculated from  diamagnetic cz1860/La*" complex and the paramagnetic cz-
the Ay tensor and the 3D structure of the protein. (a) Assignment problem €186M/Dy3" and czel86H/Yb3t complexes illustrate the
for residues with a single methyl group (Ala, Met, Thr). The indicasd spectral complexity of the methyl region and the effect of the

j refer to the cross-peak number in the diamagnetic and paramagnetic state . 3
respectively, and the indek is the residue number in the amino-acid ~Paramagnetism. The spectrum of thee@B866/La>" complex

sequence, as in eq 1. The assignmert (,j = 3, k= 1) is illustrated by (blue peaks in Figure 3) contains approximately the number of
connecting lines. The associated cost can be calculated using eq 2. Themethyl peaks expected for 19 Ala, 14 Thr, 6 Met, 12 Val, 17

othern — 1 assignments necessary to calculate the total@@saccording Leu, and 14 lle residues (125 methyl groups). The signals of
to eq 1 are not shown. Overall, this assignment problem is three-dimensional. ! ’

(b) Simultaneous use of the information from two samples containing the M€t €éCHs groups are particularly well-resolved and easily
paramagnetic lanthanidés or I, creates a four-dimensional assignment identified as they appear with opposite sign.
problem. (c) For amino acids with two methyl groups (lle, Leu, Val), the As Dy3+ is one of the strongest paramagnetic lanthanide

columns®@9S,y, Py, andPCSeacembed the chemical shifts (and PCSs) .~ > 3t
of two methyl groupsry andny). If the methyl-specificity information is ions?’ the methyl peaks of the az£866/Dy>" complex (red

not available in the paramagnetic state (illustratednpyin the column peaks in Figure 3a) are strongly shifted by PCSs and affected
P22 %exp), Possum will compute the two possible costs and only keep the by 1H line broadening due to transverse paramagnetic relaxation

lower one. (d) For lle, Leu, and Val residues, the methyl connectivity - oy cement (PRE). Thus, only 55 cross-peaks are observable
information may be available in the diamagnetic state but not in the

paramagnetic state. This situation creates a four-dimensional assignmen€Orresponding to methyl groups with a distance from thé"Dy

problem for data from a single paramagnetic lanthanide. ion larger than 15 A, many of them with intensities close to the
noise level. Part of théH line broadening is caused by

the Ay tensor of the lanthanidé. Empirically determined values unresolved RDCs, including intramethyl RD&'spriginating

(e(Yb*") = /s ppm ande(Dy*") = 1 ppm) were used here. Equations  from the paramagnetically induced alignment of the protein with
3 and 4 ensure that each calculated PCS and each experimental chemlc:ﬁ1e magnetic field.

shift are chosen exactly once within the global assignment.
Equations 1, 3, and 4 present the formulation of the three-index
assignment probleth which is the three-dimensional instance of the

In the cze186H/Yb3" complex, the cutoff distance is reduced
to abou 9 A owing to the about 6 times smaller paramagnetic
multidimensional assignment problem (MAP). Wibtbeing the number moment of YB' so that only 1_0 methyl peaks gr_e expected to
of dimensions of the MAPI = 3 in the example above) amdbeing be broadened beyond d_eteqtlon. Of the remaining 115 methyl
the size of each of th® sets of data, there are}°! possible resonances (red peaks in Figure 3b), only 14 peaks could not
assignments. WheR is strictly larger than 2, MAP has been proven be analyzed owing to overlap or very small PCSs at larger
to be NP-haré? and, as a result, no algorithm can guarantee the best distances from the metal ion. Figure 3 shows that for both
solution to the problem in a polynomial time. An exhaustive search paramagnetic lanthanides, it is nearly impossible to trace the
through the 1f!)? possibilities is impracticable for even the smallest paramagnetic shift of #C-HSQC peak using the criterion that
problem sizes. An exact branch and bound algorithm that explores only the PCSs in thé3C and!H dimensions of the spectrum must
a part of all possible assignments has been propdsed works well be similar. (In methyl groups, the distance between the carbon
for small prol_alem sizes, especially when there is a good agreement 4 the average position of the three protons is less than 0.4
between predicted and observed PCS. In the present context, a simulate . . .

.) Therefore, without prior knowledge of resonance assign-

annealing optimization scheme proved more efficient computationally.
The dimensionalityD of the assignment problem generated by Possum ments, PCS measurements cannot be made manually#m

depends on the residue type, the availability of connectivity information, HSQC spectra alone. .
and the number of different lanthanides used. We have performed Methyl C-EXSY Experiments. To measure PCS data
calculations with up to 6 dimensions. Examples of 3- and 4-dimensional conveniently and with high sensitivity, we designed an experi-

problems are illustrated in Figure 2. ment applicable to samples prepared with a 1:1 mixture of
paramagnetic and diamagnetic metal ions, where chemical
(51) Schell, E2nd Symp. Linear Program. 195615-642. exchange between the metal ions leads to exchange of the

(52) Karp, R. M.Complexity of Computer Computatiomdiller, R. E.; Thatcher,
J. W., Eds.; Plenum Press: New York, 1972; pp-883.
(53) Balas, E.; Saltzman, M. @per. Res1991, 39, 150-161. (54) Kaikkonen, A.; Otting, GJ. Am. Chem. So001, 123 1770-1771.

13752 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007



Assignment of Methyl Groups Using Lanthanides ARTICLES
- L10 . L10
a La3+ | Laa+ - - - |
I 3+ - 3+ 3+ - -
La /Dy e La /Yb F ¥
. 15 . - 15
. - o b .Ln. - - E
SN N 5 .
et - = F | e = - [ =
B [0 = - 20 o2
- -, - [ - W = - [ £
FEL Sk .
- = - . d 3 - = . dme - © . L
L ¥ 29 - £33 - [P
‘ -
3 2 N 0 32 o 0
8, (H)/ppm 8, (H)/ppm

Figure 3. Methyl region of constant-tim&C-HSQC spectra of the azt86/) complex (containing3C/*°N labeled cze186) in the presence of Ea (blue)

and a 1:1 mixture of (a) L%/Dy3* and (b) L&"/Yb3* (red). MeteCHz; and CH groups appear with inverted sign (light colors). The spectra were recorded
using a constant time of 28 ms atghax = 160 ms. The spectra of the mixed samples were acquired with 4 times as many scans to compensate for the
halving of the effective concentrations.

protein between paramagnetic and diamagnetic states. Bya constant-time experiment in thie dimension. The 3D
generating exchange cross-peaks between methyl peaks of thexperiment additionally records th#& frequency of the protein
diamagnetic and paramagnetic lanthanide complexes, the experistate after the mixing time. Real-time evolution periods in both
ment allows the measurementf and3C PCS values from indirect dimensions yield superior sensitivity for residues with
a single spectrum. Figure 1 shows 2D and 3D versions of the substantial’3C PRE that commonly also have larger PCSs.
methyl G-EXSY experiment. The pulse sequences are related Selective*C pulses select the spectral window of the methyl
to previously published Nexchange experiment&5° 13C resonances of the diamagnetic complex to limit the spectral
During a mixing periodzy,, magnetization is stored as width required in the=; dimension.
relatively slowly relaxing @magnetization. Simulations indicate Resonance Assignment of Met, Ala, and Thr Methyl
that, owing to rapid rotation around the 3-fold symmetry axis, Groups. Figure 4a shows the spectral region of the M@t
longitudinal relaxation rateR; of methyl 1*C spins are fairly  cross-peaks of the 2D methyLEXSY spectrum, recorded with
insensitive with respect to molecular size, and barely exceed 2a sample of cz186/ containing L& and Dy* in a 1:1 ratio.
s 1 even for very small proteins (Figure 1d). In the <866/ Out of six Met residues, four are observed in #8€-HSQC
La* complex ¢c = 17 ns), we measure(**C) rates of about  spectrum of the cz1866/Dy3t complex (the cross-peak of
1.6 s* for the majority of methyl groups. Only a group of highly ~ Met178 in the paramagnetic state appears with very weak
mobile Thr residues relaxed somewhat faster(9,svhereas intensity ato,(*H) = 5.33 ppm). For these residues, both auto
the Ry(*3C) relaxation in MeteCHz groups was much slower  and both exchange peaks become visible in the exchange
(about 0.7 sY). In contrast to transverse relaxation rafesR; spectrum, forming a rectangle that allows straightforward
rates in macromolecules are barely affected by the paramagnetidentification of dd-pp peak pairs, yielding®C PCS values of
ism of lanthanide$® 3.28, 1.31, 0.49, ane-0.65 ppm. A fifth residue only yields a
The experiment yields autopeaks for the diamagnetic and pd exchange peak with ‘& PCS value of-3.39 ppm.
paramagnetic states (dd and pp peaks, respectively) and The measured PCSs can be compared with values predicted
exchange peaks arising from magnetization exchange from thefrom the known structure of186*2 and the previously deter-
paramagnetic to the diamagnetic state and vice versa (pd andninedAy tensor of D+ (Figure 4bY® Only five Met residues
dp peaks, respectively). belong to the structured part of the protein with predicté
Since the experiment starts frofC polarization rather than  pcs values of 3.74 (Met178), 1.30 (Met137).56 (Met87),
using an INEPT transfer, pd peaks can be detected even for—1 gg (Met18), and-2.87 ppm (Met107). Met185 is located
methyl groups that are strongly affected Hy PRE in the in the flexible cyclizing loop of cz186 and can be immediately
paramagnetic state and thus invisible int&HSQC spectrum.  assigned to the very intense and narrow resonance Witd a
Combined with the dd peaks, this alloW€ PCS measurements  pcs of 0.49 ppm, in agreement with the PCS of 0.53 ppm
that are limited only by the (16-fold smallef}C PRE?® As observed for the amide proton of this residue. Met18 is the
indicated previoush? and illustrated by the simulations of residue closest to the metal ione{py = 12.0 A) and can be
Figure 1e/*C polarization in methyl groups of proteins can be assigned to the methyl group that does not show any exchange
very efficiently enhanced using tHéH}*C NOE. This holds  peak. As Met18 lines the active site this assignment is
irrespective of paramagnetism. We observed an about 2-foldindependently confirmed by its sensitivity to titration with
increase it°C polarization in the cz186#/La*" complex using  nycleotides (unpublished results). Met107 is the second closest
1 s of IH irradiation between subsequent scans. residue (c—py = 14.2 A) and displays a pd but no dp exchange

For improved resolution in thEC dimension and measure-  peak; the assignment of all other Met residues follows in a
ment of Sma”13C PCSS, the 2D eXperiment is implemented as Straightforward manner from the PCS data.

(55) Farrow, N. A.; Zhang, O.; Forman-Kay, J. D.; Kay, L.EBiomol. NMR

1994 4, 727-734.

The data show that it is possible to assign a limited number
of methyl groups using PCSs only. The situation is more
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Figure 4. Assignment of MekCHs; from PCS. (a) 2D methyl EEXSY
spectrum of cz186/ (containing3C/A5N-labeled cze186) loaded with a
1:1 mixture of L&" and Dy?" (red), overlaid with thé3C-HSQC spectrum
(blue). The diamagnetic autopeaks (dd) are labeled with the assignment

and connected to the paramagnetic autopeaks (pp) and the exchange peaks

(pd and dp) with dashed rectangles. The dp and pp peaks of Met178 are
outside the selected spectral regioat= 5.53 ppm. Met107 only shows

a pd exchange peak (vertical dashed line), and neither pp-peak nor exchange

peaks are observed for Met18. The spectrum was recorded with a mixing
time of 480 ms. (b) Comparison of predicted (top) and measured (bottom)
PCSs of MeteCHjs groups.t3C PCS andH PCS values are plotted with
filled and open bars, respectively, and sorted according to the predicted
13C PCS. The distancas-., are given in A in the center.

complex for the methyl groups of the other amino acids since
with the exception of lledCHs groups, the amino acid type
cannot be identified from3C-HSQC spectra alone. This
information would have to be provided by either the use of
residue-specific labeling or additional NMR experiments (in the
cz<186b/La%t complex, the amino acid type can readily be
identified from a 3D (H)ICCHTOCSY spectrum). In addition,
important information is provided by (i) the relative size'8¢
andH PCS and (ii) whether the paramagnetit resonance
(rc-py > 15 A) or only pd exchange peaksc(py, > 10 A,
Figures S4 and S5) can be observed.

Assignments of Val, Leu, and lle Methyl Groups.Val, Leu,
and lle are amino acids with two methyl groups that can easily
be linked by correlations observed in TOCSY spectra; com-
bining the PCS data for both methyl groups greatly facilitates

the resonance assignment of these residues. This is iIIustratecg

in Figure 5 with the cz186/ complex containing 1:1 mixtures
of Yb3*/La®" (a, b) and Dy™/La®" (c, d), respectively. Whereas
a 2D (H)C(C)H-TOCSY experiment (Figure S1, Supporting
Information) recorded with short mixing time (12 ms) strongly
favors intraresidual methylmethyl correlations (Figure 54§,
the 2D methyl GEXSY spectrum yields predominantly ex-
change peaks and only wegt—y2 correlations arising from
13C—13C NOE?3” We have also applied the (H)C(CHH OCSY
experiment to a sample of the pure «#866/La*" complex

(56) Eaton, H. L.; Fesik, S. W.; Glaser, S. J.; Drobny, GJPMagn. Reson.
199Q 90, 452-463.

(57) Fischer, M. W. F.; Zeng, L.; Zuiderweg, E. R.2 Am. Chem. S0d996
118 12457 12458.
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Figure 5. PCS measurements in isopropyl groups of Val and Leu and use
of PCSs for stereospecific resonance assignments. (a) Selected spectral
region from a 2D (H)C(C)H TOCSY spectrum (red) of €#864 loaded

with a 1:1 mixture of L&" and YI#*, showing the methyl cross-peaks of
Val96. The spectrum is overlaid with th8C-HSQC spectrum (blue).
Intraresidual correlations between the cross-peaks gftti# andy2CHs
groups are identified by dotted lines. The TOCSY spectrum was recorded
with 12 ms mixing time. (b) Same spectral region as in panel a taken from
the 2D methyl GEXSY spectrum of the same sample recorded with a
mixing time of 480 ms. (c) Selected strips from the 3D methyEXSY
spectrum of cz186/ loaded with a 1:1 mixture of L% and Dy** (right
panels) aligned with corresponding spectral regions from the 2D methyl
CEXSY spectrum (left panels). The strips display the methyl group
correlations of Vall0 and Leull3. The arrows point from the chemical
shifts of the diamagnetic auto-peaks (dd) to the chemical shifts of the
exchange peaks (pd), indicating tH€ PCS. Horizontal lines identify the
ositions of the dd- and pd-peaks in thig*3C) dimension. The line at
6.35 ppm identifies thé3C—3C NOEs with theyCH group of Leul113.

(d) Assignment of methyl resonances from the comparison of predicted
with experimental PCS. For each Val residue, the distances from the
lanthanide in A are indicated for both methyl carbons in the center of the
plot. 13C PCS andH PCS values are displayed as filled and open bars,
respectively. The residues are sorted according to the predf@edCS,

and the PCSs are plotted in the sequent¥HZY/Cr2/H?2,

containing selectively*C/**N-Leu labeled cz186, where all
01-62 methyl pairs could be identified (Figure S4, Supporting
Information).

Figure 5¢c compares the measurement3gf PCSs for two
residues from strips of 2D and 3D methy}-EXSY spectra.
The two experiments are complementary, showing better
frequency resolution in the 2D spectrum and generally less cross-
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peak overlap in the 3D spectrum. The example of Leu113 shows Table 1. Automatic Assignment of Methyl Groups by the Program
that one- and two-bon#C—13C NOE correlations are visible, ~ ~oSSUm

but generally of much smaller intensity than the exchange peaks. residue La? Yb? Dy’ La®
Through-bond correlations can again be identified from TOCSY __Ype  occurence’  observable  assigned  assigned assigned
spectra. From the combined use of the 2D and 3EERSY Met 6 (1) 5 3/5 4/4 3/5
spectra, all3C-HSQC cross-peaks observable for any of the E‘ar ig ((g)) 1? 133173 117/173 147/17 4
methyl groups of the cz186M/Dy3" and cze186/6/Yb3" lle 14 (2) 24 24/24 21/23 24/24
complexes could readily be correlated with the corresponding Val 12 (0) 24 20/20 17/20 18/22
13C-HSQC cross-peaks of the €286H/La®" complex, yielding Leu 17(0) 34 34/34 19/25 34134

the PCSs. Compare.d to tH&:'HSQC Sp.ectrum,. the .methyl a2 Obtained using the data reported in Table S1, the crystal structure of
C-EXSY spectra yielded thé=C chemical shifts in the 186 andAy tensors determined froAiN-HSQC spectra as described in
paramagnetic state for a further 47 methyl groups of the cz- g\e3fxperlmentg! SedCttlog- The t%afamagnemﬁ%at? Imeaslljlfedfv\ﬁmf’ﬂgﬁﬂ
. : y3+ were combined to derive the assignmeft§otal number of residues
6186_/9/Dy3+ complex withre-py distances as short as 10 A, in cz<186. The number in brackets refers to residues not observed in the
leaving only 11 methyl groups completely unobservable due to crystal structure; these were excluded from the calculatiblumber of
excessive PRE. For the e2866/Yb3" complex, the methyl ~ methyl groups with coordinates reported in the crystal structure for which
C-EXSY ¢ ielded tha3C chemical shifts f cross-peaks were observed in the«t86/6/La%" sample. Their unassigned
=7 Spectra yielde : c .emlca shirts 1or seven chemical shifts were available for the prograhfraction of correct
additional methyl groups withc—yp distances as short as 6 A,  assignments for the paramagnetic ed860/Yb3* and czel868/Dy3*
i complexes, as indicated. The number in the denominator is the number of
IanIng only one methy! group ynObservable' methr;l groups for which cross-peaks were observed in the presencéof Yb
Figure 5d compares the predicted and measured PCS valuesr Dy3+. ¢ Fraction of correct assignments for the diamagnetie 866/

for Val methyl groups in the cz186H/Dy3+ complex. Each La®" complex. The number in the denominator is the number of methyl
. . . L groups for which cross-peaks were observed in at least one of the

resplue is characte_rlzed by up to 4 PCS vaqu_es, resulting in theparamagnetic complexes.

straightforward assignment of 10 out of 12 residues. Only Val39

did not yield unambiguous PCS data due to resonance overlap, ¢ ral lap. th iclded 100% " .
and Val65 is too close to the Byion. The assignment of Val65 of spectral overiap, the program yielde o correct assign-

could be made in the1866/Yb3 complex, where this residue ments. In a second step, structural uncertainties were simulated

yields large PCS values (Supporting Information). The methyl by randomly displacing the methyl groups, following a Maxwell

cross-peaks of Leu residues can be assigned in an analogou?onzm_ann dlstrlbufuon with maxima at 0.35 and 0.7 A (resu!tmg
way (see below). in maximal atom displacements of 0.75 and 1.5 A, respectively,

| rtantly. thi h aut ticallv vields the st always using the same direction of displacement). Even in the
_mportantly, this approach automatically yIelds In€ SIEreospe- ., ¢ \yith the maximum structural noise, using only paramag-
cific assignment of Val and Leu methyl peaks, as long as

tic data from th I ith thyl ificit
different PCSs are observed for the two prochiral methyl groups. netic data from the Y& complex and neither methy! specificity

Si th thvl carb : . | N dnor methyl connectivity information in the paramagnetic state,
ince the methyl carbons in an I1Sopropy’ group are separatedp, ., , yielded 75% correct assignments of the diamagnetic
by 2.5 A, this is almost always the case (Figure 5d). A rare

o , methyl resonances (Tables S2 and S4). The score increased to
exception is Val50, where the predictédC and'H PCSs of y ( ) I

S . >90% when paramagnetic data from the’Dgomplex, methyl
g];zlaﬁgd&/é +mcit:$glg)rfum are indistinguishable in both the specificity information in all complexes, and methyl connectivity

) ) information in the YB™ complex (but not the D¥ complex)
The methyl groups of lle residues are particularly easy 10 yere included (Tables S2 and S3).

assign by PCS, since the spectral ranges offBe&NMR signals The program was subsequently applied to the experimental
of y2 and 61 methyl groups are clearly separated, while §5ia of the methyl groups of eA86# loaded with L&, Yb3*,
intraresidual methyl connectivities can still be obtained from 54 Dy?*. Table 1 summarizes the results. Using both para-
TOCSY spectra. magnetic lanthanides, the assignment is complete and correct
Automatic Assignments without EXSY Data. CAEXSY for all diamagnetid3C-HSQC cross-peaks that have observable
spectra provide an exceptionally simple way of measuring PCS paramagnetic partners. The only exceptions are swapped as-
data. For situations where the metal exchange is too slow for signments for Met18 and Met107 and Val65 and Val82. The
exchange spectra and spectral crowding prevents the straightfirst arises from a side-chain conformation that is different in
forward pairing between diamagnetic and paramagrié@e solution than in the single crystal and the second from
HSQC peaks (Figure 3), we have devised the program Possumyifferences in the predicted and experimental PCSs observed
which determines the correct peak pairings, their resonancefor the peptide segment near Val$5The assignments of the
assignments, and their PCS values, using the 3D structure ofmethyl groups of the Y& complex are similarly reliable,
the protein and théy tensor (that can readily be obtained from, whereas the methyl signals of the Dycomplex are harder to
e.g.,"®™N-HSQC spectra)**? assign (in the absence of methyl connectivity information).
The performance of the program was initially tested with Using only data from the Y& complex and omitting any methyl
simulated data, replacing the experimental paramagnetic shiftsspecificity information or connectivity information in the
of Table S1 by shifts back-calculated from the crystal structure paramagnetic state still results#v0% correct assignments of
of €186' and using as input the crystal structure, the experi- the diamagnetic methyl resonances (Tables S2 and S4).
mental diamagnetic chemical shifts, and tjetensors of Dy" PCS and Flexibility. Structural differences between the
and YPB*. In all calculations, it was assumed that the residue crystal structure 0k186 determined under cryogenic condi-
types of all methyl resonances were known and the methyl tions*® and the solution structure of the €186/ complex
connectivity information of Val, Leu, and lle residues was become apparent as differences between measured and predicted
available for the diamagnetic state. Except for extreme casesPCSs. In a few cases, the structural differences interfere with
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and solution structures. Note that the correct assignment could

£ 10 - 2 4

% {4 “’I 1b have been obtained for Leu95 in the3lwomplex (Figure 6b).

5 0 [ 0 - None of the other Val and Leu residues swapped their

g 1 l-l:;;‘g stereospecific assignment when we changed jheangles §.

©-10 el -2 ;

N ) angles in the case of Leu) hi10°.

g |58 o< 23 =5 ] In the case of Leul1, different NMR criteria suggest that its

20 0 _n.l:l:.:l]."]_m side chain undergoes dynamic conformational averaging. (i) The

5 . 13C PCS values predicted from the structure-ae0 and—11.9

g 2 ppm, whereas the experimental value found for both methyl

131 regiz uéer:ur;:)er”“ 131 reg% uler:un::)er”“ groups is—8.4 ppm. (ii) In the crystal structure, the two methyl

groups are 9.2 and 11.1 A from the metal ion, butf@NMR

line widths observed for the methyl groups in theed866/

Dy3" complex are indistinguishable. (iii) Both methyl resonances
overlap with each other in thH8C-HSQC spectrum, indicating
similar chemical environments, and their line shapes are
narrower than those of most other methyl groups. Remarkably,
however, Leull is located in the hydrophobic core of the protein
and is very well defined in the crystal structdfealthough the
side chain forms no steric contacts and could access different

PCS/ppm

120 60 0 60 120 . . . - > QI
X,/ deg rotameric states without introducing van der Waals violations
14 with neighboring atoms. Conceivably, the low temperature used
'1'6: -------- in the X-ray experiment may have frozen out a single conforma-

tion, whereas a much larger conformational space is accessible
at room temperature.

lle154 presents an example where partial motional averaging
may be indicated by a smaller difference observed between the
PCSs of the)1 andy2 carbon atoms than predicted. The side-

PCS/ ppm
)
~

L9551 L9552 *._

Sel.e”

-3.2
— chain heavy atoms of this residue shows enhanced B-factors in
120 60 % ,%eg 60 120 the crystal structure, in agreement with its location at the protein

; surface.

Figure 6. Residues showing deviations between predicted and experimental

PCSs. (a) Comparison of calculated and experimental PCS values of LeU131’DiSCUSSi0n

Leu95, Leul6l, Leull, and lle1l54 in the «#86H/Dy3" complex. The

data are plotted in the sequenc@/Gﬂ/CVZ/Hyz and C2/H72/COL/H%Y/ for The present Work ShOWS that methy' resonancégbfabe|ed

the Leu residues and lle154, respectively. (b) Same as panel a, but for the : : .
cz<1860/Yb3* complex. (c) PredictedC PCSs of the prochiral methyl ~ Proteins can be assigned solely from PCS data with reference

groups of Val82 in cz186//Dy3*+ versus side-chain dihedral angle. The t0 the 3D structure of the protein, yielding both sequence-
values predicted from the crystal structure-686* are marked. (d) Same  specific and stereospecific resonance assignments without having
as panel ¢, but for théCHs groups of Leus. to establish connectivities to backbone resonances. This presents
. . . o a significant advance over our previous strategy for the
the resonance assignment. Figure 6a illustrates the situation forassignment ofSN-HSQC spectra, which relied on PCS, PRE
the cz¢186H/Dy*" complex, where the measured PCS values CCR, and RDC data measured o,n selectively labeled séﬁ%ple:’:,.
of Leul161 are smaller'than predicted and WOUld more clo'sely Clearly, any resonance assignment based on comparison of
match the val_ues predicted for LeulS_l. This can be explayr_]ed experimental and back-calculated PCS data critically depends
by a small displacement of the peptide segment comprising on the accuracy of the 3D structure of the protein and is expected
residues 151161 that decreases the PCSs of both methyls of o fail for flexible protein segments. Yet, this problem is much
Leul61. Smaller PCS values t.han expected were also o_bserveqtieSS severe than in the case of RD€since PCSs are far less
for the backbone armdes of this sggm@nT.he cqrrect assign-  affected by local mobility as long as the nuclear spins are not
ment would be obtained by focusing on the differencén . very close to the paramagnetic center. The robustness of PCSs
PCS yalues _between both me_thyl groups rather than the'rWith regard to structural variations is particularly beneficial for
magnitude (F'gu“? 6a) or by using the d_ata of thest26b/ . the assignment of Me{CH; groups that are notoriously difficult
Yo complex which are Ie_ss strongly distance dependent in to assign by conventional methods. The potential of PCSs for
the 11 A distance range (Figure 6b)j their assignment has been noted previo&3ly.

In thg cases of VQISZ and Leu9s In the SE*)y:ompIex,.the The assignment strategy presented here requires the deter-
comparison of expenmgntal gnd predicté@ PCS data yields mination of theAy tensor, which can readily be achieved from
the wrong stereospecific assignment. Fheandy, angles of — 1s\_14 correlation spectra by the Platypus algoritin®btain-
these residues are47° and 172, respectively, in the crystal ing resonance assignments of methyl groups in this way is
structure?® Adjusting these angles t060° and 180, respec-  gyractive becauséN—IH correlation spectra of backbone

tively, inverts the relative size of thBC PCSs predicted for amides and®C—1H correlation spectra of methyl groups can
the two methyl groups, leads to much better agreement between

predicted and experimental PCSs, and results in the correct(ss) sibille, N.; Bersch, B.; Cowe J.; Blackledge, M.; Brutscher, B. Am.

e ; ; ; N Chem. So0c2002 124, 14616-14625.
stereospecific assignments (Figure 6c,d). This observation is 59) Bose-Basu, B.; DeRose, E. F.; Kirby, T. W.; Mueller, G. A.; Beard, W.

most simply explained by a small difference between the crystal A.; Wilson, S. H.; London, R. EBiochemistry2004 43, 8911-8922.
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be recorded even for high-molecular weight systéngs. Conceivably, assignments by PCS can also be achieved for
Alternatively, theAy-tensor parameters can be determined from perdeuterated proteins of increased molecular weight containing
assigned diamagnetic NMR resonances and a set of PCSsselectively protonated methyl grouffsThe best spectral resolu-
identified by comparison with the paramagnetic NMR spectrum, tion in the methyl region of thé&3C-HSQC spectrum would be
either manually or automatically using the Echidna algoritim.  gptained for CBH groupst® Notably, however, the SEXSY

Initial sequence-specific resonance assignments can, if necesgyperiments described here allowed us to measure all PCS data
sary, be achieved by site-directed mutagen€si¥or example  j the uniformly 13C/A5N-labeled and fully protonated sample,

i 3
by mu_tatlon of lle to Vaf . .. thatis, the improved spectral resolution of selectively labeled
Assignments by PCSs are not limited to metal-binding samples was not necessary for our system
o .

proteins as different techniques have recently become availabl
that achieve site-specific attachment of lanthanide-tags to In conclusion, resonance assignments of-#eHSQC cross-
proteins devoid of natural metal binding sif€s3” The use of peaks of methyl groups by PCSs induced by a site-specifically
different tags or attachment at different sites readily generatesattached lanthanide ion present a versatile and convenient
very different Ay tensorg® that can highlight inconsistencies technique which can open many opportunities for NMR studies
between experimental and back-calculated PCS values. of proteins of known three-dimensional structure. It is antici-
If the exchange between paramagnetic and diamagnetic metapated that resonance assignments by this technique will be

ions is too slow to measure exchange spectra, the programparticularly useful in ligand screening applications.
Possum can be used to assign the methyl groups in the

diamagnetic and paramagnetic state. As expected, the robustness
of Possum with regard to small differences between the atomic
coordinates of the protein and its actual structure in solution .
increases with the amount of additional data available. In this tha_mks _the Humboldt Foundation for a Eeodor-Lynen FeIIowT
respect, data from two paramagnetic metal ions are particularIySh'p' Fllnanmal support from 'the Australla.n Research Council
beneficial, but also information about intraresidual methyl ~ for Project grants, a Federation Fellowship for G.0., and the
methyl connectivities or stereospecific identities of methyl 800 MHz NMR spectrometer at the ANU is gratefully acknowl-
groups in Val, Leu, and lle residues. edged. This work was supported by an award under the Merit
The robustness of assignments made by Possum can furtheAllocation Scheme of the National Facility of the Australian
be enhanced by the increased spectral resolution afforded byPartnership for Advanced Computing.
3D NMR spectra which would greatly facilitate the identification
of the corresponding NMR resonances in the diamagnetic and  Supporting Information Available: Pulse scheme of a (H)C-
paramagnetic state using the fact that all correlated spins are(C)H-TOCSY experiment for correlations between isopropy!
close in space and therefore experience similar PCSs. Formethyl groups3C-HSQC spectra of uniformly, fractionally,
example, 3D (H)CCH-TOCSY or NOES¥C-HSQC spectra 44 selectively isotope labeled €2868, diagrams comparing
would resolve several cross-peaks for each methyl group, Wh'ChexperimentaI and predicted PCS values, a table with the
can simultaneously be compared with the 3D structure of the chemical shifts of the methyl groups of €286 observed in
protein and the predicted PCSs to obtain resonance assignment?he presence of 13, Yb%, or Dy?*, and tables reporting the

For methyl groups In the vicinity of the paramagnetic ion, the. number of methyl groups assigned by Possum. This material is
observation of correlations can be aided by protonless experi- ~ . .
available free of charge via the Internet at http://pubs.acs.org.
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