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sively characterize the fast internal dynamics of proteins of
significant size.

This review seeks to provide a compact but reasonably
complete description of the theoretical and technical founda-
tion for solution NMR relaxation methods that are currently
being brought to bear on fast sub-nanosecond protein side
chain dynamics and to present a summary of current findings
and their possible significance. A survey of basic observa-
tions about side chain dynamics derived from NMR relax-
ation studies is presented along with several analyses meant
to dispel commonly held but apparently inaccurate correla-
tions between dynamics, structure, and function. How
dynamics can enter into fundamental thermodynamic and
kinetic aspects of protein function is also reviewed and
illustrated with intriguing results from several systems that
point to a promising future for this area of inquiry.

2. Theory

The emerging success of NMR spectroscopy in the arena2-1. Formal Relationship between Fast Dynamics

of protein dynamics rests on four general areas of develop-and Relaxation

ment over the past two decades. First and perhaps foremost, Re|axation of nuclear spins in liquid samples is caused
triple resonance NMR spectroscopy now provides an efficient by flyctuating local fields, such as chemical shielding
and robust set of tools for the comprehensive resonanceanisotropy, dipole-dipole, and quadrupolar interactions.
assignment of proteins of significant si?é! These methods,  Rapid molecular motions of large amplitude and random
in turn, derive much of their power from companion isotopic ' character impose time modulation on these local fields. The
enrichment strategi€$;'3 which have been subsequently goal of this section is to summarize the mathematical
refined to allow for isotopic labeling patterns that are framework used to obtain the information about these
optimized for NMR relaxation studiesifle infra). Two- motions from the relaxation behavior of NMR observables;
dimensional sampling of relaxation has allowed for com- in that, the treatment of Abragafmand Hoffmar8 will be
prehensive studies to be efficiently undertaken, albeit with followed. The density matrix formalism is employed to
great instrumental cot.1® A variety of technical issues such  represent the properties of the statistical ensemble of spins
as the effects of macromolecular tumbling and the influence in a liquid sample, while the surroundings (or lattice) are
of competing relaxation mechanisms have also been largelytreated classically. To obtain the correct behavior of the
resolved (ide infra). These advances have positioned density matrix as it evolves toward its final state, this
solution NMR spectroscopy to efficiently and comprehen- treatment has to be corrected by replacing the density matrix
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operator with its deviation from the equilibrium value. If —Tr{[A,B][D,C]}, we obtain the expression for the time
the time behavior of the density matrix is known, one is able evolution of pi(t) and the relaxation matrix elemehj:
to obtain the time behavior of any observable by taking a

trace of the product between the observable and correspond- doi(t)
ing density matrix operators. - = Zrikpk(t) (6a)
We start with the Liouville-von Neumann equation that dt

describes time evolution of the density maisiX) under the

influence of a time-dependent Hamiltoniéf(t): r,= 1/2ffm°°'|'r{[Qi,ﬂr(t)][QLﬂr(t —7)]} dr (6b)
de = —i[H,p] (1a) In turn, the random Hamiltonian can be written as a sum of
dt scalar products of irreducible spherical tensors:
H({t) =H,+ H,(t) = wl,+ H(t 1b
O=Ho RO =0l 7RO (D) HO=CY SRR 0 @
The time-independ_ent part of the Hamiltonidn represents "
a Zeeman interaction of the spin angular momenkuwith C’ is the interaction constarity, are the spin operators in

the static magnetic field, whild,(t) is a random Hamiltonian  jreducible tensor form, corresponding to an interaction
that describes the fluctuating local fields;is the Larmor and having a rankand a component index; and Flll_m(t)

precession frequency. It is convenient to use an interaction 5 the spatial random functions proportional to the spherical
representation of eq la: A A .
harmonics.T;, andF; have the following useful proper-

%P — —i[A,0).4] o
— = ~1R.p ) : )
dt [1,,T}] = mT},, and hence 8*T} e =é™'T/
wherep = eHope Hot andH (t) = eHoH,(t)e Hot. The bar in (8a)
eg 2 indicates the average over the entire spin ensemble.
Equation 2 can be successively integrated to second order T = DT (8b)
and differentiated to become ’ ’
T s _ Fim= (= D"(Fi)’ (80)
a — [H().p(0)] = Jo [A®,[A(t — 1),60)]] dz (3) _ o _ _
Transforming the random Hamiltonian into the interaction
Equation 3 can be simplified using the following assump- frame
tions: ) _ M jomtrd 4
@) In the first term, the random Hamiltonian and the H(0) = CAZ %( 17T im0 ©)

density matrix operator are uncorrelated and can be averaged

separately over the spin ensemble. The ensemble averaggnd substituting this expression into the equation Ifgr
of H(t) is zero, which eliminates the first term from the (see eq 6b) gives

equation.
(ii) p(0) can be validly replaced witf(t). r.=Y.ct'c* — )T do(m+nt)t
(iii) The upper limit of the integral can be extended to % 2 Z ; |Zm ,,Zm,( ) x
infinity. s §
~ An excellent discussion of the validity of these assump- Tr{[Qi,Tﬂm][Ql,Tﬁ,m,]} X
tions is given by Abragan. The simplified equation for
Lhe density matrix evolution in the interaction frame is given f:: F () Fh (t— e ™" dr (10)
y , :
ds L — _ After some rearrangement, the integral in eq 10 can be
af = — [0 [H0.[A,t - 1).50] dr (4) identified as the spectral density functigff. .(w):

Since our ultimate goal is to obtain the time behavior of ~ J&* (w) = ff: (Fr @) Fi _p(t+ e " dr
NMR observables, it is convenient to cast eq 4 in operator (11)
form. Although this increases the dimensionality of the
problem, it makes the calculation physically intuitive and Spectral density and correlation functions will be discussed
allows one to exploit useful commutation relationships in more detail in section 4 of this review. For now, it suffices
between the spin operators. The density matrix operator canto say that the spectral density functions represent the
be expanded as a linear combination of the basis operatorgrequency spectra of molecular motions.

Q« with time-dependent coefficients(t): Since the lattice is assumed to be in thermal equilibrium,
the spectral density functions do not depend on tinehe
pt) = Zpk(t)Ql (5) only time dependence is imposed Bg by the exponential
term é>(M+m)t This term oscillates with Larmor frequency

w, which is large compared to the characteristic frequencies
where the basis operators satisfy the orthonormality con- of T. Therefore, the terms with' + m’ = 0 contribute
dition: Tr{QlQ|} = Oyx. Substituting eq 5 into eq 4 negligibly to I'x and can be neglected. In an isotropic
and making use of the identity {IA[B,[C,D]]} = medium, the spectral density given by eq 11 vanishes unless
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the ranks of the correlated interactions are equal, Il.es, Ti0=S,
I".*® As a result, eq 10 can be rewritten in the following
form:

1
Tii=— 723+ = _TI,—l

_ A _a\m
Iy ="1,c'C A’Z, Zﬂ (=1)7x To0=2,S,— %(us, +1.S,)=31S,—1S
THIQ Tl QLTI _al} i (Mw) (122)

3
oK P TN —iomr T21= _\/;U*SZ F1S)="To
T (Mw) = [ 7 (F () Fi ot + 7)e "™ dr (12b)
Relaxation matrix elements with = A" andA’ = 1" are

To2= \/gl S =T, (16)
referred to as the autocorrelated and cross-correlated relax-
ation rates, respectively. It is evident from eq 12a that the Our goal is to derive the expression by, the spin-lattice
elements of relaxation matrii are linear combinations of ~ relaxation time, of nucleus, using eq 12a. We start with
the spectral density functions sampled at certain frequenciesthe dipolar HamiltoniaHpp(t) and calculate its transforma-
with coefficients provided by the trace taken over the product tion to the double interaction frame defined &k =
of commutators. Using eqs 12, we can now calculatéor @l o)t To make full use of the property of eq 8a, it is
specific spin systems found in protein side chains. The convenient to represent spherical tensors of rank 2 as a sum

corresponding relaxation timeg are the inverses of the  of the products of spherical tensors of rank 1:
matrix elementd

Too=U@T ()T + T ()T, o(9+
Ty = —1/T (13) Ty (1) T1,1(S))U_1

_ _ 1— i(w—wgt __ l — i(w—ot
Below, we derive autorelaxation rates for the local fields 25, 21+ S-€ 21_S+e

responsible for the relaxation in isotopically enriched protein

side chains: heteronuclear dipeldipole interaction, chemi- -~ 3 ot 3 iog _ =t
cal shielding anisotropy (CSA), and electrostatic coupling T21=— §I+Sze T A[SSET =T
between the nuclear quadrupole moment and the electric field

gradient. In addition, cross-correlated relaxation (or relaxation .~ /3 i(otogt _ =1
interference) between two dipetelipole interactions is 227 A5+ 5:€ =Tz a7
considered.
. , . To calculateT;, we selectS; as the basis operator, which is
2.2. Heteronuclear Dipole —Dipole Interactions normalized in the product basis of the-S spin system
having the following set of four stateg/,,%,0) |Y2,—,0)
We consider an isolated system of two spiis| andS, |—/,,Y,0) and|—Y,,— %/, The transformed spherical tensors
that belong to different nuclear species. The time-dependentyt eqs 17 can now be substituted directly into eq 12a, with
Hamiltonian for this system is characteristic frequencies of the spectral density functions
given by the exponents in eqs 17. Sirfecommutes with
H(t) = Hy + Hpp(t) (14a)  the .S, operator ofT20 and thel .S, operator ofT s, the
contributions of Jo(0) and Ji(w)) into the spin-lattice
Ho=ol,+ oS, (14b) relaxation rate of spis vanish. Note that since we consider

an autorelaxation process brought about by a spin interaction
of rank 2, the indice$, I'", ', A" can be dropped from the
wherew, andws are the Larmor precession frequencies of gspectral density function notation given in eq 11. The tensor
spinsl andS andHoo(t) is the heteronuclear dipolar coupling  components witm = 0 give rise to the only spectral density
Hamiltonian in the laboratory frame: term, Jo(wi — ws), with the coefficient given by the following
double commutator:

Hop() =dS ()T, F, (1) (15)
DD ; 2m' 2—m Jo(a), . (l)s):
T[S~ "l S[S,— o S,y =
The dipolar coupling constawtis defined as follows:d = _ 1/4Tr{I+S,(I S =-— 1/4
—ugyyhldmry, whereuo is the magnetic permeabilityyg
is the gyromagnetic ratio of th§S) spin, A is Planck’s TH{[S,— 1/2| S,J[S,— 1/2| S =- 1/4 (18)

constant divided by2, andr s is the distance between nuclei

| andS, which for the moment we assume to be fixed. A set

of spherical tensor operatofsm, with rankl = 1, 2 is given Similarly, form = £+1 tensor components, there is only one
below: spectral density terml(ws):
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Ji(wy):

TS, SISl S0} =
3,Tr{1,S,.(1,80 =7,

TS0, 11S, ¥l S =¥,

Finally, form = £2 andJx(w, + ws), we obtain

(19)

Jo(w, + wg):
THS7 SIS, ST} =
= 3L,Tr{1,S,(1_S)y=-3,

THIS, S 8. 8.0} =~ %,

Collecting the terms of eqs 180, we arrive at the final

expressions for the autorelaxation matrix eleniégﬁz and
spin—lattice relaxation timerl;PP(S):

(20)

1 DD

— =712 =
-I—lDD(S) S5,

1

20130, — 09 + 33 (@9 + 63w, + 0] (21)
Other relaxation parameters, such B&s (basis operator

(1/+/2)S;) and cross-relaxation rate(basis operators and
S,) can be similarly derived using eq 12a:

1 DD 1o
=-T = =d74J,(0) +
-|-2DD(S) 1(V/2)S,,1/(v/2)S, g8 o

Jo(w, — wg + 6J,(w)) + 33 (wg) + 6J,(w, + wd] (22a)

o=-T = %dZ[GJZ(a), + g — Iy — 0] (22b)

Igumenova et al.

Hesat) =

COBY2SF, o) + /7,8 Fara(t) — 4/¥oS_Faa(0)]
(24)

We select {/2)S, as the basis operator normalized in the
|¥,0) |—Y,[basis. Itis clear from eq 24 that only two spectral
density termsJo(0) andJi(ws), contribute to the relaxation
matrix elements. Of the two, th#&(0) term vanishes since
S, commutes with itself. The coefficients for tigws) term

are given by the following traces taken over double com-
mutators:

I 25THIS, SIS, ~S1) =3THS,S } =3
25TH[S,S IIS,~S.]} = 3THS.S,} =3 (25)

The final expression for the relaxation matrix elements

(s, /2, @nd the corresponding spitiattice relaxation

time T,C5A(S) is

1l oA =9  (26)

-I—lCSA(S) T W25,(v2s T

wherec = ysBo(oi — or)/v/3. The expression fofs (S
can similarly be derived:

1 _ _resa_1
-|—§SA($ S8 6

In contrast to the case of the dipeldipole interactions, the
CSA interaction constant depends on the strength of the static
magnetic fieldBo. As a consequence, the contribution of the
CSA to the relaxation rates increases with the increase of
the static magnetic field strength.

c*[439(0) + 33 (@] (27)

2.4. Quadrupolar Interaction

The corresponding derivations can be found in numerous Quadrupolar interaction is the electrostatic interaction

textbooks and reviews;19-21

2.3. Chemical Shielding Anisotropy

In this section, we consider a contribution of the chemical

shielding anisotropy (CSA) to the spifiattice relaxation
time of spinSfor a simplified case of the axially symmetric

CSA tensor. The time-dependent part of the CSA Hamil-
tonian in the laboratory frame can be written exactly as in

eq 15, with the operator replaced by the magnetic field
vector By in the expression for the spherical tensors:

Hesa® = C™5 ()™ TonFon®  (23)

The interaction constanCcS” is defined asCCtSA =
ysoy — op)l3, whereg, and o are the principal values of
the CSA tensor along thgas and Xpas(Yras) axes of its

between the quadrupolar moment of a nucleus having a spin
> 1 and the electric field gradient. In this section, we
consider the quadrupolar interaction of the isolafét
nucleus. The quadrupolar interaction constantffoexceeds

the strength of other local fields, such as dipedigpole
interactions and CSA, by approximately 1 to 2 orders of
magnitude, thereby making the quadrupolar interaction a
dominating relaxation mechanism in fractionally deuterated
protein side chains. Similar to the dipeldipole interaction

and CSA Hamiltonians, the quadrupolar Hamiltonian is a
second-rank tensor and can be written in the laboratory frame
as

Ho® = COS (-1 ool (28)

The interaction constanER is defined asC? = eqQ/
4hl(21 — 1) = qQ/4h, wheree is the elementary electronic
chargeQ is a nuclear quadrupole momeaqtis the principal

principal axis system (PAS). Equation 23 can be simplified value of the electric gradient tensor, alnig the spin of the

by realizing that, in the laboratory frame, the vector of the

static magnetic field is oriented along tles axis, i.e.,
Bo = BoZas- The expression for the Hamiltonian then
becomes

nucleus, equal to 1 fotH. A full description of spin 1 in

the operator space require3 3 9 operators that can be
conveniently chosen as normalized spherical harmonics given
by eq 17, with spin operato§ replaced byl. The full
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relaxation matrix for spin 1 having five independent elements 2.5, Cross-Correlated Relaxation or Relaxation
was calculated by Jacobsen and co-workehs this section, Interference

we present a derivation @f, the spin-lattice relaxation time

for 2H. The rest of the relaxation parameters can be derived
using similar procedures.

So far we have considered autorelaxation mechanisms
brought about by one type of NMR local field. The
interference between two different relaxation mechanisms,

We select (14/2)l, as the basis operator, normalized in or cross-correlated relaxation, has found applications in the
the following basis:|1,—1[) |1,00) |1,10) and we rewrite the  investigation of side chain dynamiés?2’ Formally, cross-
spherical tensors of eq 17 in terms of the single spin operatorcorrelated relaxation rates can be described by the relaxation
|. Sincel, commutes withT 0, Jo(0) does not contribute to ~ Matrix elements of eq 12a withl = 1". The interference

the spin-lattice relaxation time ofH. The terms wittm = can occur between, e.g., two different dipetipole interac-
+1 andm = +2 give rise to the following spectral density tions, between two CSA interactions, and between the CSA
coefficients: and dipole-dipole interactions. One of the experimental

manifestations of the cross-correlated relaxation is the
1 different relaxation behavior of the NMR lines Jrcoupled
Hop): ZTHILTodll, Ty} == 3THT, T, = spin multiplets
2 ' 3 ' 2 T We consider dipole dipole cross-correlated relaxation in
ST+ 1 )0, +1.1)} =3 a system of 3 spin¥s, 1;:—S—1,. An exampl_e of_ such a spin
4 system is a methylene group of a protein side chain, with
1 two H magnetic dipoles sharing a commb&@ spin. Since
ETr{[lz’Tz,—ﬂ“z’Tz,ﬂ} =3 (29a) the J-coupling constants of;—S and [,—S are almost
identical, in the absence of heteronuclear decouplingSthe

1 nucleus gives rise to a triplet. The outer components of the
I2wp): STHILT2 AN To 2l = = 2TH{ T, , 5t = triplet have unequal line widths (or intensities) due to the
—3TH (1) 1)} =—12 dipole—dipole cross-correlated relaxation.

To calculate the contribution of thie-S dipole—dipole
]_I_ cross-correlations to the longitudinal relaxation of s@iiit
STl TR b = —12 (29b) s convenient to choose the basis operators that correspond
to one- and three-spin orders, {42)S, and (/8)S/ 1l »;; the
. . . __operators are normalized in the product basis containing all
Collecting the terms of egs 29, we arrive at the eXPressions gjght combinations of the “up” and “down” states for every
for the relaxation matrix eIemer]T(Ql,z),Z’(l,Z)Z and the corre-  spin. The next step is to select the spherical tensors with
sponding relaxation tim@;?: matching frequencies (see eqs 17). Provided that spins
I, and I> have nondegenerate chemical shifts, the two
1 B 2 tensor components that remain ark,2)S, of T, and
10 ~TQay, e, = 3(CY 1Awp) + 4)(20p)] (30) F(V(3/2)) 1229S: Of T4, giving rise to theJ;°PP40)
! and J2°PPqwg) spectral density terms. Th&°“°°40)

_ _ term vanishes since&s, commutes with T, while the
The expressions for other relaxation parameters can be founc:gntripution of JPPLPPA )9 can be calculated using stan-

in ref 22 and are dard procedures:
1 ) 3 5 JDDl,DDZ(wS):
—=-T2 = 3(CHZI(0) + 2I(wp) + I(2w,) 1
T S 2TH[S, T30 IS 1 o0 To001} =
1 —3Tr{ [SZ’I lzs+][Sz| 1 22! 2287]} =
= Tlveae—mavea—n = 3CHBIwp)] 3
TSO BTH(S112)(S 1)} = 2
RS = 3(CYZI(wy) + 23(2wy)] oo ooz, _ 3
3, W2),1,,1/2)41 4 D D 2TH[S, T 4l[S) 1o To1 1} = 2 (32)
1 DD1

= _r(lgIZ(IZI++IZI+),1/2(IZI++IZI+) = A symmetric pair of interactions betwedr} andTz5;
SOAF also contributes to the cross-correlated relaxation rate, giving

1,DD2
3(C20) + Zwp) + H2wp)| (31)

_Ll)

a factor of 2 in the final equation foFg3¢) ). Using eq

12a, we obtain the following expression fBg5¢)”:

where the subscripts QO, DQ, and SQAF stand for the ng'?zéz'fji: -2 X 1/8d2[6\]?m'DDZ(a)S)] (33)
quadrupolar order, double-quantum, and single-quantum

antiphase coherences. The five relaxation rates given by eqsvhered is defined in eq 15.

30 and 31 can be measured independently using the NMR  To calculate the contribution of thie-S dipole—dipole
methodology developed by Kay and co-work&&: These cross-correlations to the transverse relaxation of Spine
rates form an overdetermined and self-consistent data setselect (1/28; and 51,5, as basis operators. The coef-
which can be used to extract information about motions of ficients of J2°*PP(0) and J?°***(w¢ are obtained as

protein side chains. follows:
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JPPLPD2(): TH[S,,I 1.1,S .2l = 3D acquisition mode, as implemented in the cross-correlated
° ©): THIS, 225214[_'_12 2; o Zzsé}l |y —_q  relaxation experiments. In addition to the relaxation mech-
(S 11 2)(S 112l 2)} = anisms desgribed in part 2, scalar couplings between. nuclei,

J?Dl,DDz(wS): TS uS I 1 25,21 S.]} = although being an order of magnitude smaller than dipole

3 dipole interactions, significantly complicate faithful observa-
6Tr (S .| I =2 (34 tion of relaxation phenomena. Below, we consider isotope
(S22l 2)(S 22l 20} 4 (34) labeling schemes and pulse sequences designed to alleviate

o ) . the problems of multi-spin relaxatiodscoupling interactions,
Substitution of egs 15 and 16 into eq 12a results in the gnqg spectral resolution.
expression fol'g ' -

3.2. Isotope Labeling Schemes

Optimization of relaxation studies rests significantly on
attaining a well-understood relaxation mechanism and site
resolution. Both require specialized isotopic enrichment. A
comprehensive review of isotope labeling schemes used for
protein solution NMR spectroscopy can be found else-
where3?3! Here, we will focus on the isotope labeling

and cross-conrelated relaxation rates for several relaxation Temes specifically designed for the measurements of
protein side chain dynamics. These labeling schemes are

mechanisms. These rates are linear comblnatllons of auto | marized in Table 1.
correlated and cross-correlated spectral density functions A maior comolication encountered in the relaxation studies
sampled at characteristic frequencies and are proportional J P

: B s g SO0 -
to the square of the appropriate interaction constants. In the%fcu?r'licérrrggiosncse;gnt%heegkf’srgtsg‘ds Irseltgfa?i(z) r;ltr:)béjglg‘)\r/}?:‘: which
next section, we review experimental approaches used forbecomes multiexponential. In ear§C relaxation ex eri
the selection and quantification of these relaxation pathways. P ) P

Interpretation of relaxation parameters in terms of different MENtS: this problem was overcome by supplerg%glng the
motion models is the subject of section 4. growth medium with specifically labeled amino a or

using natural abundané&C spectroscop¥: Later, a uniform
sampling of the dynamics of protein sites became possible
with the development of the fraction&IC labeling scheme
. . . that made use of a mixture of labeled and unlabeled acetates
3.1. Purity of the Relaxation Mechanism (see Table 1353 When this mixture of acetates is used as
A meaningful interpretation of NMR relaxation data relies the sole carbon source, carbon sites with one bonded carbon
on the precise knowledge of relaxation mechanisms in ahave a 15% probability of being bonded to=€ nucleus
given spin system. Protein side chains mostly include methyl and sites with two bonded carbons have a 30% probability
(AX 3 spin system), methylene (AMX or A, methine (AX), of being bonded to at least of€ nucleus. The contributions
and aromatic groups linked by covalent bonds. If all nuclei of **C—*3C pairs to the final signal can be suppressed using
of a protein side chain were magnetically active, a correct the low-pasg*C filter developed by Wand et &.This pulse
interpretation of the relaxation behavior would require sequence makes use of the fact that the amplitudes of the
knowledge of the exact geometry and magnitude of all Signals originating front3C—*3C pairs are modulated by a
tensorial interactions contributing to a great many relaxation *Jec-dependent cosine function and, thus, can be forced to
pathways, making the data analysis cumbersome. Hencezero by a judicious choice of the constant-time delay.
recent developments in solution NMR relaxation techniques A marked improvement in the sensitivity 8#C-based
aim at achieving purity and simplicity of relaxation mech- relaxation experiments was achieved by usingGlabeled
anisms by combining isotope labeling schemes with NMR pyruvate as the sole carbon souf¢@riginally used for the
pulse sequence development. Along with multi-spin relax- incorporation of methyl protons in perdeuterated protéins,
ation, spectral resolution is an important issue to consider pyruvate preferentially labels Alalle”, Val’, and Led
when implementing relaxation experiments. NMR relaxation methyl groups. The frequency 8IC—3C pairs is<5% for
pulse sequences are usually based on two-dimensional HSQU@le, Val, and Leu, and is 20% for Ala. It was shown that, for
experiments that correlate the chemical shifts of two nuclei, these four methyl groups, pyruvate labeling improves the
with variable time delays inserted to record relaxation of the sensitivity over the random fractional approach by ap-
appropriate spin coherences. In bdfC- and 2H-based  proximately 5-fold6 Other methyl groups, Thy lle®, and
autorelaxation experiments, the site resolution is achievedMett, have low!C incorporation levels.
by collecting *3C—'H chemical shift correlation spectra. In another attempt to eliminate directly bondé6—13C
NMR resonances of methyl groups tend to be well-resolved pairs, LeMaster et & developed two complementalC
due to rotational averaging of tHéC—'H interactions and  labeling schemes based on [1&,]- and [2+3C]-enriched
have high signal-to-noise ratios due to the fact that three glycerols. When added to the growth medium in the presence
methyl protons contribute to the same signal. Nevertheless,of NaH'?CO; and NaH3CGO; to suppress the recycling of
it is difficult to obtain a complete sampling of methyl decarboxylated Cg the glycerols produced an alternating
dynamics in large molecular weight proteins. The situation 3C—2C—13C labeling pattern in the majority of amino acids.
is even worse for methylene groups, where tf@—'H An exception is the branch sites of valine, leucine, and
spectral region has a usable spectral resolution generally onlyisoleucine that show high>90%) levels of adjacent’C
in proteins of less than 100 amino acfdThe problem of incorporation. This labeling procedure was applied to thio-
spectral resolution can be partially alleviated by using suitable redoxin overexpressed in tite Coli strain lacking succinate
isotope labeling schemes, described in detail below, and adehydrogenase and malate dehydrogenase. Combined with

rgféﬂilji =2 x 1/8d2[4J0DDl,DD2(O) + 3J?D1,DD2(CUS)]
(35)

The cross-correlation spectral density  functions,

PPLPP%w), can be further simplified for the case of
isotropic molecular tumbling?2°

3. Experimental Development
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Table 1. Isotope Labeling Schemes Used for Protein Side Chain Dynamics

labeling precursor conc labeling pattern ref
mixture of 15% [213C]acetate, 4g/L fractional 15

15% [1+3C]acetate,
and 70% [1,2YC;]acetate

[3-13C]pyruvate, sodium salt 0-30.4% (W/v) Led, val, lle?, Ala’: >90%13C 36
Thr, lle®, Mett: low 13C incorporation
D,O/H,0 50—-65% (v/v) methyls: CH, CH.D, CHD,, and CQ3 16

methylenes and methines:
CH,,CHD, CD,, CH, and CD

[1,3-13C;]glycerol; [2-3C]glycerol 13C—-12C—13C pattern 38
[3-1%C,3,3,3-Q]pyruvate, 4g/L, 0.2 g/L, and 98% maximized yield 81CHD, groups 39
[4-1%C,3,3,4,4,4-[5]2-keto- in Lew’, Val’, lle?, and Al
butyrate, and BO
[y1,y2-18C5,0,8,-y1,y1,y2,y2-°Hg]valine 0.23 g/L 3CHD;, (valines) 41
isotopically labeledr-ketoacids, 0.06-0.1g/L(1h Lew, Val, lle® 31, 43,52
[U-2H]glucose, and BO prior to induction),

2 g/L, and 98%

fractional deuteration, this method produced (among otherthe entire protein and the absence of directly bonded
isotopomers) the isolatédC nuclei in the context ofCHD, B3Crethy—13C spin pairs are necessary to take full advantage
and 3CHD groups. Carbons bearing single protons were of recently developed resolution enhancement technitfues.
spectrally selected and used f8C-relaxation measurements This can be accomplished by using isotopically labeled
of the backbone (&) and side chains of thioredoxin. o-ketoacids, which preferentially label fleval’, and Led
When the?H nucleus is used as a probe of dynamics of methyl positions. For a list of isotopically labeleeketoacids
protein side chains, fractional deuteration can be easily and their application to labeling of methyl positions in a 723-
combined with uniformt3C enrichment, making it possible  residue malate synthase G, the reader is referred to a recent
to carry out the resonance assignment work on the samereview?3!
protein sample. Fractional deuteration is accomplished by A general chemical approach, termed “stereoarray isotope
adjusting the RO/H,0 ratio to 50-65% (v/v) in the growth labeling” or SAIL, employs a range of stereoselective

medium?*® Two methyl isotopomersi3CH,D and **CHD,, replacements dH with 2H in amino acid side chains through

could then be used fofH and 3C relaxation studies, chemical synthesis and use of these precursors in the cell-

respectively. free synthest$ of protein. Originally developed for the
Spectral selection of particular isotopomersth and*C- simplification and optimization of NMR spectra of large

based relaxation experiments reduces the concentration ofroteins}® the SAIL approactf has obvious potential for

spin labels contributing to the detected signal. In large relaxation studies in proteins.

molecular weight proteins, this considerably deteriorates the .

sensitivity of relaxation experiments. In addition, 1#C 3.3. Experiments for Measurements of

relaxation studies, it is advantageous to maximize the yield Autorelaxation and Cross-relaxation Rates

of CHD; isotopomers because the signals fréftH; . , .

groups cannot be filtered out completely by the appropriate I\343t/11 113[? Relaxation Experiments for the Studies of

pulse sequences. Two methods for maximizing the yield of ethyr Uynamics

13CHD; isotopomers have been reported. The first one makes The isotope labeling schemes designedt6rrelaxation

use of [333C,3,3,3-Q]pyruvate, 50-60% deuterated at studies eliminate directly bondeddC—13C pairs, making

position 3, and [44C,3,3,4,4,4-[g]2-ketobutyrate, 62% deu-  13C—!H dipole—dipole interactions the primary relaxation

terated at position . The latter!3C precursor ensures the mechanism in methyl groups. The smaller contribution

labeling of the Ilé methyl group’®in addition to the standard  coming from the chemical shielding anisotropy of the methyl

methyl labeling pattern of [3*C]pyruvate (see Table 1). It  carbon to the relaxation rates is usually neglected. A suite

was found that, when this labeling strategy is used in of experiments for the measurements of sgattice relax-

conjunction with uniform (98%) deuteration, the ratio of ation rate R;, spin—spin relaxation rateR,, and{1H} —13C

13CHjs to **CHD; isotopomers does not exceed 8% forlle  NOE was developed for methyl grouffBased on the pulse

and 4% for all othet3C-enriched methyl groups inan HIV-1  sequences for the measurements of relaxation properties of

protease/inhibitor compleX.In another approach, Chaykov-  backboné>N—!H spin pairs, these experiments incorporate

ski et al** chemically synthesized isotopically enriched modifications that take into account the complexity of spin

valine, where both methyl groups were replacedigHD, interactions in*CHz; groups.

isotopomers. Labeled valine residues were then incorporated  Site resolution in*C relaxation experiments is achieved

into a 19 kDa mouse major urinary protein f8€ relaxation by collecting 2D**C—1H chemical shift correlation spectra.

measurements. Finally, selective biosynthetic labeling with 13C nuclei are initially polarized via NOE exchange with

13C,-glucosé? offers great potential in the investigation of  protons that have been saturated by a train of ¥28ses.

relaxation phenomena in aromatic ring systems but has thusin the R, experiment, the first J0pulse creates a transverse

far not been exploited for fast time scale dynamics. 13C magnetization, which is allowed to relax during a variable
Special considerations have to be taken into account whentime delayT that incorporates a CariPurcel-Meiboom—

labeling methyl groups of high-molecular-weight proteins Gill (CPMG) pulse train with the spacing between the 180

(>40 kDa) for’H- and®*C-based relaxation studies. The yield pulses smaller than 4y, whereJcy is the one-bond3C—

of the desired methyl labeling pattern has to be maximized H J-coupling constant. In thB; experiment, the relaxation

to ensure optimum sensitivity. A high deuteration level of delayT is simply a recovery period, followed by a 9pulse



1680 Chemical Reviews, 2006, Vol. 106, No. 5

to create a transverse magnetization. The transvé(se
magnetization is then allowed to evolve under the influence
of chemical shift and is transferred tbl for detection via
the reverse INEPT sequente.

Two major issues considered in connection with @
relaxation mechanism purity are the influences of cross-

correlation effects and the parameters of the polarization

transfer sequences on the measured relaxation raté€.Hip
groups, the dominant interference effect is the cross-
correlation betweet*C—'H dipole—dipole interactions. Kay

Igumenova et al.

3CH,D isotopomers of methyl groups were developed by
Kay and co-workers? The relaxation rates of the three-spin
I.C.D, and I,CDy terms ( = H, C = 13C, andD = 2H)
were measured in a modifiedC—'H HSQC experiment,
which included the following polarization transfers and
evolution periods:

J J J J
IH = Bc(t,) — 2H(T) — ¥C—>H(t,) (36)

and Torchia considered the effects of cross-correlations for The initial polarization transfer fromiH to the directly

the methyl group motion described by a Woessner m&del.
It was found that, for a wide range of overall tumbling times
7m (5—20 ns) and internal correlation times (15—65 ps),
the contributions of cross-correlated relaxatiofRi@nd the
cross-relaxation rates (NOE) do not exceed 10% ané6,

attached®C and the spectral filter that selects the signals of
the 13CH,D isotopomers are followed by a carbon chemical
shift evolution periodt;, implemented as a constant-time
element with?H decoupling. The?H decoupling is turned
off ~11 ms [equal to 1/@p), where Jcp is a one-bond

respectively. This is because the cross-correlated spectral-coupling constant betweehl and*3C] prior to the end of

density function]®"%.H{w) changes its sign and is very small
in the vicinity of 7etm ~ 1/(4w?). In the macromolecular limit

of (wtm)? > 1, J°M1.CHA0) and the autocorrelated spectral
density functionJ®H(0) make dominant contributions to the
spin—spin relaxation rateR,, and are comparable. As a

the evolution period. This generates the antiphase coherence
that is subsequently converted to eith&xD, or I,C,D, three-

spin terms.1,C,D, or 1,CDy is allowed to relax during the
time periodT, which is either a recovery or spin-lock period.
The relaxed three-spin terms are then transferred backto

result, the decay of transverse magnetization becomesand finally to'H for detection. It is these multiple coherence

biexponential. Only when the relaxation time delay is very

transfers between fast relaxing spins that significantly limit

short could one safely assume that the relaxation of transversehis approach. This is particularly pertinent to the use of

magnetization is governed purely by the autocorrel&i€e
1H dipole—dipole interactions.

The effect of the parameters of polarization transfer
sequences on the measuféd rates was analyzed in detail
by Kay and Torchid’ It was found that appropriate setting

analogous experiments to measure deuterium relaxation in
CHD methylene centers, where relaxation of all involved
spins is inherently faster, making multiple coherence transfer
even more problemati®. Approaches based on cross-
correlated relaxation may be more effective (see section

of the reverse INEPT time delays was necessary to ensure3.4.1).

equal contributions of th&C multiplet components to the

measured relaxation rates. In addition, to minimize the cross-

correlations betweel¥C—*H dipole—dipole interactions and
13C—'H dipole—dipole and*C chemical shielding anisotropy
(CSA) interactions, a train of 125H pulses was applied
during the relaxation periodlin bothR; andR; experiments.
However, this method is unable to remove the effect of
dipolar cross-correlations completely, and accuRatealues
can be obtained only from the initial decay rates of the
transverse magnetization.

Although successfully applied to a number of proteins,
13C relaxation experiments have certain limitations that stem

To address the question of relaxation mechanism purity,
the contributions of various spin interactions to the measured
relaxation rates were evaluated for tH€H,D spin sys-
tem1648 Next to the?H quadrupole interaction, the major
autorelaxation pathways are thi—'H dipole—dipole inter-
actions, both intra-methyl and with “external” protons, and
(i) ¥C—'H intra-methyl dipole-dipole interactions. If
normalized to the contribution of th&l quadrupole interac-
tion to the relaxation rates, thél—'H and *H—13C auto-
relaxation rates are 19% and 7%, and they are 4% and 1%
for 1,CD, and I,C,Dy, respectively. The effect of other
autorelaxation mechanisms is negligible. The influence of

from the fact that it is necessary to use elaborate and ofteniH—1H andH—13C dipole—dipole interactions is eliminated
costly isotope labeling schemes to ensure the purity of the py subtracting the decay rate of the two-spin orti€,

relaxation mechanism. A non-negligible contributiortig—

1H dipole—dipole cross-correlated relaxation®g is inevi-
table, unless—'?C—'%CHD, isotopomers are used. The
“external” protons, while attenuating cross-correlation effects,
provide additional relaxation pathways that are difficult to
account for in a quantitative way. These problems were
overcome by the development #f relaxation techniques
that can be applied to uniformiyC-enriched and fractionally
deuterated proteins.

3.3.2. °H Relaxation for the Studies of Methyl and
Methylene Group Dynamics

The advantage of using tREl nucleus as a probe of side

measured in a separate experiment, from {86, or 1,C,Dy
rates:

1/T1(Dz) = 1/T1(IZCZDZ) - 1/T1(IZCZ)

1/T,,(Dy) = 1/T,,(1,C,D,) — 1My(1,C) (37)
Numerical simulations indicated that, for a wide range of
motion time scales and amplitudes, the contribution of cross-
relaxation and cross-correlations (e.g., between the quadru-
pole and’H—*C or 2H—'H dipole—dipole interactions) is
negligible. Moreover, for the same range of motional

chain dynamics comes from the strength of its quadrupolar parameters, the difference between the right and left sides
interaction, which exceeds those of all other spin interactions of eq 37 does not exceed 3.0%This means that pure and

by 1 to 2 orders of magnitude. The presence of one
dominating relaxation mechanism makKekrelaxation data
straightforward to analyze.

Pulse sequences designed to meaJurand Ty, (spin—
lattice relaxation time in the rotating frame) #f nuclei in

readily interpretabléH relaxation rates can be obtained from
the decay rates of tHeC,D,, 1,C,Dy, andl,C, terms measured
in three separate experiments.

The ?H autorelaxation methodology was subsequently
expanded to include the relaxation measurements of three



Fast Dynamics of Protein Amino Acid Side Chains Chemical Reviews, 2006, Vol. 106, No. 5 1681

other 2H operators given by eqs 31: quadrupolar order 3.3.3. On the Agreement between 13C and ?H Relaxation
(3D? — 2), double-quantum magnetizati@f, and single-  Measurements

quantum antiphase magnetization O, + D,D.).2® The
experiments included the pulse sequence elements tha
selected the appropriate spin operators, and they allowed ont-%
to incorporate the decay of the two-spin ordigs;, directly

A central question for the side chain dynamics is the
eneral agreement between dynamic parameters obtained
sing different nuclear species located ongamefunctional

. ) Y group. If all relaxation mechanisms are properly taken into
into the final rate measurement. It was shown that, similar 5060t 4 consistent result, regardless of the reporter spins,
to the cases of théd T, andT;, experiments, puréH re- g1 be obtained. This question was first taken up by Lee
laxation rates could be obtained foD3— 2) and DD, + et al.5° who compared the order parameters and internal
D,D.) terms. The double-quantum ter®; has to be  correlation times obtained frofH and3C autorelaxation
corrected for the contribution of dipetalipole autorelaxation  studies of methyl groups in ubiquitin. THél relaxation
pathways. The methodology was applied to a 63-residue experiments included, and T, measurements carried out
protein L, where five relaxation rates per deuteron were on a uniformly**C-enriched, fractionally deuterated ubig-
measured for 35 methyl sites at two magnetic field strengths. uitin; and*3C relaxation experiments includdd and NOE

The rates satisfied the internal consistency relationsRips, measurements carried out on!&d-methyl]ubiquitin, pre-

and there was a good agreement between the methyl ordepared using [3*C]pyruvate as the sole carbon source. It was
parameters and internal correlation times calculated usingfound that, when a simple “model-free” formalism, param-
five rates (two fields) and two rates {&/and 1Ty, one etrized by the methyl rotation axis order parame@gr
field). The experiments measuringl:@ - 2), D2, and and th_e internal correlation timeaxis, was used for the
(DD, + D,D.) relaxation are less sensitive than the original analysis of *C and *H relaxation data, the correlation

T, and Ty, experiments and are likely not to be applicable between thé*C- and’H-derived parameters was rather poor
to proteins exceeding 150 amino acid residues. for 0%, and satisfactory foras The agreement between

. 2 .
With five relaxation rates measured per deuteron and the *3C- and’H-derivedO; values somewhat improved when

three unknowns in egs 30 and 31 representing the spectrafn€ €xtended “model-free” formalism, which included sepa-
density function)(w) sampled at frequencies @p, and 2op, ration of the time scale_s for methyl rotation and methyl axis
the mathematical problem of calculating the dynamic pa- motion, was used to fit thé’C data. Possible reasons for

rameters becomes overdetermined even using data employef'® observed discrepancy were the effect of “external”
at a single field protons on the*C relaxation rates, uncertainties in the

i i i , geometry and magnitude of spin interactions, and the effect
When apphed' to high-molecular-weight prote_|n§-,| of deuteration on protein dynamics.
relaxation experiments suffer from poor resolution and

sensitivity. This is because during the first INEPT sequence
the polarization is transferred froftd to rapidly relaxing
outer components of thEC multiplet, and the rapidly and
slowly relaxing 'H components are mixed by th&C
decoupling during acquisition. In addition, the efficiency of
the subsequent INEPT transfers is diminished due to the

unfavorable relaxation properties of tHéC coherences,  he 2. and23C-derived dynamic parameters. Two factors
leading to poor sensitivity in the final 2EH—°C spectra.  roved to be crucial for obtaining consistent results: the

To extend the applicability ofH-based relaxation methods availability of 13C R, and the experimentally derived interac-

to proteins with molecular weights 6#100 kDa, Kay and 45 constants. Sinc, is very sensitive td,,, a combi-
co-workers d(e_l\_’slgg?g a tfans‘]ie;f‘e relaxation Opt'm'zl.e%nation of'3C R; andR; is better suited for the calculation of
spectroscopy version of the experiments as applied > : I

to the isolatedCH,D groups® In the TROSY version, 0., than that ofR; and NOE, provided the contribution of

axis
polarization transfer pathways selectively utilize the slow- (1) cross-correlations and i) dipotedipole interactions with
relaxing*C and*H multi-spin coherences, resulting in the "external” protons (and deuterons) %_éC Re can be sup-
. . T pressed*C—1H dipolar cross-correlations were eliminated

marked |lmprovement of resolution in the final ZD spec;tra. by spectrally selecting thé*CHD, isotopomers, while
If relaxation losses are neglected, then the theoretical signal-gytengive protein deuteration minimized the effect of “ex-
to-noise in the CKD-TROSY experiment is 22 lower opap protons. In addition, the structure-based correction
compared to that of the HSQC experiment. Due to the for the dipolar contributions of “externalH and2H spins
competition between relaxation losses and TROSY compen-, 55 applied t33C R.. The interaction constants (such?abs
sation, the'CIgD—TROSY scheme becomes advantegous for quadrupolar and3C—1H dipolar coupling constants) and
proteins withzy, values exceeding-25 ns. methyl group geometry were constrained by the experimental

The new methodology was validated using malate synthaserelationships between the methyl quadrupdi#t;-*3C, and
G (MSG), a 82 kDa protein, labeled withBCH,D at the Il 13C—1H dipolar couplings obtained from the measurements
positions. Relaxation properties of & coherences (eqs  of residual couplings in weakly aligned proteins. Unfortu-
30 and 31) with the exception of the double-quantum nately, reliable information on the time scale of motion
coherence were measured and found to obey self-consistencyppears to be lost by this approach.
relationships$? In addition, a pulse sequence for the mea-  2H autorelaxation experiments are currently a method of
surements ofH T in isolated"*CHD, groups was presented choice, due to the purity of the relaxation mechanisms and
and applied to'FCHD-1le’]MSG.*° An excellent agreement  straightforward interpretation of the relaxation data. However,
was found between the methyl order parameters derived fromas noted by Ishima et af,**C-relaxation could be advanta-
13CH,D and*3CHD, groups in MSG. geous for large proteins, where, bf the?H nucleus would

This discrepancy was later resolved by Ishima et'atho
carried out a similar study on the extensively deuteratéd; [
methyl]-labeled HIV-1 protease/inhibitor complex. In the
same protein sampl&CHD, isotopomers were used f&iC,
and '3CH,D isotopomers were used foiH relaxation
measurements; in both casBsandR, (Ry,) relaxation rates
were measured. A good agreement was obtained between
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Igumenova et al.

be too short to be measurable. This has been subsequentlguring the longitudinal autorelaxation rati;, and the cross-

shown to be the case. Tugarinov and co-worKex=splored,
among other issues, the agreement betweettheand?H-
derived methyl order parameters in the large MSG protein.
Sub-nanosecond dynamics ofllé/al’, and Led *CHD,
groups was quantified usiféC and?H relaxation techniques.
When analyzing'*C data, all mechanisms contributing to
the observed relaxation behavior were explicitly taken into
account.13C CSA values were measured in a separate
experiment, while the dipolar contributions from the external
I1H and °H spins were estimated computationally. Good
agreement between th¥- and?H-derived order parameters
was obtained for all methyl groups. In this study, €
experiments were found to be 3.3-fold more sensitive
compared to théH experiments.

3.4. Experiments for Measurements of
Cross-correlated Relaxation Rates

3.4.1. Methylene Group Dynamics

Cross-correlated relaxation in proton-couptéd spectra
produces a different relaxation behavior of th@ multiplet
components. This fact was exploited by Daragan and Mayo,
who measured the differential longitudinal relaxation in
selectively**C-labeled methylene groups of the GXX-repeat
hexapeptide. UsingC-detected inversicarecovery experi-
ments, the initial relaxation rates of the inner and outer
components of thé3C triplet were measured and used in
the calculation of the cross-correlatédC—H spectral
density function:

r 6
CH
2 2(VV| - WO)

5

JCHl,CHZ(wC) )
6 K2

YcVH

(38)

whereW, andW, are the initial relaxation rates of the inner
and outer triplet components, respectivelyjs Planck’s

constant, and the rest of the parameters are as defined in eq
15. The obtained value of the cross-correlated spectral density
function could then be analyzed together with autocorrelated
spectral densities to evaluate different motion models for the

CH, groups. This experimental strategy relied on selective
labeling and directC detection, making its application to

proteins problematic. To combine site resolution with cross-
correlated relaxation rate measurements, Ernst and?Ernst

correlated relaxation rate of the outer triplet compones,

In both experiments, the relaxed and chemical-shift-encoded
13C coherences were transferred'td for detection via the
inverse INEPT sequence. The difference between the mea-
sured rates can be related to cross-correlated spectral density
using an equation analogous to eq 38. The method was
validated using a selectiveifC-enriched hexapeptide and
then applied to uniformly*3C-enriched 56-residue protein
GBL1. Based on the ratio of the cross-correlated and auto-
correlated spectral densities calculated for the majority of
protein sites, the €methylene carbons of glycines were
found on average to be less motionally restricted thAn C
and Q. A motion restriction magf was constructed for GB1
and analyzed in terms of correlated and anticorrelated
motions.

It has been demonstrated for moderately sized proteins
that interference phenomena between dipaligole interac-
tions for the transverse magnetization can be exploited to
obtain information about the dynamics of protein side chains.
For a 59-residue drkN SfHtlomain, Yang et al. compared
the results of théH autocorrelated antfC cross-correlated
relaxation experiments that probed the dynamics/ofadd
glycine C*) methylene groups in protein side chatfdhe
cross-correlated relaxation experiment was based on a 3D
CBCA(CO)NH pulse sequence that correlates amide nitrogen
and proton chemical shifts with those of thé @nd @
carbons of the preceding residue. N8 decoupling was
applied during the constant-time carbon chemical shift
evolution period. As a result’C signals of methylene groups
gave rise to al-coupled triplet, in which the deviations of
the intensities from the 1:2:1 ratio could be related to the
dipole—dipole ®3C—!H cross-correlated relaxation rate as
follows:?®

A ool g

cHicHz_ 1
r - aT 2

39
(I aﬁ+ﬂa) ( )

whereT is the duration of the constant-time period; &ngss)
andlqs444 are the intensities of the outer and inner triplet
components, respectively. The dipelgipole cross-correlated
relaxation rate of the transverse magnetization depends on
the values of spectral density functions sampled at frequen-
cies 0 andwc (see eq 35). Assuming a specific form of the
ross-correlated spectral density functfoand using the

developed 2D pulse sequences that made use of polarizatiorf . . , . .
transfe? mediar:ted by qcross—correlated relaxatiopn in the effective correlation times obtained frothl-based experi-
laboratory and rotating frames. The idea was to encode theMents, a set of order paramet@§.,, was calculated for
1H chemical shift in the indirect dimension, generate a pure the drkN SH3 domain. A simultaneous analysis @ff,
45,11 5, order, let it cross-relax during the mixing period to and OED, obtained from autorelaxatioAH experiments,
yield S,, and directly detect the resulting magnetization with  made it possible to evaluate plausible motion models for
a “read” pulse under the conditions ¥ decoupling. This methylene groups of protein side chains.
method is applicable t8°CH, and *CH; groups, and its This methodology was later extended abb methylene
rotating-frame variant was applied to ubiquitin. Based on groups in protein side chains, making use of a 3D CC(CO)-
the phase of the cross-peaks in 2D chemical shift correlationNH experiment that correlates amide nitrogen and proton
spectra, the experiment allows one to distinguish betweenchemical shifts with those of all side chain carbons of the
restricted and unrestricted motions of £gtoups in isotro- preceding residu& The normalized cross-correlation rate
pically tumbling molecules. The sensitivity of this method S, calculated as a ratio of the observed cross-correlated
is a concern since the transfer efficiencies are rather low relaxation rated“H.CH2 and the calculated rate in the rigid
and the'C nucleus is used for detection. limit [CHL.CH2 was used to characterize the dynamics of the
Two-dimensional'H-detected pulse sequences for the majority of methylene sites in a 131-residue intestinal fatty
measurements of cross-correlated spectral densities inacid binding protein. This method allows one to accurately
methylene groups of proteins were reported recently by measurd “H1.CH2 if the molecular tumbling is isotropia;,
Mayo'’s group?” Two separate experiments with the identical does not exceed 8 ns, and the macromolecular limit condition
number of relaxation time increments were recorded, mea-is satisfied.
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Transverse cross-correlated relaxation experiments appliednacromolecules, the spectral density contains information
to the studies of methylene group dynamics offer the about fluctuations of the interaction vector of interest due
following advantages when applied to small proteins: (i) to both motion within the molecular frame and motion
there is no need for deuteration, and uniform#z '5N- involving the entire macromolecule, i.e., global molecular
enriched protein samples can be used; (ii) there is little reorientation. An unfortunate but inescapable feature of the
uncertainty about the orientation and magnitude of the dipolar physics of NMR relaxation is the degeneracy of the underly-
coupling tensors; and (iii) there is no scaling of the ing motion. Model-specific analyses of relaxation phenom-
interference effect with the static magnetic field. In addition, ena, while useful and often illuminating, constantly run the
spectral resolution is greatly enhanced by a 3D acquisition risk that the resulting physical picture is neither unique nor
mode, and the relaxation rates can be obtained from a singlefundamentally certain, except in very special circumstances.
3D experiment. The disadvantages include (i) possible phasea full decade prior to the introduction of robust methods
distortions of carbon multiplets due to strong coupling effects designed to faithfully measure relaxation phenomena in
between the carbons of protein side chains and (ii) low macromolecules in solutionifle supra, Lipari and Szabo
polarization transfer efficiencies in TOCSY-based experi- (L—S) developed an approach to capture the unique dynami-
ments such as CC(CO)NH. cal information available in a uniform and robust wW4§°
. Termed the “model-free” approach, this analytical strategy
3.4.2. Methyl Group Dynamics has proven remarkably useful and has dominated the analysis

Similar to the case of methylene groups, cross-correlated of NMR relaxatior_1 ir_1 macromolecules. Here we will present
relaxation rates of3CH; groups in the intestinal fatty acid @ compact description of the model-free treatment.
binding protein were measured using a 3D CC(CO)NH  Ultimately, we are interested in the motion of an “interac-
experiment® Intensities of the'H-coupled **C quartet  tion vector” within a macromolecule tumbling in isotropic
components were used to calcullté™ " as well ad™“c", solution. The spectral density defining NMR relaxation
the cross-correlated relaxation rate between '#@-'H parameters fde suprd is fundamentally defined by the
dipole—dipole interaction and®C CSA. Assuming that the  cosine Fourier transform of the time correlation function that
CSA tensor is axially symmetric, with one of the principal describes the fluctuations that modulate spin interactions. A
axes coinciding with the symmetry axis of the methyl group, key step in the S treatment is the assumption that internal
it was possible to obtain an estimate of the tensor anisotropy motion and global macromolecular tumbling are independent,
from the measurei®“". The average anisotropy was found g condition that is generally robust when their time scales
to be 26.0 ppm, with the standard deviation of 5.1 ppm, are significantly different. In this case, the autocorrelation
which is in good agreement with 25 ppm, a value normally fynction describing the time dependence of the nuclear spin

used for3C relaxation studies. interaction vector is simply
Information about methyl group dynamics can also be
obtained from'3C multiple-quantum experiments reported C(t) = C,(t) C,(t) (40)
recently by Tugarinov et & In the indirect dimension of
the double quantum (DQ) or zero quantum (Z&g—'H C,(t) = P,(a(0)a(t))0 (41)

spectra, an isolatedCHz group gives rise to a triplet, whose

inner and outer components show very different relaxation . . .
behavior in highly deuterated, methyl-protonated proteins. HereCo(t) d_escrlbes the global ma(_:romolecglar reorientation.
The inner components relax slowly due to the cancellation C.(t)' descrlbgs the autocorrelation function for internal
of autocorrelated and cross-correlated dipalipole relax- ~ motion and is the ensemble average of the second-order
ation pathways, in what is known as the TROSY effééé ~ Legendre polynomial,) of the time-dependent dot product

In contrast, the outer components relax very fast and can beof the unit interaction vectoi. Lipari—Szabo insightfully
detected only in small proteins. The difference between POInt out that if the motion is Markovian, which is to say
relaxation properties of ZQ and D&C triplets is directly ~ diffusive or jumplike without memory, then the internal
related to the cross-correlated relaxation izteHH between correlation function can always be expressed as a weighted
intra-methyl"H—*H and3C—'H dipole—dipole interactions. ~ SUM of exponentials with characteristic time constants,
Pulse sequences for the measurements of the differential ZQ/

DQ relaxation for inner and outer triplet components were C) = Zaie‘”fi 42)

developed and applied to a highly deuteratédC{lle’]-
. 2 .
protein L® O5,; values were calculated from the obtained The mathematical structure of the internal correlation time

values of"“""" under the assumption that""(0) makes g, gqgests its approximation as
a dominant contribution to the relaxation rate, and they were
found to be in excellent agreement wit®: values
obtained frontH autorelaxation experiments. This agreement
should not hold for the proteins with overall tumbling times

shorter than 5 ns, since the assumption about the dominantvherez. is an effective correlation time an@? is termed
contribution ofJCHHH(0) to TCHHH becomes invalid. the square of the so-called generalized order parameter,

originally & and renamed her®? to avoid confusion with
entropy §). TheO? parameter then represents the magnitude
of the decay of the autocorrelation function due to internal
4.1. Model-free Form of the Spectral Density motion (Figure 1). The generalized order parameter or,
equivalently, the limiting value of the internal correlation
Thus far, we have largely ignored the details of the spectral function can also be defined within a spherical harmonic
density. In the context of solution NMR relaxation in basis set as

Cr ) =0°+(1—-0)e " (43)

4. Describing the Motion
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1.0 exponential$:53 Theoretical treatments of the gated diffusion
problem have illuminated the origin of this class of polymer
0.91 C|(H)=02 + (1-02)e-VTe motion®465 In several respects, the presence of this type of
- motion in the nanosecond time regime would violate the
0.8 assumptions of the Lipari and Szabo treatment and could
&) Te:J[CI(t) - 07] dt/(1-02) lead to significant deviation from the underlying Pade
0.71 0 approximatiorf® Distinguishing between the various potential
Te internal correlation functions is often reduced to detailed
0.64 statistical analyses and requires a significant amount of
relaxation data in order to be meaningful. Bayesian statistics
02 305 T appear to be particularly useful in this regéfdrhus far,
there are very few instances where the model-free treatment
04 . ' . ' . ' . ' . appears to give a qualitatively misleading view of the motion
00 01 02 03 04 05 06 07 08 09 1.0 underlying relaxation.
time (ns) If we consider the global reorientation of the macromol-

Figure 1. Schematic illustration of the LipariSzabo model-free ~ €Cule to be isotropic with a characteristic time constant

internal autocorrelation function describing the motion of a nuclear then eq 40 becomes
spin interaction vector within the molecular frame of an isotropically
tumbling macromoleculé® The square of the generalized order
parameter @) defines the contribution of internal motion to the
decay of the autocorrelation function. The effective correlation time
(te) is defined as the normalized area under the internal correlation 1 1 1 . L
function. This particular example was simulated wihof 0.5, 7, wherer™ = 7.° + 7, The corresponding LipariSzabo

of 200 ps, and an isotropic global reorientation correlation time spectral density, derived from the real Fourier transform of
(zm) of 10 ns. Note, the original LipatiSzabo treatment utilizes  eq 464, is then
the symbolSto denote the generalized order parameter. To avoid

confusion with the similar symbol corresponding to entropy, we

C S =10%e ™+ 21 - )™ (46a)

shall empl i - of O7 (1- O
ploy O throughout to denote the generalized order e S(a)) _ 4 m__ (46D)
arameter. 2_ 2 2.2
P 1+ w’r,” 1+ w’r
2
0’ = C/(w) = z [T, ()0 (44) In some cases, motion of the interaction vector involves
m=2 contributions from simple bond vibrations and librations,

such as those occurring during dipelgipole relaxation of
whereC,,(2) are the modified spherical harmonics of Brink 5N or 3C by attached hydrogen(s). In this situation, time-
and Satchlef! dependent changes in bond geometry can enter via the dipolar
The effective correlation time is defined as the normalized coupling constant in eq 15 and the-5 internal correlation
area under the LipariSzabo internal correlation function, function must be modified as followf8:

i.e.
= | P2((0)a(t)
o= [ (CI (1) — 0% di(1 — 0% (45) C)= B‘WD (47)

The approximation represented by eq 43 is exadt-as Formally, the generalized order parameter and the bond
0 andt — «. Indeed, simulations indicate that this treatment ength averaging are no longer separable. Some effort has
is remarkably accurate if the effective correlation time is gone into estimating the effective bond length and thereby
appropriately defined.0? therefore becomes a model- allowing for its removal from eq 47 and incorporation into
independent measure of the degree of angular order of thethe dipolar coupling constant. For example, Ottiger ancPBax
interaction vector and represents the limiting decay of the have established that, due to more complicated motion of
autocorrelation function due to internal motion. The defini- the attached hydrogen, an effective amide-HN bond
tion of the effective correlation time as the area under distance of 1.04 A is more appropriate than the value of 1.02
C-S(t) emphasizes that it is not a physically meaningful A commonly used up to that time. This is the origin of the
time constant for internal motion. Rather, the effective @Pparentinflation in generalized order parameters for protein
correlation time depends both on the time constantson amide N-H vectors subsequently reported in the literature.

the amplitude of internal motion. It is also important to . T

emphasize that the +S form of the internal correlation ~4-2. Rotational Diffusion

function does not correspond to a simple two-term truncation  Model-free analysis of relaxation data relies on the explicit

of eq 42. In a related vein, the effects on model-free separation of time scales for the overall and internal motions

parameters that result from violation of the decoupling in a protein molecule, with both motions represented by their

approximation have been explor&d. own correlation functions. In the general case of anisotropic
Other functional forms, corresponding to qualitatively reorientation, the expression for the correlation function for

different motion, are also plausible. Indeed, motion involving overall rotational mOtiOf\Co(t), represents a linear combina-

“gated diffusion” has been shown to give rise to a stretched tion of exponential term&

exponential relaxation behavior. For some time it has been

appreciated that slower (i.e., microsecond) nonequilibrium 5

protein fluctuations usually assume complex time depend- Cot) = ZlAie_”ri (48)

encies that are often conveniently described by stretched i=
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where the time constants and coefficientsd; depend on Double Quantum
the principal components of the rotational diffusion tensor
and the relative orientation of the diffusion tensor and the
relaxation vector. The expression is reduced in higher
symmetry cases, giving rise to three and one exponential Te (ns)
terms for the axially symmetric and isotropic tumbling, .
respectively. Since the influence of motional anisotropy on
relaxation parameters could be misinterpreted as the presenc
of slow motions! knowledge of the rotational diffusion
telnsor'is ((:jrucial for the reliable interpretation of NMR 000 002 004 006 008 0.10
relaxation data. . o2

The rotational diffusion tensorD, can be obtained sntiprase
experimentally from the amide backbone relaxation data,
such afy;, Ry, and{*H} —1*N NOE, provided that either the 05
NMR spectrum or crystal structure of the protein of interest 04
is available. Two approaches are usually employed, oneTﬂ(“s)03
based on the calculation of local diffusion coefficieBtg? "3 '

Quadrupolar Order

086

0.5

04

03

and the other based on the direct fitting of ByR, ratios’ "> 02 02
In the local D; approach, individual values of “local” 0.1 0.1
tumbling timesz.; are obtained for eacFPN—H pair by
fitting either the isotropic LipartSzabo function, that also 0.00 002 004 006 008 0.10 000 002 004 006 008 0.10
includes the part responsible for local motidAsr the Ry/ 0 o

\ . , . ituch T
R; ratios?® For fast, small-amplitude internal motiorR,/ Longitudinal (R1) rerevere (22

R; ratios to a good approximation depend only on the spectral
densities for the global motion calculated as a Fourier 05
transform of eq 48. This method is made more robuRER; 0.4
product is used to filter out sites that are contaminated by e (ns) 0s
contributions from chemical exchanég-or small anisotro- )

pies of the diffusion tensor, the local diffusion coefficients 02

Dj, obtained a®; = Y7, have a quadratic form and can be 0.1

used for the calculation of the tensor matrix in the molecular

frame. The resulting matrix is then diagonalized to obtain 000 002 004 006 008 010 000 002 004 006 008 0.10
the principal values of the diffusion tens@ and the 0? o

orientation of its principal axes relative to the molecular Figure 2. Motional dependence of the deuterium relaxation
frame. parameters observable using the two-dimensiéial'3C sampling

. : . approach of Kay and co-worketsShown are simulations of the
Parameters of the diffusion tensDrcan also be directly five deuterium relaxation parameters in methyl groups as a function

fitted to the Ry/R; ratios of *N—'H pairs, as was demon- o yarious model-free descriptors of internal motion. Note that the
strated in the backbone dynamics studytrf repressoft raw squared generalized order parameter is given, which is divided

and the rotational anisotropy study of ubiquitinFor by 0.111 to give the derive@Z, parameter. Inset rates are given
ubiquitin, it was shown that an axially symmetric rotational in s 2.

diffusion tensor is fully consistent with th€N relaxation . :

data and that increasing the number of adjustable parameter!Mbling macromolecule, this represenité2 1 unknowns,

in the case of an asymmetri2 tensor does not result in a requiring [n_gasurement at mu!t|ple frequgnmes [multiple
statistically significant improvement of the fit. Computational V&lues oiJ-"(w)] and/or of multiple relaxation parameters
approaches toward the determination of rotational diffusion N Order to be sufficiently overdetermined to allow for proper
tensors of proteins with known structure are reviewed €TO" @nalysis. Care needs to be taken in the choice of

elsewherd?.78 relaxation parameters to measure. One needs to avoid
' employing relaxation parameters with similar dependence
4.3. Quantitative Analysis upon model-free parameters. Figure 2 shows simulations of

the model-free parameter dependence of the five deuterium

The first comprehensive application of a global model- relaxation parameters obtainable using the suite of experi-
free treatment of relaxation in a sizable polypeptide system ments introduced by Kay and co-workéfOne can easily
was that of the immunosuppressive cyclosporin€ Many see why use of all five observables can robustly yield reliable
of the numerical strategies developed there are still employedmodel-free parameters while use of, say, the so-called double-
today. The Lorentzian form of the-tS spectral density is  quantum and quadrupolar order relaxation parameters alone
somewhat featureless, making fitting of experimental data might not. Similar issues arise in the choice of nucleus for
with standard regression methods problematic. The errorsampling specific time scales of motiéh.
surface is globally smooth but locally rough. Global fitting Quite apart from concerns relating to the accurate mea-
with normalized weighted error analysis over a discrete surement of relaxation parametergde suprg, one needs
parameter grid proves to be the most efficient and reliable to be conscious of the limitations of the observables
method for obtaining dynamical parametétsThough a themselves to report on internal motion. Uncertainties in the
computational challenge then, the advent of fast computersvalues of fundamental parameters such as effective bond
now makes this approach trivial. For either isotropic or distances, in the case of dipeldipole relaxation between
anisotropic (when the structure is known) tumbling, fitting attached nuclei, the quadrupolar coupling constant, in the
can be globally linked? For N-sites in an isotropically  case of deuterium relaxation, and the orientation and breadth
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of the chemical shift tensor, in the case of chemical shift about multiple torsion angles on the relaxation of attached
anisotropy relaxatioff, can significantly affect the reliability = nuclei; for examples, see refs 17077. Both free and
of obtained model-free parameters. Though good estimatesrestricted diffusion and jump models have been extensively
are available for all of these fundamental parameters, theirexplored. These treatments have been comprehensively
uncertainty needs to be projected onto obtained model-freediscussed in an elegant review by Daragan and Méyo.
relaxation parameters. Indeed, it was shown quite early thatThough powerful, these detailed models, as implied above,
the uncertainty of the breadth of the chemical shift tensor at somewhat overwhelm the experimental methods currently
amide N-H can dwarf the uncertainty introduced by the available. This is mostly due to the inability to spectrally
imprecision of the measurement its@if. resolve methylene centers in amino acid side chains of
In some cases, the simple model-free treatment fails andproteins of significant size, i.e., larger than 100 amino acids.
an extended form that incorporates time scale separation for Another class of specific models refers to modeling the
internal motion faster than overall tumbling is often em- statistical distribution of states explored by the amino acid
ployed8283 Statistical tests have been introduced to distin- side chain and the NMR spy attached to it. This approach
guish between various limiting cases of the simple and provides, in principle, direct access to the underlying
extended model-free spectral densities in various lifits.  thermodynamics of the protein conformation ensemble as
In all cases, one has to be aware that extreme values of oné&xpressed by motion on the NMR relaxation time scales.
model-free parameter can reduce the obtained value ofOne such model is the Gaussian axial fluctuation (GAF)
another to simply fitting the noise in the data. A good model proposed by Bechweiler and Wright? In this
example is that wherD? tends to unity, the effective treatment, the squared generalized order paran@tes
correlation time becomes unreliable since its influence in expressed as a function of the sum of the second moments

the regression is scaled by {1 0?) (see eq 46b}° (or variances))f(2m of the second-order spherical harmonics
Finally, it is important to note that thB,(cos 6) depen- Yo
dence of the effects of motion on relaxation is highly
nonlinear (see eq 44). Indeed, it can lead to situations where ) 4y 2 )
motion that is present is not manifested in the relaxation. O =1- ? z Y, (49)
m=-2

An example would be motion about the interaction vector
which results in no net effect, i.dP,(cosf)1= 1. This is _ )
an important qualification that needs to be constantly kept The calculation of the second moment$ requires the

in mind. knowledge of the angular probability functions. In the GAF
model, the axial anglep is assumed to be distributed
4.4. Spectral Density Mapping according to the Gaussian function:
The model-free treatment presumes that the simple Lorent- (@) = (27 %2)—1/2 exp(—(pz/20¢2) (50)

zian spectral density defined in eq 46b is sufficiently accurate
to capture the essential elements of the underlying méti¢h.
Numerical simulations and experimental results largely bear
this out>® % Nevertheless, an alternate approach is to directly
solve for the spectral density and do so without assumption
of its functional form. This approach, pioneered by Peng and
Wagneri®#”has been termed “spectral density mapping”and
provides a useful assessment of the nature of the spectrap =1-
density function defining NMR relaxation phenomena. Ithas 3 g;? 0{ cod 01 — efg(,z) + 1 sir? 01— e,%z)} (51)
been employed in the context of deuterium relaxation in side 4
chains?* Generally, in the absence of contaminating relax-
ation mechanisms or methodological limitations, the spectral This expression fo©? shows the correct limiting behavior
densities revealed by this approach appear to be largelyof the Woessner limit when the varianoé is very large.
Lorentzian and compatible with the model-free treatment.  Subsequently, a variety of other azimuthally symmetric
potentials have been utilized in the context of interpreting
4.5. Model-Dependent Analysis dynamical parameters in terms of the underlying thermody-
) : i . namics. These include free diffusion in a cone, corresponding
Prior to the introduction of the LipariSzabo model-free {5 41 infinite square well, and a range of power, step, and
approach, the usual strategy was to employ specific dynami- -qngitional probability potential9-94
cal models to extract motional information from NMR
relaxation. Possibly because of the paucity of data available . . . . . .
in complex systems such as proteins, this approach suffered; Insights into Fast Side Chain Motion Provided

from the lack of sufficient experimental information to result by NMR Relaxation
in a unique physical insight and thus it gave way to the  Historically, the initial efforts ito employ two-dimension-
model-free approach. Nevertheless, specific models areally sampled carbon relaxation, e.g. refs 15, 35, and 38, to
highly useful, especially in situations where multiple probes characterize side chain motion in proteins of significant size
are available and/or a great deal is known about the preciseultimately gave way to use of methyl deuterium relaxation.
character of the underlying motion. Since their introduction a decade d@§experiments designed
There is a rich and long history of the development of to employ deuterium NMR relaxation phenomena have
specific motional models in the context of NMR relaxation become the dominant means for the characterization of
phenomena. Particularly relevant to side chain motion are methyl group dynamics in proteins. This is largely due to
those models that seek to describe the influence of rotationsthe clarity of the underlying relaxation mechani&hat the

For the motional model where (i) the diffusion of the
relaxation vector occurs on the surface of a cone having a
semiangled and (ii) the anglep is described by the GAF,
the following expression fo©? is obtained:
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Table 2 Database_of Proteins Characterized by Methyl 5.1. Absence of S|mp|e Structural Correlates and
Deuterium Relaxation Side Chain Motion
temp PDB dynamics . .
(°C) protein ligand/mutation codé ref It can now be confidently stated that the amplitudes of
20 HIV-1 protease 108BS 51 sub. nanosecond motion of methyl-bearing amino acid sidga
DMP323 1KJ7 123 chains are heterogeneously distributed throughout the protein
adipocyte lipid binding protein iLiB 124 macromolecule. The observed distribution@§ . param-
muscle fatty acid binding protein IHMT 124 eters does not follow from an intuitive view of proteins as
25 pr(XSIOnVLFZZL 1HZ6 125 densely packed and rigid polymers. Indeed, despite many
Cdc42Hs (GDP) 1AJE 115 instances in the literature where it is generally asserted that
effector PAK PDB46 peptide 1EES side chain rigidity should (roughly) correlate with depth of
GMPPCP (GTP analogue) burial or packing density or inversely correlate with solvent
tenascin, third fnlll 1TEN 102 accessible surface area, there is, in fact, no such correlation.
Esgog‘fg'”*temh fll EHE 1(2% There is essentially no correlation between the measured
F20L, F20V 127 generalized order parameters for methyl groups in proteins
hPTP1e PDZ2 domain 1GM1 122 and their depth of burial, their local packing density, or their
RA-GEF2 peptide 1D5G solvent accessible surface area (Figure 3). Indeed, methyl
27 UlA 1FHT 128 groups at the surface of proteins can be among the most rigid
28.5 dl?yldrofolactje'\;rdeu;tase (folate) 1R>1('§X7 129 in the molecule. Similarly, buried methyl groups, centered
20 a3D° atean A3 101 at the core of these proteins, can be among those with the
ferrocytochromee, (oxidized) 1C2R 130 largest angular disorder on the sub-nanosecond time scale.
phospholipase €1 SH2 131 Examples are drawn from the complex between calcium-
pY10121 PDGFR peptide 2PLE 132 saturated calmodulin and a target domain to illustrate this
SAP SH2 1D1z 133 perhaps counter-intuitive point (Figure 4). The observations
g\z(géfggggge igﬂv summarized by Figure 3 clearly suggest that none of these
NSyp SH2 1AYD 134 primitive structural parameters can be used to predict the
pY1172 peptide 1AYA local dynamics of proteins in a simple way and that more
protein G B1 2GB1 118 subtle context-dependent determinants may exist.
Egﬁn -;55%2 E?él\r/{v TT5§’3')'VT53'- It is also important to note that the crystallographic
ubiquitin‘ ' ‘ 1UBQ 50 B—fa_ctor is ofter_l emp_loyed to highlight extreme variations
1D7 (designed core mutant) 1UD7 135 in disorder, but it too is not a strong general predictor of the
30.9 troponin C 5TNC 136 methyl generalized order parameter (Figure 3). In retrospect,
35 flavodoxin (oxidized) 1FLV 100 this is not surprising since crystal structures are typically
major urinary protein [Val only] 1Qv0 137 determined at cryogenic temperatures whereas methyl order
g-methoxy-3-!sobutylpyrazm_e Qrl parameters are obtained at significantly higher temperatures
-methoxy-3-isopropylpyrazine 1QY2 o . :
calmodulin 3CLN 106 where liquid NMR spectroscopy is carried out. Temperature
calmodulin/smMLCK peptide 1CDL 106 significantly affects motion manifested in methyl side chain
D95N, D58N, M124L, E84K 117 order parameter®.In addition, the simpl&-factor contains
37 eglig%(pH 7) 11ECGSIF 138 nondynamic contributions such as lattice disorder and, in
314& VE4A 139 nonideal cases, incorporates refinement error.

. The inability of simple structural correlates to accurately
“ The mouse hPTP1E PDZ2 isoform (94% homologous) was used predict the experimentally determined amplitude of methy!

to model the free state of the human protéithe Nsyp SH2/pY1009 e A 4
complex is used to model the NSyp SFI)-|2/lel72 C)(/)Fr)nFﬂGShg eglin group dynamics in proteins is clear. The fact that there is

c/Carlsberg structure at neutral pH is used to model free eglin c at pH €ssentially no general correlation of the amplitude of motion
7.9When a PDB code is not given, there is not a structure for the of methyl groups with the primitive descriptors of accessible
_corresponding protein. The relaxation (_jata was therefore no@ emp|0yedsurface area, depth of buriaL or packing density Suggests
in structure-dependent analyses (e.g. Figure 3) but was used in structuresp o+ motion is highly context dependent and that the rules
independent analyses reported here (e.g. Figure 7). - . . - . .

governing these motions remain to be illuminated. Given that
_ N . . under the best of circumstances current molecular dynamics
time of writing, approximately two dozen proteins of gimylations capture only the slight majority of the variations
significant size, some in more than one functional state, haveof methyl group generalized order parameféré® the
been characterized using these methods (Table 2). In contrasexperimental characterization of fast side chain dynamics
there have been few cases of deuterium or carbon relaxationemains a prerequisite for the definitive characterization of
in methylene centers in proteins of significant size, with the jnternal protein motion. This strongly promotes continued
latter studies compromised somewhat by relaxation by remotesy,dy of the dynamics within proteins using NMR-based
'H spins, as discussed above. In addition, the fast sub-methods.

nanosecond dynamics of aromatic rings in proteins of

significant size have not really been studied at all. Accord- g5 5. Distributions of the Amplitude of Fast Side

ingly, our view of side chain motion in proteins is largely Chain Motion

dominated by that provided by deuterium relaxation in

methyl groups. We shall focus on this view with the clear ~ The distribution of the generalized order parameters for
admission that it is a limited one and should be greatly the methyl group symmetry axes in the calmodulin/
expanded as soon as emerging methods allow the investigasmMLCKp complex is remarkable for its distinct clustering
tion of relaxation at other more challenging sites within into three apparent classes of motion. The trimodal distribu-
proteins. tion is emphasized in the temperature dependence of the
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Figure 3. Correlation of experimentally determined methyl group dynamics with several primitive structural parameters. Methyl group

symmetry axis squared generalized order paramdté@(determined by deuterium relaxation were obtained from the literature (Table 2).
Structural parameters were obtained from structural models determined by crystallography (black symbols) or by NMR spectroscopy (red

symbols). Panel A: Correlation (ﬂ)ixis with depth of burial. Depth of burial was calculated by determination of the shortest distance
between the methyl carbon and a molecular surface created with a rolling sphere (1.4 A radius) utilizing the GRASP{f BgaehB:

Correlation ofOZ,;, with solvent accessible surface area. The solvent accessible surface area was determined using a rolling sphere with a

radius of 1.4 A. Panel C: Correlation %iswith packing density as determined by subtraction of the van der Waals volume of the methyl
group from the volume of the Vonoroi polyhedral. Packing density was determined only for buried sites (i.e. atoms with completed Vonoroi

polyhedra). Panel D: Correlation Gﬁxis with crystallographidB-factors. In no case does ti& of the best fitted line to any of these data
sets exceed 0.05.

dynamics® The relative populations of these classes can vary a rotamer well and motion between rotamer wells of side
significantly (Figure 5P° For example, flavodoxin is almost  chain torsion angle¥. It has been shown that the class of
entirely devoid of the low and intermediate order parameter motion centered on a squared generalized order parameter
classe¥° while the high order parameter class is absent in value of ~0.35 generally involves a contribution from
osD, a protein ofde nao design (Figure 5)°* Note also rotameric interconversion on the nanosecond or faster time
that the centers of the distributions vary slightly across the scale as it leads to a significant averaging of scalar coupling
three proteins. The three classes of motion have also beer(J) constant§® Indeed, simple theoretical considerations
seen in lle residues of malate synthase G, the largest proteirinsist that this must be the case (Figure®6More recent
examined by deuterium relaxation methd¥$hus, proteins  experimental result®® and theoretical simulatiof&'%*sug-
are generally capable of a significant range of motional gest this to be general. We term this group the “J-class”.
distributions, which is the raw material necessary for many The distribution of motion at the other extreme is centered
potential functional applications of protein motion. on a squared generalized order parameter @85, which

The distinctive grouping of order parameters seen in the represents highly restricted motion within a rotamer well and
calmodulin complex is often obscured in other protéfds, is reminiscent of the relative rigidity of the polypeptide
potentially due to issues of the statistics of low numbers and/ backbone. We term this class the-tlass”. The class of
or extensive overlap of order parameter classes. Neverthelesanotion centered on a squared generalized order parameter
the motional origin of these classes is clear. In the case of of ~0.6 involves little detectable rotamer interconversion and
calmodulin, two fundamental types of motion occurring on therefore reflects both variation of the amplitude of motion
the sub-nanosecond time scale are involved: motion within within a single rotamer well and/or the superposition of
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motion about connected torsion angles. The distribution 0 T — }
within this class is generally expected to reflect variance of 0.0 0.2 0.4 06 0.8 1.0
amplitude of motion within rotamer wells, and we, therefore, 02

term this class thed-class”. The distribution of the Je;-, axis

Figure 5. Histograms of the distribution of squared generalized

and w-classes in the calmodulin/smMLCKp complex is order parameters of methyl group symmetry aX@.0 in (A) the
satisfactorily described by a sum of three Gaussians (F'gurecomplex of calcium-saturated calmodulin and alpeptide derived

5). Randomization test¥ indicate that this distribution iS  from the calmodulin binding domain of the smooth muscle myosin
statistically significant and more appropriate than a random light chain kinase% (B) flavodoxin1% and (C)asd, a protein of
distribution or one described by one or two Gaussians. de novo des_igﬁ‘.’lFle_zinesoaérggbestdfi:s to a surr} g:lth(rgee Gagssi?ns
Figure 5 is simply a gross overview of the distribution of for part A, givingR* = 0.989, and to a sum of two Gaussains for
methyl dynamics in proteins. Such composite histograms do Parts B and C, giving® = 0.999 and 0.986, respectively.
not reveal the contributions of the various types of methyl-
bearing amino acid residues to the total distribution. Obvi-
ously, the longer the side chain, the greater the number o
degrees of freedom and, in principle, the greater the potentia
for significant angular disorder. However, these degrees of
freedom are not always sampled. For example, methionine
methyl groups are among the most rigid and the most
dynamic of the methyl-bearing amino acid residues in
calmodulini®® The distribution ofO,; values, determined
by deuterium relaxation, for Ala, Thr, lle, Val, Leu, and Met
residues in proteins is shown in Figure 7. Clearly, the longer
the side chain, the more degrees of freedom and the les
predictable the dynamics of an attached methyl group.
Though there has been at least one significant advance towar
predicting the degree of motional disorder at methyl sités,
a truly quantitative understanding remains to be formulated.

could potentially be illuminated by the temperature depen-
fdence of the dynamics. Variation of temperature provides
jaccess to the energetics of the motional modes contributing
to the NMR relaxation phenomena. To date there has only
been one comprehensive study of the temperature depen-
dence of the fast methyl-bearing side chain dynamics of a
protein. Lee and co-worke¥s® examined the temperature
dependence of the main chain and methyl-bearing side chain
dynamics of calcium-saturated calmodulin (CaM) in complex
with a peptide model for the smooth muscle myosin light
chain kinase calmodulin binding domain (smMLCKpA
SSignificant temperature range was examined«(13°C). A
ynoptic analysis emphasizes the aforementioned trimodal
istribution of angular disorder in calmodulin and appears
to provide a simple explanation for the so-called glass

transition observed in proteins at 200°KThe temperature

5.3. Temperature Dependence profiles of methylOZ,,, parameters exhibit substantial vari-
"~ ability in both absolute value and variation with temperature
The absence of obvious structural and stereochemical(Figure 8). On average, the temperature derivative of the

determinants of the rich dynamical behavior seen in proteins 0%, parameter,o, varies significantly for the different

is puzzling. The relationships between structure and dynamicsmethyl types® A number of the alanine methyl groups
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1.2 1.2 Table 3. Thermal Coefficients of the Amplitude of Main Chain
~ Na and Methyl-Bearing Side Chain Dynamics of Calcium-Saturated
(@) 1.0 1 1.0 ‘; Calmodulin in Complex with the SmMLCKp Domain 2
S 0.8 08 & nob o (x1BK™ r2

—

_S 0.6 1 t 0.6 E amide N-H (O%,)° 83 -15+09 —0.89+0.01
S 041 L 04 © alaningfCHs (0%, )¢ 9 12412 —057+040
a 2 9 -17+£0.1 —0.66+ 0.29
00 1 Y4 valineyCHjz (O2,,)¢ 10 -1.8+1.7 —0.47+0.73
isoleucineyCHs (Oixis)d 6 —2.44+0.9 —0.82+0.24
) i i ’ ’ ) ) i i i 2 \d 8 —24+1.2 —0.874+0.19

0.0 1.0 20 3.0 40 50 6.0 7.0 isoleucinedChs (O3 _ _
leucinedCHs (OZ,;)¢ 7 3.3+1.3 0.91+ 0.07
AU e (KT) methionineeCHs (0%, )¢ 7 —3.8£20  —0.97+0.02

Figure 6. Dependence of the squared generalized order parameter

and entropy on rotamer averaging. The curves were constructedye e q from linear regression of all data available, except as noted.
using the potential energy functidi(f) = bo + b; cos@) + b, The Pearson coefficient of correlatior?)(and its standard deviation
cos(3). The constanb; was set to BT. The constanb, = AUyen/ are shown to describe the degree of linearity of the response to
1.5, andbo = by + . AUyer was varied from O to BT in steps of temperature. Taken from Lee et®l.> Number of sites for which
0.5T. This function defines three wells, two of which are rejiable data at a minimum of three temperatures was available.
degenerate AUye defines the energy gap between the two cExcluding the 73C data set; see Lee et%l.9 Excluding the 15 and
degenerate wells and the third well. The lowermost curve corre- 73 °C data sets; see Lee et®l.c Excluding the 15, 20, and 73
sponds taAAU,e Of zero. Shown is the fractional occupancy of the data sets; see Lee et%l.

major rotomer @), the value ofO? (O), and the difference in
entropy from the higliAU, limit (7). Reproduced with permission

aTemperature coefficientsQ#/dT or ¢ for the indicated group are

from ref 93. Copyright 2002 American Chemical Society. roughly linear, having an averageof ~ —1.8 x 108 K1,
similar to the case of the backbone. It is interesting that the
I 20 °c [l 25 °c [} 27 °c[] 30 °c [J3s°c [ ]a7°c number of bonds by which methyl group is removed from
60 35 the backbone does not necessarily dictate the corresponding
g A 25 ] Thr dOZ,,JdT. For example, valine methyls have a relatively flat
99 ] N response to temperature with an averagé ~ —1.8 x 1073
3 20 - 15 K~1. Furthermore, isoleucing andd methyls have equiva-
° A 5 lent average thermal coefficients. Threonines have the largest
0- - o of ~—=3.9 x 103 K™, although this may be a result of
40 80 most of the threonines having high solvent accessibility in
8 30 - lle-y2 60 4 Val this p'rotein qomplex. Methior_ﬂnes have the most variablg
8 2p 40 and, interestingly, the most linear response to changes in
3 temperature (Figure 8). The amplitudes of motion of some
g 10 20 methionine methyl groups are relatively temperature insensi-
0- 0 tive (e.g. Met-76p ~ —1.1 x 103 K~1) while others have

among the largest thermal coefficients in the protein (e.g.
Met-71,0 ~ —6.3 x 103 K71). In this vein, there would
appear to be a rough correlation between the linearity of the
temperature dependence of the amplitude of the dynamics
of a given amino acid side chain type, in the-2 °C range,

and the number of bonds by which the methyl group is
removed from the backbone (Table 3).

In an attempt to provide physical insight into the temper-
ature dependence of the methyl-bearing side chain in the
CaM/smMKLCKp complex, Lee and co-workers evaluated
the generalized order parameters arising from motion in
several simple azimuthally symmetric potential well models
0 02 04 06 08 1.0 0 02 04 06 08 1.0 where the energy depends only on the arfjleith respect

O?axis O0Zaxis to the symmetry axi&

Figure 7. Histograms of the distribution of squared generalized ~ The potentials considered were an infinite square well (SQ)
order parameters of methyl group symmetry ax@§0) of the of width 6, quadratic (U2), quartic (U4), and sixth power
five types of methyl-bearing amino acid side chains in proteins. (U6) square wells; and a stepped square well (ST) where
The O?  values reported in the literature as summarized in Table U = 0 for 6 < 6s andU = U for 6 > 65 elsewhere. The
2 have been used. Because methyl group dynamics have apower law and square well potentials are described by a
significant temperature dependen, . parameters are identi-  single parameter, the force constattor the well width,
fied with the temperature at which they were determined. In general, respectively. The square well potential would correspond to
short chains tend to be more motionally restricted whereas longerthe often-used “free diffusion in a cone” model. The step
side chains tend to have higher amplitudes of motion. potential has two parameters, the well width and the step
height, 8s and U, respectively. As anticipated, all of these
display an apparent increase in the amplitude of their potentials give a roughly linear temperature dependence for
dynamics as the temperature falls below°Z8(Figure 8). the corresponding squared generalized order parameter with
This is unexpected. Above 2&, the thermal response is the square well potential being temperature-independent and

60

40
20

occurences

0

25
20 Met 200

150
100
50

15
10

occurences
L= 4]
L
o



Fast Dynamics of Protein Amino Acid Side Chains Chemical Reviews, 2006, Vol. 106, No. 5 1691

1.0

0.8 -

0.6 4
Ozaxis
0.4

0.2
1 Alanine-$

0.0

280 290 300 310 320 330 340 350
Temperature (K)

1.0

0.8 -

0.6 -
02axis

0.4 -

0.2 -

0.0

1.0

0.8 1

0.6 4
Ozaxis
0.4 -

0.2 1

Leucine-8
0.0 . .

1.0

1D 1G
0.8+

0.6 -
OZaxis
0.4 -

0.2 -

Isoleucine-y 1 Methionine-g
0.0

280 200 300 310 320 330 340 350 280 200 300 310 320 330 340 350
Temperature (K) Temperature (K)

Figure 8. Temperature dependence of side chain metbﬁglS parameters of calmodulin in complex with the smMLCKp peptide. (A)
Methyl ngis parameters determined for tfiemethyl groups of alanines: A1@j, A15 (O), A46 (v), A73 (v), A88 (), A102 ), A103
(), A128 (), and A147 4). (B) Methyl ngis parameters determined for thhemethyl groups of threonines: T2®), T29 ©), T34 (v),
T70 (v), T79 @), T110 (), and T146 #). (C) Methyl Oixis parameters determined for tiremethyl groups of valines: V3%R (@),
V35-yS (O), V55-yR (¥), V55-/S (v), V108«R (W), V108-yS [O), V121«R (), V136«R (), V1424R (a), and V142yS. (D) Methyl
Oixis parameters determined for isoleucipanethyls: 127 @), 152 (O), 163 (v), 185 (V), 1125 @), and 1130 ). (E) Methyl Oixis
parameters determined for isoleucii@nethyls: 19 @), 127 (O), 152 (¥), 163 (v), 185 (@), 1100 @), 1125 (@), and 1130 ©). (F) Methyl
ngis parameters determined for leucidemethyls: L1&S (@), L395R (O), L39S (¥), L69SR (V), LI05R (W), L1120S @), and

L1160R (#). (G) Methyl O, parameters determined for methionineaethyls: M71 @), M72 (O), M76 (¥), M109 (v), M124 @),
M144 @), and M145 #). In many cases the error bars are less than the dimensions of the symbol. Reproduced with permission from ref
93. Copyright 2002 American Chemical Society.
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Figure 9. Temperature dependence of tB&parameter for a site attached to four interacting side chains in a two-dimensional cluster
moving in an infinite square well (SQ) potential or a quadratic (U2), model (inset). The green side chains have the same temperature
quartic (U4), sixth-power (U6), or stepped square well (ST) dependence®), the stiff red side chain®) and floppy blue side
potential. The models have been parametrized to giv®?a chain @) have negative and positive temperature dependencies,
parameter value of 0.65 at a temperature of°C5 Reproduced respectively. Adapted with permission from ref 93. Copyright 2002
with permission from ref 93. Copyright 2002 American Chemical American Chemical Society.
Society.
combinations examined gave monotonic, almost linear,
the most anharmonic step potential being the most temper-decreasing? with increasing temperature, with the expected
ature sensitive (Figure 9). These simple physical models for variation among side chains, i.e., a higl@# for a stiffer
the dependence @? on temperature seem to show that no side chain, for example. Some, however, mirror the unusual
simple “effective potential” is sufficient to explain the high temperature dependence observed experimentally. For ex-
temperature dependence or to capture the rich variety ofample, a scenario corresponding to a more heterogeneous
observecOflxis('D's. Even though the step-function potential cluster interaction gave a more interesting result (Figure 10).
has a relatively steep temperature dependence, it is, as arén that case, the dynamics of one stiff side chdily & 1
all of the simple models, essentially linear and fails to show kcal) having loose neighbor interactiond;(= 5 kcal, 65 =
sharp transitions or reversals in sign such as illustrated by0) with three floppy side chaindJg = 0) and making tight
Figure 8. Furthermore, Palmer and co-workers have elegantlyinteractions with each of the othersj(= 5 kcal, §; = 20)
shown that the simple harmonic (quadratic) potential has awere modeled. The central floppy blue side chain shows an
theoretical upper limit for the temperature dependence of increase irD? with increasingr, while the stiff red side chain
the generalized order parameté: shows a decrease @?, and the intervening green side chains
show almost no temperature dependence. The perhaps
surprising increase i@ can be rationalized in physical terms
as follows. Each side chain is constrained to move in some
“configurationally averaged” space provided by its two
Even for well-behaved sites (i.e. those having a linear neighbors. The side chain itself will tend to explore a larger
temperature dependence), the methyl grap, param- volume, as the temperature is increased. However, the
eters in the calmodulin complex exceed this upper limit by “dynamic volume” occupied by its neighbors will also tend
a factor of 3 or mor&3% Clearly, the simple azimuthally  to increase as their excursions increase, sterically constraining
symmetric potentials fail to capture the quantitative aspects the side chain. The net effect on the order parameter results
of the observed temperature dependence. from the competition between these two effects. In most
The failure of these simple models of motion in isolation scenarios, the first factor wins out, with the concomitant
is not too surprising since methyl groups are (usually) tightly decrease in order parameter, since many of the large
packed in the protein, and have covalent and steric interac-excursions made by the neighbors are in a direction away
tions with neighboring groups which are themselves moving, from the side chain. Neighboring side chain motions tend to
presumably in a highly coupled way. Thus, the potential seenbe positively correlated by their steric interaction. However,
by a group is itself a dynamically changing factor. The the “dynamic volume” available to the central floppy
implications of these conceptually intuitive features can be neighbor in Figure 10 is gradually decreased at higher
represented in a simple two-dimensional cluster model, andtemperatures because the stiff side chain opposite it starts
the dynamic effects of steric conflict can be easily explored to undergo larger excursions, “pushing” on the floppy
(Figure 10)? This model is characterized by four intrinsic  intervening green groups. This results in the increag®?in
potential step barrier&)s, and four pairs of steric interaction ~ with temperature. In more formal terms, there is a negative
parametersyJ;—0;. Physically, the model can be thought angular correlation introduced between the motion of the red
of as describing the restricted range of angular motions and blue side chairfS. This result provides a simple and
intrinsic to each side chain because of covalent and backbonénighly possible mechanism for long-range transmission of
interactions, plus interactions with neighboring side chains, dynamic disorder in proteins. Finally, it was found that the
where larger values afs, Ujj, and6j correspond to a stiffer  entropy of this cluster model is60% of that of the four
side chain, a harder neighbor interaction, and a looser packingside chains moving independently within their individual
with the neighbor, respectively. Most of the potential energy potentials. This will be important in the consideration

_din(1-0)
A=—gi7 =1 (52)
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to examine the response of the picosecond to nanosecond
dynamics of the main chain and of methyl-bearing side
chains of calcium-saturated calmodulin (CaM) to the forma-
tion of a complex with a peptide model of the calmodulin
binding domain of the smooth muscle myosin light chain
kinase (smMLCKp)% The goal was to trace the local
changes in dynamics in calmodulin upon moving from its
b free calcium-activated state to the complex with the
smMLCKp domain. TheD? values of methyl group sym-

metry axes QZ,) of free CaM range from-1 to as low as
~0.2. The lower values are, on average, significantly lower
than those found for other proteins, especially for leucine
and isoleucine methyl groups. Evidently, calcium-saturated
Structural Coordinates calmodulin is an uncommonly dynamic protein on the

Figure 11. Simple schematic illustration of (a) allosteric mecha- Picosecond to nanosecond time scale at the side chain level
nisms based solely on a change in atomic coordinates of the proteinbut not at the backbone level, as seen frh relaxation.

(b) and an allosteric mechanism based solely on entropic effectsWhen complexed with the smMLCKp peptide, the order
manifested in the dynamics of the protein. Structure-based a”OStSWparameters of the side chain methyl groups are, on average,

i(slégi)curr?]nt pargadigmf, but as polinteid out ?y Coopgr and Prydgl” higher than those for unbound CaM, reflecting an overall
, @ change in conformational entropy also provides a plausible i S .
mechanism for creation of allosteric free energy changes in proteins.IOSS of mobility upon binding the smMLCKp domain.

Only small changes in the breadth of the conformational distribution Nevertheless, zdespite significant rigidification upon com-
would be required if a large number of motional modes are plexation, theO;,;; values of methyl-bearing amino acids of
involved. In principle, both mechanisms could be operative. Adapted calmodulin indicate the presence of considerable residual

a

< .
- »

by permission from Macmillan Publishers LtéNature Structural i i
Biology 2001, 8, 926931 (http://nature.com/nsmb), ref 99. Copy- mouoh in the Complfax.
right 2001. A difference plot illustrates the changes @f, values

brought about by formation of the complex (Figure 12). On

average, theé)gxiS parameters increase by 0.07 upon forma-
tion of the complex. The dynamic response to the binding
of smMLCKp is nevertheless a mixed one, varying from

5. Functional Dynamics decreases 0%, for a few valine and leucine methyls to

5.4.1. Plausible Roles for Dynamics in Protein Function large increases in several methionine methyls. The significant
reorganization of side chain dynamics that accompanies

In a provocative and inspiring paper, Dryden and Cooper hinding contrasts with the flat backbone response as observed
examined the plausibility of Nature employing the residual 15\ velaxation (Figure 12). This is particularly noteworthy
entropy of proteins, manifested in their conformational iy |ight of the relatively small structural response of the
dynamics, as a thermodynamic mechanism for allosteric jnqividual domains of CaM to the smMLCKp domain.
responses to ligand bindirtg? The basic idea is |IIustrated_ Clearly, it is the side chains that report on the protein’s
and contrasted to the classical structural or mechanlcalunique dynamic behavior in “structured” regions, whereas
enthalpic ("Rube Goldberg” view) mechanism in Figure 11. e hackbone of CaM, in either functional state, displays the

The potential for this kind of statistical thermodynamic generic order parameters-0.9) seen in so many other
linkage between conformational and binding equilibria is gy gtems.

clear19111An entropically based allosteric mechanism could, ) . L . . .
pically Nine of the proteins studied in detail using deuterium

in principle, be combined with the more classical mechanical . : .

or “enthalpic” view, where a discrete conformational change "€laxation methods have been characterized in two (or more)

defines the allosteric transition. The central point is that if a States (Table 2). All of the proteins involved show significant

large number of dynamical modes of the protein are involved &nd heterogeneously distributed dynamics. The fast dynamics

in this sort of allosteric mechanism, then the change in of ma_lny.methyl-beanng side chains in most of these proteins
' are significantly perturbed as they move from one functional

conformational “breadth” (the width of the distributions . S
shown in Figure 11) need only be on the order of a fraction Stat€ to another. Four examples are illustrated in Figure 13.
This, as prescribed above, is the raw material necessary for

of an Angstion to provide free energy changeAAG) .
typical of allosteric activation. It is therefore not surprising functional relevance.
that this sort of mechanism has not yet been revealed by
structural methods such as X-ray crystallography. NMR
relaxation appears to provide the best hope for detecting such mplicit in molecular motion is a “counting of states”, and
allosteric mechanisms in proteins. with it comes the potential to gain access to the residual
. . : conformational entropy that it represeft8?12The current
5.4.2. Prerequisites for Functionally Relevant Dynamics approaches to extracting thermodynamic information from
In order for protein dynamics, and the entropy that it the dynamics captured by NMR relaxation find their roots
represents, to be involved in allosteric regulation, the inthe work of Palmer and co-worket$There, the Gaussian
dynamics of proteins needs to be significant, heterogeneouslyaxial fluctuation modéP was employed to investigate free
distributed, and malleable. The initial view of how signifi- energy relationships with the dynamic response reported by
cantly the internal dynamics of proteins could be perturbed NMR relaxation. Access to entropy is illuminated by an
by the binding of ligands came from the calmodulin system. alternate definition of the LipatiSzabo generalized order
Nitrogen-15 and deuterium relaxation methods were usedparameter that reveals the underlying dependence on the

of dynamics in terms of the conformational entropy that it
representsifde infra).

5.4.3. Conformational Entropy
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Figure 12. Response of the dynamics of calmodulin to binding of the smMLCKp domain. The top panel is for the side chain methyl
groups, and the bottom panel is for the backbone NH groups. Secondary structure elements are indicated with solid lines. Methionines are

highlighted in solid black. Adapted by permission from Macmillan Publishers INdture Structural Biology2000 7, 72—77 (http://
nature.com/nsmb), ref 106. Copyright 2000.

potential energy function governing the averaging described A variety of models have been investigated in this context,
by eq 44 above. Here, the squared generalized orderincluding the simple infinite square w#lland the harmonic
parameter is written as oscillator?? In the context of entropy, the former gives a

particularly simple parametric relationship between the
> 2 _ experimentally accessible generalized order parameter and
o = Zz [Con ()= the corresponding absolute residual entrdpy:
me=
J [ Ped Q) Po(COS0,,) Pe(Q,) dQ, dQ, (53) S= kg In[7(3 — V1 + 80)] (54)

The probability of a given orientation of the interaction vector Unfortunately, the more complicated models do not give
of interestpe(€2), is defined by the potential energy function unambiguous connectionsabsoluteentropies. For example,
governing the system. This provides direct access to thethe simple harmonic oscillator formally gives a family of
partition function Q) governing the system, as manifested functions relating the generalized order parameter to the
in its fast internal dynamics, and hence illuminates the corresponding entropy due to the essentially infinite range
underlying thermodynamic parameters. By specifying the of possible parametef3This ambiguity results in a family
potential energy function, one is able to generate a model-of lines such as that shown in Figure 1 of Li et®al.
specific parametric relationship between what can be mea-Fortunately,differencesn entropy are much more reliably
sured, the generalized order parameter, and what is soughtestimated if a few reasonable assumptions are made: that
the local residual entropi?. the nature of the motion does not change appreciably between
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AO?,  (free - complex)

-0.3 -0.15 0 0.15 0.3
Figure 13. Examples of perturbation of methyl-bearing side chain dynamics due to the binding of ligands. Ligands are shown in dark
green, protein backbones in white, and methyl carbons as balls that are colored to reflect the cmﬁg parameter between the
uncomplexed and complexed states. Blues represent sites that are more rigid in the complex, and reds are sites that are more mobile. (A)
Calmodulin in complex with the smMLCK peptide (based on PDB code 1CDL). (B) PLCC SH2 in complex with the Y281 peptide (based
on PDB code 1D4Zz). (C) CdcHs42 in complex with PDB42 and GDPPCP (based on PDB code 1EES). (D) Phosphplipgsi2 C
domain in complex with the pY1021 PDGFR peptide (based on PDB code 2PLE). Note the clustering of methyl groups near ligand binding
sites that become more rigid upon binding and the propensity for methyl groups with increased amplitude of motion at solvent exposed
sites distant from the ligand binding site. Prepared with Molf#dI.

states, that the same oscillator is involved, and that correlatedestimated that the change in dynamics was found to cor-
motion is limited?2°3For the simple models discussed here, respond to a change in conformational entropy of calmodulin
the parametric relationship between the measurable generalon the order of—35 kcal/mol*°® Obviously, there are
ized order parameter and the corresponding residual entropydifficulties with this crude interpretation (see above), but the
is easily calculated (Figure 1%)3 sheer magnitude of the change is impressive and the fact
In this context, the results of Lee et'4f.are particularly ~ that it is in line with the speculations of Wintrode and
underlying thermodynamics of binding of target domains by thateven though many calmodulin binding domains associate
calmodulin. Wintrode and Privaléi attempted to dissect ~ With calmodulin with roughly the same affinity, the ther-
the change in conformational entropy of calmodulin upon Modynamic origins of the binding free energy can be quite
binding the sSmMMLCKp domain from the system thermody- different!*4This raises the intriguing possibility that variation
namic parameters obtained from calorimetric measurements!n the overall entropy of binding will be manifested in the
As they point out, this required a significant number of dynamics of the protein.
assumptions and speculations about the change in entropy; . . .
of water and of the peptide upon formation of the complex. 5.4.4. Thermodynamic Particle versus Dynamic Pathways
Wintrode and Privalov speculated that the change in the Long-range “transmission” of perturbation of side chain
residual entropy of calmodulin could be up+®0 to—100 dynamics correlated with a change in functional state has
kcal/mol of entropy upon binding the domaiti Making the been clearly observed in several systems. An early and
assumption that changes in the fast dynamics of methyl- particularly interesting example is the study of three different
bearing amino acids reflect the entire protein and that the functional states of Cdc42Hs, a member of the Ras super-
simple harmonic motion model is applicable, Lee et al. family of GTP binding protein&!® Members of this family



1696 Chemical Reviews, 2006, Vol. 106, No. 5 Igumenova et al.

V85

\/85 D15,N16

V30 V26

G24,G25

40 50
| I |
hPTPLlE PDZ2 FPRPGDIFEVEL--AKNDH(ST.GI|SVTGEVH- ===~ TSVRHGGIYVE IPQGW-GRIHKEDRVLKVNGVS EGATEka‘ETLRN GQWHI:LLBRGQSPT
rPSD-95 PDEZ3 DIPREPRRIVI--HRGSTGLGFNIIGGED--======== GEGIFISFILAGGPADLSGELRKGDQILSV NGVDLRNA QAAIALENAGQRTV TITAQYKPEEY
rGRIP1 PDET PTEVELHEVTLY! LLEKGVYVENIRPAGPGDLGG-LEPYDRLLOV NHVETRDET LVVPLIAESGNK LDLVISRNE-~-~
mPar-6B PDZ ILPETH.RRV'RLCKYGTEKEGF YIRDGSSVRVTPBGI.!KVPGIFI SRLVPGGLAQSTCLLAVNDEVLEV NGIEVSG:KS L POVTDMMIANSEN L ITTVRPANQRN

Figure 14. Comparison between dynamically linked residues in a PDZ domain and thermodynamic couplings predicted from a family of
PDZ domains. (A) A summary of residues whose dynamical parameters change significantly upon peptide binding mapped onto the structure
of the PDZ2/RA-GEF2 complex. The PDZ2 protein secondary structure is colored gray while the peptide ligand is green. Red VDW

surfaces are side chain methyl residues that had appredﬂﬁ% in yellow are those methyl residues with appreciabtg, and in blue

are backbone NH groups that displayed changes in motion on the chemical shift time scale. Methyl groups not having changes in dynamics
parameters are represented as gray VDW surfaces. Residues that were not compared are shown in black. For clarity, three views are
presented. Residues of importance are labeled. (B) The statistical couplings derived from Lockless and RaH§anatmapped onto the
PDZ1/RA-DEF2 structure shown in identical views as in part A. (C) Primary sequences of four PDZ domains color coded as in part A. See
Fuentes et ai??for more detail. Reprinted fromournal of Molecular Biology 335-uentes, E. J., Der, C. J., Lee, A. L., Ligand-dependent
dynamics and intramolecular signaling in a PDZ domain, pages-1185Copyright 2004, with permission from Elsevier.

are activated by the exchange of GDP for GTP. Cdc42Hs dynamic disorder on the sub-nanosecond time scale that was
interacts with a variety of proteins that serve to control the allosterically relevant.

signal transduction. Loh et al. characterized the dynamics The apparent participation of protein dynamics (entropy)
of backbone amide NH's and side chain methyls of inthe thermodynamics of the binding of ligands, for example,
Cdc42Hs in complex with GDP, a GTP analogue and a need not have a coherent view when interpreted in the context
domain derived from the p21-activated kinase effector of of a single structure representing the native st&@&his is
Cdc42Hs'® 'N-relaxation studies indicated that activation certainly true for perturbations of fast internal dynamics
(replacement of GDP with a non-hydrolyzable analogue of where one does not often see spatially contiguous responses
GTP) has little effect on the dynamics of the backbone, while to binding events!’ This would represent a simple thermo-
binding of the effector domain results in a significant dynamic particle view of the distribution of dynamic
decrease in the complexity of the backbone motion with the responses to changes in protein functional state where the
dynamics being shifted and confined to shorter time scales. principle result is to influence the thermodynamics governing
Similarly, the activation of Cdc42Hs results in only small biological function by modulation of the contribution of
perturbations of the motion of methyl-bearing side chains protein conformational entropy. This is perhaps the dominant
in the protein. The binding of the effector domain, however, role in the calmodulin system discussed above, though there
has a very intriguing effeetit causes a generaicreasein are indeed hints that allosterically relevant dynamics do exist
side chain mobility that is most pronounced for residues in that systen!”

remotefrom the effector-Cdc42Hs interface. This presented Perhaps implicit in the idea of transmission of dynamic
the first clear evidence for the long-range transmission of disorder is the question of correlated motion. The answer
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3.0 . the few cases characterized thus far give such a range of
insights propels further investigation.

2.5
6. Summary and Future Directions

We have tried to provide a compact summary of the
current state-of-the-art of solution NMR-based characteriza-
tion of the fast internal dynamics of protein side chains. The
general effort has come a long way over the past decade
with new and more powerful experiments being introduced
and allowing for the comprehensive examination of side
chain dynamics in over two dozen systems of significant size.
The initial insights are puzzling in many respects and go
against much of what is intuitively expected. The amplitudes
of side chain dynamics are quite variable and heteroge-
neously distributed throughout the protein molecule. Classes

0? of motion in methyl-bearing side chains have been observed
Figure 15. Parametric relationship between the generalized order and are largely understood in terms of the degree of barrier
parameter, reported by a nuclea_r interactio_n vector situated as acrossing between rotamers. The fast dynamics of methyl-
spy on an azimuthally symmetric harmonic oscillator, and the bearing side chains can be significantly perturbed upon a

corresponding entropif.Here a simple quadratic potential is used - : L :
and a parametric relationship exists between the entropy of the change in functional state, such as the binding of a ligand to

oscillator (inset) and the? parameter created by varying the force the protein. The dynamical response can be local or transmit-
constant governing the potential energy. Uncertainty in the reducedted across the protein to sites remote from the binding site.
mass, the depth of the energy well, and the effective length of the Apparent pathways of dynamical coupling have been ob-
oscilla@or reduces the utiIi_ty of the met_hod for obtaining absolute served in some cases but not all. These observations provide
entropies. However, estimates of differences in entropy are the fundamental material for a role of protein dynamics, and
anticipated to be at least semiquantitative (see text). the entropy that it represents, in the thermodynamic control
of protein-mediated processes.
may be highly context dependent. For example, using the Despite these great strides, much remains to be discovered.
small protein domain B1 from Streptococcal protein G, Stone For example, the current view of side chain dynamics is
and co-workers examined the methyl-bearing side chain “methyl-centric” with almost no information available on the
dynamics of 10 mutants of varying stabil{# A weak fast motion of side chains lacking methyl groups. Additional
though statistically significant covariation of methyl group experimental approaches are required to expose the dynamics
dynamics was observed, somewhat reducing the concerrat these sites. Finally, and perhaps somewhat ironically, most
about the impact of correlated motion on the model- information about “functional motion” has focused on the
dependent interpretation of dynamical parameters. Neverthethermodynamic aspects rather than the kinetic or dynamical
less, the idea that proteins hadefinedpathways to transmit ~ aspects of protein function, i.e., catalysis. Intriguing insights
information (energy) in the native statin this case in the  into the potential role of fast protein motion in enzymatic
form of increased/decreased motidinom one site to an  processes have emerged in the context of NMR relaxation
allosteric site is still an intriguing possibility. studies of nuclei on the main chain (see Jarymowycz and
In this context, Lockless and Ranganathan have found Stone’s review in this issue), but studies have not yet moved
statistical couplings between amino acids using multiple to the side ch_aln_s using the me’ghods described here. This is
sequence alignments of hundreds of sequences of a proteifn area that is ripe for exploration.
domain!® They found that the evolutionarily conserved .
residues often form a continuous pathway of physical linkage 7. Abbreviations
though the protein and that mutation of statistically coupled {1H}—13C NOE !H—13C nuclear Overhauser effect

g
o
L

Entropy (kcal/mol)

0.54

0.0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

pair residues affected ligand binding. There is mounting 2D
evidence that intramolecular, energetic networks in a wide 3D
variety of proteins are sparsely distributed throughout their CPMG
structures?%1? For many proteins, the transmission of
information occurs in the absence of large structural rear- Q
rangements, suggesting another role for side chain dynamics,\15c
Perhaps the most elegant experimental case for the dynamicsHSQC
mediated transmission of allosteric signals is that made by |NepT
Lee and co-workers for the PDZ domain (Figure ¥4)They

directly detect allosteric behavior using side chain methyl 02 andQ?
dynamics measurements. The changes in side chain dynamics
parameters for a PDZ domain were determined upon binding S

a peptide target. Long-range dynamic effects were detected]: (R)
that correspond to previously observed statistical energeticT2 }%
couplingst® providing one of the first experimental examples % (Ryp)
for the potential role of picosecond to nanosecond time scalete
dynamics in propagating long-range signals within a protein,

and reinforcing the idea that dynamic fluctuations in proteins ¢,

can contribute to allosteric signal transduction. The fact that

two-dimensional

three-dimensional

Carr-Purcel-Meiboom-Gill

chemical shielding anisotropy

double quantum

Gaussian axial fluctuations

heteronuclear multiple quantum coherence

heteronuclear single quantum coherence

insensitive nuclei enhanced by polarization
transfer

Lipari—Szabo squared generalized order param-
eter

entropy

spin—lattice relaxation time (rate)

spin—spin relaxation time (rate)

spin—lattice relaxation time (rate) in the rotating
frame

internal effective correlation time for the local
motion

correlation time for the overall isotropic rota-
tional motion
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TOCSY total correlation spectroscopy
TROSY transverse relaxation optimized spectroscopy
ZQ zero quantum
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