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Probing Side-chain Dynamics in Proteins by NMR Relaxatio of Isolated*C
Magnetization Modes in*3CH3s Methyl Groups

Vitali Tugarinov* Alberto Ceccorand G. Marius Clore*

Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney

Diseases, National Institutes of HeaBethesla, Maryland20892052Q USA

Relaxation rates of'3C magnetization modes in &*CH3 spin-system.

Below we providedifferential equations that describe tiRe(C.) and Ri(C:.) relaxation decay
processes due totra-methyl spin interactionwithin a **CHs spin-system, calculated using the basis set

comprising all the magnetization modes in Eqf the main text



S2

R> relaxationdue to™*C-*H dipolarinteractions:
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R1 andR; relaxationdue to*H-'H dipolarinteractions:
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where k., = _SH /m' k _SH, SO e ; Mois the vacuum permeability constarit,

T O
and /c, gyromagneticratios of proton and carbon spins, respectively; and rcy, *H-*H and **C-'H
internuclear distances in a methyl group, anthe global molecular rotational correlation tifassumed
isotropic) Auto- and crossorrelated relaxatio spectral density functiong#) are labelled by the
superscript©autoO and OcrossO, respeatilidéythe subscripts denote the type of interaction (OHHO for

'H-H interactions, and OCHO f@-'H interactionsThe spectral density functiamsed throughout this

work has the folloung Omodelree®? form 2
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T, T
(C()) = { axis axts ,uSaxts v l—c I:P (COS e,u v) axts ale ,uStms v :I —e} (Sl)

where/ * =/" 1+ " *; the indices @ and#D denote the type of interactipn=¢ andy ! $ for OauteO
and Ocross0rrelated spectral density functions, respectivefyjcoqx)) = (1/2)3cog(x) D 1], Suisa =
P>(cos(%.is.)), and %, is the angle subtended by the methyl symynakis and vector connecting a
pair of spins. For example, fdfC-'H interactions,Suisa = P2(C0S@%scx)) = -1/3, while for *H-H

interactions Suisa = P2(C0S(%iis nr)) = -1/2.

In addition, # the*3C magnetization modes relax due tethyl *C chemical shift anisotropyOSA),

with the corresponding rates given by,

Rocsa= kesd (213)esd0) + (/2 esd #0)} (S2.1)
Ricsa= kesaJesd #c) (52.2)
where

1
K., = 3 (/ <" o)?, & is methyl**C CSA and

‘]csa( ! 5 ?/%axls ny ) + (1 & ims) (—)2( (823)

while no crossrelaxation betweel’C magnetization modescursdue to this mechanism

Earlier, Kay and Bufiderived relaxation matrices ftiansversé>C relaxation in AX(**CHs) spin
systems albeit using a slightly different basis $&b. secular approximation has been used in the
derivation of the relaxation matrices above (the modes can-r@lasseven if they have different
precession frequenciesNote thatmethyt*C CSAC-'H dipolar cross correlated relaxation is the only
mechanism by which the{phase modes can crasdax with the antphase modes in the basis of Eq. 1
(main text). We did not include these crassrelations in the calculations above as they are eliminated
by application of'H 180; pulses during relaxation delays in the experiments described in this work

(hence, the blockliagonal structure of the relaxation matrices ahome)long as(1) one of the'*C
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magnetization modes is isolated befthe relaxationperiod, and (2) not excessively long relaxation
delays are used in relaxation measurements, the decay of ed€hmbdes is singlexponential to a
good approximation. Below we list the relaxation rates of-ifBemagnetizatiormodes that are usddr
derivation of methyl axis dynamics parameters in this warkhe OsinglexponentialO limit (preserving

only the diagonal elements of the relaxation matrices above).

(Ls + Ls) mode:

Ro = Kk, { (7/18) IZ°(0) - (2/9) IZ*(0) + (3/8) IZ°(/ o) - (1/4) IZ3*(! o)+

BIAIG U o )-W2IETV o )+ WBIGE (" o)- (W12)JE (@, — o)+

(7112)J 8 (@)~ (U3) IETS( )} +

koo { (U4) Jie (0)- (18) T (0)+ (12 T4 (w,) - (U2)J 70 (w,,)*

(1/2)Jﬁ‘ﬁ”(2wH) -(U2)J " Qg )} +

W1 213)J, (0)+ (1/2) ], (0,.)}; (S3.1)
Ri= Ko, { (1/9) J&°(0) - (1/9) IZ(0) + (7/12) J&°(/ o) - (L1/13) J”"SS(/ N

T16) IZC(U ¥ ) @3 IS ¥ )+ @39S " ) WIS (w, —w,) +

(1/16) J & (@,,)- (116) IS=() 1)} +

ko L (114) J8(0)- (114) T2 (0)+ (L12) T2 (w,,) - (112) 50 (@,,) +

W2)Ji Qay,) - (12)J 51" 2e,)} +

ke Jea (! 0 (S3.2)

(L1 * L4) modes;

Rz = Koy { (1/2) 3G°(0) + JGT(0) + (3/8) I (/ o)+ (314 IE=(/ )+
@IA)IEC( ¥ L)+ @WB)IZC( " )+ (B8 JE (w,)} +
kHH{ (3148 T’ (@) + (314 J ™ (wH)+ (3/2) Ji (2, )} +
{@3)J_,(0)+ (12)J_ (w0 )} + ki (S4.1)

csa csa csa

Ri= K, { (314) I&°( )+(3/2)J°V°SS(/C)+
@I ¥ ) +@WB)IZC( " o)+ (B18)JE (wy, )} +
ko (314) Ji (@) + BI85 (w,)+ (312)J5 2w, )} +
ky, J. (@) + kS (S4.2)

csa
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2 12,4
where g2 :(ij(ﬂ] Z%(see main text)

2 0 472- ext rhhexl

Thedifferences& betweenR,/R; of the (. DLs) and {» + Ls) modegsee also EQ of the main text)

are described by,
&R2 = Ro2013) - Ro g2 +13)= (813)KSY - Koy { (13)J & (w,,) + (213)ISSS(/ )Y " B3k, (S5.1)
and

&R1=Ri@2013) - Ri2+13) = (8/3)kext + Koy { B3)J & (@) + (213)335(1 )-
@3) & ¥ L) @13 IS, +w,,) -

(@9 I " o) (@9 IS " )" (813) kS (S5.2)
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Figure S1.Contour plotsof R> (left column st) andR: (right column s?) relaxation rates offC nuclei in**CHD:
methyl groups (upper rowjhe (Ls + Ls) magnetization model & # manifold; middle row), and thelg + La)
magnetization mode (bottom row) calculated as a functios?gf (x-axis) and ‘'t (y-axis; ps) for the global
correlation time’'c = 5 ns.Calculations were performed usitige parameters ohethyl geometry listed in OMatdsi

and Methods®@ectionbelow. The rates of thel{ + Ls) mode were calculated assuming the distance to a single
external proton spinhext= 3.0 .
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Figure S2. Contour plotsof R> (left column st) andR: (right column s?) relaxation rates offC nuclei in**CHD:

methyl groups (upper rowgndthe (s + Ls) magnetization mode € 1/2 manifold; bottomrow), calculated as a
function of S%uis (x-axis) and’t (y-axis; ps) for the global correlation tine = 60 ns. Calculations were performed
using the parameters of methyl geometry listethéOMaterials and MethodsO section.
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Figure S3.Plot showing theabsolute magnitude abntributions of high frequency#(> 0) terms (in%; y-axis) to
the difference& for Rz (blackcurve, Eq. S5)JandR: (red curve, Eq. S5)2elaxation ratesplotted as a function of
the distance to a single exterdl spin ¢uiex, in © ; y-axig for ubiquitin at 25 ¥2C'¢ = 5 ns) Calculationswvere
performed using a standard set of average methyl axis dynamics parafigters0.6,and '+ = 40 s; the form of
the spectral density functida given byEq. S1 the parameters of methyl geomesnglisted inthe OMaterials and
MethodsO sectimf the S| andthe 'H spectrometer frequendy 600 MHz Approximate distances to the external
IH spin corresponding to the averdgel s') and minimal(0.9 s') values of& measured for ubiquitin &5 Y4Crpex

= 2.8+ and 3.3+, respectively) are indicated ldashedvertical lines.Note that smaller contributions of high
frequency terms t& for R2/R1 rates are expected at lower temperatures (higheslues)
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Optimization of flip -angles in the pulse schemes of Figures 5 and 6.

The density matrix describinghe state of themagnetization in a®CHz spinsystemcan be
representeds a tensor prodyaf ® (, whereC €{C,, C,, C., E}, C;is a*3C spin operatork is the 2x2
identity marix, and( descrilesthe state ofH magnetizationThe latteris constructedrom a basissetof
8 H eigenstatesnp formed by linear combinations ofi &> (ij,k<{) ,*}) (see Fig.1; main text).
Further, the density matri and *H RF pulse opators can be separatgtdo two parts corresponding to
the = 3/2((*?) and/ = 1/2 ((Y?) manifolds, as they evolve independently of each athder the effect
of RF field. Herg we concentrate on thieansformations of the matrig®?, as (*?is 'taken out of the
pictured by selection of the fast relaxing (outerjransitionsat the start ofhe schemem Figs. 5 and 6,
keeping in mind thathe state of the fulf8x8) density matrixdescribing thenagnetization of thé = 3/2

marifold, can be obtained thetensor producabove

The schemefor isolation of the (L1 + Ls) magnetization modein Fig. 5 (main text). Following
isolation ofthe fastrelaxing (outer)'H transitions(prior to the'H, pulse with flipangle* shown in blue

in Fig. 5) the density matrix is given by,

0 3/2 0 0
e P20 0 0 (S6)

F 0 0 0 f3/2
0 0 3/2 0

Using theprocedures of analytical matrix exponentiation described previdusty,can express the

density matrix fier the'H, pulse with flipangle * andthe subsequent pulsed field gradier Kig. 5) as,

—3sin B(cos” S +1) 0 0 0
3209y — 1 0 3sin B(3cos’ f-1) 0 0 (S7)
P 4 0 0 —3sin B(3cos’ f—1) 0

0 0 0 3sin B(cos” B +1)
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where only diagonal elements are retained after the pulsed field gra@ieay, when * = cos*(1/$3) =
54.7; (Omagi® angle only the oute'H states (elements [1,1] and [4df the matrixin Eq. &) are
polarized.

The schemefor isolation of the (L. = L3) magnetization modein Fig. 6 (main text). Following the
pulsedfield gradient g10 in the scheme of Fig(@ior to the’H, pulse withflip-angle! shown inred),

thesignal can be described to within a multiplicative factor by a density ngiyer by,

0O 0 0 O

,03/2 _ 01 0 O (S8)
S 0 0 -10
0O 0 0 O

After the applicatiorof the'H, pulse with flipangle’/ andthecycling of its phase, §) with concomitant

inversion ofthereceiver phasdehe density matrix takes the form

g 0 %/3sin/ (3cod/ %l) 0 osith §

gy = léﬂﬁsin! (3cod! %) 0 sih (8%@sth ) 0 ' (S9)
4o 0 sin/ (8%9siA/ ) 0 9 3sih (3cds %l
E usints 0 W3sin (3co¥ %) 0 )

We seek to maximize the slenglaxing part of the magnetizati¢gaelements [2,3] and [3,2] of the matrix
in Eq. ) in the rest of the experiment &nd# acqusition periods). Differentiatinghese elementsith
respect to/, yields the optimal value/optzsin'l(\/ETﬂ) =32.98. Note that thefast relaxing*H
magnetization (elements [1,2], [2,1] and [3,4], [4,3] of the matrix in E3). 85 to be eliminated
subsequently, as fof = /o, this magnetizationvould generate a signal of opposite si@that would

partially cancel thesignalof interes).
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Materials and Methods

NMR Samples. Two sampls of ubiquitin were used in this workk) a {U-[**N,?H]; lle. 1-[**CHa];
Leu,Vak[**CHs,**CD;]} -labeled and2) a{U -[**N,?H]; lle. 1-[**CHD]; Leu,Vat[**CHD,,**CD;]} -labeled
one. The samplewere expressed and purifieds describegreviously using appropriatg -keto-acid
precursors for generation of methyl isotopomers*6H; or **CHD, variety! In both samples, the
concentration of ulgjuitin wasl1.3 nt6 in a buffer comprisin@9.9% DO, 20 mM sodium phosphate, pH
6.5 (uncorrected)and 50 mM NaCl The samples ofU-[**N,?H]; lle. 1-[**CHs]}-labeled and {U -
[**N,2H]; lle. 1-[**CHD.]}-labeled Malate Synthase G (MS@kre expressed and purifieals described
previously®® Both MSG sampleswere dissolved in a buffesomprising 99.9% BD, 25 mM sodium
phosphate (pH 7.0; uncorrecjethd5 mM MgCl.

The concentration of thgg) -[**N,2H]; lle. 1-[**CHD;]}-labeled MSGsample was 0.5 mMwhile the
{U-[*N,?H]; lle. 1-[**CH;]}-labeled MSG was studied at two concentration®.5 mM and 1.1 mM.
Using a procedure described in detail previogsfywe established thealues ofglobal rotational
correlation time’c (assumed isotropic in this study) of 46 arsd 64 ns for the 0.5 mM arid1l mM,
samples, respectivelyeflecting a notableviscosity (and hence’c) dependencef MSG sampleson
proteinconcentratiord° Practically identical correlations between tf@Hs- and*CHD,-derived methyl
axis dynamics parameter§%s 1] were obtained for the two sample concentrations. Figure 4 of the

main text shows the correlations obtained forsar®M sample.

NMR Spectroscopy.All spectra were recorded on a 600 MHz, AVANCE HD Bruker spectrometer
equipped with a triplaxis (X, y, z) gradient crgenicprobe and were processed andiyred using the
NMRPipe/NMRDrawsuite of programand associatesbftware!! Each of the data setequired with the
pulseschemes in Figs. 2, 5 andcémprised 96, 512] complex points in fC(#1), *H(z2)] dimensions
translating toacquisition times of32 ms, 64ms] and[64 ms, 64ms] for ILV -{**CHa}-labeled ubiquitin
(at both temperatures) and.lle{ *CHs} -labeled MSG, respectivelfrypically, 16 and 3%cans per FID
were usedfor ubiquitin and MSGsamples respectively,with interscan relaxation delagf 1.5 sec.
leading tonet acquisition times ofl.4and~2.9 hr. per2D spectrumfor the two poteins, respectively
(note that experiments in Figs. 5 and 6 were not acquired for M&&l).experiments2D data sets were
recorded as a function of a parametrically varied relaxation déld@he following sets of delayg used
for relaxation measements of-*C magnetization modes in 11-Y**CHs} -ubiquitin, s + Le) Ry: (0.2,
40, 80, 120, 160, 200ns and Q.2,25, 50, 75, 100 120) ms at 25 and 5 {C, respectivelys ¢ L) R1: (O,
60, 120, 180, 240, 3000 ms and (Q, 50, 100, 150, 200, 250 ms at 25 and 5 C, respectively; & La)
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R> (‘free-precessionO0,(12, 24, 36, 48, 60) ms and Q, 6, 12, 18, 24, 30ns at 25 and 5 C, respectively;
(L1 + L4) R1: (0, 40, 80, 120, 160, 200) ms atboth temperaturegL, + L3) Ry: (0.1, 40, 80, 120, 160, 2P0
ms and (.1, 20, 40, 60, 80, 19@ns at 25 and 5 |C, respective(§z + L3) R:1: (0, 40, 80, 120, 160, 2p0
ms and (Q, 30, 60, 90, 120, 1%0ns at 25 and 5 {C, respectively,.(- Ls) Ri: (0.1,20, 40, 60, 80, 100)
ms and (0.1,10, 20, 30, 40, 50) ms at 25 and 5 |C, respectivednd (L - L3) R1: (0, 30, 60, 90, 120, 150
ms, and (0,15, 30, 45, 60, 75) ms at 25 and 5 C, respectivelJelaysT used in the measurements bf (
+ Lg) Ry andRy in lle. 1-{**CHs}-MSG (37 iC) were @.2, 15, 30, 45, 60, §0ns and 0, 02, 04, 086,
0.8, 1.0) sec, respectively.

It is worth noting that experiments designed for relaxation measurements tfCtmeagnetization
modes belonging to the= 3/2 manifold (Figs. 5 and 6) are very sensitive to imperfections OHtAS0;
pulses applied during relaxation deldysn order to eliminatecontributions ofmethyt*C CSAMC-H
dipolar cross correlated relaxation to the measured rates. Even slight deviations of these pulses from
ideality can inteiconvert the'*C magnetization modes of tiie= 3/2 manifold. Therefore, extreme care
has to beexercised in optimization of these pulses and their ptyading as described in the captions to
Figs. 5 and 6 of the main text. Simulations show that@rse*C magnetization modes (such as, for
example,L, DLs) are by far moreensitive to thesemperfectionsin this regard, we notéhat relaxation
decays obtaineth the measurements tife €. BLs) and {1 £ L) modesperformedwithout application
of H 180j pulses during delay&altogether, can be fitted to a functidexpcRT)cosh¢ T), whereRr is
the corresponding relaxation rated/, the crosscorrelaed relaxation rate, providing results very similar
to those reported in the main text.

The measurements 8 R2/R; relaxation rates il®CHD,-methytabeled samples were performed as
descrited previously (see Figure Sin Sl of ref. 9 for the pulsescheme)Each of the data setsquired
on [BCHD,]-labeled samplesomprised 96, 512] complex points in fC(x), H(z)] dimensions
translating taacquisition times ofJ2ms, 64ms] and[64 ms, 64ms]for ILV -{**CHD,}-labeled ubiquitin
(at both temperatures) and.lle{ **CHD,}-labeled MSG, respectivelyypically, 16 and 3X%cans per
FID were used for{*CHD,}-labeled sample®f ubiquitin and MSG respectively,with interscan
relaxation delayof 2.5 ®cleading tonet acqisition times of~2.2 and~4.5 hr. (for 7 = 0) for the two
samples, respectivel{’C Ry rates in*CHD, methyls ofubiquitin were measured using relaxation delays
T of (4, 50, 100, 150, 200, 250, 30fhs and (4, 40, 80, 120, 160, 240 ms at 25 and |C,
respectively, while the delaysof (0.04, 0.2, 0.4, 0.6, 0.8, 1.0, L1s&cand (.04, 0.15, 0.3, 0.45, 0.6, 0.8,
1.0) secwere used folR; measurements at 25 and 5 jC, respectively Ry and R; rates in**CHD;
groupsof MSG were neasured usingetaxation delayg of (0.2, 10, 20, 30, 40, 50, 6Q ms and (0.04, 6,
1.0, 1.5 2.0,2.5,3.0) seq respectively.
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All *C Ry measurement@or methyl isotopomers of both typesinployed 2.&kHz spirtlock fields
Errors in relaxation rates were estimatedthebasis of he noise floor of the data sefsverage™C R,
rates of 2.25 and 4.54"' svere obtained for ILM “*CHD,}-labeled methyls of ubiquitin at 25 and 5 iC,
respectively, while the corresponding aver&gealues of 0.75 and 0.96' svere obtaied, respectively.
Average™*C R, andR; rates of 14.3 and 0.29 srespectively, were obtained for.Itle{*CHD,} methyls

of MSG, practically identical to the rates reported eatlier.

Data Analysis. Relaxation ratesvere extracted from fits of peak intensities tcsiagleexponential
decay functiondexp(RT), whereR is the corresponding relaxation rake.values vere calculated frm
Rigrates usinghe relationshipRz. = (Rie- RicoS0)/sirt 0, whereQis the angle subtended by the direction
of the effective spiflock RF field with respect to the-axis of the laboratory framén all calculations
Yisn = 9O, %iscn= 1104°, andrcu= rcp = 1.117 « wereusedfor intramethyl interactions>*® along
with 7un = $3sin(%iscyrch = 1.813«, as in the previous studies of methyl asignamicsby H
relaxation** Methyl 3C CSA &) valuesof 25 ppm and 18 ppm wassedfor Leu/Val and llemethyls
resgectively®

Egs. S354 were used in all calculations of relaxation rates for extraction of methyl axis dynamics

parameters in this work, while Egs. S5 form the basis for corrections appRetkRioelaxation rates of

the (1 + Ls) magnetizatiormodes(see mainext). Analysis of3C R,/R; relaxationin **CHD, methyl
isotopomers closely followed that described previousige Sl of ref9 for expressions describiry and

R: relaxation rates if®*CHD, methyls).Randomerrors inS?.;; and' ; values were estimated on the basis

of 300 MonteCarlo simulations'® and were on averadgel and 1.6 for **CHs-derivedS?axis in ubiquitin

at 25 and 5 {C, respectively, while the corresponding errorS@siD.-derivedS?xis were 0.5 and 0.8 %,
respectively. Randonerrors for **CHs-derived and™*CHD,-derived S%xis in MSG (37 iC) were on

average?.5 and 18 %, respectively
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