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The QUIET-NOESY experiment (Zwahlen et al., J. Am. Chem
Soc. 116, 362-368, 1994) is applied to measure the mobility of the
flexible extensions in the large aggregate (800 kDa) of a small
heat-shock protein. The proper choices of the experimental pro-
tocol and parameters are discussed in order to employ a simplified
data analysis procedure. Further experimental verification of the

experiment which was devised to quench spin diffusion durin
NOE measurements. Spin diffusion hinders the precise asse
ment of single cross-relaxation rates in the presence of a netwc
of simultaneous dipolar interactions which determine the dynan
ics of spin populations of the molecular magnetization reservo

proposed strategy is also presented using the cyclic peptide gram-
icidin S as a model compound. Under suitable conditions, the
determinations based on the analysis of QUIET-NOESY data are
affected to a negligible extent by the approximations that are
introduced by the proposed approach. © 1998 Academic Press
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(5). As is well known, the phenomenon becomes particularl
severe with macromolecules because of their slow tumbling ar
the complexity of their dipolar network.

The solution offered by QUIET-NOESY relies on isolating
the spin group of interest from the whole system of nuclee
magnetization. Isolation is achieved in two ways. First, only

rate determination; local mobility; correlation-time determination;

A selective pulses are employed to detect the Overhauser e
small heat-shock proteins; Hsp25.

hancement of a single spin (or group of equivalent spins) upc
selective perturbation (inversion) of a dipolar partner. Fron
this point of view, QUIET-NOESY may be regarded as ar
evolutionary productof the selective-inversion experiment,
The application of selective NMR experiments to biopolyfirst proposed by Freemaet al.in 1974 €) and subsequently
mer studies is generally hampered by severe sensitivity los&ggeatedly modified up to the QUICK-NOESY versiaf that
due to relaxation during the selective pulses and during tHeOrPorates shaped selective pulses for inversion and dets
time intervals of the sequences. Even when the interpulse dif- Secondly, in the innovative aspect of the QUIET-NOESY
observation intervals can be compressed, relaxation that occ@fgeriment, a doubly selective inversion pulse in the middle c
during the shaped pulses may prove to be too fast to alldlae evolution time isolates the dipolar pair of interest from the
adequate sensitivity. For large molecules such as biopolymBEdk magnetization. The isolation is achieved by simultaneot
at high magnetic fields, these detrimental effects are mairfiin-temperature inversion which leads to a back-transfer
due to the fast decay of the transverse components of the magnetization fluxes between the selected pair and the b
magnetization, although longitudinal relaxation effects shoufgservoir. Although the efficiency of a dipolar decoupling
also be considered.(2). between the selected pair and the remainder of the syste
Some partial remedies have recently been propoggdad could be improved by repeated double-inversion pulss (

further progress can be expected from improved pulse-shapfii}y minor deviations from ideality are experienced when :
schemes. Relaxation during selective pulses still remains, hdsingle doubly selective inversion pulse is employedl A
ever, the bottleneck for selective NMR spectroscopy of largeorough analysis9) has shown, in fact, that as long as
biomolecules. Nevertheless, the application of selective NMBngitudinal and transverse-relaxation losses during the sele
methods may provide access to novel experimental approache#ié pulses are properly accounted for, the results of QUIET
the field. In particular, valuable information is expected to ariféOESY experiments lend themselves to accurate quantitatic
from use of QUIET-NOESY duenchingundesirabléndirectex-  of cross-relaxation rates, even when the data are analyzed b
ternaltrouble innuclearOverhausekffect spectroscop) (4), an simple two-site submatrix approach. A more extended trea
ment is required only if selectivity fails to retrieve single-pair
cross-relaxation data, as occurs with poorly resolved dipol:
subsystems of three or more spins.

INTRODUCTION
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The feasibility of a quantitative NOE analysis suggests
some interesting applications in the area of macromolecular (a) Gis0 mGigo G270
biophysics if selective pulses with a suitable performance

+
could be employed. Such experiments could be utilized for _/\ Aﬂmm /\Mmﬁ
calibration purposes, such as in the determination of accu- tm/2 m/2 ;Wfkuﬁjy«
rate internuclear distances or local correlation times in pro- Source  Source+Target Target % W

I

teins and oligonucleotides. Other applications could include
assessing NOEs in complexes of antibodies with small an-
tigens and proteins with DNA or other proteins, or within

transient intermediates of partially unfolded proteins, that is,
under conditions where spin diffusion may introduce sub-
stantial uncertainties in the determination of NOEs, or even|(b) i
casts doubt on the very existence of certain dipolar interac- Aﬂmh\ /\ﬁ
tions. The application we present here aims at quantifying _/\ tm/2 tm/2 ’u

the extent of local flexibility in large aggregates of HsSp25, | off-resonance Source+Target Target }

a small heat-shock proteiri@, 11). ? %g
RESULTS AND DISCUSSION Total Mixing-time =Tm + T;g,
Theory
The QUIET-NOESY experiment is depicted in Fig. 1a. The | (C) Giso mGigo G270

mixing time, ., following the selective inversion of the source
spin is bisected by a doubly selective inversion pulse which acts
on the source and the target spins. Detection is achieved by 3

selective reading pulse applied to the target spin. The net NOE| =~ Souzce Source+Target Source Eii
amplitude is determined by subtraction of the FID resulting from

the same scheme, apart from the initial pulse being off-resonance
(Fig. 1b). If the separation of the two-spin subsystem from the
remainder of the magnetization reservoir is successfully achieved,
the experimental data can be analyzed by computing the evolutiopiG. 1. Pulse-sequence schemes for QUIET-NOESY G, 40 and G,y

of the relative populations under the action of the correspondiag the singly selective Gaussian-shaped pulses with flip angles of 180° a
relaxation super-operator. Expressed in terms of the same mixiR@Y° respectively, applied to either source or target-spin frequency, as inc

coefficient function as reported for 2D NOESY cross-peaks 8? ed.mG, 4, is the audio-modulated doubly selective inversion pulse, appliet
at the midpoint frequency between the source and target-spin resonances.

two isolated spinsA and B, that is, the source and the target@n-resonance sequence and (b) off-resonance sequence for the measurel

respectively, we havelp) of the target-spin NOE. The two FIDs are collected in interleaved mode t
minimize effects from instrumental drifts, and their subtraction is performec
after correcting the data from experiment (b) for the source-spin transver

ans © — eXp(—R 1) [1 — exp(—Rcmm) 1, [1] attenuation (Eq. [4]). (c) Sequence for the measurement of the source-s|
amplitude. According to the discussion of the Theory subsection, the overe
value of the mixing time includes the half-durations of the inversion pulse:

where a,g is the mixing coefficient, and&} and R. are the (T18d2), which have the same time length to ensure a constant excitatic

Ieakage and cross-relaxation rate constants, respectivew’t_)zg\gwmh_around t_he selected resonances. For the sequence in (c), the mixi
. . ..~ time duration also includes the reading-pulse half-duratign/@).

defined by Macura and Ernst3), the pre-exponential intensity

factors having been omitted. Equation [1] contains two expo-

nential terms and would therefore require several experimeQf§ere the same factors as in Eq. [1] have been omitted. Tl
to solve forR.. With the inherent precision limits of NMR yatermination oR. requires fitting the ratio
determinations, the pitfalls of multiexponential fitting should

Total Mixing-time = Tm + T;g) + Tyy0/2

be avoided to enable a reliable estimation of cross-relaxation a 1 - exp(—Rery)
parameters. A simple way to bypass this problem is to measure e e ﬁ , [3]
the auto- and cross-relaxation terms from the source-spin am- Ana eXp(—Rem)

plitude by means of the scheme in Fig. 1c. The correspondin%_ . _
mixing coefficient,a,s, can be expressed asj which implicitly assumes that external relaxation is equal fo
1A A

both A and B spins. Alternatively R- may be determined by
solving directly with the data from measurement with a single
aas exp(—R 7)) - [1 + exp(—Remm) 1, [2] 7., value (L3).
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Of course, the two-site submatrix approach implied bselective pulses are explicitly accounted for. The overa
Egs. [1]-[3] loses validity if selectivity is insufficient andcalculation yields excellent results simply from considering
fails to isolate properly the auto- and cross-relaxation terms2 X 2 relaxation matrix. The success of the two-spir
for a single pair of nuclei. Moreover, if markedly differenttreatment reflects the performance quality of the QUIET
contributions arise throughout,, from external relaxation NOESY perturbation on the whole magnetization. Howevel
losses, additional exponential terms survive in Eq. [3]. Tas noted by Schwager and Bodenhaus@yn ¢alculations
perform safely a single-exponential fitting, these extra termigsed on the time-lag method may also give comparab
should be independently eliminated by also determirsigg results if applied under suitable conditions.
and agg via QUIET-NOESY, or estimated by selectivig
mee_lsu_re_ments. Although su_ch cqrrections are _fgasible OWplementation of the QUIET-NOESY Experiment
_for |_nd|V|duaI!y resolved spin pairs, the re_llablllty of the ¢, Simplified Analysis
implied two-site treatment can also be readily assessed from
the experimental time course of a single target-to-sourceUsing the previous conclusion8)(as a starting point, we
ratio, by recasting Eq. [3] into a linear form. Even when decided to explore the feasibility of an easier implemente
two-site submatrix approximation can be reasonably usdthn of the QUIET-NOESY experiment to study biological
however, the application of Eq. [3] for quantitative analysismacromolecules. To minimize the relaxation effects durin
is hampered by relaxation effects occurring during the sthe inversion pulses, only Gaussian-shaped pulSgg,and
lective pulses. These effects encompass both transverse @ngh, were employed because of their favorable duratior
longitudinal losses. bandwidth productAtAQ), whereAt is the time length of the

Transverse relaxation introduces damping factors at egmhise andAQ) is the corresponding excitation bandwidth
pulse which, in rough terms, recast the magnetization con@-4). Thus, only 14.4 ms is required by@, g, pulse for a
tions at the start of each interpulse evolution interval as well Bandwidth of 50 Hz 1), which is much less than the 66 ms
during the pulses themselves. Hence, the mixing coefficientsiacessary for the same selectivity with a quaternion Gaus
Egs. [1] and [2] should be written as a product of contributiorian cascadeQ3g, as used in previous applications of
over the mixing-time subintervals, with each contribution beQUIET-NOESY @, 9). Similar arguments, which entail sac-
ing taken with the proper damping factor. The calculation afficing some selectivity to improve sensitivity, also apply
Rc would therefore become more involved because the cofor the choice of the reading pulse. Therefore, Gaussial
pact form of Eq. [3] would be lost. shaped pulses with a 270° flip anglé.{,y and a duration of

Longitudinal-magnetization losses, on the other han@6.4 ms were used, which provided the same excitatic
would introduce, if neglected, a back-shift in the time scaleandwidth as the inversion pulses (50 H2).(With short
of the NOE buildup due to auto- and cross-relaxation algulses, the convenient approximation of a separate treatme
occurring during the pulses. These effects were extensivelgd correction of longitudinal and transverse relaxatiol
examined by Horitaet al. (2), who estimated the errorseffects becomes less critical. For the longitudinal losses, tt
affecting the determination of cross-relaxation parametersriesults of Horitaet al. (2) suggest that, for a Gaussian
transient 1D NOE experiments with a variety of shapedhversion, the fraction of the overall pulse length to be
selective inversion pulses. They showed that a two-sitensidered for the time shift of the cross-relaxation builduj
submatrix approximation accounts for the time lag of thér,,) approaches the value of 0.5. Thiseoretical value
NOE buildup by resetting either the starting magnetizatiosould be intuitively understood to reflect an equivalen
conditions or the experimental time variable. Quantitativéivision into transverse and longitudinal components durin
analysis by this approach leads to satisfactory results whidne@ actual magnetization excursion, inasmuch as the on
relaxation effects during the shaped pulses are simuleffective cross-relaxation processes occurring during
neously minimized with respect to the actual pulse duratighaussian inversion of a single spin take place in the labc
and to the sensitivity factor of the relaxation/excitatiomatory frame. Although such an approximation breaks dow
profile for the selected amplitude-modulation scherhe ( if T, andT, diverge substantially, that is, wh@np/T, = 100,

From the viewpoint of the number and type of shapeitican be reasonably expected to hold true for limited puls
pulses, the QUIET-NOESY scheme (Fig. 1) is inherentlgngths, even with biopolymers. Similar arguments, how
more complex than the transient-NOE experiment with ever, do not apply to a doubly selective Gaussian inversiol
single selective pulse that was analyzed by Hoeital. (2). In this case, the two spins which undergo the inversion ar
In the QUIET-NOESY experiment, the error accumulatethe dipolar partners whose cross-relaxation the experime
by repeated approximations severely undermines the redims at isolating. Since their corresponding magnetizatior
ability of a simplified analysis. The issue of cross-relaxalready have either opposite or parallel polarization alon
ation-rate estimation from QUIET-NOESY experiments hate z axis in the schemes of Fig. 1, their mutual dipolar
been closely examined by Schwager and Bodenhau®en exchange should continue during the entire double-inve
Their results demonstrate that accurate quantitation candien excursion. Only the laboratory-frame cross-relaxatio
obtained when the relaxation processes occurring during thi®cesses should be considered, however, because the
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tating-frame transfers are averaged out. In fact, the tranveeg®n factor AF that would be observed if the first inversior
cross-relaxation termof) is nonsecular under the (mostpulse were applied on-resonance:
common) conditions of biselective inversion of a suffi-

ciently resolved spin pair, that is, with a chemical-shift

difference much larger than &/ (15). On the contrary, pulse duration 7
under the same conditions, net longitudinal cross-relaxation AF = exp— (sourcespirﬂ) :
transfers are expected which can be shown to occur at half ?
the R rate of conventional transient-NOE or NOESY ex-

periments 16) and can therefore be considered as taking,e resylting difference should represent the extent of puls
place at full rate or half of the pulse duration,), that is, yampeq cross-relaxation that has occurred throughout the ¢
exp — (Re - 7/2). Hence, only half of the doubly selective,giment yp to the start of acquisition. The overall dampin:
pulse_length should be included in thﬁﬁ_c’f Eq. [3]. By effect from transverse relaxation during pulses, however, mg
fOHO\_N'ng the Same arguments as Hor_ltet al. _(2)’ the be considered to cancel out upon calculating the ratio of E
Iongl_tudmal relaxa’gon processes occurring du_rlng G0 3], much as if all the transverse-attenuation coefficients ths
reading pulses (Fig. 1) ShOUI.d be _treated with the_ sar‘é ould update the initial-magnetization condition at each puls
factor as that of the selective inversion pulses, that is, Oéementary step9) were collected into a single, effective
However, considering these longitudinal contributions i& mping factor. The further scaling of the target ,and Sourc
only necessary when measuring the source-peak amplitydle, " 4o5 that would be required in the ratio of Eq. [3] to

Witht _tget_ SCh?mfh OI Fig.t 1C_’ becaL:se (;he corrtlasgon(:ig mpensate for the different transverse-damping factors whi
contrioutions 1o the target spin are aiready canceled out By, jhyoqyced by the final reading pulses (applied to eithe
difference of the FIDs resulting from the schemes of Figg rget and source spin in the schemes of Fig. 1) may be avoid

1a|and 1fb ?])' Itndsun:_mar)t/h by utsmg o(;wly Gauss||an—ts_hape| those factors may be considered only negligibly different fo
pulses of short duration, th€ auto- and Cross-relaxation CQe w4 nyclei. Under conditions of similar transverse-deca

tributions arising during a QUIET_'NOESY eXpe“'_“e”t Calates and limited reading-pulse lengths, the latter approxim
be reasonably computed by adding to the experimenjal tion should be quite safe

value the half-durations of the inversion pulses for the
target-spin data and the half-durations of all pulses, that is,
inversions and excitation, for the source-spin data. Pulse-Scheme Symmetry

In the context of the same approach, and with regard to the
transverse-relaxation losses, the starting point is the realizatiomhe presence of auto- and cross-relaxation contributior
that the relative attenuation depends on the tranverse-de@aying the selective pulses, no matter whether they are prope
rate of the monitored spin. It has been shown that the tranvegsgounted for, entails a loss of symmetry of the ideal QUIET
magnetization which is recovered followingG,, pulse is a NOESY scheme of Fig. 1. The doubly selective inversior
linear function of the initial longitudinal componerf})( even pulse, in fact, is no longer located at the center of the mixin
when all relaxation processes that are occurring are precistige if the initial inversion and the final reading Gaussiar
accounted for. Therefore, the transverse-relaxation attenuatipfises have different time lengths, as is required to keep tt
during Gaussian pulses may be easily accounted for by meg&#sitation bandwidth constant throughout the experimen
of the T, value of the monitored spin, which can be estimatddoreover, the pulse sequence schemes for source and targ
independently, and the limitingparameter given by Hajduit spin observation are not equivalent, as far as the total mixir
al. (1). The latter is defined as the fraction of the pulse duratidiime is concerned, because the extent of auto- and cros
during which the magnetization has to relax to yield the exelaxation that takes place during the reading pulse is compe
perimental amplitude, assuming that the selective pulse weaged for when the target-spin data are processed, wherea
instantaneous. According to Hajdek al. (1), = 0.490 and has to be explicitly considered with the source-spin data. Tt
0.242 for G,,4 and G, 5, pulses, respectively. The extent oformer asymmetry may be simply handled by introducing
transverse relaxation occurring during the pulses in tl@@mpensation intervals following or prior to the doubly selec
schemes of Fig. 1 is exactly the same up to the start tfe inversion pulse, according to Fig. 2. As a result, the doubl
acquisition, except in scheme of Fig. 1b, where the dampiityversion is placed exactly midway with respect to the actue
factor which affects the initial magnetization of the source spMOE buildup. Removal of the latter asymmetry, on the othe
is missing altogether. Hence, the evaluation of a proper diffdrand, may be achieved by decreasingrh@ intervals by 7o —
ence between the experiments of Figs. 1a and 1b should7hg)/2 in the measurement of the source-spin decay (Fig. 2c
performed after correcting the corresponding signal amplitudeberer,,,andr; g, are the time lengths of the initial inversion and
accordingly. Since for both schemes the same transverse atfena detection pulses, respectively. This modification is necessa
uation is expected from the doubly selective inversion ard avoid fitting the target-to-source ratios (Eg. [3]) with different
reading pulses, a difference can be performed after scalvajues of the total mixing times, which would leave a double
down the result from the experiment of Fig. 1b by the attenexponential in the denominator of Eq. [3].

[4]
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Application of QUIET-NOESY to Aggregates of a Small
Heat-Shock Protein

Small heat-shock proteins (Hsps) are a group of ubiquitous
proteins that are expressed in large quantities in response to
cellular stress (e.g., heat, denaturants, various disease states).
Mouse Hsp25 is a protein of 205 amino acids that aggregates
into stable oligomers with an average mass of around 800 kDa.
In this form Hsp25 exhibits chaperone ability, whereby it is
capable of complexing and stabilizing proteins that are par-
tially unfolded and about to precipitate out of solution (re-

ESPOSITO ET AL.

8

|

/

Pro194

\v
|

viewed in Ref.11).

Hsp25 is not amenable to detailed high-resolution NMR

(a) 6is0 mGigo G270
;é +
ANV STEVA %ﬁﬁ%‘%«v
ource Source+Target Target g
(b)

Ty = T1g072

Total Mixing-time = Tm + 1180 + Tl

(c) Giso

|
AR N

Source Source+Target Source ji}

mGigo G270

Tz = (T279=T180) /2
Total Mixing-time = T’ + Tyg + Ty + Tyy0/2

FIG. 2. Pulse-sequence schemes for compensated QUIET-NOESY.

4.8 4.2 3.6 3.0 24 1.8 1.2 0.8
ppm

FIG. 3. Aliphatic region of the!H NMR spectrum of Hsp2510) in D,O
at 500 MHz and 298 K. The protein aggregates into stable oligomers with &
average mass of 800 kDdQ) and only resonances from the C-terminal
18-residue fragment are observdd)( The resonance pair of Pro194 that was
monitored in the QUIET-NOESY experiments is indicated.

analysis because its extensive aggregation leads to prohi
tively slow rotational diffusion in solution (estimated overall
tumbling time = 0.2 us). '"H NMR spectra of the Hsp25
aggregate (Fig. 3) revealed, however, the presence of a flexil
extension which, through conventional two-dimensional NMF
analysis, was shown to arise from the last 18 amino acids of t
protein (Arg188 to Lys205) that adopted little preferred con
formation (L7). Using the NOESY cross-peak ratio of the two
a—f connectivities of Pro194 as a probe, an evaluation of th
flexibility of the entire extension was also attempteld)(
Within the framework of the isolated spin-pair approximatior
and linear buildup assumption, a value of 0.71 ns was obtaine
for the correlation time+() of the selected internuclear-vector
pair, which is close to the. value of 0.46 ns expected for the
overall tumbling of an isolated 18-residue peptide under th
same conditions. Since the ready detectability and absence
chemical-shift dispersion of resonances in the C-terminal e
tension of Hsp25 imply substantial flexibility for this region,
the experimentally determined valuemfappears a reasonable
estimate. However, this type of determination, and hence fun
tional implications concerning the role of the C-terminal ex-
tension in the chaperone action of Hsp25, might be very muc
in error if spin diffusion were actively operating. For instance
it is not inconceivable that only the latter part of the C-termina
octadecapeptide is genuinely flexible, with mobility decreasin
toward Arg188, which forms the pivotal and anchoring point tc
Eg)e relatively rigid domain core. Another possibility could be

On-resonance sequence and (b) off-resonance sequence for the measurdfi@nccurrence of a fast exchange between two limiting cor
of the target-spin NOE. (c) Sequence for the measurement of the source-§pifmers where the C-terminal fragment either freely protrude

amplitude (see the caption to Fig. 1 for symbol meanings and processipgsolution or sticks to the bulk protein. In any such circum-
procedure). The doubly selective inversion pulse is located exactly at the certelnces the observed NOEs would result from spin diffusio

of the mixing time by introducing the compensation delgy= 7,542 in
sequences (a) and (b) amgd= (1,70 — T159/2 in sequence (c), wherg,o >

leveling out NOE effects among the individual populations

7180 iS @ssumed. The overall mixing-time duration of experiment (c) is maden€ QUIET-NOESY experiments presented here imply the

equal to that of experiments (a) and (b[#,/2 = (rm/2 — 12) (see text)].

this is not the case.
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FIG. 4. (a) Target-spin (Pro194CH,) NOE-difference spectra obtained from QUIET-NOESY experiments on Hsp25, according to the scheme of Fi
The reported traces resulted from difference of 512 on-resonance and 512 off-resonance transients, collected in the interleaved mode (see Experiment
The integrity of the sample was checked following each series of measurements. The data point from the fourth series of experiments was not used for si
analysis because the sample appeared degraded by the end of the corresponding measurements (no error bar is, in fact, reported for the relative poi
(b)). (b) Target-spin QUIET-NOESY amplitudes (arbitrary units) from Hsp25, as a function of total mixing time. The values were calculated after correc
the off-resonance data (Fig. 1b, see text). The overall NOE (empty circles) is split into the two component contributions from the vicinal dipolar interact
Pro19486—y hydrogen pairs (see text), corresponding to distances of 0.230 nm (solid triangles) and 0.289 nm (solid squares). (c) Target-to-source ratios
as a function of total mixing time from QUIET-NOESY measurements on Hsp25. The dotted lines show the fitting curves, whose parameters are listed |
1. The symbols correspond to the monitored dipolar interactions of Pro194, as reported in panel (b).

The resonances of theCH-BCH, spin system of Pro194, clear separations of 0.230 and 0.289 nm, assuming an avera
which had been previously employed to estimate the lecal unpuckered geometry of the proline ringgj.
value through 2D NOESY spectrd®), are not amenable to By using the (resolved)CH, resonance as source spin anc
safe 1D determinations by QUIET-NOESY since none of thesige (unresolved)yCH, resonance as target spin, QUIET-
resonances are resolveil,( = 4.39 ppm;s,,; = 1.93 and 2.26 NOESY experiments were performed according to the proc
ppm; Fig. 3). In general, the results of a two-site submatroure of Fig. 1, under the conditions described in the Exper
treatment of QUIET-NOESY data may be adversely affectedrifiental section. Typical difference spectra, obtained with th
a dipolar partner of the selected pair is inadvertedly perturbedhemes of Fig. 1a and 1b, are reported in Fig. 4a, where t
by the inversion and/or detection pulses. Although no suduality of selective-spectroscopy data from the large-molect
problem should be encountered with teg3 hydrogen pairs of lar-weight aggregate of Hsp25 can be appreciated. The cori
Pro194, the lack of resolution prevents any selective obserngponding NOE-buildup curve is given in Fig. 4b, where the
tion of the source-spin resonance. However, because of theerall NOE time course is also split into the two componen
unique rigidity of its five-membered ring, any of the prolineontributions, as calculated from the inverse-sixth-power rati
hydrogen pairs may be chosen to extract information on téthe intervening nuclear separations. This linear assumptic
local motional regime of the peptide backbone. Therefore, vigconsistent within the context of our QUIET-NOESY analysis
took advantage of the resolved and fairly isolaé&H, reso- if one considers that (i) the effects from spin diffusion shoulc
nance of Pro194 (Fig. 3) to monitor tt#&H,—yCH, dipolar be expectedly reduced, if not removed, by the experiment
interaction. Each of these two diastereotopic proton pairs exotocol, and (ii) the strongest cross-relaxation transfers occ
hibits substantially degenerate resonances at 3.62 p@id,] to the same extent within each of the unresolyeahd 6 pairs
and 2.00 ppm+CH,), which should give rise to a degeneratef Pro194 and, therefore, do not affect the amplitude of th
pair of vicinal dipolar interactions, corresponding to internuesolved NOE transfers. Only the points from the first thre
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TABLE 1
Cross-Relaxation Rate Constants, Rc (Rc = 2¢) Determined from QUIET-NOESY Data, and Correlation-Time Values,
7., Calculated from the Corresponding R Parameters after Imposing the Reported Internuclear Separations

Experiment Source spin Target spin Re (s7h 7. (NS) Distance (hm)

Hsp25 Pro194

Uncompensated pro&proR-5 proS-y/proR-+y —0.41+ 0.08 0.73+ 0.08 0.230
proS-6/proR-6 proR-y/proS+y -0.10+ 0.02 0.73+ 0.08 0.289

Gramicidin S
Uncompensated LeaCH DPhe NH —1.2Q, = 0.042 1.05 = 0.03 0.210
Compensated LeaCH DPhe NH —1.25 * 0.042 1.08 = 0.03 0.210

2 Final dropped digits were kept only for comparative purposes and should not be considered significant figures.

series of measurements could be used for the subsequent amdlacted from the fitted cross-relaxation values of the Prol¢
ysis. The sample appeared in fact degraded by the end of the proton pairs of Hsp25, which is in agreement, within the
fourth series of measurements, as inferred from the observatéxperimental error, with the value of 0.71 ns obtained from ou
of additional resonances that were ascribed to partial unfoldipgevious 2D NOESY determinations for the8 proton pairs
of the aggregate subunits. No such feature had been previoudlythe same residuel). Such an agreement rules out any
detected on inspection of the control spectra that were regulaplyssibility of large differences in external relaxation of the
collected at the end of each series of measurements. Figuresdlected pair of spins because the intervening dipolar e
shows the fitting of the target-to-source ratios (Eq. [3]) fromohanges with the bulk magnetization reservoir should hav
the reliable data points. FrofIN ratio evaluations, the exper-differred appreciably under selective and nonselective expel
imental uncertainties in the intensity values were estimatedrwental protocols. Since spin diffusion, if active, should hav
range between 10 and 20% and to propagate on the calculdiedn substantially quenched in the QUIET-NOESY exper
intensity differences and ratios, as well as on the fitting paramment, the close agreement of the present result with th
eters, to variable extents, with an average value of approrbtained from conventional NOESY confirms that the C-ter
mately 15%. The target-to-source ratios were calculated aftaemal extension of Hsp25 is genuinely flexible and supports th
accounting for the attenuation factor of Eq. [4], upon evaluaonclusions thereof.

tion of the target-spin difference intensities, with source-spin

T, = 95.4 ms. The latter was quickly estimated by means 0§ |ET-NOESY Control Determinations with Gramicidin S
spin-echo (CPMG) experiment. Since the measurements were

performed using the schemes of Fig. 1, no compensation delayhe limited stability of the Hsp25 sample did not allow us tc
was introduced to correct for the asymmetry of the mixing-timeollect more points, or to perform the experiments according t
intervals flanking the doubly selective inversion pulse. Thhe compensated protocol of Fig. 2. To assess the actual i
half-durations of the singly and doubly selective inversiorgrovements introduced by the latter protocol and, ultimately, t
were included, however, in the overall mixing-time variabléest further the quantitative reliability of the result obtainec
that was considered for the fitting, whereas the contributiomsth Hsp25, QUIET-NOESY experiments were repeated witl
arising during the selective reading pulse to the source-spire cyclic decapeptide gramicidin 39). This molecule, in
intensity were neglected. The relevant results are listed fect, is expected to tumble with a similar rate as the C-termin:
Table 1. Although the overall motional freedom of the Cextension of Hsp25. In gramicidin S we focused on the se
terminal fragment of Hsp25 is limited by the large aggregate tpuential-NOE interaction between LevCH and DPhe NH.
which it is attached, the conformational space that is accessiblee distance between these two hydrogens is 0.219 nm, ¢
to Pro194 should be quite extended due to the independeatding to the coordinates that were reported by Dygesil.
torsions of at least 64{, {) pairs which separate this residug20) for the calculated model. However, as previously notice:
from Arg188 (the first mobile, fully detectable residue of21, 29, Dygert's model is slightly different from the crystal
Hsp25 C-terminal fragment). This torsional independency asttucture reported by Hudit al. (19). Several 1D and 2D NOE
the wide motional span thereof are consistent with the disateterminations on gramicidin S, performed in DM8@under
dered conformation that was observed in the fragm&ntgnd a variety of temperature and concentration conditions, hay
do not conflict with the possible occurrence of either a mobilityeen reportedl@3, 23—2¢. These data suggest that, in solution,
gradient along the same fragment or a conformational etke actual LeuxCH-DPhe NH distance may be smaller than
change between a free, disordered state and a more complaetorresponding distance in the model. We imposed therefo
arrangement relative to the protein aggregate. By assumiagseparation of 0.210 nm to extract thevalue for the (iso-
therefore, isotropic motion, a value of 0.78 0.08 ns is tropic) motion of the intervening internuclear vector from the
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FIG. 5. Source-spin (triangles) and target-spin (circles) amplitudes (arbitrary units) as a function of total mixing time from (a) uncompensated &
compensated QUIET-NOESY experiments on gramicidin S. The sequential NOE betweeaCHe{source spin) and DPhe NH (target spin) was selectively
observed. The corresponding target-to-source ratios (Eq. [3]) from data in (a) and (b) are shown in panels (c) and (d), respectively, as a function of tote
time. The dotted lines show the fitting curves whose parameters are listed in Table 1.

cross-relaxation rate estimated by QUIET-NOESY measuritrough Eq. [4] enabled computation of the AF values fol
ments. The experiments were first executed with the uncothe G, 5, and G,,, pulses (0.944 and 0.806, respectively).
pensated mode of Fig. 1 and then with the compensated m@igures 5a and 5b show the plots of target and source-sp
of Fig. 2, with the same pulse lengths and selectivity ggak amplitudes as a function of the total mixing time
employed with Hsp25. The raw target-spin (DPhe NH) datghich were retrieved from the uncompensated and compe
were corrected for the source-spin (LelCH) attenuation sated schemes, respectively. The corresponding profiles f
factor (Eq. [4]), prior to difference evaluation. An estimate ofne target-to-source ratios are respectively depicted in Fig
the T, for the LeuaCH was obtained from the ratio of thesc and 5d, where the fitting curves are also shown. Th
steady-state signal amplitudes that were measured by nonggstive fitting parameters are given in Table 1. Within the
lective 90° and selective,7o pulses, according to experimental error, no major difference is observed betwee
the resulting cross-relaxation rate parameters, that i
1 —0.60; + 0.02 s * from the uncompensated experiments
As= Ans' eXp[_T”O'Z (Tiss* T2 Bl and —030.625 + 30.022 s ! from the copmpensated Fc))nes. As
expected, a substantial identity is also obtained for the
where Ag and Ays are the recovered amplitudes following/@lues that were calculated from the cross-relaxation ra
selective and nonselective pulses, respectivejy, is the constants of Table 1, after imposing the specific distanc
duration of theG,-, pulse, andTIésiS the selective longi- The most precise determinations, however, should con
tudinal relaxation rate. With a specific measurement, the Idg@m the compensated experiments. These results definite
parameter was estimated to be 0.560.01 s, by single- demonstrate that, for the motional regime of the selecte
exponential fitting of the initial-recovery data. From Eg. [5]internuclear vector of gramicidin S, only minor deviations
a T, value of 60 ms was obtained for LetCH, which are introduced by the mixing-time asymmetry of the
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TABLE 2
Nonselective (T,ns), Singly Selective (T,ss), and Doubly Selective (T,5s) Longitudinal Relaxation Times of Gramicidin S DPhe NH,
with Cross-Relaxation Rate o and Correlation-Time 7, Determined for the Dipolar Interaction with Leu «CH

Tins (S Tiss(sP Tips (sf o(s7Y° 7. (nsy'
0.96+ 0.01 0.420+ 0.006 0.58+ 0.01 —0.64, = 0.07; 0.99, = 0.03,
(1.04+ 0.04)

@ Estimated from fitting of all recovered points. The value obtained from single-exponential fitting of the initial-50-ms data is given in parentheses.

b Estimated from single-exponential fitting of the initial-50-ms recovery.

¢ Calculated from ;55 — T149. Final dropped digits were kept only for comparative purposes and should not be considered significant figures.

d Calculated from the rati®, g/ T, ssusing the initial points (up to 50 ms) of the recovery curves. Final dropped digits were kept only for comparative purp
and should not be considered significant figures.

QUIET-NOESY schemes of Fig. 1, under the chosen experther dipolar partners, a very simple experimental protoce
imental conditions. Such an asymmetry, however, may leadd data-analysis procedure can be applied. Provided t
to nonnegligible errors if short mixing times are employedselectivity is sufficient for isolating the spin pair of interest,
even when spin diffusion is virtually absent as in our exhe approximations which are introduced for a two-site
perimental conditions (up to 30—40% of the determineahalysis are safe and lead to deviations below the expel
cross-relaxation rate for a duration of the first pulse conmental uncertainties, in the absence of appreciable diffe
parable to the evolution half-period and some 10-20%nces in external relaxation within the considered nucle:
uncertainty on the experimental target-to-source ratio). Fpair. Errors arising from the latter source can be correcte
the addressed cases, the limited difference between cdor when both the source and target spin resonances &
pensated and uncompensated experiments that is obsememmlved, without losing the convenience of a single-expc
with gramicidin S should also apply to the results obtainetkential fitting. Otherwise, a more extended treatment incluc
with Hsp25. This adds quantitative confidence to the comg all terms of the involved dipolar subset is necessar
clusion reached for the mobility of the C-terminal extensioAccording to the proposed implementation, in addition tc
in the Hsp25 aggregate. the QUIET-NOESY series of measurements, an estimate

The reliability of the o and 7. figures calculated from the transverse-relaxation losses during the selective puls
QUIET-NOESY data on gramicidin S can be tested by conis required to correct for the amplitude attenuations of th
parison with the corresponding estimates from the longitudin@st inversion and, possibly, the final reading steps. Th
relaxation rates of DPhe NH. The latter parameters were estiiginal QUIET-NOESY protocol4) can be easily modified
mated in independent determinations of singly selecfiygd, to compensate for the mixing-time asymmetry about th
doubly selective T;5<), and nonselectiveT(, o) longitudinal doubly selective inversion (Figs. 1 and 2), although mino
relaxation rates, in the limit of initial-rate approximatic2r). differences in results are expected from the compensat
Cross-relaxation rates may be evaluated from the differenceasfd uncompensated schemes when short selective pulses
doubly and singly selective longitudinal relaxation-rat28)( used, compared to the overall mixing period, and spil
Correlation times may be more conveniently calculated frodiffusion is not extremely severe. With a further modifica-
T.nd Tiss rather thanT, 4T, s ratios, when outside the ex-tion, nonselective reading pulses might also be introduce
treme-narrowing limits. Both determinations are independewhich would bear all the advantages of removing the relax
of imposed internuclear distances. As a matter of fact, tla¢ion contributions associated with a selective detectio
single-exponential fitting of the data points collected within 5pulse, and the need to set different compensation intervals
ms from the end of the inversion pulses gaver ¥alue of the target and source-spin observation sequences (Fig.
—0.64, + 0.07; s * and ar, of 0.99, = 0.03, ns (Table 2), Unfortunately, using nonselective pulses may introduce di
values which are close, within experimental error, to thierence artifacts or even undermine the feasibility of th
QUIET-NOESY results (Table 1). experiments if an intense solvent peak were present in tt

spectrum.
CONCLUSIONS

EXPERIMENTAL
We have shown that a simplified approach can be suc-

cessfully employed for the implementation and analysis of Recombinant mouse Hsp25 was prepared as described
QUIET-NOESY experiments. By choosing appropriat&ngelet al. (10). A solution of Hsp25 in DO (CIL), 0.5 mM

pulse shapes and lengths to minimize relaxation losses, amda subunit basis, with 20 mM phosphate and 0.02% JNaN
a suitable pair of dipolar-coupled nuclei to avoid perturbingH* (uncorrected meter reading) 7, was used for the measur
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ments. Control experiments were performed on a 30-mM. P. Borgnat, A. Lesage, S. Caldarelli, and L. Emsley, J. Am. Chem.

solution of the cyclic, symmetric decapeptide cyclo(Pro-Val- S°¢: 118, 9320-9325 (1996). o _

Orn-Leu-DPhe), gramicidin S (Sigma), in deuterated dimeth-4- C. Zwahlen, S. J. F. Vincent, L. Di Bari, M. H. Levitt, and G.

ylsulfoxide (DMSO4d,, CIL). All *H NMR spectra were ac-  Sedenhausen, J. Am. Chem. S°°'“116’ 362-368 (1994).

quired at 500 MHz and 298 K with a Bruker AM500 5. D Neuhaus and M. P. W||I|amson, The !\lu’f:learOverhaus_er Ef‘fgct
. . . S . in Structural and Conformational Analysis,” Verlag Chemie, Wein-

spectrometer equipped with a selective-excitation unit. Gaus- ., (1989).

sian-shaped selective pulses, with flip angles of 180° and 27Q°

) . . R. Freeman, H. D. W. Hill, B. L. Tomlinson, and L. D. Hall, 3. Chem.
(29 and corresponding durations of 14.4 and 26.4 ms, Were phys. 61, 44664470 (1974).

employed for inversion and excitation purposes, respectively. s ;. . vincent, C. zwahlen, and G. Bodenhausen, Angew. Chem.,
Spectra were typically acquired over 256 points with a sweep Int. Ed. Engl. 33, 343-346 (1994).

width of 500 Hz and 64 to 512 transients. A long relaxatiorg. m. H. Levitt and L. Di Bari, Phys. Rev. Lett. 69, 3124-3129 (1992).
delay of 5-10 s was always allowed to restore the equilibriurg, m. schwager and G. Bodenhausen, J. Magn. Reson. B 111, 4049
magnetization. Difference spectra for the measurement of the (1996).

cross-relaxation term were obtained, following appropriat®. K. Engel, U. Knauf, and M. Gaestel, Biomed. Biochim. Acta 50,
corrections (see earlier discussion), through subtraction of on- 1065-1071 (1991).

resonance from off-resonance spectra, which had been bbthU. Jakob and J. Buchner, TIBS 19, 205-211 (1994).

collected in an interleaved mode with eight scans/loop. Doulilg. S. Macura and R. R. Ernst, Mol. Phys. 41, 95-117 (1980).
selective inversion of a pair of resonances was achieved 13y G. Esposito and A. Pastore, J. Magn. Reson. 76, 331-336 (1988).
superposition of a cosinusoidal audio-frequency modulatian. L. Emsley and G. Bodenhausen, J. Magn. Reson. 97, 135-148
onto the Gaussian-modulated amplitude of an inversion pulse (1992).

applied halfway between the selected pair of resonantes (5. M. Goldman, “Quantum Description of High-Resolution NMR in
Nonselective (NS), singly selective (SS), and doubly selective Liquids,” Clarendon, Oxford (1988).

(DS) longitudinal-relaxation-rate measurements were also pé&- |- Burghardt, R. Konrat, B. Boulat, S. J. F. Vincent, and G. Boden-
formed on gramicidin S, using a conventional inversion—recoy- Nausen. J. Chem. Phys. 98, 1721-1736 (1993).

ery sequence, where, whenever needed, the initial inversign J- A- Carver, G. Esposito, G. Schwedersky, and M. Gaestel, FEBS
pulse was replaced with a singly or doubly selective Gaussian Lett. 369, 305-310 (1995)',

inversion pulse of 14.4 ms. Selective relaxation rates weté 5 é'hxoncqﬁgﬁ %QF'zhggf_‘g;%lA(l\gV%S?“rgess’ and H. A. Scheraga,
ot_)ta_lned by expo_nentla_l fitting of the da.ta points .Co”eCtel . S. E. Hull, R. Karlsson, P. Main, M. M. Woolfson, and E. J. Dodson,
wnhm _50 ms from inversion. For noqselectlve relax_a'qon rates, Nature 275, 206-207 (1978).

fche f|t§|ng was extended to the entire data set. Fitting of thg Dygert, N. G6, and H. A. Scheraga, Macromolecules 8, 750-761
inversion-recovery and QUIET-NOESY data was performed (1975,

by using a standard PC software-package (Axum 5.0, Magx. a_ Liquori and P. De Santis, Int. J. Biol. Macromol. 2, 112-115

soft, Cambridge, MA). (1980).
22. S. Rackovsky and H. A. Scheraga, Proc. Natl. Acad. Sci. USA 77,
ACKNOWLEDGMENTS 6965-6967 (1980).

23. C. R. Jones, C. T. Sikakana, S. Hehir, M. Kuo, and W. A. Gibbons,
This work was supported by grants from the Italian Government to JAC and  Biophys. J. 24, 815-832 (1978).

from the CNR (Consiglio Nazionale delle Ricerche) to GE. The authors tha% D. Gondal and G. Van Bist, Biopolymers 25, 977-985 (1986)
Prof. G. Bodenhausen for reading the manuscript. The comments of Dr. A." ' ' ! '

Makek are also acknowledged. 25. D. G. Davis, J. Am. Chem. Soc. 109, 3471-3472 (1987).
26. P. A. Mirau, J. Magn. Reson. 80, 439-447 (1988).

REFERENCES 27. L. D. Hall and H. D. W. Hill, J. Am. Chem. Soc. 98, 1269-1270
(1976).
1. P. J. Hajduk, D. A. Horita, and L. E. Lerner, J. Magn. Reson. A 103,  28. N. Niccolai, H. K. Schnoes, and W. A. Gibbons, J. Am. Chem. Soc.
40-52 (1993). 102, 1513-1517 (1980).

2. D. A. Horita, P. J. Hajduk, and L. E. Lerner, J. Magn. Reson. A 103, 29. L. Emsley and G. Bodenhausen, J. Magn. Reson. 82, 211-222
53-60 (1993). (1989).



