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Much of the success of solution-state nuclear magnetic resonance
(NMR) in determining three-dimensional (3D) structures relates to
the high abundance of short proteproton distances that can
characterize the 3D fold of a biomolecdl€Combined withH g
evolution and detection periods, NOES¢lated correlation ex-
periments today represent standard methods to deteictH)
contacts in high sensitivity and resolution. Proton correlation 3
experiments have also been suggested for use in the solictstate,
but the size of dipolar protenproton interactions and the limited
spectral dispersion amongH resonances under magic angle
spinning (MAS) conditions have thus far made biophysical
applications challenging.

We here demonstrate that a variety of nontrivial pretproton
contacts can be observed in the solid-state when encoded in high-
resolution rare-spin evolution and detection periods. For this ,
purpose, radio frequency (rf) schemes should allow for a rapid Figure 1. Experimental NHHC and CHHC correlation schemes with (a)
through-space'fd,"H) polarization transfer and minimize relaxation longitudinal and (b) double-quantum POST®Cihixing. For NHHC
losses. We have investigated the spin-locking and nutation behavior&Xperiments, evolution and the first two CP rare-spin pulses are performed

1 . . . - on the!5N channel. The CHHC method and the final CP transfer step of
of *H NMR signals in a protonated peptide as a function of the the NHHC experiment involvé’C spectroscopy. Unless stated otherwise,

applied rf amplitudes; and MAS ratewr. In contrast to rare-spin - shaded pulses correspond td ®itations. All experiments were conducted
correlation spectroscogypne experimentally finds that thiH at 11 kHz MAS leading téH rf amplitudes of 77 kHz during 2Q mixing.

relaxation behavior is strongly dependent on the ratie w:/wg Further details regarding the pulse scheme are given in the Supporting
and generally favors very small or large values ¢§ee Supporting ~ 'nformation.
Information). NHHC and CHHC correlation schemes that encode PRPS—— A AtICa Q3 G2Ca AtiCH
(*H,'H) contacts in high resolution and are compatible with these g 1 & '
experimental requirements are depicted in Figure 1. For sensitivity
reasons, the final cross polarization (CP) transfer step and the
detection periods involvEC nuclei. £H,H) contact is established
using zero-quantum (0Q) longitudinal mixing (a) or POSTeC7
double-quantum (2Q) polarization transfer (b). In both cases, the
(*H,*H) transfer step is enclosed by a set of two shayt,(tcH) .
heteronuclear CP segments that ensure polarization transfer within P T TR TR T =
NH or CH, groups only. An additionat-filter time tp (3 ms) prior Ca Cp Cyl Cp Ca Cp Cyl Cp2
to thet; evolution maximizes the efficiency of thg nn CP transfer Ty, ' ] ¥§“mf : . ]
by dephasing transversal proton magnetization. 0Q-CHHC type ¢ { - ¢
experiments have previously been suggested for the detection of
weak dipolar interactions and were analyzed within a classical spin
diffusion approximatiori.Similar to the NOE analysis of solution-
state biomolecules, probing the strongest dipdtdftt) interactions
in biomolecules is of interest to us herein.

In Figure 2 (a) and (b) we present 0Q-NHHC and 0Q-CHHC e o %0 55 %0 45 40 3 3 2 2 10
correlation experiments on a uniformi§2C,°N]-labeled version ) )
of the tripeptide AGG at 11 kHz MAS. In contrast to conventional F9ure 2. Experimental NHHC (a) and CHHC (b) 0Q-correlation spectra

. . . . . n U-C.>N] AGG (indicated numbering starts at N terminus) for

rare-spin spectb a variety of interresidue correlations are detected. omonuclear contact tims of 500 and 20Qus, respectively. In (c) and
For the selected mixing timeso@i)—NH(i+1) and @u(i)—Cao(i+1) (d) results of a 2Q-CHHC experiments on FMOC ¢ 15N] valine for

correlations are observed that corroborate the sequential assignmentsiixing times of 208&s (c) and 312s (d) are shown. Negative cross-peak
intensities are indicated in red.
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*To whom correspondence should be addressed. Telephone49)-551 ; ; ; i
2012212, Fax: {+49)-551 2012202, E-mail: maba@nmr.mpibpc.mpg.de.  Previously obtained from NCOCA and NCACB correlation experi
T Presented in part at the 43rd ENC meeting, Asilomar, CA, Aprit14, 2002. ments? In Figure 2b the strongest cross-peaks are detected for the
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ppm in Figure 3 (see Supporting Information) and indicate interresidue
contacts throughout the polypeptide chain. Similar to the solution
staté, a further structural analysis could involve the study of the
experimentally observed cross-peak buildup rates, possibly in
conjunction with a set of 2Q correlation data that separate direct
and relay transfer. For applications at 11 kHz MAS we found the
0Q schemes to be superior (25% efficiency of direct CP signal) in
comparison to the suggested 2Q methods. In the latter case, the
utilization of higher MAS rates or the development of tailored rf
schemes that maximize the transfer efficiency could be beneficial.
In summary, we have introduced a general concept to probe
through-space!fd,'H) contacts of protonated solid-phase systems
in high spectral resolution. In the current context, the observed
correlations were used to infer sequential assignments in a tripeptide
and for a qualitative structural analysis of solid-phase biomolecules.
In contrast to (C,C) or (N,C) correlation methods where the
3\ strongest dipolar interactions are of limited structural informatitn,
nearest-neighbotd,H) correlations not only reflect backbone or
side chain conformation in polypeptides, but they can also
Figure 3’,-f EXlloelri?elnt;ll CHHC OfQ-Ef_Jfﬂ?t'?tiOSn data\rl(lj F?OOﬂS) %btﬁ/infd characterize the 3D fold of the molecule of interest. The presented
g%’_ Lg‘élgrtmhgs? d:_gha‘i’srf;‘;?ocr’] [Léo'qp”p'r::" £0 ';‘gr'n] < Sﬁcfvevﬁfc_me g&;’t‘;rg'et approach hence allows for the study of the complete molecular
was recorded on a 600 MHz instrument for 2.5 days. Interresidue contacts &rangement of a uniformly labeled molecule without advanced
that result from correlations well-resolved in the spectrum are indicated isotope-labeling metho#s or chemical shift selective rf pulse
along the polypeptide chain. See also Supporting Information. schemes? We expect the concept to be of general use for a variety
of systems ranging from applications in inorganic chemistry to
biophysical studies in fibrous and membrane proteins.
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shortest (intraresidue) H-H; distance, indicating that the selected
mixing times here encode qualitative information about intra-
molecular (H,lH) distances. Data obtained at 400 and 600 MHz Acknow|edgment. We thank H. Foster (Bruker/Germany) for

(*H resonance frequency) moreover show that the shortest distancesechnical support and B. Angerstein for help during the preparation
dominate the correlation patterns fédH(*H) mixing times up to of the manuscript.

about 500us. In addition, the 2Q transfer mechanism of Figure

2c,d offers the possibility to distinguish between direct and relay ~ Supporting Information Available: Further details of the pulse
(*H,*H) mixing. For example, Figure 2c contains 2Q-CHHC results scheme, .(_C,C) _corr_elation data on ubi_quitin aqd the resonance assign-
on FMOC U-P3C 15N]-labeled valine for a homonuclear mixing ments ut_lllzed in Figure 3 (PDF). This material is available free of
time of 208us. Here, nearest-neighbor interactions are characterized 1a'9€ Via the Internet at http://pubs.acs.org.

by negative cross-peak intensities consistent with 2Q polarization
transfer within a proton pai® For longer mixing times, positive
cross-peak intensities due to relay transfer involving an odd (three (1) WUthrichi( K. NMR of Proteins and Nucleic Acid®iley-Interscience:
or higher) number ofH spins are observed.Again, the cross- @ ?:,‘3";1;?5_’; ,%A%?g" B. H.; Bachmann, P.; Emst, RLiChem, Physl979
peak pattern is dominated by nearest-neighHay*H) interactions, 71, 4546-4553.

and the spectra reveal direct information about the 3D arrangement  (3) Sggﬂgggg’ Bth;vaﬁs%g% Agpg:ss'?’v \%ihAéTn' gze%o?,oﬁ)?,oillzé
of FMOC-Val. For example, one observes only one set gfC 4155. ' R T T

methyl and G—methy! correlations indicative for a FMOC-induced (4) Andrew, E. R.; Bradbury, A; Eades, R. Bature 195§ 182, 1659.
break of molecular symmetry in comparison to the highly symmetric Egg ggm&,RM?jgfébgéﬁcﬁ.%fléggﬁ,SM.E?OLS(; v5it1-,21'\ll. H. Nislsen, N.IC.
arrangement of valine (data not shown). Chem. Phys1998 108 2686-2694.

Since the underlying NHHC and CHHC polarization transfer ~ (7) Wilhelm, M.; Feng, H.; Tracht, U.; Spiess, H. \l.. Magn. Resonl99§
134, 255-260. Mulder, F. M.; Heinen, W.; van Duin, M.; Lugtenburg,
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