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Among the most significant advances in solution-based NMR I gl I | I
spectroscopy studies of biological molecules in the past decade are H —
methods for the introduction and subsequent measurement of b #2]
residual dipolar couplings (RDCs) in weakly aligned systés. - | I(ﬁ,(t_fz,l ” l|
In the case of protein applications, most of these measurements AP IP
focus on the backbone, add—'N RDCs, in particular, are now et e i
routinely used in structure determination. Applications have, G1 G2G2 G2 G2
however, been limited to systems smaller than 1003Kes the Figure 1. Methyl-TROSY-based pulse scheme for the measurement of

spectral quality of protomnitrogen correlation maps decreases Methyl*H—13C RDCs in high molecular weight protein complexes. The

: P : . pulses labeled AP (IP) are only applied in the experiment that yields the
rapidly with increasing molecular weight. For larger systems, anti-phase (in-phase) spectrum. The two separately recorded experiments

proton—carbon methyl spectra that are recorded using the methyl-(p and AP) are subsequently added/subtracted to give spectra that contain
TROSY principle can be of very high qualitwe have recently only one of the twoF, doublet components. See Sl for details.

established that detailed information on supramolecular machines

can be obtained using methyl-TROSY-based experiments and highly s Isotropic Aligned
deuterated protein samples that contain selectively protonated @ %fm ) S
methyl groups in isoleucine, leucine, and valine residuéalost 20| L4881 148 31
of our efforts have focused on obtaining insight into protein S s s
dynamics and molecular interactions; here we show that methyl- %‘;@ e}
TROSY spectroscopy can also be used to probe the structure of 20| 1383 L1365
protein complexes with molecular masses in the hundreds of kDa _ @27l (Pl o
in a direct manner via measurement!bf—13C RDCs. § hd

Several methods have been introduced for the measurement of § %3 L & (5] e 7]
RDCs in methyl group$;*2 however, these applications suffer from S0 he rerone
the fact that they mix fast and slowly relaxing magnetization L4752 L47 52
components, leading to significantly reduced signal-to-noise in 751 4 — o
spectra of slowly tumbling macromolecules. The TROF¥MQC?- o 124.5 117.3 Hz
based scheme of Figure 1 insures that such mixing does not occur. L38 52 P S L38 52 &
It departs from HSQC-based approaches that quantify méthyl ws|, S son
13C RDCs from splittings in th&*C dimension since the long-lived O ey e ™

signal of interest in the methyl-TROSY experiment used here ] ] )
Figure 2. Spectrum of the 360 kDa “half-proteasomaei the isotropic

. ' IOV N
deglves from a component that IS not Sp“t.b.y i~ Couphng n (left) and aligned (right) phases. The top (bottom) spectra contain only the
F1.° Instead, RDCs are obtained from splittingsHg exploiting downfield (upfield) component of the carbon-coupled spectrum. See S for

the IPAP principle®14whereby in-phase (IP) and anti-phase (AP) details.

doublet spectra (ifr,) are combined to produce a pair of data sets,

each containing only one of the two doublet sigrialsThe (Figure 2), leading to significant spectral simplification in com-
experiment is best performed on samples with high levels of parison to data sets recorded with the TROSY-HMQC scheme
deuteration and where only one of the two isopropyl methyl groups without carbon decoupling during acquisition and without the IPAP
of Leu and Val is protonated to minimize line broadening from approach. Very high quality spectra were obtained, even for the
spin relaxation contributioA% and long-range protenproton fractionally aligned sample where the protein concentration was
dipolar couplings that in some cases can lead to artifdcis 200uM (in monomer). From multiple measurements, we estimate
additional advantage of the methyl-TROSY dipolar coupling the precision of the extracted couplings to be about 1 Hz, which is
experiment is that the slowly relaxing proton magnetization is not also reflected in the high correlation between couplings extracted
split by *H—1H dipolar couplings inF; since the sum of all local from measurements on samples that have different residual align-
H dipolar fields is zero for the transitions of interest. ment (Figure 3a).

The pulse scheme of Figure 1 was applied to a sample of a Extracted residual dipolar couplings faro; are between-10
U-[2H], lle-31-[**CHg], Leu, Val-[\3CHs,*?CD3]-labeled 360 kDa and 17 Hz in the presence 640 mg/mL Pfl phage. As has been
protein complex comprising 14 copies of thesubunit of the 20S recognized early, RDCs contain information on both protein
proteasomeé that we have referred to ag;a; previously. We structure and dynamidsy and in the limit of axially symmetric
observed only one of thE, doublet components in each subspec- internal motion about an averaging axis, the measured RDC can
trum, both in the absence and in the presence of alignment mediabe expressed as RREasured™ RDCstatic X S, where RDGagicis the
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A * =099 (n=66) Ve b % 53 A resoiution included, independent of the amplitude of motion, as illustrated in
T 5 y=256x-019 t I R =0.05 (n=31) T S, Figure 1. Small changes in structure can have a significant effect
& = : . /7"._ on calculated values of 3 cb® — 1. Of interest, a very poor
3, : < e correlation is obtained when a 3.4 A resolution crystal struéfure
E, o — d . + ;-/77;.,/ is used (see SI, Figure 2) where the side-chain conformations are
§ . ;{ * € s e likely biased by default database rotamer conformations and not
IR 0 "'f . solely by diffraction data.
& e In summary, we have shown that accurate methy13C

s RDC _;G mgmpmi H2) ®iTes e 3'33.5’(9; Y z residual dipolar couplings can be measured for very high molecular

- 3 (a) Correlation betw dual divol i di weight complexes. Such couplings can be used as upper bounds in
Igure 5. (@) Correlation between resiaual dipolar couplings measured in . :
the presence of-20 and~40 mg/mL Pf1 phage (ASLA Biotech Lid.). structure calculatiodbor in programs that generate ensembles based

Green, blue, and red points indicate data from isoleucine, leucine, and valine O constraints that include the effegts Qf dyngmics, SU_Ch as methyl
residues, respectively. RDC values are those measured directly fromgroup order parametefs.In combination with chemical shift
splittings in spectra, Figure 2, and are not “corrected” for the effects of mapping and molecular dockiigmethyl group RDCs will be able

internal dynamics. (b) Correlation between 3%6s— 1 from the 2.3 A
resolution crystal structure of the full proteasome and RRERDCreasurehi

S). The error bars in 3 c8%) — 1 are obtained from the seven unique
monomers in the crystal. See SI for details.

coupling that would be obtained for a bond along the time-averaged
orientation in the absence of internal protein dynamics&isdhe
reduction in the size of the observed coupling due to internal

motions. For structured parts of the protein backbone, these motions

are usually small, and the dynamic component ofitfe 15N RDC
is often assumed to be uniforfhSide chains, on the other hand,
are often differentially mobile, with dynamics that can be asym-
metric, leading to complications in the interpretation of RDCs in
terms of structuré! Here values of RDG.ic were obtained from
RDCheasureddy dividing measured values with the square root of
the previously determined order parameter squeBeftef 7), that
is reasonable for side chains with fast time scale, low amplitude
motions. It should be noted that slower time scale dynamics also
affect RDGneasure hOWeVer, we have not made an attempt to correct
for these motions here.

For the axially symmetric 20S proteasome, the measured RDCs
are a function of the anglé between the ECpemny—C bond and
the symmetry axis of the protein according to

RDC=A x [3co 6 — 1)0

whereA is a constant that depends, among other things, on the
degree of alignment and the angular brackeéfsdenote internal
averaging. Figure 3b shows the correlation between RR@nd

3 cog 6 — 1 for values off obtained from a 2.3 A resolution
crystal structure of the 20S proteasome in complex with the 11S
activatot® for residues with limited internal dynamic§*(> 0.6,S

> 0.77). A high correlationR = 0.95) is obtained (i) despite the
intermediate resolution of the crystal structure, where the high
degree of structural variability is reflected in the large error bars
for 3 cog 6 — 1, and (ii) the fact that RDCs have been “corrected”
for fast time scale motions only in an approximate manner. A more
rigorous correction would have to take into account the exact nature
of the motion; this level of detail is not available presently. Notably,
the correlation is still gopodR = 0.92) when all residues are

to provide direct structural information for weakly interacting or
transient biomolecular complexes that can be hard to obtain by
X-ray crystallography or electron microscopy.
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