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Abstract New '*C-detected NMR experiments have been
devised for molecules in solution and solid state, which
provide chemical shift correlations of methyl groups with
high resolution, selectivity and sensitivity. The experi-
ments achieve selective methyl detection by exploiting the
one bond J-coupling between the '*C-methyl nucleus and
its directly attached '*C spin in a molecule. In proteins such
correlations edit the '*C-resonances of different methyl
containing residues into distinct spectral regions yielding a
high resolution spectrum. This has a range of applications
as exemplified for different systems such as large proteins,
intrinsically disordered polypeptides and proteins with a
paramagnetic centre.
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Introduction

The hydrophobic core of proteins and interfaces in protein—
protein complexes are enriched with methyl group contain-
ing amino acids which provide crucial long range distance
information for structure determination (Metzler et al. 1996;
Gardner et al. 1997; Zheng et al. 2003; Zech et al. 2004).
Further, rapid rotation about their threefold axis together
with three chemically equivalent protons results in their
signals with high intensity (Nicholson et al. 1992; Gagne
et al. 1998; Choy and Kay 2003). This has led to the devel-
opment of methods that exploit these characteristics for
structural and dynamic studies in proteins (Werbelow and
Marshall 1973; Gardner et al. 1996, 1997; Rosen et al. 1996;
Zwahlen et al. 1998; Tugarinov et al. 2003; Gross et al. 2003;
Tugarinov et al. 2004; Tugarinov and Kay 2004; Tugarinov
et al. 2005). However, among methyl groups there is sig-
nificant overlap of chemical shifts (Fig. 1). Typically, their
3C and 'H shifts occur in the range of 10-30 and 0—1.5 ppm,
respectively (Atreya and Chary 2001). This overlap can be
removed in two ways. First, by correlating the chemical shift
of a methyl carbon with that of its directly attached neigh-
boring carbon nucleus, which results in distinct 13C shifts for
the different methyl group containing amino acid types
(Barnwal et al. 2008; Jaipuria et al. 2010). Second,
employing '*C detection provides superior resolution
(Kovacs et al. 2005; Bermel et al. 2006) (Fig. 1). Combining
these two principles, we present a new experiment called 2D
13C-Methyl COSY which affords a significant separation of
methyl groups as illustrated in Fig. 1.

An additional feature is the selective detection of
13C-resonances of methyl groups ('*C™"). This is achieved
by exploiting the fact that only *C™" (located at the ter-
minal end of the amino acid chain) has a single one-bond
J-coupled partner, '*C™®" (ie. its directly attached
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Fig. 1 a Simulated spectrum
depicting overlap of methyl
resonances in a conventional 2D
[**C, 'H] HSQC. b Simulated
2D '*C-Methyl COSY spectrum
illustrating the resolution of
overlaps. The simulations have
been carried out using data from
186 proteins from the
BioMagResBank (BMRB;

http://www.bmrb.wisc.edu)
database 2
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neighboring '*C  spin). When a delay of 1/2Jcc
(Jec ~ 35 Hz) is used, '*C™" has a single active coupled
spin whereas other '°C nuclei are dephased with respect to
two or three '*C-spins (Jaipuria et al. 2010; Barnwal et al.
2008). This simplifies the spectrum in the methyl region
(0-30 ppm in "*C) by filtering out signals from overlapping
non-methyl containing amino acids such as Lys and Arg
(Atreya and Chary 2001). Thus, the only correlations
observed in the methyl region are '>C™€"_13C™* Based on
this principle, we present novel '*C-methyl correlation
experiments for molecules in solution and solid state which
can be acquired rapidly and provide selective methyl cor-
relations with high resolution. The 2D '*C-Methyl COSY
can be incorporated as a resolving plane in a 3D or 4D
experiment wherein the additional dimensions can be uti-
lized to provide intra-amino acid or long-range correlations.
For instance, in the solid state a '*C-Dipolar assisted rota-
tional resonance (DARR) module (Takegoshi et al. 2001,
2003) can be added to the 2D experiment to obtain correla-
tion to '*C-spins dipolar coupled to the methyl carbons.
Similarly in the solution state, a '>*C-TOCSY module (Cav-
anagh et al. 2007) can be added resulting in 3D '*C-TOCSY-
Methyl COSY. The experiments presented here afford a
range of applications in resonance assignment and structure
determination of proteins as exemplified for different sys-
tems such as large proteins (Maltose binding protein;
42 kDa), intrinsically disordered polypeptides [LIGFBP-2:
the 12 kDa central flexible domain of insulin-like growth
factor binding protein-2 (Swain et al. 2010; Chandra et al.

2012)] and proteins with a paramagnetic centre (Cu(Il)-
ubiquitin). In the case of paramagnetic Cu-bound ubiquitin
accurate measurement of methyl 'H transverse relaxation
enhancements provided information on the position of the
metal ion with respect to the 3D structure of the protein.
The different 2D and 3D experiments implemented in
solution and solid state are summarized in Table 1 and set
of radio frequency (r.f.) pulse schemes are shown in Fig. 2.
The methyl selection scheme is illustrated in Fig. 2a. For
non-deuterated proteins the experiments start with the
transfer of polarization from "H™" to '*C™" (using INEPT
in solution state and CP in solids) followed by transfer of
polarization from '>C™" to its directly attached '>C spins
(denoted as '>C"™€") (Jaipuria et al. 2010). This is
accomplished using one-bond '*C J-coupling (~35 Hz).
The '*C™*" nucleus is frequency labeled (during 7,) and
the polarization is transferred back to '*C™* for detection
(during 7,). The delay periods, 12 4+ 13 + 14 and 2 x 15
(Fig. 2a) for out and back *C™* — '3C™igh magnetization
transfer, respectively, is set to 1/2Jcc ~ 14 ms to achieve
maximum polarization transfer. During this delay period
the signals relax primarily due to T, relaxation of '*C™
which is given as exp (—414/T5). Assuming a T, of 100 ms
for proteins with a rotational correlation time of 7-8 ns
(Nicholson et al. 1992) this yields a loss of ~25-30 % in
signal intensity. The delay can be set to values smaller than
14 ms for systems with shorter Tysc_mer). However this
results in the incomplete transfer of magnetization from
Bemet to 13C™#" and hence during #; chemical shift

Table 1 Summary of 2D/3D

. Solution/solid Experiment name Chemical shifts correlated R.f. pulse
Methyl-COSY experiments state scheme
Solution 2D "*C-Methyl COSY w, (creishy Fig. 2a
N (13C|net)
Solution 3D BC-TOCSY-Methyl oy (P0), wy (13C™iE), 0, Fig. 2b, ¢
COSY (3cmet
Solid 2D '3C-Methyl COSY w, (13cneighy Fig. 2d
N (13C|net)
Solid 2D '3C-DARR-Methyl COSY o, (‘3Ceieh) Fig. 2e

N (13C/13Cmet)
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13Cmet 13Cneigh

evolution period both and are frequency
labelled. The '*C™* magnetization is subsequently detec-
ted during t, resulting in the appearance of diagonal peaks
[at @,(*C™Y), wo("*C™")] which can potentially overlap
with the cross peaks of leucine which has similar 13¢gmet
3creieh ghifts and hence lies close to the diagonal. In
all the applications presented here the delay for
Bemet , 13Cneigh transfer was set to ~ 14.0 ms in solution
state (Fig. 2a—) and 11 ms for solid state (Fig. 2d, e). In
the case of per-deuterated proteins, the polarization starts
directly from '*C™* instead of 'H as shown in Fig. 2c.
Additionally, "H decoupling is replaced by *H decoupling.
The IPAP mode of acquisition (Ottiger et al. 1998) is
applied for solution state experiments to improve sensi-
tivity and resolution (Bermel et al. 2008). The in-phase
spectrum is acquired using the r.f. sequence shown in
Fig. 2a—c and for acquiring the anti-phase component, the
second '*C-'*C magnetization transfer part (required for
the return of magnetization from '*C™€" to '3C™"; shown
in box in Fig. 2a—c) is omitted. This results in the detection
of the anti-phase magnetization: 13C;“e‘BC‘Z‘Gigh. The anti-
phase spectra is then linearly combined with the in-phase
spectrum in a manner similar to that used routinely for
processing '*C-detected spectra in the solution state (Ber-
mel et al. 2006). Due to the differences in delay periods
used for acquiring the two components, the in-phase and
anti-phase spectra have slightly different intensities as
illustrated in Figure S1 (Supporting Information). However
due to the long '*C™" transverse relaxation times, no sig-
nificant differences were observed and on an average the
ratio of the two (anti-phase/in-phase) components was
~ 1.1 across the three proteins studied. Hence, no relative
scaling factors were used and the two components were
linearly combined with 1:1 ratio with minimal resulting
residual signals (Figure S1). The IPAP mode of acquisition
is not used in the solid state due to the observed broad lines
limited by the rapid transverse relaxation rates. The spectra
are acquired with an acquisition time (#,,,) of 72 ms in the
solution state and 20 ms in the solid state yielding line-
widths of ~17 and ~ 100 Hz, respectively, in the direct
dimension. The resolution in the indirect dimension is
governed primarily by the transverse relaxation of '>C spin
attached to 'C-methyl and spectra are typically acquired
with 7, of 9 and 5 ms in solution and solid state,
respectively.

Notably, the method used here for spin state selection is
different and simplified compared to two approaches pro-
posed earlier for narrowing of '*C-detected methyl signals
in solution state (Jordan et al. 2006; Bermel et al. 2007). In
one approach (Jordan et al. 2006) maximum entropy
reconstruction-deconvolution was used in a post-acquisi-
tion manner to remove the effect of '>*C—'C coupling and

to obtain narrower lines. However, such a method is
computationally intensive and hence the authors recom-
mended analyzing in parallel both the conventionally
acquired spectrum (without '*C="C decoupling) and the
spectrum with ">*C—"C couplings deconvoluted using the
maximum entropy method. In the second approach (Bermel
et al. 2007), effect of '*C="2C coupling for methyl groups
(of alanine) was removed using the S°E approach, the
building block of which consisted of selective r.f. pulses
pulses on *C™" and '*C* and a delay period of 1/4Jcc
(7.2 ms) involving the coupling of >C™" to '*C* Two
spectra were acquired with each containing both the
in-phase and anti-phase components with different relative
signs followed by their appropriate linear combination. In
general, this approach cannot be applied to the method
proposed here since the '*C"*" spans the entire '*C range
(0-80 ppm) and are not separated from the '>C™" region
(e.g., C™€" of Leucine is as close as ~2 ppm to C™" of
Leucine). The alternative method proposed here is thus
simplified compared to these approaches and does not
require any selective r.f. pulses or/and special post-acqui-
sition processing methods.

Figure 3 shows the 2D ')C-Methyl COSY spectra
acquired for MBP and Ubiquitin (acquisition parameters
are given in Table S1 of Supporting Information) processed
with NMRPipe (Delaglio et al. 1995) and analyzed using
XEASY (Bartels et al. 1995). The preparation of the
samples has been described previously (Chandra et al.
2012). All NMR samples used contained ~ 1.0 mM of the
protein in 95 % H,0/5 %*H,0. The experiments are sen-
sitive in nature as evident from the distribution of signal-to-
noise (S/N) ranging typically from ~ 10-30 for cross peaks
in spectra acquired for 1 mM sample of three proteins:
Maltose binding protein (42 kDa), L-IGFBP2 (12 kDa) and
Ubiquitin (Figure S2 of Supporting Information). Each of
2D spectra was acquired with measurement time ranging
from 20 min to 2 h (acquisition parameters are given in
Table S1 of Supporting Information).

The experiment is particularly useful for assignment of
unfolded or intrinsically unstructured polypeptides which
lack good dispersion in "H/'*C shifts. Even though the '*C
signals from a given methyl amino acid type occur in the
same region of the spectrum in 2D '*C-Methyl COSY, they
are well resolved due to the inherent dispersion of
BBemet_13¢cneigh  correlations together with sharp lines
observed in contrast to line broadening in 'H-based
detection. This is evident in the spectrum acquired for
structurally disordered protein, L-IGFBP2 (12 kDa) (Swain
et al. 2010; Chandra et al. 2012). Figure 4a shows a region
of the conventionally acquired 2D '*C—"H HSQC spectrum
with significant overlap of methyl chemical shifts due to
which many of the resonances could not be assigned.
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However, they are resolved in 2D '*C-Methyl COSY
(Fig. 4b). The expanded regions of the spectrum show that
all the signals of Ala, Val and Thr could be resolved. The
assignment of methyl signals sequence specifically can be
obtained using 3D '*C-TOCSY-Methyl COSY (Fig. 2b, c)
which correlates the chemical shifts of methyl '*C with
their respective backbone '*C* and 13CP resonances. Fig-
ure 4c illustrates the 3D 'C-TOCSY-Methyl COSY
spectrum of L-IGFBP2.

In the solid state, the 2D '*C-Methyl COSY (Fig. 2d, e)
provides a method to selectively detect resonances from
methyl group containing amino acids. The transfer of
magnetization between the neighbouring carbon nuclei is
accomplished using J-coupling (Andronesi et al. 2005;
Elena et al. 2005; Chen et al. 2007a, b; Tian et al. 2009;
Zhong et al. 2007) at high spinning speeds instead of the
conventional dipolar based transfer. This is illustrated in
Fig. 5a, which shows a 1D CP-MAS spectrum of a mixture
of *C,">N labeled Valine and Lysine acquired at a spin-
ning frequency of 25 kHz. Figure 5b shows the 1D pro-
jection of the spectrum acquired on the same sample using
the r.f. pulse scheme shown in Fig. 2e. Thus, in a mixture
of lysine and valine only correlations from valine are
observed (Fig. 5b).

Editing of methyl groups into distinct spectral regions is
illustrated in Fig. 6 which shows the spectra acquired for a
mixture of three amino acids: Val, Ala and Thr. In the
conventionally acquired 2D '*C—'>C correlation spectrum
the resonances of Ala (13C/}) and Thr (13Cy2) overlap
(Fig. 6a). They are well resolved in 2D Methyl-COSY
(Fig. 6b) due to the distinct chemical shifts of Ala 3c
and Thr (*CP), respectively. Figure 6d exemplifies the
application of 2D '*C-DARR-Methyl-COSY wherein the
set of cross peaks of Ala (13Cﬁ) and Thr (13Cy2) which
would have overlapped in a conventionally acquired 2D
DARR (Fig. 6¢) are resolved completely (Fig. 6d). In the
case of proteins, the 2D '*C-Methyl-COSY can be acquired
with high sensitivity and is devoid of artifacts as illustrated
in Figure S3 (Supporting Information). Figure 2e shows the
r.f. pulse scheme of '*C-DARR-Methyl-COSY, which
utilizes the 2D '*C-Methyl COSY to resolve intra-amino
acid long-range correlations.

One application of 2D Methyl-COSY in the solution
state is illustrated for the measurement of methyl 'H
paramagnetic relaxation enhancements (PREs). In proteins
with a paramagnetic metal centre PREs provide valuable
structural constraints for structure calculations (Bertini
et al. 2002; Clore and Iwahara 2009; Iwahara et al. 2007).
In particular, they provide long range distance information
(10-30 A) which is inaccessible in the conventional
Nuclear Overhauser Effect (NOE) based methods. The 'H
PREs of '*N or '*C bound protons are typically measured
using a 2D ["°N='H] HSQC or a 2D ["*C-'H] HSQC,
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Fig. 2 a—e R.f. pulse schemes of '>C-detected methyl selective P
correlation experiments for solution and solid state. Thin and thick
vertical bars indicate rectangular 90° and 180° pulses, respectively, and
the RF phases are indicated above the pulses. Where no r.f. phase is
marked, the pulse is applied along x. High power 90° pulse lengths are:
15.0 psfor 'Hand 10.5 s for 13Cin the solution state and 2.5 s for 'H,
5 us for '*C in the solid state experiments. The '*C r.f. carrier is placed
at 40 ppm and the 'H carrier position is set to 4.7 ppm throughout the
duration of the experiment. a 2D 13C-Methyl COSY (solution state).
WALTZ-16 is employed to decouple 13C from 'H. Spectral width of
80 ppm is chosen for both the '>C dimensions. The delays are:
Ty =2ms, 7, =08ms, 73 =495 ms, 14 =15 = 7.0 ms. Phase
cycling: @, = O, =x, —x, —x, x; @ (receiver) =x, —x, —x, X.
Quadrature detection in ('SCNEigh) is carried out in States manner (i.e.,
@, = x, y). For the AP (antiphase version), the part of the sequence
shown in box is omitted. That is, acquisition starts immediately after the
90° pulse following ;. b 3D "*C-TOCSY-Methyl COSY. The delays
are: 7, = 2 ms, 7, = 0.8 ms, 13 = 7 ms. Phase cycling: ®; = x, —x,
—x, x, O, = x; O(receiver) = x, —x, —x, x. Quadrature detection in t,
and t, is carried out in States manner. Phases are varied as ®, = x,
vy, @3 =y, x, ®4 = x, y. All other acquisition parameters are same as
the 2D '*C-Methyl COSY shown in a including the IPAP mode of
detection. ¢ R.f. pulse scheme of 3D '*C-TOCSY-Methyl COSY
(starting from direct '*C-polarization) for deuterated proteins in
solution state. The delays are: 7y = 2 ms, 7, = 0.8 ms, 73 = 7.0 ms.
Phase cycling: ®; = ®(receiver) = x, —x, —x, X, ¥, —y, —, . Spectral
width of 80 ppm has been chosen in all the three dimensions.
Quadrature detection in #; and 1, is carried out in States manner. Phases
are varied as @, = x, y, @3 =y, x. d R.f. pulse scheme of 2D 3¢
Methyl COSY (Solids). Ramped CP (Metz et al. 1994) is used for
transfer of polarisation from '"H and TPPM (Bennett et al. 1995) is
employed to decouple 'H (r.f. field strength = 100 kHz). The delays
are: 7, = 6.0 ms. Phase cycling: ®; =y, —y; &, =x, x, —x, —x;
O3 = x, —x; Dy(receiver) = x, —x, —x, x. Quadrature detection in
1,(3CNeigM) js carried out in States manner (i.e., @3 = x, y). e R.f. pulse
scheme of 2D '*C-DARR-Methyl COSY in solid state. DARR is
applied at MAS spinning rate of 11,111 Hz. The delays are:
7, = 6.0 ms. Phase cycling: ®; =y, —y; ®, = x, x, —x, —x; P; = X,
—x; Dy(receiver) = x, —x, —x, x. Quadrature detection of t;(}3CNeigh) i
carried out in States manner (i.e., @3 = x, y). All other acquisition
parameters are the same as those in 2D 13C-Methyl COSY (Solids)
experiment d

respectively (Iwahara et al. 2007). However, in the case of
broadening and/or overlap of 'H resonances, the PREs
cannot be measured accurately. In such cases, 2D '°C-
Methyl COSY which provides good resolution can be used.
This was useful for determining the position of the metal
ion in Cu(Il)-ubiquitin (Fig. 7), implicated in neurogener-
ative disorders (Milardi et al. 2007; Arnesano et al. 2009;
Arnesano 2010). Copper (Cu(Il)) has been reported to bind
near residues Met-1 and His-68 of ubiquitin. However a 3D
structure of Cu-bound Ubiquitin has not been determined.
The 2D '*C-Methyl COSY was used for measuring 'H
PREs in Cu(II)-ubiquitin due to overlap of 'H-methyl shifts
of amino acid residues arising from line broadening (C"*
V70-C™ T66; C’* T9-C’* T22) in the 2D ['°C,'H] HSQC.

The 'H transverse paramagnetic relaxation enhancements
(PREs) on Cu-ubiquitin were measured using a modified
version of 2D '*C Methyl-COSY described below (Figure S4
of Supporting Information). The PREs (I') were calculated
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Fig. 3 2D '3C methyl COSY
spectra acquired for: a Ubiquitin
b MBP in solution. In ¢ the
expanded Threonine region of
MBP is shown which gets
resolved due to inherent
resolution imparted by their
C™', C™*¢" chemical shifts
which are exploited in the '*C
methyl COSY experiment. The
spectra were acquired at 25 °C
on a 700 MHz NMR
spectrometer equipped with a
cryogenic probe

Fig. 4 a 2D ">C-'H HSQC,

b 2D '*C-Methyl COSY and
¢ representative 2D [w2(13C)—
w3('3C)] strips from
13C-TOCSY-Methyl COSY
spectrum of structurally
disordered L-IGFBP2 in
solution. The insets in b show
enlarged Val, Ala and Thr
regions. Please note that the
protein has only one Ile which
has not been enlarged but
marked in the Methyl-COSY
spectrum. In ¢ the residues
assigned are indicated at the
bottom in each strip. The
spectra were acquired at 25 °C
on a Bruker Avance 700 NMR
spectrometer equipped with a
cryogenic probe
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from the peak intensities (peak volumes) based on the
approach described for measurement of PREs from a regular
2D [N-'H)/["*C-"H] HSQC (Iwahara et al. 2007) as
follows:

L o\ 2 5 » —6 37,
I, = (-) S(S+1)r6d dg, 4 — 2%
27 15 \4n 18 HpS( ) l+(erC)2
(1)

The distances of the metal ion (‘7’) from the protein were
then calculated using:
1 I ia T,)1, ara Ta
Tln{d (T ) Ipara( )} 2)

Tb - Idia(Ta)Ipam(Tb)

Where, g, (To/Tp) and Iy, (To/Ty,) are the peak volumes of
peaks in spectra acquired for apo and Cu-bound protein,
respectively, at T, = 0 ms (i.e., d25 = 0 in Figure S4)
and T, = 20 ms (i.e., d25 = 5 ms in Figure S4). And,
to/dm = 1077 Tm/A 9 = 2.67 x 108 Ts™!, g = 2.002,
g = 9274 x 1072 JT™!', §=05, 7.=4x 1077 s,
o =2 x 3.14 x 700 x 10° Hz.

The 'H PREs calculated above were used for structure
calculations (Fig. 7). The position of the metal ion was
calculated starting from a high-resolution structure of
Ubiquitin taken from the protein data bank (PDB code:
1UBQ). A total of 40 'H (methyl) and 51 'H™ upper limit
constraints were used for the calculation. The list of dis-
tances calculated from the observed PREs is given in Table
S2 of Supporting Information. Calculations were per-
formed using CYANA v 3.93. The ubiquitin structure was
regularized and torsion angles of the protein were fixed
based on the observation that the protein does not undergo
a conformational change upon binding copper (Milardi
et al. 2007; Arnesano et al. 2009; Arnesano 2010). The
distances of the atoms from the metal ion (d;) as calculated
from the observed PREs (Eqns. 1 and 2 above) were used

l—‘2 = RZ,pam

— Ry gia =

as restraints with d; + 5 A as the upper and lower bounds,
respectively. Since the structure calculations involve a
fixed protein structure, only a total of 10 structures were
calculated and 5 out of them with the lowest residual target
function were chosen. The position of the metal ion
obtained was compared with the putative site proposed
recently (Milardi et al. 2007; Arnesano et al. 2009; Arne-
sano 2010). The r.m.s.d. of the position of the metal ion
among the five structures was 0.54 A. The accuracy of
methyl "H PREs was verified by calculating two structures:
one with distances calculated from NH and methyl 'H
PREs obtained from a regular 2D ['°N-'H] HSQC and 2D
[]3C—]H] HSQC, respectively, and a second one as calcu-
lated above using the NH and methyl '"H PREs obtained
from 2D '3C-Methyl COSY. The resulting r.m.s.d. was
13A thereby validating the methyl PREs obtained using
2D '*C-Methyl COSY.

Conclusions

In summary, we have developed '*C-detected NMR exper-
iments which provide chemical shift correlations of methyl
groups with high resolution, selectivity and sensitivity. They
are based on correlation of '*C-methyl chemical shifts with
the directly attached '>C spin which separates the methyl
group containing amino acids into distinct spectral regions.
The experiments have an inbuilt filter to selectively detect
13C signals from the methyl groups of any molecule, which is
achieved by exploiting the fact that the '*C™" of the methyl
group located at the terminal end of the amino acid chain has
only a single one-bond J-coupling to its directly attached '*C
spin. This simplifies the spectrum by filtering out signals
from overlapping non-methyl groups. The experiments have
a range of applications and can be used a building block in
three and higher dimensional experiments. For rapid

Fig. 5 a 1D CP-MAS spectrum
of a mixture of 15 mg of
13C, >N labeled Valine and
Lysine acquired at a spinning

3
frequency of 25 kHz. b The °C v

resonances of valine (indicated) "
are selectively observed using

(a) Mixture of Valine + Lysine

v

| H
JL» 'L,,' 'U' Lfm

the methyl correlation
experiment (Fig. 2e). The
spectra were acquired at 25 °C
on a Bruker Avance 500 MHz
NMR solid state spectrometer.
The temperature was calibrated
with a KBr sample using the
method of Thruber and Tycko
(2009)

(b) Seleutwe Detection of Valine

Cvz

I ntensity

| WMW |

100
©1(C) [ppm|
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Fig. 6 a Conventional 2D

2D "cc Correlation

2D "°C Methyl COSY

*C-1°C Correlation and b 2D
13C Methyl COSY spectrum of (a) (b) _
a mixture of '>C labeled Val, 0 — Val 00 30 E
Ala and Thr acquired in the E &
solid state. ¢ Conventional 2D 10 = 40 E
3C-'3C DARR spectrum Ala Thr = 2
showing the overlap of Ala/Thr ‘&l = 20 ¥ Als: ¢ 30 ;)
peaks. d Resolution of the < g L) ~
overlap shown in ¢ using 2D *C 30 C Thr o 22
DARR Methyl-COSY acquired F70
i .f sch h i T T T X ITTTEIETS . —
Fig. 2o 23 22 21 20 19 30 20
®, (3C)[ppm] o, (3C™")[ppm|
(© - @) Cyl cp
L 20 I I 130
CpAla/ Cy2 Thr |- C'Val Ce (P _
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Cu(1l)

Fig. 7 3D Structure of Cu(II)-bound Ubiquitin. The position of the
metal ion has been calculated using CYANA using 51 HN and 40
methyl "H PRE constraints with 1UBQ as the starting structure. The
methyl groups which were used for measuring the PREs are indicated
as blue spheres (tabulated in Table S2 of supporting information)

@ Springer

detection, new methods for rapid data collection especially
those developed for methyl groups can be applied (Amero
et al. 2009). This will provide new avenues for resonance
assignment and structure determination of proteins in the
solution and solid state.
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