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ABSTRACT: A fully 3C—*>N-labeled and a selectively alanif&” tryptophant®N"-labeled sample of the Src
homology region 3 (SH3) domain af-spectrin (chicken), a 62 residue protein, were biosynthesized and studied
by solid-state cross-polarization magic angle spinning (CP/MAS) NMB-5N rotational echo double resonance
(REDOR) and'®>N—23C transferred echo double resonance (TEDOR) spectroscopy. In the first part of the study it is
shown that spectral editing with the TEDOR sequence leads to a drastic simplification’8CtMAS spectrum of

the fully labeled sample, allowing the resolved spectroscopy of group¥Cohuclei, according to their distance to
neighboring'®>N nuclei. In the second part of the study the inter-residual distance between the alanine residue Alas5
and the tryptophan residue Trp42 was determined by the measurement of the dipolar coupling betwéefi -
Trp-*NM9, yielding a dipolar coupling of 4& 8 Hz, which after correction for fast molecular vibrations gives a value

of 53+ 8 Hz, corresponding to a CN distance 083+ 0.25Hz. The result is compared to the CN distances obtained
by x-ray diffraction and liquid-state NMR. Copyright 2000 John Wiley & Sons, Ltd.

KEYWORDS: SH3 domaing-spectrin; protein; TEDOR; REDOR; spectral editing; chemical editing; CN distances;
dipolar solid-state NMR

INTRODUCTION Solid-state NMR spectroscopycan help in structural

studies of these classes of proteins. Because of the spe-
The biological function of a protein is mainly deter- cial experimental requirements of this type of NMR, this
mined by two factors, the primary structure, i.e. its amino approach is still under development. Two major problems
acid sequence, and the geometrical arrangement of thehave to be solved before a successful solid-state struc-
amino acid chain and the side groups, i.e. its secondarytural analysis of a protein is feasible. First, the spectral
and higher structurésThe primary structure of peptides resolution has to be increased to achieve a resolution com-
and proteins of interest is known in general or can be parable to the resolution in liquid-state NMR. Second,
determined by standard techniques. The determinationtechniques for monitoring neighbor relationships of dif-
of the higher structures is more elaborate. If suitably ferent amino acid residues have to be developed, applied
crystallized samples of the protein are available, it is and combined with efficient techniques for distinguish-
possible to determine these higher structures by x-raying between the contributions from different types of
diffraction. An alternative approach is multi-dimensional jnteractions.

liquid-state NMR spectroscopy of dissolved molecdigs. One approach for the study of proteins with solid-state
Both of these methods have their limitations: on the one NMR relies on orienting the sample with respect to the
hand, many proteins are not available in_s_ingle-crystal magnetic fieldB,, e.g. by embedding the protein in a
form, for example owing to poorly crystallizing behav-  memprane. Orientation constraints are derived from dipo-
ior. On the other hand, proteins often exceed the range|ar couplings and chemical shift interactions, the values of
pf molecular weights suitable for liquid-state NMR stud- \yhich depend on the relative alignment of the molecule
ies, are only poorly soluble or tend to aggregate. Fur- \iin respect to the external fietd. This technique is
thermore, the important group of membrane embedded ggyricted to a limited class of proteins. Therefore, magic
protelns cannot be analyzed by x-ray diffraction or solu- angle spinning (MAS)® NMR techniques and in particu-
tion NMR. lar the cross-polarization (CP) MAS experim@ft have

_ ) ) provided the major means to solve the resolution problem.
i This paper is dedicated to Professor Dr Harald The linewidths typically obtainable by MAS are in most
Giinther on the occasion of his 65th birthday. cases still an order of magnitude worse than those typi-
* Correspondence toG. Buntkowsky, Institut fir Chemie, FU Berlin, cally found in Ilqwd-st_ate NMR. Only very recently with
Takustr. 3, D-14195 Berlin, Germany; e-mail: bunt@chemie fu-berlin.de the development of high-speéC CP/MAS probes and
 Present address: Department of Chemical Physics, The Weizmannhigh-field solid-state NMR spectrometers do linewidths
Institute of Science, Rehovot 76100, Israel. - - - - .
Contract/grant sponsor German Israel FoundationContract/grant Su'tab"? for real high resolution in the solid state seem to
number GIF 1-595-43.09/98. be achievable.
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REDOR STUDY OF THE SH3 DOMAIN 597

Two prerequisites are needed for a successful struc-employing a small protein with known structure as a ‘real
ture determination by MAS NMR spectroscopy: (i) a high world’ model of large solid proteins. In the first part a
spectral resolution to assign individual lines to particu- strategy for simplification of complex solid-state NMR
lar atomic positions in the molecule by virtue of their spectra of fully3C- and **N-labeled samples with the
isotropic chemical shift and (ii) a network of adjacency help of the TEDOR sequence was assessed. The second
and distance information, which can be found by recording strategy combined special chemical editing of the sample
the couplings between different atoms in the molecule. with dipolar solid-state NMR spectroscopy. In general,

For the analysis of the distance information under high- selective chemical editing of a protein sample is not an
resolution MAS conditions, several advanced NMR tech- easy task. In our case we employed a relatively simple
nigues are now available. A review of some of these tech- chemical labeling scheme by adding a single, selectively
niques was given by Bennadt al.? and the application of ~ *C-labeled amino acid to the medium for the biosynthesis.
these techniques to biological samples was reviewed byWith this scheme a selective enrichment of this amino acid
Auger?!® The basic idea of these techniques is to reintro- in the protein is achieved. This partial enrichment allows
duce the dipolar coupling in the course of the MAS exper- even on a non-high-field solid-state NMR spectrometer a
iment by periodically disturbing the evolution of the spin faithful determination of non-trivial interresidual distances
system with the r.f. pulses, leading to a dipolar recoupling. in a protein.

For heteronuclear systems of two X-nuclei, the rotational We choose the chickerG@llus gallug Src homology
echo double resonance (REDOR) experirtfert is of region 3 (SH3) domain (Fig. 1) af-spectrin as a model
particular importance. This method allows the recoupling system for our studies for several reasons. (i) With its
of dipolar interactions between different X-nuclei (€3N 62 amino acids it is a relatively small protein includ-
and*3C) by periodically inverting the sign of the dipolar ing a great variety of 18 different amino acids. This
interaction in the course of the experiment. The strength results in a relatively wide distribution dfC chemical

of the dipolar interaction can be determined by perform- shifts in the NMR spectrum and therefore a minimum
ing an echo experiment and measuring the signal decaysignal overlap, which allows for a reasonable resolution
caused by dipolar dephasing. This decay can be adjusteceven on a non-high-field solid-state NMR spectrometer.
to a known master curve to determine the strength of (i) The samples used in the presented NMR experiments
the interaction or alternatively it can be transformed into are stable against heat-induced molecular conformation
the frequency domain. Examples of some recent appli- changes. The solid-statéC and*>N NMR spectra both
cations of dipolar recoupling techniques to proteins and displayed constant chemical shifts over a period of sev-
other biomolecules can be found in the literattfre? eral months indicating a high structural stability of the

The differences in the dipolar dephasing times in the SH3 domain. (iii) The structure of the SH3 domain has
3C—'*N REDOR experiment can be exploited as dipolar been analyzed by x-ray diffraction with a resolution of
filters, which reduce the number of overlapping side-chain 1.8A. This allows control of the structural data obtained
signals®®-3% However, the price for the simplification of by solid-state NMR.
the *C spectrum is a considerable decrease in intensity. The first reported crystal structure of an SH3 domain
Moreover, these editing techniques remove the signal of is that of thex-spectrin SH3 domain (chickeff) Spectrin
the dephased nuclei and they cannot be used as buildis the major component of the cytoskeleton that underlies
ing blocks of heteronuclear correlation experiments. For the cell membrane. It has an SH3 domain inserted into
such tasks, active magnetization transfer experiments orone structural repeat of the-chain. This SH3 domain
coherence transfer techniques are more attractive. In thgs a good model system for protein folding and stability
solid state the active transfer of magnetization from one
type of spin-1/2 nuclei to another type of spin-1/2 nuclei, o~ _amm
e.g. from™N to *C, can be achieved via heteronuclear [ "oy
dipolar couplings?3#-% The TEDOR (transferred echo \ 4 )
double resonané® technique is the solid-state NMR ana- { ‘::\ 1 2 B I/
log of the INEPT experiment in liquid-state NMR. After —— ] 1 //
initial cross-polarization of the nucleus the evolution : ' N O y..
of the magnetization under the influence of the heteronu- e / B/ 1
clear dipolar interaction during the time createdS spin ‘) % __,__..-j/
coherence, which is converted infospin coherence by YjoSoypy v
a simultaneous 9Qpulse in both/ and S channels and a & '
second evolution for the time. The transfer efficiency is -
at a maximum if the two delays are equal, ke= .. In
single crystals or liquids, complete coherence transfer can i o .
be achieved by such a technique if the transfer time is cho- 922" and the positions of tryptophan residue Trp42 and

- alanine residue Ala55. The arrow marks the distance from
sen correc.tly. In non—prlenteq powdgr samples, 'howe'ver, the 13C* (Ala55) to the 'SN™ (Trp42). The 13C—'5N distance
only a partial transfer is possible, owing to the orientation f the 13¢# (Ala55) and the >N™ (Trp42) determined by
dependence of the dipolar interactions. x-ray diffraction and liquid-state NMR varies in the range

The aim of this work was the evaluation of some solid- 3.56-3.73 A. Note the relatively large ‘free’ volume in the
state NMR strategies for structural studies of proteins, vicinity of the Trp42 residue.

Figure 1. X-ray structure of the backbone of the SH3
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studies and in particular for g#i-structures of proteins. Its Ala56  Ala55 Trp42
tertiary structure is that of a small scaffold composed of
five antiparalle|g-strands. The structure has been analyzed
again by x-ray diffractioft and also by liquid-state NMR
spectroscopy? Structures of several other SH3 domains
have also been determined. In all these studies, a similar
common g-barrel motif was found in spite of the low
degree of sequence Slm”a_my, Wlthm the fanfiyThe Figure 2. Part of the SH3 domain amino acid sequence
function of the SH3 domain is still not clear, but the displaying the selectively 3C*-labeled alanine residues
proteins, in which the SH3 domain can be found, are often Aja55 and Ala56 and the 'SN"™-labeled tryptophan
involved in signal transduction pathways (see Musacchio residue Trp42.
et al*® and references cited therein).

In principle, it is possible to study directly fully isotope- EXPERIMENTAL
enriched SH3 protein samples by solid-state NMR. In
practice, however, the strong signal overlap will prevent The REDOR experiment
a sufficient resolution of the individual resonances, in
particular with a 7T spectrometer as used in this study. The basic theory of the REDOR experimét®* is well
Therefore, the application of spectral or chemical editing Known from the literature and will be only briefly sum-
techniques is necessary for enhancing the resolution in theMarized here. For a heteronuclear spin-1/2 pair, the solid-

NMR experiment. state NMR high-field MAS Hamiltonian is given ag-(
Both of these techniques have their unique merits and €0UPling can be neglected)
drawbacks. Solid-state NMR spectral editing techniques H(t) = wp(1)21.5. + ws()S. + ()1 (1)

are very expensive in the sense of signal losses for the fol-

lowing reasons: on the one hand, therelaxation times ~ Wherewg(#) andw, (1) characterize the chemical shift values
of coherences, which are involved in the TEDOR transfer, Of the S and/ spins, respectively, ane () describes the
can be relatively short in the solid state, compared with dipolar coupling betweefiand/ spins. In solid samples, all
liquid-state NMR, resulting in a shorter time window for three frequencies in Eqn (1) are functions of the orientation
the transfer. On the other hand, the orientation distribu- Of the molecule with respect to the external magnetic
tion of dipolar coupling in non-oriented powder samples field, giving rise for non-oriented samples to the well
prevents a simultaneous ‘resonance’ condition for all crys- Known NMR powder pattern, i.e. broad lines caused by the
tallites in the sample in the course of the TEDOR experi- distribution of resonance frequencies. These broad spectra
ment, as compared with the equivalent INEPT sequence,Can be transferred into narrow ‘liquid-like’ spectra by fast

where the ‘resonance condition’ is fulfilled for a transfer S@MPle spinning around an axis inclined at an angle of
time of = 1/(2J). 54.7° with respect to the direction of the magnetic field,

On the other hand, chemical editing of a protein by tEe Zp-called.n;agic apgle. This s_amr[])leds_pir:ning ren}O\ées
selectively replacing only some amino acids can be dif- € distance information present in the dipolar part of the

ficult to achieve because of metabolic side reactions Hamiltonian by averaging the dipolar interaction to zero.

which may introduce additional isotope labels in unwanted This information is recovered by the REDOR sequence, an

molecular positions, because the microorganism employed'.rr"’w“at'.On of tworr-pulses during one rotor peridd, the.

for the biosynthesis digests part of the labeled amino acidsf'rSt at timez and the.second at the end of the rotqr_perlo_d.

and uses the labeled fragments for the biosynthesis of The recoupled dipolar frequgncy of a speC|f|c spin

other amino acids. pqcket depends on the orientation of_the dipolar vector
. . R . with respect to the external field, defined by the polar

Both editing techniques were employed in this study: in anglesa and 8
the first part, the heteronucle&C *°N dipolar interaction
was employed for spectral editing and thus for simpli- T Ty
fication of the*C NMR spectrum_ of the SH3 domaln.' @ (@, B, 7) = 1 /wD(a, B, 1)di’ — /wD(a, B, 1)dr’

In the second part, chemical editing of the SH3 domain T,

was employed and an inter-residual distance between two
nuclei of different g-strands was measured. From the )
known crystal structure of the SH3 domain, it is evident with

tsr:ithﬂ;en r:iri)deuriemp:;:: ,(AFI%SSZ—)TrMZ is a good candidate for wp(a, B, 1) = :t%D[sinZﬁcos Aa + wit)

The rest of this paper is organized as follows: the —V/2sin 2B cosar + wi1)] 3
experimental part consists of an introduction into the
REDOR technique for the measurement of heteronuclear
dipolar couplings in the solid state, followed by a short

0 T

The heteronuclear dipolar coupling, which depends
on the distance of the two nuclei/ andS as

1. ,S
overview of the sample preparation and a description of p= PopVY (4)
our experimental set-up. Then the experimental results are 47 rd
presented, discussed and finally summarized. contains the structural information.
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The measured REDOR sign® can be expressed as a factors were estimated: /Q(Ala55), 80% *C enriched;
function of the numben of applied REDOR cycles and  N™ (Trp42), 65%'°N enriched. No'*N enrichment of

the spinning frequency T}: the 1*C-labeled alanine residues was found. The SH3 pre-
cipitated after changing the pH of the SH3 solution from
Sr(a, B) = Ti[p(a, B)S.] 3.5 to 7.5. The dry mass of the precipitated sample was
= cos@p(a, B, Tr/2NT} 5  12mg

The best®C NMR linewidth of the selectively labeled
For non-oriented powder samples the integral over the SH3 domain was obtained by moistening the samples with
polar anglese and B has to be calculated, yielding the doubly distilled watef” This mushy sample gave a well
REDOR signal: resolved spectrum of the alaniné {thes even on our 7T
spectrometer.

1

Sp= — / Se(a, B) sin fdBda (6)
A

*p The spectrometer

The most efficient dipolar recoupling is achieved if ] . ) )
the first z-pulse is irradiated at the center of the rotor A detailed discussion of our laboratory-built three-channel

cycle, i.e.t = T,/2. In this cas&* there exists an ana- solid-state NMR spectrometer (wide-bore 6.98 T magnet)

lytical expression for the REDOR signal,x), cylindri- has been given_ recentty All MAS experime_nts were per-
cal Bessel function of the first kindj, number of rotor ~ formed employing a 7mm Bruker H-XY triple resonance
cycles]: probe. In the triple resonance experiments the typical

90 pulse length was .6ps for all three channels, cor-
_ T responding to 38 kHa; field in frequency units. FotH

Sr(nvoTr) = zﬁjl/4(nﬁvDTR)J_l/A(nﬁUDTR) " decoupling,B; was changed to 52 kHz to avoid unwanted
cross-polarization by mismatching the Hartmann—Hahn
condition and to improve the decoupling efficiency. For
achieving the optimum decoupling efficiency, the TPPM
sequenc®® was employed. This in conjunction with
MAS was sufficient to removEH—X dipolar line broaden-
ing. The rotation frequency (normally 5 kHz) was actively
controlled using a Doty spin rate controller. Deviations in
the rotation frequency were typically below 2 Hz.

and a direct transformation of the decay function from
the time domain into the frequency domain, the so-called
REDOR transform.

To take relaxation processes during the REDOR evo-
lution periods 47,) into account, a reference experiment
under the same conditions but without recoupling pulses
is performed. With the reference sigrfal the normalized
dipolar dephasing is given as

AS _ So—Sw

K 8) RESULTS AND DISCUSSION
0 0

MAS NMR on the fully *C-""N-labeled SH3 domain
Sample preparation

In a first step, the convention&C (Fig. 3) and'*N (not
Two different types of isotope-labeled samples were shown) MAS and CP/MAS NMR spectra of the SH3
employed, namely a fully*C—**N-labeled SH3 sample domain sample were recorded. THE spectrum of the
and a sample which was selectivéi and*>N labeled: SH3 domain exhibits severe line overlap due to the numer-
13C was introduced in thes-position of the three ala- ous nuclei with similar chemical shifts. The spectrum
nine residues present in the SH3 domain (Alall, Ala55, covers the typical chemical shift range of approximately
Ala56) and™N in the ring of the two tryptophan residues 250 ppm with four distinct regions: (i) signals of the
(Trp41, Trp42) and in the side-chains of the two glutamine amide and carboxyl carbons in the range 170—175 ppm;
(GIn16, GIn50) and three asparagine residues (Asn35,(ii) signals of mainly the backbone-carbons in the range
Asn38, Asn47).

The fully labeled SH3 domain was prepared in the fol-
lowing way: a plasmid was employed as expression vector
for the SH3 domain in the bacteriufBscherichia coli
The bacteria were grown on nominally 100¥NH,CI
and nominally 100%"C-labeled glucose. The aqueous
protein solution was dried directly by lyophilizatid#®
The preparation of the selectively labeled SH3 sample is
described in full detail elsewheféBecause of metabolic
side reactions in the course of the biosynthesis of the 200 100 0
sample, part of thé*C and !N went to other molecu- o(°C) / ppm [TMS]
lar positions (e.g*°N into the backbone), resulting in &  Figure 3. 3C MAS spectrum of the SH3 domain (fully '3C
lower labeling of the target positions. From control mea- |abeled). The asterisks mark the spinning sidebands of the
surements with liquid-state NMR, the following labeling amide carbons.

Copyright0 2000JohnWiley & Sons,Ltd. Magn. ResonChem.2000; 38: 596-603
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48-65 ppm; (iii) signals of alkyl carbons in the side-chains
in the range 15-25ppm; and (iv) signals from aromatic

side-chain carbons mainly in the range 110-130 ppm. .

ppm

400

TEDOR experiments on the fully *C-">N-labeled
SH3 domain

-NH,*Lys

o(**N) [NOy]
300

-CO™NH

-200

The TEDOR experiment allows spectral editing of a com-
plex spectrum. As an experimental example of such an
application of the TEDOR technique, Fig. 4 compares the
TEDOR edited®®*C spectra of the fully**C—°N-labeled
SH3 domain sample for two different TEDOR transfer
times (10 000 scans) to the normal CP/MAS spectrum (2060figure 5. 2D heteronuclear correlation with the TEDOR
scans). Itis evident that, despite the five times higher num- sequence (v,o: = 5kHz). First the thermal '*C magneti-
ber of scans, the signal-to-noise (S/N) ratio of the TEDOR zation is destroyed by a saturation sequence, then the
spectra is much lower than the S/N ratio of the CP/MAS >N coherence is transferred to the neighboring '*C. The
spectrum. The normalized S/N ratio can be estimated aslines mark which carbons are polarized from backbone
1:0.1:0.05. In the reference spectrum, lines of ‘&0 nitrogen and lysine side-chain nitrogen, respectively.
atoms are visible. The transfer times in the TEDOR exper-
iment were chosen in such a way that only the couplings @ resolvedMAS spectrumfor the two interactingsetsof
to one-bond and two-bond neighbors are strong enoughheteronucleiln the resulting2D spectrumtwo types of
to create substantidfC signals. The TEDOR spectrum carbonscanbe clearly distinguishednamelythosewhich
obtained after two rotor cycles (4@6) displays only lines ~ arecoupledto backbone®N andthosewhich arecoupled
of the backbonex- and amide carbons. After four rotor to lysineside-chain®N nuclei.
cycles (80Qus) the side-chai-carbons also become vis-
ible. These results show that such TEDOR techniques can
be relatively easily applied to othéiN-labeled systems, ~MAS and REDOR experiments on the selectively
where*C positions at one or two bond distances are to be *C-""N-labeled SH3 domain
filtered from the background &fC positions further away
from the*N. Moreover, it should be noted that the relax- This sectionpresentshe **C **N REDORresultsobtained
ation of the coherences in the TEDOR transfer is probably on the selectively labeled SH3 domain sample.In a
shortened by homonuclear Coup"ngs amonglfﬁ‘espins_ first Step,the MAS Spectraof the Iabeledsamplewere
Therefore, one can expect that in diluté@ systems also ~ recorded.Figure 6 displays the *C MAS spectrumof
larger distances from théN label to the'*C nucleus can  the sample.The threealaninemethyl **C (**C’) lines of
be filtered with reasonable S/N ratio. theresiduesAlall, Ala55 andAla56 areclearly resolved.
Heteronuclear correlation techniques such as TEDOR The uniqueassignmenbf the high-fieldline to the Ala55
can also be employed as building blocks of 2D or more gen- residue was possible owing to the observed**C **N
erally multi-dimensional NMR experiments. As an exam- REDOR effect with the nearbytryptophanring **N (see
ple, Fig. 5 displays a two-dimensiondN—2C HETCOR below). The **N MAS spectrumof the selectivelylabeled
via the TEDOR experiment. The pulse sequence starts with

100

T T
200 1C0 0 ppm

6(13C) [TMS]

CP to thé®N, then an evolution time, is inserted, followed Alai1/ Ala56
by the TEDOR transfer to tHéC and detection of the signall —
in the 3C , period. The TEDOR transfer time was set to Ala55

four rotor cycles. The 2D Fourier transformation produces

J HH“,JH Reference
2 Rotor Cycles
J fln 4 Rotor Cycles 5 20 15

s(°C)/ppm[TMS]

Figure 6. Methyl region of the '3C spectrum of the

I

10

|
300 200 100 0 -100

o('3C) / ppm [TMS]

Figure 4. Spectral editing with the TEDOR sequence
(vrot = 5kHz). The "3C (observed) >N spectra for n = 2 and
4 are compared with the unedited '*C CPMAS spectrum.

Copyright0 2000JohnWiley & Sons,Ltd.

alanine-">CHj3 enriched SH3 domain sample. Upper curve:
normal CP/MAS spectrum. Lower curve: REDOR spectrum
after a 16 ms dephasing time. The dephasing of the
high-field line at 15 ppm allows the unique assignment of
this line to the 13C”? of residue Ala55.

Magn. ResonChem.2000; 38: 596-603
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SH3 domain sample (not shown) exhibits a strong line freedomof the tryptophanside-chain.Comparingthese
overlap in the central region of the spectrum. In the low- valueswith the REDORvalueof 3.85+ 0.25A, it is evi-
field range, lines are visible which can be attributed to the dentthatthe motionally correctedREDORdistancejn the
tryptophan ring®N of Trp41 and Trp42 by comparison limits of the error maigins, agreeswith the x-ray distance.
with the liquid-state’®*N NMR spectrum. However, the REDOR distanceis slightly (0.1—0.2,&)
In the next step, th&C—-*>N REDOR decay curves of longerthan the averagex-ray distance.In the following
the selectively labeled sample were recorded employing we analyzewhether(i) this differencebetweenthe x-ray
XY-16 phase cycling at 5 kHz rotation frequency. Because and REDOR distancess simply the resultof experimen-

of the better chemical shift dispersion in th&C MAS

tal errorsor whether(ii) a structuralchangeof the SH3

regime, a version of the REDOR experiment with obser- domaincanreasonablyaccountfor this difference.

vation of *C was chosen, where ail pulses except the
central echo pulse are irradiated in th&l channel. A
strong REDOR effect on th&C’ of Ala55 residue is
visible. The resulting REDOR data are shown in Fig. 7.
For the simulation of the REDOR data, th&N label-
ing factor of the tryptophan M had to be taken into
account by multiplying the REDOR curve [Egn (7)] with
the mole fraction of the"®N-labeled tryptophan. From
the simulation of the REDOR curve, using Egn (7), a
dipolar coupling ofD = 48+ 8Hz is determined. This
dipolar coupling can be converted into3C—'°N dis-
tance of 402+ 0.23A. It was shown by Garbovet al5!
that fast molecular vibrations cause a modulation of the
CN distance which, owing to the partial averaging of the
dipolar interaction, leads to a decrease in the dipolar cou-
pling and thus to an elongation of the determined distance.
Such effects lead to a typically 10% reduction of the dipo-
lar coupling measured by REDOR. Correcting the dipolar
coupling with this reduction factor of 10%, a motionally
corrected dipolar coupling of 58 8 Hz is found, corre-
sponding to a CN distance of& + 0.25A.

There are small differences in the CN distance obtained
by other spectroscopic techniques: on the one hand, the _

(Ala55, ) (Trp42, N™) distances obtained by sev- (il)

eral x-ray diffraction studi¢8***® vary in the range
3.56—3.668; on the other hand, by liquid-state NMR
spectroscod¥ an (Alas5, &) (Trp42, N™) distance of
3.73A is found. This variation in the (Ala55, 4} (Trp42,
N'n9) distance is already an indication of some structural

0.0

0 1I0 2I0 SIO 4IO 50
T [msec]

Figure 7. *C >N REDOR data of 3C” (Ala55) of the
selectively labeled SH3 domain sample. Owing to T,
relaxation, only data with t < 20ms are used for
the evaluation of the coupling. The dashed line at
AS/So = 0.65 marks the final value expected from the
>N isotope labeling factor of the tryptophan. The solid
line is calculated from Eqgn (7), employing a weighted
superposition of 65% alanine-'*CHs tryptophan-'>N and
35% alanine-"3CHs tryptophan-'*N, resulting in a dipolar
coupling of D = 48 + 8 Hz, which after correction for fast
molecular vibrations yields a CN distance of 3.85 + 0.25 A.

Copyright0 2000JohnWiley & Sons,Ltd.

(i) The dipolar coupling extractedfrom the REDOR

datadependson the knowledgeof the final value of
the REDOR curve, which is determinedby the iso-
tope labelingfactor of the >N nucleus.Owing to the
restrictedsensitivityof the 7 T spectrometetthe short
T, relaxationtime of the alanine®*C’” signalandthe
small availableamountof samplet wasnot possible
to follow the REDORdecayfurtherthanabout20ms
andthe completeREDOR dephasingof the REDOR
signal could not be observed.Therefore,we had to
calculatethe final value of the REDOR curve from
the experimentallydetermined**N labeling factor,
which hasan uncertaintyof ca +5%. A calculation
with a N labeling factor of 60% insteadof 65%
resultsin amotionally corrected*C—'°N dipolarcou-
pling of 59 4+ 8Hz, correspondingo a CN distanceof
3.75=+ 0.20A, which is in very goodagreementvith
the CN distancesobtained from liquid-state NMR
spectroscopyAs will be shown below, this depen-
denceof the REDOR evaluationon the isotopelabel-
ing canbe avoidedby the applicationof a combined
TEDOR-REDOR experiment.

The structureof the SH3domainstudiedin this work
is differentfrom the structuresstudiedby x-ray and
liquid-state NMR spectroscopypwing to the sam-
ple preparationThe spreadof the distancebserved
by the othertechniquesalreadysuggestghat thereis
some structuralfreedomof the SH3 molecule con-
cerningthis distanceln particular,the x-ray structure
suggesthat the trytophanside-chain(seeFig. 1) has
arelatively large free volumefor reorientationsat its
disposal,since the closestdistancesof the van der
Waals spheresof the atomsof the tryptophanside-
chain and the neighboring side-chainsare between
ca 0.5 and 1A. Therefore,it may be possiblethat
the moisteningof the sample,which was necessary
to achievethe bestresolutionin the NMR spectra,
causesa partial different structureof this region of
the molecule.In particular,a changeof the molecular
conformation,eitherin the form of a rotation of the

N o

\VZ \Vl

15N N

Figure 8. Sketch of the tryptophan residue. The distance
between the ring nitrogen and the alanine-"3C? depends
on the torsional angles vy and .
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tryptophan ring or in the form of a slight rearrange- very efficient dipolar filter for spectral editing of tHéC
ment of the backbone chain, could have occurred, MAS spectrum. In a second step, the TEDOR sequence
e.g. owing to water molecules which have diffused was employed as the contact sequence in the evolution
into the ‘free’ volume close to the tryptophan ring. period of a 2D solid-state heteronuclear correlation (HET-
To achieve a quantitative estimation of the structural COR) experiment, allowing us to distinguish between
changes, necessary for obtaining the found difference those!*C coupled to backbon®N and those*C coupled

in the distance data, we studied the influence of the to lysine side-chairt®N°. Finally, the inter-residual dis-
orientation of the tryptophan side-chain on the dis- tance between the alaniné-QAla55) and the tryptophan
tance. Figure 8 defines the torsional anglasand (Trp42) N™ was measured b?C—'*N REDOR spec-

¥,. Calculations with a molecular modeling program troscopy. The REDOR measurements immediately allow
show thaty,, has only a minor influence on the CN one to attribute uniquely the dephasifif line to the
distance, but that the distance depends very strongly Ala55 residue. From the REDOR data the dipdfar—3C

on ¥;. In particular, a change of*4n v leads to  coupling is determined, and after correction for fast molec-
a change of 0.4 in the CN distance, which corre- ular vibrations and motions, converted into a CN distance
sponds to the difference between the REDOR dis- of 3.85+ 0.25A, which is very close to but slightly larger
tance of 3. 8% and the shortest x-ray distance of than the CN distances found by x- ray diffraction and
3.56A. Hence the assumption that torsional rotations liquid-state NMR (3.56-3.66 and 3.23 respectively).

of the tryptophan side-chain, caused for example by This enlargement of the distance might be an indication
the moistening of the sample, are responsible for the of a conformational change of the SH3 domain e.g. due
variations in the x-ray data, and also the difference to the sample preparation, but it cannot be excluded that
between x-ray and REDOR distance, is compatible it is the result of the errors in the experimental determi-
with the structure of the protein in the vicinity of the  nation of the'*N labeling factor. As a possible solution
tryptophan. of this question a combined application of TEDOR and

From the present data it is not possible to distinguish REPOR is discussed, which, however, s feasible only

between these two alternatives, namely a systematic erroX" @ SOI'd-S.t"?‘tg NMR spectrometer with higher field, i.e.
in the REDOR curve, which is introduced by the isotope higher sensitivity.

labeling factor, and a structural change of the molecule,
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