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Abstract: A new NMR experiment is presented for the measuremepiseims time scale dynamics of Asn

and GIn side chains in proteins. Exchange contributions to'#Neline widths of side chain residues are
determined via a relaxation dispersion experiment in which the effective nitrogen transverse relaxation rate is
measured as a function of the number of refocusing pulses in constant-time, variable spacing CPMG intervals.
The evolution of magnetization from scalar couplings and dipdipole cross-correlations, which has limited
studies of exchange in multi-spin systems in the past, does not affect the extraction of accurate exchange
parameters from relaxation profiles of Mgroups obtained in the present experiment. The utility of the method

is demonstrated with an application to a LetAla cavity mutant of T4 lysozyme, L99A. It is shown that
many of the side chain amide groups of Asn and GiIn residues in the C-terminal domain of the protein are
affected by a chemical exchange process which may be important in facilitating the rapid binding of hydrophobic
ligands to the cavity.

Introduction backbone motions which are largely uniform in most folded
proteins, a large variability in the amplitude of side chain
dynamics has been obsenf@A number of interesting studies
of protein side chain dynamics have provided insight into factors
that are important for molecular recognitién® and for protein
stability 16

While dynamics occurring on fast (ps) time scales largely
reflect bond librations associated with small amplitude motions,

Macromolecular function is dependent on changes in three-
dimensional structure in response to specific molecular interac-
tions12 For example, proteins involved in signal transduction
often undergo significant rearrangements in tertiary structure
upon ligand binding or covalent modification, such as phos-
phorylation? In the case of many enzymes, access of ligands

to the catalytic site requires transient conformational rearrange- | i I " invol nificant
ments to provide a path of entfyA detailed analysis of SIower ime scale motions may Involve more significan
excursions that are thought to be necessary for biological

molecular dynamics is therefore critical for a complete under- T
standing of function in these systems. Over the past decadefunCt'on‘ With this in mind, methodology has been developed

NMR spectroscopy has emerged as a powerful technique forfor p.robmg backbor_le motions ops—ms time scales_ n
studying molecular motion at atomic resolutiohTo date the proteins? Most experiments involve measuringN relaxation

majority of studies have focused on ps-ns backbone dynamicsrates either as a function of variable spacing in CPMG-based
by measuring™N spin relaxation properties on a per-residue experiments-2L or as a function of effective spin-lock fietd:*

basis! Recently, methods have also been developed for probing™(g) Muhandiram, D. R.; Yamazaki, T.; Sykes, B. D.; Kay, L.EAM.
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Figure 1. Pulse scheme used to measure relaxation dispersion profiles ofifdtips in*>N-labeled proteins. All narrow (wide) pulses are applied
with a flip angle of 90 (18C°) along thex-axis, unless indicated otherwise. The shapi¢gulse at the beginning of the sequensai7 mswater
selective pulse with the EBURP-1 proffte All rectangular'H pulses are applied with a field of 35 kHz and are centered at 4.77 ppm:°Nhe
pulses extending from the 9@ulse of phase1l through to the pulse immediately after pogre at a field of 5.0 kHz, while the remaining pulses
are applied at 6.5 kHz (all centered at 112 pp#i). decoupling is achieved using a WALTZ-16 fiéfd1 kHz at 500 MHz, 1.5 kHz at 800 MHz).

Each CPMG element is of the formzcpme—180 —7cpma)n2, WhereT =

N x (2tcpmc + PWhiso), N/2 is even, anwiigo is the N 180° pulse

width. Quadrature detection iy is achieved using the enhanced sensitivity apprd&éivhere for each value df separate data sets are recorded
for (¢4,99) and $4+180°,—g9). The delays used are as follows;= 2.25 ms;z, = 1/(8J) = 1.394 msi = 1.4 ms,0 = 0.5 ms,T = 40 ms. The
phase cycle isgpl = (x,—X); $2 = 2(X),2(—X); $#3 = 2(X),2(—X); ¢4 = X; rec= x,2(—x),x. For each successitepoint ¢2 is incremented by 180
in concert with the receivé® The durations and strengths of the gradients gfe= (1.0 ms, 5 G/cm)g2 = (0.5 ms, 4 G/cm)g3 = (1.0 ms, 10
G/cm); g4 = (0.5 ms, 18 G/cm)g5 = (0.8 ms,—15 G/cm);g6 = (1.1 ms, 15 G/cm)g7 = (0.4 ms, 3.5 G/cm)g8 = (0.3ms, 2.5 G/cm)g9 = (0.11

ms, 29.4 G/cm).

Interesting applications of these techniques to protein folding, in the C-terminal cavity-containing domain are affected by

ligand binding, protein design, motions in proteins and in chemical exchange processes with rates between 350 and 850
enzyme catalysis have recently been publistte#f. Extending s 1 and that these slow dynamic modes disappear in the wild-
these methods to the study of slow dynamic processes involvingtype protein.

side chains is of considerable interest. As a first step in this

direction we describe herein a CPMG-based relaxation disper- Materials and Methods

sion experiment for measuring exchange at side chain NH

- 15
positions of Asn and GIn residues in proteins. We show that Sample Conditions and NMR MeasurementsA N sample of

the effects of scalar coupling and dipeldipole cross-correlated

T4 lysozyme (T4L) containing the following mutations, C54T/C97A/
L99A, was prepared as described previodlyrhe sample was

spin relaxation, which have hampered the extension of meth- ;omprised of 1 mM protein, 50 mM sodium phosphate, 25 mM sodium

odology to side chain positions in the pasjo not limit the
measurement of accurate exchange rates.

The utility of the approach is illustrated with an application
to a buried cavity mutant of T4 lysozyme, L99A, in which an

alanine residue is substituted for a leucine at position 99 in the

C-terminal domain of the proteii?:31 L99A has emerged as a

chloride, pH 5.5. All spectra were collected at 25 on Varian Inova
500 and 800 MHz spectrometers. Assignment of side chaindiblips
was obtained primarily from analysis of HNCAEGBand (H)CC(CO)-
NH-TOCSY536 spectra.

Relaxation dispersion spectra were recorded as a series of 12 2D
data sets wittB; field strengths,vceme, Of 50, 100, 150, 200, 300,

model system for understanding the role of protein dynamics 400, 500, 600, 700, 800, 900, and 1000 Hz with repeat experiments

in ligand binding, since the cavity formed by the mutation binds
ligands such as substituted benzéhesnd xenon. Ligand
binding occurs rapidly with off-rates of 800 and 300" or
benzene and indole at 2C, respectively. X-ray structures show
that access of ligands is not possible in static structtfr@ge

recorded at fields of 200 and 500 Hz. In addition, a reference spectrum
was obtained by omitting the CPMG intervals in the scheme of Figure
1. Each 2D spectrum was recorded as a complex data matrix comprised
of 96 x 512 points or 128x 768 points at 500 and 800 MHz,
respectively. Typically 8 scans/FID were recorded, with a relaxation
delay of 2.5 s, resulting in measuring times of 1.1 (500 MHz) and 1.4

present study establishes that many of the Asn and GIn residueg800 MHz) h per spectrum.
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The intensities of correlations in each of the experiments were
divided by the corresponding intensities of peaks in the reference
spectrum, and each relaxation dispersion profile subsequently was fitted
using the general equation for two-site exch&nhgdsee eq 3 of Millet
et al’9). Errors in extracted parameters were estimated by comparing
values obtained from fits of profiles derived from each of the two
correlations for a given NEgroup.

Simulations of Spin Dynamics.The effective relaxation rateRgﬁ,
measured using the scheme of Figure 1 is independent of pulse spacing
in the absence of exchange. This has been verified by calcullagfhg
for the Asn®N°2 and GIn'5N<? spins of T4 lysozyme as a function of
the total number of 180pulses applied during the constant-time CPMG
periods in the sequena&18C°). The calculations consider the evolution

(33) Matsumura, M.; Becktel, W. J.; Matthews, B. Wature1988 334,
406-410.

(34) Wittekind, M.; Mueller, LJ. Magn. Reson., Ser. 8993 101, 201—
205.
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101 114-119.
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of the spin density matrix restricted to the set of four coherences from spin system. Simulations (not shown) establish that this interconversion
spins within the NH group,{ N+,2N+Hz1,2N+Hz 2,4N+Hz 1Hz 5}, during has no effect on extraction of accurdf®l exchange parameters, as
the period extending from a to e in the scheme of Figure 1 under the expected since exchange of protons in this manner does not directly
effect of spin relaxation, radio frequency pulses, and scalar couplings. affect the coherence of intereshivt; (see below). Finally, dispersion

The relaxation matrices have been calculated in analytical form using curves which include the effects of two-site exchange have been
a program written with the Maple symbolic computation software simulated by considering spin evolution in the bgdi§ ,2N3 HZ ...,
(Waterloo Inc). The elements of the relaxation matrices were subse- N, 2N% H2 ...} wherea andb label the two inequivalent sites with
quently evaluated for 5 GIn and 11 Asn residues in T4 lysozyme using **N resonance frequencies ofy and wﬁ,, respectively. The corre-

the appropriate set of X-ray coordinates (Protein Database accessiorsponding Zeeman and exchange terms have been included as described
code 6LZM2 protons were added to the structure which was by Kaplan and Fraenké?.

subsequently refined using the program CHLSAsn163 was omitted

from the calculations since there is no density for this residue in the Theory

X-ray structure. It has been shown that the order paramefrs,

describing the amplitudes of motion of tA&N>—'H and **N“—'H General Considerations.Figure 1 shows the pulse scheme
vectors in hen egg white lysozyme correlate well with the solvent- that s used to measure chemical exchange processes involving
access@le surfage_ areas of Asn and GIn re_S|dues in the pfotein 15\ H, groups in 15N-labeled proteins. The experiment is
(correlation c0()effmmnt0.9?). We have used thls.dependence reportedessentially an enhanced sensitivity HS8¥Coptimized for

py _B_uck et aI‘.‘_ together with the solvent accessmle_ surface areas of application to NH spin system& At point a the coherence of
individual residues in T4 lysozyme computed using the program interest is given by ByHz, where Ny and Hz are Y- and

Molmol*! to estimates? for each Asn/GIn residue. Calculat&tvalues Z ts of nit d t . t
vary over a wide range, from 0.2 to 0.9, in agreement with previous .-componen S of nitrogen an pro on spin op.era Ors, respec-
tively, and Hz = Hzi + Hgzo, with the subscripts 1 and 2

experimental observations on related protéffs. Although order . X . .
parameters fofSN%2—1H21 and 15N<2—1H<! dipolar interactions are denoting the two attached proton spins. During the interval

in general, lower than for the corresponding interactions involving €xtending froma to e in the sequence a fixed number 6N
15N02— 11922 gnd 15N2—1H<2 dipolar paird? a single order parameter ~ eéfocusing pulses are applied during each of the ¢aostant-

has, nevertheless, been assigned to allsgfiin interactions involving ~ time CPMG intervals of equal lengtha(to b andd to €). A

a given NH group. N spin relaxation experiments have established series of 2D spectra are recorded as a function of effective rf
that L99A is best modeled as a prolate ellipsoid with a rati®gbg field strength by varying the number of 1806ulses and therefore
=1.32, whereD = Dzz andD= Dxx = Dyy of the axially symmetric the pulse spacing so that the net relaxation time- (b, d — €)
diffusion tensof* However, for simplicity, in the present set of s the same in each experiment. The intensities of cross-peaks

calculations we have assumed an isotropic tumbling model with a jn 2D spectra recorded for a given rf fieldgpuc, are converted
rotational correlation time of 10.8 ns (2&).# A value of T = 40 ms into decay ratengﬁ via

has been used. All dipolar interactions within the three-spin $ildtem
were included in calculations of the Redfield matrix, as well as the
chemical shift anisotropy (CSA) interaction of tH& spin“546 Both Rgf'f(v J= -1 In l(vcpmo) )
auto- and cross-correlations were considered. In addition, dipolar CPM T |

relaxation resulting from all protons within a radius®A from the
amide nitrogen was included by adding contributions to the auto-
relaxation rates of the four coherences of intetédthe validity of

this approach has been verified by performing complete relaxation _. . . -
calculations including all of the Nispins and the pair of protons closest Figure 1,T/2 is the length of each CPMG train andpuc =

to the >N spin (16 16 relaxation matrixes). Although values R§" u (4TCPMS3)’ with ZTC'?MG the separation between the cgnters of
are altered slightly compared to those obtained with the random field Successive refocusing pulses. A plo“@ﬁ as a function of
approach, the dependence m180°) remains virtually unchanged. It~ field strength,uceme, gives a relaxation dispersion profile for
is also possible to include in the simulations contributions from rotation each residue from which exchange parameters can be ob-
about the €—N? (Asn) and @—N¢ (GIn) bonds that interchange the  tained!823
two amide protorf§ (rate of interconversion on the order of several It is worth emphasizing that in previous methods for
per secontf). While this process does not lead to modulation of the measuring relaxation dispersion profiles each point of the
N chemical shift it nevertheless does affect the evolution of the NH  dispersion curve is obtained by recording a set of 2D spectra
39 Brt AT A 5D Clore GV Delano W LG where the length of the CPMG pulse train is incremented with
P.;(Grz)ssnelj%ﬁﬁstl'evé, R.aWi’Jiéng',’ J.;Olzefjsz.ews.i(i, 3.;al:l]icl)g’1es,' M Pra?r?ﬁu, each successive exp(_erlméPn’—?f_’STy_pmally 50 or 60 da.ta sgts
N. S.: Read, R. J.: Rice, L. M.: Simonson, T.. Warren, G.Acta are recorded per profile, resulting in long net measuring times.
Crystallogr.k1998 D54d 90&92(#. y In contrast, in the present approach only a single spectrum is
40) Buck, M.; Boyd, J.; Redfield, C.; MacKenzie, D. A.; Jeenes, D. J,; i i i _ti
Aréhez’ DB Dobsgn’ <. MBiochemictryl 005, 34 A0AL-4055. acqmred for each rf flgld strength since a constant-time sc_heme
(41) Koradi, R.; Billeter, M.; Wehrich, K. J. Mol. Graphics1996 14, is used forall of the rf fields employed. Therefore, it is possible
51-55. to obtain a more complete sampling of the dispersion profile
_(42) Smith, L. J.; Mark, A. E.; Dobson, C. M.; van Gunsteren, W. F.  per unit measuring time than with other methods, although each
B'O(de)’“;'esxﬁ?ﬁi ‘T’(‘.l'; W%t%EQ?%uthnch’ KL Am. Chem. S0d997 point on the dispersion curve has increased random error. A
119, 3842-3843. second and major advantage of using a constant-time CPMG

(44) Mulder, F. A. A.; Hon, B.; Muhandiram, D. R.; Dahlquist, F. W.; interval is that the evolution of the magnetization of interest
Kay, L. E. Biochemistry200Q 39, 12614-12622.

o

wherel(vcpme) andl, are the intensities of a given cross-peak
with and without the CPMG periods fromto b andd to e in

(45) Herzfeld, J.; Roberts, J. E.; Griffin, R. G.Chem. Physl1987, 86, (50) Kaplan, J. I.; Fraenkel, GI. Am. Chem. Socl972 94, 2907
597-602. 2912,

(46) Scheurer, C.; Skrynnikov, N. R.; Lienin, S. F.; Straus, S. K (51) Kay, L. E.; Keifer, P.; Saarinen, T. Am. Chem. S0d.992 114
Bruschweiler, R.; Ernst, R. Rl. Am. Chem. S0d.999 121, 4242-4251. 10663-10665.

(47) Skrynnikov, N. R.; Khazanovich, T. N.; Sanctuary, BM2l. Phys. (52) Schleucher, J.; Schwendinger, M.; Sattler, M.; Schmidt, P.; Sched-
1997 91, 977-992. letzky, O.; Glaser, S. J.; Sorensen, O. W.; GriesingerJ 8iomol. NMR

(48) Perrin, C. L.AAcc. Chem. Red.989 22, 268-275. 1994 4, 301—306.
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from effects not related to chemical exchange is not important from the exchange process itself. It is important, therefore, to
so long as these effects are independent of the pulse spacing ilemonstrate that in the absence of exchange evolution of

the CPMG trains. For example, in the case of AX > 1) spin
systems cross-correlation effects between pairs of AX dipoles

magnetization is independent of pulse spacing in the constant-
time CPMG intervals in the sequence.

renders the relaxation decay nonexponential which complicates  Assuming an isolated Ni-spin system, with thé&N spin on

analysis in the case where experiments with variable-length
CPMG periods are employed, as discussed further below.

A number of features complicate the measuremenisof
ms time scale relaxation properties'8f or 13C spins in NH
and ChH spin systems, respectively. First, evolution from the
large one-bond XH scalar coupling interchanges in-phase and
anti-phase magnetization components that relax with different
rates. Since the rate of application of refocusing pulses during
the CPMG train affects the efficiency of in-phase/anti-phase
magnetization interchange, a relaxation dispersion profile can
be obtained which reflects the difference in relaxation rates of

in-phase and anti-phase signals. This compromises extraction
of accurate exchange parameters. Recently Palmer and co-

workers have developed an elegant method for eliminating this
effect in AX spin system&? however, to date, methodology has
not been described for application to three-spin,A{stems

resonance, the evolution oN2Hz (N+ = Nx + iNy) between
two consecutive®®N 180° pulses in the CPMG trains can be
obtained fror®

N,
2N, Hz, _
N, H,
4N, H;H;,
1 imd ird rz N+
imd Tyt o Thgpe  id [|2NHZ, @
i7d ToThipe Titlhpe  id ||2NyHZ,
I, ixd imd Iy [\4NyHzH;,

In eq 2 the one-bon®N—H scalar coupling, J, and the spectral
densities of thé>N—1H dipolar interactions are assumed to be

such as side chain amide or methylene groups. A secondthe same for the tw&N—'H spin pairs. Only terms proportional

complicating feature in measuring relaxation propertie¥Nf

or 13C spins with more than a single attached proton is the cross-

correlation between pairs of proton-heteronuclear dipolar in-
teractiong%5455 Unlike relaxation interference between CSA
and dipolar interactions which can largely be suppre8%ed,
dipole—dipole cross-correlation effects cannot be easily elimi-

nated and can potentially compromise the extraction of accurate
relaxation parameters unless special care is taken. At first glance,

therefore, a labeling strategy in which one of the two protons

is replaced by a deuteron appears attractive. However, the
substantial scalar coupling between the deuteron and the

heteroatom of interest (approximately 15 and 20 Hzfdr—

2H and*3C—2H spin pairs, respectively) and the short deuteron
T, value leads to an additional contribution to measured
R‘Zﬁ(vcpMG) rates from scalar relaxation of the second Rfnd
that is independent of chemical exchange and varieswithic.

In principle, this unwanted contribution can be suppressed by
2H decoupling during the CPMG periods. Unfortunately,
however, we have observed that the application of refocusing
pulses during the CPMG intervals interferes with the decoupling

process leading to a modulation of the intensity of cross-peaks

as a function ofvcpug that again is unrelated to exchange.

to spectral density functions evaluated at zero frequency have
been included in the expressions for the elements of the Redfield
matrix (macromolecular limit). The values bf, I';, andl'y1 12

are given by

YNYH?
F1=2( S ) 3(0) + T (3)
'NH
YNYHI?
I=2— K(0) (4)
'NH
25 \2
V4
Lhp e = 0. 3H J(0) (5)
MH1H2

where J(0) andK(0) are auto- and cross-correlation spectral
densities due to dipolar interactions involving spins of the,NH
system evaluated at zero frequengyis the gyromagnetic ratio
of spin i, rj is the distance between spingndj, and'csa
contains contributions to auto-relaxation fréf CSA. Thus,

Therefore, a different strategy has been developed to ensurd 1 andI’z contain contributions from auto- and cross-correlated
that dipolar cross-correlations do not compromise measurement@laxation, respectively, whild'v1, derives from auto-

of exchange parameters.

In the Absence of Exchangd?gﬁ(vcpMG) Is Independent
of the CPMG Pulse Repetition Rate With the potential

problems described above we have carefully considered the

evolution of 15N magnetization in an Npispin system during
the interval extending frora to e in the pulse scheme of Figure

1. A necessary condition for the accurate extraction of exchange

parameters from a relaxation dispersion profile is that the only
dependence dRZ“ on the CPMG pulse repetition rate derives

(54) Vold, R. L.; Vold, R. RProg. Nucl. Magn. Reson. Spectro$678
12, 79-133.

(55) Palmer, A. G.; Wright, P. E.; Rance, @hem. Phys. Lett199],
185 41-46.

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

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

(58) Abragam, A Principles of Nuclear MagnetisnClarendon Press:
Oxford, 1961.

relaxation. Cross-correlation effects arising from CS#polar
interactions have not been included in eq 2 but are considered
in the simulations described below. For the case of spins attached
to a molecule undergoing isotropic motion,

1 1
J(0)= 57, K(0) = 5 P,(COSO,1nm2) Te (6)

wherer. is the overall tumbling time anB; is a second-order
Legendre polynomial witt9yinme the angle between vectors
N—H1 and N—Ho.

Rather than immediately evaluating how magnetization
evolves for different CPMG pulse spacings, we first prefer to
consider a number of limiting cases. In the limit that each of
the CPMG intervals in the sequence is replaced by free
precession periodscpuc — 0, the relaxation of each multiplet

(59) Kay, L. E.; Bull, T. E.J. Magn. Reson1992 99, 615-622.
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Figure 2. Effective transverse relaxation ratég,ﬁ, calculated for théN?2 (Asn) and'*N< (GIn) spins of T4 lysozyme as a function of the total
number of 180 pulsesn(18C), applied during the two constant-time CPMG periods of total durafidn (a) a standard CPMG train is employed
(i.e., the interval extending frorh to d in the sequence of Figure 1 is omitted), and the starting magnetizatidn Ia (b) the scheme of Figure
1 is employed starting fromNRH; at pointa. Details of the simulations are given in the text.

component proceeds independently and eq 2 can be condensedontributions to relaxation, and in the limit thatpyme — O,

to: evolution of the spin system during the periods extending from
ato b and fromd to e is described by a more complex system
d (2N+Hz ): of equations (see eq 2), via eq 8,
dt \N;+4N,H; H,
40, 2izd \[2N.H, q [PNeHz
“l2ind T T \N AN H H ) (D S NGHAN H M, =
Ny 4N Hz Hz

Note that N+Hz and Ny + 4N;Hz1Hz» relax with the same 1 .
rates. AlthoughJ-coupling will interchange both components, Iy + Tt -r_ls 2] 0
the relaxation of each will be unaffected. ’ 1 -1

A second limit of interest is where refocusing pulses are —|2i7d r,+ r2+T_ T
applied rapidly compared to 1/(2J) during the CPMG periods, 1 s '1s 1
vepme — . In this case scalar coupling evolution is suppressed, 0 - I'i—TI'+—=—
while the relaxation of each of the operatorsl;21; andN,. + Tl,s Tl,s
4N1Hz1Hz,, remains unchanged'{+ I'y). Thus, in the two 2N, H,
limiting cases consideredicpme — 0 and vecpmg — ®, the N, +4N H; H; 5| (8)
effective relaxation rate offe,Hz is the samel'1+TI,. In fact, N,—4N,H; H;,

it can be easily shown (see below) that the effective relaxation

rate of N,Hz remains constant in the absence of chemical T¢ investigate the behavior of the system as a functiangfic
exchange throughout the entire rangevebuc. it is important to consider how bottN2Hz andN.+4NHz 1Hz
The discussion to this point has focused on an isolateg NH re|ax, since for finite pulse repetition ratesN2H; and
spin system, clearly an oversimplification for biomolecules such N++4N;Hz1Hz, are interchanged via scalar coupling. (In the
as proteins. To good accuracy the effects of external protons|imit of vepye— o the relaxation of the term of interestN2Hs,
can be estimated by including contributions to the auto- js given byI’; + I', + 1/Ty4). In this regard it is important to
relaxation rates of the operators listed in eq 2. In this ap- consider that (i) during the interval extending fromto d
proximation, the auto-relaxation rates (i.e., diagonal elements N;+4NiHz:Hz, and Ny—4NiHz:Hz, are converted to
in eq 2) of N+Hz, 2N+Hz, and N+HziHzp are increased by —(N_+4N_Hz1H;2) andN-—4N_Hz1H; », respectively, and (ii)
1/Tys UTisand 2Ty 5, respectively, wher@;sis the contribution  the relaxation rates of\ Hz andN,;+4N, Hz 1Hz » are identical
to the selectiveT; of each of the protons (assumed equal) of to the rates of the corresponding components obtained by
the NH; group from spin flip-flops involving external protons.  interchangingN; and N-. The cross-relaxation between
In principle, contributions to the decay oN2Hz1, 2Ny+Hz> N:+4N.Hz1Hz 2 andN.—4N:Hz 1Hz » is therefore suppressed

and MN:+HziHzo from exchange with water can also be to first order by the spirecho period extending fror to d.
accounted for by thél;s terms8061 In the case of external

(61) Skrynnikov, N. R.; Ernst, R. Rl. Magn. Resonl999 137, 276—
(60) Grzesiek, S.; Bax, Al. Biomol. NMR1993 3, 627-638. 280.
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The effective relaxation rate dfl.+4N.HzHz» over the
interval extending frona to e is thus given byl"1+1'>+1/Ty g,
to good approximation, as long as the CPMG intervals of length
T/2 are much smaller tham;s. For proteins with correlation
times on the order of 10 ns, minimum valuesTgf are on the
order of 100 ms, whilél/2 = 20 ms in present applications.
Thus, the effective relaxation rates M. 2Hz andN+4N;Hz1Hz>
are the same, and the application of pulses during the CPMG
periods will have very little influence (see below) on the
monitored relaxation rate when chemical exchange is absent.
The utility of the spir-echo interval described above is
reminiscent of the role of selective inversion pulses applied
during the mixing periods of NOESY experiments to reverse
cross-relaxation magnetization transfett is noteworthy that 'H (ppm)
Loria, Rance, and Palmer have used a similar approach in theFigure 3. 800 MHz 2D *H—N NH; correlation map of L99A (1
case of AX spin systems to ensure that the effective relaxation mM protein, 50 mM sodium phosphate, 25 mM sodium chloride, pH
of the magnetization of interest is independent of pulse spacing®-5: 25°C) recorded using the scheme of Figure 1 with the CPMG

F110

F111

- 15N (ppm)
L 112

F113
F114

6.6

in the CPMG traind? periods omitted. Assignments for correlations indicated with * are
) tentative.
To rigorously establish the method we have simulated the
effective relaxation rate ofNH as a function of the number Dispersion Profiles Can Be Interpreted Using Expressions

of 15N 18C° pulses in the CPMG trains of the pulse sequence for a Single Spin Undergoing Chemical ExchangeThe theory

of Figure 1 for the®N%2 (Asn) and5N<2 (GIn) spins of T4 and simulations described above demonstrate that using the
lysozyme. These simulations, Figure 2, include an extendedscheme of Figure 1, and in the absence of exchange, flat
relaxation analysis, with contributions from external protons dispersion profiles are obtained for Nidpin systems. This is
evaluated in a number of different ways (see Materials and a necessary condition for the extraction of accurate exchange
Methods for details). The calculations assume an isotropic parameters in cases where exchange exists but it is not sufficient.
tumbling model with a rotational correlation time of 10.8%s,  We show below that the dispersion profile for an Néystem

800 MHzH frequency and a CPMG duratioh, of 40 ms. All exchanging between two sites can be analyzed using well-known
spectral densities including those evaluated at nonzero frequen+esults derived for a single isolated exchanging Spf.

cies, have been included. In panel (a) a hypothetical experiment The evolution of magnetization exchanging between two sites,
is considered where the period extending friono d in Figure a andb, during the intervals between CPMG pulses, can be
1 is eliminated and the starting magnetizatiorNis while in described according to

panel (b) the experiment of Figure 1 with the initial spin state

2NyH is simulated. It is clear that for a number of residues in 2N HS

lysozyme the effective transverse relaxation r&g, varies d | NG+4ANG H; ngz

considerably with pulse spacing if a standard CPMG period is at | one HP =
employed and the initial magnetizationNs (panel a). This is b+ Zb b b
particularly the case for residues with substantidl, 1fates N} +4N, HzH7,
(~ 10 s'1) and can be explained by considering eq 8 along the NG H2
lines of the above discussion. Na+ 4§a Ha 2
In contrast, when the starting condition iskHz and when —@(Z+iJ+T+X) *:_ b* 21 22 (9)
the echo period betwednandd in the sequence of Figure 1 is + Hz
employedR‘;ff changes by less than 0.2% as a function of the N3+4N'i H;ng2

number of pulses)(18C°), for T = 40 ms; the dispersion profile
thus would allow an accurate quantification of exchange nemical shift, scalar coupling, relaxation, and chemical ex-

processes (panel b). change, respectively. Starting from eq 7 it is straightforward to
Finally, because of the geometry of the Ngtoup (the H:- show that
N—H2 bond angle is close to 120cross-correlation rates are

where matrixesZ, J, T, and X contain contributions from

reasonably small, wit", values on the order of 1°% for a i2+T+Xx=

protein tumbling with a correlation time of 10 ns. Simulations ~ [I+#T2 kst ion © “Ho-a 0

similar to those described above have also been performed for|° TytT + ke +ioy 0 Ko

13CH, groups, where the geometry is such that cross-correlations “ha 0 [T+ ko] 0

are much more significant, showing that the extraction of \° ks 0 F1+Fz+kb~a+(ial»?.

accurate exchange parameters is not affected by dijtifmle
cross-correlation. Thus the methodology presented in this paper,
is also applicable to the study of exchange using dispersion

profiles of 13CH, moieties, although the rapid decay &C 0 2izd 0 0
magnetization in methylene groups will likely limit applications = l2im3 0 0 0
to small proteins. In general, in cases where sensitivity is critical iJ= 0 0 0 A7 (11)
the value ofT can be reduced, although this will limit the range 0 0 %97 O

of vepu to larger values. whereka ., is the rate constant for exchange from sitéo b,

(62) Vincent, S. J.; Zwahlen, C.; Bodenhausen) @iomol. NMRL99§ a)il is the resonance frequency of tH#l spin in sitea, spins in
7,169-172. sites a and b are assumed to relax with the same rates,
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Figure 4. Relaxation dispersion profiles for GIn 105 measured at 500 (a) and 800 (b) MHz and fit with a two-site fast exchang&hisala

lines). Values ofrex = 0.89 ms (500 MHz) and 0.85 ms (800 MHz) are obtained. A simultaneous fit of the data at the two fields establishes that
the fast exchange assumption is incorrect (c). An excellent simultaneots fit {.52 ms) is obtained using the general two-site exchange eqtféfion

(d) [see eqgs 37 of Millet et al*8].
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Figure 5. Relaxation dispersion profiles for some of the Asn and GIn residues showing signiigamat-e. The solid lines correspond to the
best-fit profiles generated from a simultaneous fit of data recorded at 500 and 800 MHz using the general two-site exchange equation. The details
of the fits are given in Table 1. In panel f the dispersion profile for a residue without exchange, Asnl144, is shown for comparison.

magnetization modes are weighted according to the populationsdescribed in the literature can be applied to data from an
pa andpy, and for the moment, external spins are not considered exchanging XH group as welP7:3863

(i.e., the NH group is isolated). Noting that matrixébandiZ The above discussion applies to the case where (i) external
+ I+ X commute, it is straightforward to show that evolution spins are not considered, (ii) the intrinsic relaxation rates of
from scalar coupling is completely refocused duringguc — Hz1andHz, are the same, (iii) dipoteCSA cross-correlations
180 —1cpmc element from the CPMG sequence of Figure 1 (see are disregarded, and (iv) the relaxation behavior of the system
Appendix). The magnetization at the end of eaefnc — in sitesa andb is identical. The more general situation where
180°—1cpmc interval is determined, therefore, by the matrices none of these assumptions are made has been investigated using
+iZ + T + X (see Appendix). Since the matrixiZ + I" + X numerical simulations (see Materials and Methods). In particular,
is comprised of two uncoupled R 2 blocks, each of which is  simulations include spiaflip relaxation contributions from
formally equivalent to the matrix describing evolution of a single ™ (g3) pavies, D. G.; Periman, M. E.; London, R. E. Magn. Reson.,
isolated spin exchanging between two sites, the expressionsSer. B1994 104, 266-275.
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external proton spins~10 s %) as well as a 2-fold difference
in relaxation rates between sitasandb. It was found that the

dispersion profiles generated in this manner are identical to those
obtained for a single-spin exchanging between two sites. Thus,
the analysis of data obtained from the pulse scheme of Figure
1 can be performed using closed analytical expressions derlved yy—

for a single-spin system.

Results and Discussion

Figure 3 shows the 800 MHz 2EH—15N NH, correlation
map of the Leu to Ala99 mutant of T4 lysozyme (1 mM in
protein, 25°C) recorded using the scheme of Figure 1 with the
CPMG periods omitted. Fourteen of the expected 17 pairs of
correlations are observed. Figure 4a and b illustrate the
relaxation dispersion profiles for GIn1l05 obtained at field
strengths of 500 and 800 MHz, respectively. It is worth
emphasizing that a complete profile, comprising twéydéelds
with two repeat points, was obtained #1l8 h of measuring

Mulder et al.

Table 1. Relaxation Dispersion Parameters for Side CHélw

Spins in L99A at 25°C?
R (vepne— ) (s79)
wﬁ,—wﬁ w2t = w27 =
residue  (ppmp  Tex(MSF  Pa(%)? 500 MHz 800 MHz
1.34[.32] 1.57[46] 2.35[.78] 21.15[.47] 24.29[.08]
GIn105 1.82[.10] 1.33[.19] 1.19[.11] 859[19] 9.61[16]
Asn 116 3.99[.07] 2.38[.20] 1.49[.08] 15.84[.01] 17.53[.03]
Asn132 1.63[.28] 2.79[1.61] 0.76[.20] 13.87[.48] 15.02[.35]
Asn140 1.66[.07] 1.17[.05] 1.61[.01] 12.31[37] 14.02[.24]
GIn141 2.32[04] 1.97[20] 0.33[.01] 6.01[.03] 6.05[01]

a Parameters are obtained by fittiR§" (vCPMG) data front5N<—

1He2! and 15N“—1H2 spectral correlations (GIn) dfN°2—1H%2! and

15N92—1H922 correlations (Asn) using the general equation for two-site
exchange. The average values of parameters are reported together with
the uncertainty (shown in square brackets) estimated from the difference
between the values obtained from the two correlations. Note that each
correlation was fitted independentfChemical shift difference between
the®N resonances in the two conformetsex = (Ka—b + kp—-a) %, Where

time using the constant-time approach described above. In Flguréfa“b andky—, are the rates of conversion between the two conformers.

4a and b the dispersion profiles are fit independently to the fast

Population of the minor conformer.

exchange equatiof;f*yielding 7ex = 1/kex values of 0.89 and Q123

0.85 ms at 500 and 800 MHz, respectively. Note that excellent P hH
fits to the data are obtained when the fast exchange model is Ql22 ¥
used to fit the data at each field independently. It is clear, o hG < ﬂNm

however, that when data at the two fields are fit simultaneously 0. }\
assuming fast exchange, Figure 4c, the agreement between )
model and experiment is much poorer. In Figure 4d a simul- /’
taneous fit of the data at the two fields is presented using the -
general two-site equati®h®® which makes no assumptions
regarding the exchange rate. In this case an excellent fit is
obtained, withtex = 1.52 ms and an estimated= d In Re,/d

In B, valuée'® of 0.96, corresponding to intermediate exchange
(Rex = R"(vepme = 0) — RE(vepme = ) andB, is the static
magnetic field strength). The importance of having data at two
independent fields, discussed at some length by Palmer and co-

workers!8is underscored by the present example. In this regard

hD( “a

\),j

N14[I

\/N144
'f) \QI(}S °1Q14]

hA

the ability to record dispersion profiles in a rapid manner is >
critical. Q69
Figure 5 displays relaxation dispersion profiles recorded at oy
500 and 800 MHz for a number of Asn and GIn residues in hB 2y
L99A for which significant exchange was observed. By means
of comparison, Figure 5f shows profiles obtained for Asn 144
for which exchange was not observed. A summary of the ’
parameters extracted using the general two-site equation, is given N53 J N4o NS5

in Table 1. Exchange lifetimes,y, vary from about 1 to 2.8
ms, differences in®N chemical shifts between the two sites
are on the order of 22 ppm (4 ppm for Asn 116), while the
fractional population of the minor conformer is approximately
1-2%. It is important to emphasize that individual-N method described in the text. Niorrelations for residues Asn8l,
correlations for each Nfgroup were fit independently and that  Asn101, and GIn122 are unassigned.
averages over the pairs of results are reported in Table 1. A3,
Identical parameters should be obtained for each correlation,
so that the differences reported provide a measure of the
experimental error.

The substitution of Ala for Leu at position 99 of T4 lysozyme
enlarges a preexisting completely buried ca¥i#}to about 150

Figure 6. X-ray structure of L99A illustrating the position of the Asn
and GIn group&? The position of the LetrAla 99 mutation is indicated

by the black ball. The dark shaded balls correspond ta Witdups
with exchange that can be quantified by the relaxation dispersion

facilitating the rapid binding of a number of ligands such
'as substituted benzenes and xefoithe X-ray structure of
L99A shows that there is not a clear path for ligand entry to
the interior of the proteiR? suggesting that access to the cavity
binding site is only possible via a concerted process involving
motion of backbone and side chain atoms. To define those
residues that may play a role in entry we have recently carried
out a backboné®N spin relaxation study of L99A* A large
amount ofus—ms time-scale motion was observed in regions
proximal to the Leu— Ala substitution, with backbone amide
nitrogens from residues on helices A, E, F, G, and | showing
significant exchange>1 s1). Notably, these helices are all

(64) Luz, Z.; Meiboom, SJ. Chem. Phys1963 39, 366—370.

(65) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141.

(66) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJ Rviagn. Reson.
1983 52, 335-338.

(67) Schleucher, J.; Sattler, M.; Griesinger, Ahgew. Chem.,
Engl. 1993 32, 1489-1491.

(68) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resori989

Int. Ed.

85, 393-399. - - . ;
(69) Eriksson, A. E.; Baase, W. A.; Matthews, B. WMol. Biol. 1993 part of the C-domain containing the cavity mutation. In the
229 747-769. present study we have extended probes of dynamics to include
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Asn and GIn side chains, illustrated in the L99A structure in sequence of Figure 1. The solution to eq 9 is given by
Figure 6.
As before, residues in the C-terminus of the protein show N2 H2
slow time-scale dynamics (see Table 1). GIn 105 FHoop), N LANR HE . H2
Asn 116 (helix G), Asn 140 (helix 1), and GIn 141 (helix I) are o P P (e = exp{— (IZ+iJ+ T+
all in regions whereus—ms dynamics were observed at |2N; H;
backbone positions, while Asn 132 is part of helix H where NP +4N° HE HY,
slow motions were not observed previously. Asn 2 immediately T

precedes helix A, where exchange has been measured at 2N§ H3

backboné®N sites. Relaxation dispersion profiles have also been - NG +4NT HS HS,
measured for Asn and GIn side chains in T4 lysozyme X)tcemat o 1P (0) (A1)
containing the C54T and C97A mutations but not the cavity oA

L99A substitution. Interestingly, none of the dispersion profiles NG+4NL Hz Hz,

are consistent with exchange broadening in this protein, strongly Subsequent application of a 18@focusing pulse converts;
suggesting that the exchange observed in L99A is due to thecontaining terms to the correspondiNg operators on the left-

cavity. ) ~ hand-side of eq Al. These terms then evolve during the second
In summary, a method has been described for the quantitation; ., - interval according to

of slow exchange processes at side chain Asn and GIn amide
positions. The effects of evolution due to the one-bond hetero- ON? H2
nuclear J-coupling and dipotaipole cross-correlation between 0 Za a
15N—1H dipoles of NH groups do not prevent accurate |NZ+4NZHzH7,
extraction of exchange parameters. In addition, the use of |2NP Hg
constant-time CPMG periods with variable pulse spacing allows |, b b b b

. : : NZ+4N2 HZ H>,
measurement of a complete dispersion curve in a short measur- L2

(2reppa) = eXP —(—iZ —iJ + T +

ing time. The present experiment extends previous studies of 2N? HY

slow time-scale motions at backbone positions and is an ~ N2 +ANE H2 . H2

important addition to the suite of experiments for studying XTepmat 2|;b Hb_ 222 (T eoma) (A2)
protein dynamics. -z

_ N®+4N° H H,
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Appendix O=exp[—(—iZ+T+X}exp{—(Z+T+ X} (A4)

Herein we show that if matrixdéd andiZ + I + X commute
then evolution due to scalar coupling is completely refocused
during a tcpmc—18C—1cpmc €element from the CPMG JA003447G

and the magnetization at= 27cpmc is independent of J.



