CEA-NMR Spectroscopic Protocols — 2.

Development of methods for the measurement and interpretation of residual dipolar

couplings in partially deuterated amino acid sidechains.

So far, relatively few RDC measurements have been reported for protein side chains. Methyl
RDC are complementary to other NMR data, e.g. methyl-methyl nOe measured in highly
deuterated or selectively protonated protein samples. We have developed novel methods to
accurately measure 'H-"H methyl RDC using the same highly deuterated and weakly aligned
sample as used for the measurement of backbone RDC.

Methyl-containing side chains are of special interest for structure determination, as they are
often found in the hydrophobic core or active sites of proteins. In parallel an algorithm has
been developed and distributed that can be used to simultaneously determine y torsion
angles as well as stereo-specific assignment of the two prochiral methyl groups in partially
deuterated valine side chains.

All of the relevant protocols for the measurement and interpretation of these parameters are

detailed in the form of a peer-reviewed publication in the following pages.
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Abstract: High-level deuteration is a prerequisite for the study of high molecular weight systems using
liquid-state NMR. Here, we present new experiments for the measurement of proton- proton dipolar
couplings in CH.D methyl groups of '3C labeled, highly deuterated (70- 80%) proteins. 'H- 'H residual
dipolar couplings (RDCs) have been measured in two alignment media for 57 out of 70 possible methyl
containing residues in the 167-residue flavodoxin-like domain of the E. coli sulfite reductase. These data
yield information on the orientation of the methyl symmetry axis with respect to the molecular alignment
frame. The alignment tensor characteristics were obtained very accurately from a set of backbone RDCs
measured on the same protein sample. To demonstrate that accurate structural information is obtained
from these data, the measured methyl RDCs for Valine residues are analyzed in terms of ™ 1 torsion angles
and stereospecific assignment of the prochiral methyl groups. On the basis of the previously determined

backbone solution structure of this protein, the methyl RDC data proved sufficient to determine the ™4
torsion angles in seven out of nine valines, assuming a single-rotamer model. Methyl RDCs are
complementary to other NMR data, for example, methyl- methyl NOE, to determine side chain conformation

in high molecular weight systems.

Introduction

Residual dipolar couplings (RDCs) measured for weakly
aligned proteins provide important structural restraints for
molecular fold determination by liquid-state NMR.! With the
introduction of numerous alignment media,> * RDC measure-
ments have become widely used in the biomolecular NMR
community. RDC measurements are generally performed on
highly deuterated protein samples to avoid extensive line
broadening of 'H resonances due to 'H- 'H RDC. A protonation
level of 70- 80% is routinely obtained by protein overexpression
in E. coli using a minimal medium containing D>O (>90%)
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Horowitz, 38027 Grenoble Cedex 1, France. E-mail: Bernhard.Brutscher@
ibs.fr.
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and [U-3C,'H]glucose. Recent applications have focused on the
use of backbone RDC to define the relative orientation of
molecular domains,’ to validate structural homology models®
or to improve the accuracy of structures determined by NMR.”
It has also been shown that an accurate three-dimensional model
of the protein backbone can be built de noVo from RDC data
alone.? Despite the intense activity centered around the measure-
ment and interpretation of backbone RDC, relatively few RDC
measurements have so far been reported for protein side
chains.” 13 Methyl containing side chains are of special interest
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for structure determination, as they are often found in the
hydrophobic core or active sites of proteins. Here, we show
that 'H- "H methyl RDC can be measured accurately using the
same highly deuterated and weakly aligned protein sample as
used for the measurement of backbone RDC such that the
measured backbone and methyl RDC provide geometric infor-
mation with respect to the same molecular alignment frame.

Because of the rapid rotation of the methyl protons around
their 3-fold symmetry axis, the 'H- 'H or 'H- 13C RDC
measured for spin pairs within the methyl group reflect the
orientation of the C3 symmetry axis with respect to the alignment
tensor. For structure calculation purposes, the RDC values are
thus most easily converted into a restraint for the preceding C- C
bond orientation. Although the rapid methyl rotation reduces
the dipolar coupling compared to the static case, 'H- 'H and
'H- 3C RDC values for a given methyl group are still about 7
and 3 times larger than the corresponding '*C- '3C RDC.
Several experiments have been proposed in the past to measure
'H- 13C couplings of methyl groups. These include the recording
of a 2D 'H- 3C HSQC or 3D HCCH type correlation spectrum
that is 13C coupled in the '"H dimension'? or the recording of a
set of Jcg-modulated CT-HSQC type experiments.'* It has also
been proposed to use multiplet component separation to simplify
the '3C spectra of CH; groups recorded in the absence of 'H
decoupling.!! The RDC is then obtained from the difference in
the coupling constant measured in anisotropic and isotropic
solution. A method to measure 'H- 'H RDC has recently been
proposed by Kaikkonen and Otting.!? In their experiment, the
Dy coupling is manifest as an antiphase splitting in the 'H
dimension of a 'H- '3C correlation experiment. For the meas-
urement of D"]_;Ie; coupling constants, no reference experiment is
required, as the scalar contribution to the measured spin- spin
coupling in methyl groups is zero. All the earlier-described
experiments were designed for application to fully protonated
CHj3 groups.

In this paper, we propose new experiments for the measure-
ment of the sign and magnitude of Djj; RDC in highly
deuterated protein samples. A 2D constant time (CT) HSQC
experiment yields sufficient resolution for small to medium size
proteins with a sufficiently well resolved 'H- '3C correlation
spectrum for the methyl region. For larger systems, a 3D double
CT-HCC experiment is required to resolve overlapping methyl
'H- 13C correlation peaks by the resonance frequency of the
directly attached carbon. The additional '3C- 3C coherence
transfer is highly efficient because of the particular position of
the methyl groups at the side chain ends and the favorable
relaxation properties of the methyl '3C. In both experiments,
the CH,D isotopomers are selected by means of specific pulse
sequence elements. The Djj; coupling is obtained from the
doublet splitting in the '"H dimension. The two doublet lines
are separated in different spectra by a spin-state-selection
filter.!>16 The experiments are demonstrated on a uniformly 13C,
5N, and 77% *H labeled sample of the flavodoxin-like domain
of the E. coli sulfite reductase (SiR-FP18), a globular protein
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of 167 amino acids.!” RDCs are measured for two different
alignment media: a Pfl phage’ and an alkyl poly(ethylene
glycol) mixture.* The standard procedure for interpreting RDC
is to insert a penalty function into a molecular-dynamics-based
structure calculation protocol. While it is possible to interpret
Dy to refine the methyl containing side chain orientations in
this way, in this communication we present an algorithm to
simultaneously determine ~; torsion angles as well as stereo-
specific assignment of the two prochiral methyl groups in valine
side chains. This algorithm is compatible with the program
MODULE'® and is available free of charge from the authors.

Experimental Section

NMR Samples of SiR-FP18. 1*C, N, and ?H labeled SiR-FP18,
corresponding to residues 52- 218 of the E. coli sulfite reductase
flavoprotein component was prepared as described elsewhere.!”!” The
deuteration level was 77%, as deduced from mass spectroscopy. After
purification, the protein was reconstituted with commercial FMN
(Sigma). All NMR samples were prepared in a 100 mM potassium
phosphate buffer at pH 7.0 containing 0.02% sodium azide at a protein
concentration of about 1.5 mM. A first sample in isotropic solution
was used for assignment of the methyl '"H and '’C resonances. Two
aqueous liquid-crystalline NMR samples were prepared. For the phage
sample, SiR-FP18 was suspended in a solution consisting of 14 mg/
mL of filamentous Pfl phage (Asla Ltd, Riga, Latvia) and for the
alcohol sample, SiR-FP18 was dissolved in a solution consisting of
5% C12E5/hexanol with r) 0.96.4

NMR Data Acquisition and Processing. NMR experiments were
performed on a VARIAN 600 MHz spectrometer, equipped with a
triple-resonance (‘H, 1*C, "N) probe and shielded pulsed-field gradients
along the z-axis. All data sets were recorded at a sample temperature
of 30 €. Data processing and determination of peak positions were
performed using FELIX program version 2000 (Accelrys Inc.).

RDC Measurements. For the 2D Dyy-CT-HSQC experiments, data
sets of 140('3*C")  512('H) complex points were recorded for spectral
widths of 5000 Hz ('3C") and 8000 Hz ('H) in an experimental time of
10 h. 3D data sets of the Dyy-CT-HCC experiment were acquired with
57(B3Ch  60(*C?)  512('H) complex points for spectral widths of
4000 Hz (*C"), 5000 Hz ('3C?), and 8000 Hz ('H) in an experimental
time of 70 h. Mirror-image linear prediction® was applied to the '*C
CT dimensions of the 2D and 3D data sets. Squared cosine apodization
was used in all dimensions, prior to zero-filling and Fourier transforma-
tion. The D coupling constants were obtained from the relative
peak positions in the 'H dimension measured in the R and, subspectra.

Additional 2D 'H- "N R/, HSQC spectra were recorded for both
liquid-crystalline samples with 128 (*N)  512('H) complex points
and spectral widths of 1800 Hz ('*N) and 9000 Hz ('H) in an
experimental time of 10 h. Jxy + Dnu coupling constants were obtained
from these spectra from the relative peak positions in the "N dimension
measured in the R and , subspectra.

Side Chain Resonance Assignment. The 'H and '*C resonance
frequencies of the aliphatic side chains were previously assigned from
a set of *C TOCSY experiments recorded on a fully protonated sample
of SiR-FP18." In the present context, it is useful to demonstrate that
methyl resonance assignment is also obtained from spectra recorded
on a 77% deuterated sample. Therefore, 3D (H)C(CO)NH-TOCSY and
H(CCO)NH-TOCSY spectra®! were recorded on the triple labeled (*C,
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5N, 77% *H) SiR-FP18 sample in isotropic solution. The same sample
was previously used for sequential backbone resonance assignment.'®
The high quality of the obtained spectra is shown in Figure S2 of the
Supporting Information. Complete resonance assignment of the methyl
'H and '’C was obtained from these spectra for all residues except
those preceding prolines. The assignment was completed from additional
(H)CNH-TOCSY and H(C)NH-TOCSY spectra recorded on the same
sample. In the case of overlapping 'H- '3C correlation peaks, they are
separated in the 3D CT-HCC spectra by the amino acid type
characteristic C? frequency. The CR frequency of alanine and C'
frequencies of threonine, valine, and isoleucine are generally known
from the backbone resonance assignment. The unassigned CA' of
isoleucine and CA of leucine can be distinguished in the CT-HCC
spectrum by their different signs due to a pair and impair number of
attached '3C, respectively.

Data Analysis. The alignment tensor parameters (the axial and
rhombic components, A, and A,, and Euler angles {R, , , A}) define
the nonaveraged orientation of the molecule relative to an external
reference frame. These five parameters were determined by nonlinear
least-squares minimization of the target function using the program
MODULE."® The two alignment tensors were characterized using
Dnu- Ns Der- ¢, and Dy ¢ dipolar couplings in comparison with the
three-dimensional coordinates of the previously modeled structure,
derived from primary sequence alignment and the program Swiss-
Model.?? Only RDCs measured in secondary structural elements were
used for this analysis.!’

The model structure was then refined so that the backbone was in
best agreement with the two sets of data. This was achieved using the
restrained molecular dynamics program SCULPTOR?? in the presence
of restraints derived from backbone residual dipolar couplings (Dnu-
Dcg- ¢y Dnu- ) measured in both alignment media. As in our previous
study using one set of RDCs, a tethering potential was applied to the
Cg atoms of the peptide chain in order to avoid simple expansion of
the molecular model.!” Additional restraints included backbone dihedral
angle restraints derived from CSI values in the secondary structural
elements and hydrogen bonds identified from the direct measurement
via scalar coupling constants. The tensor eigenvalues (defined by the
values of A, and A;) were fixed at the values determined using
MODULE, and the orientation of the alignment tensors was allowed
to evolve freely during the calculation. The system was equilibrated at
300 K for 0.5 ps of molecular dynamics and gradually increased to
500 K over a period of 2 ps, during which period krpc Was increased
from 0.1 to 1.0 kecal mol" ! Hz 2. A total of 5000 steps of sampling at
500 K was followed by slow cooling to 100 K. The lowest target
function structure was used for further analysis of the methyl side chain
conformation.

An algorithm was developed to determine the ~ ; conformation from
measured Dy and the known conformation of the C- C vector
preceding the methyl group containing carbon. In the case of valine,
this is the CR- C' bond, whose orientation is defined in the structure
refined using two sets of backbone RDC. The algorithm requires the
coordinates of the two carbon atoms, the atom preceding the initial
carbon in the primary sequence (the amide nitrogen of the same residue
in the case of valine), and the five parameters defining each of the two
alignment tensors. For the sake of simplicity, the calculation is
performed in the frame of the input coordinates (normally the pdb
frame) and the coordinate rotations. Euler angles and tensor eigenvalues
are compatible with the program MODULE. These parameters are then
used to calculate the arc of potential Cx positions, and the values of
Dii; for both the CA and C? sites are determined for the whole range
of ~ 1, in the presence of both alignment tensors. A total target function
taking into account all four RDCs measured at a given " is then
calculated for each of the possible stereospecific assignments. For side

(22) Guex, N.; Peitsch, M. C. Electrophoresis 1997, 18, 2714- 2723.
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chains containing only one methyl group attached to the C, (isoleucine,
threonine), a simpler procedure is applied with no stereospecific
information.

Theoretical Background

Assuming the global shape of the molecule is constant, we
can express the measured residual dipolar coupling Dis between
two nuclear spins I and S in terms of the orientation {1, } of
the internuclear vector relative to the common alignment tensor
of the molecule in anisotropic solution:

D) SDR™ %Aa(3 cos’l - 1)+ %Ar sin”1 cos(2 )| (1)
where A, and A, are the axial and rhombic components of the
alignment tensor and S is a generalized order parameter taking
into account local motion of the I- S vector on a pico- to
millisecond time scale.”* Dig™ is the static dipolar coupling
measured for an I- S vector oriented parallel to the magnetic
field given by

I
a R A /o3
Dig”) - 4 2A1A3p<” s (2
where the brackets around r; % account for vibrational averag-
ing of the internuclear distance r. s. For practical applications,

it is convenient to use an experimentally determined effective
bond length? defined as

GRS IR BRGNS 3)

For the 'H- '3C dipolar coupling in methyl groups, the rapid
rotation around the C3 symmetry axis can be taken into account
by an order parameter S ) (3 cos?, - 1)/2 where, is the
angle between the methyl C- H bond and the symmetry axis.
This is valid independently of whether the methyl group rotates
freely about the Cs axis or executes equally probable three-site
jumps about this axis.?®

2
w3 cos”, - 1

D) S >— D %Aa(3 cos’1g- 1)+

%Ar sin®1 gcos(2 g)| (4)
The new order parameter S* represents averaging from motional
modes other than the methyl rotation. An analogous expression
for the Dijj; coupling in methyls has been derived recently by
Kaikkonen and Otting'? on the basis of symmetry considerations
of the spin Hamiltonian. They show that the methyl rotation
reduces the 'H- 'H dipolar coupling by a factor of - 3/4 with
respect to the static case.

Dyn) - %S*DE?{X %Aa(3 cos’1g- 1)+
Asin’ 1 geos2 9| )

The angles {15, s} ineqs 4 and 5 describe the orientation of
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5833.
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Figure 1. Methyl region of a 'H- '3C CT-HSQC spectrum of SiR-FP18
in isotropic solution recorded at 30o€ and 600 MHz 'H frequency. For
each methyl, three correlation peaks are detected corresponding to the CH,D,
CHD., and CHj3 isotopomers. The intensity distribution of the three peaks
is characteristic of a highly deuterated protein sample.

the C5; symmetry axis relative to the molecular alignment frame.
For a given methyl group, the ratio of the two couplings
becomes independent of the alignment tensor, the internuclear
distances, and the local order parameter S* and provides a
measure of the methyl geometry via the projection angle , :
Dmet A
HH ) -

A
— %,—H(3 cos’, - 1) '@sin( /3)sin, ) * (6)
DX Ac

I

For ideal tetrahedral geometry , ) 109.5¢¢ this ratio becomes
I} = 2.06. Recent NMR work of Ottinger and Bax on fully
protonated methyl groups in proteins?’ indicates an average
value of , ) 110.9e which results in a slightly (10%) higher
ratio of 1| = 2.28.

met

A measured Dy, coupling can be used as constraint for the
C!- C? bond vector orientation using the relation:

D) 18* DR %Aa(3 cos’1g- 1)+ %A, sin® 1 g cos(2 )
(N

with T ) 114l sue. T 1 is the ratio defined in eq 6. The conversion
factor 12 ) Dg/Dcc, which depends on the methyl geometry
and the effective C- H and C- C bond lengths, has been
determined experimentally tobe T 5) - 3.17.27 Ty is a scaling
factor taking into account eventual changes in the alignment
tensors principal axes components over time (see later).

Results and Discussion

Measurement of 'H- '"H Dipolar Couplings in Methyl
Groups. Figure 1 shows the methyl region of a standard 'H-
13C CT-HSQC spectrum recorded on a 13C, PN, and 77% *H
labeled SiR-FP18 sample in isotropic solution. The methyl

(27) Ottiger, M.; Bax, A. J. Am. Chem. Soc. 1999, 121, 4690- 4695.

resonance frequencies were assigned from a set of amide proton
detected '"*C-TOCSY experiments,?' recorded on the same
sample (see Figure S2 of the Supporting Information). For each
methyl site, three correlation peaks can be distinguished
corresponding to the CHD,, CH,D, and CHj isotopomers,
separated by the characteristic deuterium isotope shifts. Experi-
mentally, we find relative average peak intensities of roughly
50% (CHD,), 40% (CH;,D), and 10% (CH3), which is close to
the intensity distribution expected for a 77% randomly deuter-
ated sample. Thus, experimental methods for the measurement
of residual dipolar couplings in either CHD;, or CH,;D methyl
groups should be applicable to proteins with a level of
deuteration as high as 77%. Here, we focus on Djjj; dipolar
couplings in CH,D methyl groups, which presents some major
advantages over alternative methods: (i) the CH,D isotopomers
can be selected properly even for partially aligned molecules
in anisotropic solution, (ii) the range of Dﬂ:{ coupling con-
stants for a given molecular alignment is about two times larger
than that for D couplings (see eq 6), and (iii) the RDC
values are obtained from a single experiment recorded on a
sample dissolved in a liquid-crystalline medium. No reference
experiment is needed because of the absence of a scalar coupling
contribution to the 'H line splitting.

2D Dyyu-CT-HSQC Method. Measurement of 'H- 'H re-
sidual dipolar couplings in CHoD methyl groups is achieved
by using the pulse sequence of Figure 2A. The experiment is
derived from a standard CT-HSQC experiment by adding two
additional features: (i) a CH,D isotopomer selection filter and
(i) an R/, spin-state selection filter. Both filters exploit the large
one-bond 'H- '3C coupling for selection.

For isotopomer selection, the different time dependences of
the antiphase coherence 2CyH; on the 'H- '*C coupling evolu-
tion during a constant time delay 2¢ is exploited:

2C,H.f 2C,H_ cos"( Jgy2¢) (8)

cf}f{ ) Jcu + Dcy is the effective coupling constant, and n the
number of 'H attached to a methyl '3C. In the two-step version
of the filter, two experiments are recorded with delay settings
(@) ¢ ) Oand(b) ¢ ) 1/2Jcu. The filter can be realized during
the CT 3C frequency-editing period (between time points b and
¢) by adjusting the position of the 180e'H inversion pulse. This
ensures equal relaxation-induced signal loss for the two experi-
ments. For samples in isotropic solution, the filter delay ¢ can
be accurately adjusted to the average scalar coupling value in
methyls (Jcu = 128Hz), and addition of the two experiments
yields almost perfect suppression of the unwanted signals from
CHD; and CHj3; moieties. In an anisotropic medium, however,
the effective 3C- 'H coupling constant becomes orientation
dependent because of the presence of the dipolar contribution
Dcy. The filter efficiency defined as the intensity ratio of the
suppressed and selected peaks, I'P/I*!, becomes a function of
the J mismatch, J&: ) jDculJcrj. The filter efficiency of the
two-step filter for CHD, suppression is drawn in Figure 3A as
a function of J™s. Using a concept similar to the recently
introduced DIPSAP filter for R/, spin-state selection,!® the
performance of the isotopomer selection can be further increased
by performing a third experiment with the delay setting (c) ¢
) 1/Jcu. The linear combination ka + b + (1 - k)c with k)
0.75 yields J mismatch compensation up to third order. For

J. AM. CHEM. SOC. 9 VOL. 124, NO. 49, 2002 14619
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Figure 2. Pulse sequences for (A) 2D Dyy-CT-HSQC and (B) 3D Dyu-CT-HCC experiments to measure 'H- 'H dipolar couplings in CH,D methyl groups
of highly deuterated '*C and "N labeled proteins. All radio frequency (rf) pulses are applied along the x axis unless indicated. 90ecand 180corf pulses are
represented by filled and open pulse symbols, respectively. The dashed narrow pulses at point f are applied with a flip angle of 450 (B) The shaped
refocusing '*C pulse applied during the CT-, period has a BURP profile (400 | s at 150 MHz), and the '3CO 180sopulses have the shape of the center lobe
of a sin x/x function (80 1s). The 'H, '3C, 15N, and 2H carriers are positioned at the water resonance, 35 ppm, 118 ppm, and 3 ppm, respectively. For the
13CO pulses, the 13C carrier is shifted by time-proportional phase incrementation during the pulse to 175 ppm. *H decoupling is achieved using a WALTZ
pulse train of approximately 1 kHz field strength. Pulsed field gradients, Gi, G2, G3, and Gy, are applied along the z axis (PFG;) with a gradient strength of
approximately 20 G/cm and lengths ranging from 100 to 500 1's, followed by a recovery delay of 100 1 s. The delays are set to U,) 1/4J5; = 1.9 ms and
T) 1/Jcc = 28 ms; the filter delays ¢ and %are varied between experiments. The phases E,and Es are initially set to E,) xandEs) y. For R/, spin-state
selection, two experiments (I) and (I) are recorded with the following delay and phase settings: (I) %9 U/2,E2) x,x,- x,- x,E3) x,E4) x,- xand
Eree) %X -x-x(ID%) 0,E2) y,y.,-v,- . E3) v,E4) y.- yand Eec) x, - x, - x, x. Both experiments are repeated three times for J-mismatch
compensated CH,D isotopomer selection usmg the delay settings: (a) ¢ ) 0, (b) ¢ ) 1/2Jcu, and (¢) ¢ ) 1/Jcu. The , subspectrum is obtained by linear
combination of the six experiments, 0.73  (Ia- Ila) + (Ib- IIb) + 0.23 (Ic- Ilc), and the , subspectrum is given by 0.73  (Ia + Ila) + (Ib + IIb)
+ 0.23  (Ic + IIc). For the 3D experiment, it is more convenient to use the two-step filter version for CH,D selection (see text) which reduces the number
of transients to be recorded per (#1,2) increment from 24 to 16. For this case, the R and , subspectra are reconstructed as (Ia- Ila + Ib - IIb) and (Ia +
ITa + Ib + IIb), respectively. Quadrature detection in the #; (and ;) dimension is achieved by incrementing the phases E, (E,and E5) according to the
STATES-TPPI method.

0.5 estimated from the measured backbone RDC. Bax and co-
workers' report a value of 0.628 for the magnitude of Dy
0.4 1 relative to the backbone Dyy. For the case of partial molecular
alignment yielding jDnuj € 30 Hz, one calculates an effective
? 034 range of J mismatch, Cli_‘; e 0.15. Inside this range, the three-
.g 02 step filter using k ) 0.73 yields perfect suppression of the
£ ) unwanted signals (I*!/I*! < 0.01).
o 0.1/ The 'H doublet lines are separated into subspectra using an
E IPAP type R/, spin-state-selection filter'” inserted prior to the
0.0 final INEPT step between time points d and e in the sequence
[ of Figure 2A. Neglecting relaxation effects and the influence
'0-10.0 . 0_'15 o obe 050 o5e 040 of %H- 'H dipolar coupling, we arrive at the spin evolution
i during the filter delay 2U, ) 1/2Jcu by
JCH
Figl{re 3. J-rr}ismatch profiles calcul.ated for diffefent CH,D selection filters 2C.H.f 2CH,cos(2 Jecf{{(U - 299 +
as discussed in the text: (A) a basic two-step filter and (B) a three-step Yoy Yoy d
filter using different scaling factors ranging from k) 0.70 to k) 0.75. 4CxHsz sin(2 J?:f;(Ua - 2% (9)
practical applications, a slightly reduced k value should be used The inphase or antiphase 'H coherence term is selected for
to account for the effective range of J mismatch. The filter detection by setting the filter delay %do either (I) %9 U/2 or
efficiency profile of the three-step filter is plotted in Figure 3B (I) %9 O and adjusting the phase E, of the subsequent 900
for different values of k. The range of J mismatch can be 13C pulse. Additional Djjj; coupling evolution during the filter
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Figure 4. Part of the 2D Dyu-CT-HSQC (A) R and (B) , subspectra recorded on the SiR-FP18 phage sample at 30e€ and 600 MHz 'H frequency. The
correlation peaks are annotated by the residue number in part A and by the measured Dy, coupling constant (in Hz) in part B. 2D planes extracted at the
methyl 13C! frequency of " ;) 23.0 ppm from the 3D Dyy-CT-HCC spectrum recorded on the SiR-FP18 phage sample at 30-€ and 600 MHz 'H frequency
are shown in (C) R subspectrum and (D), subspectrum. The resonance frequencies of C' of threonine are outside the chosen '3C2 spectral width (SW) and

are detected at a position (" ¢-SW) in spectra C and D.

and the final INEPT delays interconvert 'H inphase and
antiphase coherence. The undesired coherence transfer pathway
is suppressed by the /4-pulse sandwich applied at time point
f just before the final detection period. The Dyy coupling
evolution during the delay 40, results in a signal attenuation of

cos(2 Cl"_f

met
J—HH)) cos( T,Jo8
(10)

cos( Djj4U)) cos(
CH
This signal attenuation yields sensitivity losses of 20% for
methyl sites with a J mismatch of CE ) 0.10 and of 40% for
methyl sites with JIC“I‘; ) 0.15. Therefore, the experiment will
perform best for moderate molecular alignment conditions. No
J-mismatch compensation filter was used for the R/, spin-state
selection to avoid an even more significant signal loss during
the longer filter delays. For J&y ) 0.15, the residual peak
intensity is about 1.4% of the intensity of the selected peak,
which will not significantly affect the accuracy of the Dﬂ;t
measurement.
3D Dup-CT-HCC Method. For larger proteins with an
increasing number of overlapping '3C'- 'H correlation peaks,
it will be advantageous to measure the DE%‘ dipolar couplings
from a 3D spectrum where the methyl '*C!- 'H correlation peaks
are dispersed in the additional '3C? dimension. In the HCC

spectrum, the correlation peaks of different amino acid types
can be distinguished by their characteristic C? frequency. The
3D Dyuy-CT-HCC pulse sequence of Figure 2B uses the same
filter elements for isotopomer selection and R/, spin-state
selection as those described for the 2D Dyy-CT-HSQC experi-
ment. In the CT-HCC experiment, magnetization is transferred
in an ™outnd back/ fashion from the methyl protons via the
directly attached C! to the C? carbon by the following transfer
steps

HgBCI(CT- 1) &CZ(CT- 1,) Sec! &H(@) (1)

where the active couplings involved in each transfer are
indicated above the arrows. As the methyl groups are located
at the side chain ends, the '"H magnetization can be transferred
completely to the C? carbon if the transfer delays are correctly
adjusted and relaxation effects are neglected. The transfer
amplitudes are also little affected by the residual dipolar
coupling contribution (for J& ) 0.15, the maximal mismatch
of the 13C- 3C coupling is Jo& ) 0.24). C! frequency editing
and CH,D spin-state selection are performed during the '3C f

13C transfer delay 2¢ ) 1/2Jcc. The 1, period is also recorded
in a CT mode to avoid signal attenuation and line splitting due
to Jcc coupling evolution. For highly deuterated proteins, only
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the C'H,D- C?D labeled methyl side chains (see Figure 3)
contribute to the detected signal, as the *C in a C?H group
will relax rapidly during the CT delay. The CT-HCC experiment
benefits from the long transverse relaxation times of both the
C! and C? carbon spins in the C'H,D- C?D fragment, due to
the rapid methyl rotation for C! and the absence of an efficient
relaxation mechanism for C2.

Extraction of Dfjy; Values. Addition of the two spectra I
and II recorded with the R/, spin-state-selection filter yields
the spectrum of the 2H,H ) H, + 2H,H. transition (,
subspectrum), whereas subtraction yields the spectrum of the
2H,HR ) H, - 2H,H. transition (R subspectrum). The peak
positions in the R and , subspectra are given by "+ ) "¢ +
Dii/2and “R) - DJji/2, respectively. The 'H- 'H dipolar
coupling is obtained from an accurate measurement of the peak
position along the 'H dimension in the 2D or 3D R/, subspectra
as:

D= (12)

Figure 4 demonstrates the quality of the 2D CT-HSQC spectra
recorded with the sequence of Figure 2A on the SiR-FP18 phage
sample. A small part of the R and , subspectra is displayed in
Figure 4A and B, respectively. Peaks which are sufficiently well
resolved are annotated in part A by the residue type and number,
and in part B by the measured D"Hf,‘ coupling constant. For
SiR-FP18, 65 methyl Dfj; constants could be accurately
measured using the 2D approach. Most overlapping correlation
peaks are resolved in the 3D CT-HCC spectra, as illustrated
for 2D planes extracted at a methyl *C! frequency of " | )
23.0 ppm in Figure 4C (R subspectrum) and D (, subspectrum).
Note that despite the fact that only about 10% of the molecules
contribute to the signal in the 3D spectrum because of the
C'H,D- C?D selection, a high signal-to-noise ratio is obtained
for SiR-FP18 in a reasonable experimental time (70 h) on a
600 MHz NMR spectrometer. The sensitivity of the experiment
is mainly limited by the fact that only a small number of
molecules contribute to the detected signal, and not by
relaxation-induced signal loss during the coherence transfer and
CT frequency editing delays. Simulations shown in Figure S3
of the Supporting Information show that the sensitivity of the
experiment drops by about 30% and 50% when increasing the
rotational correlation time of the molecule from 10 ns to 20 ns
and 30 ns, respectively. This loss can be compensated by the
use of higher field magnets or cryoprobe technology. We
therefore expect that the experiment will be applicable to
proteins of considerably higher molecular weight than SiR-FP18.

Side Chain Orientation from Methyl Dyg. Side chain
structure refinement in proteins is generally based on a set of
'H- 'H NOE. For larger proteins, the sensitivity of NOESY type
experiments decreases and the resonance frequencies become
increasingly degenerate. It is thus often difficult to detect and
unambiguously assign sufficient NOE peaks for defining a high-
resolution structure of the protein core. Methyl RDCs add an
additional independent source of NMR constraint for side chain
conformation. As shown earlier, they can be accurately measured
on highly deuterated protein samples, which makes this approach
particularly attractive for the study of large proteins. Out of the
167 residues of SiR-FP18, 70 (42%) have methyl containing
side chains (Ala, Ile, Leu, Met, Thr, and Val). Most of them
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Figure 5. Orientation of the molecular alignment tensors in the phage
(black) and alcohol (gray) environment. The backbone representation of
SiR-FP18 at the bottom shows the orientation of the molecule with respect
to the two tensors.

are likely to be in the hydrophopic core of the protein in analogy
to homologous structures. The measured Dyy; can be directly
exploited as constraints for the C!- C? bond vector orientations
with respect to the molecular alignment tensor using eq 7 by
inserting a methyl RDC penalty function into a standard
molecular-dynamics-based structure calculation protocol. The
molecular alignment tensors can be obtained from a set of
backbone RDCs measured on the same partially aligned protein
sample. In favorable cases, this can be achieved using de noVo
structure calculations,® although in the present case the tensors
can be calibrated directly in comparison with a close structural
homology model.!” The large number and orientational distribu-
tion of the backbone vectors for which RDC can be measured
allow accurate determination of the tensor parameters. For SiR-
FP18, the axial and rhombic components of the molecular
alignment tensors are A,) - 16.9 10" *and A;) - 11.3
10" # for the phage sample and A, ) - 182 10" % and A,)
- 10.5 10" *for the alcohol sample. The relative orientations
of the two tensors is plotted in Figure 5. Despite the similar
asymmetries and rhombicities of the two tensors, the different
orientations ensure that complementary structural information
is obtained from the two sets of Dfj;; values.

In practice, backbone and side chain RDC measurements are
often not performed at the same time. This may result in slightly
altered tensor characteristics for the two measurements because
of aging of the sample. These changes can be taken into account
by remeasuring a set of backbone Dy couplings and comparing
them with the previously obtained values. For the present study,
the methyl RDC measurements were performed several months
after sample preparation and recording of the backbone RDC
experiments. The linear correlation of the two data sets indicates
that the tensor orientations for the phage and alcohol samples
(Figure S1A and B of the Supporting Information) remain
unchanged. The differences in the principal axis values can be
taken into account by the scaling factor T in eq 7, which
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Figure 6. Dj;( 1) calculated for the two valine residues Valll3 and Valll4 using eq 7. The upper curve corresponds to the calculation for the phage
sample; the middle curve corresponds to the calculation for the alcohol sample. The orientation of the CR- C' vector with respect to the molecular alignment
frame was extracted from the RDC-refined model structure of SiR-FP18.!7 The lower curve shows the error function Chi(" ;) as defined by eq 13 calculated

met

for the two stereospecific methyl assignments. The experimental error was set to U) 1 Hz for all measurements. The experimentally observed Djjj; values

are indicated by solid (methyl 1) and dashed lines (methyl 2).

can be estimated from the slope of the correlation plots in Figure
S1. The validity of this approach is independently confirmed
by the Dg;‘ couplings measured for alanine residues, which
depend on the CR- C' bond vector orientation in the backbone-
refined structure of SiR-FP18. The measured couplings correlate
well with the back-calculated values using eq 7 with riﬁf )
1.520,7;) 2.28,1,5) - 3.17, and T e as extracted from the
slope of the Dy correlation plots (Figure SIC and D). This
result is also in agreement with a slight deviation from ideal
tetrahedral geometry, as recently shown by Bax and co-
workers?’ for CHs methyl groups. The replacement of a proton
by a deuteron in the methyl does not seem to significantly alter
the methyl geometry.

"1 Torsion Angles and Stereospecific Assignment of
Methyl Groups in Valine Side Chains. Alternatively to their
general use as constraints in a molecular-dynamics-based
structure calculation protocol, the methyl RDCs of valine
residues can also be used for direct determination of ™| torsion
angles, which can then be reintroduced into the structure
refinement procedure. On the basis of the refined backbone
structure, Dijj; values can be computed as a function of ~; for
each residue and alignment medium. The tool developed to
calculate these values is compatible with the MODULE'® output
format and is available from the authors. It is useful to reiterate
the importance of measuring RDCs in two differently aligning
media to raise the orientational degeneracy of a single vector
(or methyl axis) relative to the common alignment tensor. For
valine side chains, the two C - CA vectors constitute a planar

motif, whose orientation is defined with a 2-fold degeneracy in
the presence of two alignment media. In the absence of noise,
the native orientation can be distinguished from the mirror image
on the basis of covalent considerations at the C' tetrahedral
center. While the correct conformation will respect the expected
109.50ccovalent angles, the image will have CR- C'- CA angles
of 70.5e¢ The algorithm therefore supposes a tetrahedral
geometry, effectively eliminating the mirror-image conforma-
tion. An additional constraint concerning the unknown stereo-
specific assignment requires that both possible assignments are
tested.

Figure 6 shows Djy; values plotted as a function of the
torsion angle " | for two representative examples of valine side
chains. A different dependence on the ™ angle is obtained for
the phage and alcohol samples because of the different alignment
characteristics (see Figure 5). The experimentally obtained
values are indicated by solid and dashed lines for the two methyl
groups. The best-fit value of " is obtained by minimizing the
target function:

exprymet/f _ calcpymet - /i \2
DHH/I DHH 1)/| )i,k

(
Chi?) z D - (13)
i k U.zk

1

where <@DI(" 1) is given by eq 7, ©PDJ}i is the experimental
RDC value for methyl group k and alignment medium i, and

Ui is the experimental error of the measured coupling value.
Chi?(" ) is also plotted in Figure 6. The two different curves
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Figure 7. Dﬁﬁ(’ 1) and Chi?(" ;) plots for an (A) isoleucine and (B) threonine side chain. The experimentally observed Dﬁa‘ values are indicated by solid
lines.
Table 1. "4 Torsion Angles and Stereospecific Assignments of other one is an eclipsed conformation (") 259 which is rather
Prochiral Methy! Groups in Valine Residues of SiR-FP18 unlikely for valine side chains. For Val 128 the two solutions
residue "4 [ded] Chiz CAY (HY) [ppm C* (H) [ppml are only 15ccapart (") 160ec0r 17529, indicating that the side
Val77 25 0.7 23.1(0.97) 20.8 (0.53) chain is probably in a trans configuration. While the stereo-
178 2.3 20.8 (0.53) 23.1(0.97) specific assignment is well defined for Val200, the Chi?(" ;)
Val92 200 1.6 23.4 (0.78) 19.8 (0.92) . .. .. - -
valll3 179 1.9 19.5 (0.19) 19.8 (0.54) function has two similar minima at ~ ;) 152ecand ") 229
Valll4 188 2.8 22.1 (0.94) 20.8 (0.84) It is not possible to discriminate between the two solutions. The
Val128 160 2.9 20.8 (0.89) 24.2(0.97) last example is Vall87, for which a well-defined but rather
175 3.3 24.2 (0.97) 20.8 (0.89) . .. - . . .
Valls3 174 55 21,6 (0.74) 22,9 (1.18) unhke_ly minimum of 'the. Chi*( .1) function 1.s obtained at gn
Vallg7e 1 71 22.2(1.27) 21.9 (1.18) angle ") lee Vall87 is situated in a loop region of the protein
Val200 152 2.6 22.8 (0.30) 222 (- 0.24) connecting the strand , s with the C-terminal helix R4. The
229 3.0 backbone of this loop is only poorly defined in the RDC-refined
Val201 174 2.9 21.3 (0.77) 23.4(0.82) P ¥ poorty

“ Best fit value of dihedral angle ~ 1. » Minimum of error function defined
in eq 13 at best fit ~ ; value. ¢ Val187 is in a loop region which is ill-defined
in the RDC-refined model structure of SiR-FP18.!”

(solid and dashed lines) correspond to a different stereospecific
assignment of the two methyl groups. The curves in Figure 6
show that the two valine side chains at positions 113 and 114
adopt a trans configuration (";  180<9. Table 1 summarizes
the best-fit ~ | values and stereospecific assignments for the nine
valines for which Djj; data were obtained. The methyl RDC
data of Val217 could not be analyzed as this residue is not
present in the C-terminal-truncated NMR-refined homology
model of SiR-FP18.!7 For five valine side chains (Val92,
Vall13, Vall14, Val183, and Val201) a unique solution is found
with a ~ | angle close to 180e¢ For Val77 and Vall128, a similar
minimum of the error function Chi%(" ;) is obtained for both
stereospecific assignments. In the case of Val77, one solution
corresponds to a trans configuration ("; ) 178<9, whereas the
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model structure. An erroneous orientation of the CR- C' vector
with respect to the molecular frame will change the Chi?(" ;)
curves and may result in a wrong | value for this residue. In
summary, seven out of nine valine side chains could be
identified to be in a trans configuration, whereas for one residue
two equally probable solutions are found, and Val187 has been
removed from the analysis because of the ill-defined backbone
conformation in this region of the molecule. Comparable results
for the stereospecific methyl assignment and ™| torsion angles
are obtained from a conventional analysis based on 'H- 'H NOE
and 3Jg scalar coupling constants measured on a [U- 3C,
U- BN, 'H] labeled sample of SiR-FP18. The results are
summarized in Table S2 of the Supporting Information. We note
that the conventional approach fails for overlapping 'H frequen-
cies of the two methyls (for NOE measurements) or overlapping
HR- CR correlation peaks (for 3/z, measurements).

"1 Torsion Angles in Isoleucine and Threonine Side
Chains. A similar analysis, as shown earlier for valine side
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chains, is also possible for isoleucine and threonine residues.
In contrast with valine, the " ; angle in isoleucine and threonine
is only defined by the DJ};; values measured for one methyl
(instead of two) in the different alignment media. The orientation
of the second methy! group of isoleucine (Cog,) is also dependent
on the ", torsion angle. In favorable cases, the RDC data are
sufficient to define a single minimum. Such an example is given
by Ile112 shown in Figure 7A, where a single well-defined
minimum of the Chi?(";) function can be distinguished corre-
sponding to a staggered conformation with "1 ) - 71¥ In most
cases, however, the methyl RDC data are not sufficient to
unambiguously define the rotameric state of these side chains.
This is illustrated for Thr117 in Figure 7B, where at least two
possible solutions are obtained for the ~; angle. The remaining
ambiguities may be solved by the measurement of D% under
additional alignment conditions or by adding complementary
NMR data such as RDCs of other side chain vectors or 'H- 'H
NOE.

Conclusions and Perspectives

The use of highly deuterated samples is mandatory for
structural NMR studies of high molecular weight systems. In
combination with TROSY type experiments, the use of high-
level deuteration allows sequential assignment of the backbone
resonances and identification of secondary structural elements.
The fold of the protein backbone can be determined from a set
of measured backbone RDCs and amide proton NOE. The lack
of side chain protons, however, makes it difficult to obtain a
high-resolution NMR structure of the protein core using standard
IH- IH NOE based methods. Selective methyl protonation has
been proposed in the past?® to partially overcome this problem.
Here, we have shown that methyl RDCs can be measured
accurately on a highly deuterated protein sample. The methyl
IH and 3C resonances were assigned using 3C-TOCSY type
experiments performed on the same protein sample. Methyl
RDCs provide valuable information on side chain conformation.
In particular, if two different alignment tensors are available
Dyi; measurements can be used to determine " ; torsion angles
in valine side chains. In addition, stereospecific assignment of
the prochiral methyl groups is obtained.

(28) Gardner, K. H.; Kay, L. E. Annu. ReV. Biophys. Biomol. Struct. 1998, 27,
357- 406.

Methyl RDCs are potentially very powerful tools for de noVo
structure determination before overall fold is known, as they
provide important complementary structural information to NOE
data measured on a selectively protonated sample. Backbone
couplings measured in motifs of secondary structure whose local
conformation is known, or can be estimated (for example an
R-helix), allow the precise determination of the alignment
tensors, irrespective of the fold of the molecule. The use of
sparse methyl- methyl or methyl- amide proton NOE data to
position these oriented structural elements should be significantly
improved because of the increased structural precision of methyl
containing side chains described here.

Methyl RDCs may also become interesting in the context of
NMR studies of intermolecular interactions. As small changes
in side chain orientation will result in a measurable change in
the residual dipolar coupling, methyl RDCs can be used as
efficient probes of structural changes which may occur, for
example, upon ligand binding, without undertaking a complete
structure determination.
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