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ABSTRACT: Magic angle spinning (MAS) has long been used as a powerful technique in studies of heterogeneous
samples such as powdered solids, compartmentalized liquids and heterogeneous solidÈliquid mixtures. Recently it
has been shown that higher resolution could be achieved if high-resolution magnetic susceptibility matching probe
technology was used in conjunction with MAS (Nano-probe). In this paper the possibilities and advantages of
generating high-resolution spectra of liquids is illustrated using the Nano.nmr probe for the study in solution of
lysozyme subjected to various treatments. John Wiley & Sons Ltd.(
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INTRODUCTION

In order to investigate further the role of the disulÐde
bridges in the folding process of lysozyme, the complete
refolding of reduced lysozyme has been studied using
conditions under which the aggregation of lysozyme
was minimized.1 It has been shown previously that
when the native disulÐde bonds are maintained in the
denatured state, the protein recovers the majority of its
secondary structure in less than 4 ms,2 while, after this
time of renaturation, the reduced protein remained fully
unfolded. In the reduced form, the species that are
present after 4 ms of refolding have a random coil circu-
lation dichroism (CD) signal in the far-UV region.3
However, the reduced lysozyme is able slowly to
recover its native structure when the disulÐdes bonds
are allowed to form.4 Therefore, it appeared that the
disulÐde bridges accelerate the acquisition of the sec-
ondary structure or stabilize it in very early stages of
the folding process. This raised the question of whether
the formation of the secondary structure brings together
the cysteines in the proper conformation to form native
disulÐde bonds, or whether the disulÐde bridges are
formed Ðrst, thereby inducing the formation of second-
ary structure?

The answer to the question of the role of the disulÐde
bridges can be examined through comparative studies
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of the kinetics of re-establishment of both secondary
structure and disulÐde bonds during the oxidative
folding of the reduced wild-type lysozyme and of
mutant lysozyme missing some of the cysteine pairs.
The kinetics of far-UV CD, intrinsic Ñuorescence and
enzymatic activity recovery1 have already shown that
during oxidative folding of reduced lysozyme, regaining
activity and acquisition of the secondary structure are
strongly coupled during the whole folding process.
Under such conditions, it was shown that the renatured
egg hen white lysozyme (HEWL) is fully native. Indeed,
the renatured lysozyme could not be distinguished from
native lysozyme according to the following criteria :
similar speciÐc activity, same compactness, superim-
posable CD and Ñuorescence spectra, same mass, same
thermodynamic stability and identical proton NMR
spectra.

To characterize further and understand the folding
process, it is important to determine whether only
native disulÐde bonds are e†ective in promoting sec-
ondary structure elements, thus allowing us to probe
the inÑuence of speciÐc long-range interactions on the
early stages of the folding process. Moreover, in all
cases it is important to show that the renatured
lysozyme is identical with the native protein and to
analyze, from a structural point of view, the mutant
lysozymes missing some of the cysteine pairs.

Experiments with reduced lysozyme are difficult as
renaturation often leads to aggregation states. However,
a bu†er system that leads to a low percentage of aggre-
gation has been described.1 Although the conditions
were optimized, physico-chemical analysis of the protein
obtained would require a lot of material, especially for
NMR measurements. Hence it was of great interest to
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be able to achieve such NMR studies with very small
quantities of compound. We have previously shown
that using Nano-nmr probe technology one can obtain
high-quality spectra for volumes as small as 40 l1.1,5,6
In this paper, we show that this new technology can be
applied efficiently to protein molecules at concentra-
tions similar to those used with conventional 5 mm
probes (650 ll), resulting in a reduction of 15È100-fold
in the amount of material needed. In addition, we show
that standard 2D experiments such as TOCSY and
NOESY can be achieved efficiently under these condi-
tions.

Figure 1. One-dimensional proton NMR spectra of
native lysozyme, 6.2 mM in acquired at 25 ¡C withD

2
O,

32 scans with strictly identical shim settings. Spinning
rate, 2240 Hz. (a) 40 ml, corresponding to 27 mmol; (b) 20
ml, corresponding to 13 mmol; (c) about 6 ml, correspond-
ing to 50 nmol.

EXPERIMENTAL

Sample Preparation

Hen egg white lysozyme was obtained from Boehringer Mannhein
(Mannheim, Germany). Three di†erent samples were used for the
NMR experiments : one corresponding to the native lysozyme, one
corresponding to the native lysozyme subjected to incubation in the
renaturing bu†er and one corresponding to the renatured lysozyme
sample. The composition of the renaturation bu†er was 0.5 M gua-
nidium chloride, 60 lM oxidized glutathione and 20 lM reduced
dithiothreitol in which aggregation of lysozyme was minimized and
where a renaturation yield of 80% was obtained.1 All the samples
were dialyzed extensively at pH 3 before use and freeze-dried. The
reduced/denatured hen egg white lysozyme was prepared as described
by Goldberg et al.7 BrieÑy, protein solution (20 mg m~1) in 0.1 M

TrisÈHCl (pH 8.6) containing 10 M urea and 0.15 M DTT was incu-
bated at room temperature for 2 h. The solution was then acidiÐed to
pH 3 by addition of HCl, dialyzed extensively against 0.1 M deuter-
ated acetic acid at 4 ¡C and then lyophilized. The lyophilized powders
were dissolved in 40 ll of (Euriso-Top) or deuterated acetic acidD2O(0.1 for the reduced lysozyme. The lysozyme concentration,M)ÈD2Odetermined by measuring from the UV absorbance at 280 nm, was 6.2
mM for the native lysozyme, 0.9 mM for the native lysozyme incubated
in the renaturing bu†er and 2.8 mM for both the renatured lysozyme
and the reduced/denatured lysozyme.

Figure 2. Low-üeld region of the one-dimensional
proton NMR spectra of lysozyme. (a) Native lysozyme; (b)
renatured lysozyme.
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Figure 3. Contour plot of a TOCSY spectrum of renatured lysozyme at 2.8 mM obtained at 35 ¡C in Spin systems areD
2
O.

labelled with the sequential residue position. Artefacts due to the spinning side bands are shown in the spectrum with
two arrows.

1H NMR experiments

1H NMR experiments, using a Nano-nmr probe
(Varian, Palo Alto, CA, USA), were run at 500 MHz on
a Varian Unity spectrometer with an on-line Sun Sparc
2 workstation. The 90¡ pulse was set at 11.1 ls using
about half the power required for the same pulse width
with our standard 5 mm probe. The experimental data
were processed using the VNMR 5.1B program. The
spectral width was 7200 Hz and the spinning rate
around 2 kHz^ 10 Hz. Spectra were referred to the
water signal at 4.68 ppm at 35 ¡C and 4.78 ppm at 25 ¡C
[relative to 3-trimethylsilyl-(2,2,3,3- propionate2H4)
(TMSP), the external reference]. Quadrature detection
was employed in all experiments with the carrier fre-
quency always maintained at the solvent resonance. The
two-dimensional 1H NMR spectra were recorded in the
phase-sensitive mode8 with 3200 data points in the t2
dimension and increments ; 8È16 scans were440t1
acquired for the TOCSY (total correlated spectroscopy)
experiment with a mixing time of 60 ms, giving a total
acquisition time of about 3È7 h, and 8, 32, 48 or 64
scans for the NOESY (nuclear Overhauser e†ects
spectroscopy) experiments, depending on the concentra-
tion, with a single mixing time of 150 ms to allow direct
comparison with previously published data,9 giving a
total acquisition time of about 5È36 h. Zero-Ðlling was
applied prior to Fourier transformation and data were
processed with shifted sine-bell window functions in

both dimensions. Low-power selective irradiation
during the recycling delay and, for NOESY spectra,
during the mixing period was used to suppress the
residual water peak.

RESULTS AND DISCUSSION

The Nano-probe produces high-resolution spectra in
sample volumes of about 40 ll or less10 at concentra-
tions similar to those used with standard 5 mm probes.
This is obtained as a result of high-resolution magnetic
susceptibility matching probe technology used in con-
junction with magic angle spinning.11 Magnetic suscep-
tibility broadening due to the use of non-spherical
samples is efficiently removed by spinning the sample at
the magic angle, which allows the collection of spectra
with sample volumes from 5 to 40 ll with an identical
shim setting (Fig. 1). The probe uses a solenoidal coil to
maximize the available sensitivity,12 which is placed
immediately around the sample, giving a very good
Ðlling factor. In addition, high detection efficiency is
obtained by placing 100% of the sample in the receiver
coil.13,14 A signal-to-noise ratio (S/N) of 106 was
obtained with the standard test sample of 0.1% ethyl-
benzene in deuterated chloroform. This value can be
compared with the S/N of 400 obtained on our 8-year-
old spectrometer under the same conditions with a stan-
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Figure 4. NOESY spectrum of renatured lysozyme at 2.8 mM recorded with a 150 ms mixing time at 35 ¡C. Top, contour
plot of the NH, Ha region. The sequential connectivities are indicated. Bottom, contour plot of the amide region.daN
Connectivities involving pairs of neighboring amide protons are labeled in the region below the diagonal and long-
range interactions are labeled in the region above the diagonal. Artefacts due to the spinning side bands are shown in
the spectrum with two arrows.

dard 5 mm probe. Obviously modern 5 mm probes
have an S/N larger than 400 but the comparison is still
valid when the sample amount is limited. Assuming
that, in standard geometry probe, about one third of the
sample resides within the active region of the receiver
coil, that is about 220 ll, a ratio of only 4 is obtained
for the S/N if the standard probe is to be compared
with the Nano-probe while the volume ratio is 5.5 : 1 in
favor of the Nano-probe when ratioing the active
volume of the 5 mm probe (220 ll) to the total volume
of the Nano-cell which is all active. If we now compare
the overall sample volume of a standard 5 mm probe, a
ratio of 16.2 : 1 is obtained. To complete these compari-
sons, an S/N test was also performed with a Shigemi 5
mm micro cell and a value of 400 was also obtained.

However, the counterpart of this is that because the
sample is spinning during the entire experiment, spin-
ning side bands may be obtained in the spectra and in
all dimensions of multi-dimensional experiments. These
artefacts appear as spurious cross peaks aligned parallel
to the diagonal. The inconvenience of this can be easily
overcome by changing the spinning rate or the tem-
perature. Rotor synchronization with pulse sequence,
similarly to that used for solid-state experiments, helps
but a lot of evaluation still needs to be done.

The spectra obtained in for the three samples,D2O
that is, native lysozyme, native lysozyme incubated in
the renaturing bu†er and renatured lysozyme, exhibit
similar features (Fig. 2). The TOCSY maps obtained for
the native lysozyme together with the known assign-
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Figure 5. Part of the NOESY spectrum of the renatured
lysozyme showing long-range connectivities charac-daa
teristic of antiparallel b-sheet structures.

ments for the native lysozyme9 allowed us to assign 63
amide protons in the renatured lysozyme. The Ðnger-
print region (NH, Ha) of the renatured lysozyme spec-
trum contains 57 NHÈHa cross peaks while six NHs,
namely Tyr23, Glu35, Ser36, Tyr53, Trp108 and
Cys115, exhibit cross peaks with b-protons but not with
their H-a proton, conÐrming their presence (Fig. 3).
Several explanations can account for this. First, the Ha
proton can be bleached out during the presaturation of
the water signal (Trp108, for example). Alternatively, the

coupling constant may be too small for efficient3JNH, Ha
transfer or the use of a unique mixing time for the iso-
tropic mixing may be unfavorable. These results are in
fair agreement with the 64 amide protons shown to
exchange slowly (58) or at an intermediate rate (6).8 As
reported previously, exchange rates correlate with ele-
ments of secondary structure present in the
protein.9,15h17 The and connectivities identiÐeddNN daN
in the NOESY spectra are shown in Fig. 4 for the rena-
tured lysozyme. Thus, extended regions of connecti-dNN
vities are observed for residues 8È14/15, 27È38 and
92È100, in agreement with the presence of regular a-
helices. Shorter stretches of connectivities are alsodNN
observed for residues 40È42, 55È57, 75È78, 82È84,
111È112 and 123È125. These regions correspond either
to non-regular helices or tight turns. Extended regions
of sequential connectivities are observed for residuesdaN
42È47, 50È55 and 57È60, in agreement with the presence
of triple-stranded antiparallel b-sheets. This element of
secondary structure is conÐrmed by several long-range
interstrand connectivities (44, 52 and 53, 58) (Fig. 4)dNN
but also connectivities (45, 51 and 52, 59) (Fig. 5).daa
Finally, the long-range interaction (2, 39) (Fig. 4)daa
conÐrms the short antiparallel b-sheet between residues
2È4 and 39È40. Despite the fact that spectra in Fig. 2
display great similarity, small shifts are observed in the
2D maps (TOCSY and NOESY) for some of the resi-

Figure 6. One-dimensional proton spectra of lysozyme in
acquired at 25 ¡C with 32 scans. Spinning rate, 2240D

2
O

Hz. Bottom, native lysozyme, 6.2 mM; top, reduced/
denatured lysozyme, 2.8 mM.

dues. Although the reason for this is unknown, these
shifts are also observed when comparing the two native
lysozyme samples, that is, the one just dialyzed and the
one that had been incubated in the renaturing bu†er. A
simple explanation is that these small di†erences are
due to components present in the bu†er. Indeed, the
most perturbed shifts are observed for the b-protons of
Asn59, a residue involved in the b-sheet structure and
facing the Asp52 residue that is the catalytic residue.
Leu17, Thr43, Thr51, Tyr53 and Ile55 resonances are
also perturbed but to a lesser extent. The renaturation
bu†er contains several components, including acetate
ions and EDTA. We have already shown that acetate
can compete with one of the lanthanide ion binding
sites (Asp52 and Glu35) but also that EDTA can bind
to lysozyme.15 This hypothesis is strengthened by the
fact that when the native lysozyme sample, subjected to
the renaturation bu†er, is further dialyzed against water
at pH 3, the shifts observed tend to diminish. Indeed,
the Asn59 b-protons that are separated by 0.04 ppm in
the spectrum of the renatured lysozyme and of the
native lysozyme incubated in the renaturing bu†er are
separated by 0.3 ppm in the native lysozyme. When the
lysozyme sample incubated in the renaturation bu†er is

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 645È650 (1998)



650 M. DELEPIERRE ET AL .

further dialyzed against water at pH 3 these chemical
shift di†erences decrease from 0.3 to 0.1 ppm.

The spectrum of the reduced lysozyme is shown Fig.
6. There is no signiÐcant dispersion in chemical shifts,
indicating the absence of a tightly packed hydrophobic
core and of strong side-chain interactions. Furthermore,
the chemical shift values obtained from the TOCSY
experiment (data not shown) for each residue type are
very similar to the values predicted for a random coiled
structure.18 Finally, no line broadening e†ect could be
evidenced, excluding the presence of early structural
folding intermediate.19,20 All these observations are in
agreement with the absence of secondary structure in
reduced lysozyme1,3 and, of course, with the fact that
the disulÐde bridges are critical in the folding process.
Having set these experimental conditions, it is now pos-
sible to investigate the role of the disulÐde bridges
during the oxidative folding of reduced lysozyme and/or
mutant lysozyme missing some of the cysteine pairs.

CONCLUSION

We have shown that it is possible to collect high-quality
spectra in terms of resolution, sensitivity and lineshape
with small amounts of product using the Nano.nmr
probe. Furthermore, the high detection efficiency
achieved by the Nano-probe allows us to obtain spectra
with nanomoles of compounds, here 50 nmol for
lysozyme, rendering this technique promising when
sample quantity is a real limitation. Although the
current version of the Nano.nmr probe is available only
for proton detection, an inverse detection/gradient
version is under development that would allow one to
achieve standard heteronuclear experiments. Reduction
of the sample size can be seen as a complementary
alternative21,22 to the development of ultra-high-Ðeld
spectrometers.
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