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Abstract: NOESY and ROESY cross-peak intensities depend on internuclear distances and internal motion.
Internal motion is usually ignored, and NOESY cross-peak intensities are interpreted in terms of internuclear
distances only. Off-resonance ROESY experiments measure a weighted average of NOE and ROE. The
weight can be described and experimentally set by an angle 6. For large enough molecules, NOE and
ROE have opposite signs. Therefore, each cross-peak intensity becomes zero for an angle 6°. For any
sample, the maximum angle 6° is determined by the overall motion of the molecule. Smaller 6° values
reflect the angular component of internal motions. Because individual cross-peaks are analyzed, the method
evaluates internal motions of individual H,H vectors. The reduction of 6° is largest for internal motions on
a time scale of 100—300 ps. The sensitivity of 6° for internal motions decreases with increasing molecular
weight. We estimate that detecting internal motions will be practicable for molecules up to about 15 kDa.
We describe a protocol to measure 6° from a series of off-resonance ROESY spectra. For such a series,
we describe the choice of experimental parameters, a procedure to extract 6° from the raw data, and the
interpretation of 6° in terms of internal motions. In the small protein BPTI, we analyzed 75 cross-peaks.
The precision of #° was 0.25°, as compared to typical reductions of 6° of 3°. We found a well-defined
maximum 6° for cross-peaks in rigid parts of the molecule, which reflects the overall motion of the molecule.
For BPTI, also many structurally important long-range cross-peaks appear rigid. The lower 6° values of
long-range contacts involving methyl groups are consistent with methyl rotation on the 25-ps time scale.
The lower 6° values of the flexible C-terminus and of flexible side chains translate into upper limits for the
angular order parameter of 0.4 and 0.5—0.8, respectively. Off-resonance ROESY can monitor internal
motions of H,H contacts that are used in a structure calculation. Because no isotope labeling is needed,
off-resonance ROESY can be used to detect internal motions in a wide range of natural products.

Introduction general, it remains a challenge to link internal motions of free

Biomacromolecules show internal motions on an enormous biomacromolecules to function. Therefore, methods are needed

range of time scales from picoseconds to secdnidsernal to assess internal motions of biomacromolecules. .
motions are required for the biological function of all classes ~NMR is begmn"?g to map the _char;ges n |nternal_ motions
of biomacromolecules: Proteins must be flexible for induced- associated with biological functioff,*® using experiments
fit binding2 Nucleic acids need flexibility for molecular ~ designed to monitor internal motions. Internal motions affect

recognition, such as in the formation of the UXRNA NMR spectra of biomacromolecules, via their influence on
complex3 Free oligosaccharides can exist in single or multiple élaxation of nuclear spins in NMR experiments. Relaxation
conformations, with internal motions on a wide range of time describes how fast NMR signals decay, or how fast signals
scale€~6 Oligosaccharides can bind to proteins with or without "€cover from being perturbed in NMR experiments. The most

conformational chang&® For glycoproteins, very little is known ~ ommon experiments study the relaxation of the heteronuclei
about the motions between the sugar and protein %phrt. 15N, 18C, or2H.14-16 These heteronuclear relaxation experiments
have usually been applied to isotope-labeled samples. Because
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nucleic acids, oligosaccharides, or other natural products is more Here,h is Planck’s constanty is the gyromagnetic ratio of
difficult; therefore, heteronuclear relaxation experiments have the nuclei, anduo is the vacuum permeability. The spectral
not been used extensively for these molecules, and less is knowrdensity function)(w) describes the likelihood of spin transitions
about the internal motions of these molecules. Heteronuclearof frequencyw. The Larmor frequency is related to the static
relaxation experiments probe reorientation of bond vectors of magnetic field B of the spectrometer by = yBo. In eq 1,
directly bound atoms; that is, they probe local motions. This each cross-relaxation rate is factorized as a térjrand a sum
means that these experiments inform only indirectly on the of spectral density terms. The distance-dependent t€rm
dynamics of nonlocal interactions, such as tertiary structure depends on the average internuclear distance and on distance
interactions in proteins, or intermolecular interactions. fluctuations (the radial component or internal motion). The
NOESY or ROESY spectra yield distance restraints for spectral density terms are determined by the frequency distri-
structure determination by NMR. The most important cross- bution of the angular reorientation of the internuclear vector
peaks in these spectra long-range NOEs— are caused by  within the molecule. This frequency distribution is in turn
nonlocal interactions. It has long been known that NOESY or governed by the overall tumbling of the molecule and by
ROESY cross-peak intensities are not only influenced by the fluctuation of the orientation of the internuclear vector (the
(average) internuclear distance, but also by internal motfos. ~ angular component of internal motions). The factorization of
However, the influences of internuclear distance and internal € 1 holds if angular and radial components are not cor-
motions could not be separated, with two consequences: First,l’e|ated?7'28|t has been shown for proteins that this condition is
the influence of internal motion on NOE intensities is not taken sufficiently fulfilled for most interproton vector®.
into account in structure determinations by solution NMR.  In the following, we discuss the influence of the angular and
Second, the information on internal motions that is present in radial components of internal motion on NOE and ROE rates.
NOESY and ROESY spectra is effectively discarded. To extract Internal motion is commonly described by a time constant
this information, off-resonance ROESY experiments have beenand an order paramet&#.2° We call this order paramet&f, to
proposed beforé-24 However, a combined analysis is lacking indicate that it relates to the angular component of the mafon.
of (i) what internal motions can be detected, (ii) what parameters§2 is a measure of the restriction of angular motion. If no
should be measured with what precision, (jii) how this precision angular motion is presentf, = 1; if the angular motion
can be achieved, and (iv) how the data can be analyzedorients the internuclear vector randomﬁz = 0. It is usually
effectively. assumed that internal motions are independent of the overall
Here, we present such a combined analysis of off-resonancetumbling of the moleculé? For spherical molecules with internal
ROESY experiments. From a realistic description of internal motions,J(w) then becomes
motions, we deduce what type of internal motions can be
detected, and in molecules of what size. We describe the choice SZDIC + (1- %)T
1+ (a)tc)2 1+ (w1)? '

11,1
i . Jw)=2 S==4= (2
of experimental parameters for a series of off-resonance ROESY T T, T,
spectra, and the data analysis to detect internal motions. In the
small protein BPTI, we detect internal motions of the C-terminus ~ The rotational correlation time. describes how fast the
and of side chains that are known to be flexible. The method molecule tumbles in solution. For nonspherical molecules, up
can detect internal motions of H,H contacts that are used in ato five terms of this form are needed to describe the overall
structure calculation. Furthermore, because no isotope labelingtumbling of the molecule and internal motio#¥%s® From eqgs 1

is needed, the method works for a wide range of natural and 2 it follows how angular internal motions influence NOE

products. and ROE rates. From the definition ofrlih eq 2 it follows
that internal motions much slower thapdo not affect)(w).
Theory This reflects the physical notion that if there is an independent

Cross-peak intensities in NOE&Yor ROESY® experiments
depend on NOE and ROE (cross relaxation) rates, and thes
rates relate to interproton distances. The NOE and ROE rates
onoe and orog, can be expressed?s

h 2\2

Ooe = 1/20(77‘”) 0620) - 30) (M
h 2\2

Oroe="1 20(%)/) f(r)(23(0) + 3J(w))
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overall motion common to all parts of the molecule, there cannot
be a component in the spectral density that decays more slowly
than the overall motio”® The angular component of internal
‘motion which is on the order af; or faster does affed(w). In

the limit 7e < 7, the angular component of internal motion
reduces)(w) and, therefore, both NOE and ROE rates®y

For the more general case < 7., the angular component of
internal motions also reduces the NOE and ROE rates, but the
reduction differs between NOE and ROE rates. This is the basis
for the detection of internal motions described here.
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Can NOE and ROE rates reveal internal motion? Fast angularextreme case8 = 0° and 6 ~ 90° correspond to unmodified
motions reduce NOE and ROE rates. Radial motions of any NOESY and ROESY spectra. Fof 6 6 < 90°, there is a
time scale increase NOE and ROE rates, because shorter-thansmooth transition from NOESY to ROESY. For larget{ >
average distances have an over-proportional influence due to+/5/2) moleculesgnoe andoroe have opposite signs. Therefore,
the high power dependence aon Therefore, the effects of oer becomes zero at an angi#¥®, because NOE and ROE
angular and radial motions on NOE and ROE rates can contributions cancel:
compensate, and molecular dynamics simulations have shown

that this happens for most H,H distan@ed! Detecting internal 0= 0,(60°) = c(6,,0)(Onog COS 6°+ oo sir? 6% (8)

motion from separate measurements of NOE and ROE rates is,

therefore, limited to special cases. Thatc(6,6)) is a function ofg; and; does not affect®, because
To detect internal motion, we exploit that also ttadio of c(0;,0;) cancels out of eqs 8 and 9. A only the slope

NOE andROE rates R = onog/orog is influenced by internal d0eii(0)100 is affected byc(6;,6;). It follows that6P is a measure
motions!718.20.2f the angular and radial components of internal  of R:

motions are not correlated, so that eq 1 hoRiflecomes
ONoE

©) ORroE

We conclude that? is a good quantity to measure to detect
R reports exclusively on the angular component of internal angular internal motions.
motions and is independent of the average internuclear distance R andd° have been defined in terms of NOE and Rees
and of the radial component. Therefore, no knowledge of the but only cross-pealintensitiesare experimentally accessible.
average internuclear distance is needed, and the problem ofUnder what conditions will cross-peak intensities allow conclu-
compensating influences of angular and radial components of sions abouR? Cross-peak intensities in off-resonance ROESY
internal motions is avoided. The most straightforward way to spectra depend on a relaxation maf¢(A). Re(A) depends
determineR is to measure NOE and ROE rates separdfety. explicitly on the offsetA, because thé\-dependent angleg
However, NOESY and ROESY are differently influenced by and6; (eq 4) influenceoen(6:,6;) (eq 5). The build-up of the
spin diffusion, and ROESY cross-peak intensities can be cross-peaks during the mixing timg is determined by the off-
influenced by coherent magnetization transfer (Hartmatahn diagonal elements oRe(A), which are the effective cross-
transfer, TOCSY). These effects render measuremerRgrom relaxation rates of eq 5. The diagonal elementsRgf(A)
separate NOESY and ROESY spectra too unreliable. Thesedetermine how the diagonal peaks decay during the mixing time
difficulties can be avoided wheRis measuredlirectly as ratio Tm; they can be described by similar equations. The intensities
in off-resonance ROESY experiments. of an off-resonance ROESY spectrum dependAoland the

An off-resonance ROESY experiment is characterized by a mixing time 7

spin lock of field strengtlyB; and offsetA. In such a ROESY

R= —tarf 6° (9)

_ Onoe _ 6J(2w) — J(0)
Oroe  2J(0) + 3J(w)

experiment, a spim with chemical shiftQ; (yB1, A, and Q; I(A) = I°exp(—Reﬁ(A)tm) (20)
measured in Hertz relative to a common reference) will be
locked at an angle (measured off thexis) 6;: A consequence of the exponential form of eq 10 is that cross-
peaks due to relay transfer (spin diffusion) can be observed. If
6, = arctan{/B,/(Q; — A)) (4) a cross-peak has a substantial spin diffusion contribution, its

] ] o o intensity cannot be used to reliably derive rates or conclusions
The effective cross relaxation rate between spins andj is about internal motions. However, spin diffusion is negligible if
a \i\ge;ghted average @fvoe andoroe and depends off; and all off-diagonal elements oRe(A) are small. Equation 10 is
6" then well approximated by
Oei(01,0;) = Onog COSH, COSH, + OgoeSiNG; sinb;  (5)

I(A) = 1%L — Ry(A),p) (11)

In this linear approximation, cross-peak intensities are propor-
(6) tional to NOE and ROE rates. The raftvof NOE and ROE
rates can then reliably be deduced from cross-peak intensities.
andc(6;,6;) = sin 6; sin 6;/sir? 6 = cos6; cosbj/cog 0. Equation When does eq 11 hold? Consider the following conditions: First,
5 can then be rewritten as internal motions are negligible (rigid molecules), so that all spin
pairs have the samR. Second, the spin-lock field strength is
Oei(0) = C(Giﬁj)(UNOE co< 6+ OroE sin? 0) ) large as compared to the spectral widﬁﬁi( > SW), so thal_9_
(eq 6) is constant over the spectral width. If both conditions
The scaling factoc(6;,0;) = 1 if 6; = 0;, and is smaller than 1 apply, there is one offseX for which all off-diagonal elements
for 6; = 6. This reflects that cross relaxation rates are reduced of Rewt(A) are zero. We call this offsei® Equation 11 holds
for 6; = 6;, as compared t® = 6,.1732 gex(0) describes a  strictly for A% independent of the mixing tima,. Thus, there
dispersion curve of cross-peak intensity as a functiof. dthe is one off-resonance ROESY spectrum where all cross-peak
intensities are zero. From th of this experimentR can be
calculated. For practical values ¢B31, 0 varies as a function
(32) Griesinger, C.; Ernst, R. R. Magn. Resonl987, 75, 261-271. of offsets within each off-resonance ROESY spectrum. As a

We define the generalized spin-lock angle

6= arctan\/sin 0, sin6/cos); cos),

(31) Schneider, T.R.; Bnger, A. T.; Nilges, MJ. Mol. Biol. 1999 285, 727—
740
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1
H I t4 I / spin lock

Gradient §

We define the spin-lock angle in the middle of the spectrurfi.gs
as a way to refer to off-resonance ROESY experiments. To determine
which range offex, must be sampled to measui® two test spectra
with fexp = 10° and 40 are acquired. Cross-peaks close to the center
of these spectra must have opposite signs. This will generally be fulfilled
for molecules of at least 2 kDa molecular mass. For smaller molecules,
Figure 1. Pulse sequence for off-resonance ROESY experiments. The the temperature can be lowered, or a viscous cosolvent can be added
ROESY spin lock is implemented as adiabatic pulse which rotates 0 increase the correlation time. An estimatedbis then interpolated

magnetization from the axis to the spin-lock axi€3! Pulse phases are from the ratio of the intensities of a number of cross-peaks in the center
exceptor = X, =X, ¢2 = X, X, ¥, ¥, =X, =X, <Y, —Y; receiver= x, =X y, of the test spectra. This estimate @&f becomes the center of a 20
Y TXX Y Y range offex, values that are sampled. For example, if the estiméled
consequence, not all off-diagonal elements are zerdfpbut 1S 32’ spectra withex, = 23, 26, 29, 32, 35, 38, 4Inight be recorded.

The offsetsA needed for theséey, are calculated using eq 42(=
center of the spectrum) and the measuy8d. The offsetA for each
experiment is realized by switching thll carrier from the center of

they are scaled down nea®, and eq 11 can remain a good
approximation. Internal motion has a similar effect, that not all

Cross-pelalgsdare Z€r0 fm;’, but igaln the oﬁ-QIagonaI edleme,rk])ts the spectrum to frequenay during the spin lock. All spectra of a series
are scaled down neah® In the next section, we describé 516 processed in the same way. After baseline correction in both

experimental parameter settings needed to make eq 11 a googimensions, signal intensities are obtained by integration of cross-peak
enough approximation, so théf can be derived from cross-  volumes. For each cross-peak in each spectfuin,calculated using
peak intensities and internal motions can be detected. egs 4 and 6. The series of experiments yields for each cross-peak a
series of integrals as a function of angleThe zero crossing of the
series of intensities defineg® (eq 8).6° is found by fitting a second-

To detect internal motions, we record a series of off-resonance order polynomial to the series of intensities as a functiof. ok script
ROESY spectra that differ irh. For each cross-peak, these spectra for the Matlab program package for these calculations is available as
yield a series of intensities as a functionéf{defined in eq 6), from Supporting Information S5.
which 6° is derived. Parameters for these spectra must be chosen so Cross-relaxation cross-peaks between scalar coupled spins have a
that cross-peak intensities aroufitl are systematically sampled. In  contribution due to transfer of zero quanta during the mixing time.
particular, the zero crossing must be observed for all cross-peaks, This leads to antiphase contributions to the cross-peaks which are
irrespective of the offsets of the interacting spins. The parameters aredispersive in both dimensions (COSY-type cross-p&alBecause these
chosen so that the precision of tH8 measurements is maximized, contributions have zero integrated intensity, they do not hamper the
becausalifferencesin 6° are related to internal motion (see Results). interpretation of off-resonance ROESY spectra if peak integrals, rather

To record off-resonance ROESY spectra, #iitered ROESY pulse than intensities, are analyzed. A method to eliminate antiphase
sequence shown in Figure 1 is used. The ROESY spin lock during the contributions has been propos€d.
mixing time is implemented as a shaped pulse. The shape consists of Two independent series of off-resonance ROESY spectra were
a middle section of constant amplitude, and begins and ends with recorded at 45C on a Bruker AMXII 500 NMR spectrometer, equipped
“adiabatic ramps” of 2 ms duration and shaped as(ginf0 < x < with aH, %C, 15N probe with a shieldedgradient, on a 10 mM sample
7/2). These ramps prevent magnetization losses at the beginning andof BPTI in H,O/D,O 90:10. The relaxation delay (with presaturation
end of the spin locR334 Two gradient pulses of unequal strength are of the water resonance) was 2.9 s (two longitudinal relaxation times of
added before and after the spin lock to ensure that purely absorptivethe slowest-relaxing nuclei). The mixing time was 130 ms. For each
spectra are obtained. A mixing time toward the end of the linear NOE experiment, 200 complex data points of 48 scans each were collected;
build-up can be chosen. The starting value;d$ set so that the zero-  the total experiment time for each series of experiments was about 2.5
and first-order phase corrections in the incremented dimension &are 90 days. The first series of seven spectra was recorded fyjffspaced
and —180C, respectively?® Presaturation can be used to suppress the equally between Z5and 49 and ayB; of 7180 Hz. In the second
solvent signal. The variation d@f is achieved by varying the offsét series of eight experimentée,, was spaced equally between 26 and
of the spin lock between the experiments, while the spin-lock field 47°, andyB; was 10 970 Hz. The spectra were processed using the
strengthyB; is kept constant. This maximizes the precision68f XWINNMR program package. The raw data were extended by 50%
measurements, becaudecan be set more precisely thaB,;, and by linear prediction int;, apodized with shifted squared sine bells in
constantyB; ensures equal sample heating in all experiments, making both dimensions, and Fourier transformed after zero-filling in both
them more comparable. The spin-lock field strength must be chosen dimensions. Baseline correction and integration of the cross-peaks were
so that eq 11 becomes a good approximation. As high a field strength also done with XWINNMR. In addition, a series of eight off-resonance
as is compatible with good instrument stability can be used. A field ROESY spectra was recorded at Z9 on the same spectrometer on a
strength (in Hz) 56-100% larger than the chemical shift range (in Hz) 3 mM sample of a DNA three-way junction (3W33)n DO at pH
is sufficient. For example, the chemical shift range of BPTI in our 6.9 (total experiment time: 4 days).
experiments was about 5000 Hz, and we ugBd of 7180 or 10 970
Hz (see below)yB; is measured simply by calibration of a low-power
180" pulse, because accurate knowledgeyB# is not needed. Note In the Theory section, we described how the angular and
that these flelq stre_ngths YVI|| induce some s_ample heating, especially rgdial components of internal motion influence NOE and ROE
for samples with hlgh'lonlc strength. The field strength that can be rates. In principle, internal motions could be detected as
used might also be Ilmlt_ed by ‘the radio frequency power that the probe deviations of experimental NOE or ROE rates from rates
can tolerate. These points did not present problems on our system, N . .
equipped with a regular probe. expect.eq for a rlglld molecule. However, this wogld require

unrealistically precise knowledge of the average internuclear

General Experimental Procedure

Results

(33) Dezheng, Z.; Fujiwara, T.; Nagayama,KXMagn. Resorl989 81, 628—
630. (36) Bax, A.; Davis, D. GJ. Magn. Reson1985 63, 207—213.

(34) Desvaux, H.; Berthault, P.; Birlirakis, N.; Goldman, M.; Piotto, MMagn. (37) Davis, A. L.; Estcourt, G.; Keeler, J.; Laue, E. D.; Titman, J.Magn.
Reson., Ser. A995 113 47-52. Reson., Ser. A993 105 167-183.

(35) Bax, A,; Ikura, M.; Kay, L. E.; Zhu, GJ. Magn. Resonl991, 91, 174— (38) vVan Buuren, B. N. M.; Overmars, F. J. J.; Ippel, J. H.; Altona, C.;
178. Wijmenga, S. SJ. Mol. Biol. 2000 304, 371-383.
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distance and of.. Furthermore, even if the distance andre S2r rigid limit 80 = 34.26° -
Q .

known, NOE or ROE rates may not reveal internal motion,
because radial and angular components can have compensating?-9 1

A
33.6
influences on the rates. Molecular dynamics simulations have | 33.3\
shown that this compensation occurs for most H,H distaffcgs. 33
In contrast, theatio R of NOE and ROE rates is not affected ~ 0-71 32'5\
by this compensation, because it is only affected by the angular . | 32
component (egs 1, 3). We concluded in the Theory section that 31
to achieve sufficient precisiorR must be measured in an 0.5- 30
experiment that is directly sensitive ® such as off-resonance | 28

ROESY experiments.
Off-resonance ROESY experiments, which measure a weighted 21

average of NOE and ROE rates, have previously been proposed ¢ 5 |

to detect internal motiof? 24 In these experiments, the weight 10

of NOE and ROE can be described and experimentally set by ° '/90

an angled (eq 6). As a function of), the cross-peak intensities 0 i i

in these experiments have a zero crossing at an #dgiehich

is related to the ratidk of NOE and ROE rates (egs 8, 9). In

the General Experimental Procedure section, we described thesz - rigid limit 60 = 34.87°
choice of parameters for a series of off-resonance ROESY “%

-
o
w
o
-
(=3
(=3
w
urgl
(=)
-
o
(=]
(=]

experiments to measuf®. These parameters are chosen so that 0.9 1

B
the initial rate approximation (eq 11) holds. We noted #fat ¢z | 343
is sensitive to the angular component of internal motion, but 34
insensitive to the radial component. We describe the angular %7 335
component by a correlation time. and an angular order 56 33
parameteS,.2° It follows from egs 2 and 3 that® depends on 325
7e, S, the rotational correlation time., and the spectrometer 051 32

frequencyw. In Figure 2, we display for spectrometer frequen- .4
cies of 500 MHz (Figure 2A) and 800 MHz (Figure 2B) how
6° depends orre and S,. At the top of each panel, thg®
predicted for a rigid molecule with, = 2 ns is indicated. The 0.2 1
iso-lines off® show which combinations af. and S, produce
the samé®. Increasing internal motion, expressed as decreasing 011
S, causes decreasirg. It becomes clear thatifferencesin 0 . : .
6° relate to internal motion, from which follows thamly 10 3 100 310 1°°°[ ]
differencesn 6° have to be measured accurately” 8riaweiler TelP
et al. showed that two criteria determine the sensitivity of the Figure 2. Iso-lines ofg° as function ofr. andS}. Simulations used egs 1,
ratio R to internal motion<° Analogous conditions hold faP, 2,9 and assumed a correlation time= 2 ns anql spectrometer frequencies
. .. . . ; of (A) 500 MHz and (B) 800 MHz. Reducef indicates angular internal
WhICh are visible !n Figure 2. First, for any (_)rder parameter motion, butze andﬁ2 cannot be separated by measurement8’ait one
%, internal motion affects 6° strongest if wTe ~ 1 spectrometer frequency.
(te approximately 150 ps for 500 MHz proton resonance
frequency). For smaller and largeg 6° becomes less sensitive
to internal motion. This holds independentwf.. Second, the ” - )
overall sensitivity of9° to internal motions decreases when which each define a contour of possit#, and z.. These
increases@’ is most sensitive to internal motion when. is contours intersect in one point, and this intersection allows one
slightly above 1. For example, fo = 2 ns, an internal motion  t0 estimateS;, andze. For example, #° of 32.5' at 500 MHz
with &, = 0.5 reduce®° at most by 4.3for /27 = 500 MHz is compatible with the/ze combinations 0.72/200 ps or 0.45/
(wtc = 6.3), but only by 2.7 for 800 MHz (@7, = 10). The 31 ps (Figure 2A). Thes%/re combinations lie on the 337
decrease of the sensitivity of® to internal motion with ~ and 33.0 contours at 800 MHz (Figure 2B), which allows one
increasingwt. implies that there is an upper limitr. &~ 40 for to distinguish theS/e combinations.
the effective detection of internal motion by off-resonance  \We recorded two series of off-resonance ROESY spectra on
ROESY. For usual spectrometer frequencies, this correspondsthe small protein BPTI. The parameters of the spectra are given
to a maximum correlation time: of about 10 ns, or a maximum  in the General Experimental Procedure section. Figure 3 displays
molecular weight of about 15 kDa. For large molecules, the the integrals of the cross-peaks F22¥M21H* (rigid S-sheet
detection of internal motion will be more sensitive at lower of BPTI) and A58H,G57H* (mobile C-terminus), as a function
spectrometer frequencies. of the angle® of the individual cross-peaks. Figure 3 also
A measurement of® at one spectrometer frequency defines displays the second-order polynomials that were fit to each series
a contour in &, 7e plane such as Figure 24 andS, cannot of data. The zero crossings of the polynomials for the F§2H
be separated from a measuremem®dit a single field strength,  Y21H* and A58HY,G57H* cross-peaks ar@° = 37.3 and
but an upper limit o% can be derived. MeasurementsiSfat 33.4, respectively.

0.3

two spectrometer frequencies will yield differingf values,
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F22HN Y21H

A58HN G57H*

cross peak integral [arbitrary units]

65 30 35 20 45 50 55

0[]
Figure 3. Experimental cross-peak integrals and second-order polynomial
fit of the integrals as a function df. Crosses: Sequential F2Bp¥21H*
cross-peak in the rigig-sheet of BPTI. Squares: Sequential C-terminal
A58HN,G57H* cross-peak, which shows a lower zero-crossing anfle
due to the flexibility of the C-terminus. Positive intensities indicate NOESY
behavior; negative intensities indicate ROESY behavior. Xa®is values

1st set of spectra

2nd set of spectra

T

1 2 3 4 5 6 7 8 9 10 1
cross peak number

12

Figure 5. Reproducibility of reductions of® due to internal motions. For
Ho,HP cross-peaks, the plot shows differences betw@tof individual
flexible side chains, and the averag® of well-defined side chains.
Diamonds and filled line: First series of off-resonance ROESY spectra.
Open squares and broken line: Second series of off-resonance ROESY
spectra. Differences ifi® between cross-peaks are well reproduced.

cross-peaks of these flexible side chains showed sméfler
values and a larger spread@fl (34.34+ 1.9) (29.4-36.6’, n
= 12; Supporting Information Table S2). The C-terminal

of the experimental points differ between the cross-peaks, because thef€sidues G57 and A58 showé@lof 33.4 (interresidue A58M-

chemical shifts of the two interacting spins enter the calculatior® of
(eq 6).
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Figure 4. Histogram of zero-crossing anglé8 of H*,H? cross-peaks of
well-defined (shaded bars) and flexible (solid bars) side ch@hsalues
were grouped in intervals of ®5Cross-peaks in well-defined side chains
have highg® values in a narrow range, while flexible side chains have lower

and more variabl@® values.

G57H* cross-peak, Figure 3) and 29.dntraresidue A58H-
AS8H? cross-peak). We analyzed 29 easily identifiable and well-
resolved long-range NOEs. Of these, the NOEs not involving
methyl groups showefl® = (37.2+ 0.55f (35.6-38.0°, n =

19; Supporting Information Table S3). NOEs involving methyl
groups showed® = (36.4 + 0.3f (35.9-37.2, n = 10;
Supporting Information Table S4).

We used the second independent series of spectra to test the
reproducibility of9° measurements. We compam@tivalues of
Ho HP cross-peaks of rigid and flexible side chains. Téfe
values of H,H? cross-peaks in rigid and flexible side chains
differed significantly between the first and second series of
spectra. For the rigid side chains, the aver8gealues were
37.3 (first series) and 365(second series). However, only
differences in6° are important for the detection of internal
motion. As shown in Figure 5, differences between the average
6° of rigid side chains and th@° values of individual flexible
side chains are well reproduced. We also recorded a series of

Using the first series of seven spectra, we analyzed the zero-off-resonance ROESY spectra @ 3 mMsample of a DNA

crossing angleg® of all resolved H,H* cross-peaks in the main
secondary structural elements of BPTI. For the antiparallel
B-sheet, thed® values were (37.6: 0.3) (37.3-38.2, n =

21). The#P values found for cross-peaks above and below the
diagonal agreed tat0.25, and there was no significant
difference in@° between intra- and interresidue cross-peaks.
HN,H* cross-peaks in the-helix showed the same averag®
(37.5+ 0.5 (36.7—-38.7,n = 13). Thus, the° values of H,H*

three-way junction (3WJ1, 36 nucleotides, molecular weight 11
kDa) 38 These spectra showed variationdhof approximately
4°, and the precision was 0.25

Discussion

It has long been known that the ratio of NOE and ROE rates,
R, can report on internal motiordg1820.21Davis'” measured
NOE and ROE rates separately from NOE and ROE build-up

cross-peaks in regular secondary structures fall into a narrowcurves and estimatett andr. Isernia et af! averaged NOE

range. They are also the highest obser@®dalues. To test the
applicability of the method to side-chain hydrogen pairs, we
analyzed intraresidue%H? cross-peaks and long-range NOEs.
As shown in Figure 4, HH? cross-peaks of side chains with a
well-defined conformation in the NMR structure of BPTI
showedf® = (37.3 £ 0.3) (36.7-37.8, n = 9; Supporting
Information Table S1). We defined side chains as flexible if
they showed averaged®HH? coupling constant® or were
solvent-exposed, as judged from the X-ray structlnd®,H?

and ROE rates of several cross-peaks to determine an average
7. This estimate ofr, was used to calculate internuclear
distances. Isernia et al. did not attempt to extract information
on motions of individual H,H contacts.

Two approaches have been described to derive internal motion
from off-resonance ROESY spectra. In the first approach,
Kuwata et af fitted the dispersion curvee(6;,6;) to models
containingr, &, 7, or an effective correlation timees as
variables. The whole dispersion curagi(0) for 0° < 6 < 90°

(39) Berndt, K. D.; Gatert, P.; Orbons, L. P. M.; Whrich, K. J. Mol. Biol.
1992 227, 757-775.
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(40) Deisenhofer, J.; Steigemann, YAtta Crystallogr., Sect. B975 31, 238—
250.
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Figure 6. Schematic display of cross-peak intensities in NOESY=

0°), off-resonance ROESY)(~ 35°), and ROESY § ~ 90°) experiments.

As compared to a rigid molecule (broken line), NOESY and ROESY cross-
peak intensities are reduced in the presence of angular internal motion (solid
line), and@° is reduced. The ratio of NOESY and ROESY intensities is
hard to measure, because these intensities are influenced by spin diffusion &
and TOCSY (indicated by shading). In contra#tcan be determined with

good precision, because spin diffusion is negligible in the vicinitp®f
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depends on the average distancergrand on the radial and
angular components of internal motions. These parameters, and
in particular radial motions and the average distance, cannot
all be separated. In contrast, variatiord8is caused exclusively

by the angular component of internal motions. Therefore, we
do not attempt to derive, but concentrate on the detection of
the angular component of internal motion from precise measure-
ments off°. To measur®®, we record a series of off-resonance
ROESY experiments over a small range tf, around the
expected?®. This has two advantages (Figure 6): First, TOCSY
transfer can be neglected (unless spins are strongly coupled eveng
without spin lock), because tlrcomponent of the spin-locked
magnetization is larg#. If a pair of strongly coupled spins has
cross-peaks to a third spin, TOCSY transfer can averagé®the
values of these cross-peaks, but the aver&@jaclues remain 0
meaningful. Second, the effective cross relaxation rates (eq 7)

are small forfex, ~ 6°, so that cross-peak intensities are only

little influenced by spin diffusion. ) ) : . I
h d h to derive internal motion from off- Figure 7. Expenmental cross-peak integrals in aDNA three-way junction
In the second approac as a function ofd. (A) The H8,H2 cross-peak is a direct NOE, shows a

resonance ROESY spectra, Malliavin etdlescribed a method  zero crossing, and the integrals are fit well by a second-order polynomial.
to analyze off-resonance ROESY spectra acquired with several(B) The H8,HZ' cross-peak does not show a well-defined zero crossing,
0y a0 o o two miing times. Thei analysis yields NOE &7 6 el o= oot o & scendder pobroml veds
and ROE rates, the ratio of which was visualized as zero- gifferent scaling of the cross-peak integrals.

crossing angles. Malliavin et al. used a JS-ROESY pulse

sequencé?43 These pulse sequences effectively average two using the initial rate approximation (eq 11). The strong NOE
spectra, so that the dependencegfon the chemical shifts of ~ between methylene protons is the most serious cause of spin
the two interacting spins (eq 5) appears reduced. However, thediffusion. To estimate the influence of spin diffusion &% we
chemical shift dependence cannot be eliminated, and its sizecarried out simulations for an amino acié,H?,H” spin system
varies Withfex, This means thad is not known with sufficient ~ and for a nucleotide H8,H242" spin system. We assumed that
precision to determiné® with a precision of a fraction of°1 the H,H? or H8,HZ distance is short and the*HH# or H8,-
Therefore, the chemical shift dependence cannot be ignored.H2" distance is long. The former cross-peaks are direct, the
We, therefore, use the pulse sequence of Figure 1, which doedatter mainly spin-diffusion mediated. The simulations (for a
not reduce the chemical shift dependence, but allows us to treatmixing time of 100 ms and. = 7 ns) showed that for the direct

T T T T T T

20+ B: H8H2"

15|

ntegral [arbitrary units]

10

cross pea
()]

it explicitly. This we achieve through the definition 6f (eq cross-peaks, spin diffusion within the respective methylene
6), which allows the cross-peak intensities to be analyzed as agroup leads to deviations @F of less than 0.1 Larger errors

function ofonevariable, althouglwe; depends omwo chemical in 6° occur for the H8,H2 cross-peak. In practice, cross-peaks
shifts. that are mostly mediated by spin diffusion can easily be

Effect of Spin Diffusion. Spin diffusion can degrade the recognized by a characteristic dependence of the cross-peak
accuracy off° measurements. In spin diffusion, cross-peak intensity on6. Instead of the normal NOEROE cross over
intensity is transferred from spin A, via spin B, to spin C. An (Figure 7A), the intensities level off for higher valueséfor
A,C cross-peak is observed, although the A,C distance is long. become positive again, as displayed in Figure 7B for a H8,H2
Such spin-diffusion-mediated cross-peaks cannot be analyzedcross-peak in the DNA three-way junction 3WJ1. The intensities
of the spin-diffusion mediated H8,H2” cross-peaks could not

(41) Schleucher, J.; Quant, J.; Glaser, S. J.; Griesinger, Enayclopedia of ; _ i i
NMR Grant. D. M., Haris. R. K. Eds.; Wiley: New York. 1996: Vol. 8, be properly fitted by a second-order polynomial (Figure 7B).

pp 4789-4804. o Internal motions between spins that have a mainly spin-diffusion
(42) Ssg:"iulcgh;s" 1Ji;leﬁEti5Ji; Glaser, S. J.; Griesinged. ®lagn. Reson.,  mediated interaction are difficult to interpret if all involved
(43) Desvaux, H.; Goldman, M.. Magn. Reson., Ser. B996 110, 198-201. atoms are freely mobile, because the relative motion of three
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atoms must be considered. On the other hand, in cases such aaveraged® values of 37.6, 37.5, and 37.8. This indicates that

Ho HA HF it is likely that thed© of the direct M, H? cross-peak
reveals most internal motion, simply because tielCgroup

there is a well-defined maxima&P, which represents the overall
tumbling of the molecule. Long-range NOEs not involving

is a rigid system. We propose to restrict the analysis to direct methyl groups showed an averagfevalue of 37.2 (Supporting
cross-peaks, such as the stronger cross-peak of a methylenénformation Table S3). This implies that in BPTI, long-range
group. Spin-diffusion-mediated cross-peaks can be identified NOEs do not have more angular motions than do backbone

from a structure of the investigated molecule, which typically
will be known when internal motions are analyzed.

Precision and Accuracy of@° Measurements.To vary the
spin-lock angles between experiments, we chose to saay
constantyB;. This amounts to maximizing the precision @&t

NOEs. Significantly reduced® values were observed for the
C-terminus and flexible side chains (Figure 4), indicating
internal motions. Th@° values of H,H? NOEs of flexible side
chains are reduced by approximatefy €howing that side-chain
rotations reduce the order parameters of thelelfHvectors to

(see General Experimental Procedure). To estimate the precisionﬁ2 < 0.6. Long-range NOEs involving methyl groups showed

we compared® values of symmetry-relatedN;H* cross-peaks
of the 5-sheet of BPTI. The agreement of 0°2&etween these
6° values showed thal® can be measured with a precision of
0.25, which is sufficient to detect changes@f of the expected
magnitude (Figure 2).

an average° value of 36.4, only about 2 lower than rigid
NOEs. That methyl rotation causes only a small reduction of
00 is expected, because it is faster (25*p#han the most°-
sensitive time scale (150 ps).

Heteronuclear relaxation studies and off-resonance ROESY

To estimate what signal-to-noise ratio is needed to measuredetect different components of internal motion. First, hetero-
0° we added noise to a series of cross-peak intensities andnuclear relaxation is sensitive to motions from picoseconds to

determined)®. The standard deviation of the resulti6igvalues
indicated that?® can be measured with 0.2precision if the

milliseconds, whiled® probes motions on the 100 ps time scale.
Second, motions of different vectors are probed, X,H bond

largest intensity of a series has a signal-to-noise ratio of at leastvectors by heteronuclear relaxation and H,H vectors by off-
30:1. From eq 5 we estimate that cross-peaks in the most intenseesonance ROESY. Therefore, X,H order parameters are not

off-resonance ROESY spectra (with the extreme vatgs~

0° £ 10°) have about one-half the intensity of a NOESY
spectrum Qexp = 0°). Therefore, cross-peaks can be analyzed
with off-resonance ROESY if they have a signal-to-noise ratio
of 30:1 in a NOESY with one-half as long of a mixing time.

directly comparable to order parameters derived fi@n>N
relaxation studies indicate little fast backbone motion in BPTI,
except for the C-terminal residues G57 and A%& Nirmala
and Wagner observed largéf values of G atoms of amino
acids 15, 2426, 58, which agreed with expected higher

We used the two independent series of off-resonance ROESYflexibility of these amino acids, but no order parameters were

spectra to test the accuracy of measurement¥.ai the two
series of spectra, rigid HH# cross-peaks showed averagfe
values of 37.2 and 36°5Under the conditions of our experi-
ments, BPTI has a correlation time®f~ 2 ns#* corresponding
to a maximum rigid-moleculed® of 34.26 (Figure 2A).
Furthermore, the theoretical maximwifiis 35.26 (for wz, >
1). Therefore, the higl#°® values of 37.3 and 36.8 must be
explained. First, a deviation of the measu®dfrom the true

given4” We observed reduce#f values for cross-peaks involv-
ing amino acids 26, 57, 58. Furthermore, the reductio®%f
values of side chains agrees with known side-chain flexibility
(Figure 4). Our results, therefore, agree with previous results
as far as a comparison is possible.

Scope and Limitations. The sensitivity ofg° for internal
motions declines with increasingr. (Figure 2), so it becomes
more difficult to detect internal motions for larger molecules.

value is caused by the duration of the gradients and adiabaticWe observed reductions 6f of more than 4in BPTI, and up

ramps during the mixing time. These durations act as NOESY
mixing times, which lead to a systematic overestimatio®®f

by about 0.7. FurthermoreyB; is not constant over the sample
volume (“B; inhomogeneity”), which also leads to an overes-
timation of 6° by more than 1 (not shown). Both effects
together explain the overestimation@f The averagé® values

of rigid side chains differed systematically by 0.87.3 and
36.5) between the two series of spectra. This difference can

to 4° in the DNA three-way-junction 3WJ3% of 11 kDa
molecular weightgz. ~ 20). The sample of 3WJ1 was 3 mM,
the experiment time was 4 days, and the precisiof%fvas
0.25'. This suggests that molecules up to at least 15 kDa can
be studied with H,H off-resonance ROESY to detect internal
motions. This molecular weight limit might be extended
severalfold using3C,'°C cross relaxation.

Can off-resonance ROESY be used to correct estimates of

be explained by a realistic 3% uncertainty in the measurementinternuclear distances for internal motion? Fréfhan upper
of yB1. The difference is of no consequence, because we wantlimit of S, can be estimated, which tells for each H,H contact

to precisely measumifferencesof 6° between rigid and flexible

how much the NOE and ROE rates are reduced by angular

groups. For both series of spectra, Figure 5 shows the reductiormotion. From% and measured NOE rates the valud(of (eq

of 69 for flexible side chains, as compared to rigid side chains.
These differences are well reproducible. In summary, the
accuracy of9° is lower than the precision, but the precision is
sufficient to detectlifferencesn 6° caused by internal motions.
Results for BPTI. In the first series of spectra, we analyzed
inter- and intraresidue YH* cross-peaks in thg-sheet and
thea-helix, and H,HP cross-peaks of structurally well-defined

1) can then be estimated, but it cannot be discerné)ifis
influenced by radial motions. As a consequence, exact average
internuclear distances cannot be derived from NOE or ROE
intensities in the presence of internal motions. However,
knowledge of 6° can improve the interpretation of NOE
intensities even if a complete description of average distance

side chains. These groups of cross-peaks showed very similar45) ZLSSQA' L.; Flynn, P. F.; Wand, A. J. Am. Chem. S0d.999 121, 2891~

(44) Szyperski, T.; Luginthl, P.; Otting, G.; Gutert, P.; Withrich, K. J. Biomol.
NMR 1993 3, 151-164.

5888 J. AM. CHEM. SOC. = VOL. 124, NO. 20, 2002

(46) Bee§er, S. A.; Goldenberg, D. P.; Oas, TIGViol. Biol. 1997, 269, 154~
164.
(47) Nirmala, N. R.; Wagner, Gl. Am. Chem. S0d.988 110, 75577558.
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and radial and angular motion cannot be obtained; in DNA groups. For the flexible side chains, upper limits of the order
fragments, discrepancies are frequently observed between base parameter for side-chain rotation were derived. For many classes
base and sugaisugar NOE intensities. In the DNA three-way  of natural products, such as oligosaccharides, isotope labeling
junction 3WJ138 we detected strong internal motions in the s impracticable. Off-resonance ROESY is well suited to study
sugar moieties, which explained such discrepancies (manuscriptinternal motion of unlabeled molecules. Many natural products
in preparation). have a suitable size for off-resonance ROESY, or experimental
Molecular dynamics simulations yield a description of internal  conditions (temperature, solvent viscosity) can be adjusted so
motion, from which6° and NOE rates can be calculated. thatg® becomes sensitive to internal motion. For isotope-labeled
Agreement of calculated® with experimentab® can serve as  samples, detection of internal motion by off-resonance ROESY
a criterion that the molecular dynamics trajectory describes is complementary to heteronuclear relaxation experiments; off-
internal motions well#° is sensitive to motions on the 100 pS  asonance ROESY samples motions about different axes, on

time scale, which can be sampled in nanosecond trajectories.gjtferent time scales, and can provide information on internal
In contrast, calculated NOE rates and experimental NOE rates ., jiions of long-range NOEs. The 75 cross-peaks that we

are hard to compare, because NOE rates are also influenced by, 5,64 are a small fraction of all cross-peaks that could be

slower motions, which are not sampled well in nanosecond analyzed in BPTI. Because there are many more H,H NOEs

tra}l’i(iorgiz.R is also sensitive to anisotropic tumblifThe than X,H bonds in a molecule, there is a wealth of information
. atior | ive to ani pic WMDOIRg. on internal motion in6°. Furthermore §° directly relates to
orientation of H,H vectors relative to the diffusion tensor of . . .
motions of H,H NOEs which are used in NMR structure

the molecule can, therefore, also influer®®eln principle, this . . .
calculations. Therefore, structure calculations can be improved,

influence can be used to orient H,H vectors relative to the for examole. by distinauishing aenuinelv flexible regions from
diffusion tensor, which would be a new source of long-range ) pie, by @ 9 99 y 9
regions that are ill-defined because of lack of data.

structural information. However, the variation 88 caused by

anisotropic tumbling is below ‘flfor _aII but the smallest Acknowledgment. Parts of this work were presented at the
molecules (Supporting Information Figure S6). In agreement 29" AMPERE-13" ISMAR, Berlin, August 2-7, 1998, and

with this, we did not notice an influence of anisotropic tumbling at the 43 ENC, Asilomar, California, April 914, 2000. We

0
on ¢” for BPTI. thank the anonymous reviewers for valuable comments.

Conclusions )
| . ) lecul K _ Supporting Information Available: Four tables of assign-
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