JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Analysis of Proton-Proton Transfer Dynamics in Rotating
Solids and Their Use for 3D Structure Determination
Adam Lange, Karsten Seidel, Laurent Verdier, Sorin Luca, and Marc Baldus
J. Am. Chem. Soc., 2003, 125 (41), 12640-12648+ DOI: 10.1021/ja034555¢ « Publication Date (Web): 18 September 2003
Downloaded from http://pubs.acs.org on March 29, 2009

ppm

- -] L]

50

&6

0

&6

10

7%

0

%

%0

%

100

108

0] @ og o
e 80 48 40 3 N 25 pom

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 16 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja034555g

A\C\S

ART

CLES

Published on Web 09/18/2003

Analysis of Proton —Proton Transfer Dynamics in Rotating
Solids and Their Use for 3D Structure Determination

Adam Lange, Karsten Seidel, Laurent Verdier, Sorin Luca, and Marc Baldus*

Contribution from the Max-Planck-Institute for Biophysical Chemistry,
Department of NMR-Based Structural Biology, 3707 #tiagen, Germany

Received February 7, 2003; E-mail: maba@mpibpc.mpg.de

Abstract: A detailed analysis of proton—proton-transfer dynamics under magic angle spinning NMR is
presented. Results obtained on model compounds are evaluated under different experimental conditions
and NMR mixing schemes. It is shown that the resulting buildup rates can be interpreted in terms of
internuclear proton—proton distances provided that an appropriate theoretical description is chosen. As
demonstrated in two test applications, these dependencies can be used in the context of a three-dimensional

structure determination in the solid state.

Introduction

transfer method$. In this case, each individual distance

Solid-state nuclear magnetic resonance (NMR) has recently constraint necessitated the recording of at least one NMR data
made considerable progress in providing structural information Set. Even in small peptides, the complete 3D structural

in systems such as surface bound peptidegmbrané;? or
fibrous*® proteins that are difficult to study by solution-state
NMR or X-ray crystallography. The vast majority of these
studies (for recent reviews, see refs 6 and 7) involve NMR-
sensitive nuclei such &3C or*N, for which nontrivial structural
information from through-space dipolar couplings is only
obtainable by advanced labeling approaéhasd/or by the
application of specifically designed NMR pulse schefés.

In a uniformly labeled polypeptide,’3C3C) or (3C,1°N)
distance constraints between 3da® A which are of central

importance for defining backbone and side chain conformation,

characterization can hence require a considerable number of
NMR experiments making structural investigations in larger
systems impractical.

In contrast to structural studies involving rare-spin nutlei,
even the strongestH,'H) contacts provide valuable structural
details and, in many cases, lead to a remarkably accurate
description of the three-dimensional fold of the molecule of
interestl3 It is hence not surprising that biomolecular structure
determination by solution-state NMR relies profoundly on the
detection of short€<5A) proton—proton distance restrairs1®
which can be identified with considerable reliabilif618

have thus far only been determined using chemical shift selectiveHere, a variety of radio frequency (r.f.) mixing schemes
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(including NOESY*17:19%r ROESYC experiments) are available
to simultaneously detect a large set ¥ {H) contacts as cross-
peak intensities within a standard multidimensional correlation
experiment.
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Ideally, a similar large set of'fl,'H) distance parameters,

read ou_t ina smgle,_ 2_D correlation (_axperlr_nent, could provide ~— —_ ~
the basis for determining the three-dimensional arrangement of 1H DEC MIX DEC
a molecule in the solid-state. Here, the ability to directly detect CP, CP, CP,

(*H,*H) contacts is strongly influenced by the residual proton
line width. In systems with a limited set &f resonances or in
the presence of residual internal mobility, line-narrowing
techniques such as multiple-pulse decoupling ultrafast magic BN'BC | cp, b cp,
angle spinning can be sufficient to probe protetproton
interactions in high spectral resolution. In many biophysical

t tvem  tan
.

> »

applications, additional complications arise due to the number » > — >
of H resonances to be expected and due to the limited spectralrigure 1. Generic two-dimensional pulse scheme to obsefk:lK)
dispersion. For this reason, indirect detection schemes thatpolarization transfer in two spectral rare-spin dimensfSif¥,*H) contacts

1 : : i : are encoded during a two-dimension&N,13C) (NHHC) or (3C13C)
encode {H’ H) dipolar couplings on rare-spin nuclei are (CHHC) correlation experiment. Further experimental details are given in

particularly attractive. They have previously been demonstrated ref 26.

in the context of'H-spin counting®2* and for 2D rare spin

correlation spectroscopy. 2’ schemes and MAS rates. In the second part of our contribution,
In polypeptides, a variety of nontrivial distance constraints we exemplify how these distance constraints can be utilized in

can be detected #N or 13C evolution periods are used and if the context of a conventional structure calculation routine to

the (H,'H) mixing time is restricted to the initial rate regiffe.  determine the 3D conformation of a uniformh3¢,15N] labeled

If constraints obtained from these N/CHHC 2D experiments are biomolecule in the solid state.

to be supplemented in the framework of a de novo three- )

dimensional structure determination, the transfer intensities mustMaterial and Methods

be examined in more detail. In addition, such attempts require  Sample Preparation.U-[13C 15N] labeled samples af-Valine and

a principle understanding of the polarization transfer dynamics L-Histidine HCI were purchased from Cambridge Isotope Laboratories

within a proton network in the solid-state. As the general driving (CIL, Andover, MA). U-[C,'*N] labeled Ala-Gly-Gly was chemically

force of ¢H,'H) transfer in the solid-state, dipolar interactions Synthesized as described previouSly-Histidine HCI and Ala-Gly- -

between neighboring proton spins have thus far been describeoGt'y \:jver((je recrys(;alllzed from aqueous solutions at 10% dilution using

P _ f _S andard procedures.
ﬁf’sr?]ggge;ngsgc’ d?;seilggiir:/]emsep?zagilf(;SLi(cg?r]Mp))rtgigz;%r ::] echa NMR Spectroscopy All NMR experiments were conducted on 9.4

. . - T (*H resonance frequency: 400 MHz) or 14.1 TH(resonance
appropriate theoretical description furthermore not only dependsfrequency: 600 MHz) wide-bore instruments (Bruker/Germany) using

on the_ details of thel(-l,ll-_l) mixing but also on the time scale 55 1ym and 4 mm triple-resonanc(C 1*N) MAS probes. The
for which (*H,'H) transfer is allowed to take place. For example, generic two-dimensional N/CHHC mixing schethés depicted in
results of mixing times in the order of ms have been analyzed Figure 1 and involves rare-spin evolution and detection times. Unless
within the concept of a classical exchange process with a stated otherwise, heteronucleas andtcy contact times were set to
uniform diffusion coefficien2® As we will show below, a simple 200 and 10Qus, respectively. Phase sensitive 2D spectroscopy was
extension of this model for shorter mixing tinftéor a QM established by means of TPPI phase cyclihg.
analysis successfully utilized at ultrafast MAS conditiris For efficient (H,'H) transfer, signal loss during the mixing sequence
not possible in general. Instead, a detailed analysis of the must be minimized. For this purpose] S|gn._51_l |ntenS|t|t_es of unlabeled
experimental parameters such as thefield, MAS rate, and AIa—GIy—QIy were recorded upder the condlthn of re}d|o frequency.(r.f.)
= . pulse spin-locking and nutation with phase inversion as a function of
the type of r.f. mixing scheme is mandatory.

h f it is h ofold: Fi the ratio of r.f. field and MAS rater = wi/wr. In Figure 2 signal
The purpose of our manuscript is hence 2-fold: First, we intensities are plotted after an r.f. (spin-lock or nutation) evolution time

show that an adequate theoretical analysis'df'tl) transfer of 200us. For both experimental cases, we observe distinct resonance
rates generally depends on the details of the NMR experiment. minima at the higher MAS rate (25 kHz) if € [0.5,1,2], in line with

A comprehensive examination of the transfer dynamics in results obtained in rare-spin applicatidfd! For the lower spinning
uniformly labeled model compounds leads to a general frame- speed (11 kHz), the overall signal pattern is further complicated. For
work in which @H,H) transfer rates can be related to inter- both MAS rates, spin locking is most efficient for the strongest applied

nuclear distances for the considered pretproton mixing r.f. fields (Figure 2a). Signal loss under r.f. nutation (Figure 2c) is
minimal for very small or large r.f. fields, and one finds broadened

(21) Caravatti, P.; Braunschweiler, L.; Ernst, R. Ghem. Phys. Lett1983 resonance minima around thes [0.5,1,2] conditions that narrow with
22) 15%%”3(30”?‘31‘3&6551 H. WL Magn. Resorg00, 151, 163-227, increasing MAS rates. So as to ensure that the experimentally observed
(23) zhang, S.; Meier, B. H.; Emst, R. Rhys. Re. Lett. 1992 69, 2149- signal loss is indeed induced by strong dipoféd,{H) couplings, full

215 ) ) quantum mechanical simulations within the numerical simulation routine
) vty gy 0er: S.i Suter, D.; Emst, R.RChem. Phys199§ GAMMA 3232 were carried out (vide infra). Because dipolé,tH)
(25) Wilhelm, M.; Feng, H.; Tracht, U.; Spiess, H. \l.. Magn. Reson199§ interactions can be of comparable size to the applied MAS rate, a

134, 255-260; Mulder, F. M.; Heinen, W.; van Duin, M.; Lugtenburg, J.; ; ; ; _
de Groot, H. J. MJ. Am. Chem. Sod998 120, 12 89112 804, stepwise integration procedure (see e.g., ref 7) of the relevant two

(26) Lange, A.; Luca, S.; Baldus, M. Am. Chem. SoQ002 124 9704
9705

(30) Luca, S.; Filippov, D. V.; van Boom, J. H.; Oschkinat, H.; de Groot, H. J.

(27) de Boer, I.; Bosman, L.; Raap, J.; Oschkinat, H.; de Groot, H. JJ.M. M.; Baldus, M.J. Biomol. NMR2001, 20, 325-331.
Magn. Reson2002 157, 286-291. (31) Oas, T. G.; Griffin, R. G.; Levitt, M. HJ. Chem. Phys1988 89, 692—
(28) Suter, D.; Ernst, R. RPhys. Re. B 1982 25, 6038-6041; Suter, D.; Ernst, 695; Gan, Z. H.; Grant, D. MChem. Phys. Lett199Q 168 304—308;
R. R.Phys. Re. B 1985 32, 5608-5627. Nielsen, N. C.; Creuzet, F.; Griffin, R. G.; Levitt, M. H. Chem. Phys.
(29) Kubo, A.; McDowell, C. A.J. Chem. Soc. Faraday Trans.1b88 84, 1992 96, 5668-5677; Verel, R.; Baldus, M.; Ernst, M.; Meier, B. Bhem.
3713-3730. Phys. Lett.1998 287, 421-428.
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Figure 2. Spin-lock (a,b) and nutation (c,d) behavior’ef resonances in
the tri-peptide AGG for the two indicated MAS rates. Experimental results
(a,c) were obtained on a 600 MHz wide-bore (Bruker/Germany) NMR
instrument. Numerical simulations of the spin-lock (b) and nutation (d)
behavior result from considering a dipolar coupled two-spin system for the
two indicated MAS rates. All simulations were obtained using thetC
based NMR simulation environment GAMM%%:33 A stepwise integration
procedure (see, for example, ref 7) was utilized to calculate the time
evolution of the spin system. Results of 1000 single-crystal orientations
were added. The total signal intensity after an evolution of 208 shown

as a function ok = wi/wr.

LI
[x] b)
MIX _ _
— ~ T“ n
s N 9
T 3In
2 & 2
\50 P+n ©on

Figure 3. (*H,'H) mixing schemes considered in the current study. (a)
relates to longitudinal mixing (LM), (b) to RFDR zero-quantum (0Q)
mixing and (c) to POST-C# double-quantum (2Q) mixing. Unless stated
otherwise, shaded pulses correspond to tHfep@se nutations. In (b) and
(c), n refers to the number of rotor periodg and basic POST-C7 cycles,
respectively.

spin Hamiltonian was performed (see the Supporting Information). In
Figure 2, the spin-lock (b) and nutation (d) behavior predicted for the
two MAS rates considered experimentally is shown. Again, the signal
intensity was determined after 20& of spin system evolution as a
function ofx = w1/wr. In full agreement with our experimental results,
favorable spin-lock and nutation behavior is detected for large ratios
= w1/wr. Small values ok are also possible for nutation experiments.

from Figure 2. Moreover, polarization transfer schemes that are
characterized by relatively high valuesrominimize relaxation effects.
For example, SEDR®/RFDR® schemes that involve strong, rotor-
synchronizedr pulses are known to promote homonuclear dipolar
recoupling amond®C nuclei. In Figure 3b), the corresponding RFDR
implementation of a'd,'H) mixing experiment is shown. Both LM
and RFDR represent laboratory frame mixing schemes and are, as
demonstrated below, characterized by zero-quantum polarization
transfer. Finally, rotating frame double-quantum schemes that are
characterized by large values ofcan be utilized. In Figure 3c, the
POST-C7 scheme as published by Hohwy e¥dlas been adapted.
Theoretical Background. The experimentally detected cross-peak
build-up curves were analyzed using three different theoretical models.
(a) Spectral spin diffusio?f?° Here, the cross-peak signal intensity
is described by an exponential buildup
l12t) =1 — exp(= t/Tgp) (1)
In the static case, the spin-diffusion time consfégy is given by the
(*H,*H) distance 1, of interest and the zero-quantum (0Q) line-shape
function, evaluated at the isotropic chemical shift differedcef |
spin 1 and 2

2 4
Zh—y('s I(A)
EP)

1_
T~ (ug/4r) @

To lowest approximation, eq 2 remains valid under MAS and/or the
presence of an r.f. scheme assuming a modified 0Q-line-shape function
JOORF(A (yg) 20

(b) Two-spin approximation. Within the simulation environment
GAMMA, 22 a dipolar coupled'{,'H) two-spin system was monitored
under the influence of MAS for all considered r.f. mixing schemes.
Isotropic and anisotropitH chemical shielding interactions were taken
from the literaturé” The Hamiltonian and the details of the calculation
are given as Supporting Information.

(c) We also investigated whether the concept of a standard diffusion
coefficient® would adequately explain our experimental findings.

Structure Calculation. All structure calculations were performed
within CNS* (Crystallography and NMR System)*H,'H) distance
restraints obtained from N/CHHC 2D spectra were treated as NOE
restraints represented by a square-well potential

U2 u

(ry = )5 >

_ |
Essnwr= z Ky O, Fij

2 |
(ry =)y <ry

®3)

<r<riju

whererj is the calculated distance between proton i ang jandr;"

are the values of the lower and upper limits of the target distances,
respectively, antl is the force constant. In case of ambiguotiig{H)
restraints involving methyl or methylene protomg,is computed by

an r—¢ summatio®® involving all possible protorproton contacts.
Extended conformers of Ala-Gly-Gly andHistidine HCI were created

as initial structures and subsequently subjected to a simulated annealing
protocol consisting of three stages:

In general, the agreement between the theoretical predictions of a
homonuclear dipolar coupled two-spin system and the empirical findings
is better for ultrafast MAS conditions. A further improvement between
simulation and experiment may be obtained by taking into account r.f.
inhomogeneity and offset effects or by including additional spins in
the QM calculation. The r.f. schemes compatible with our theoretical
and experimental results are summarized in Figure 3. Longitudinal
mixing (LM) (Figure 3a) fulfills the experimental restrictions obtained

(32) Smith, S. A,; Levante, T. O.; Meier, B. H.; Ernst, R. R.Magn. Reson.
Ser. A1994 106, 75-105.

(33) Baldus, M.; Levante, T. O.; Meier, B. . Naturfors. Sect. AJ. Phys.
Sci. 1994 49, 80—88.
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(34) Gullion, T.; Vega, SChem. Phys. Lettl992 194, 423-428.

(35) Bennett, A. E.; Ok, J. H.; Griffin, R. G.; Vega, $. Chem. Phys1992
96, 8624-8627.

(36) Hohwy, M.; Jakobsen, H. J.; Eden, M.; Levitt, M. H.; Nielsen, N.JC.
Chem. Phys1998 108 2686-2694.

(37) Haeberlen, U. Ildvances in Magnetic Resonandeademic Press: New
York, 1976; Mehring, M.Principles of High-Resolution NMR in Solids
2nd ed.; Springer: Berlin, 1983; Tesche, B.; Haeberler, Magn. Reson.
Ser. A1995 117, 186-192.

(38) Brunger, A. T.; Adams, P. D.; Clore, G. M.; DeLano, W. L.; Gros, P.;
Grosse-Kunstleve, R. W.; Jiang, J. S.; Kuszewski, J.; Nilges, M.; Pannu,
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta
Crystallogr. Sect. D-Biol. Crystallogr1998 54, 905-921.

(39) Fletcher, C. M.; Jones, D. N. M.; Diamond, R.; Neuhaus,) DBiomol.
NMR 1996 8, 292-310.
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ing the mixing times from 182s (Figure 4b) to 0.36 ms (Figure

I " 4d) gradually establishes al’C,'*C) correlations in the side
ﬁ 4 :: L chain spectrum. Because Hd evolution or detection periods
8 - are present, the N/CHHC concept does not allow for the
1’; a) 9 b) identification of individual tH,*H) contacts, for example within
10 :'1’: CH, or CH; groups. In the following, we will hence refer only
120 . | to (13C8C) correlations and tacitly assume that they are
:ﬂ . :ﬁ mediated by next neighbor proteproton interactions.
70 130 10 % 70 %0 pem o e B 2 Tem For a further analysis, we present in Figure 5 experimentally
13 T rar - P P observed CHHC cross-peak intensities for a larger set of (LM)
C: :: transfer times for an MAS rate of 11 kHz (a) and 26 kHz (b).
l 60 o o el o o o o Here, and in all results presented in the following, the cross-
70 70 peak intensities were normalized against the total intensity of
z :: d) the spectrum. Experimental data points are shown for the pairs
100 C) 100 Co—Cg (filled squares) and £-Co6 (filled diamonds). From
:: 1o neutron diffraction dat& (*H, 'H) distances in HidHCl are
W0 * ° . ::: o o °o . predicted to be 2.22 A for the (C-Cp) pair and 3.06 A for
i, ., .| e 4, o o the nearest neighbor (i-Co) pair. A simple inspection of
190 130 o %070 80 pem 140 120 100 80 60 40 ppm Figure 5 reveals that the shortéH('H) distance (i.e., the (€~
«~°C +«—°C Cp5) pair) is characterized by a significantly faster buildup and,

Figure 4. Experimentally observed CHHC cross-peak intensities for His
HCl at 11 kHz on a 400 MHz wide-bore NMR instrument for RFDR mixing
(Figure 3b) employing four different mixing times: ()€ (b) 182us, (c)
273us, and (d) 364s. Cross-peak intensities refleéH(*H) interactions,
encoded int3C evolution and detection periods.

correspondingly, a stronger transfer efficiency in the initial rate
regimetyy = [0, 200us] in (a) andyy = [0, 1000us] in Figure
5b. Attempts to describe the experimentally detected transfer
dynamics within a dipolar coupled two-spin were unsuccessful.
Instead, theoretical results shown in Figure 5a and b were
L-Histidine-HCI. 1. High-temperature annealing in torsion angle obtained using the relaxation analysis of eq 1. Because the
space, in 2000 time steps of 0.002 ps at 30 000 K. 2. Slow-cool (1H,1H) distances are known, we can determine the value of
annealing stage in torsion angle space, in 6000 steps of 0.002 ps, andhe zero-quantum (0Q) line-shape function and find, for the data
te_mperatgre reducthn from _30_ OOQ K to zero in steps_ of 250 K. 3. obtained at 11 kHz MAS (Figure 5a)0%tM(A) = 208 s. In
Final conjugate gradient minimization of 300 steps. During all stages, agreement with a relaxation-based theoretical model, the signal
a force constankyy of 150 kcal mot! A-2 was used. A set of 100 . . . s e
conformers was generated, starting from different initial velocities. buildup is expo_nennal and_ the ZerO-QL_Jantum spin diffusion rate
under LM mixing scales inversely with thé"Gower of the

Ala-Gly-Gly. 1. High-temperature annealing in torsion angle space, . 1 . ; .
in 2000 time steps of 0.005 ps at 50 000 K. 2. Slow-cool annealing INternuclear {H,H) distance. In Figure 5b, the experiment was

stage in torsion angle space, in 4000 steps of 0.005 ps, and temperaturéePeated at an MAS rate of 26 kHz. For both considered proton
reduction from 50 000 K to zero in steps of 250 K. 3. Final conjugate Proton contacts, the transfer rates, and hence, the 0Q line-shape
gradient minimization of 200 steps. Force constdatsof 150 kcal functions are significantly reduced. Although a direct determi-
mol~* A~2 were employed during high-temperature and slow-cool nation of the 0Q line shape function is difficult, it can be
annealing, and 75 kcal mdi A= during final minimization. approximated by a produ8tof two 1Q decay functions known
Dihedral angles derived using TAL&Svere restrained by harmonic  to scale with 1b,.44 Hence, the 0Q-line shape function should
potentials analogous to eq 3 with force constants k of 100, 200, and gcgle with 1b,2. Indeed, a value OJOQ,LM(A) = 37 us leads to
490 kcal mot? rad™? during the three stages, respectively. The RMSDs very good agreement between theory and experimental data for
given by TALOS for each backbone angle were taken as allowed the shorter distance (Figure 5b) and reasonable agreement for

rotations around the predicted angles without energy contribution. _ ; . . .
Calculations implemented the PROTEIN-ALLHBGparameter file. the G3—Co pair. In light of these experimental observations,

A set of 50 conformers was generated, starting from different initial € @ssumption of a uniform diffusion constant that is not
velocities. The resulting structures were sorted by total energy and, if influenced by the details of the experiment is certainly not
applicable, distance and dihedral angle restraint violations. justified.

Next we investigated the polarization transfer behavior for
different static magnetic fields. In Figure 6, correlations recorded

(A) Analysis of Proton—Proton-Transfer Dynamics. Zero- at (a) 9.4 T are compared t(? data obtained' at (b) 14.1 T. Again,
Quantum Mixing. To introduce the general concept of a CHHC  uniformly [*C,**N] labeled HisHCI was considered. Apart from
2D correlation experiment, we present in Figure 4 results of a the @—Ce connectivity, all correlations, including the 3.06 A
0Q-CHHC (utilizing the {H,"H) mixing scheme of Figure 3b) (C5—Co) contact, are characterized by slower build-up rates
on uniformly [3C,15N] labeled HisHCI at 11 kHz on a 400 that increase in intensity beyond the mixing times considered.
MHz instrument. CP times before and after proton mixing were The relatively fast signal buildup of thedG Ce pair in Figure
optimized for polarization transfer within GHix = 1—3) groups 6a most likely results from relay transfers involving short
only. The NMR signal of the nonprotonated ring €arbon is (*H,*H) distances in the aromatic ring. Remarkably, the theoreti-

correspondingly missing. As expected, we observe no cross-¢al curves (included from Figure 5a) largely describe the buildup
peak intensities for vanishing mixing times (Figure 4a). Increas- characteristics fopoth400 and 600 MHz NMR data, indicating
that the dominating transfer mechanism for pretpnoton

Results and Discussion

(40) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMR1999 13, 289-302.
(41) Nilges, M.Curr. Opin. Struct. Biol.1996 6, 617—623.

(42) Hohlwein, D.Acta Crystallogr. Sect. A977, 33, 649-654.
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Figure 5. Polarization transfer rates under the LM scheme ort335}°N] labeled HisHCI observed at an MAS rate of 11 kHz (a) and 26 kHz (b). Data
sets were calibrated as follows: The observed cross-peak intensities foath€dJfilled squares) and £-Co (filled diamonds) were normalized against
the total intensity of the 2D spectrum. Subsequently, data points for the fastest buildup were set to 1 for long mixing times. Indicated linegldorrespo
numerical simulations using eq 1, the 0Q line-shape function given in the text and the following simulation paramgterg:22 A (Co—Cf spin pair)
andri; = 3.06 A (Q8—Co spin pair). The signal buildup reflectdH,'H) interactions, encoded i#*C evolution and detection periods. For reference,

predictions usingl®@M(A) obtained at 11 kHz are included in gray.
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Figure 6. Experimentally observed polarization transfer rates o#*07PN]
labeled HisHCI at (a) 400 MHz and (b) 600 MHz under LM mixing.
Indicated distances were obtained from previous neutron diffraction stidies.
Lines correspond to numerical simulations using eq 1 and the following
simulation parameters: (ay1, = 2.22 A (Gu—Cp spin pair) andyi, =

3.06 A (G8—Co spin pair) and the 0Q-line shape function given in the
text. Note that in (b) the time axis is expanded by a factor 3. The signal
buildup reflects {H,'H) interactions, encoded #C evolution and detection
periods.

distances up to 3A is only weakly influenced by an increase in
isotropic and anisotropiéH chemical shielding interactions.
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Figure 7. 0Q-CHHC cross-peak buildups in W€ ,15N] L-valine for
longitudinal (a) and RFDR (b)}:d,*H) mixing. Spin pairs are indicated by
symbols. Lines correspond to theoretical predictions using the 0Q line-
shape function of Figures 5 and 6 ariti H) distances of 2.48 A and
3.03 A. Data were obtained on a WB 400 MHz instrument. The signal
buildup reflects {H,!H) interactions, encoded #3C evolution and detection
periods.
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length scale. The experimental results obtained using the LM
scheme of Figure 3a are hence in qualitative agreement with
the theoretical description.

To investigate whether these observations also hold for NMR
data obtained in other systems, Figure 7 (a) contains experi-

Apart from a reduction in transfer rates for long distances, the mental results on U{C,'>N] variants of.-valine obtained under
data at higher field strength reveal that the transfer curves dolongitudinal mixing (LM) at 11 kHz MAS. According to the

not allow for discrimination between direct contacts and relay

crystal structurd® all nearest neighborlfd,!H) distances are,

mechanisms for distances larger than 3A. Within experimental except for the @—Cp pair (3.03 A), identical and short (2.48

error, these buildup rates behave similarly to the 3.06 A distance

predicted for the (8—Cp) pair. As in the solution state, these

(43) Henrichs, P. M.; Linder, M.; Hewitt, J. M. Chem. Physl986 85, 7077
6

curves most likely involve relay transfer mechanisms and hence (44) Brunner, E.; Freude, D.; Gerstein, B. C.; PfeiferJHViagn. Resor199Q

complicate a discrimination between a 3.06 % £H) direct

90, 90—99; Samoson, A.; Tuherm, T.; Gan, 3olid State Nucl. Magn.
Reson2001, 20, 130-136.

contact and multiple-spin transfer mechanism over a comparable(4s) Torii, K.; litaka, Y. Acta Crystallogr., Sect. B97Q B 26, 1317-1319.
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A). Transfer functions assuming the same 0Q line-shape function I,."
as in Figure 5a are included for internuclear distances of 2.48 [a.u’.]

A and 3.03 A as reference. An inspection of Figure 7 leads to 1
the following conclusions: (i) the overall intensity of the

different spin pairs varies considerably. Because the cross-peak 08
intensities were (as in Figures 5 and 6) normalized against the

total intensity of the spectrum, this observation can be partially 06
attributed to intensity variations due to mobility effects. For

example, cross-peak amplitudes involving one or twoszCH 0.4
groups are in general stronger (Figure 7). (ii) One in general

finds cross-peak maxima between 300 and @8Cconsistent 02
with proton—proton distances of about 2.4 A (vide infra). /
Correspondingly, a further downscaling of the theoretical curve N .

[] 200 400 600 800 1000

for the 2.48 A distance leads to good agreement for the majority i [1]
of the ConS'd.ered S.pln. Pa'rs' We note that an a.ddltlonal Figure 8. Simplified model describing the initial rate transfer behavior of
normalization is only justified for buildup curves that display @ the 0Q-CHHC LM method. Transverse relaxation rates were selected
clear maximum in the considered mixing time regime. (i) The according to the empirical results obtained in Figures 6 and 7. Assuming
experimental data do not allow for a reliable detection of the the validity of eq 1, these parameters directly correlate with thi'i)
. . . distances given in A. The calibration is valid for experiments at 400 and

Co—Cp distance of 3.03 A. We attribute this effect to strong o0 Mz,
relay mechanisms within the highly symmetric arrangement of
Val that influence the transfer dynamics for the-©Cg pair. relaxation treatment leads to a uniform zero-quantum line-shape
With the exception of this discrepancy, the experimentally functionJ°(A) for a given MAS rate, 0Q mixing scheme and
observed transfer rates are hence in qualitative agreement withB, field. As exemplified in Figure 8 for the LM scheme and an
distances obtained from X-ray crystallography. In the solution MAS rate of 11 kHz, one can subsequently construct a transfer
state, {H,'H) contacts involving methyl protons are usually map that scales inversely with th# fower of the internuclear
described by modified NOE buildup rat&s!” Although we did distance. The most reliable structural analysis involves a detailed
not observe analogous effects in the model systems consideredcomparison of the theoretical predictions to the experimentally
internal motions could further influence the observed transfer detected cross-peak buildup intensities. As visible from Figures
characteristics. Examples involving mobile polymer systems 5—8, such an analysis permits to detect sht{H) distances
have been reportet. with relatively high accuracy# 0.2 A) Alternatively, one can

To further investigate the dependence of the transfer dynamicssolely rely on results obtained for one mixing time in the initial
on experimental settings, we have included (Figure 7b) results rate regime where the observed signal intensities strongly cor-
obtained using RFDR as &H,'H) mixing sequence (Figure relate with the expected proteproton distance. Similar to the
3b). Again, the correlation spectra are dominated for short solution state, additional errors due to variations in signal in-
mixing times by the strongestH,'H) interactions. RFDR tensity and relay transfer effects must then be taken into account.
transfer leads, in zeroth order average Hamiltonian theory, to a We conclude this section by briefly comparing the results
dipolar Hamiltoniaf® with a recoupling efficiency given by the  regarding 0Q-CHHC mixing to a cross relaxation analysis
product of the dipolar coupling element and the (isotropic and employed in solution-state NMR. Her# relaxation in the
anisotropic)*H chemical shift difference (normalized against laboratory frame is dominated by dipoldH('H) interactions
the MAS rate) of the two spins of interest. Correspondingly, leading to Nuclear Overhauser effects (NOE) and the rate of

numerical 2-spin simulations predict (for a protgproton polarization transfer between two spins is determined by the
distance of 2.5 A) a mixing time dependence that compares Solomori® equations. The cross relaxation rate directly depends
favorably to results obtained for one-bon®#Q,°C) dipolar on the internuclear distance between the two dipolar interacting

recoupling experiments. Instead, the experimental buildup ratesspins under study and the details of the motional prd€éss

shown in Figure 7b are significantly faster and are well described encoded in the generalized spectral density functiifas,w,)

within a monoexponential 0Q-relaxation analysis (eq 1). In

agreement with all other correlations, one observes an ap- 1 2h27|4~

proximately 3-fold reduction in the polarization transfer rate noE = (udAn) —5 N wywp) 4)

for the Cy1—Cy2 spin pair (filled circles in Figure 7). For the T M2

experimental parameters given in Figure 7, we hence find a

modified zero-quantum line-shape functiod?@RFPRA) =

0.319QtM(A) favoring the LM approach in practical applications.
The presented results of Figures-B suggest a general

approach for the structural analysis of 0Q-CHHC correlation

spectra in systems of unknown structure: A semiclassica

Hence,both solid and solution-state rate constants are propor-
tional to 11,5 Comparison of eq 4 and eq 2 furthermore reveals
that the polarization transfer rates in the solid- and liquid-state
are determined by multiple-spin and motional effects within a
| dipolar coupled proton spin network, respectively. As in the
solution state, where a significant amount of information is

(46) Lane, A. NJ. Magn. Resorl.98§ 78, 425-439; Olejniczak, E. TJ. Magn. available today regarding the spectral density functias,w,)
Sgggﬂiggg %%v 31%23‘_%97@ Liu, H.; Thomas, P. D.; James, T.1.Magn. for different motional model4’4° the presented N/CHHC
(47) Koning, T. M. G.; Boelens, R.; Kaptein, R. Magn. Reson199Q 90, concept hence allows for a further detailed analysis of the 0Q

111-123. ; ; ; ; .
(48) Fritzhanns, T.. Demco, D. E.; Hafner, S.: Spiess, HMul. Phys.1999 Ilpe shape function under varlab_le experimental condlt_|c_)ns and
97, 931-943. different degrees of proton density and molecular mobility. For
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Figure 9. 2Q-CHHC correlation experiment on WL ,'5N] L-val for tcy

= 250 us and a protorrproton mixing time of 208&s. Negative signal
intensities are given in red. Insert: Symbols (see Figure 7) relate to
experimentally detected data points. Dashed lines correspond to initial rate
transfer as obtained within a quantum mechanical 2-spin simulation for the
designated’H,H) distances.

the solid-phase systems considered here, the observed rat ;
P y getwe(m 2 A and 4 A but enables the detection of shorter

¢ Proton-proton distances.

constants are about 3 orders of magnitude faster than observe
in the solution-state. Additional complications due to scala
couplingd® can hence safely be neglected.

Double-Quantum (*H,H) Polarization Transfer. As al-
ready demonstrated in ref 26, it is also possible to establish
double-quantum polarization transfer in fully protonated systems
with transfer characteristics well-known from rare-spin 2Q-
correlation experiments. Here, a 0Q-spin diffusion approxima-
tion does not adequately describe our experimental findings.
Instead, QM two-spin simulations were conducted for variable
MAS rates indicating that POST-C7 dipolar recoupling is
possible at 11 kHz fort,*H) distances equal to or longer than
2.0 A. At higher spinning speeds, stronger dipolar couplings
and hence protonproton distances down to 1.5 A can be
investigated.

Figure 9 contains experimental results obtained oA30:°N]
L-valine for a homonuclear contact time of 2Q8. As
expected? all cross-peak intensities are negative relative to the
positive signal values of the diagonal. In agreement with the
crystallographic predictions (see previous section), the cross-
peak amplitudes involving the ¢C-Cf) spin pair are consider-
ably smaller than all other cross-peak intensities observed in

the spectrum. We can compare the cross-peak buildup rates in

the initial rate regime to quantum mechanical two-spin simula-
tions for internuclear’,H) distances of 2.5 A and 3.0 A. The
corresponding initial linear transfer rates are indicated in Figure

9 as dashed lines. The NMR data are hence in good agreement

with the X-ray structure. For short mixing times, (i.6y <
0.2 ms), the size of the 2Q cross-peak intensity reflects the
internuclear {H,'H) distance. For longer mixing times, strongly

(49) Noggle, J. H.; Schirmer, R. Ehe Nuclear @erhauser Effe¢tAcademic
Press: New York and London, 1971; Massefski, W.; Bolton, Rl.Wlagn.
Reson.1985 65, 526-530; Neuhaus, D.; Williamson, MThe Nuclear
Overhauser Effect in Structural and Conformational Analysi&CH
Publishers: New York, Weinheim, Cambridge, 1989.

(50) Baldus, M.; Tomaselli, M.; Meier, B. H.; Ernst, R. Rhem. Phys. Lett.
1994 230, 329-336.
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b)

Figure 10. Comparison of (a) a representative ensemble of 10 structures
of His*HCI using 0Q-CHHC constraints with (b) the published conformation
obtained from neutron diffractiof?. The structures were aligned along all
heavy atoms excluding oxygen and aromatic ring atoms using MOLRFOL.

coupled systems require the inclusion of further proton spins
within the simulation and the observed transfer amplitude
changes sign in close analogy to tHéQ(1*C) case’! These
experimental observations are in full agreement with additional
three-spin model calculations (data not shown) and reveal that
relay mechanisms dominate the transfer behavior for longer
mixing times. According to these calculations, increasing the
AS rate does not alter the transfer dynamics for distances

(B) 3D Structure Determination using (H,'H) Restraints.

In the following, we exemplify in two simple cases how the
structural constraints obtained from N/CHHC correlation spectra
can be used in the context of a standard three-dimensional
structure determination. In both cases, uniformly labeled samples
were considered within an unlabeled background hence exclud-
ing contributions from intermoleculafH,'H) transfer. Such
interactions can provide valuable structural information but
would complicate the interpretation of the transfer dynamics in
terms of the 3D molecular structure. For sensitivity reagéns,
we here concentrate on results using the 0Q-N/CHHC LM
method.

L-His-HCI. As a cross validation, the CHHC data shown in
Figure 6 were used to establish a set of structural constraints
for L-His-HCI. On the basis of the analysis presented in (A),
we assumed distance restraintg, [r"] of [1.8 A, 2.3 A] for
the (Gu—Cp) pair and [2.6 A, 10 A] for all other considered
(*H,*H) contacts. The 10 lowest-energy structures shown in
Figure 10a were hence obtained using in total 6 nontrivial
(*H,H) distance constraints. The agreement to the conformation
obtained from neutron diffractiéf(Figure 10b) could be further
improved by a detailed analysis of 2Q-CHHC experiments that
allow for a clear distinction between direct and relay mecha-
nisms.

Ala-Gly-Gly. To assess the usefulness of the presented
approach in peptides, we next considered NMR results obtained
on the uniformly [3C15N] labeled tripeptide Ala-Gly-Gly for
which a crystallographic reference structure is avail&ble.
addition to the CHHC-type of experiments we here also recorded
a series of NHHC correlation experiments. As an example,
Figure 11 contains results of a LM 2D experiment with =

(51) Sun, B. Q.; Costa, P. R.; Kocisko, D.; Lansbury, P. T.; Griffin, RJG.
Chem. Phys1995 102, 702-707.
(52) Subramanian, E., Lalitha, \Biopolymers1983 22, 833—-838.
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Figure 11. 0Q-NHHC correlation experiment on 3 mg of L3 ,15N] AGG

for a LM correlation time of 20@s. The experiment was conducted at 9.4
T and 11 kHz MAS.tyy was set to 50@s. Resonance assignments were
obtained from ref 30. All peaks reflectH{,'H) interactions, encoded in
15N evolution and!3C detection periods.
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Figure 12. (a) CHHC buildup curves for the indicated cross-peaks. The
solid line corresponds to a theoretical prediction (see Figure 8) using a
(1H,1H) distance of 2.37 A, (b) 0Q-NHHC signal buildup for the indicated
(N,C) pairs. For the sake of clarification, connecting lines are shown. All

X-ray structure, short (i.e., 2.6 & 0.25 A) NHHC correlations.
For longer mixing times, all signal intensities adopt similar
values. The qualitative difference between NHHC and CHHC
spectra most likely results from a different degree of tékal
polarization in the sample. In (b) only, NH protons are initially
polarized and magnetization must be redistributed within the
protonated3C network. As a result, transfer to nearest neighbor
13C is influenced by other protons in close spatial proximity.
These experimental results are in qualitative agreement with
quantum-mechanical calculations of an;ISpin systend.
Comparison of Figure 11 and Figure 12 indicates that one 2D
correlation experiment is sufficient to identify nearest neighbor
NHHC correlations. Two of the detected interresidue correla-
tions involve Gx(i)—NH(i+1) pairs strongly indicativé for a

B -strand arrangement of AGG predicted from the crystal
structure. In a simplified, dual constraint classification, we can
attribute strong peaks in Figure 11 to NHHC distances of [2.0
A, 3.0 A] and all other weak or missing correlations sl £H)
distances of [3.0 A, 50.0 A]. Similar to the study involving
L-His-HCI, selecting a large upper structural bound appropriately
reflects the accurateness of the NMR-detected distance con-
straints and minimizes complications due to relay effects during
the structure calculation. Note that in contrast to approaches
involving chemical-shift-selective transfer methods, 12 nontrivial
distance constraints were hence obtained fromingle 2D
experiment.

These distance constraints can provide the basis for the
computation of an ensemble of 3D structures. In addition to
these distances constraints, secondary chemical shifts strongly
correlate with polypeptide backbone strucdf& and provide
a convenient means for establishing dihedral angle constraints
in a polypeptidé:4054In particular, we have recently shown
that solution-state random coil chemical shifts can be used as a
standard reference to study secondary chemical shifts of
uniformly labeled proteins in the solid-stéfeAs a result,
databases such as the TAL®$outine, originally developed
for the structural analysis of conformation-dependent chemical
shifts in the solution-state, can be used for solid-state NMR
applications’%:5455|n the case of AGG, we find for the central
residue of AGG ¢ = (—104 £ 23)°, v = (158 & 24)°) which
is in reasonable agreement with the X-ray structure and provides
an independent additional structural constraint. For the particular
case of AGG, a structure calculation with CNS usimdy these

experiments were conducted using the LM scheme (Figure 3a) on 3 mg of dihedral angle constraints leads to the structure shown in Figure

U-[13C15N] AGG at 11 kHz MAS and 400 MHZ'H resonance frequency).

Resonance assignments were obtained from ref 30. Distance restraints use

during the structure calculations are indicated.

200us. Again, only protonated rare-spins are considered, and

it is hence sufficient to concentrate on the aliphatic region of
the spectrum. Similar to the homonuclear CHHC case, one
immediately observes significant differences regarding the

intensity of the observed correlations. These qualitative observa-

tions are supported by an analysis of the resulting CHHC (a)
and NHHC (b) buildup curves on AGG shown in Figure 12.
From the CHHC data presented in (a), we can easily identify
one short{H,'H) distance for the (A1&, A1Cp) pair. Notably,
the initial rate buildup agrees well with a theoretical approxima-
tion of Figure 8 assuming théH,!H) distance of the corre-
sponding X-ray structure. In contrast to the CHHC correlations,
we detect in Figure 12b local maxima for all, according to the

13a and a backbone RMSD of 0.51 A. As expected, C and N
terminal segments of the peptide remain poorly defined and
additional constraints are necessary. In Figure 13b, NHHC
distance parameters were supplemented as additional constraints
leading to an overall reduction of the backbone RMSD to 0.37
A. Restraints derived from the NHHC correlation experiment
are particularly useful to restrict the N terminus and the side
chain. On the other hand, the C-terminus remains, in the absence
of detectable’,*H) contacts, poorly defined. Correspondingly,
the beneficial effect of thé'fd,'H) constraints becomes apparent

(53) Saito, H.Magn. Reson. Chenl986 24, 835-852; Spera, S.; Bax, Al.
Am. Chem. Socl99], 113 5490-5492; Dedios, A. C.; Pearson, J. G.;
Oldfield, E. Sciencel993 260, 1491-1496.

(54) Balbach, J. J.; Ishii, Y.; Antzutkin, O. N.; Leapman, R. D.; Rizzo, N. W.;
Dyda, F.; Reed, J.; Tycko, Biochemistry200Q 39, 13 748-13 759.

(55) Ishii, Y. J. Chem. Phys2001, 114, 8473-8483; Bakmann, A.; Lange,
A.; Galinier, A.; Luca, S.; Giraud, N.; Heise, H.; Juy, M.; Montserret, R.;
Penin, F.; Baldus, MJ. Biomol. NMR2003 in press.
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semiclassical relaxation theory and lead to an exponential cross-
peak buildup. For a given MAS rate and pulse scheme
considered here, a uniform 0Q-line shape function can be
obtained and the 0Q-transfer rates depend on the invédtse 6
power of the protofrproton distance. For 0Q-NHHC mixing,
multiple-spin effects affect the transfer profile for longer mixing
times. Nevertheless, the initial transfer rate remains diagnostic
for the NHHC distance of interest. The same observations were
made for 2Q rotating frame mixing where the initial cross-peak
buildup is again sensitive to the internuclear distance and can
be described within a quantum-mechanical two-spin analysis.
In several aspects, the approach resembles a structural analysis
of NOE parameters in the solution stateThe accuracy with
which proton-proton contacts can be related to internuclear
distances is highest if results of several experiments are analyzed
in the initial rate regime. Relay transfers and intensity variations
Figure 13. Representative ensemble of 20 structures of AGG using (a) C@n be accounted for by choosing appropriately wide bounds
TALOS dihedral angle constraints only and (b) their combination with or by a direct refinement during the structure calculafibn.
NHHC distance constr_aints. Th_e structures were aligned along the backboneFina”y, 2Q-CHHC correlation spectra can, similar to ROESY
atoms of all three residues using MOLMGE.. - L . .

experiments, help to distinguish direct from relay transfer.

when RMSD values are calculated without the C terminal C Hence, the presented concept should be of comparable value

atom. In this case, the RMSD value decreases from 0.39 A NOE-reIgted spectroscopy in the solution-state.

(TALOS) t0 0.17 A (TALOS+ NHHC). Hence, the combina- In two simple examples, we have shown ho#(H)
tion of the 13C resonance assignments and a single NHHC constraints can be used to determmg molecular structures using
experiment was sufficient to significantly restrain the 3D Solid-state NMR. In contrast to previous reports, a small set of
structure of AGG in the solid state. Because only one side chain2P €xperiments was sufficient to establish side chain or
resonance can be detected, CHHC distance constraints do, iPackbone conformation in two model systems. For AGG, a

the current context, not lead to significant increase in structural Single NHHC correlation spectrum suffices to calculate the 3D
accuracy. structure to a backbone RMSD of 0.37A. Our investigation

provides the empirical basis for future structural studies in other
Conclusions protonated molecules including ligands of small molecular

o :
The detection of through-space contacts represents one of thé’ve'ght' fibrous or membrane prOte'nS: Herél,—|.(lH) .conta.cts

primary instruments of NMR to probe structural parameters in not only repqrt on local backbone or side chaln orientation but
solution or solid state. In many applications of chemical or €Y aré particularly useful to establish medium and long-range
biological relevance, the system of interest is characterized by onstraints for the three-dimensional protein fold. We have
a large number of protonproton contacts that, in contrast to prewou_sly shown for t_he_76 residue protein u_b|qumn th_at such
rare-spin interactions, are indicative of the three-dimensional constraints can |n6pr|nC|pIe be detected using the discussed
arrangement of the molecule of interest. In the solution state, /CHHC concept® Provided that a sufficient number of

these contacts are easily detected by dirédflH) correlation proton—proton distances and dihedral angle constraints can be
experiments and have been of central importance for 3D obtained, solid-state NMR experiments as discussed here could

hence lead to the de novo protein structure determination using

structure determination. Both aspects provide a strong incentive' ™"’ .
to investigate whether a similar approach is viable for the & Single protein sample.
structural analysis of solid biomolecules studied under high-
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