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Despite the use of high resolution magic angle spinning NMR,
the NMR linewidth of anchored molecules on the commonly used
Merrifield solid phase resins remains larger than that of the cor-
responding molecules in solution. We investigate the different
mechanisms that might be at the origin of this line broaden-
ing. Experimentally, we use the CPMG method to determine the
5N relaxation times of a tethered tripeptide and show that the
slow resin dynamics significantly contributes to the transverse
relaxation. © 2002 Elsevier Science (USA)
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INTRODUCTION

High resolution magic angle spinning (HR MAS) NMR is
emerging as a powerful analytical tool in solid phase chemistry,
as the combined swelling of the resin and spinning of the sample
at the magic angle lead to spectra that are of sufficient quality
to detect, identify, and even quantify most reasonably sized or-
ganic entities without the need to cleave them from the support
(I-5). The good swelling was recognized very early on as a pre-
requisite for obtaining solution-like spectra (4, 6), but recently,
several groups have pinpointed the influence of the resin itself
on the quality of the NMR spectra (7—9). However, the exact rea-
sons why one observes larger linewidths than in solution upon
using the classical Merrifield resin or related resins, built from
a slightly cross-linked polystyrene backbone, still are not clear.
The aim of the present paper is to investigate the different factors
that might contribute and give both theoretical and experimental
evidence that the aromatic nature of the resin combined with its
dynamics rather than the dynamics of the peptide alone is at the
origin of the phenomenon.

MATERIAL AND METHODS

Sample preparation. 'SN-labeled Ala and Gly residues were
purchased from Cambridge Isotope Laboratories. The Phe sam-
ple, labeled at the level of 34%, was a generous gift from
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Dr. O. Barzu (Paris, France). The peptide Ala-Phe-Gly (1) was
synthesized using the Fmoc strategy on 150 mg (0.29 mmol)
of p-aminomethyl-polystyrene resin (LCC-Dynospheres), car-
rying a nominal charge of 1.95 mmol/g. After the synthesis the
resin was treated with a solution of 20% TFA in dichloromethane
(DCM) for 10 min and then washed extensively with DCM and
dried under vacuum conditions for one day. This procedure al-
lowed us to have the N terminal Ala residue of the peptide in the
protonated form with trifluoroacetate as counterion. The resin
sample was prepared by introducing 10 mg of dry Dynospheres
into a full rotor (100-ul volume) and by in situ swelling with
deuterated DMF.

‘ . HN—Gly-Phe-Ala-NHz*e TfaO’

1-TFA

NMR spectroscopy. NMR experiments were recorded on a
Bruker DMX 600-MHz spectrometer, equipped with a triple
resonance HRMAS probe with uni-axial pulsed field gradients.
A spinning rate of 6 kHz was consistently used throughout the
study. >N spectra were recorded in the direct mode, with 4k
complex points in the acquisition and with a recycle delay of
5 s. Typically, 4096 scans per increment were recorded for the
heteronuclear NOE measurements, and 1024 for the 7, experi-
ments. Heteronuclear NOE values were extracted from the "N
single pulse experiment with and without proton decoupling
(Waltz16 decoupling, with a 2.1-kHz proton B, field, centered
on the amide protons) during the 5-s recycle delay. The 7, CPMG
series was performed starting directly from nitrogen magnetiza-
tion followed by a CPMG pulse train (/0, 11). The initial CPMG
measurements were performed with a 333-us delay separating
the centers of the 26-us "N m-pulses, corresponding to one
m-pulse per two rotor periods. CPMG pulse trains were 1.3-,
10.7-, 30.7-, 60-, 100-, 200-, and 300-ms long and were imple-
mented as an integer number of the rotor period in order to avoid
problems with B; inhomogeneities (/2—14). Care was taken to
remove any cross-correlation effects by proton decoupling dur-
ing the CPMG train (/5). In order to investigate the contribution
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TABLE 1

Values for the Correlation Time Derived from the NOE Effect
and Used to Derive Theoretical 7, Values

Residue Gly Phe Ala
Exp NOE effect n —1.73 —2.09 —4.58
Deduced 7, 0.8 ns 0.7ns 0.9ns
Theoretical T, 444 ms 486 ms 409 ms
Exp linewidth Av 21 Hz 12Hz 7Hz
Deduced T» 15ms 26 ms 45 ms
T, exp(8 = 667 us) 73 ms 83 ms 69 ms
T, exp(8 =333 us) 121 ms 197 ms 101 ms
T, exp(8 =166 us) 125ms 229 ms 221 ms
T, exp(8 =83 us) 184 ms 434 ms 426 ms

Note. For the ammonium moiety, we neglected any cross-correlation effects
and simply considered that the NOE enhancement comes from three independent
protons. The 75 times derived from the linewidth Av were calculated as 7) =
1/(w Av).

of chemical exchange to the 7, relaxation, several additional
series with different § delays between the m-pulses were
recorded. Series with 6 =83.3, 166.7, and 666.7 us correspond
to two or one w-pulses per rotor period, or one w-pulse every
four rotor periods.

All data were transformed after multiplication with an expo-
nential window to 8k complex points. Integrals were defined
within the SNARF program (F. Van Hoesel, Groningen, the
Netherlands). Heteronuclear enhancement factors were derived
form the ratio f between the nondecoupled and the decoupled
spectraas n = 1/f — 1. Relaxation data were fitted to an expo-
nential decaying function by a least square procedure, and the
decay rate was interpreted as the 7, time.

Theoretical interpretation of the relaxation rates. ~Assuming
the relaxation to be mainly of dipolar origin, accompanied by a
contribution of the chemical shift anisotropy, and following the
notation of Ref. (16), the relaxation parameters were interpreted
as a function of spectral density functions with the analytical
form J(w)=2/157. /(1 + a)zrcz), where 7, is the correlation time
describing the decay of the dipolar interaction. As we regard
the relaxation parameters on a per-residue basis, no effort was
made to distinguish overall and internal movements with the
accompanying order factor. We used a value of 1.02 A for ryy
and a value of 160 ppm for the nitrogen chemical shift anisotropy
(17) in order to obtain the theoretical T, values listed in Table 1.
The contribution A,, to the 7, relaxation rate for a two-site
chemical exchange process with rate constant k,, as a function
of delay § between the m-pulses in the CPMG train was modeled
according to (25) as

Awx = 1/4(ker — 1/(28) sinh™ ! (8k,, sinh(2u)/u))

with

u= 8\/ kgx - Qez’x
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and €2, the difference in radial frequency for the given nucleus
in both sites.

RESULTS

The 1D proton spectrum of the resin shows three resonances in
the amide proton region, corresponding to the three amino acids
in the Gly-Phe-Ala peptide coupled to the resin. One of the lines
is broader than the two others and was assigned by exchange
spectroscopy to the protons of the N-terminal NH3+ moiety,
which is broadened due to exchange with the residual water (18).
A TOCSY spectrum allowed the assignment of the three lines
to the Phe amide at 8.89 ppm, the Gly amide at 8.46 ppm, and
the Ala NH7 moiety at 8.64 ppm. The nitrogen spectrum con-
firms the presence of three '’ N nuclei and was assigned through
a HSQC spectrum correlating proton and nitrogen resonances
(Fig. 1). The resulting nitrogen lines at 131.5 ppm for the Phe
residue, 120.0 ppm for the Gly closest to the resin, and 54.0 ppm
for the ammonium group of the Ala residue are characterized
by different linewidths. We found 21 Hz for Gly, 12 Hz for Phe,
and 7 Hz for the Ala nitrogen line.
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FIG. 1. 'H->N HSQC spectrum of the peptidyl resin. Projections are the
proton (horizontal) and the nitrogen (vertical) 1D spectra. The intensity of the
Phe nitrogen signal is weaker due to the partial labeling of the amino acid.
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In order to characterize the dynamics of the peptide, we
recorded two nitrogen spectra with and without proton decou-
pling during the 5-s recycle delay. The effect of the proton de-
coupling indeed was dramatic, as proton decoupling not only led
to a sign inversion of the lines but equally to a twofold increase
of the signal intensity for the two amide nitrogens (Fig. 2). As
the NOE enhancement can be interpreted as the ratio between
a cross- and auto-relaxation rate, its analytical form does not
depend on any order parameter, and its value can therefore be
used to extract a correlation time for the dipolar interaction be-
tween the nitrogen and its directly attached proton(s) (19-21).
Using the classical form of the NOE enhancement as a function
of the appropriate spectral densities assuming dipolar and CSA
mediated relaxation for the nitrogen spin (/9), we found values
slightly inferior to 1 ns for all three groups (Table 1).

Whereas this value correctly predicts the presence of negative
proton—proton NOE effects (for protons, wyt, > 1 when 7, =
1 ns) that we and others have observed (8, 22, 23), it does not
explain the experimentally determined linewidths. Indeed, using
the same spectral density functions in the expression for the 75
relaxation times, a value of 7, slightly inferior to 1 ns leads to
relaxation times of 400—500 ms and therefore to linewidths in-
ferior to 1 Hz (Table 1). Because the linewidth measured as the
full width at half maximum cannot sort out true dipolar relax-
ation from a potential static or dynamic distribution of chemical
shift values due to instrumental imperfections or sample het-
erogeneity, we decided to use the CPMG method to obtain an
independent measure of the relaxation properties. The 7 -pulses
used in this experiment, next to refocusing the instrumental im-
perfections (traditionally indicated by the 7, relaxation time),
should refocus the broadening that finds its origin in a static dis-
tribution of resonance frequencies inherent to the heterogeneous
resin sample. A different process, linked to slow dynamics that
equally influences the chemical shift, has been included as an
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FIG. 2. Nitrogen spectra of the peptidyl resin recorded without (top) and
with (bottom) proton decoupling that served for the determination of the het-
eronuclear NOE effect.
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FIG. 3. Relaxation curves for the Ala nitrogen as a function of the delay &

between the 7 -pluses in the CPMG train. Values of § are 83 us (filled spheres),
166 us (open spheres), 333 us (filled squares) and 667 us (open squares). The
curves indicate the best exponential fit through the experimental data points.

exchange term in the expression for the 7, relaxation rates (24).
This term, however, can be refocused by the CPMG pulse train
at the condition that the  -pulses are separated by a time interval
d inferior to the time scale that characterizes the chemical ex-
change process (25-27). We therefore implemented the CPMG-
based 7, relaxation measurements with shorter delays between
the w-pulses and noticed indeed that the transverse magnetiza-
tion decayed significantly less upon increasing the effective B,
field (Fig. 3). This directly leads to increased relaxation times,
especially for the two nitrogens carried by the residues that are
not directly attached to the resin (Table 1).

DISCUSSION

Whereas the above described results indicate the experimen-
tal time scales that govern the dynamics of the peptide on the
resin, it still is not straightforward to interpret them in terms
of microscopic behavior of the individual chain. The following
discussion therefore aims to investigate the different scenarios
that have been proposed in the literature as a potential source
of line broadening and to reconcile our new experimental data
with the observed important linewidths.

1. Residual anisotropic interactions. Because the peptide
chains are tethered to the polystyrene backbone through a linker,
one expects that a particular nucleus will not sample the com-
plete solid angle. If hindrance comes mainly from the side where
the peptide is attached, the excluded volume should be larger
for those functions that are closer to the cross-linked polymer.
The resulting lack of averaging of the different anisotropic in-
teractions that dominate the NMR behavior, such as the dipo-
lar interaction or chemical shift anisotropy, contributes to the
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observed static linewidth of a couple of hundred hertz for the
peptide resonances. Formally, however, it can still be described
by a second order tensor, although with a reduced amplitude.
Magic angle spinning therefore should get rid of it, at least when
the spinning speed exceeds this static linewidth. The observa-
tion that spinning faster does not lead to further line narrowing
(23) confirms that the origin of line broadening of the attached
molecules should not be sought from the side of the residual
anisotropic interactions. For the resin itself, one does observe a
further narrowing of the aromatic resonances upon faster spin-
ning, and residual couplings that exceed the commonly used
spinning rates (<10 kHz) certainly contribute to the broadening
of the resin signals.

2. Rotational dynamics of the peptide. The dynamics of the
peptide might be a second reason for the larger linewidth. Indeed,
because the solvent in this heterogeneous system is the solvated
resin itself (28), one might expect viscosity effects to play some
role in the peptide dynamics. As NMR is very suitable for dy-
namics measurements (29), several authors have examined the
relaxation behavior of tethered peptides. In an early study on a
solvated resin without spinning, it was found that the 7 times
for Ca nuclei of a tethered peptide were comparable to those
for small free peptides in solution, despite the large difference
in linewidth (30). The authors deduced that a linear chain at-
tached to a polymer shows a high degree of mobility, which is
of considerable interest for the chemistry on the beads. Later,
NMR relaxation times were used to evaluate the mobility of a
tripeptide on different polymer supports, and from the increased
T, times when using a flexible polyoxethylene linker between
the polystyrene backbone and the peptide, it was concluded that
peptides terminally bound to POE-PS grafted copolymers be-
have more like the homogeneous soluble POE-peptides (31).
Very recently then, the dynamics of the tethered molecules was
investigated by HR MAS NMR relaxation measurements, and
3C T, times compatible with the earlier observations without
spinning were found (32). We measured here the >N NOE ef-
fect for the three backbone nitrogens of a tethered tripeptide and
found a value close to 1 ns for the rotational correlation time.
Whereas this is slower than what would be expected for a similar
small peptide in solution, it still indicates that the dynamics of
the attached molecule is not sufficiently influenced by the resin
attachment to explain the observed line broadening.

3. Anisotropic bulk magnetic susceptibility (ABMS) (33) is
a notion that was recently invoked to describe the line broaden-
ing (32). The meaning of BMS is inherently macroscopic, as it
translates a magnetic field into an induced magnetic moment,
where both are macroscopic quantities. In systems with macro-
scopic order, such as crystals or layered systems, that contain
molecules with an intrinsic anisotropy such as aromatic rings,
the induced magnetic moment will be different when all ring
planes are parallel or perpendicular to the magnetic field. For
excatly the same reasons that isotropic tumbling of a protein
molecule does not annihilate the ring current shift, MAS cannot
average this term out to zero. A polystyrene bead, however, has

245

no long range order that would justify its description in terms
of ABMS, and rotating an individual bead in the magnetic field
should not lead to a different induced magnetic moment. Assign-
ing the source of residual line broadening to ABMS therefore
clearly needs further clarification.

4. Ring current shifts. The observation that the nature of
the solid support influences the NMR characteristics of the at-
tached molecules, with far superior linewidths being obtained on
a polyethylene based support such as POEPOP (7-9) compared
to the PS resins, clearly suggest that the styrene moieties with
their aromatic ring somehow interfere with the linewidth. Un-
derlying the familiar ring current shift in a protein (34) is the fact
that a random proton in the neighborhood of an aromatic ring
will experience a down- or upfield shift, due to the local magnetic
field generated by the ring electrons. Both semiclassical (35) and
quantum mechanical (36) calculations showed that this field can
be modeled as originating from a dipole, if the proton under con-
sideration is reasonably far from the ring system. This dipolar
field is not averaged out to zero by the rapid isotropic motion of
the protein molecule because the dipole moment associated with
the aromatic ring is not constant, but depends on the orientation
of the ring normal with respect to By (33, 37, 38). The resulting
average field leads to differential chemical shift values and is
one of the important contributions in semiempirical chemical
shift calculation routines (39).

Nevertheless, despite its apparent similarity with the above
described situation, the situation of resion bound peptides is
fundamentally different. Indeed, the analogy with the aromatic
ring in a protein stops when we consider the quasi-rigid nature
of the protein, resulting in a fixed geometrical relationship be-
tween the proton and the aromatic ring. In a resin, the peptide
moiety moves with respect to the polystyrene backbone, and
this on the very same time scale that was deduced from the NOE
enhancement factor. Describing the fluctuations of a magnetic
field that experiences a given proton as a simple phenomenon
of chemical exchange (40), the nanosecond time scale of the
movements would make this term very small (<1 Hz even for
a 10-ppm chemical shift variation at 14 T). We can thus as-
cribe a unique average chemical shift value to every nucleus,
corresponding to its average value over the solid angle that it
samples on a very rapid time scale. For equivalent nuclei on dif-
ferent peptides, this value might be slightly different because of
random variations in the highly aromatic environment, and this
difference will not be averaged out by magic angle spinning.
However, in this case of inhomogeneous line broadening (41),
the individual spin packages (the spin isochromats) should be
readily refocused by a simple 7 -pulse in a spin echo experiment
and even more so by a train of w-pulses. Our observation that
the separation between the -pulses does influence sizably the
measured 75 times argues against this simple picture of static
inhomogeneous broadening.

5. Slow resin dynamics. We believe it is possible to rec-
oncile the solution-like properties of the peptides and the
anisotropy of the polystyrene backbone in one coherent picture
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if we take into account both the anchoring of the peptide and the
dynamics of the resin itself. A nucleus on a particular peptide
chain that has free rotational diffusion but is still tethered to the
backbone will sample on arapid time scale some part of the com-
plete solid angle, characterized by a well-defined distribution of
dipolar fields. Because this movement is on a nanosecond time
scale, it will not appreciably contribute to the linewidth. How-
ever, whereas the resin itself is immobile on this nanosecond time
scale, its slower movements will be at the origin of a variable
averaged dipolar field in the region that the proton can sample.
Residual dipolar interactions with correlation times superior to
10~* s were concluded from the observed super-Lorentzian line-
shapes of the '"H NMR lines in cross-linked polystyrene resins
swollen in CDCI; under nonspinning conditions (42). Varia-
tions corresponding to as little as 60 Hz (0.1 ppm in proton
frequency, or 1 ppm for the nitrogen) in the averaged dipolar
field experienced by a given peptide chain over its accessible
volume will lead to a broadening on the order of several hertz, if
these changes occur at the millisecond time scale, which brings
us into the regime of intermediate to fast exchange. These fluc-
tuations can hence explain the differences in linewidth that we
observe for resin bound and free peptides.

Experimental evidence for this scenario that takes into account
both the rapid peptide movement and the slower resin dynamics
was obtained through 7, measurements with different delays
separating the 7 -pulse in the CPMG train (Table 1). Indeed, the
obtained T, values clearly increase upon decreasing the value of
8, and for the smallest value, § = 83 us, the 75 times for the two N
terminal residues approach the theoretical value of 400-500 ms
based on the correlation time 7, and the classical expression of 7,
relaxation from dipolar and CSA based mechanisms. Whereas
the proton longitudinal relaxation could possibly contribute to
the T, relaxation in the case of the longer § delays because of the
formation of antiphase H,N, magnetization terms, this effect is
too small to explain the decrease in transverse relaxation rates
observed upon shortening the § delays (42). For the Gly residue,
a similar trend of increasing 75 times with decreasing § intervals
was observed, but the limiting value of 184 ms observed still falls
short of the theoretical 444 ms.

A theoretical expression has been derived for the observed 75
relaxation rate in a CPMG experiment in the case of two-site
exchange (25). In our case, however, a distribution of average
chemical shift values is expected, but the absence of informa-
tion on its amplitude, its population levels, and the time scale
of the exchange makes an analytical description beyond reach.
Still, for the case of two-site exchange it was shown that when
the delay § is short compared to the time constant that char-
acterizes the exchange, the effects of chemical exchange are
continuously refocused and hence attenuated. Moreover, in this
model, the § delay that leads to a 7, value halfway between its
extreme values corresponding to a fully effective and a fully re-
focused chemical exchange process roughly corresponds to the
characteristic exchange time scale. For the Ala residue, we can
fit the experimental results nicely to this model, if we assume
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FIG.4. Graphical representation of the relaxation data of Table 1. The curve
represents the best fit through the relaxation data of the Ala ammonium nitrogen
(solid circles), as calculated with the formula given in Methods, with (500 us)~!
for kexch, 90 Hz for Aw /27w, and a dipolar relaxation rate of 500 ms. The data
for the Gly amide nitrogen are given by empty squares, whereas those for Phe
are indicated by empty circles.

values of (500 us)~! for kexen and 90 Hz for Aw/2m (Fig. 4).
Whereas these values compare well with those derived from
the super-Lorentzian lineshapes (43), the situation seems more
complicated for the Gly residue, where we see a static inho-
mogeneous contribution that is refocused by a train of 7 -pulses
even when they are separated by the longest delay of 667 us,
but where simultaneously a rapid exchange process is active
that cannot even be refocused by the CPMG pulses when they
are separated by 83 us. Because this residue is juxtaposing the
resin, we can indeed imagine that it is subject to an increased
spatial restriction leading to distinguishable spin isochromats, at
least on a millisecond time scale, which explains the immediate
increase of the apparent relaxation rate when we refocus this
through m-pulses. On the other hand, this same parameter of
enhanced local restriction will make it particularly sensitive to
the movements of individual aromatic rings, and especially that
ring through which it is linked to the polystyrene backbone. The
Ala nitrogen nucleus sees a more averaged picture because of its
larger distance from the resin implying greater freedom of mo-
tion. The Phe residue is somehow between both these extremes,
with some residual static inhomogeneous broadening but less
than for the grafted Gly and with a rapid time component that is
still slower than for the Gly nitrogen, because it is basically re-
focused when using § values of 83 us. Interpretation of the data
for the Phe residue are moreover hampered by the aromatic na-
ture of its side chain, which potentially might undergo hindered
rotation.

It is clear that our analysis is at most qualitative, even though
it leads to reasonable estimates for both Aw and ke, in the
case of the Ala residue. However, the important factor is that
for all three nitrogens considered, the 75 times increase upon
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decreasing § values. This clearly indicates that a slow process is
responsible at least in part for the observed line broadening, and,
in agreement with previous analysis of the proton lineshape, we
identify it here as the dynamics of the resin. Future investigations
of resins with variable degrees of cross-linking will be of further
interest to firmly establish our hypothesis.

Whereas numerous studies in the past have used spectroscopic
techniques such as electron paramagnetic resonance (EPR) or
NMR to probe the mobility of the pendant groups on the resin
(for a review, see (28)), our present results indicate an obser-
vation that directly relates to the mobility of the polymer back-
bone, and this below the glass transition temperature 7, at which
substantial motion of the polymer begins. Moreover, contrary
to EPR studies where the concentration of free radicals has
to be kept low in order to avoid large spin—spin couplings or
Heisenberg exchange terms (44), NMR has no such limitations,
and the full loading can be used. A major advantage of this fact
is a diminished risk for the probe going only into the more ac-
cessible regions that mostly correspond to the lesser degree of
cross-linking. A very interesting corollary of our results there-
fore might be the possibility of observing multiexponential re-
laxation indicating a heterogeneity of the resin dynamics due
to a heterogeneity in cross-linking in the individual beads, al-
though the fitting of multiexponential curves can pose severe
numerical problems when the time constants are not very dif-
ferent. The LCC dynospheres are described to show a homo-
geneous cross-linking throughout the bead (45). In agreement
with this, we obtained a good exponential fit for the decaying
transverse magnetization component at all § delays (Fig. 3), in-
dicating a homogeneous behavior of the resin contribution to
the transverse relaxation rates. Further efforts will go to look
to the same behavior in differently cross-linked resins to esti-
mate how resin cross-linking affects the resin contribution to
the linewidth. Working with mixture of differently cross-linked
beads should further allow us to assess the signal-to-noise ratio
and other related NMR parameters to detect multiexponential
relaxation. Finally, this could provide for the first time an ana-
Iytical means to monitor the homogeneity of the cross-linking
of a solid phase resin sample.
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