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Abstract

Enzymes are used as environmentally friendly catalysts in many industrial applications, and are 

frequently immobilized in a matrix to improve their chemical stability for long-term storage, and 

reusability. Recently, it was shown that an atomic-level description of proteins immobilized in a 

biosilica matrix can be attained by examining their magic angle spinning (MAS) NMR spectra. 

However, even though MAS NMR is an excellent tool for determining structure, it is severely 

hampered by sensitivity. In this work we provide the proof of principle that NMR-characterization 

of biosilica-entrapped enzymes could be assisted by high-field dynamic nuclear polarization 

(DNP).
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Communication

Enzymes are highly efficient catalysts that perform complex chemical reactions under mild 

conditions, and are ideal for reducing the environmental footprint of chemical processes.[1] 

Methods to immobilize enzymes in a solid matrix or support have been proposed[2] to 

achieve both the stabilization of the enzymes and the creation of heterogeneous catalysts. 

Among immobilization methods, biosilicification is a remarkable strategy inspired by 

nature:[3–5] polycationic molecules are used to direct and promote silicic acid 

polycondensation reactions[4,6], which proceed under benign conditions[7], within a few 

minutes[6] and with high immobilization yields.[4]
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Biomaterials of such kind have attracted significant interest,[8] and their usual 

characterization is based on the analysis of the catalytic activity, (Figure S1). Structurally, 

they are difficult to characterize by standard structural biology tools such as X-ray 

crystallography and solution NMR, but they can be investigated by MAS NMR, which has 

been used to study protein-mineral interfaces[9] and the mechanistic aspects of biosilica 

formation by peptides from Cylindrotheca fusiformis[10] or by Thalassiosira pseudonana 

cells.[11] We have demonstrated that it is possible to achieve high-resolution MAS 

characterization of biosilica immobilized enzymes,[12] providing two examples: the catalytic 

domain of matrix metalloproteinase 12, in its complex with NNGH (N-Isobutyl-N-(4-

methoxyphenylsulfonyl)glycyl hydroxamic acid) (catMMP12)[13] and the Cu(II)-Zn(II) 

loaded C6A,C111S mutant of human superoxide dismutase 1 (AS-SOD).[14] Both proteins 

displayed highly resolved NMR spectra in the immobilized form and it was possible to 

ascertain that the structure of the protein was maintained.[12] However sensitivity is a 

persistent problem in the NMR studies of biosilica structures and bioinspired materials in 

general[11].

To address the challenges imposed by low sensitivity, dynamic nuclear polarization (DNP) 

may be applied. In DNP, the large electron polarization of a paramagnetic species is 

transferred to neighbouring nuclei via microwave irradiation. This efficiency of this process 

is optimal at cryogenic temperatures where electron spin and nuclear relaxation times 

increase and allow for efficient polarization transfer. Bis-nitroxide biradicals are the most 

successful polarizing agents due to the increased electron-electron coupling (20–35 MHz) 

that is required for cross effect (CE) efficiency.[15] To date solid-state DNP research faces 

two main issues: a) determining the kind of samples that are amenable for DNP and b) 

understanding and preventing the loss of resolution at cryogenic temperatures. Although 

several studies have demonstrated the possibility of polarizing the surface of silica-based 

materials by DNP,[16] it is not trivial to deduce that the method is also suited for increasing 

the sensitivity in the study of proteins encapsulated within a biosilica matrix. In terms of 

sample preparation, the protein and the radical may reside in different phases, separated by 

the silica matrix, as opposed to the case of a homogenous glassy preparation,[17] and as such 

it could give no enhancement at all, as in the case of frozen solution without cryoprotectant. 

On the contrary, in this work we could demonstrate that substantial enhancements are 

achieved in NMR sensitivity of catMMP12 and AS-SOD proteins entrapped in biosilica by 

employing high field DNP (5 T and 16.4 T), providing the proof of principle that high-field 

DNP enhancement can be obtained for these systems.

DNP-enhanced NMR spectra of biosilica-entrapped catMMP12 and AS-SOD were obtained 

at 5 T (211 MHz/140 GHz). The biosilica samples were treated with a cryoprotectant 

(60:30:10 glycerol-d8/D2O/H2O)[18] containing a 10 mM concentration of the biradical 

polarizing agent TOTAPOL [1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)-propan-2-ol].[19] 

Proton DNP enhancements (ε) of 32 and 50 were achieved for catMMP12 and AS-SOD, 

respectively.

The presence of silica may affect the DNP properties of the sample, since it may act as a 

shell protecting the enzyme, and it can have non-specific interactions with the biradical.[20] 

Therefore we tested if the biosilica matrix could act similarly to surfactant-containing 

Ravera et al. Page 2

Chemphyschem. Author manuscript; available in PMC 2017 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



systems[21,22] or other systems where the biradical is protected from segregation upon 

solvent freezing:[23–28] i.e., if the use of a cryoprotectant could be avoided. For the 

cryoprotectant-free approach two samples were prepared by washing the solid with a 10 mM 

TOTAPOL solution in D2O. DNP ε of 20 and 55 were obtained for catMMP12 and AS-

SOD (Figure S2): for AS-SOD the efficiency of DNP was comparable with and without 

cryoprotectant, while for catMMP12 the non-cryoprotected sample yielded somewhat lower 

but still significant enhancement. These results suggests that the DNP efficiency depends on 

the properties of the biosilica scaffold: the morphology of the biosilica particles are known 

to vary significantly depending on the entrapped protein and upon changes of the reaction 

conditions.[29] These result are important as they demonstrate that a matrix-free approach is 

feasible,[28] yielding easier detection of the resonances of interest due to the higher filling 

factor. Notably, the buildup rates of the non-cryoprotected samples are higher than those of 

the cryoprotectant sample, suggesting that the biradical may have preferential interaction 

with the silica[20] and thus remain closer to the protein at the time of freezing (Table S1).

The DNP experiments at 5 T demonstrate the ability to polarize enzymes entrapped in 

biosilica. However, as expected for samples at cryogenic temperatures and low fields, the 

spectral resolution is low:[30,31] when protein samples are kept at cryogenic temperatures for 

the DNP measurements, broadening of the resonances is often observed. It is worth noting 

that in the existing literature on NMR studies at cryogenic temperature, lines are generally 

thought to broadened due to one of the following: a) freezing of different side-chain 

conformations that are no longer averaged by collisions with the solvent and/or intrinsic 

molecular motions;[30] b) interference of MAS and/or decoupling with molecular 

motions,[32] and c) differential interactions between the protein and the surrounding frozen 

solvent;[30] in particular for biosilica entrapped enzymes differential interactions with the 

biosilica network that are not averaged by molecular motions could also broaden the 

resonances.[10,11]

NMR at higher magnetic fields could mitigate the resolution problem. Thus, the 

immobilized enzymes were further analyzed at 16.4 T (699 MHz/460 GHz). Figure 1 shows 

the resulting DNP 13C{1H} CPMAS NMR spectra of the same samples: although the 

resolution is still not sufficient for a thorough characterization, this comparison shows that 

high field DNP provides a promising resolution improvement. Indeed, the present data 

demonstrate that even if the resolution is lower than the room temperature spectra, the DNP 

spectra clearly show resonances typical of the folded protein (around 160 ppm and 10 ppm, 

Figure S3), affording a method to assess the maintainment of the protein fold with higher 

sensitivity than the room-temperature SSNMR, thus with a lower detection limit.

From theory,[33] it is expected that the enhancement at 16.4 T will be at least 3.3 times 

smaller than the enhancement at 5 T. The AS-SOD sample follows such prediction (ε=15), 

while the enhancement of catMMP12 was reduced only by a factor ~2 (ε=16). This could be 

due to a phenomenon that has been described recently: the presence of dielectric 

discontinuities (i.e., of particles with different dielectric constant) in the sample favors the 

dispersion of microwaves, which gives improved DNP performance.[34] Shorter wavelength 

microwaves could be scattered better, thereby accounting for the less-than-expected 

reduction of DNP at high field, with the different behavior between the two samples 
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ascribable to the different size of the biosilica particles (Figure S4) and possibly to the 

difference in microwave penetration. In biosilica-entrapped samples, the presence of 

microscopic particles is intrinsic, thus we can expect the higher DNP efficiency at high field 

to be a feature of such systems.

The enhancements at 16.4 T allowed for the collection of 2D experiments within a few 

hours using ~14–20 μl of sample. Figure 2 shows the improvement in resolution for the 

biosilica-entrapped AS-SOD enzyme when moving from 5 to 16.4 T (catMMP12 is shown 

in Figure S5). The comparison illustrates the importance of combining multidimensional 

experiments and high field DNP for improving both resolution and sensitivity; furthermore 

it is possible to foresee that using even higher fields would be beneficial for resolution, at 

the same time not compromising DNP efficiency too much. Figure S6 shows the comparison 

with the room temperature spectrum, reproduced with permission by the Royal Society of 

Chemistry from reference [12], which confirms that the peaks that appear at 16.4 T are 

present also at room temperature. On this basis, we can state that the modest resolution is 

due to low temperature effects, but the latter are mitigated at high field.

As already mentioned, it is possible to use positively charged proteins, such as hen egg-

white lysozyme (HEWL) as catalysts.[4] DNP-enhanced NMR spectra of HEWL entrapped 

in the biosilica matrix in natural abundance were thus recorded (Figure 3). Whereas the 

spectrum without DNP shows no protein signals after ~5 hours, a difference spectrum with 

DNP clearly shows the presence of protein signals. This is striking considering the low 

concentration of non-labeled lysozyme in the sample. Previously, characterization of this 

system by SSNMR had only been possible via 29Si.[35]

In conclusion high field DNP can be applied to biosilica-entrapped enzymes, and 

significantly higher sensitivity can be achieved, both with and without cryoprotectant. The 

ability to collect 13C-13C correlation spectra within hours of small sample volumes of AS-

SOD and catMMP12 demonstrates the importance of DNP to achieve the sensitivity needed 

for studies of biosilica, bio-inspired materials, and of natural occurring materials (such as 

diatom’s hexoskeleton) that are in natural abundance.[36,37] With continued study of sample 

preparation procedures at cryogenic temperatures, careful labeling procedures[10] and 

continued investment in radical design further improvements in resolution and sensitivity are 

possible. It is clear that DNP NMR will be required to mitigate or lift the sensitivity 

limitation that often restricts structural studies of complex biological systems.
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Figure 1. 
700 MHz/460 GHz DNP enhanced 13C{1H} CPMAS NMR spectra with (top, 32 scans) and 

without (bottom, 256 scans) microwaves of biosilica encapsulated AS-SOD (a) and 

catMMP12 (b) in cryoprotectant and 10 mM TOTAPOL.
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Figure 2. 
Overlay of two-dimensional 13C-13C correlation spectra of AS-SOD at 5 T (gray, 45 μl 

sample volume, 20 ms mixing, 5 hrs. acquisition time) and 16.4 GHz (black, 14 μl sample 

volume, 50 ms mixing, 4 hrs. acquisition time) in cryoprotectant and 10 mM TOTAPOL.
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Figure 3. 
13C{1H} CPMAS DNP NMR of biosilica encapsulated lysozyme (natural abundance) with 

(top, black, 1,536 scans) and without (middle, gray, 4096 scans) microwaves recorded at 5 

T. The bottom trace is a difference spectrum showing only protein resonances.
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