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We have investigated the extent to which rotor synchronization  solid-state effects should be completely absent, as molecul
of radiofrequency pulses leads to spectral improvement in high-  tumbling of the peptide in solution represents a completel
resolution magic angle spinning NMR experiments. Several pulse  jsotropic situation at the relevant time scale of the rotor pe
sequences were tested, and the effect was found _to be maximal in  iod. For the tethered peptides, however, true solid-state e
homonuclear TOCSY spectra. The physicochemical nature of the fects might become more pronounced, with associated prol

sample plays a role in the phenomenon, as rotor synchronization lems of anisotropic interactions that become modulated by th
allows the refocusing of residual anisotropic interactions. However,

even in a liquid sample the effects were visible. Radial inhomo- rotatlon: o . o

geneities of the radiofrequency field were identified as an important Despite the similarity to classical liquid-state spectroscopy

source of the problem.  © 2001 Academic Press the actions of a number of NMR parameters such as radiofre
Key Words: high-resolution magic angle spinning; rotor synchro- ~ quency (RF) and gradient pulses with their associated impe

nization; TOCSY; solid-phase synthesis. fections will be equally modulated over time by the rotation

in the HR MAS experiment. That this potentially can lead to
artifacts and subsequent spectral degradation has been obser
INTRODUCTION independently by different groups. The TOCSY spectrum of
o . . . _scorpion toxin solution in a nano-probe required the use of ad
' quwd— and solid-state spectroscopies, traditionally d'_sabatic pulses during the isotropic mixing tin®).(We observed
tinguished by the presence or absence of averaged diRppyr study of resin-bound polyalanine peptiddsthat use of
lar and chemical-shift anisotropic interactions, have receniiye clean-TOCSY sequence led to important artifacts, and a d
converged in a number of studies where the averaging dgyctive interference between spinning rate and RF pulses in
present but not fully complete. One domain of particulafoCSY experiment was reported for a resin-bound pepfijie (
interest to the solid-phase organic chemistry (SPOC) CORgry recently, while working with macroscopic solid supports
munity is the technique of high-resolution magic angle Spirych as the lanterns used for combinatorial chemi€jywe
ning NMR (HR MAS NMR), where appropriate swellinga|so noted problems with heteronucléat-3C spectra, espe-
conditions combined with MAS lead to high-resolution spegsjally when we implemented the inverse detection sequences
tra (1). The technique applies the pulse sequences of liquigreasurd3c T, relaxation rates (unpublished results).
state spectroscopy to molecular entities that despite theifrhe aim of the present paper is to investigate the extent t
anchoring to a solid phase have liquid-like properties whephich rotor synchronization of both RF and gradient pulses
the resin is well solvated. The _fast rotation of the macrq; common practice in solid-state NMR, leads to spectral im
scopic sample around the magic angR, (nowadays used provementin HR MAS NMR experiments. The pulse sequence
routinely in solid-state NMR, serves here to average out jgo which we introduced rotor synchronization are the LED se
zero both the inhomogeneities of the magnetic susceptibili@aence 7). of great use for solvent suppression in HR MAS
and the residual terms of both anisotropic interactions stemmiQgr (8), the clean-TOCSY sequenc®(and finally the refo-
from a nonuniform sampling of the solid angle. The nature @f,sedH-13C HSQC spectrurt() which uses a double INEPT
the samples that have been studied by the HRMAS NMR teGhisriod (1) to transfer proton to carbon magnetization and vice
nique varies from pure isotropic liquids over solvent-swollefersa, To investigate the importance of nonaveraged anisotrog
SPOC resins with a gel-like character to macroscopic solid SYreractions reflecting the physicochemical nature of the sampl
ports grafted with a more mobile phase. In a liquid samplge studied the same GlyPheAla tripeptide, first dissolved as
free peptide in DMF, and then grafted onto a polystyrene resi
1 To whom correspondence should be addressed. or tethered to the surface of a solid-phase lantern.
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MATERIAL AND METHODS polystyrene resin carrying a nominal charge of 1.95 mmol/g
_ After the synthesis half of the resin was treated with a solutior
Synthesis of 20% TFA in dichloromethane (DCM) for 10 min and then

The tripeptide AlaPheGly was manually synthesized gMashed extensively with DCM and dried under vacuum condi:
different solid supports (Rink amide polystyrene resjn tions for 1 day. This procedure allowed us to have the N termina

Aminomethyl-polystyrene resin (LCC-Dynospheres), and ¢f the peptide in the protonated form with trifluoroacetate as

Mimotope lanterns) according to the solid-phase meth&@unterion.
using the Fmoc strategy. c. Synthesis of AlaGlyPhe—-lanternOne lantern functional-

ized with Fmoc Rink amide linker (3amol) was treated with

(0.5 mmol) of Fmoc-Rink amide resin was used for the syﬁl_solution of piperidine in DMF (20% vv) for .20 m.in in order
thesis of the peptide AlaPheGly. The resin carrying the peg)- remove the Fmoc protecting group. Th? tripeptide was the
tide was treated f02 h with a scavenger solution of 95% ynthesized on the unprotected lantern using the general proc

- . . dure. One-fourth of the functionalized lantern was treated witt
/v) trifluoroacetic acid (TFA), 2.5% (v/ ater, 2.5% (v/ " . . .
(V) trifly I d ( ) 6 (vIv) w 6 (v Vig minimum quantity of TFA solution (1% TFA in DCM) for

a. Synthesis of AlaGlyPheThe amount of 833 mg

riisopropylsilane (TIS) ‘in order to cleave the tripeptid  min in order to obtain the peptide in the charged form while

from the solid support. The cleaved peptide was preci - )
tated in coldtert-butyl methyl ether, lyophilized, and puri- avoiding any cleavage. The lantern was then washed and drie
: ’ under vacuum conditions.

fied by HPLC to obtain 100 mg (68% yield) of solid white
powder.

b. Synthesis of AlaGlyPhe—LCC-DynosphereBhe peptide
AlaPheGly was synthesized using the general procedure ohe liquid sample was prepared by introducing 300of
150 mg (0.29 mmol) of Dynospheregp-aminomethyl- a 30 mM solution of peptide in fully deuterated DMF into a

TN 1) o u

NMR Spectroscopy
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FIG. 1. One-dimensional spectra of the three systems under study: (a) the free GlyPheAla peptide, (b) the same peptide grafted onto a polystyrene r
(c) grafted onto a solid phase lantern. In the latter sample, the peptide was only partially protonated.
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standard 4 mm HR MAS rotor. The resin sample was preparea’ Lo [
by introducing 10 mg of dry Dynospheres into the rotor, anc dy=m K “’n | Body R |
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by in situ swelling with deuterated .DMF. For the last sam- ]
ple, one-quarter of lantern was split off manually and intro-

duced into a full rotor. After filling with DMF, the rotor was :
closed. |

All spectra were run on a Bruker DMX 600-MHz spectro- [
meter using a duaH-3C HR MAS probe equipped with a self- |
shielded magnetic field gradient along the magic angle. PulsGradient |
lengths at full power were 9.is for the proton 90pulse, and I
6.5 us for the'C 90° pulse. Details of the different delays used I
are given in the legend of Fig. 2. One-dimensional spectra we. . '
recorded with 64 scans and 2k complex points for a 6000-Hz
spectral window, and 2D TOCSY spectra with 16 scans aP di=mR t1=nR
2k points during acquisition and 400 complex points in the irLH —1
direct dimension. ThéH-3C HSQC spectrum was recorded 16
with 32 scans, 2k points in the acquisition, and 400 complex

LI e

points for again 6000 Hz (40 ppm) in tA&C dimension. Rotor € soag b1
synchronization was not ensured by a trigger on the rotor po o I
|
|

study. On the solid-phase lantern, the synthesis occurs throt

a Rink linker (L2), that is cleaved by a concentrated solution Ceradien:
TFA. We treated the lantern with a 1% TFA solution to ensure

a charged form (NEt) for the N terminal Ala residue, but due FIG. 2. Pulse sequences used are (a) the LED sequence, (b) the clez

to the low concentration of TFA used, not all peptide moietigs’CSY seduence, and (¢) the refocused HSQC with CPMG sequence. Rot
synchronization for the proton acquisition was assured for the 6-kHz spinnin

were charged. The double S|gnal for the alanine methyl gro (corresponding to a rotor periddof 166.67us) by using a dwell time
reflects both forms, wita 1 ppm chemical shift in the uncharge@qual toR. (a) In the LED sequence, we used a 1-s relaxation dekay(600),
form and a 1.5 ppm value for the charged peptide. Moreover, tihe G1 and G2 gradients were applied during 5 ms at 30 G/cm ang.§@®
linewidth of the charged form is smaller than for the uncharged G/cm. respectively. With the 500s recovery delay, this leads o = 34

P . o andng = 90. The total diffusion delay was equal to 34.5 msner= 207.
one, |nd|cat|ng alesser mOb”Ity for the |att€.@. (b) The clean-TOCSY experiment was set up with a 6-kHz spectral windov

In order to assess the influence of the rotor SynChromzat'cﬁmboth dimensions. The MLEV 16 mixing time was an integer number of the
we implemented the LED sequenég\yith a delay between the pasic cycle, consisting itself of 16 repeatsmgf2-s—r—s— /2 pulses, where
pairs of 90 pulses during which the gradient pulse is deliveretie delays is equal to the length of the pulse. With a 12-kHz field strength
equal to aninteger number of the rotor period at a 6-kHz spinning the B, field, the whole element fits perfectly into one rotor period. The

rate (Fig 2a) Both the diffusion period and the relaxation del rim pulses before and after the MLEV cycle were set to 1 msRr @) In
’ ’ e refocused HSQC sequence used forfheneasurements, a 3-s relaxation

were equa”y defined as mult|ples of the rotor peHOdv and ﬂaglay was used, the defocusing delays were set to 1.6&ms (L0), and the
spectral window was set to 6 kHz or 10 ppm on our spectrometer and G2 gradients were applied for 1.3 ms at 28 G/cm and 1 ms at 17 G/cr
operating at 600-MHz proton frequency. In order not to changespectively. With the 50@s recovery delay, this leadsig = 12 anchy = 10.
any NMR parameter, the same experiment was run at 6 aH repetitive element of the CPMG sequence consists piilses separated

. 4 rotation periods, where proton decoupling is effected by a protpalse
4.5 kHz. In Fig. 3, the LED spectra of the tethered m0|eCU|g¥ ry fourtht3C pulse. Thel; increments are defined as multiples of the rotation

show that resonances of freely diffusing molecules such as ﬁ\é%od R, separated in the middle by a proterpulse that itself is centered in
residual protons on the DM&; solvent as well as the broada rotor period. The back-transfer INEPT elements are not shown, as they a
signals of the matrix are efficiently suppressed, through diffusimgnchronized in exactly the same way.

filtering for the solvent and, relaxation during the gradient

delays, respectively. Synchronization of the various delays leabetter averaging of the anisotropic interactions, we performe
to a small but reproducible increase in signal intensity, that wiee experiment again at 7.5 kHz. The resulting intensities bein
estimated to 10-15% depending on the selected resonancelower than the equivalent ones at 6 kHz demonstrate clearly th
eliminate the increase in rotation speed as the factor that leadsyochronization is the determining factor. On the lantern, we
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In Fig. 1, we show the 1D spectra of the three samples unc : :
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FIG. 3. 1D diffusion filtered spectra of the two grafted samples with (top) and without (bottom) rotor synchronization. The * indicates the methyl pr
resonance of the N-terminal Ala residue in the uncharged peptide, for which rotor synchronization leads to a dramatic increase in signal intensity.

found similar factors around 10% for all resonances, except femple, we tried equally the classical TOCSY sequence whel
the last Ala residue in the NHorm, characterized by a 360%no compensation for laboratory and rotating frame relaxation i
increase in signal intensity for the methyl protons. introduced during the mixing time. In agreement with our pre-
In the clean-TOCSY experiment, where the mixing sequengmus results on polyalaningd), the MLEV mixing sequence
performs multiple cycles of the same magnetization transfeith the same 12-kHB; field but at 4.5 kHz spinning proved
from thexy plane to thez axis and forth, the effect was foundto be far less sensitive to synchronization, although the spec
to be seriously enhanced. In Fig. 4, we compare the 1D versima were of lesser quality than the synchronized clean-TOCS?
of the homonuclear TOCSY sequence on the three samplgsectrum.
run at both 6 and 4.5 kHz. The mixing time of 53 ms con- While running a series of heteronuclear relaxation experi
sists of 20 loops of a MLEV 16 sequence, where we appliedn@ents to evaluate the mobility of the peptides on the lanterns
12-kHz RF field to ensure rotor synchronization when turninge noted the low signal to noise ratio of most spectra. Part of th
at 6 kHz (Fig. 2b). Both trim pulses before and after the miproblem was traced back to the purge delays where the cohe
ing time were defined as a multiple of the rotor period. Alreadgnces are stored (as 1zSz or Sz) alongzleis and a gradient
in the first scan, it is clear that synchronization leads to a spexise is applied to destroy all coherences that keepray com-
tacular improvement of spectral quality. However, whereas ponent. Synchronization of these sequences was effected for t
the liquid and the swollen resin samples the first increment stillcoupling defocusing and refocusing delays, for the purge de
yields some spectral intensity, the 1D clean-TOCSY spectrdays (4 in the refocused HSQC spectrum), for the acquisitior
of the lantern cannot be interpreted anymore. The situationtimes in both dimensions, and finally for the relaxation delay
the 2D spectra is even more dramatic: synchronization turfidg. 2c). In Fig. 6, we show traces through the HSQC spec
the lowS/N and impossible phasing of the 2D spectra into higtna at 6 or 4.5 kHz, and note again the increase in signal upo
S/N and easily phased homonuclear maps (Fig. 5). On the resymchronization.
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FIG. 4. Firstincrement of the homonuclear clean-TOCSY sequence on the three samples, run at both 6 kHz (top) and 4.5 kHz (bottom). The mixing tir
53.3 ms corresponding to 20 cycles of the MLEV 16 train.

DISCUSSION compensate the initial missetting. The same is true for other re
gions of the sample, where the field strength might be superic
In many cases, liquid-state NMR spectroscopy pulse ge-the nominal strength. Under rapid spinning conditions suc
quences flip magnetization from the plane to thez axis and as encountered in the case of MAS, however, potential problen
forth. This is the case in the LED sequen@g (vhere magneti- can arise from the coupling between imperfections and move
zation storage along theaxis during the diffusion delay leadsment. Inthe same example of RF strength as given above, a giv
to T, rather tharT, relaxation, in the clean-TOCSY mixing timespin might experience a less thart §ilse at a certain moment,
where the opposite sign of laboratory and rotation frame crogsecause at the absolute position where it is, the field strength
relaxation is used to promote magnetization transfer uniqueto low, whereas it might be at the location of too high a field
by J coupling without cross-relaxatio®), and in the HSQC strength when the restoring pulse is given. The pulse imperfe
sequence where a gradient pulse destroys both terms of nibmRs therefore will not necessarily be balanced, resulting in-
13C-linked protons and magnetization components that duertet signal decrease. A recent report attributed these pulse imp
differential J couplings or pulse imperfections has not evolvefctions to the fact that a solenoid coil cannot be made perfect!
perfectly in anti-phase termd4). In all of these cases, pulseB; homogeneous in its radial plane, due to the asymmetry in it
imperfections have only a mild effect, as they are immediateliring (15), and confirmed with numerical calculations based or
compensated by the following pulse with the same imperfectioasum of cosine modulations that 1Bsinhomogeneity might
but opposite phase. The crucial conditions to achieve compenle&d to the observed spectral degradation. The sum of cosil
tion, however, is that the imperfection is reproducible over timenodulations was required to explain the presence of spectr
A RF amplitude locally inferior to the nominal strength, forartifacts not only when two MLEV cycles were fitted into one
example, will lead to a less than9pulse, but the pulse restor-rotor period, but also for other frequencies such as the 4.5 kI-
ing the magnetization will also be less thart @hd therefore that we used for our experiments.
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FIG.5. Two-dimensional homonuclear clean-TOCSY sequence on the three samples, run at both 6 kHz (top) and 4.5 kHz (bottom).

The LED sequence and the refocused HSQC both contaitha traces through the synchronized clean-TOCSY and regul;
limited number of periods during which magnetization is storddLEV sequence, the former led to a higher quality spectrur
along thez axis before being flipped back in tixg/ plane, and and remains therefore preferable.
gains with rotor synchronization, although easily detectable,In order to further explore our initial hypothesis Bf in-
proved to be not that important. For the liquid sample, whel®mogeneity, a regular sample consisting of 3 mg of resin wa
the diffusion-filtered experiment could not be implemented uilwompared with a sample containing a limited number of swoller
der the same conditions as those for the solid supports, the trdoeads in a capillary tube centered on the rotor axis (Fig. 7). Twi
through the HSQC spectra indicated a signal gain of 12% upolean-TOCSY cycles led to a more significant signal decreas
synchronization. Similar values were found when the LED séor the full sample than for the concentric one, when we change
guence or the refocused HSQC was applied to the resin samfiie, rotation rate from 6 to 3 kHz. More specifically, for the H
confirming the liquid-like behavior of the tethered moleculeqroton of the Phe residue, we found for the full rotor a factor
Moreover, the effect proved to be similar when we spun thef 0.18 between the signals at 6 and 3 kHz, and a factor of 0.3
sample at 7.5 kHz, excluding the increased speed of rotationfasthe concentric one. The results were similar for the resid
the primary source of signal improvement. ual DMF signals. Amazingly, when we used the same sample

The situation was severely amplified in the case of the cleaon a 300 MHz spectrometer, while using the saBidield of
TOCSY sequence, where the flip-back pulse pairs are repeat@dkHz, rotor synchronization proved to be less important, as wi
numerous times. Amazingly, for both liquid- and resin-bounfbund factors of 0.3 and 0.45 for the full or concentric sample
samples, the absence of synchronization led to unphasablelWian changing the rotation rate from 6 to 3 kHz. Therefore, the
maps. The regular TOCSY sequence without the laboratomavelength of the electromagnetic radiation itself also seems t
frame relaxation delays separating the pulses in the MLEMay a role in the phenomenon.
sequence proved to be less sensitive to rotor synchronizationf-or the lantern, the fact of synchronizing the LED or HSQC
probably because of the lesser separation and subsequent bigttervals led to the highest signal increase for the N-termina
compensation of following pulses. Still, upon consideration @lanine residue in the NHorm. Because we have indications
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FIG. 6. Trace through the &-Ca resonance of Phe of the three samples in the two-dimensional heteronuclear refocused HSQC sequence with a (
spin-lock period of 2.6 ms, run at both 6 kHz (top) and 4.5 kHz (bottom).
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FIG. 7. Homonuclear one-dimensional clean-TOCSY sequence on a resin sample in a full rotor (left) or concentric one (right), at 6 kHz (top) and
(bottom). The mixing time was 5 ms corresponding to 2 cycles of the MLEV16 train. The solid arrow indicates the:Rigiatwhose intensity loss was used
to quantify the effect.
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that this residue is less mobile, we believe that beyond the madfects also can equally play a role for samples with a more pro
ulation of pulse imperfections, the physicochemical nature nbunced solid character, such that in those samples even mc
the sample does couple to the rotation leading to spectral déteportant gains can be expected from our simple procedure.
rioration. When the magnetization associated with a truly solid
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