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A three-dimensional approach for measuring °N relaxation to errors. The volume integrations can be circumvented by en
times is described. Instead of selecting particular values for the ploying the constant-time accordion experime3tXJ). In this
relaxation period, in the proposed method the relaxation period method, the relaxation peridgis covaried in concert with thg
is incremented periodically in order to create a 3D spectrum. This  period, and thus the relaxation time domdin js projected onto
additional _freql_Jenc_y domair_1 of_the transformeo! spegtrum contains t, domain L0, 11). This accordion relaxation data is analyzed
the relax_atlop tlmemformatlonlnl:he T,and TZ |In.eWIdthS, and thus in the t; domain using HSVD12) and Levenberg-Marquardt
the longitudinal and transverse N relaxation times can be mea- 0 ishms 13) in order to obtain relaxation times.
sured without determmapon of 2D cross peak volumes/intensities We have tried to find a method enabling the collection of
and subsequent curve fitting procedures.  © 2001 Academic Press . i e 4 )

Key Words: relaxation; protein; 3D experiment; linewidth; ubig- reliable relaxatlon_o_lata avoiding the necessity to (a) determin
uitin: N HSQC. volumes or intensities of 2D cross peaks and (b) perform seg
arate curve fitting procedure. An experiment that fullfills these
conditions can be readily constructed by discarding the con
stant time evolution, as well as the accordion approach fron
pulse sequences described by Maretedl. (10) and Carret al.

Continuous interest has been focused on measuring relgkl), but returning to the true 3D experiment instead, where the
ation times, Ty, T,, and Ty,. These time constants provide inf€laxation period. is independently incremented. Thus, the re-
formation over the dynamic behavior of the molecule in quegaxanon information is directly coded into the lineshape in the
tion. In protein NMR, characterization 8N and3C relaxation Particular frequency domain. Now, in the resulting 3D spectrur
times (Tz, T, andTy,) and heteronuclear NOE-values are corfwo of the frequency domains form a convetional 2 HSQC
monly used in studying global protein motions as well as intepPectrum, and the third domain contains the lineshape. Althoug
nal backbone mobility}—6). Further, the use dfN relaxation the current approach is a direct application of ideas presente
times in combination with residual dipolar coupling informaPreviously, to the best of our knowledge this kind of 3D experi-
tion ({Dny) allows the identification of conformational exchang&ent has notbeen described in order to deterrifiNeelaxation
of protein backbone, as there is a structure dependentiof times for proteins. It allows a simple and robust measurement
T,/ T, ratios and dipolar couplings in anisotropically tumbling€elaxation times from “relaxation” linewidths, and can be easily

INTRODUCTION

proteins 7). adopted for other heteronuclei as well.
Although a wealth of relaxation data for protein could be col-
lected if Ty, T, andTy, were measured fdH, 13C, and™N, it DESCRIPTION OF THE METHOD

is quite common routine to limit the relaxation measurements

to *°N, as this data combined witAN{*H}-NOE measurements The 3D pulse sequences for the measuremefihiT, and
usually provide enough information to determine the dynamie are shown in Figs. 1A and 1B, respectively. The presente
properties of a protein backbone. TH&l Ty, T,, andTy, values pulse sequences are essentially similar to the 2D versions pr
are usually measured by recording a set of 2D HSQC spectra sented by Kayet al. with suppression of the interference from
with different delaysT;) during which the relaxation (longitudi- the dipolar/CSA cross-correlation contributiat4). There are
nal or transverse) causes decay of signal intensity. The volunoedy a few differences including the incrementation of the
(or intensities) of cross peaks are then measured as a funcpeniod to create the third frequency dimension, an additiona
of delay T,, and subsequent fitting of volumes (or intensitiestring of°N 180° pulses inT, measurement, and purge periods
to exponential function results in the relaxation time valugsior to incremented’; domain in both sequences. These dif-
(1-4). The main inconvenience of this method is the integréerences will be discussed later in the text. For larger proteins
tion of the 2D cross peak volumes, a task that is quite prottee pulse sequences presented in Fig. 1 can be modified f
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FIG.1. The 3D experiments for the measurement®f relaxation timed1 andT,. Pulse sequence for (A} measurement and (B measurement. Narrow
(wide) bars correspond to 9Q180°) hard rectangular pulses. Gradient pulses are represented by narrow white half-ellipses denoted by g0—g9. White half-e
on 'H-channel represents a selective’ 3nc-pulse on water resonance. Thé and 1°N-carrier positions are 4.7 (water) and 113.0 (centet®df-spectral
region). All the pulses have phase unless otherwise indicated. Delaygi = 1/4*Jwn, t1 = incremented delay*¢N shift evolution),tg; = gradient duration
plus recovery delayj; andé; = basic delays which define the durationfelement (typicallys; = 2.5-5.0 ms and,; = 0.450-0.650 ms). Decoupling of
15N during the acquisition was accomplished using the GARP-1 sequéficdr(crementation off; period is achieved by incrementing the loop counter N by
suitable integer Qhe). For T, measurement, the loop counter L is decremented from maximum value to 0 in colisenafementation. The aforementioned
element ensures that the number of appfed 180" pulses and thus the induced heat is constant throughout the experiment. The phase cycle empl
for sequence A isb; =X, —X, &2 =16(y), 16(—Y), 3 =2(-Y), 2(y), P4 =4(X), 4(y), 4(—X), 4(-Yy), ®5 =X, receiver=x, 2(—x), X, —X, 2(X), —X, X, 2(—X),

X, —X, 2(X), =X, =X, 2(X), —X, X, 2(—X), X, —X, 2(X), =X, X, 2(—X), X. The phase cycle for sequence Bdig = X, —X, ®1 = 2(X), 2(y), 2(—x), 2(-Yy), 5 =
X, receiver= x, 2(—x), X. In both experiments, the N- and P-type coherences are recorded separately by inverting the sign of gradient g6 anddthénphase
synchrony. Axial peak displacement was obtained via the States-TPPI m@t)day (nverting the phasé; and receiver on every second increment.

better signal-to-noise ratio by simply replacing the sensitivity The actual incrementation of tAHgperiod is accomplished by

enhanced HSQCLH) with the TROSY sequencd §-—19. incrementing the loop counter N (Fig. 1), i.e., the number of rep-
As neither chemical shift nor coupling evolution are activetitions of the basid; element, by a suitable number (integer).

during theT, period, the resulting time dependence of the magor example, we selected a spectral width of 10 Hz for the thirc

netization can be presented by frequency dimension (SWy) in the T; measurement of ubiqg-
uitin (Fig. 2). Because the delady was set to 2.5 ms, the time
I(T,) = loexp(=T; /Tio) 11] increment of 100.0 ms corresponding the S¥¢an be achieved

by incrementing the loop counter N by;N) = 10. Since the ba-

o I ... sicT-element has finite length, the “available” spectral widths
whereT_l,z is either longitudinal or transverse relaxation t'meare limited to some degree, although there is the possibility 0
depending on the pulse sequence used. _ . . making small adjustments to the length of the basedement by
After Fourier transformation, this exponentially decaying S'géhanging the interpulse delagisands, (14). The total length of
nal in theT, time domain results in Lorentzian lineshape in th . L

frequency domain, with the linewidth (FWHH) determined b?ne basicT; elementfor thd, measurement s and &, for the

. . ' OY, measurement; i.etH and!SN 180" pulses are fitted in delays
Eq. [2], and thus relaxation time can be coveniently determlnegf ands,. As the relaxation time is directly extracted from the
linewidth, the use of window functions prior to zero-filling and

FWHH = 1/(7 T1 ). [2]  Fouriertransform s prohibited. Due to this faGimax) must be
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FIG. 2. 2D planes and 1D traces of 3} (Figs. A-D) andT, experiments (Figs. E-H) acquired from 1.0 mM uniformi\-labeled ubiquitin, 90/10%
H20/D;20, 30°C at 600 MHz. The 3D spectra were recorded using pulse sequences presented in Fig. 1: (A, E) 2D HSQC plane; (B, F) expansions of 2D
for taken att>N-shift position marked by an arrow in A; (C, D, G, H) 1D traces taken along linewidth-axis in Figs. B and F (horizontal axis), position from wt
the traces are taken are marked with arrows. Traces C, G, D, and H are taken at the positions indicated by upper and lower arrow, respectivelyed'he r
linewidth is marked in Figs. C, D, G, and H. The 3p andT, experiments were performed using a Varian Unity INOVA 600 spectrometer. Spectral widths we
8000 Hz £H) and 2000 Hz °N) for both experimentsT; experiment and, experiment were acquired using spectral width of 10 Hg(N= 10) and 25 Hz
(N(inc) = 4) for linewidth-domain (S\Wy), respectively. The initial value for the loop counter L of fieexperiment was 224. THed and®N carrier positions
were 4.7 (water) and 113.0 ppm (center of Al spectral region. Th@; experiment was acquired using 8 transients, 2348 ¢complex pointsk 100 (5N,
complex pointsk 18 (linewidth-domain, real points). The same number of transients and increments were usethiexperiment except only 8 increments
(real points) in linewidth-domain were performed. A combination of squared cosine bell and gaussian apodization function was Hgppliett¥ dimensions.
Linear prediction was applied in both experiments to extend linewidth-domain by 18 and 16 real pointSimititdl, experiments, respectively. Matrices were
zero filled to 2048%H) x 256 (°N) x 512 (linewidth-domain, real points) prior to Fourier transform. PulSd€90° = 5.1 11s;1°N 90° = 9.5 i1s; water selective
90° pulse= 1.422 ms (one-lobe sinc at RF power of 175 Hz). Delays: relaxation el s,Any = 2.63 msfg1 = 0.350 msg; = 2.5 ms, and, = 0.625 ms.
Gradient strengths (durations): g016.0 G/cm (0.5 ms), g 11.2 G/cm (0.5 ms) g 16.0 G/cm (0.5 ms), g3 22.0 G/cm (1.0 ms), g& 16.0 G/cm (1.0 ms),
g5=36.0 G/cm (1.25 ms), g& 26.0 G/cm (2.5 ms), g% 4.0 G/cm (0.5 ms), g& 6.0 G/cm (0.5 ms), g% 26.0 G/cm (0.25 ms). All the gradients were block
shaped!®N-decoupling during the acquisition was achieved using GARP-1 (20).
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relatively long in order to ensure sufficient decay of magnetizaz this work, we utilized the standard Varian Vnmr6.1d software
tion and thus the suppression of truncation artifacts. Fortunatatyacro for linewidth measurement (dres-command). Figure ?
as the needed spectral width in the linewidth domain (gWs presents the determination @ and T, relaxation times for
usually small (and correspondinly the time increment is longlgsidues 113 and L67 using 2D expansions and 1D traces take
long enoughT;(max) can be reached with relatively few time infrom the 3D spectra. Figures 2A—-2D and 2E—2H correspond t
crements. Furthermore, as only the decay of the signal intens3ty T, andT, experiments, respectively. Figures 2A and 2E show
takes place during th& period, the data is purely real and thushe 2D**N HSQC planes of the 3D spectra. The cross peaks o
one spectrum per 1/SMy increment is sufficient. Additional residues 113 and L67 are located in the area marked with a bo;
reduction of the experimental time can be easily achieved by #sgures 2B and 2F show expansions of 2D planes of the 3L
ing linear prediction to calculate signal decay in fa@lomain. spectra taken at the positon in tHél axis marked with arrow.
This possibility is of particular importance whdi values are The cross peaks shown in these 2D planes contain the rela
to be measured. [, measurement using the linewidth methodation information coded into the linewidths. In order to measure
relatively longT;(max) of about 500-750 ms would be needethe linewidths, the 1D traces were selected (traces are taken
to ensure sufficient decay of magnetization in order to avoide positions marked with arrows in Fig. 2B and corresponding
truncation artifacts. Long;, periods (during which the modified 1D traces are shown in Figs. 2C, 2D, 2G, and 2H). In ordel
CPMG pulse train is applied) may cause undue sample heatingachieve as reliable relaxation times as possible, the 1D trac
and may also eventually damage the probe. Therefore, in attould be selected from the midpoint of the 2D contour (i.e.,
dition to obtained reduction of experimental time, it could bby selecting the maximum intensity 1D trace), although in the-
beneficial to use shoff,(max) and utilize linear prediction to ory, the linewidth in one dimension should be the same through
extend the signal in th& domain. As mentioned above, com-out the contour. In practice, deviations occur and are likely due
pared to the sequence fdy measurement described by Kayto the S/N-ratio-drop induced errors in linewidth measuremen
et al, the pulse sequence presented in Fig. 1B contains an addien off-center 1D-traces are selected. In our case, the 1D trac
tional string of*°N 180" pulses (loop counter L). This elementwere taken from the plane where the other axis Whéresolu-

is incorporated in the sequence in order to minimize the posgen 7.8 Hz/pt). The extraction of the 1D trace one point off from
ble effects of sample heating in the coursdpincrementation the center of the contour (maximum intensity 1D trace) resultec
(increasing number of°N 180 pulses). The loop counter L in an average error of about 4% Ta values (10 residues were
starts from maximum value of 8Nnc) * (Ni(T;) — 1), where checked). The corresponding average error foffthealues was
ni(T;) is the number of increments it domain and is decre- 1%. Smaller errors iff, values can be explained by the fact that
mented by & Nnc), Whenever loop counter N is incrementedthe same amount of deviation in the linewidth measurement al
Another difference from the original pulse sequence is gradidets theT, result less, as the linewidth correspondingTtois
purging period, 9(*°N)-gradient90° , (*°N), prior to the mod- significantly larger. If better numerical resolution on tieaxis
ified CPMG pulse-train. The purpose of this purging period iwas utilized, it could be assumed then that the misselection c
to destroy all'>N magnetization that is not refocused durind.D trace by one point itH-domain had a smaller effect on the
the preceding\ny-180°(*H), 180°(*°N)-Ann-period. Gradient results. In the case of peak-top overlap, one naturally must se
purging is performed prior to the actuglelement, as presentedlect a 1D trace from the region far from the overlapping contour
in Fig. 1A. All the 1SN magnetization that is not aligned alongcenter. In such cases, good numerical resolution could be us
thez axis is destroyed by the gradient applied during the irst ful in order to have continuous lineshape in #é-dimension

delay in propagator 99(*°N)-61-180°(*H)-61. (or >N, depending on which 2D plane is used to determine the
linewidths). Good resolution of the other chemical shift axis (in
RESULTS AND DISCUSSION our case*®N), in turn, would improve the accuracy of the 2D-

plane selection. One factor, which also may affect the results
The measurement of relaxation timiBsandT, with 3D pulse is phasing. Therefore, careful phase adjustments in all dimer
sequences presented in Fig. 1 was demonstrated using 1 sibhs are recommended. The extracted 1D-traces were correct
uniformly *°N labeled ubiquitin (VLI Research) dissolved infor DC-offset. This ensured that macro (dres-command) used t
90/10% HO/D,0, pH 4.7, 50 mM sodium phosphate buffermeasure linewidths performed correctly. It should be noted tha
at 30C. All the experiments were carried out using Variaextremely fine resolution in this linewidth-domain is crucial as
Unity Inova 600 spectrometer equipped with-H2C/A°N triple  relatively narrow linewidths must be measured accurately. The
resonance, actively shieldedgradient probe. The relaxationmeasured linewidths were converted into relaxation time data b
times for selected 30 residues were extracted from linewidthsing Eq. [2]. To compare the results obtained using the currer
in the dedicated frequency domain using Eq. [2]. The linewidtlapproach, standard relaxation time analyses were performed f
can be measured either manually (a method that is not cod® data sets; i.e., the 2PN HSQC planes (corresponding to
pletely objective), or by using a robust linewidth-determinatioparticular T, value) were Fourier transformed and cross-peak
method, which looks for maximum peak-top intensity and subeolumes were measured as a functionTef The volume in-
sequently determines two data points representing the linewidigration was performed using standard Vnmr6.1B software
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prediction (onefold foif; measurement and twofold fdy mea-
surement for the presented relaxation data) was not sufficient 1
decay the signal intensity enough to avoid truncation artifact
in the linewidth domain. For other residues, no truncation arti-
facts were observed, and a good agreement of relaxation tin
results between classic and linewidth-based methods was o
tained. Therefore, the current linewidth-based method must b
interpreted with caution whenever severe truncation wiggles i
the linewidth domain are observed. Fortunately, such residue
can still provide reliable relaxation time information as the 3D
data also permits the use of the classic volume/intesity measur
ment approach.

In order to perform a successful 3D linewidth-resolved ex-
periment, a crude estimation of average relaxation tirfiesi
T,) is needed. This enables the user to select sufficient spectr
width, SWy, and the number of increments for the linewidth-
domain to ensure the needed decay of the signal in the cour:
of T, incrementation. Notably, the averageandT, values can
be readily estimated from the decay of amide proton signal

0.1 T T T T T
0 0.05 0.1 0.15 0.2 0.25 03

T

TABLE 1

Comparison of *N T, and T, Values for 30 Residues of *°N-
FIG.3. Experimental>N T, data of three residues 113, L67, and V70. The_abeled Ubiquitin Obtained Using Classic Curve-Fitting Proce-
solid curves represent the best least square fits of the exponential function whilges, T, (Fit) and T,(Fit), and 3D Linewidth Approach, T;(3D) and

circle for residues 113, L67, and V70, respectively. The presented experimemg

the experimentally determined volumes are indicated with triangle, square, afu?3D)

data is extracted from the 3D experiment as described in the text. The fiRdsidue T1(Fit) [s] T1(3D) [s] To(Fit) [s] T2(3D) [s]
experimental data point is recorded wihvalue 0.0 ms and subsequent points
with steps of 40.0 ms, which corresponds to the selectegy8W 25 Hz for Q2 0.449 0.451 0.176 0.172
the 3DT, experiment. The last data point was recorded Wjta- 280.0 ms. 13 0.435 0.444 0.181 0.164
F4 0.422 0.416 0.177 0.179
V5 0.444 0.450 0.186 0.188
K6 0.433 0.436 0.174 0.178
Subsequent linear least-squares fitting of volumes to the expcg g-ggg g-ﬁ’g g-igg 8-1;;‘
nentlal fgnchon (Eq. [1]) was used to extract the relaxanonlls 0.438 0.433 0.174 0177
times. Figure 3 presents volumes of 2D cross peak; fF@_m L15 0.436 0.438 0.172 0.174
measurement as a funtion of deldy and corresponding fit- vi17 0.428 0.429 0.176 0.173
ted exponential functions for three residues, 113, L67, and V70£18 0.456 0.471 0.178 0.179
Table 1 collects thd; and T, values measured with standard K27 0.420 0.403 0.172 0.168
: X . . . 130 0.434 0.417 0.185 0.178
and linewidth techniques, and a corresponding graphical presefiz, 0439 0.420 0.186 0.181
tation is_ shown in Fig. 4. This plot, as well as Table 1, confirmgz, 0.458 0.442 0.187 0.182
that reliable values for relaxation timdg and T, can be ob- Q40 0.439 0.428 0.179 0.179
tained from linewidths using the proposed 3D pulse sequencek43 0.441 0.442 0.178 0.174
There are some visible differences between the two method‘o“z:‘5 %-13;2 %-1432 %-1122 %118625
but by percentage these are relatively small. These diﬁerenc{go 0.442 0.429 0.165 0.174
might be due to the somewhat limited numerical resolution in thgys, 0.491 0.481 0.187 0.178
linewidth domain (which causes an average uncertainty of 2.8%s6 0.411 0.399 0.177 0.168
in linewidth determination for botfi; and T, experiments). In  N60 0.438 0.419 0.181 0.173
addition to increasing the digital resolution, also fitting of Loren-E64 0.427 0.426 0.176 0.175
zian lines could improve the accuracy of the current 3D methS2> 0.425 0.420 0.173 0.171
_ P y ot _ 766 0.429 0.430 0.183 0.180
od;. Partlcularly biased results are obtained for residue G76g7 0.435 0.434 0.177 0.176
which has relatively longl; and T, values compared to the Hes 0.442 0.439 0.183 0.185
relaxation times observed for other residues. Due to long relax¢70 0.430 0.415 0.161 0.163
1.220 1.159 0.797 0.389

ation times of G76, there is a significant amount of intensity left®76

in the data point corresponding Tg(max). Subsequent linear Note.Experimental parameters are described in the legend of Fig. 2.
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0.550 with selectedr, values. This arises from the fact mentioned ear-
0506 | lier in the text that the data in th& domain is real and thus

N 3 no imaginary part must be collected. In addition, further short-
e AT Y . * o xa X* QX N . x & | ening of the needed experimental time can be readily achieve
oao| % a N x @ =X by extending thel, domain with the aid of linear prediction.

Furthermore, since the linewidths are used instead of 2D cros:
peak volumes/intensities to determitR relaxation times, a
0300 | good signal-to-noise ratio is not as crucial, as in the classic ap
proach.
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