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Abstract: °N spin relaxation data have provided a wealth of information on protein dynamics in solution.
Standard Ri, Ry, and NOE experiments aimed at '*N[*H] amide moieties are complemented in this work
by HA(CACO)N-type experiments allowing the measurement of nitrogen R; and R, rates at deuterated
15N[2D] sites. Difference rates obtained using this approach, Ri(**N[*H]) — R:(**N[?D]) and R,(**N[*H]) —
R>(**N[?D]), depend exclusively on dipolar interactions and are insensitive to N CSA and Re relaxation
mechanisms. The methodology has been tested on a sample of peptostreptococcal protein L (63 residues)
prepared in 50% H,O—50% D,O solvent. The results from the new and conventional experiments are
found to be consistent, with respect to both local backbone dynamics and overall protein tumbling. Combining
several data sets permits evaluation of the spectral density J(wp + wn) for each amide site. This spectral
density samples a uniquely low frequency (26 MHz at a 500 MHz field) and, therefore, is expected to be
highly useful for characterizing nanosecond time scale local motions. The spectral density mapping
demonstrates that, in the case of protein L, Jwp + wn) values are compatible with the Lipari—Szabo
interpretation of backbone dynamics based on the conventional N relaxation data.

Introduction protein aggregatidi—2! and stability?? properties of folding
intermediated3~25and properties of unfolded proteiffs:2?In
addition, the relative orientation of domains in multidomain
proteing®=32 and domain motior’d3* have also been investi-
gated using®N relaxation data.

Since their inception at the end of the 19808\ Ry, R,,
and 'H—15N heteronuclear NOE experiments have been the
primary source of information on the mobility of proteins in
solution. These HSQC-based experiments do not require any.
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Despite the strengths of nitrogen relaxation studies, there arethat the spectral density function is well described by a

certain complexities and limitations that must be considered.
For example, the exact values of the nitrogen chemical shift

anisotropyAon®®36and the protorrnitrogen bond lengthyy,%”

Lorentzian profile, as expected.

Materials and Methods

as well as the site variability of these two parameters, have been Sample. A uniform *C/*N-labeled sample of protein L was

the subject of discussion. In additidR; data often contain small
contributions that may be attributed to microsecendllisecond

chemical exchange. The reliable identification of exchange terms

requires additional studié&:3°Furthermore, a number of minor
relaxation contributions, such as dipolar relaxation from co-
valently bonded carbon nuclei, proximal protons, and sol#ent,

expressed and purified as described elsewheféhe protein was
denatured by the application of 3.5 M guanidinium chloride in a solution
comprised of 50% kD—50% D,O, and then refolded and lyophilized.
The NMR sample was subsequently prepared using (approximately)
50% H,0—50% D,O solvent so that’N—!H and'*N—2D relaxation
measurements could be performed on the same sample. An alternative
approach involving two different samples (one witfHand the other

as well as relaxation due to the antisymmetric component of with D,O as solvents) would effectively improve the sensitivity of the

nitrogen CSA%42can each contribute-42% to the measured
rate. Inclusion of these minor terms in the interpretation
procedure can be tedious and complicated. Finafy, relax-
ation data do not always provide a good sampling of fast local
motions. For instance, they are insensitive to roll-type motion
of a-helices®?

Given the significance 0N spin relaxation studies and the
limitations described above, it is important to develop alternative

experiments to validate the standard approach. With this in mind,

we introduce a new relaxation probaamely, thel®N spin
which is part of al>N—2D backbone amide group. The
substitution of a deuteron for a proton involves a minimum

measurements by'2. However, differences in viscosities between the
two samples would complicate a comparison of the data. The pH of
the sample was adjusted to 5.0 (uncorrected for the isotope effect).
H—D exchange rates at pH 5.0 and 25 do not exceed 0.1 $even
for solvent-exposed protori$#° and in what follows we demonstrate
that the exchange with solvent does not affect the outcome of our
measurements. Sample conditions were 1.8 mM protein, 50 mM
phosphate buffer, and 0.05% NaMRelaxation data sets were recorded
at 600 and 500 MHz using Varian Inova spectrometers equipped with
triple-resonance-axis gradient probes.

NMR Experiments. The HA(CACO)N-based sequerité>used for
the measurement &% andRy, relaxation rates iA°N[*H/?D] moieties
is shown in Figure 1. The magnetization transfer scheme can be outlined

perturbation to the structure and dynamics of the peptide plane.2s follows:

The measurement 8¥N[2D] relaxation rates provides informa-

tion that is complementary to conventional data. Notably, these Hz" (&)= H;"C,” (b) =~ C,°C;(c) —~ CN, (d, &)~

rates are dependent on the spectral density tdwp + wn),
which, due to the opposite signs @f andwy, samples a very
low frequency (o + wn)/27r = 26 MHz at a 500 MHz field).

CN,JCN, (relaxation)— C, N, (t,) — ...— H,* (detection) (1)

where the letters in parentheses placed after the spin operators refer to

It therefore becomes possible to better define the spectral densitythe points highlighted in the pulse sequence of Figure 1. The

profile, especially with regard to local dynamics that occur on
the intermediate time scale;1 ns.

It is clear that amide protons cannot be used as either the

source of magnetization or as the point of detectiotN{2D]
relaxation experiments. Instead, the HA(CACO)N sequ#fée
that begins and ends with®Hnagnetization was adapted for

magnetization transfer from 8, back to H follows the reverse of
the transfer pathway detailed in the scheme of eq 1. In what follows
only the elements of the experiment that are distinct from previous
HA(CACO)N sequences are described.

Central to the operation of the sequence is the element inserted
between points d and e that serves to discriminate betweéNiél]
and!®N[?D] moieties. After the!>N 90° pulse following point d in the

these measurements. The new methodology has been tested ogequence the magnetization of interest is given iy, Qn the case of

the 63-residue B1 immunoglobulin-binding domain of protein

the ™N['H] group, subsequent evolution during the periott—2

L.*6We demonstrate that the results are broadly consistent with 180°(*H)—2ze, where 2. = 1/(2Jyn) and a 180 proton pulse is applied

conventional®N relaxation experiments and that the new data

in alternate scans (dotted outline in Figure 1), encodes this coherence

can be used to estimate the rotational diffusion parameters ofas=CN,. By contrast, in the case of the deuterated amide group the

the protein to good accuracy. Finally, we present a spectral

density mapping procedure to extralftop + wn) and show
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coherence of interest 8, remains unchanged (note that scalar
relaxation of the second kind is suppressed by deuterium decoupling).

Spectra with and without thH 180 pulse between points d and e
are recorded in an interleaved manner. The corresponding spectral traces
along the Flgy) dimension are shown in Figure 2a,b for residue Glu-
27. The subtraction and addition of time- or frequency-domain data
allows for the separation 8H*—5N['H] and*H*—15N[?D] correlations
(illustrated in parts ¢ and d, respectively, of Figure 2). Note that the
15N[*H] and **N[2D] signals are separated by an isotopic shift of 0.7
ppm®° This can be used to establish the absence of exchange with
solvent during the relaxation period, as discussed below.

The selection element—k, is followed in the pulse sequence by a
relaxation period shown in Figure 1, insets A and B @nd Ry,
experiments, respectively). Note that in what follows we refer to the
relaxation experiments using the notatidsandR, although, strictly

(47) Mittermaier, A.; Kay, L. EJ. Am. Chem. S0d.999 121, 10608-10613.
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Figure 1. Pulse sequences for measuring longitudiR&C,N,[*H/?D]) (A) and transverseéRy,(C,N,[*H/?D]) (B) relaxation rates. See the text for details.
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Figure 2. Fl(wy) traces through the peaks from Glu-27 (proton shift 3.75

124

120 116

*N (ppm)

112

108

104

ppm, corresponding t&H* of the preceding residue; nitrogen shifts 118.2
and 117.5 ppm, corresponding #N['H] and 5N[2D], respectively)
extracted from HA(CACO)NJH/2D] spectra in theR; experiment. Traces
aand b are from data sets recorded without and witAkiyaroton inversion

pulse between points d and e in Figure 1, respectively. Traces c and d are(ss) Korzhnev, D. M.; Skrynnikov, N. R.; Millet, O.; Torchia, D. A.; Kay, L.
generated by subtraction and addition of the original spectra.

speaking, the relaxation of two-spin order,dy and antiphase
coherence, [C, is what is measured. In the case of thg,

3222 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005

measurement, the relaxation period is flanked b3-99-90° elements

that improve the spin-lock conditions for off-resonance sighiais.
Proton 180 pulses are applied during the relaxation period to suppress
interference from CSAdipolar cross-correlatiof?;>with the number

of such pulses, 12, proportional to the duration of the relaxation period,
but limited to 2 < 6 to avoid recently described artifaétDeuterium

180 pulses were applied in some of the experiments to suppress the
buildup of CN,D, or CN,D, that may arise due t&®N CSA, 5N—2D
dipolar cross-correlated relaxation. In practice, however, these pulses
are not necessary since the latter coherence decays rapidly due to
quadrupolar relaxation of the deuteron, leading to a “self-decoupling”
effect. Finally, note that under strong spin-lock conditions the scalar
relaxation of the second kind in tH&N—2D spin pair is suppressétl.

The quality of water suppression is clearly important in these
experiments since correlations of interest can be obscured by the water
signal that appears in the middle of the spectrum. Water suppression
is achieved by means of gradient and rf inhomogeneity dephasing,
including Messerle pulsésand a gradient90°—gradient element
(preceding point f in the pulse sequence). We have found that still better
water suppression can be achieved if the final INEPT transfer step is
replaced with a heteronuclear cross-polarization transfer scheme (inset
C in Figure 1) since in this case proton irradiation extends right up to
the acquisition period. The scheme of inset C, however, adds 3.5 ms

(51) Yamazaki, T.; Muhandiram, R.; Kay, L. B. Am. Chem. S0d994 116,
8266-8278.

(52) Akke, M.; Palmer, A. GJ. Am. Chem. Sod996 118 911-912.
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Mol. Phys 1992 75, 699-711.

(54) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.Magn.
Reson 1992 97, 359-375.

E. J. Am. Chem. So@002 124, 10743-10753.

(56) Skrynnikov, N. R.; Lienin, S. F.; Bachweiler, R.; Ernst, R. Rl. Chem.
Phys 1998 108 7662-7669.
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Reson 1989 85, 608-613.
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Figure 3. H*—'N spectral maps from thgy,(C,N,[*H/?D]) experiment recorded on a 1.8 mM sample of protein L, 600 MHz, 26.Separation between
the 15N[1H] and 1°N[2D] signals from residue Glu-27, due to an isotopic shift, is indicated by dotted lines.

to the duration of the sequence and causes a ca. 25% drop in thefrequency offset (Hz) between th&* and3C' spectral regions (118
sensitivity of the experiment in the case of protein L. ppm). The shaped®C pulse in the center of thg period has the
As described for other experimeritsample heating can be an issue  WURST profilé® (maximum field strength of 11.4 kHz, duration of
when a substantial amount of rf power is deposited into the system. 400 us, centered at 116 ppm; the pulse is shown on all thi€e
We have investigated the degree of sample heating in our measurementshannels to indicate its broad-band character). *f@é pulses (filled
using the temperature dependence of the arfilechemical shifts. shapes) are of the I-BURP2 variétyat 600 MHz: maximum field
Sample temperature has been determined as a function of the duratiorstrength 3.25 kHz, duration 1.54 ms, excitation bandwidth 17 ppm,
of the relaxation period, AfT. Increases in temperature of up to 0.2 centered at 30 ppm)3C* decoupling during acquisition is accomplished
and 1.0°C were registered iR, and Ry, experiments, respectively. by a WALTZ-16 sequence with a 2.3 kHz field strength. The pulses
Simulations establish that differential heating effects of this magnitude marked with “BS” compensate for BloetSiegert shift$! All N pulses

introduce a near-constant biase2% in the determine®;, rates. This are applied with the rf carrier at 119 ppm and a 6.3 kHz rf field. The
problem can be alleviated by using longer recycling delays or by strength of the spin-lock field (inset B) is 1.7 kHz. THe rf carrier is
implementing a heating-compensation schétne. set at 8.3 ppm; deuterium pulses and WALTZ-16 decoupling are applied
It is important to point out that botR, andR;, experiments described with field strengths of 2.3 and 0.74 kHz, respectively. The delays used
above can be compromised if during the relaxation peHdgi*H] is aret, =1p= 1.8 Ms,7c = 4 ms,7q = 12 ms,ze = 2.7 ms, and = 40

converted intd*N[2D] (and vice versa) due to exchange with solvent. S (see ref 51 for calculation @). The phase cycle employed in the
In this case measured relaxation rates represent weighted averageB: experiment ispy = 2x, 2(=X), ¢2 = 8, 8(=X), ¢z = (X, =X), ds =

between the “pure” rates from tH&N['H] and 15N[2D] isotopomers. 4x, 4(=x), rec= (X, =%, =X, X), 2(=X, X, X, =X), (X, =X, =X, x), whereas
To determine whether such a situation is present in the case of proteinin the Ry, experiment the phase cycle employegis= 2x, 2(=x), ¢2
L (pH 5), let us first consider what would be the effect&fi[!H]— =X, ¢3= 4%, 4(=X), ¢4 = 8, 8(—X), ¢5 = (¥, —Y), rec= (X, =X, =X,
15N[2D] interconversion on the spectral traces shown in Figure 2. X), 2(=% % X, —X), (X, =X, =X, X). Quadrature detection if is

faccomplished by States-TPPbf ¢, The strengths and durations of
the gradients are (g1) 0.5 ms, 8 G/cm, (g2) 0.2 ms, 4 G/cm, (g3) 1 ms,
15 G/cm, (g4) 0.4 ms, 12 G/cm, (g5) 0.6 ms, 14 G/cm, (g6) 0.3 ms, 10

tion is negatve. The result is that the subtraction of the two traces, Glem, (g7) 0.25 ms, 30 G/em, (g8) 0.3 ms, 16 G/em, (g9) 3.5 ms, 20
Figure 2a,b, fails to completely eliminate tF&[2D] signal. Thus, if Glem, (910) 2 ms, 20 G/em, (911) 0.3 ms, 12 G/em, and (912) 0.2 ms,
solvent exchange were a factor, we would expect to see a residual signaft0 G/cm. Inset C shows the heteronuclear cross-polarization scheme
at the!SN[2D] position in the trace of Figure 2c (likewise, a residual (DIPSI-3, 7.8 kHz'H and**C fields, duration 7 ms) for transferring
15\[1H] signal would appear in Figure 2d). In fact, no such signals are Magnetization from*Ct to *H. This element replaces the main scheme

observed (see Figure 2c,d), even for the longest relaxation delays (0.gStarting from point g.

s in R, measurements). This clearly indicates that any effects from  NMR Data. 'H*—2N planes fromRy,(C,N,[*H]) and Ry,(C,N,[?D])

exchange with solvent are below the noise level in the current set of measurements (duration of relaxation period 2 ms) are shown in parts

experiments. a and b, respectively, of Figure 3. The data were recorded in an
Pulse Sequence DetailsFigure 1 shows the pulse sequences interleaved manner, as described above, in a total tir@etoand 40

for measuring longitudinalRy(C;N,[*H/?D]) (A) and transverse min, 600 MHz, 26.7C. Data sets were collected as 12854 complex

Ri,(CN,[*H/?D]) (B) relaxation rates. All narrow (wide) pulses matrices with acquisition times of 71 and 64 msimndt,. The FID

(irrespective of height) are applied with a flip angle of $08C°) along corresponding to the firgt increment in each data set was multiplied

the x-axis unless indicated otherwise. THe rf carrier is set at 4.77 by afactor of 1.5 since the startingvalue was set equal to one dwell

ppm. 1H pulses are applied with an rf field strength of 51 kHz (600 time The phase corrections in the indirect dimension wer&8(C,

MHz), with the exception of the two consecutive water purge pélses 360°). Spectra were processed using nmrPipeith a first-order

(open rectangles, durations of 6.0 and 3.7 ms) that use a field of 12.4 Polynomial filter for water suppression.

kHz and'H WALTZ-16 decoupling, which employs a field of 6.5 kHz.

The 180 rectangulaftH pulse between points d and e (dotted outline) (58) Wang, A. C.; Bax, AJ. Biomol. NMR1993 3, 715-720.

is executed in alternate scans. TA@ rf carrier is originally positioned Eggg égg%?'HE.;';Fl:rreeewa?’laai'MMaz%r?'Rziso%gégfré??gg—llﬁ.273_276'

at 58 ppm, at point ¢ jumped to 176 ppm, and at point f returned to 58 (1) vuister, G. W.; Bax, AJ. Magn. Resonl992, 98, 428-435.

ppm. 13C pulses applied during the first and last INEPT elements use (62) Marion, D.; lkura, M.; Tschudin, R.; Bax, Al. Magn. Reson1989 85,

)

In the case of Figure 2a, solvent exchange leads to a transfer o
positive intensity from the'>N[*H] line to the>N[2D] line. In contrast,
when the!>™N[H] line is inverted, Figure 2b, the transferred magnetiza-

a 16 kHz field, while the remaining rectangulé€ 90° (180°) pulses 63 %%f%?gforchia D. A.; Bax, Al. Magn. Reson., Ser. 2993 105 219-

are applied with a field strength af/+/15 (A/+/3), whereA is the 222,
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IH*—15N correlation maps are remarkably free of overlap (by
contrast, four pairs of heavily overlapped peaks are noted in the standard
IHN—15N HSQC map). At 600 MHz, relaxation rates were obtained
for 56 residues out of 63. Missing are all residues following glycines
(4), residues giving rise to very weak peaks (2), and one residue for
which the'H* assignment was not confirmed (1). The nine peaks within
+0.1 ppm of the water signal were all selected for analysis. For these
peaks, however, the averaBeandRy, error was 5.1%, compared to
2.1% for the rest of the peaks (the errors were derived from Monte
Carlo analyses implemented in the exponential fitting routine). The
level of water suppression obtained in data sets recorded at 500 MHzﬁ
was inferior to that at 600 MHz, and as a consequence, only 50 residues
were selected for analysis; specifically, the six peaks falling within
+0.1 ppm of the water line were not used.

Of interest, the signal-to-noise ratio 1H*—*°N[?D] spectra is 90%
of that in the correspondingH®“—!°N['H] data sets (compare, for
example, parts ¢ and d of Figure 2). This observation is somewhat
unexpected. Considering the slight preference of amide groups for
deuteriun$® and taking into account relaxation losses (protonated amides
experience higher losses, especially during the perioel id the pulse
sequence), one expects this ratio to be on the order of 1.15. It is clear
that the composition of the solvent slightly deviates from a 50:50
mixture of HO and DO. The intensities observed in the spectra are
consistent with a 56:44 composition. Indeed, a small excess of protons g
over deuterons in the solvent was confirmed by electron-impact mass £
spectrometry. B

Conventional®N Ry, Ry, steady-state NOE experiments (referred
to in what follows asRi(N*H]), Ri,(N,{*H]), and NOE(N,H,)) were
recorded using the sensitivity-enhanced sequences of Farrowft al.
The schemes of Figure 1 are about 5 times less sensitive than theseZ

=
=

Intensity

nsity

Intensity

conventional (sensitivity-enhanced) experiments, recorded with identical
acquisition times, and therefore, their use is restricted to applications
involving sensitive samples.

All spectra were processed using the nonlinear spectral line shape
fitting procedure nlinLS from the nmrPipe software packé&g&he
decay curves obtained from the peak volumes were fitted to a single .
exponential; the quality of the fits for “typical” residues is illustrated
in Figure 4 (the choice of the three typical residues is explained later).
The decay curves from all experiments and for all residues, except the
terminal residue Glu-2, were well fit to a single exponential. In the
case of Glu-2, the decay curves were strongly biexponential; this residue
was therefore excluded from all further analyses.

Ri(CN,[*H]) and Ry,(C)N,[*H]) rates were compared with values
measured independently using HNCO-based relaxation experirhents
(this is obviously possible only for protonated and not for deuterated
amide groups). In the case & rates, the standard rms deviation
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Figure 4. Relaxation decay curvé®(C,N,[*H/?D]) and Ry,(C,N,[*H/?D])

for selected residues (600 MHZ3; rates were obtained frofy, andRy,
taking into account off-resonance effebisThe uncertainty for the data
shown is less or equal to the height of the square symbols in the plot
(estimated from the effect of spectral noise on peak volumes determined
by the program nlinL$).

between the two independent data sets is 3.8%, with a mean deviation

of 0.4%. In the case d®y,, the standard rms deviation is 5.5%, with a

mean deviation of 5.4%, suggesting the presence of a subtle bias. The

origin of this bias remains unclear. It is likely, however, that this bias
equally affectsRy,(C,N,[*H]) and Ry,(C)N,[?D]) data (this would be

the case, for example, if it is caused by hardware limitafn¥ this

is the case, then the bias will be eliminated by evaluating the difference
RACNH]) — R(CN,[?D]). This is the differential relaxation rate
that is used in the analysis below.

Results and Discussion

Relaxation Rates. Figure 5 shows the measured
Ri(CNJ'H]), RCNJ?D]), R(CN,['H]), and R(CN,[D])

(64) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJ A.
Biomol. NMR1995 6, 277—293.

(65) LiWang, A. C.; Bax, AJ. Am. Chem. Sod996 118 12864-12865.

(66) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay, C. M.;
Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.; Kay, L. E.
Biochemistry1994 33, 5984-6003.

(67) Dayie, K. T.; Wagner, GJ. Am. Chem. Sod 997, 119, 7797-7806.

(68) Guenneugues, M.; Berthault, P.; Desvaux,JHViagn. Reson1999 136,
118-126.
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rates as a function of residue number in protein L. The variations
in the measured rates reflect anisotropic tumbling of the protein
and variations in the local order paramet&$s The data
generally follow the same pattern for protonated and deuterated
amides (filled and empty symbols, respectively). This is not
surprising since these two data sets are (essentially) different
only with regard to'>N—!H/15N—2D dipolar interactions.
Furthermore '>N—1H and 15N—2D vectors sense anisotropic
tumbling and local fluctuations in a similar manner.

The direct interpretation of 81, and CN, relaxation rates
in terms of dynamics parameters is feasible, but not appealing.
The sizable relaxation contribution from the carbonyl CSA
mechanism introduces an additional degree of uncertainty in
comparison to traditional®™N relaxation studie3>%° Further-
more, the carbonyl spin may well sample local dynamics

(69) Lienin, S. F.; Bremi, T.; Brutscher, B.; Bsahweiler, R.; Ernst, R. Rl.
Am. Chem. Socl998 120, 9870-9879.
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differently from the nitrogen spif Therefore, we choose to
consider thedifferencesbetween the rates measured in the
protonated and deuterated groups.

By evaluatindRi(C;,N_[*H]) — Ri(C,N_[?D]) andR(C,N,[*H])
— Ry(C.N?D]), a number of relaxation contributions are
eliminated. In particular, carbonyl and nitrogen CSA contribu-
tions, chemical exchang®y{y), and minor terms arising from
dipolar interactions involving either external protons or adjacent
carbons are subtracted out. In addition, experimental artifacts
that affect both QN,[*H] and CN,[?D] (or CN,['H] and
CN,[?D]) data in the same way can be removed in this
manner, as commented in the previous section.

The difference in relaxation rates measured for'fie—1H
and 1N—2H spin pairs can be accounted for, to excellent
approximation, by the difference in the respective dipolar
interactions:

Ry(CN'H]) — R(CN,[?D]) =

ﬁ(%;)(yryf){ oy — o) + 3wy) +

6J(wy + wy)} —

é(ﬁ—;)z(nyyD“f)Z{J<wD - wN)( +H3J(w:;}+

8(wp + )} (22)

R(CN,['H]) — R(CN,[D]) =

i(%)z(yr”y“f)z{u(m 3wy~ o) +
) + 630y + 8o + )} —
é(%)Z(V:’NVD“f)Z{M(0> + Jwp — ) +

3(wy) + 6)(wp) + 6)(wp + wy)} (2b)

The symbols used in eq 2 are stand®rdyith the spectral
densities defined such that in the limit of an isotropically
tumbling rigid molecule)(w) = (1/5yr/(1 + w%R?).

In eq 2, pairs of different relaxation paramet&®gC,N,[*H])
and Ry(C,N[?D]), RA(C,N,[*H]) and Ry(C,N,[?D]), are com-
bined with the aim of simplifying the interpretation of the data.
Such an approach has been extensively used in the'past,
with perhaps the most important example being the spectral
density mapping methodology of Peng and Waghén our
case, combining the two measured rates leads to a dramati
simplification of the analysis as demonstrated by eq 2: the
expression is limited to a pair of simple dipolar terms.
Furthermore, these two dipolar terms refer to the same nitregen

hydrogen bond vector so that essentially no additional spectro-

scopic, structural, or dynamic parameters are involved when
the combination in eq 2 is formed. It should be noted, however,
that, in addition to the leading contribution given by eq 2, the

(70) Lee, L. K.; Rance, M.; Chazin, W. J.; Palmer, A.JGBiomol. NMR1997,
9, 287-298.

(71) Fushman, D.; Tjandra, N.; Cowburn, D. Am. Chem. Soc998 120,
10947-10952.

(72) Muhandiram, D. R.; Yamazaki, T.; Sykes, B. D.; Kay, LJEAm. Chem.
Soc 1995 117, 11536-11544.

(73) Phan, I. Q. H.; Boyd, J.; Campbell, I. D. Biomol. NMR1996 8, 369—
378

(74) Peﬁg, J. W.; Wagner, @. Magn. Reson1992 98, 308-332.
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Figure 5. Relaxation rate constants for protein L, 600 MHz, 2&7 plotted
as a function of residue numbeR;(C)N,[*H]) and Ry(C,N,[*H]) (filled
squares)Ri(C,N,[?D]) and Ry(C,N,[?D]) (open squares).

differencesR;(C,N,[*H]) — Ry(C,N,[°D]) and Ry(C,N,[*H]) —
R:(C,N,[?D]) include a small term arising fror¥C'—HN and
13C'—2DN dipolar interactions. The expression for this extra term
can be obtained by a trivial substitution in eq 2a where N
is replaced by C this term is identical forRy(C)N,[*H]) —
Ri(C)N,[?D]) and RA(C,N,[*H]) — Rx(C,N,[?D]) rates. In the
case of protein L, this correction adds 2.9% and 0.7% to the
rates listed in eqs 2a and 2b, respectively. In subsequent
analyses, these small terms are rigorously taken into account,

é'ncluding the effect of anisotropic tumbling on each—-EIN

vector.

Certain assumptions are necessary for the interpretation of
relaxation rates, eq 2, in terms of dynamics. First, we assume
that the local dynamics of the peptide plane does not change
when an amide proton is substituted by a deuteron. Given that
the increment in mass is small, this seems reasonable. Second,
we assume thaky = rnp. In fact, deuteration leads to a slight
reduction in the effective length of the bond. For example,
is ca. 0.005 A shorter thamgy.”® While the data on amides are
not available, the relatively small size of tH&[H/2D] isotopic
shift, 0.7 ppm, suggests that the reduction in bond length is
similarly small (see, for example, ref 76). A study of proton/

(75) Raynes, W. T.; Fowler, P. W.; Lazzeretti, P.; Zanasi, R.; GraysoMdll.
Phys 1988 64, 143-162.
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deuteron vibrational states involving both stretching and wag- conventional>N relaxation data; the calculations were based
ging modes is currently under way. on eq 2 supplemented with Woessner’s formula J@v) for

It is important to note that, contrary to what one may expect, axially symmetric rotational diffusiofft Diffusion parameters
the deuteron is not a “silent” nucleus in these new relaxation Diso = (3.83+ 0.02) x 10’ s"* andD/Dp = 1.52+ 0.03 were
experimentg’ Despite the low gyromagnetic ratio of a deuteron obtained when data from both 500 and 600 MHz were
in relation to a proton, thé>N—2D dipolar relaxation rate ~ combined; values of (3.7% 0.02) x 10’ s ™! and 1.48+ 0.04
amounts to ca. 33% of the correspondithiy—'H rate, as were calculated when only 600 MHz data were used. These
calculated from eq 2a (600 MHz) for longitudinal relaxation values are in close agreement with those obtained using the
rates using the dynamic parameters of protein L. Two factors conventionalR,/R; ratios (the slight differences iDis, values
are responsible for this relatively large contribution. First, as are consistent with a small amount of sample heating in our

reflected in eq 2, the rates are proportiona6 + 1), where measurements). Furthermore, the long axis of the diffusion
Sis the spin quantum number of hydrogen (1 for deuterium, tensor determined in this analysis is withint93° of the axis

1/2 for proton)’® Second, the spectral densiti@&p + wn) found using the conventional approach.

are much larger thad(wn £ wn) because they involve much It is worth mentioning that the above analyses in-
lower frequencies. In the case of transverse relaxation, bothcluded a number of minor relaxation contributions that
15N —1H and'>N—2D rates are dominated ki0) and the">N— were discussed in the previous section. In particular, in the
2D rates are, therefore, less significant (ca. 15% of'the-1H case of {R(CINJH]) — RACNJI?DD}I{RUCN,H]) —
rates). Ri(C)N,[?D])}, the small difference terms associated with the

Protein Tumbling. The ratio of 1N relaxation rates  3C'—!HN/13C'—2DN interactions have been included. For the
Ro(No[*H])/Ry(N*H]) has been widely used to characterize Rx(Ny[*H])/Ru(N*H]) ratio we have considered contributions
overall tumbling of proteing 7980 \We have carried out an  from dipolar interactions of°N with 13C', 13C%, and external
R./R; analysis using an optimization program written in-house. H spins (in principle, other minor terms might also be present).
Combined data from convention&N measurements at 500 and In all cases these additional effects are essentially inconsequen-
600 MHz were employed!H—1N dipolar and 1N CSA tial: they are responsible for a ca. 1% changeDig, and
interactions were taken into account in the treatment, with a vanishingly small changes in the orientation of the long axis.
value of —172 ppm used for the nitrogen C&pand 20 for The good agreement between diffusion parameters obtained
the angle between the long axis of the CSA tensor and the NH using the two methods described above (i) provides confidence
bond3® A single residue, Glu-3, displaying a negative in the new methodology and (ii) confirms the already known
NOE(N,H,) value, was excluded from this analysis. The errors fact that the traditionaR,/R; analysis is robust, despite the
in the output parameters were evaluated by means of a jackknifeassumptions concerning CSA values, poteiRiatontributions,
procedure discarding at random 20% of the input data. and minor relaxation terms. These assumptions are, of course,

The relaxation data are best fit to a model which assumes avoided in the'>N—H/1>N—2D relaxation difference method,
axially symmetric anisotropic diffusion (a more complex although at the expense of lower sensitivity (see above). On
treatment involving a fully anisotropic diffusion tensor is not the other hand, the new method remains sensitive to a possible
warrante@. The following values were obtained for the effect of intermediate time scale-{ ns) internal motions on
components of the diffusion tensdpis, = (3.73 + 0.01) x the analysis of overall tumbling.

10’ s, DyDp = 1.44+ 0.02. These results are very similar to Local Dynamics. In the preceding section we verified that
those obtained using the program R2R1_diffusiowith the Ri(NA*H]), Ro(Ny[*H]) and Ri(C)N,[*H/?D]), Rx(C.N,[*H/°D])

500 and 600 MHz data sets analyzed separately. Previously rates provide a consistent picture of overall tumbling for protein
DisoandDy/Dg values of 4.11x 10° s tand 1.43 were reported L. In the present section we demonstrate that there is also good

for protein L dissolved in a 90% #—10% D,O mixture®? agreement with respect to local dynamics. This can be estab-
The difference between the twbis, values is in line with lished in a number of ways. In particular, for each individual
expectations considering the increased viscosity of solvent residue the experimentally determined differeriRg€.N,[*H])
containing a higher proportion of 0.5 — Ry(CN,[?D]) and Ry(C)N,[*H]) — Rx(C,N,[?D]) can be used

It is also possible to obtain diffusion parameters from to extract the order parameter and local correlation t&and
the relaxation rates that are measured in the present set ofre, using the Lipari-Szabo model® (Note thatRey contributions
experiments. We have used the rat{d(C,N,[H]) — are absent from the difference in transverse rates above). Here
RA(CN?DDI{R(CN,[*H]) — Ri(CN,?D])} to determine we adopt a somewhat different approach. Specifically, we use
the diffusion tensor. The same algorithm was used as for & andre obtained from conventional databack-calculatehe

new rates. The following three-step algorithm is used for this
(76) Benedict, H.; Hoelger, C.; Aguilar-Parrilla, F.; Fehlhammer, W. P.; Wehlan, purpose

M.; Janoschek, R.; Limbach, H. H. Mol. Struct 1996 378 11—16. . ' . . . .
(77) Ishima, R.; Petkova, A. P.; Louis, J. M.; Torchia, D.JAAm. Chem. Soc (i) The overall diffusion tensor is determined frdRs(N,[*H])/

2001, 123 6164-6171. 1 . .
(78) Abragam, A.The Principles of Nuclear MagnetisnClarendon Press: Ru(N*H]) ratios, as described above.

Loy MO 1061 A Chem. Sod0s (i) Ry(NJ™H]), Rx(N,[*H]), and NOE(N,H,) data are used
() D O ey, o B Pastor, R W Bax AAM. Chem. S0a998 4 extractS?, re, andRex 0N a per-residue basis, with data from

(80) Tsan, P.; Hus, J. C.; Caffrey, M.; Marion, D.; Blackledge JMAm. Chem. 500 and 600 MHz fitted simultaneously using the rotational
Soc 200Q 122, 5603-5612.

(81) Kroenke, C. D.; Rance, M.; Palmer, A. G.Am. Chem. Sod999 121 diffusion parameters determined in step i. Overall, the procedure
10119-10125. is similar to that used in the program Modelfree by Palmer and
(82) Skrynnikov, N. R.; Millet, O.; Kay, L. EJ. Am. Chem. So@002 124, prog y
6449-6460.
(83) Mandel, A. M.; Akke, M.; Palmer, A. GJ. Mol. Biol. 1995 246, 144— (84) Woessner, D. E]. Chem. Physl962 37, 647—654.
163. (85) Lipari, G.; Szabo, AJ. Am. Chem. Sod 982 104, 4546-4559.
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(a)

R(CIN.['H)=R(CIN.[*D])

(b)

Ry(CIN,['H) = Ry(CN,[*D])

2

to-noise ratio relative to that of data recorded at 600 MHz.
Among the 600 MHz data (squares), most of the outliers
correspond to peaks that fall withi#t0.1 ppm of the water
resonance and are, therefore, somewhat compromised by the

residual water signal (filled squares). However, a certain fraction
of the scatter is likely due to a meaningful difference between
the experimental and calculated rates. These differences reflect
the uncertainties intrinsic to the analysis of conventioRal
1 R;, NOE data that are associated, for example, with nitrogen
CSA andRey contributions.

The spread of the points in the graph of longitudinal relaxation
rates, Figure 6a, is mainly due to the dependence on the static
magnetic field, while in the case of transverse rates, Figure 6b,

Experimental

0 1 2 0 12 3 4 5 6
Back-calculated Back-calculated

Figure 6. Experimentally determined difference ratBg(C,N,[H]) —

Ri(C)N,[?D]) and Ry(C,N,[*H]) — Rx(C\N,[?D]) vs values back-calculated ) ; -

on the basis of conventionBi(NH]), Ry(Nx[*H]), and NOE(N,H,) data. the spread mainly reflects the anisotropy of tumblibgDo =

Filled squares correspond to the peaks for whkdtifrequencies fall within 1.44. Both these features are predicted by eq 2 for a protein

+0.1 ppm of the water signal. The two worst outliers in each graph are ,mpling withzg = 1/(6Djsc) = 4.47 ns. The straight lines drawn
shown together with their respective error bars. The straight lines are . . . . .
obtained from the least-squares fitting of all points to the equatisrnax. in Figure 6 are obtained from least-squares fits of all points
(i.e., 500 and 600 MHz data) to the equatios ax, with slope
co-workers?® The calculation of relaxation parameters in this aequal to 0.98 and 0.97 in Figures 6a and 6b, respectively. Of
procedure uses Woessner’'s expression for a spectral densityinterest, when the minor dipolar relaxation mechanisms are not
function that is appropriate for axially symmetric rotation and included in the analysis of the conventional relaxation data, step
accounts for local dynamics via the Lipa$zabo modeft® ii, the order parameters are overestimated and, consequently,
Although combining anisotropic tumbling with the Lipari slopes of 0.92 and 0.91 are obtained for the correlations in Figure
Szabo model is not rigoro§ this approach has been shown 6. In general, if a comparison between different types of
to be perfectly reasonable for most biomolecular applicatiéns. relaxation data is intended, an effort should be made to account
The analysis takes into account tH& CSA interaction*N for all relaxation channel.
dipolar interactions witiHN and other proximal protons (as Including additional relaxation mechanisms in step ii above
determined from the X-ray structure of proteirf®), and (such as, for example, contributions from the antisymmetric
interactions with the adjacefC* and*C' carbons. In addition,  component of the CSA tensor and relaxation from solvent)
exchange terms have been included in B¥N,['H]) rates, would lead to an increase in the slopes from 6:0208 toward
assuming thaRex scales with the square of the magnetic field 1.00. A similar effect would be obtained if a slightly shorter
Bo (this assumption seems reasonable since only small exchang&alue of the bond lengthyp was used in step iii. However, the
terms associated with microsecond time-scale motion are magnitude of these additional corrections remains uncertain, and
possibly present in protein L). The inclusion of minor relaxation in any event, we do not feel that the precision of our data
channels at this stage of the analysis is important (see below).justifies their inclusion. Finally, noting that thR(C,N,[*H/?D])

(i) The rotational diffusion parameters determined in step i measurements deposit more heat to the sample than the conven-
together withS” andze values computed on a per-residue basis tional experiments, we have repeated the analysis above using
in step i are used to calculaf(C,N,[*H]) — Ry(C,N,[2D]) a value ofDjs, = 3.83 x 107 s 1 in steps ii and iii (see the pre-
and Ry(C,N,[*H]) — Rx(C,N,[2D]). The calculations are based vious section), which resulted in a slope of 0.99 in Figure 6b.
on eq 2, using the form af{w) described above. In addition to Spectral Density Mapping In the previous two sections
the dominant terms listed in eq 2, the small contributions from it has been demonstrated that the new relaxation rates
13C'—1HN/13C'—2DN interactions are also included in the cal- Ry(C.N,[1H/2D]) and Ry(C.N,[1H/ 2D]) are compatible with the
culated rates. results of the standafdN experimentsRi(NJH]), Ra(NJH]),

The values oRy(C;N,[*H]) — Ry(C;N[D]) andRx(C;N,[*H]) and NOE(N,H,). We now combine the data from the new and
— Ry(CN,[?D]) and calculated in this manner are subse- conventional experiments with the aim to sample the spectral
quently compared with the experimental results, Figure 6. density function at frequencies below those that are available
Both 500 and 600 MHz data sets are included in the compari- from conventional>N experiments alone. In what follows we
son, and no residues are omitted. The plots show a fairly goodwill use a spectral density mapping proceddnehich allows
degree of correlation, with the scatter reflecting mainly the the extraction ofi(w) values at characteristic frequencies without
limited signal-to-noise ratio of the new experiments. Note that resorting to any assumptions about the nature of the motion. In
random errors increase when the differences between twoparticular, spectral densities evaluated at low frequengiean
experimentally determined rateRy(C,N,[*H]) — Ry(C,N,[?D]) be essential for characterizing local motions on a nanosecond

and R(CN,[*H]) — Ro(CN,[?D]), are evaluated. The worst time scale (typical for flexible backbone fragments and for side
outliers from each data set are shown in the figure together with chains)g2:87-8°

their respective error bars (the errors are derived as part of the  Equation 2a contains a pair of terms that are unique to
exponential fitting of the experimental relaxation curves; in our the new experiments considered herd(a% + wn) and
past experience, the errors obtained in this manner are somewhat
underestimated). As expected, the scatter is more pronounceds?) Buevich, A. V.; Baum, JJ. Am. Chem. Sod 999 121, 8671-8672.
in the 500 MHz data (circles), reflecting the decreased signal- (88) Idlyatulin, D.; Daragan, V. A.; Mayo, K. H). Magn. Resor2001, 152

(89) Roberts, M. F.; Cui, Q. Z.; Turner, C. J.; Case, D. A.; Redfield, A. G.
Biochemistry2004 43, 3637-3650.

(86) Daragan, V. A.; Mayo, K. HJ. Phys. Chem. B999 103 6829-6834.
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Figure 7. Spectral densitie¥(w) for residues Glu-27, Lys-41, and Gly-45 in protein L. The value¥@}, J(wn), J(ww) obtained from analyses of conventional
Ri(N™H]), RxNx[*H]), and NOE(N,H,) data recorded at 500 and 600 MHz are indicated by filled diamonds. The continuous curves are obtained from
three-parameter LipatiSzabé® fits of these five points. The values dfwp + wn) extracted fromRy(CN,[*H]) — Ri(C,N,[?D]) measured at 500 and 600

MHz are displayed with open circles and squares, respectively.

J(wp — wn). Of note, due to the negative gyromagnetic ratio data, respectively). Errors indicated in Figure 7J@op + wn)

of nitrogen, the term wp + wn) samples a very low fre-  reflect only the uncertainties in the measurement of
quency (equal to almost exactly half efy). Calculations Ri(C)N,[*H/?D]) (same as in Figure 6a) and ignore uncertain-
described in the previous section establish that for protein L ties associated with the spectral density mapping procedure and
J(wp — wn) is, on average, less than 2% af(6p + wn) and subsequent subtraction of the spectral densities.

can, therefore, be neglected. Since other spectral densities, One of the goals of this work has been to use the extracted
J(wn = wn) andJ(wn), can be evaluated from the analysis of values of)(wp + wy) as a “check” of the motional model, i.e.,

conventional’>N relaxation data, the value ofJGup + wn) in this case the LipafiSzabo model. The deviation between
can be obtained directly from the experimentally measured experimentally determined valuesdftop + wy) (open symbols
differenceRy(C,N,[*H]) — Ry(C;,N[?D]). in Figure 7) and values predicted using the LipgBizabo

To arrive at values fal(wn £+ wn) andJ(wn), spectral density  spectral density (continuous curves in Figure 7) have been
mapping was performed using a data set compris@&(bf,{*H]), calculated according tgus® = Yiso0609(J(wp + on) —
Ro(N«[*H]), and NOE(N,H,) values measured at two fields (six  J.s(wp + wn))% All residues in the protein were subsequently
pieces of data) and assuming tliy = wn) = J(wn).20t sorted according to the magnitude 0&2, and three residues,
(More sophisticated approaches where linear combinationsGlu-25, Lys-41, and Gly-45, were selected precisely from the
involving J(wn + wn) and J(wy) were replaced withl(Bww) middle of the sorted list. These residues, therefore, illustrate
with specially adjusted coefficient8®? did not lead to any the typical level of agreement between the experimentally
improvements in data fitting.) Values fal(wn) and J(ww) determined values d{wp + wn) and the Lipari-Szabo curve.
evaluated aton/27 = 50 and 60 MHz andvn/27 = 500 and In general, the newly obtained spectral densities are consistent

600 MHz, in addition taJ(0) (total of five values), have been  with Lipari—Szabo profiles that are based &), J(wn), and
obtained by means of a standard procedure. Using the valuesj(wy), Figure 7. The deviations observed in the graphs appear
for J(wn) and J(ww) extracted in this manner and the experi- to be random in character and are largely due to the error
mental value forRi(C;N,[*H]) — Ri(C,N,[?D]), the spectral  propagation in the mapping procedure, as described above. Note
density of interest)(wp + wn), was calculated according to eq  that the pair of points at frequencies of 26.1 and 31.3 MHz
2a. (Note that in this approach the determined values of ((wp + wy)/27 evaluated at 500 and 600 MHz) greatly improves
J(wp + wn) are affected by the same uncertainties that influence the sampling of the spectral density profile in its most
conventional*N relaxation analysesfor example, CSA vari-  informative part. In principle, as a next step, the difference
ability and Rex.) RA(CN,[*H]) — Rx(C,N,[2D]) can be used to extrad{wp), eq

The results for three typical residues are shown in Figure 7 2b. However, because this term is small in comparisai{@p
(the choice of residues is described below). The filled diamonds we anticipate that the error propagation problem will become
in the plot correspond to the five spectral densities derived severe in such calculations. In any evel(typ) lies in a region
by means of the reduced spectral density mapping pro- of the spectral density curve that is sufficiently well defined by
cedure using the convention&N relaxation rates (see above). conventional'>N['H] data measured at multiple fields and is,
These five points were fitted using the Lipa%zabo “model- therefore, less interesting thdfwp + wy).
free” spectral density s(w) = (/5] H(rd(1l + w?c?) + _
1 — A/ + 0*nd)}, wheret,, &, and 7. are fitting Conclusion
parameters andm = 1/(rc* + 7 !). The resulting best-fit A 15N[2D] relaxation probe of protein backbone dynamics
curves are shown in Figure 7. Shown in the same graph are the,5¢ peen introduced in this work. The new experiments
new spectral densitiewp + wn) derived as described above  ¢qmplement the more conventioN[*H] measurements and
(open circles and squares, corresponding to 500 and 600 MHZprovide access to the spectral denslfp + ww), which is

particularly sensitive to lower-frequency motions.
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terms and are free from uncertainties associated with CSA here will be of particular interest in the study of unfolded and
contributions,Rex, and a number of minor relaxation contribu-  partially unfolded protein states. In these applicatiBgscan
tions. In this sense, the new experiments may provide an be substantial, complicating the interpretation of conventional
opportunity to measure very accurate absolute values of the ordefSN transverse relaxation data. In addition, the fact that
parameters?, as long as sensitivity is not limiting. While in  nanosecond time scale dynamics can be explored more fully
most situations it is theelative variations ofS’ that are most through measurement dfwp + wy) suggests that these new
important (e.g., as a function of residue number or in the context experiments will be particularly useful for studying “dynamic”
of ligand binding), reliableabsolutevalues ofS are needed molecules that display a broad spectrum of motions. We are
for comparing data obtained from different relaxation probes currently pursuing a number of such applications.
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obtained from these measurements agree with predictions baseqH
on the Lipari-Szabo interpretation of conventionaN relax-
ation data, supporting the use of the LipaBizabo model in
studies of backbone dynamics. The new methodology presente
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