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Abstract: A detailed analysis of nitrogen-15 longitudinal relaxation times in microcrystalline proteins is
presented. A theoretical model to quantitatively interpret relaxation times is developed in terms of motional
amplitude and characteristic time scale. Different averaging schemes are examined in order to propose an
analysis of relaxation curves that takes into account the specificity of MAS experiments. In particular, it is
shown that magic angle spinning averages the relaxation rate experienced by a single spin over one rotor
period, resulting in individual relaxation curves that are dependent on the orientation of their corresponding
carousel with respect to the rotor axis. Powder averaging thus leads to a nonexponential behavior in the
observed decay curves. We extract dynamic information from experimental decay curves, using a diffusion
in a cone model. We apply this study to the analysis of spin—lattice relaxation rates of the microcrystalline
protein Crh at two different fields and determine differential dynamic parameters for several residues in the
protein.

1. Introduction record individual longitudinal relaxation rates and obtain wide-

Determination of molecular dynamics is essential to structural SPréad, site-specific information about the variations in nitrogen-
studies of proteins, since internal motion is a fundamental 15 SPin-lattice relaxation rates along the protein backbthe.
modulator of structurefunction relationship.Solution state  Nifrogen-15 spins can be considered as local probes for the study
NMR 24 as well as computer simulatiohsupply a rich insight of internal mobility in solid protein8 We observed in the protein
into fast motions of the protein backbone. So far, the widespread C' that the qualitative analysis of relaxation rates allows for a
study of internal motions in solid protein samples has been possible dIStIr;C'[IOI‘l between flexible and more rigid parts of
limited by the lack of suitable experimental protocols. the backboné _

Very recently solid state NMR methods have been developed In this article we present further development of the theoreti-
which allow the study, at an atomic scale, of microcrystalline €&l model initially proposed by Torchia and Sz&o quanti-
proteins in the solid state: high resolution MAS spectra recorded t@tively determine fluctuations in local dynamics and distinguish
on fully labeled samples have led to complete structtfatud- between time scale and motional amplitude effects. Notably,

ies of model systems. In this context, carrying on from previous We €xamine different averaging schemes in order to propose
pioneering studie;1! we have shown that it is possible to  @n analysis of relaxation curves that takes into account the

specificity of magic angle spinning (MAS) experiments. In

lEco_Ie Normale Supeure de Lyon. particular, we show that MAS averages the relaxation effects
. g‘;“);“stgcela?'o'og'e Structurale Jean Pierre Ebel. experienced by a single spin over one rotor period, resulting in
I Institut de Bi'ologie et Chimie des Pfates. individual relaxation curves that then depend on the orientation
(1) ?gf?ggigﬁnhgéLZEEka' A. M.; Ringe, D.; Petsko, GNature 1992 of the corresponding carousel angle with respect to the rotor
(2) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559. axis. Powder averaging thus leads to a nonexponential behavior
(3) Akke, M.; Palmer, A. GJ. Am. Chem. Sod996 118 (4), 911-912. in the observed decay curves. Finally, we apply this study to
(4) Pellecchia, M.; Sem, D. S.; Wuthrich, Klature Reiews Drug Disceoery . . y. . Y, PRl . y
2002 1 (3), 211-219. the analysis of spinlattice relaxation rates for the microcrys-
(5) Storch, E. M.; Daggett, VBiochemistryl995 34 (30), 9682-9693. i i i i fi
(6) Castellani, F.; van Rossum, B.; Diehl, A.; Schubert, M.; Rehbein, K.; talline proteln Crh at two different magnetlc fields.
Oschkinat, H.Nature 2002 420, 98—102.
(7) Zech, S. G.; Wand, A. J.; McDermott, A. E. Am. Chem. So@005 127 2. Theory
(24), 8618-8626. . . . . . .
(8) Lange, A.; Becker, S.; Seidel, K.; Giller, K.; Pongs, O.; BaldusA¥igew. In this section we will develop a formalism to predict spin
Chem.2005 44 (14), 2089-2092. lattice relaxation curves in powdered solids undergoing MAS.

(9) Cole, H. B. R.; Torchia, DChem. Phys199], 158 (2—3), 271-281.

(10) Mack, J. W.; Usha, M. G.; Long, J.; Griffin, R. G.; Wittebort, R. J.
Biopolymers200Q 53 (1), 9-18. (12) Giraud, N.; Bekmann, A.; Lesage, A.; Penin, F.; Blackledge, M.; Emsley,

(11) Torchia, D.; Szabo, AJ. Magn. Reson1982 49, 107—121. L. J. Am. Chem. So2004 126 (37), 11422-11423.

18190 = J. AM. CHEM. SOC. 2005, 127, 18190—18201 10.1021/ja055182h CCC: $30.25 © 2005 American Chemical Society
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We develop this model for dipolar relaxation due to sufficiently proposed time-dependent Padeproximants to correlation
fast internal motions of the NH bond vector, which places us  functions of second-order spherical harmonics within this
within the limits of Redfield relaxation theoA$:# Many motional model. Notably, whereas for a system in solution
previous studies have used Redfield theory to predict relaxationcorrelation functions do not depend on the orderof the
properties in solid$>~17 notably for deuterium. A particularly  spherical harmonics, in the solid state the absence of overall
interesting study was carried out by Varner etélyhere they tumbling requires that we calculate individually(w), Ji(w),
considered carbon-13 relaxation times for the extreme narrowingand J»(w) in order to account for the molecular orientation
limit, extending the work of Torchia and Szabo. In this article, dependence of relaxation rates with respect to the external
we simply concentrate on an approach adapted to the problemmagnetic field. The expressions for these autocorrelation func-
at hand, which is valid for all time scales within the validity of tions aré!
Redfield theory.

2.1. Longitudinal Relaxation in Solids. We consider the G,(t) = G () + (G,(0) — Gm(oo))e’t’fmerf (4)
amide group in a peptide bond and assume nitrogen-15
relaxation is due to the®>N—H dipole—dipole coupling, where
neglecting the anisotropy of the chemical shift (which could be

incorporated into the model). In this case the longitudinal . xé(l 4 X0)2{|n[(1 + x/2] + (1 — x)/2}12(%, — 1)
relaxation rateRy) can be writtef’ 75 =
v ’ D,{(Go(0) — Go())

_1_1rirn b _ (1= %)(2 = % — 9% — 7%)
1 T, 4(mNHﬁ 271) [Jo(@y — @) + 33y (wy) + + 60D (G4(0) — Gy(=))

6Jy(wy + wy)] (1) o (1 — x)%(9 + 32, + 44¢ + 20¢)/120

whereyy andyy are gyromagnetic ratios ¢fN andH, h is # D,G.,(0)

Planck’s constant, antiysdis the effectivel®™N—1H distance

(considering vibrational motions). For the calculations described o (1 xo)3(8 +12x, + 5)%)/240
herein, [yyCwas set to 1.02 A. Finallyj(w) is a spectral Te2 = D, G.,(0)

density function defined &%141°

_1 _
Jn(@) = 2[7 G, (t) cost) dt ) Go(0) = 5g*o(1 + %)(9%6 — 1) + 4]

_1
where Gp(t) is an autocorrelation function which depends on G..(0) = ﬂ)(l ~ X2 T X)L+ 3)(3) + 3%l
the nature of>N—H bond motion and the choice of the frame 1
in which it is described. In the most simple case of a single G_,(0)= 4—0(1 - x0)2(3x3 + 9%, + 8)
orientation of a given N-H vector in a static sample of protein
fixed in the laboratory frameGn(t) is given by Gy(0) = Fxo(l n Xo)r
o) =
2
Gr(t) = Nan(©(0) Y (O 3) 6. (o) = Goe) =0
+1 e -

where Yo, are spherical harmonics an@(t) describes the o ) o
orientation of the N-H vecto? with respect to the laboratory ~ andxo = costo. The resulting single-exponential approximations

frame. In the following we choose to assume that'ide—2H  for Gm(t) are highly accurate for & 6o < 90° whenm = 0,
bond dynamics is well described by free diffusion, with a +2 and for 0< 6o < 75° whenm = +1 (which should be a
diffusion constanD,, within a cone of semianglé, (though reasonable range for more or less rigid residues in a crystalline

we could choose other motional models; see section 3). We System). o _ _
also assume that the protein molecule undergoes no overall In magic angle spinning experiments, we need to consider
tumbling (this is the principle difference with respect to solution that the sample is a powder composed of crystallites with an

state models for relaxation). isotropic distribution of orientations in a rotor which is spinning
Although there is no analytical expression 8(t) in the about an a_xis oriented at the _magic_: angle with respect to the

responsible for relaxation, depends on the orientation of the

(13) 5‘3%“‘3'3@;?' \C;»’lkdfaans in Magnetic Resonandecademic Press: New  crystallite and the instantaneous rotor position. We thus describe
ork, ;Vol. 1, p 1. . . . R
(14) Abragam, A.The Principles of Nuclear MagnetisnClarendon Press: the time-dependent orientation of any giverrN vector through

Oxford, 1961. . o _ the following series of reference fram¥sDiffusion in a cone
(15) Vold, R. R.; Vold, R. L. Deuterium Relaxation in Molecular Solids. In . . . L . .
Advances in Magnetic and Optical Resonand&arren, W. S., Ed.; is described by going from the principal axis coordinate system
Academic Press: New York, 1991; p 85. i i
(16) Wang, A. C.; Kennedy, M. A.; Reid, B. R.; Drobny, G.PMagn. Reson. P .tO the CryStal flxed. coordinate systgm C. The powder
B 1994 105 (1), 1—10. orientations are taken into account by going from C to a rotor
(17) Spiess, H. W. Rotation of Molecules and Nuclear Spin RelaxatiakMR i i i i
Basic Principles and Progres®iehl, P., Fluck, E., Kosfeld, R. Springer- flxed_ system M, and fma”y MAS is taken |_nto a_ccount throth
Verlag: Berlin, Heidelberg, New York, 1978; p 15. rotation of M to the laboratory frame L. This series of reference
(18) Yamer, S.J.; Vold, R. L.; Hoatson, G. I Magn. Resor2000 142(2), frames is illustrated schematically in Figure 1.
(19) Bloembe'rgen, N.; Purcell, E. M.; Pound, R. Nature 1947, 160 (4066),
475-476. (20) Lipari, G.; Szabo, AJ. Chem. Phys1981, 75 (6), 2971-2976.
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Diffusion in a cone Powder averaging MAS modulation
Qg Qcm = [ oy Bow You ] Q= Loy Br= Oy Ty 1
e 0, rl u .
N-H bound frame Crystal frame Magic Angle frame Laboratory frame
P : Principal axis system C : crystal axis system | |M : Magic angle axis system L : laboratory axis system

Figure 1. Reference frames used to describe nitrogen-15 relaxation. (The microscope view shows microcrystals of the prdt&n Crh.

With respect to this decomposition each autocorrelation 2.2. Orientation and Time Dependence of Longitudinal
function can be expressed in the laboratory framié as Relaxation in Solids. The double averaging approach was

5 particularly useful in the absence of powerful computers, since

_ 2)x 2 2 it provided a simple orientation-independent single-exponential
G0 = bbz 5 ”ZZ D( : b'(2cw) D( ) (C2u) DE“%(QCM) expression foiT; that was easy to evaluate. In the following
we propose an “explicit averaged sum” (EAS) approach to
b’a(QML) x G(t) (5) calculating the relaxation curves that accounts for the orientation
dependence of the relaxation rates and can today be easily

with (a = 0, 1, £2) and wherebe) are Wigner rotation

matrix elements and D(Z)* are the corresponding Eonjugate A longitudinal relaxation curve is the sum of signals from
matrix elements. Ro_tatlons through Eulgr angfi€zcy » (ocm, molecules in all the crystallites making up the powder, each of
Bewm, yem) andQu = (o, Au, ymu) bring, respectively, the  yhem heing a priori modulated by MAS. We can thus distinguish
frame C into coincidence with the frame M and the frame M 15 kinds of angular dependence (). First, in each single
into coincidence with the frame L, as shown in FiguréSk(Y) crystallite, the relaxation rate is modulated by the variation of
is the autocorrelation function expressed in the crystal frame amt from 0 to 2 due to sample rotation. Second, the crystallite
20 ’ !
C. ) orientation dependence is described through variatiorff
Torchia and Szabé proposed that, for a powder under MAS, (from 0 to ) and ycw (from 0 to 27). In this way, theCa(t)

the measureg, obtained from the initial slope of the relaxation 5 04 45 3 linear combination of orientation and time dependent
curves can be described by a unique correlation function, terms:

obtained from double averaging &f(t) over the powder and
the rotor orientations, insofar as

evaluated.

a(t) = DZ (2)*( QCM) D(Zl)j(QCM) D(Z)*(QML(t))
YHYN Ho 2m==2

3 4 (2)(QM|_(t)) x G(t) (7)

Figure 2 shows the orientation dependence of the longitudinal
relaxation rate for a nitrogen-15 nucleus bound to a proton,
2 without magic angle spinning, which diffuses in a cone with a
Ct)= c) = z G (1) (6) diffusion timez,, = 1/6D,, = 6.6 x 1078 s and semianglé, of
m==2 11.2 and 48, respectively. We can see that in fact the relaxation
rate, R\”®, is strongly anisotropic. It is faster when the
interaction vector is either parallel to the external magnetic field
or perpendicular to it and is slow when the vector is oriented at
the magic angle with respect to the field. Furthermore, when
the motion is less restricted, we observe that the relaxation rate
becomes less sensitive to the orientation offie—H bond.

In addition to the anisotropy of the relaxation rate shown in
Figure 2, for a given orientation of the interaction vector in the
rotor, a modulation due to MAS of the relaxation rate can also
be expected. Figure 3 shows the variations R§F*' with
(21) Beckmann, A.; Lange, A.; Galinier, A.; Luca, S.; Giraud, N.; Juy, M.;  respect to the orientation of tAe8N—1H bond in the rotor: we

> h

wr
NH

(whereaw; is the rotor spinning speed®):

Note that while in solution calculations the autocorrelation
function decays to zero due to overall tumbling, in solids where
the motion is restricte@'S(t) does not decay to zero on a time
scale relevant to Redfield theory. Nevertheless, since we are
only interested in the fluctuating part of this function, for
longitudinal relaxation we can legitimately only consider its
Fourier transform for values = 0 without introducing any
errors. (Note that this is not the case for transverse relaxation
rates.)

aﬁisgé;?sgﬂgontse”et' R.; Penin, F.; Baldus, 3Biomol. NMR2003 27 note that rotor position can be varied through eith&s or oL,

(22) Jly, M.; Penin, F.; Favier, A.; Galinier, A.: Montserret, R.: Haser, R.; Which are equivalent (indeed, henceforth we will only refer to
Deutscher, J.; Bckmann, A.J. Mol. Biol. 2003 332 767—776. B P B

(23) Rose, M. EElementary Theory of Angular Momentudohn Wiley: New VCM, ?Xcept in eq 14, where it is more logical to Uﬁ@_) Fro_m
York, 1957. this figure, we can see that, for a giv@aw, a >N spin will

18192 J. AM. CHEM. SOC. = VOL. 127, NO. 51, 2005
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?Bo

t,~ 6.6 108s
0,= 11.2 deg

R, color code R, color code

Figure 2. Orientation dependence of nitrogen-15 longitudinal relaxation R§t'is plotted for two motional amplitude®{ = 11.2 and 43), in spherical
coordinates as a function of the orientation of tid—H bond with respect to the external magnetic fielgl Bhe interaction vector is wobbling with a
diffusion timez,, = 1/6D,, = 6.6 x 1078 s. Relaxation rates are calculated for a 500 MHz proton frequency. The figure is shown color coded with respect

to the value oRZ”*'for each amplitude (note that the color codes goes from the maximum to the minimum relaxation rates for both models and are slightly

different).
Bog A

034
~ 025 J i,;"
%; 02 ] \ '%?g?\\
0.15 ] VI [IHTTA)]
] i .’,‘.L\

DN

.
LN
i

"
A\

N

~54.7°

T o0
Figure 3. Dependence of nitrogen-15 longitudinal relaxation rate on orientatié?Nef'H bond in the rotor frame: th®N—H bond is assumed to wobble
with a diffusion timer,, = 1/6Dy, = 6.6 x 10~ s in a cone of semiangléy = 11.2. Ri’ys‘is calculated from eq 1, using autocorrelation functi@gg) from
eq 7, for a 500 MHz proton frequency.

undergo a time-dependent relaxation rate’gg varies over a calculated either for a crystallite undergoing slow MAS or for
rotor period. the same crystallite undergoing the corresponding average

If we consider a carousélof 1>N—'H bonds having the same  relaxation rate. Both curves are numerical solutions to the
Bcwm angle, their orientations can be interchanged by a rotation modified Bloch equation for longitudinal relaxati®n
about the spinning axis, and so each of them will undergo the
same overall modulation d&"* over a rotor period which is d(M.(t) — M9

. . . . Z z

shown in Figure 4a. Figure 4b then shows the relaxation curves —a —Rygg,, iy (MAL) — M9 (8)

(24) Antzutkin, O. N.; Song, Z. Y.; Feng, X. L.; Levitt, M. H. Chem. Phys. . . L .
1994 100 (1), 130-140. whereM(t) is the nitrogen-15 longitudinal magnetization and

J. AM. CHEM. SOC. = VOL. 127, NO. 51, 2005 18193
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MAS modulated R, curve
Average curve

------------- "Average" relaxation curve (R,*'~0.11 s)

Figure 4. (a) Modulation of nitrogen-15"* as a function of rotor position (solid blue line), for a crystallite making an afigle= 7/2 with respect to

the rotor axis, compared to the nitrogenRHaveraged over the rotor position for the same crystallite (dashed gray line}®N'helaxation rate is calculated

for a1N—H bond with the same parameters as those for Figure 3. (b) Simulated relaxation curves for a nitrogen-15 nucleus undergoing Rf8tiulated
(solid blue line) and for the same nitrogen-15 undergoing the single av&a@mshed gray line). The rotor spinning speed is 1 Hz.

Mgthe initial magnetization. Initial conditions are set such that The spinning frequency is in practice much lower than the
(M(t=0s)— Mg) =1. Larmor frequency, and in general only terms withl= O can

The curve resulting from MAS modulation fluctuates around give results that are significantly sensitive to rotation. Therefore,
the “average” relaxation curve that would be expected for there is no significant contribution of this type to longitudinal
relaxation with arR; averaged over the rotor phase. Even at a relaxation. Moreover, these terms correspond to secular dipolar
rotor frequency of 1 Hz, the fluctuation is very weak on the terms with respect to the Zeeman interaction and would not
time scale of the relaxation curve, and it becomes negligible at ierefore contribute to transverse relaxation. The resulting line

h!gher Spinning spgeds. As a result, we cap assume that, for aDroadening should not be visible on the residual line width under
given carousel (defined bcw), each crystallite undergoes an MAS. One case where the sample could be sensitive to the

averagedRy: spinning frequency is the study of transverse relaxation under
A _ 1 o ys radio frequency fields. In this case, frequencies;, +2w1 due
RQA S(ﬂCM) " 27 am=0 Ry t(VC'V" Bow) dyeu ©) to passage to the doubly rotating frame should be taken into

account. One other case is the study of cross relaxation between
spins with close resonance frequencigs<(0), where we would

havew, — w! = w,. Thus eq 9 is validated.

2.2.1. Validity of the Averaging SchemeNote that a priori
we would imagine that the approach to handling the time
dependence introduced by magic angle spinning is valid if (i)
this time dependence is much shorter than relaxation tifpes
andT2: w,T12>> 1 and (ii) it is much longer than the correlation
time 7¢: w,tc < 1. Interestingly, we find that condition (ii) is
in fact not necessary, as follows. In this scheme, in addition to
a periodic variation due to the passage to the interaction frame
with frequenciestw,, 2w, some of the random interaction
terms also experience a periodic fluctuation due to the rotation
of the sample, with frequencielsw,, +2w,. For such terms the
correlation function has a periodic and random evolution of the

2.3. Evaluation of Spectral DensitiesR}"*Ycw) can also
be expressed as a function of the spectral densifégw)
which result from the same average over rotor positions:

1Y rurn h|?
%) = 174 2 00 + 3000 +
NH

63, Yoy + wy)] (12)

form where
G(t) = e[i(waqur)*l/Tc]t_ 10
v o 12 [G,(0) — Gy(e)]f"
This yields a spectral density I w) =— > G By x (13)
2 5= 1+ (0 o™
T,
J(po, + do,) = . (11)

1+ (pw, + qwr)zr(z:'

18194 J. AM. CHEM. SOC. = VOL. 127, NO. 51, 2005
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2
GBI = Y (DR (Oa DF@a) S R B v Sin(Ben) By en
bo==2

;I/BCM=O;27:

27 TS _ =057

x L[ DP(Qu) D@y don I} (14) T T (21)
s sin(Bey) dben dyem

To handle exact spectral densities and thus evaluate rigorous- yﬂcc“:;d;

ly relaxation curves resulting from a powder, we have fur-
ther developed these expressions using the Maple sofffare. Finally, we remark that in order to calculate (and fit) inversion

C*YpBy) is of the form
C"By) = ¢ + ¢ cosB) + ¢ cos(By) + ¢ cos(B;) +
¢’ cos(B,) (15)

The computation of tha:ﬁ coefficients leads to numerical

expressions that are detailed in the Supporting Information.
The nitrogen-15 longitudinal relaxation rate still depends on

the orientation of thé>N—1H bond in the powder througBcy.
Figure 5a shows variations &"*° within the powder, under

MAS. The signal acquired during a relaxation experiment is

recovery curves, we can evaluate discrete sums for egs 16 and
17 to obtain

1R(t) A 199

the sum of contributions from all orientations. Three cases may and

be considered. The first is the signal resulting from the
orientation weighted explicit sum of relaxation curves for each
value off3cm in the powder under MAS (that we refer to as the
“explicit averaged sum (EAS),” which can be obtained from

eq 9 to be

i o PR SBey) sin(Bey) dBey
ﬂzmzo Sin(BCM) dﬁCM

1Rty = 9P

(16)

This is compared with the decaying curve explicitly evaluated

for a static powder from eq 6:
ISIatIC(t) — Igtatlc
27 7T .
fyCMzo Bew=0 exp[— RirySt(VCM- Bemtl sin(Bew) dBem dyem

27 T .
fycM=0 e=0 oM Bem) dBem dvem

(17)

Finally we compare this with the model from Torchia and
Szabd! of a single-exponential curve whose relaxation rate is

given by
Iinitial—slopett) — |Oi5 exp[— RISt], (18)

Note thatR[®in eq 18 is defined as follow&:

ts_ 11 VHVNLZ T _ T
R _T1_4(—m an) [0, — o) + 33wy +
NH
67wy + o] (19)
whereJ™S(w) is the Fourier transform of'S(t) introduced in
eq 6:

Jw) = 2" Ct) cosft) dt (20)

We can see that formally this is equivalent to expresﬁi}fgis
a powder average of local relaxation raf§*

Np—1 b+0.5 b+0.5
Z) ex;{—R'f'As(u)t] sin| u)
b= N N
(16a)
Nt [(b+0.5m
siff———
6= Ny
Istatic(t) ~ |8tatic x
N,—1Ng—1 b+ 0.5 b+ 0.5
ZO 20 expg — Rirys(zin, u)t sin u)
a=0 b= Ny Nﬂ Nﬁ
Ns—1 ~[(b+ 0.5
N, bZD sm(N—ﬂ)
(17a)

respectively, wherd&l, andNg are the number of discrete powder
angles used in the sum.

Figure 5b shows simulations of the decaying curves that
would be recorded from a powder under MAS, according to
our model of eq 16a, and from a powder without MAS (eq 17a)
and the exponential curve calculated fronj°Ror the same
dynamics (eq 18). We note that, in the first two cases, using
the explicit sum and averaged-sum models, these curves are
nonexponential. Second, it is apparent that MAS significantly
alters the relaxation curve as compared to the case of a static
powder, for the same dynamics. Third, we see that the difference
between the relaxation curve calculated with our explicit
averaged sum (EAS) and the exponential approximation model,
which is designed to be the best fit to the initial slope of the
exact curve, is actually quite small. Figure 6 shows the
difference between relaxation rates calculated using the single-
exponential model (eq 18) and those obtained by fitting curves
calculated using the EAS model (eq 16a) to a single-exponential
function. The difference is plotted as a function of the diffusion
time constant and the semiangle of the cone. This figure
illustrates the degree of error that would be induced by not using
the EAS model. For very rapid motions, at this field strength,
we see that the error can be of the order of 20% of the measured
relaxation rate.

In conclusion, we see that the EAS model developed here
provides a more accurate prediction of relaxation rates and that

(25) Solomon, I.Phys. Re. 1955 99 (2), 559-565.
(26) MaplesoftMaple, 9.50; 2004.

J. AM. CHEM. SOC. = VOL. 127, NO. 51, 2005 18195
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(a) (b) Longitudinal Relaxation Delay (s)
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Figure 5. (a) Modulation of nitrogen—lR}"AS as a function ofscy, calculated with the same parameters as those for Figure 3. (b) Simulated nitrogen-15
relaxation curves for a powder undergoing MAS (blue), for a static powder (red), and an exponential curve corresponding to the initial slopxafitre rel
curve of a powder under MAS (grey).
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Figure 6. Plot of ARi/Ry = (RIs - Rﬁ")/Rﬁ" as a function of!>SN—IH bond dynamics.Riff is calculated by least-squares fitting of the simulated
(nonexponential) relaxation curve calculated for a powder under MAS using a monoexponential function, over the same time range (15 s) as that for whic
the corresponding experiments were carried Eﬁf.is calculated using eq 18. Each relaxation rate is calculated at a 500 MHz proton frequency.

in certain cases significant errors could be induced by using dependence of nitrogen-15 longitudinal relaxation in powders
the simplified model. We propose therefore to determine as a potential method to better define the dynamic parameters,
dynamic parameters from relaxation curves by simulating the and we show experimental results at two fields.
full powder MAS dependence as given by eq 16 above. o o
. . . . 3. Magnetic Field Dependence of Longitudinal
We note that since an informative dynamic model uses at )
) . . Relaxation Rates
least two parameters to describe the motion (as is the case for
the diffusion in a cone model used here (amplitude and rate)), As an indicator of field dependence, Figure 7 shows a contour
it is of course impossible to determine the motion from a single plot of R‘jﬁ extracted by fitting curves calculated using eq 16,
relaxation measurement. Many strategies have been proposedor a proton frequency of 500 MHz, as a function of the
in the literature, for both solids and liquids, to address this amplitude and the rate of the motion. Before continuing, we
problem. In the following section we evaluate the field remark that the value of the diffusion tims,j, at whichR‘lEff is
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be expected from a model-free analysis, which by nature
assumes a single-exponential correlation function (the full
calculation of the model free version of this approach to
relaxation in solids is under way in our laboratory).

In Figure 8, we show the magnetic field dependence of-spin
lattice relaxation rates as calculated using the procedure
described above. We note that the difference in rates between
11.74 and 16.45 T varies with the parameters of the dynamics
assumed for the interaction vector but that, for motions in the
time scale that is probably of relevance, we expect a measurable
difference in relaxation rates, and thus we propose to use this
difference to constrain experimentally the model.

4. Experimental Determination of Motional Parameters
from Longitudinal Relaxation Curves

[ In a previous communicatiéAwe presented measurements
S ————————— | & of nitrogen-15 nuclear longitudinal relaxation rates in a micro-
m 4n/5 3n/5 2n/5 /s 0 crystalline sample of the protein Crh at 11.74 T. Here we use
0o (rad) the same experiment to meastfitd R;’'s at 16.45 T and propose
_ i o , i a procedure to extract a quantitative estimation of'the-1H
Figure 7. Plot of the effective longitudinal relaxation rat&;" as a - . . . Lo
function of 15N—1H bond dynamics RE" is calculated by least-squares bond motion along the protein backbone, using the dlffu_smn in
fitting with a monoexponential function of the simulated nonexponential @ cone model. Furthermore, we present an error analysis of our

relaxation curve from a powder under MAS, simulated over a range of 15 experimental data through indirect determination of standard
s for a proton frequency of 500 MHz). For each dynamics, the relaxation gaviations inR; at both fields.

curve was simulated on a 16 s relaxation delay from a distribution of 14 . 9a sh h | d .
equally distributed values offcy, using numerical expressions for Figure 9a shows the pulse sequence used to measure site

R/"Bcw) according to EAS.RE™ was then calculated by fitting the ~ Specific R’s from triple-resonance 2B°N—2C correlation
simulated relaxation curve from 2 points (at 1 and 15 s, which is a spectra (the pulse sequence and phase cycle are available on
compromise in order to estimaf@" with accuracy, while optimizing  our web sit&” or upon request). The principle of this sequence
gmepnust?ot:]c’)na::?el)z,ée;gilrtlltr;girllntﬁeplé);r\]/gfgnz(;g Eﬁ:‘n;rs]s'?ome diffusion time is de_spribed elsewheté Experiments were run under the same
conditions as those recorded at 500 MHz, and we obtained
the fastest, depends on the motional amplitugig. (We note N-COCA correlation spectra under Cosine Modulated (CM)
that this is in fact purely due to the way in whief is defined heteronuclear decouplirf§-30
in this triple exponential model for the correlation function. If Figure 9b shows a typical 2D spectrum=€ 1 s) for Crh.
we replot these data using an approximate single-exponentialFrom these spectra, we could obtain unambiguously relaxation
model, we find that the position of the maximum rate no longer data from 31 resolve®N—13C cross-peaks (assignmérghown
depends orf. This latter case is reminiscent of what would on spectrum) and compare relaxation rates at both 11.74 and

o]
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Figure 8. Difference between relaxation rates at 11.74 and 16.45 T. The parameters were the same as those for Figure 7.
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Figure 9. (@) The pulse sequence used to record the nitrogen-15 carbon-
13 correlation spectra, resulting in spectra of the type shown in (b) for Crh
at 16.45 T. ThéH—15N CP step was performed using a linear ramp (100%
to 70% of r.f. field strength) on th&éH channel, with a 1.7 ms CP period
and an r.f. field strength of 50 kHz fofN. The 7 ms'>N—13C cross-
polarization step used an adiabatic amplitude modulated tangential ramp
on the nitrogen channel with r.f. field strengths of about 62 kHz and 50
kHz for 13C andN. The r.f. field strengths for the 9Qulses were 80
kHz for IH and 50 kHz for'>N. The proton decoupling field was set to 80
kHz for CM and CWLG. Quadrature detection was obtained with TPPI.
Each of the 375 increments i were acquired with 48 scans@m@ 3 s
recycle delay between scans, with maximum acquisition times of 12.5 m
in t; and 16.6 ms irt,. Data were processed using zero-filling up to 1024
points int;, 4096 points irt,, a square cosine filter, and automatic baseline
correction in both dimensions. The= 1 s spectrum was recorded in 20 h,
using about 6 mg of protein. Assignments are indicated according to
Bockmann et aft

S

16.45 T for 29 residues. Experiments were carried out on a
Bruker Avance 700 MHz spectrometer using a 3.2 mm triple
tuned CPMAS probe, at a spinning speed of 12 kHz, on a
microcrystalline, uniformly labeled'jN, 13C] sample of the
protein Crh in its domain swapped dimeric form {2 10.4
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0.2

kDa)212231The probe temperature was set+@ °C, which
corresponds to an effective sample temperature of ab@ut
°C. A series of spectra, withh delays of 1, 14, and 7 s,
respectively, were recorded using the same renormalization
procedure as reported at 500 MHA; data were then analyzed
from peak intensities. (See Supporting Information for further
details.)

Figure 10 shows typical decay curves measured for Asp 38
and Asp 69 at both fields. The accuracy of the evaluation of
the spectral densities depends critically on the measured error
in Ry, which has several potential sources. First, despite
renormalization, the length of the experiments often leads to a
slight detuning of the probe and an inhomogeneous change in
intensity over the spectra due to cross polarization steps that
cannot be perfectly compensated. Second, it appears that during
the first few seconds of the decay curves, spittice relaxation
is not the only phenomenon that causes evolution of magnetiza-
tion along the external magnetic field and that we have to
account for a re-equilibration of magnetization between nearest
neighbor nitrogens through spin diffusion, which causes an
additional dispersion in observed relaxation rates. This effect
will be considered in detalil in a future article.

Although it is experimentally unreasonable to obtain a
significant statistical ensemble of measurements so as to
calculate the standard deviations, we can estimate that the
distribution of peak intensities is the same for each measured
point of the curve and is mainly due to noise. We assume that
this distribution is normal, and we estimate its standard deviation
o to be 7.5% of the intensity at= 1 s for each decay curve.
The experimental curves are then fitted to a single-exponential
decay curve with two parameters (initial intensity and relaxation
rate), and we calculate the standard deviation of each measured
rate by running a Monte Carlo simulation assuming that the
simulated intensities for the best fit are at the center of a
distribution.

Rigip4s7(DB9)=0.03 ™

Rig11747(D69)=0.05 s

Rig1g.457(D38)=0.08 s’
St eeeala

Rigr1747(D38)=0.13 s’

6 8

10 12 14 16

Longitudinal relaxation time (T/s)

- == = relaxation curv
—e— relaxation curv
= == = relaxation curv
—e— relaxation curv

eof Asp69at11.74 T
eof Asp69at1645T
eof Asp38at11.74 T
eof Asp38at 1645 T

Figure 10. Decay curves measured at 16.45 T using three values of the relaxationrdalay which have been renormalized so that the initial intensities
of the best fit curves are equal, compared to curves recorded at 112/#TAsp 38 and Asp 69.
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Figure 11. A bar graph of measured best R vs residue number obtained from experiments using the sequence of Figure 11a, at 16.45 T (red) and 11.74
T (blue).

5. Results and Discussions where K%, is theR, measured at the field3andR;[y,, is the
calculated effective relaxation rate determined in section 2.

P(7c,60) measures the deviation between experimentally deter-
mined relaxation rates and the best fit for the determination of
dynamic parameters.

d The probability functions were evaluated for 29 residues in
the protein Crh. For each residuB(z.00) is a combined

We are now in a position to estimate for each residue the function of the quality of the experimental data (i.e., the
probability of a diffusion timer,, and a cone angléo for the deviation inRy), and the resolution with which a given dynamic

15N—1H bond assuming diffusion in a cone. From the theoretical P€havior can be determined through the observation of a
crossing of curves resulting from a relaxation measurement at

h two different fields. For 15 residues (V8, T12, G13, D38, G39,
K41, K45, 147, G49, L50, M51, T57, 164, D69, Q82) we
measure a rate and a cone angle with a reasonable accuracy.
Diffusion timest,, for these residues range from-51078 s to
5 x 1077 s, and the cone angle ranges fromts 20°. (We
note at this stage that this corresponds to characteristic correla-
tion timesto, 741, T+2 Of the exponential contributions to the
overall correlation function of eq 4 having values ranging from

ex 9x 10 10t0 1.2 x 108 for 7o, 1.7 x 10°9t0 5.7 x 1078 for
1 F{_ R — R 51 22)

ex 741, and 6.2x 10710to 2 x 1078 for T+2.)
ov2n 20° To illustrate the analysis, we show three representative

determined probability distributions in Figure 12. G39 (in a loop)

whereo is the standard deviation, ar®f”, the center of the  and K41 (in g3 sheet) are seen to have probability distributions
normal distribution. The probability for a givéAN having the that can be clearly easily distinguished. For K41, the cone angle

experimental relaxation rate;**?, to wobble with a diffusion  is poorly defined, but the diffusion rate constant is well

Figure 11 shows the best fit single exponentalvalues
measured for Crh (numerical values and standard deviations ar
given in the Supporting Information). First as expected from
the previously reported data at 500 MHzwe observe a
qualitative correlation between relaxation rate and expecte
internal mobility forR; measured at 700 MHz.

study above, we calculatR‘iﬁ[rC,ao] by fitting the curve
calculated using eq 9 to a single exponential function whic
we then compare to the fit values obtained from the data at
both fields. (Note that we could also directly compare the
predicted intensities in the curves with the data points.) We
assume now that each relaxation r&g® that is determined
from experiment is at the center of a normal distribution as
defined in eq 22:

9(Ry, R™") =

time 7,y and a cone angléy, is proportional to determined. We can also quite clearly distinguish between
distributions obtained for D38 and G39, which have similar
Pireq(Te00) O (R Mz.0,, R (23) dynamics. The distributions for all residues are given in the

Supporting Information. The results are summarized in Figure

Hence, the probability for #N with experimentally determined 13 that shows a bar graph of diffusion times and cone angles
longitudinal relaxation rateBSi; 7, and Rl 457y to diffuse that were determined through the analysis of these probability

in a C(,)ne of semi—anglet)o, with a diffusion time 7, is (27) http://www.ens-lyon.fr/CHIMIE/Fr/Groupes/NMR/Pages/library.html.
proportlonal to (28) De Paepe, G.; Elena, B.; Emsley,d.Chem. Phys2004 121(7), 3165~
(29) 3I‘DleB(I)DIaepe, G.; Giraud, N.; Lesage, A.; Hodgkinson, PckBmann, A.;
)
)

Emsley, L.J. Am. Chem. So2003 125 (46), 13938-13939.

P(Tca 90) = P[R1[11.74TJ,R1[16-45H](Tc,eo)
exp 'exp (30) De Paepe, G.; Hodgkinson, P.; Emsley,dhem. Phys. Let003 376

ff Xp (3—4), 259-267.
0 g(Rilll-”r][TC’HO]’ Ri[ll-m—l) (31) Galinier, A.; Haiech, J.; Kilhoffer, M. C.; Jaquinod, M.; Stulke, J.;
ff Xp Deutscher, J.; Martin-Verstraete Aroc. Natl. Acad. Sci. U.S.A997 94,
X g(Ri[lGASI'][TC!GO]’ R§[16.451']) (24) 8439-8444.
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C We note that residues located in loops, in particular D38,
7.4 G39, and T57, also appear to have faster diffusion rate constants
: (rw < 1.7 x 1077 s), while residues in helices and sheets such
7.2 as T12, G13, K41, G49, L50, M51, 164, and Q82 have slower

: diffusion times ¢, > 1.7 x 1077 s).

L7 . .
3 Finally, we note that for some residues these data are not
68 = sufficiently accurate to determine dynamic parameters. This can
e

to reliably constrain spectral densities, (iii) the simple diffusion

' be due to (i) the error in the measuré&g (ii) the difference in
Lvs 41 L 6.6 relaxation rates between 500 and 700 MHz is not large enough

F-6.4 in a cone model does not provide a correct description of the
! motion of the N-H vector, or (iv) deviations from the simple
6.2 dipolar mechanism to describe longitudinal relaxation used here.
5 This last point is particularly interesting. Obviously, the
-------------------------- 6 nitrogen-15 CSA is expected to make an increasingly significant
0.5 0.4 0.3 0.2 0.1 S ' N
0, (rad) contribution to relaxation as the field is increased, but there are

several other possible mechanisms that could be invoked and

Figure 12. Contour plots oP(z,0o) for three residues :Asp 38 (red), Gly  that will need to be tested in the future: for example, cross

39 (blue), and Lys 41 (dark green). (The relative vertical scales are indicated . . . [ ' —

in the extended figure in the Supporting Information.) relaxation to neighboring nuclei (first and foremost of which
being the adjacent amide proton). Another source of relaxation

contour plots. (The accuracy of each measurement, and the shapthat has recently been proposed for carbori-1i8 solid proteins
of the resulting dynamic distribution, can be estimated through is due to paramagnetic oxygen that can be dissolved in the
direct observation of the contour plots in the Supporting Vicinity of the hydrophobic side chains, as postulated by
Information.) Morecombe et al? Having said this, for nitrogen-15 the NH
The observed variations from one site to another are coherentdipolar coupling should logically be the dominant mechanism,
with the differential dynamic behavior that might be expected and the other interactions will be perturbations to quantitative
for the different secondary structures. In particular, in general, analysis.
residues located in loops (V8, D38, G39, T57) have larger cone All of these sources of error can be minimized. In the first
angles, whereas residues in helices and sheets (T12, G13, 147¢case, for example, we can improve the sensitivity of the
G49, L50, M51, 164, Q82) have smaller cone angles. (Note that experiments, as well as the resolution of correlation peaks, for
for the residue K41 iff-sheet, the rate is accurately determined, instance by using recoupling methods which would allow us to
but the cone angle is not (see Figure 12)). analyze N-CB correlations as well as NCA. Moreover, we
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Figure 13. Bar graph for (above1)W and (below)t% of the 15 best dynamlc parameters determmed through the ana|y5|s of nltrogen-15 longitudinal relaxation
rates at two different fields (500 and 700 MHz), using the theoretical model described above. The asterisk on K41 indicates that for this ret@duentiteode
of g is unreliable (butry is well determined).
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can include quite straightforwardly the contribution of chemical interest as a complementary method to both solution state NMR
shift anisotropy to the relaxation mechanism and use other and diffraction methods. In particular, relaxation studies in
relaxation measurements to constrain spectral densities such asolution are complicated by the superposition of internal motions
for example H—15N cross-relaxation. Finally, we can evaluate and overall tumbling, whereas in solid proteins only the internal
the influence of other motional models on the quality of the motion is present to contribute to relaxation.
determination of dynamic parameters. These avenues are under We have applied this approach to the study of siittice
investigation in our laboratory. relaxation rates measured at 11.74 and 16.45 T for the
microcrystalline protein Crh and have been able to determine
differential dynamic parameters for several residues in the
In this paper we have presented a detailed analysis of protein. Notably we observe generally smaller amplitude mo-
proteins. A theoretical model, based on and extending the modelppserve slower diffusion rate constants for residues in helices
proposed by Torchia and Szabids presented to quantitatively  and sheets than those in loop structures. The data and analysis
interpret relaxation times in terms of motional amplitude and e present here clearly demonstrate that this is a viable method
characteristic time scale. Different averaging schemes were gf determining dynamics in crystalline proteins.
examined in order to propose an analysis of relaxation curves
that takes into account the specificity of MAS experiments. In  Supporting Information Available: °N longitudinal relax-
particular, it was shown that magic angle spinning averages theation rates [g;) measured for the different residues in micro-
relaxation rate experienced by a single spin over one rotor periodcrystalline Crh at 11.74 and 16.45 T, and an estimation of the
and that this results in individual relaxation curves that are standard deviation of each rate. Contour plots of the& “
dependent on the orientation of their corresponding carouselsurfacesP(z.,00), as well as contours plots of the dynamic
with respect to the rotor axis. Powder averaging thus leads to aparameters determined from the relaxation rates measured at
nonexponential behégor in the observed decay curves. two different fields. Dynamic parameters extracted fromthe
We showed how to extract dynamic information from longitudinal relaxation rates for the different residues in mi-
experimental decay curves and illustrated this using a diffusion crocrystalline Crh. Numerical values fd# coefficients calcu-
in a cone model. Obviously the method and conclusions lated with Maple software in order to evaluaT#'AS(ﬂl). This
presented here can be extended to other motional modelsmaterial is available free of charge via the Internet at
possibly better describing internal motion in these samples. We http://pubs.acs.org.
can also develop expressions for other relaxation mechanisms,JA055182H
notably to include the effect of nitrogen-15 CSA. The method
applies equally to the interpret_a_tion of deuterium relaxation (32) Morcombe, C. R.; Gaponenko, V.. Byrd, R. A Zilm. K. W.Am. Chem.
measurement$;1’which has traditionally been used as a probe S0¢.2005 127 (1), 397-404.
of dynamics in deuterium labeled proteﬁ‘?é?v33v3“Notany, the (33) Rozovsky, S.; McDermott, A. El. Mol. Biol. 2001, 310 (1), 259-270.

i . . . . J (34) Hologne, M.; Faelber, K.; Diehl, A.; Reif, B. Am. Chem. So@005 127
approach to measuring internal dynamics in proteins is of great (32), 11208-11209.

6. Conclusions
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