Solid-state NMR investigation of a heterogeneous biocatalyst
using ‘H-detected fast magic-angle spinning at high magnetic

fields
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'H-detected solid-state NMR experiments performed with fast magic angle spinning (75 kHz) and at high magnetic fields

(Bo = 20 T) were employed to gain structural insight into a heterogeneous biocatalyst comprising the enzyme human

carbonic anhydrase Il (hCA Il) covalently immobilized on epoxy-silica. Two-dimensional 'H-H NOESY-type correlation

experiments were able to provide information on different 'H environments in silica, epoxy-silica and the immobilized

enzyme. Two distinct signals originating from water protons were observed; water associated with the surface of the silica

and the water associated with the immobilized enzyme. Additional two-dimensional 'H-'H double quantum — single

quantum (DQ-SQ) experiments revealed that the immobilized enzyme is not in close contact with the silica surface. Most

significantly of all, comparison of two-dimensional 'H-"N spectra of the immobilized enzyme and the solution-state

enzyme confirms that the structural integrity of the protein is well preserved upon covalent immobilization.

Introduction

Protein immobilization on solid supports and surfaces plays
a crucial role in a range of technological applications
including industrial biocatalysis, drug delivery, medical
diagnosis, and biosensing.l’ 2 Heterogeneous biocatalysis
involves the conversion of chemical or biological substances
using immobilized enzymes or cells* * and is employed in
industrial applications for the large scale synthesis of a wide
variety of fine chemicals.” Little is known about the atomic-
level structure of heterogeneous biocatalysts as
conventional structural characterization methods, such as
X-ray crystallography and solution-state NMR, cannot be
directly employed. However, magic-angle spinning NMR
(MAS NMR) can be used to characterize heterogeneous
systems and has been demonstrated in the study of a
variety of immobilized enzymes and supports.ﬁ'15 In a
similar context, it should be noted that MAS NMR has also
very been successfully employed in understanding the
molecular level interactions of peptides and proteins with
non-biological surfaces involved in biomineralization.'®*®
Among the various means of immobilizing enzymes on
solid supports, covalent immobilization has proven to be
the most stable as leaching effects of the enzyme from the
support are minimized. However, the state of the enzyme
and changes in its dynamics upon immobilization are not
well understood. Recently, we have been able to show that
the structural integrity of an enzyme was not drastically
changed upon immobilization and was comparable to that
in the lyophilized state by using a model enzyme human
carbonic anhydrase Il (hCA II) covalently immobilized on
epoxy—silica.26 Since the lyophilized state of a protein may
not necessarily be identical to the native structure in
solution, better insight into the native fold of the protein
before and after immobilization can be obtained by
comparing, for example, the two-dimensional solution-
state 'H-°N HSQC NMR spectrum with that of the
immobilized enzyme. In this research work, "H-detected

solid-state NMR experiments utilizing fast magic angle
spinning (75 kHz) at high magnetic fields (B; = 20 T) have
been employed to characterize a model enzyme (hCA II)
covalently immobilized on epoxy-silica. Protein samples
were prepared in both isotopic natural abundance and in
isotopically enriched (15N) states (uniformly labelled
samples termed hereafter as [U—15N]/hCA I1). Furthermore,
to reduce spectral overcrowding in multidimensional MAS
NMR experiments, hCA Il samples were selectively BN
labelled for the most abundant amino acid residue leucine
(samples termed hereafter as [15N Leu]/hCA 11). Our results
show that 'H fast-MAS NMR can be successfully employed
to characterize the different proton environments in the
silica support, covalent linker and the immobilized enzyme.
Comparison of two-dimensional 'H-"N spectrum from the
immobilized enzyme and the solution-state NMR spectrum
confirms that the structural integrity of the protein is well
preserved upon covalent immobilization.

Experimental
Materials and sample preparation

The hCA 1l plasmid (pACA) used for the production of hCA Il
mutants was a generous gift from Carol A. Fierke
(University of Michigan, USA).27 Expression, purification,
and characterization of [U—15N]/hCA Il and [15N Leu]/hCA 1l

,

were performed as described previously.26 % Synthesis of
epoxy-silica using SP-100-15-P Daiso silica gel and (3-
glycidyloxypropyl)trimethoxysilane ~ (GLYMO) as the
covalent linker, immobilization of [U—lSN]/hCA Il and [15N
Leu]/hCA 1l on epoxy-silica, and the biochemical
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characterization were performed as described previously.

Solution and solid-state NMR experiments



Solution-state NMR experiments were carried out on a
Bruker Avance Ill HD spectrometer operating at 600 MHz
proton frequency, equipped with a cryogenic QCl probe
"H/Bc/PN/F with z-axis pulsed field gradients. Solid-state
NMR experiments were performed on a Bruker Avance IlI
400 MHz spectrometer equipped with a widebore 9.4 T
magnet and a Bruker Avance Il 850 MHz spectrometer with
a widebore 20 T magnet. All the experiments were
performed at room temperature. The powdered dry
samples were packed into 1.0 and 3.2 mm ZrO, rotors and
were spun at frequencies of 75 and 22 kHz in 1.0 and 3.2
mm MAS probes, respectively. Chemical shifts were
referenced externally relative to TMS for 'H (adamantane:
1.87 ppm), Bc (adamantane left peak: 38.4 ppm) and e\
(glycine: 32.4 ppm). For insensitive nuclei (*°C and N),
pulse sequences utilized linearly ramped cross-polarization
(CP)29
'H decoupling. Two-dimensional "H-"H correlation MAS

and small phase incremental alternation (SPINAL)30

NMR experiments were performed either with a NOESY-
type (Nuclear Overhauser Effect SpectroscopY) sequence
consisting of three simple 90° pulses or with a double-
quantum — single-quantum experiment utilizing BABA
(BAck-to-BAck)*" recoupling. All the NMR data were
processed using TopSpin software. Further experimental
and processing details can be found in the text and figure
captions.

Results and discussion

To gain a better insight into the 'H environments present
during different stages of enzyme immobilization, we
recorded two-dimensional 'H-'H correlation experiments
on silica, epoxy-silica and immobilized hCA Il using NOESY-
type pulse sequences. Fig. 1 shows two-dimensional "H-'H
NOESY spectra of (a) silica, (b) epoxy-silica, (c) [U-"*N]/hCA II
immobilized on epoxy-silica and (d) [15N Leu]/hCA 1I
immobilized on epoxy-silica recorded using a mixing time of
100 ms on a By = 20 T magnet at a MAS frequency of 75
kHz. The spectra are well resolved and reveal diagonal
peaks and off-diagonal or cross peaks; the latter may arise
from either chemical exchange or from spin diffusion
(indicating nuclei close in space, 0.2-0.5 nm) during the
mixing time.

The NOESY spectrum of bare silica (Fig. 1a) features
diagonal peaks appearing from isolated silanol groups (iOH,
1.1, 2.1 ppm), adsorbed water (H,O, 4.0 ppm) and
hydrogen-bonded silanol groups (hBS, 4.5 to 9.0 ppm). The
chemical shift assignments are based on the labelling
scheme shown in Fig. 2, where the simplified
representation of the hydrogen bonding of water with
surface silanol groups is based on previous reports.32 The
peak from adsorbed water (4.0 ppm) is relatively narrow
when compared with the broad peak from the hBS (4.5 to
9. 0 ppm) indicating the presence of dynamics to average

out anisotropic interactions. The peak broadening from the
hBS (4.5 to 9.0 ppm) can be ascribed to the absence of
dynamics and the inhomogeneous broadening associated
with a wide range of chemical shifts contributed by the
different modes of hydrogen bonding between surface
silanol groups.33 Strong cross peaks can be observed (4.0
ppm — 4.5 to 9.0 ppm) between adsorbed water and hBS,
indicating that hydrogen-bonded silanol groups are
associated with strong dipolar interactions with adsorbed
water revealing their proximities in space. The spectrum
also reveals cross peaks between iOH and adsorbed water
(1.1 — 4.0 ppm) and, with low intensity, between hBS and
iOH (7.6 — 1.1 ppm), shown by dotted grey boxes. The weak
cross peak probably arises from spin diffusion due to the
relatively long mixing time (100 ms) used.

The two-dimensional spectrum of epoxy-silica (Fig. 1b)
is well resolved and shows diagonal peaks from the epoxy-
linker (O — 3.5 ppm), adsorbed water (4.0 ppm) and hBS
groups (4.5 — 10.0 ppm). The spectrum also reveals cross
peaks between protons from the epoxy-linker, as shown by
the green labels. Strong cross peaks can also be observed
between hBS and various protons (1, 2, 3, 4, 5, SiOCH3;)
from the epoxy-linker. This could be a result of the
relatively long mixing time (100 ms) used, as spin diffusion
can result in long-range magnetization transfer and can
generate cross-peaks between all linker protons. It is worth
noting the weak cross peak (below the contour levels on
one side of the diagonal) between the Hg from the epoxy-
ring (2.4 ppm) and the hBS groups (5.5 ppm), highlighted in
yellow. This indicates that some of the epoxy groups have
opened to form diols and are in close proximity with hBS
groups on the surface of silica. [This was further confirmed
by comparison of two-dimensional 'H-3C HETCOR spectra
of the epoxy-silica recorded at short (0.4 ms, red contour
levels) and long (4 ms, black contour levels) CP contact
times (Fig. 3), with the latter spectrum showing a very weak
cross peak (highlighted with the green circle) between
protons from the water (4.0 ppm) and carbons from the
opened epoxy groups (6.).] Finally, partly resolved cross
peaks (0.8 — 4.0 ppm), (1.4 — 4.0 ppm), (3.0 — 4.0 ppm) can
be observed in Fig. 1b between the protons from the H1,
H2 and H3/H4/H5/SIOCH; groups in the epoxy-linker with
the adsorbed water (highlighted in red). In this context it is
worth noting the downfield shift of the H1 protons of the
epoxy linker from 0.4 to 0.8 ppm indicating the possibility
of weaker interactions with the adsorbed water. However,
no noticeable changes in chemical shifts could be observed
for the H2 and H3/H4/H5/SiOCH3; groups from the epoxy-
linker. Further cross peaks can be observed (1.0 — 1.8 ppm)
between H1 and H2 with the adsorbed water (4.0 ppm).
Note that, although synthesis of epoxy-silica was performed
under non-aqueous conditions, the peak at 4.0 ppm can be
ascribed to adsorbed water from the atmosphere due to
the hygroscopic nature of silica.
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Fig. 1. Two-dimensional (1H—1H) correlation NOESY-type spectra of (a) silica, (b) epoxy-silica, (c) [U—lSN]/hCA Il immobilized on epoxy-silica
and (d) [15N Leu]/hCA 1l immobilized on epoxy-silica. The spectra were recorded using 100 ms mixing time on a By = 20 T magnet at a MAS
frequency of 75 kHz. All spectra were acquired using 8 transients for each of 300 t; increments of 53.3 us using a recycle interval of 2 s.
Spectrum (a) was processed with 50 Hz line broadening in both F1 and F2 dimensions; the remainder were processed using line broadening
of =150 Hz and Gaussian broadening of 0.2 in both F1 and F2 dimensions. The chemical shift assignments are based on the numbering
scheme shown in Fig. 2. The cross peaks highlighted in red and yellow are discussed in the text.

The "H NOESY spectra of [U-">N]/hCA Il (Fig. 1c) and [*°N
Leu]/hCA Il (Fig. 1d) immobilized on epoxy-silica are almost
identical and reveal diagonal peaks from the epoxy-linker (O
— 3.5 ppm), water (4.0, 5.0 ppm) and from the aromatic and
amide protons in the immobilized enzyme (6 — 10 ppm),
highlighted with green, blue and red labels respectively. It is
worth noting the two distinct water peaks at 4 and 5 ppm.
The partly resolved water peak at 4 ppm can be ascribed to
water associated with the surface of the epoxy-silica, while

the water peak at 5 ppm can be ascribed to water
associated with the immobilized enzyme (protein-
associated water is usually observed at ~4.7 ppm).34 These
spectra also reveal cross peaks between protons from the
epoxy-linker (0 — 4 ppm), epoxy-linker and water (0 to 4
ppm — 5 ppm), epoxy-linker and hCA 11 (0 to 4 ppm — 6 to 10
ppm), and also between water and hCA Il (5 -6 to 10 ppm).

For gaining further insight into the more strongly

dipolar coupled protons, two-dimensional 'H double-



quantum — single quantum (DQ-SQ) experiments using
BABA recoupling were recorded. The DQ MAS NMR
experiments selectively excite 'H nuclei that are strongly
dipolar coupled and, as a result, mobile or isolated protons
are normally not observed. Fig. 4 shows the 'H DQ MAS
NMR spectra of (a) epoxy-silica, (b) [U-">N]/hCA 1l
immobilized on epoxy-silica and (c) [15N Leu]/hCA I
immobilized on epoxy-silica recorded at room temperature
with one rotor period of recoupling on a Bg = 20 T magnet
at a MAS frequency of 75 kHz. Our DQ experiments on silica
were unsuccessful as the recoupling was inefficient due to
the mobility of the water molecules (data not shown).

Fig. 2. Simplified schematic representation of (a) bare silica, (b)
epoxy-silica before immobilization and (c) epoxy-silica after
immobilization with hCA II. Two possible modes of connection of
the linker to the silica surface are shown in (b) and (c).

The DQ spectrum of epoxy-silica (Fig. 4a) is well
resolved and reveals pairs of correlated peaks, with the
same F1 frequency and equidistant from the +2 diagonal,
arising from protons that are close in space. The DQ-SQ
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correlation peaks between protons from the epoxy-linker
are shown connected by dotted green lines, while the
correlation peaks between protons in the epoxy-linker and
the hBS groups are shown connected by dotted cyan lines.
Well-resolved pairs of correlation peaks are observed
between H1 — H2 (0.4 —1.4 ppm), H1-SiOCH;3 (0.4 — 3.1 ppm)
and H2-H3 (1.4 — 3.3 ppm) groups revealing their close
proximities in space. The unsymmetrical peaks appearing
around 3.5 ppm in F2 probably arise as a result of t; noise
from the adsorbed water.

The DQ spectra of [U—lSN]/hCA Il immobilized on epoxy-
silica (Fig. 4b) and [15N Leu]/hCA Il immobilized on epoxy-
silica (Fig. 4c) are almost identical and consists of pairs of
correlation peaks from the epoxy-linker, H1L — H2 (0.4 - 1.4
ppm), H2 — H3 (1.4 — 3.3 ppm), plus a range of correlation
peaks connecting H3, H4, H5 and the immobilized hCA Il
(shown with dotted red lines). Interestingly, we do not

observe any correlation peaks connecting H1 and H2
protons in the epoxy-linker with protons from the
immobilized hCA I, indicating that these protons are not
close in space. Normally, H1 and H2 protons in the epoxy
linker are found close to the silica surface and the absence
of any correlation peaks may indicate that immobilized
enzyme is not in close contact with silica surface. Thus the
epoxy-linker might be acting as a cushion between the silica
surface and the protein, thereby preventing any strong
charge interactions that might lead to protein denaturation.
Similar studies involving reconstitution of transmembrane
proteins anchored into polymer-supported cushioned lipid
bilayers have shown increased incorporation and enhanced
enzymatic activity when compared to the reconstituted

35
enzyme.

Fig. 3. Overlay of the two-dimensional 'H-C HETCOR spectra of
epoxy-silica recorded on a By = 9.4 T spectrometer at a MAS
frequency of 22 kHz using a 'H-C CP contact time of 0.4 ms
(red contours) and 4 ms (black contours). Each spectrum was
acquired using 1024 transients for each of the 128 t; increments
of 250 ps. High-power homo- and heteronuclear proton
decoupling (~90 kHz) was applied during the FSLG (Frequency-
Switched Lee-Goldberg)**® t intervals during °C acquisition.
Both spectra were processed without any window functions.
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previous reports. The cross peak corresponding to opened

epoxy groups (6,p) is highlighted in green.

Fig. 4. Two-dimensional (*H-'H) DQ-sQ spectra of (a) epoxy-
silica, (b) [U-"°N]/hCA Il immobilized on epoxy-silica and (c) N
Leu]/hCA Il immobilized on epoxy-silica recorded on a By =20 T
magnet at a MAS rate of 75 kHz. All spectra were acquired using
16 transients for each of the 128 t; increments of 13.3 s using a
recycle interval of 2 s. The spectra were processed using line
broadening of =150 Hz and Gaussian broadening of 0.2 in both
F1 and F2 dimensions. The chemical shift assignments are based
on the numbering scheme shown in Fig. 2.
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In order to help understand the state of the enzyme
after immobilization, a "H-detected fast MAS NMR (1H—15N)
correlation experiment was recorded. Fig. 5 compares the
resulting spectrum of [U-°N]/hCA 1l in the immobilized
state (Fig. 5b) with the solution-state TROSY-HSQC
(Transverse Relaxation-Optimized Spectroscopy -
Heteronuclear Single Quantum Coherence)40 NMR
spectrum of hCA Il (Fig. 5a). Comparison of the two spectra
reveals that majority of the peaks in the central region are
well preserved and the overall distribution of the peaks
from the immobilized hCA Il indicates that the structural
integrity of the enzyme is well preserved on immobilization.
Additional high frequency peaks (> 11 ppm in the 'H

dimension) in the immobilized state can be ascribed to
strong hydrogen bonds in the solid that are broken upon
dissolution.

Fig. 5. (a) Solution-state TROSY**-HSQC NMR spectrum of hCA I
and (b) "H-detected (1H—15N) MAS NMR spectrum of [U—lSN]/hCA
Il in the immobilized state. The solution-state NMR spectrum of
the [U—lSN]/hCA Il was acquired using 64 transients for each of
the 256 t; increments of 500 ps using a recycle interval of 1 s on
a By = 14.1 T magnet. The spectrum of the [U—lSN]/hCA Il'in the
immobilized state was acquired using 1024 transients for each
of the 40 t; increments of 290 ps using a recycle interval of 2 s
on a By = 20 T magnet at a MAS frequency of 75 kHz. The spectra
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were processed without any window functions.

Overall, a smaller number of resonances are observed
from the hCA Il in the immobilized state compared with the
solution-state NMR HSQC spectrum. The solution-state
HSQC NMR experiment is based on INEPT-type (Insensitive
Nuclei Enhanced by Polarization Transfer) coherence
transfer through J couplings, which works efficiently for
many liquid samples. In NMR of solids, INEPT signals from
proteins are normally observed from residues that have
sufficient mobility to average out anisotropic interactions
and yield narrow resonances. We did not observe any
signals from immobilized hCA |1l using INEPT-based
experiments (data not shown). In contrast, 'H-detected



MAS NMR experiments rely on cross polarization (CP) via
heteronuclear through-space dipolar couplings,29 which
works efficiently for rigid solid samples. It seems likely that
the absence of many cross-peak signals in Fig. 5b can be
attributed to static disorder leading to enhanced line
broadening, as has been reported previously in the case of
proteins entrapped in bioinspired silica.”® 1t should be
noted that, although we are suggesting that the structural
integrity of the enzyme is well preserved on immobilization,
this does not mean that the sample is not highly
disordered. Individual proteins molecules can be expected
to be tethered to the silica surface by a variable number of
linker molecules and to have a very wide range of
orientations with respect to the surface, which itself will be
highly heterogeneous. 'H-detected experiments on [15N
Leu]/hCA Il immobilized on epoxy-silica were not successful
(data not shown) due to the fewer expected resonances (26
Leu residues) consequent upon selective N isotopic
labelling and to the limited experimental sensitivity arising
from the smaller amount of protein grafted on to the
surface of the epoxy-silica support (9.9 mg of protein per
100 mg of support).26

Conclusions

In conclusion, we have demonstrated that 'H-detected
solid-state NMR experiments at high magnetic fields and
utilizing fast MAS can be successfully employed to gain
insight into the '"H environments from silica, epoxy-silica
and enzymes covalently immobilized on epoxy-silica. Most
importantly, our results show that structural integrity of the
protein is not drastically changed, but is well preserved
upon covalent immobilization. This relates to our previous
observation that this immobilized enzymatic system retains
71% of its effective specific activity when compared with
free hCA Il in solution.”® The outcomes of this present work
are therefore not limited to the better understanding of
heterogeneous biocatalysts, but also to wider areas of
biotechnological processes and applications involving
interactions of proteins with solid surfaces and supports.
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