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Abstract: A series of experiments are presented that provide an exchange-free measure of dipole—dipole
15N transverse relaxation, Rqq, that can then be substituted for N Ry, or R, rates in the study of internal
protein dynamics. The method is predicated on the measurement of a series of relaxation rates involving
1H—15N longitudinal order, anti-phase *H and N single-quantum coherences, and *H—N multiple quantum
coherences; the relaxation rates of all coherences are measured under conditions of spin-locking. Results
from detailed simulations and experiments on a number of protein systems establish that Ryq values are
independent of exchange and systematic errors from dipolar interactions with proximal protons are calculated
to be less than 1—2%, on average, for applications to perdeuterated proteins. Simulations further indicate
that the methodology is rather insensitive to the exact level of deuteration so long as proteins are reasonably
highly deuterated (>50%). The utility of the methodology is demonstrated with applications involving protein
L, ubiquitin, and a stabilized folding intermediate of apocytochrome bse, that shows large contributions to
5N Rj, relaxation from chemical exchange.

Introduction emerged over the past decade, measuring many different auto-
and cross-correlated spin relaxation rates in proteins involving
a variety of different spin pairs18

Nevertheless, the experiments that remain the most popular
are among the earliest developed, namely those that extract
backbone dynamics information from heteronuclédr15N
' relaxation measuremeritg.hese experiments typically involve

Protein molecules are dynamic over a wide range of time
scales, and it is becoming increasingly clear that there is often
a strong relationship between these dynamics and biological
function! This has led to the development of a variety of
different methodologies that probe motion in biomolecules
|nclud_|ng both ensemble averade?l and s_,|ngle moI(_acuIe quantifying heteronuclear longitudind®;, and transverseR,,
experimental approactfess well as computational techniques. relaxation rates as well as the steady-stete >N heteronuclear
Heteronuclear NMR spin relaxation methods are among the MOSt\OE that is obtained by comparif§N signal intensities in
powerful since site-specific dynamics information is available the presence and absenceldfsaturation. The data are most
over a large range of time scales extending from picosecondsgeqently interpreted in terms of order parameters squaRd (
to second$:** A significant body of such experiments have ;. effective correlation timesd that describe the amplitudes
and time constants of the motion, respectivél§? Order

T The University of Toronto.

zNatlonal University of Singapore. (10) Dayie, K. T.; Wagner, G.; Lefevre, J. Rnnu. Re. Phys. Chem1996
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parameters can also be used to obtain thermodynamic informa-presented wher®N R; values are severely affected by chemical
tion about the system since in certain cases they can be simplyexchange throughout all regions of the molecule.

related to entropy?~2% Relaxation rates of backbone nuclei
provide structural information in the form of long-range
orientational restraints of individual bonds relative to the
rotational diffusion tensor, complementing short-range preton
proton NOE distance¥.

In addition to their sensitivity to rapid picosecond
nanosecond motion&, relaxation rates can also be affected
by dynamics occurring on a microsecotillisecond time

scale (chemical exchange) and methods have recently emerge

for studying these slower proces$eg6 In many cases these

Materials and Methods

Sample Preparation: U-[**N,2H] Ubiquitin was expressed with a
cleavable His-tag and purified by standard methddmd a 2.2 mM
protein sample, 20 mM NBO,, 10 mM NacCl, 0.03% NaB 90%/
10% HO/D,O, pH 5.5, was used for all studies. A second protein,
U-[**N,2H]-protein L, was prepared as descrit8dhe protein con-
centration was 2.7 mM in 50 mM NBQ,, 20uM EDTA, 0.05% NaN,
80%/10% HO/D,0, pH 6.0. Starting from the sequence of redesigned
apocytochromebss*° additional mutations were made to generate a
stabilized folding intermediate (W7D, L10G, L14G, V16G, 117G, 198G,

exchange contributions to relaxation provide detailed in- yv191G, and Y105G), referred to in what follows ®UF1%333

formation about the energy landscape that drives the ex- y.[i5N 2H] PUF1* was prepared as described previogsHto produce
change process as well as structural information about thea protein sample (2.5 mM) in 50 mM Na&®, 90%/10% HO/D.0,

states that participate in the exchange evédmn the other hand

exchange contributions complicate interpretation of the relax-

ation rates in terms of picosecondanosecond dynamics

pH 4.9.
NMR Spectroscopy: The four relaxation ratesRy,(2H:N,),
Rip(2HN'7), Ry2(2HN';), andRy(2H,N,) were measured for ubiquitin

parameters and care must be taken to ensure, for example, tha298 K) and protein L (278 K) at static magnetic field strengths of
robust measures of order parameters are obtained. In this context!-7 and 18.8 T (room-temperature probe heads), using pulse schemes

a particularly elegant set of experiments was developed by

Palmer and co-worketsin which both transversey¢,) and
longitudinal ¢,) *TH—13N dipole,1°N chemical shift anisotropy

illustrated in Figure 1. Relaxation delays between 2 and 35 ms were
used for all experiments (same delays used for each rate measurement),
along with*H and*®N continuous wave CW spin-lock field strengths
that varied between 11-513.7 kHz ¢H) and 1.8-2.1 kHz (°N),

(CSA) cross-correlated relaxation rates are measured and thejenending on the sample. A total of 11 2D data sets were recorded for

ratio 7/, is used in place of'®SN R, rates to extract
picosecone-nanosecond motional information. Unfortunately
the extraction of accurate values gfis compromised by the

each relaxation rate determination, with net acquisition times of 4.5 h
for each of theRy,(2H':N;), Ri,(2HN';), Ri2(2H'N';) time series (i.e.,
0.4 h/2D data set) @3 h for the measurement of the longitudinal

fact that the magnetization of interest in this experiment decays order decay Ri(2HN;). Measurements oRy,(2H':N;), Ri,(2HN'7),
more rapidly with increasing molecular weight, while the desired Ru(2HzN'2), and Ri(2HN;) rates forPUF1* were made at a static
cross-correlation rate diminishes with size, leading to sensitivity magnetic field of 14.1 T (288 K), using a cryogenically cooled probe-

issues. In addition, in experiments performed in our laboratory

we have obtainegy/1, ratios that were larger than expected,
which we attribute to cross-relaxation betwéel and proximal

protons, leading to calculated negative values of exchange. Suc

head.*H and **N spin-lock fields of 12.7 kHz and 1.8 kHz were
employed, respectively. A series of eight 2D data sets was collected
for each type of rate measurement with relaxation time delays between
2 and 23.7 ms. The total acquisition time for each of Rag2H',N,),
1,(2HN'7), andRy,2(2H'N';) series was 6.5 h (0.8 h/2D data set), while

negative values were observed even in perdeuterated moley 3 n were required for the measurement R{2HN,). Nitrogen

cules.

relaxation dispersion profiles were recordedRIOF1*, 14.1 T, using

Herein, we describe an alternate approach for obtaining robustthe pulse scheme of Tollinger et #lthat contains the relaxation
transverse relaxation rates “uncontaminated” by chemical compensation element described by Loria and co-woédRelaxation
exchange, based on measurements of longitudinal order, singlglispersion profiles were based on a series of 21 2D data sets where a

qguantum relaxation rates in the presence of eifirkior 15N
spin-lock fields and multiple quantufiti—15N relaxation rates
measured when bottH and 15N spin-locks are applied. The

signal decay profiles measured in a set of four experiments are

combined to isolate only contributions frotki—1°N dipolar
relaxation. The utility of the methodology is illustrated both by

variable number of°N 180 refocusing pulses are applied during a
constant-time element of duration 36 ms. Field strengiisic, ranging
from 55 to 1000 Hz were employed, whergrnc = 1/(20) and ¢ is
the time between successive refocusing pulses. Dispersion data sets
were analyzed as described in Korzhnev €Y al.

Nitrogen R, and Ry, relaxation rates along with steady-state—
15N NOE valued” were obtained for the backbone amides of ubiquitin

simulgtion and by experiment, and it is ShF’W” that robust (298 K) and protein L (278 K) at static magnetic field strengths of
chemical exchange-free transverse relaxation rates can bej1 7 and 18.8 T, while for the backbone amidesPtfF1* relaxation

obtained. Finally, an application involving the measurement of

backbone order parameters in a partially folded folding inter- (29) Feng, H. Q.; Zhou, Z.; Bai, Y. WProc. Natl. Acad. Sci. U.S.2005 102,

mediate of a redesigned apocytochroimg, proteirf®0 is

(20) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559.
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Figure 1. Pulse schemes for measurement of the 6l 1N relaxation ratesRi,(2H' /Nz), Ri,(2HN'7), Ry2(2H'N';), andRy(2HN,). One of the subsequences

of part B is inserted into the square bracket of part A. THecarrier is initially placed on water and subsequently positioned at 9.5 ppm bebnaaeshb.
Typical IH and 15N spin-lock fields s.a) are 13 and 2 kHz, respectively. All other pulses are applied at the highest possible power levels, with the
exception of decoupling, where a 1.5 kHz WALTZ-16 figlds employed. The elements immediately flanking the spin-lock period are used to align
magnetization along the effective field, as described in detail previd@dize delays used are as follows; = 2.25 ms,r, = 2.68 ms,T = 2.25 ms,A

= 0.50 msya = llws . a — 2lw1a, {a = Llw1 a; d is chosen to be sufficiently long so tHét alignment scheme can be inserted, angl is the field strength
(rad/s) used for high power pulses on spin’A {5N). Pulses without annotation are applied witphase. The phase cycles are as follows;(2H':N,) ¢1

= 2(—Y).2(y), $3 = X,—X, p4 = X, rec= X,2(—X),X; Ri,(2HN'7) $2 = 2(—y).2(y), $3 = X,—X, ¢4 = X, rec= X,2(—X),X; Ry2(2HN'7) ¢1 = 2(—y),2(y), ¢2

= —yy, ¢3 = X, ¢4 = X, rec= X,2(—X),%; Ri(2HN,) ¢2 = x,—X, $3 = 2(X),2(—X), ¢4 = X, rec = 2(x),2(—x); Quadrature detection in the indiretN
dimension is obtained by the enhanced sensitivity pulsed field gradient nfétffadhere separate data sets are recorded forg@pand g6, p4 + 180°).

The strength (G/cm) and duration (ms) of the gradients are as follows: g0, (8.0,1.0); g1, (4.0,0.7); g2, (10.0,1.0); g3, (2.0,0.13); g4, ¢B.5051T7)0);

g6, (15,1.25); g7, (0.551/2); g8, (8.0,1.2); g9, (4.0,1.2); g10, (29.45,0.125).

measurements were obtained at 11.7, 14.1, and 18.8 T. Relaxationrecording times were 4.5, 3, and 4.3 h for tRg, R, and NOE
delays between 10 ms and 1.4 s and between 2 and 100 ms were usedxperiments, respectively for protein L and ubiquitin, while the total
to monitor theR; andRy, rates, respectively. The CW field strengths  recording times were 9, 6, and 8.6 h for tiR, R;, and NOE
applied during the spin-lock period in th&, experiments were very experiments foPUF1*.

close to 1.9 kHz in all studies. Fine-power adjustments were used to  Data Processing:Data sets were processed with the NMRPipe
calibrate the'®N CW spin-lock field strength iRy, measurements of  prograni® and analyzed with UCSF SparRySignal intensities were
PUF1*, so as to obtain identical spin-lock powers at all the static determined using the program FuB9fby fitting a mixed Gaussian/
magnetic field strengths. Thi#i—N NOEs were determined from
two spectra, with and without proton presaturation. The spectrum with (38) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax]A.
presaturation was recorded with a prescan defa&y ®followed by 6 Biomol. NMR1995 6, 277-293. )

s of proton saturation, while the spectrum without proton presaturation 883 Eﬂgtlfr:'sgﬁ%f mnﬁzér:'sgn‘?'g e,ll_' FBl'JOSAh? m;ﬁ%%éiﬁﬁg%ata fitting and
was recorded with a 15 s prescan delay. The corresponding total analysis package (smk@kiku.dk), 2006.

11470 J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007
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Lorentzian line shape to each correlation and assuming a common linevibrationally averaged distance betweghand®N nuclei in
shape for a given cross-peak during a relaxation series (i.e., line shapethe two-spin systemBy is the static magnetic field strength,

and peak positions are independentTafiay. Nitrogen Ry and Ry,

Aon = o~ — oon, Whereoyy andopn are the parallel and

relaxation rates were determined by fitting a single-exponential decay transverse principal components of the axially symmetric

function [(Treid = AeXp(—RTreiay] to the measured intensity vs
Trelax profile. Ryq rates were quantified by fitting a single-exponential
decay function of the forrexp(—2Rs , Trelay t0 the time evolution of
I(2HN,) x 1(2HN')/[I(2H N') x 1(2H,N,)] wherel(O,) is the time-

nitrogen chemical shift anisotropy (CSA) tensor, respectively,
AOH = O11H — (UZZ,H + 033,H)/2 (Shlft anisotropy) and;H =
(Ull,H - 0'22,H)/0'33,H (reduced asymmetry), Whe[ﬁl,H, 022 H,

dependent intensity of the signal in experiments that measure the decay®Nd 0s3n are the principal components Qf the proton CSA
rate of Q (see below). Uncertainties in relaxation rates were calculated t€nsor*® The power spectral density functiod(w), describes

using the covariance matrix methéid.
Results and Discussion

Theoretical Aspects:We consider first a heteronucledt—

the frequency distribution of the stochastic motions that
modulate both théH—5N dipole—dipole and the!'>N CSA
interactions. A single spectral density function is used, to a good
approximation, since thtH—15N vector and the symmetry axis

15N dipolar and scalar coupled spin system and focus on a of the (assumed) axially symmeti@N CSA tensor are nearly
number of coherences and magnetization modes that can beollinear &20°) for an amide group> The power spectral

easily created and that will prove useful for isolating dipolar
from non-dipolar contributions to relaxation. Our goal is to

density functionJ(w), describes the modulation of the asym-
metrictH CSA interaction. The contributions to the longitudinal

develop experiments that measure relaxation rates that can beelaxation of the'H (5N) spin from interactions with external

combined in such a way as to eliminate all iéHi—15N dipolar
contributions to spin relaxation. In the discussion that follows
we focus on longitudinal two-spin order, 2%}, the transverse
antiphase single quantum coherences,N2Hand 2HN,, and
multiguantum coherence, 2Ny, whereA, is theq component

of A magnetization. It is straightforward to show that their
autorelaxation rate®; 44 neglecting contributions from cross-
correlated spin relaxation, are

2
Ry2HN) =~ (GJ(wN) + 6J(a)H)) + () +
GCwy) + Ay + Ay (1)
G
R,(2H,N) = e (4J(0) + Jwy — wy) + 3wy) +

) i - <
6J(w, + a)N)) +eyd(owy) + €(4J(O) + 3J(wH)) + 9, +

/1N + Rex(Hx) (2)

d2
RU(2HN,) =~ (430) + oy — ) + 3wy +
2

6J(wy, + wN)) +C—6N(4J(O) - 3J(wN)) + (o) + vy +
Ay T RN (3)
din
R,(2HN,) = 5 (3J(wN) + oy — wy) + 3(wy) +
2 2
6J(w, + wN)) +%N(4J(0) + 3J(a)N)) + %(45](0) +

()| + Oy + Oy TR2HN) (4)

where dHN = CLLQ/M)hVHer;,%‘, CN = Bo'}/NAO'N/\/é, CH =

Bo)/HAO’HQ/(l‘Fﬂﬁ'/\?))/?),/AQ is the permeability of free spack,
is Planck’s constant divided bys2 yy and yy are the
magnetogyric ratios ofH and 13N, respectively,ryy is the

(41) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Nummerical Recipes in;Cambridge University Press: Cambridge, 1988.

(42) Abragam, APrinciples of nuclear magnetisn€lerendon Press: Oxford,
1961.

(43) Peng, J. W.; Wagner, @. Magn. Reson1992 98, 308-332.
(44) Allard, P.; Helgstrand, M.; Hard, T. Magn. Reson1998 134, 7—16.

spins are given by (An), while 94 anddy are additions téH
and®®N transverse relaxation rates, respectively, that result from
interactions with proximal external spins and from other
magnetization leaking mechanisms such as exchange with the
solvent, for example. FinallyRex(Hyx), Rex(Nx), andRey(2HxNy)
are the contributions to the,HNy, and 2HNy relaxation rates
that originate from fluctuations of the Zeeman Hamiltonian (the
chemical shift) caused by chemical exchange processes.
Central to the present discussion is the linear combination of
rates,

Rz—l

=5 [Ra(2HN) + Ry(ZHN,) — Ry(2H,N,) —

R,(2HN,)] (5.1)
that we express as

Ry = Rya T AR (5.2)

where from egs 14,

N dﬁN 1 _ _ _
Ria= 8 43(0) + 2 Joy — o) — 3(wy) — 3wy) +

3wy + wy)| (6.1)

ARu= JIRu(H) + Ro(N) — Ry (2HN)]  (6.2)

Interestingly, for chemical exchange processes in the fast
exchange regim&Rex = 0 (so long as the double- and zero-
guantum components of 2Ny are interchanged during the
measuremerttj so thatRs = Ryq and in this limitRs depends
only on the!H—15N dipolar contribution. By contrasty\Rey =
0 outside of this regime. For example, consider the simple case
of slow exchange between two sites, A and B. Then the
exchange contributionRe, to the relaxation of each of the
coherences K Ny, and 2HN that derive from site A is the
lifetime of that sitega ™1, S0 thatRe(Hx) + Rex(Ny) = 2141 =
a1 = Rox(2HxNy).

The above results establish that in genBak not exchange-
free. However, it is possible to construct a set of experiments
for which relaxation rates are essentially independent of

(45) Cornilescu, G.; Bax, AJ. Am. Chem. So200Q 122 10143-10154.
(46) Kloiber, K.; Konrat, RJ. Biomol. NMR200Q 18, 33—42.

J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007 11471



ARTICLES

Hansen et al.

exchange by exploiting the fact that application of a continuous
wave radio frequency (RF) spin-lock field partially quenches

through detailed simulations, thds, is to an excellent
approximation also insensitive to chemical exchange over the

transverse relaxation caused by chemical exchange processesomplete exchange regime (i.eARex ~ 0, for exchange

slower than the field strength of the spin-locking puté&hus,

by measuring relaxation rates in the presence of strong spin-

lock fields that quench exchange processes in the slow to

processes ranging from slow to fast, where th@nlicates that
these are exchange contributions in the presence of spin-lock
fields). Simulations that include cross-relaxation with external

intermediate regime, while exchange in the fast regime cancelsproton spins also establish thBf, is very little affected by

naturally from the combination consideredi (eq 5.1),Rs
~ Ryq for all exchange processes, as shown below.

external protons so long as levels of protein deuteration exceed
approximately 50% (see below), so that to an excellent

Consider the relaxation of the analogous elements to the fourapproximation

listed in eqs *+4, but where!H and 15N magnetization
components are spin-locked along their effective fields. Thus,
in the case of proton magnetization the effective field is along
the axis defined b¢'y = cosPn) 2 + sin(@w) X, whereX andz

are direction vectors in the conventiondd rotating frame,
tan@n) = wsLWRu, wsLn is the field strength (rad/s) of the
1H spin-lock field that is applied along theaxis of the rotating
frame, andQy is the offset (rad/s) of théH spin from the'H

RF carrier. An analogous set of equations applies to nitrogen
magnetization as well. In what follows below magnetization
that is spin-locked along its effective field, Z for *H and

15N, respectively) is denoted with “primes”, so that = A,
cosfa + A sin 6p refers to magnetization spin-locked along
Za (A = H, N), where the “unprimed” operators indicate
magnetization in the rotating (unlocked) frame. TRyg2H:N,)
refers to the relaxation rate measured in the presence of a stron
1H spin-lock field, whereRx(2HyN,) is the analogous rate in
the free precession limit. SimilarliRy2(2H',N',) is measured

in the presence of simultaneolid and >N spin-lock fields.
Assuming thaiwes aTr < 1, wefta < ON,0H, Wherewesa =

Jod A+ Q4 andtr is the correlation time of the assumed
isotropic molecular tumbling, the autorelaxation rates in the tilted
rotating frames aré“8

R, (2H N) = Ry(2HN,) sir? 6, + Ry(2HN,) cos 6,,  (7)
Ry, (2HN') = Ry(2HN,) sir? 6y + Ry(2HN,) cog 6,  (8)
Ry, (2H N') = Ry(2H,N,) sir? 6, sir? 6, +
R,(2HN,) sir? 6, cos’f,, +R,(2H,N,) cos 6, sin’6,, +
R,(2HN,) co 6, cos?d,, (9)

where the expressions fd&®, are as listed in eqs-34. It is
understood, however, that the expressions foRheates must
be modified from those that apply in the laboratory frame to
take into account the spin-lock field(¢)s.a. A linear combina-

Ry, ~ sin’ 6, sir’ 6 Ry (11.2)
TheRs, rate can be readily obtained from four NMR relaxation
experiments, described below, that quantify either the single
quantum ratesRy,(2H'N,) andRy,(2H,N';), or the decay of the
multiquantumRy2(2H N’ and the two-spin longitudinal order,
Ri(2H:N,), states.

Experimental Implementation: Figure 1A illustrates the
pulse schemes that have been derived for the measurement of
Ri,(2H'N,), Ri,(2HN'), Ri2(2HN',), and Ri(2H,N,). The
experiments follow closely on the basic enhanced-sensitivity
IH—15N HSQC sequenc®,with an additional element, Figure
1B, inserted at poind when the density operator of interest is

roportional to 2EN,. The pulse/delay element of Figure 1B

mediately preceding and following the spin-lock period of

duration Telax €nsures that each magnetization component is
locked along its effective field during application of the spin-
lock and subsequently returned to thexis at the completion
of the relaxation element. The mechanics of the alignment
scheme are described in detail elsew€ri¢1/15N 180 pulses
applied during theTelax periods that quantifyR,(2H':N,),
R, (2HN'7), andRy(2H,N,) effectively suppress cross-correlation
relaxation interference between tHeé—°N dipole and either
IH or 15N CSA interaction$!52 At the conclusion of the spin-
lock element!>N chemical shift is recorded (betwebrandc)
and magnetization is subsequently transferred baék t( to
d) for detection. Thus, correlations are observedQy,£21)
with intensities proportional to exp(TielaxR), Where R =
Ri,(2H':N7), Ri,(2HN'7), Ri2(2HN';), or Ry(2H:N), depending
on the experiment.

Validation from Simulations: In order to establish th&s,,
is sensitive only to the intraresiddlel—1°N dipolar interaction,
as implied by eq 11.2, we have turned to simulations. Specif-
ically, we wish to evaluate how effectively the experimental
scheme proposed in Figure 1 suppresses chemical exchange and

tion of the four rates is constructed, analogous to what was doneto what extent cross-relaxation with external spins affects the

above,
R, = %[Rlp(zH',_Nz) +R,(2H,N,) (R , @H,N')+R(HN,) (10)
Rsq Ryviozo
and from eqs #9
Ry, = Sin’ 0,,inf O (Ryy + AR ) (11.1)

independent of contributions from CSA. We will show below,

(47) Deverell, C.; Morgan, R. E.; Strange, J. Mol. Phys.197Q 18, 553~
559

(48) Korihnev, D. M.; Billeter, M.; Arseniev, A. S.; Orekhov, V. Prog. Nucl.
Magn. Reson. Spectros2001, 38, 197—266.
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measuredRyq rate. The details of the simulations are given in
the Supporting Information. Briefly, we have followed the
formalism of Allard and co-worker&}5556who have derived a
master equation for the evolution of a two-spin heteronuclear
spin system, and we have modified their equations to include
chemical exchangéH CSA, and for some applications a third

(49) Kay, L. E.; Keifer, P.; Saarinen, 3. Am. Chem. S0d.992 114, 10663~
10665

(50) Hansen, D. F.; Kay, L. El. Biomol. NMR2007, 37, 245-255.

(51) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. &.Magn.
Reson1992 97, 359-375.

(52) Palmer, A. G.; Skelton, N. J.; Chazin, W. J.; Wright, P. E.; Rance, M.
Mol. Phys.1992 75, 699-711.

(53) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJRViagn. Resonl1983
52, 335-338.
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spin (external proton). Chemical exchange has been considered

using a simple two-site exchange model,

I<AB

kea

where the population of the minor state j&, andkex = kag

+ kega are allowed to vary. The simulated rateRsq =
Rip(2H' N, + Ry, (2HN';) and Rugzo = Ri2(2HN'7) +
Ri(2H:N,) (see eq 10) are obtained by fitting a two-parameter
single-exponential decay functiofexp(—TrelaR), t0 As(Trelay)

= 1(2H' NI (2HN';) and Aug,zo(Trela) = [(2H'N')I(2HN,),
respectively, wheré(Oy) is the measured time dependence of
the intensity of @ € {2H' N, 2HN';, 2H,N';, 2H,N;}. The
Rs, rate is, in turn, obtained by fitting a two-parameter single-
exponential functionaexp(—2Rs,,Trelay, to the ratio, =
AsTrela)/Amo,zo(Trelay), Noting that

-1
2T,

(Ing—Ina)=R;,

relax

with Ryg + AR ex Subsequently calculated from eq 11.1. Figure
2A plots Rsg (green),Rug,zo (red), andRyq + AR ex (blue) as

a function ofpg (1—10%) andke for IH and5N chemical shift
differences between states A and B of 550 and 600 Hz,
respectively. These shift differences are on the very high en
of what is usually observé@and thus provide a rigorous test
of the method. The calculaté}y + AR e« is expanded in Figure
2B and compared with the expected value Rfy that is

calculated directly from egs 6.1 and 11.2 based on the input

parameters (i.e., the absence of exchamlg®.x = 0; dashed
line). The simulated values &y + AR ex can be either below
or above the dashed line, depending on e offset, and do

not coincide with the dashed line because of residual cross-
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Figure 2. (A) F@Q = Rlp(ZH'ZNZ) + Rlp(ZHZN'Z) (green),RMQ,zo =
Rip2(2H':N'7) + Ri(2H:N;) (red), andRys + ARex (blue) relaxation rates
(14.1 T) vs exchange ratk,, simulated for an isolatedH—15N spin system

d in a protein. A correlation time of 10 ns and motion described by a model-

free spectral density functiéhwith & = 0.8 andr. = 100 ps have been
assumed. Furthermore, leaking factorsygf= 10 st andiy = 1 s! (eq

1-4) were included to account, to first order, for external spins. All
relaxation interactions and the effects of chemical exchange (assumed two-
site) were included using the master equation of Allard and co-wotkeT8s

as described in the Supporting Information. The relative population of the
minor site is indicated (from 1 to 10%). Chemical shift differences between
exchanging sites of 550 and 600 Hz were assumedfbrand 15N,
respectively. (B) Expanded view ¢{yg + ARex, showing that exchange
introduces errors of less than 0.7%. The horizontal dashed line corresponds
to the value ofRyq that is calculated directly from the input parameters in

correlation effects that are incompletely suppressed by the the simulation, 7.9274 (egs 6.2 and 11.AR e = 0). The dotted, vertical

schemes described in Figure 1. Simulations like those in Figure jine is drawn atkey

N A0Y + Aw? = 5114 s, to delineate in a

2 establish that the effects of exchange are eliminated to betterqualitative way the break between slol < Aw) and fast kex > Aw)

than 99% over a wide range of exchange parameters.
In addition to quantifying the potential contributions from

exchange.

= 10 000 s, corresponding to the value of the exchange rate

chemical exchange we were also interested in examining how tnat gives the maximum contribution to the individual relaxation

proton spins proximal to the amide group in question might
influence extracte®yq rates. Here we have considered a three-
spin spin system by including an additional protblgy, located

at a distance of¢; from the amide proton spin, where

_ —6 \-1/6
Vet = (ZrH—Hi)
I

with the summation over all protonid;, in the protein excluding

the amide proton in question. The evolution of the spin system
has been calculated following a simulation protocol that is
summarized in the Supporting Information. Calculations have
been performed for proteins labeled in a number of ways,
including a perdeuterated molecule, one with 50% random

deuteration, and a fully protonated protein, as described below.
Chemical exchange has also been included using the same
parameters as those used in the simulations of Figure 2, bu

with a fixed population of the minor state of 2% along with

(54) Schleucher, J.; Sattler, M.; Griesinger, Ahgew. Chem., Int. EdL993
32, 1489-1491.

(55) Allard, P.; Helgstrand, M.; Hard, T. Magn. Reson1997, 129 19-29.

(56) Helgstrand, M.; Hard, T.; Allard, R. Biomol. NMR200Q 18, 49—63.

times for the chemical shift differences considered.

Figure 3 displays the systematic errorsRgy as a function
of rex that are calculated from simulations of a perdeuterated
protein (A), a 50% random fractionally deuterated protein (B),
and a fully protonated protein (C). In all cases it is assumed
that the amide positions are completely protonated. Correlation
times of 5 (red), 10 (green), and 15 ns (blue) are considered.
Also indicated (insets) are thes distance profiles that are
calculated on the basis of high-resolution structures of a number
of proteins and the labeling patterns considered. Curves are
drawn only for distances that are observed in proteins and
depicted in the insets, with continuous lines fgf > ro = 2.15
A (A), 1.94 A (B), and 1.72 A (C) and broken lines fog <
ro; values ofr, are chosen such that for 98% of tHd—15N
pin-systems, < re. The dashed black vertical lines denote

tthe shortest distances observed in the set of proteins considered.

The arrowheads shown on the ordinate axes indicate the upper
error bounds for 98% of theH—15N spin systems (i.e., errors
for reff = o).

The influence of external protons on the measured values of
Rqq depends on the relaxation time pointseay Used in the
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of 46, 30, and 22 ms are calculated for 50% reduction in signal

= intensities of 2MN, for perdeuterated, 50% randomly deuter-
& 2 ated, and fully protonated proteins, respectively (corresponding
'g at ‘:ﬁ [ to T, values of 66, 43, and 32 ms). In the simulations presented
I-tlJ) sl ‘ §3°: we have used average values gf of 2.350, 2.050, and 1.875
5 Z 20f A to calculate max(relay fOr the three classes of proteins based
5 -8r E 1o} on distributions of distances shown in the insets to Figure 3.
2 10} ol Systematic errors that would be expecte@&ipmeasurements
w_12 X have been calculated on a per-residue basis for protein L,

—— — ubiquitin, and cytochrombse for a number of different labeling
__or B patterns, Figure 4. Here we have assumed a correlation time of
£ _p i 10 ns for each protein and have calculated per-resiguelues
S Y A e A LRI based on high-resolution structures of the proteins, as described
L o % o ' above. In cases where deuteration levels of at least 50% are
% 6r z :Z employed, errors less tham% are obtained. The largest errors
E 81 g ol ; are generally noted in loop regions. Although we have assumed
B 40k NE : constant dynamics parameters throughout each protein in the
@ 1oL 18 2-°rmmf2 24 simulations & = 0.8,7. = 100 ps) we would expect in general

PR R S S S S — that there would be increased dynamics in the loop regions that
~ T e would, in fact, decrease the errors (sifle-1H cross relaxation
£ ot effects will diminish).
‘g a b It is clear that even for 50% fractionally deuterated proteins
I-:lj s the level of systematic error is tolerable, although error levels
= ﬂ are, in our view, unacceptably high for applications involving
qs, -8 I fully protonated molecules. In this regard it is of interest to note
B _q10 k< that external protons also introduce systematic errors in mea-
w_12 { 18 17 1-2"{;;9 20 21 surements of°N R, values. In particular, for fully protonated

- s S molecules contributions t&®N R, rates on the order of-23%
1.8 20 22 24 2.6

(A are estimated (14.1 T).
et(A) Finally, although we recommend recording spectra on highly
Figure 3. Systematic errors in the deriveRlq rates caused by external  deuterated proteins when possible, the simulations of Figures 3

proton spins that are dipolar coupled to the amide proton in question in the P . LS
case of a perdeuterated, amide protonated protein (A), a 50% randomand 4 indicate that the methodology is tolerant of a significant

fractionally deuterated protein (B), and a fully protonated protein (C). level of protonation. With this in mind we have also examined
Simulations were carried out for proteins with overall rotational correlation whether HartmannHahn magnetization transfé#1during the
times of 5 ns (red), 10 ns (green), and 15 ns (blue), while the insets show proton spin-lock element becomes an issue in these cases. In

the distribution ofrer = (Fr;2,;) " for each of the labeling patterns C . .
considered. The distributions were calculated using coordinates of protein principle, such transfer becomes possible when two nuclei

L (PDB: 1HZ6), human ubiquitin (PDB: 1D3%), and cytochromésg, approach the strong-coupling condition during the application
(PDB: 256B9). For protein L and cytochrombse, two molecules are of a spin-lock field, and the transfer of magnetization between
present in the asymmetric unit and the average effective distances ob_tainechomonudear spinsandS due to such mixing is given @9-62
for the two molecules were used. Ten NMR structures were present in the
structure file of human ubiquitin, and the effective distances are the average Isotropic mixing
. . 1 !
over the ensemble of the ten structures. Effective distances were calculated I, —————q,(t,) ', T as(tni) S,  (12.1)
in the case of 50% random fractional deuteration as the average of 1000
runs where 50% randomly selected protons were substituted by deuteronsVhere
in each run. The arrowheads indicate the 98% confidence levels, as defined

in the text. The vertical dashed lines delineate the lower distance limits as(tmiy) = sirt ¢ sinz(qtmix) (12.2)
obtained from the distance distributions in the insets. Details of the
simulations used to calculate the errors are given in the text and in the a“(tmix) =1- aiS(tmix) (12_3)

Supporting Information. Leaking term&; andAy (eq 1-4) were derived
solely from the interactions with the external proton spin.

_ 2 H : 2
experiments. Typically the delays used to measure the relaxation g \/(Q"eﬁ Qs+ (hssinG,sin6g)° (12.4)
of all four elementg 2H ,N,, 2H,N';, 2HN';, 2H,N;} are set _ mJgsing, sinfg
the same (see below), with m3x{.y adjusted so that the fastest tang = Q| ot — Qs eff (12.5)
relaxing coherence (2ZHN,) has decayed to approximately 50% ' '
of its initial value or max{reiay) = 35 ms, whateve.r i§ ;hortest. Q= /QIZ 4 ng,l andQg = /Qé + wéL‘S (12.6)
In general we use an upper bound of 35 ms to minimize sample
heating and dipolar contributions from neighboring spins in andtmix is the mixing time. In principle HartmanrHahn mixing
experiments, and this has been used in the simulations as wellbetween intraresidue amide and alpha protons is possible in
Values of max{ielay) Vary of course with the correlation time  experiments that quantifig,,(2H'-N,) and Ry,2(2H';N';) since
of the protein, the overall level of deuteration, ang. For a strong!H spin-lock field is employed. Such mixing could
example, using eqgs -4 along with a simple model-free  occur when the absolute offset of the amide proton approaches
formulation for the spectral density function and values of 10 that of the alpha proton, and in order to minimize such effects,
ns for the overall tumbling time? = 0.8,7. = 100 ps, values  therefore, the'H carrier is moved to 9.5 ppm during tHel
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protein L ubiquitin cytochrome b562
0 w W ANYY W w e v AY W it AV AY  ATY AY

- 100% °H Al D 100%°H1 |G 100% °H

Systematic Error (%)

12 H 0% % CitLF 0% || H 0% %H
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Residue No. Residue No. Residue No.

Figure 4. Systematic errors in calculatétq rates from dipolar relaxation involving remote protons. All calculations assumed protein tumbling times of 10

ns and measurements at a field strength of 14.1 F.@A\protein L (PDB: 1HZ87), (D—F) human ubiquitin (PDB: 1D32), (G—I) cytochromebss, (PDB:

256B9). Proteins are deuterated at all positions with the exception of the amide sites (A, D, G), 50% randomly deuterated (B, E, H), or fully protonated (C,
F, 1). Effective distanceses, for each amide proton in the three proteins were calculated as described in the text and in the legend to Figure 3 and converted
into the systematic errors iRyg according to Figure 3. Secondary structure elements for the three proteins are shown at the top. Residues showing large
changes in error from 50% to 0% have amide protons that are within short distances of aliphatic spins, while amide protons from residues with larger
than average errors in the 10094 case are close to other amides.

spin-lock period. One particularly bad case is when the amide {5N Ry, N Ry, *H—15N NOE} 11 7rand{**N Ry, **N Ry,, 1H—
proton resonates far upfield, as is the case for lle 36 in human 5N NOE} ;g g7, obtained at a pair of magnetic fields, oft#{0),
ubiquitin, where the chemical shift of the amide proton is at J(wn,11.71), J(@n,18.87), I0.87wnH 11.71), I(0.87wH 1887, Rext,
6.17 ppm and the alpha proton is at 4.45 pinidere the whereRey is assumed to be proportional B3.58 In a similar
isotropic mixing transfers(tmix), is up to 8% (4%) of the initial mannerJ(0) is obtained by mappingtN Ry, TH—1N Ryq, 1H—
magnetization if théH carrier is placed at 4.8 ppm, at a static 15N NOE} 15 g, measured at a single figldnto{ J(0), J(wn 1s.7,
magnetic field strength of 11.7 T (14.1 T), using a 13 kHz spin- J(0.87wy 1887} by making use of the relation

lock field strength, and assuming a scalar coupling constant of

10 Hz between the alpha and amide protons. However, less than dﬁN
0.1% of the initial magnetization is transferred when the Ry= ry 4J(0) — 3)(w,) + 0.845)(0.87w})| (13)

carrier is positioned at 9.5 ppm.

Experimental Verification: In order to establish that accurate .
values ofRyq are obtained using the pulse schemes of Figure 1 that follows directly from)(eww) ~ (0.87k)* J(0.87 wy), when
we have compared experimentally determined values of the @HTc > 1 ande ~ 1. Note thatRyj values are expected to be

spectral density evaluated at zero frequed(), obtained from  independent oRexand there is na priori reason to include an
“standard”5N Ry,, Ry, and NOE measuremefté*with those exchange term in this case. Figure 5A, C show the correlations
calculated wherdR;, values are replaced Hguq for a pair of betweenJ(0) values obtained using the two approaches for

proteins. SpecificallyJ(0) has been obtained on a per-residue Perdeuterated samples of protein L (A; 278 K, correlation time
basis by mappirf§:65-67 the six experimentally measured values, ©f @pproximately 8 ns) and ubiquitin (C; 298 K, correlation time
of approximately 4.5 ns). The excellent agreement betWwédn

(57) SO’Ne:g,Zgb\]{\/g7KLrl?3, 0[3.48E?; Baker, D.; Zhang, K. Y. JActa Crystallogr., values calculated with the different methods is clear, establishing
ect s . H
(58) Cornilescu, G.; Marquardt, J. L.; Ottiger, M.; Bax, A.Am. Chem. Soc. that theR4s measurements are robust and independefReof

- 1|_9%8 12QFe_sélert_6837.A_ Bethae. P. H. Bellamy. H. D Mathews. F. S Interestingly, nonzer®ex values are obtained for many of the
) e oL Na 43y aag: - o Bellamy, H. D Mathews. F- S.yesidues in both proteins based on analyses that inviée
(60) Hartmann, S. R.; Hahn, E. Phys. Re. 1962 128 2042-2053. Ry, values, and indeed if such contributions are neglected the
(61) Muller, L.; Ernst, R. RMol. Phys.1979 38, 963-992. . .

(62) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, Rralein NMR correlation betweed(0) values generated via the two methods

spectroscopy, principles and practjisgcademic Press: San Diego, 1996.  shows a decided offset, particularly at low temperatures. Thus
(63) Weber, P. L.; Brown, S. C.; Mueller, IBiochemistry1987, 26, 7282 P y P !
7290.

(64) Kay, L. E.; Marion, D.; Bax, AJ. Magn. Reson1989 84, 72—84. (66) Ishima, R.; Nagayama, Hiochemistryl995 34, 3162-3171.
(65) Farrow, N. A.; Zhang, O. W.; Szabo, A.; Torchia, D. A.; Kay, L. E. (67) Ishima, R.; Nagayama, K. Magn. Reson., Ser. B995 108 73-76.
Biomol. NMR1995 6, 153-162. (68) Trott, O.; Palmer, A. GJ. Magn. Resorn2002 154, 157—-160.
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—_ ~ As a second validation we have compard@®) values
3 ~ sof A j obtained by independent mapping{¢tN Ry, TH—1N Ryq, tH—
z -t 15N NOE} measured at a pair of static magnetic fields, 18.8 T
n':: 5 25} ‘ and 11.7 T. Values a¥(0) are expected to be field independent,
& & P and indeed Figure 5B and D show that this is the case for both
— '5 20} s protein L and ubiquitin, respectively.
g ® , y = (0.994+0.003)x As a final note we wish to emphasize that we prefer to
s®15F 7 R2=0.981 calculateRyq rates fromg (see above) rather than by fitting the
= > 8=-05% decays of 2N, 2H,N',, 2HN',, and 2HN, separately and
y then taking the appropriate linear combinations of rates (eq 10)
w30} because effects due to cross-relaxation with external protons,
g B ‘! modulations from scalar couplings, or imperfect spin-locking
& 25} g of magnetization tend to cancel to some extent by obtaining
o~ M Ryq by fitting to a ratio of intensities. In addition, any interplay
E“(‘a; 20l J bgtv_ve_enA and R in_ fits o_f data toy = Aexp(—RTelay is_
@ _ y = (0.995:0.002)x minimized wheerg is obtained from one rather than four fits.
= 15} s R2= 0.983 Both the theoretical and experimental results presented above
=3 > 7 8=-0.3% establish that to an excellent approximation tRgy rate
1'5 2'0 2'5 3'0 calculated from the measured valueRsf, and eq 11 depends
i i i i only on the dipole-dipole 'H—15N interaction, with contribu-
" o tions from chemical exchange, CSA relaxation, and interactions
(ZD ks C with external spins canceling out, so long as reasonably high
e 1.5F levels of deuteration are employed. This has particularly
n:& g » ‘< important advantages in applications to protein systems with
o f_“ 1.0F . s pervasive chemical exchange, such as for a stabilize;:l9 Zi)lding
2 g os ‘ r's ) = (0.982:0.004)x |ntermed|ate of the redesigned apocytochrdmg protein?®
<~ 05F < R2=0.977 considered below.
g; ® » s §=-2.3% Dynamics of PUF1*: The folding propgrtles of redeglgned
L L L L apocytochromebsg, have been studied in some detail by a
_ 20 F s variety of biophysical approaches including native state hydro-
8 D ‘ gen exchange experimerifsUsing this method it has been
Z 15F , shown that the folding pathway of this protein includes a pair
< i< » b of intermediatesPUF2 where the N-terminal helix is not formed
g 10} , and PUF1 where both N- and C-terminal helices are unstruc-
T o tured,U = PUF1 = PUF2 = F, and that the rate-limiting step
2  os5b ¢ ¥>(0.992=0.005)x is between the unfolded statd, and PUF1°. Mutants have
5 -’ € g_:_c;.ga;/z been designed to stabilize each of the two intermediates so that
= 0.0 2 . Tohen . they can be studied directfy:33In particular, mutations were
05 1.0 15 20 generated in the N-terminal helix that have little effecRiF2,

J(0) (ns) [ Ryq, Ry, NOE | @ 18.8T

Figure 5. (A, C) J(0) values obtained from measurement3tdf-15N Ryg,

15N Ry, and!H—15N NOE values abnestatic magnetic field strength agree
with corresponding values isolated fréfiN Ry, >N Ry,, and*H—1N NOE
measurements do static magnetic fields for perdeutratédN labeled
protein L, 278 K @, 7c ~ 8 ns) and perdeutrateéiN labeled ubiquitin,
298 K (C, tc ~ 4.5 ns). (B, D)J(0) values obtained from measuréd—
15N Ryq, N Ry, and 'H—1N NOE rates are independent of the static
magnetic field strength for both protein L (B) and ubiquitin (D). The fitted
slopes are obtained by a least-squares fit of the fungtierax to the data,
Ris the coefficient of linear correlatioR = ox/(0yy0xy), Whereo,, = 3

(vi — @0 — &OUN, N is the number of points, andlis the systematic
deviation fromy = x, 6 = S (yi — x)/x . The dashed lines correspondyto

=X

a significant advantage with an approach based on recording
Ryq is that data from only a single field are required, while if

the traditional methodology based on measuremeRofates

is to be used relaxation data at a minimum of two fields must

be generated and a model of h& varies withBy must be
evoked (see below) or thBy dependence oRe fit as an

additional paramete®,

(69) Zhuravleva, A. V.; Korzhnev, D. M.; Kupce, E.; Arseniev, A. S.; Billeter,
M.; Orekhov, V. Y.J. Mol. Biol. 2004 342, 1599-1611.

11476 J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007

PUF1, or U but that destabiliz& (W7D, L10G, L14G, V16G,
117G), so thatPUF2 becomes the ground state. An additional
three mutations were made (198G, Y101G, Y105G) to convert
PUF1to the ground stat&® Here we examine the dynamics of
the “stabilized’PUF1 (i.e., where mutations are introduced to
convertPUF1 to the dominant state in solution, referred to in
what follows asPUF1*) that displays a wide range of motion
over many time scales (see below), independent of protein
concentration, and it is immediately clear even from a prelimi-
nary analysis of the dynamics data that there are pervasive
contributions to relaxation from millisecond chemical exchange
events. This can be seen in Figure 6 that shows the decay curves
for 2H' N, (»), 2HN'; (v), 2H N'; (O), and 2HN, (O) elements
measured for Asp 50 (A) and Val 69 (B) ®UF1*, recorded

at a static magnetic field of 14.1 T and a temperature of 288 K.
The insets to the figure show the time dependencefSfer
AsTrela/Ava zo(Trelay) (See above), from whicRyq values are
obtained. In the case of Asp 5By,(2H',N,) ~ Ry (2HN',) ~
Rip2(2H':N') > Ry(2H:N,). Although the rate of the longitudinal
order term is expected to be less than the others, the fact that

(70) Zhou, Z.; Huang, Y. Z.; Bai, Y. WJ. Mol. Biol. 2005 352, 757-764.



Exchange-Free Measure of *°N Transverse Relaxation ARTICLES

1.0 A -
0.9

0.8

0.7

Intensity (A.u)

beelox! boxloz

06

Tr (ms)
05 e \ \ .

1.0 B
0.9

0.8
0.7
0.6
05F

86

Intensity (A.u.)

Izlzx! boclzz

Teelax (MS)
1

0 5

10 15 20
Trelax (MSs)

35 t
30t
25

RYs")

2t

0 04 08

0

0.4

0.8

vepma(kHz) vepma(kHz)

Figure 6. Decay curves of 2, (O, 1:4Trelan), 2H Nz (O, lxd(Trelax), P

2HN'; (7, In{Treid), and 2HN; (A, LfTren)) for Asp 50 (A) and i " y=(1.020+0.007)x
Val 69 (B) of PUF1*, 14.1 T, 288 K, obtained using the pulse schemes 1k / R2=0.990 ]
of Figure 1. The insets show the time dependence of the product !

A\'SQ(Trelax)/AMQ,ZO(Trelax) = |z>(TreIax) X |><Z(Trelax)/[|xx(TreIax) X |zz(TreIax)] that D{} -i é é :‘ é é 7
decays with the rate constarRa sir? 6y sir? Oy, eq 11.2. The solid lines
are obtained from best-fits to an exponential decay function. Values of J(0) (ns) [ Rgq, Ry, NOE] @ 14.1T
Ri(2HN,) = 3.79+ 0.08 s1[4.49+ 0.15 5, Ry,2(2H N';) = 19.62+

0.07 s [20.45 + 0.19 s, Ry, (2H Nz = 18.26+ 0.05 s* [28.25 +

0.12 s, Ry,(2H,N')=18.08=+ 0.12 st [24.15+ 0.18 5] and Ryy =
6.46 + 0.07 s1[13.77 £ 0.10 s are obtained for Asp 50 [Val 69].
Relaxation dispersion profiles for residues Asp 50 (C) and Val 69 (D), along
with fits to a two-site exchange process (solid lines).

J(0) (ns) [ Rip, Ry, NOE ]
@188T,141Tand 11.7T

Figure 7. (A) The principal axis of the diffusion tensor (fUF1* is
collinear with the two major helices of the folding intermediate. The
diffusion tensor has been determined as described in the text {{$Ng
Ri1, TH=1N Ryg, TH—1°N NOE}14.17 rates from residues 2542, 58-80,
and 84-95 (14.1 T, 288 K) that form helices iIRUF1*.2° The obtained
diffusion tensor parameters are as follovidizo = (D) + 2D)/3 = 1.53 x

all three coherences relax with similar rates can only be 10’ s (tiso = 10.8 ns),D/Dy = 2.02, with the orientation of the unique

; ; ; axis of the tensor given by the polar anglésy) = (85°,10%) in the PDB
explained in terms of a chemical exchange process thatcoordinate frame of the lowest-energy structure of the NMR ensemble

contributes significantly to the measured decays. By contrast, (ppg: 1yzC(model 139). A diffusion tensor was also calculated from the
the decay profiles for Val 69 are in keeping with expectations {1N Ry, >N Ry,, 'H—N NOE} 11 77,14.17,18 s7ates (see text) witbiso =
for a IH—15N spin system in a perdeuterated protein when the (D + 2D1)/3 = 1.56 x 10’ s* (ziso = 10.7 ns),Dy/Dpy = 1.97 and €.¢)
contributions from chemical exchange processes are small,;éiﬁj’é?gi)i'ré?egrdsevzsg%?ﬁ\iﬁr(gr?ﬂh%Vsl’r?;'ileNnSdTkieHr'_\ff—,Rere
Ri(2HNz) < Ry2(2HN'7) < Riy(2HN') < Ryp(2HN,), egs NOE} 1417 rates as described in the text. A simple two-parameSard
1-4, 7-9. An indication of the relative importance of chemical model-free spectral density funct®nwas employed in the analysis. (C)
exchange to the relaxation rates of coherences derived from?(?)_values obtained from measurd@®N Ry, 'H—"*N Ry 'H—N

. . . . . NOE} 1417 relaxation parameters agree with the corresponding spectral
residues Asp 50 and Val 69 is provided in Figure 6C and D, gensity values isolated frof*N Ry, 15N Ry, andH—15N NOE} 1177 1417 157
respectively, where!®N relaxation dispersion profiles are  parameters for perdeutraté@ labeledPUF1*, 288 K; the dashed line is
illustrated. Large variations in relaxation rateR‘;”, as a y=x
function of the number of refocusing pulses applied during a yhe protei® to obtain diffusion parameters via the ModelFree
constant-time relaxation interval(vceuc = 1/(20), whereo is program’* Figure 7A shows the lowest-energy NMR structure
the delay between pulses) are a strong indication of exchangeys piyr1* (PDB: 1YZC(model 1)3° along with the derived
contributions on the millisecond time scale to the decay of (in ientation of the diffusion tensor, based on data from the
this case'®N) transverse magnetization. It is clear that such gcrured regions of the protein, as described in the legend.
contributions are present for Asp 50 and only very slightly Aq expected D is nearly collinear with the long axis of the
present for Val 69, as expected from the above discussion. protein. Values of$ and 7. have been obtained using the

Values ofRy4q have been obtained for 89 of the possible 101 diffusion tensor and measurdéN Ry, *H—15N Ryq, H—15N
backbone amide positions RUF1* and used along with values
for 1N Ry, TH—15N NOE, and the NMR derived structure of

(71) Palmer, A. GModelFree1998 4, 16.
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NOE} 1417 values, with S plotted as a function of residue

number in Figure 7B. A separate analysis has been carried out

using conventional®N relaxation rate§*N Ry, N Ry, *H—
15N NOE} 11.7Th {15N Ry, 15N Rlp, IH—15N NOE} 141Th and{ 15N

Ry, 15N Ry, tH—"N NOE} 15 st measured at three static magnetic
field strengths of 11.7, 14.1, and 18.8 T, respectively. The nine
rates were mapped onto seven spectral density \iilaad an
exchange term{J(0), J(wn,11.77), J(wn14.17), I(wn,18.87),
J(O.87wH,11A7T), J(O.87a)H,14A1T), J(O.87CUHV18_8T), Rex}, assuming
that Rex is proportional toBS. Exchange-free values &N Ry,
were subsequently recalculated and used along*®hitiR; and
IH—15N NOE values to obtain the diffusion tensor following
standard proceduréd’® Finally, the J(0) values derived from
the nine rate$15N Rl, 15N Rlp, IH-15N NOE} 11.7T,14.1T,18.8WWere

compared on a per-residue basis with the corresponding valueé;)

obtained from reduced spectral density mappind 6N Ry,
IH—15N Ryq, IH—15N NOE}14.17 (g 13), Figure 7C. A strong
correlation is obtained betwed(D) values derived from either

Ry, or Ryq rates, and consequently the diffusion tensors generated

[0 — J()11(0) (%)

30 40
Residue No.
Figure 8. Systematic errors in the determinationf®) (or &) from the
analysis of simulated relaxation data that is subsequently interpreted with
the assumption thaRex 0 B2 The effects of chemical exchange were
ncluded using specific exchange parameters and chemical shifts that have
een obtained from fits 0N relaxation dispersion data recorded on the
G48M Fyn SH3 domain mutaftusing eq 14; a two-site folding process
is assumed®N Ry, N Ry,, and'H—1N NOE values were computed at
magnetic field strengths of 11.7 and 18.8 T. For all simulations, the spectral
density function used to calculate the relaxation rates was described by a
simple Lipari-Szabo mode¥® J(w) = (¥s)[Srr/(1 + w?3) + (1 — P)rd

by the two methods are in excellent agreement. Thus, the ; t 2/ | whereS = 0.8 and 1fe = (1/100 ps+ 1/zg), and the spin-

assumption thaRex [1 B is reasonable for the analysis of
relaxation data from this protein. It is worth noting that analysis
of 1N Ry, IN—1H Ry,, 'H—°N NOE data derived from a single
static magnetic field failed; the diffusion tensor determined did
not agree well with that shown in Figure 7, and valuesSbf
were larger than those plotted in Figure 7b, v 1 in many
cases.

Despite the fact thaRex [ B for PUF1* there are cases
when this assumption is not strictly correct (see below), and

here systematic errors can be introduced into the derived

dynamics parameters using an analysis basé@R, values.

lock field strength in theRy, experiments was set to 1.9 kHz. Values of
J(O)i were determined from reduced spectral density mapgitity, Ry, 1N

Ry, andH—N NOE} 11771887 {J(0), I@n,11.79, Awn 1887, I(0.87wr 117D,
J(0.87wr18.87), Rex (Rex 0 BY)}, and compared with thé0) used as input

in the simulations. Data indicated by blue squai@} re based on fits
involving Ry, values calculated from exchange parameters measured for
the Fyn SH3 domain at 2%C, i.e.,kex = 532 s'1, pg = 3.0% along with

wr = 5.0 ns; green circles)) correspond to parameters obtained atG0

i.e., kex = 851 s%, pg = 4.5% andrr = 4.35 ns; while red trianglesa{)

are simulated with parameters obtained at@5i.e.,kex = 1362 s%, pg =
6.2%, andrr = 3.9 ns. Reliablé®N relaxation dispersion profiles could be
obtained experimentally at all temperatures for all the nuclei shown in the
figure.

For example, consider exchange between two states, A and B gt 5 number of temperatuf@and calculated®,, values at 18.8

with pa > pg. Trott and Palmer have derived an expression
that relatesRex to the exchange parametéfs,

R, = pApBszkex Pa pBszkex
g wg,eﬁw,%\,eff/wgﬁ + kix Qé + wi

wherewity = QF + wl, w3 = (PaQa + PeQe)? + 0f, Aw =
Qa — Qg, with Q4 and Qg the offsets of thé>N resonance

frequencies of the major and minor states from the carrier (rad/

s), w1 is the field strength of the spin-lock field (rad/s), akg

is the rate of chemical exchange. Although the numerator of eq to bec

14 increases withs3, one of the three terms in the denominator
(Q3) grows withBj as well; thus the field dependenceR is
expected to be somewhat less than quadratic uméss K2,

and 11.7 T (assuming the set of dynamics parameters reported
in the legend to Figure 8). Subsequently, simulated relaxation
rates and NOE values were fitted to a model that assuRaes

O BS, and the extracted(0) values compared to those com-
puted for the case where exchange contributions are set to zero.
Figure 8 plots the systematic errorJ(®) values that is obtained

for a series of exchange parameters that correspond to those
obtained in the Fyn SH3 domain at temperatures ranging from
25 to 35°C. For the Fyn system botkx andpg increase with
temperature, and sind&x grows withpg andkex (in the limit
thatwi > Key), Systematic errors id(0) would also be expected
ome larger at higher temperatures. This is indeed what is
observed. Furthermore, systematic errors are expected to
increase with decreasing effective correlation timgss, since

the relative contribution to transverse relaxation from chemical

2 . .
> Qg. Indeed, using two-site exchange parameters that char-eychange increases (i.e., spin systems that are characterized by

acterize the folding/unfolding kinetics of the G48M Fyn SH3
domain (at 25-35 °C) that has been studied by our laboratory
previously?” along with a >N spin-lock field of 1.9 kHz
centered at 119 ppm, we calculate tRa{1s s7Rex,11.77= (18.79/
11.74¥, with k varying between 1.8 and 2.0, depending on the

a shorterrc ¢ Will have smaller intrinsic exchange-free relax-
ation rates so that the relative contribution to the rates from
exchange will increase). Thus, extra care must be taken when
deriving J(0) and & for stabilized folding intermediates and
disordered proteins, since these molecules can have large regions

residue. Clearly, in a general case, systematic errors will be with shortzc ¢ values due to local flexibility. In addition, a

introduced into the analysis of relaxation data if the assumption
that Rex O Bg is made. As an illustration we have taken rates
and chemical shift differences obtained from two-site fits of
15N relaxation dispersion data recorded for the Fyn SH3 domain

(72) Palmer, A. G.; Rance, M.; Wright, P. B. Am. Chem. Sod 991, 113
4371-4380.

11478 J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007

second limitation of any model that assumes tif is
proportional toB‘(‘) is that it does not take into account potential
differences in spin-lock field strengths between measurements

(73) Lee, L. K.; Rance, M.; Chazin, W. J.; Palmer, A.J5Biomol. NMR1997,
9, 287-298.
(74) Massi, F.; Grey, M. J.; Palmer, A. @rotein Sci.2005 14, 735-742.
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performed at different static magnetic fields that only become bse, has been presented here. Measuremeyglalues that
insignificant in the limit thatQ2 + k2, > ? (eq 14). As afinal  depend only on dipolar contributions to relaxation are likely to
point it is worth noting that exchange contributions for protein become increasingly important in studies performed at high
L and ubiquitin are such thab? + k2, > Q3 74 so that the ~ magnetic fields where contributions from CSAY%N Ry, rates
assumption thaRey is proportional toB3 is reasonable for ~ become significant and hence site-by-site variations in CSA
these proteins (Figure 5A,C). values begin to emerge as an issu& The present set of
experiments adds to a growing list of NMR methods that
provides detailed information about protein dynamics that will
An approach is presented for obtaining an exchange-free ultimately lead to a far better understanding of the relation
measure of°N transverse relaxatiormRyg, that can be used in  between motion and function in this important class of molecule.
place oft>N R_l,, rates in the study of internal protein dynam?cs. Acknowledgment. This work is supported by a grant from
lThelr:ethodlls pased on the measurement of the re_Iaxauon Ofhe Canadian Institutes of Health Research (L.E.K). D.F.H. is
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levels of deuteration, the computations presented here establish ) . . .

that in applications involving proteins with deuteration levels Supporting Information Avallable: Des_crlptlon of the pro-

in excess of 50% systematic errors under 4% can be anticipated.tocOI _used for computaﬂon; of relaxatlo_n rates that include
Systematic errors of this order are also observedih Ry, chemical exchange, along with plots showing tl@) extracFed .
measurements from contributions arising from external protons from the Rd,d rate by reduced spectral densny. mapping 1
in fully protonated proteins. Measurementd:gf values become ess_entlally independent qf the CSA tensor. This material is
particularly valuable in cases where exchange contributions areavallable free of charge via the Internet at http:/pubs.acs.org.
pervasive such as in studies of folded but unstable proteins,JA072717T
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