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Carbohydrates protect protein 
against abiotic fragmentation by 
soil minerals
Patrick N. Reardon   1,4, Eric D. Walter1, Carrie L. Marean-Reardon1,2, Chad W. Lawrence1, 
Markus Kleber3 & Nancy M. Washton1

The degradation and turnover of soil organic matter is an important part of global carbon cycling and of 
particular importance with respect to attempts to predict the response of ecosystems to global climate 
change. Thus, it is important to mechanistically understand the processes by which organic matter 
can be degraded in the soil environment, including contact with reactive or catalytic mineral surfaces. 
We have characterized the outcome of the interaction of two minerals, birnessite and kaolinite, 
with two disaccharides, cellobiose and trehalose. These results show that birnessite reacts with and 
degrades the carbohydrates, while kaolinite does not. The reaction of disaccharides with birnessite 
produces Mn(II), indicating that degradation of the disaccharides is the result of their oxidation by 
birnessite. Furthermore, we find that both sugars can inhibit the degradation of a model protein by 
birnessite, demonstrating that the presence of one organic constituent can impact abiotic degradation 
of another. Therefore, both the reactivity of the mineral matrix and the presence of certain organic 
constituents influence the outcomes of abiotic degradation. These results suggest the possibility that 
microorganisms may be able to control the functionality of exoenzymes through the concomitant 
excretion of protective organic substances, such as those found in biofilms.

Soil organic matter (SOM) represents the largest carbon reservoir in the terrestrial biosphere1,2 and its representa-
tion in Earth System Models (ESM) continues to pose a significant challenge for the development of robust car-
bon cycle and climate projections.3 Changes in soil organic carbon were found to be related to the strength of 
simulated carbon-climate feedbacks4, emphasizing the need for an improved understanding of the mechanisms 
involved in retarding or accelerating the turnover of soil carbon. The enzymatic disassembly of large organic 
debris is probably the most critical of all the soil carbon cycling processes that need to be better understood5. It is 
generally assumed that the high- molecular-weight (HMW) fraction of organic matter is initially hydrolyzed by 
extracellular enzymes to sizes <600 Da6 for transport into the cell7. While exceptions to this rule seem possible8, 
extracellular enzymatic disassembly of large organic debris should be considered a necessity to enable passage 
of the microbial cell wall for compounds larger than 600–1000 Da9. Together with recent evidence pointing at 
a prominent role of habitat properties for microbial decomposition10–12, this insight creates the need to better 
understand the role of the soil matrix as a constraint for extracellular enzymatic activity.

Minerals comprise the bulk of most soils, making their interactions with organic matter important to under-
standing the cycling of organic matter in soil. Phyllosilicate clays and other solid surfaces have been shown to 
bind proteins and other biomolecules13. In some cases, enzymes can remain active in the adsorbed state13–16. 
Increased resistance to thermal denaturation has also been observed for proteins bound to some solid surfaces13. 
More generally, natural organic matter has been shown to adsorb to minerals, with some minerals exhibiting 
preferential binding for certain constituents of natural organic matter17.

Mineral constituents of soils can have significantly different surface chemistries and reactivities. For example, 
the metal oxide mineral birnessite, a strongly oxidizing manganese oxide, has previously been shown to oxidize 
small organic compounds18–20. It has also been shown to adsorb and oxidize natural organic matter, although the 
specific compounds in the organic matter that are oxidized were not identified17. More recent analysis of fungal 
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mediated decomposition of forest litter has shown that reactive Mn(III) may contribute to the decomposition of 
litter constituents such as lignin, accompanied by the subsequent formation of Mn(III,IV) oxides21. Finally, recent 
studies have shown that birnessite can fragment proteins, in environmentally relevant conditions, resulting in the 
production of soluble peptides22,23. These observations establish the fundamental ability of manganese oxides to 
participate in a wide range of chemical processes that are pertinent to the soil environment.

Carbohydrates are significant components of soil organic matter as well as dissolved organic matter and are 
a major pool of carbon available for interaction with minerals24. The goal of this study is to determine the extent 
to which carbohydrates react with two minerals, kaolinite and birnessite, and how this reaction could influence 
the fragmentation of protein by birnessite. To achieve this goal, we reacted two disaccharides, cellobiose and 
trehalose, with kaolinite and birnessite. Trehalose is a non-reducing sugar that is found throughout the tree of 
life and can accumulate in some organisms to ~7% of dry weight25. Trehalose has been identified in abundance in 
environmental samples26, including biofilms27. Cellobiose is produced during the depolymerization of cellulose, 
a major source of input carbon to soil, and is metabolized by soil biota for energy28. Cellobiose is a reducing sugar 
with a free hemi-acetal that impacts its reactivity. In addition, we examined the ability of these carbohydrates 
to inhibit the reaction between a model protein, GB1, and birnessite. The minerals were chosen to represent 
two different categories of reactivity towards organic compounds. The pedogenic oxide birnessite has the well 
documented ability to oxidize organic molecules18,19,29,30 and to catalyze the fragmentation of protein into small 
peptides22,23. The phyllosilicate kaolinite is typically well crystalline, rendering basal planes largely hydrophobic, 
while platelet edges tend to be decorated with hydroxyls coordinated to Al cations. As a result, kaolinite tends 
to act as a sorbent for organic compounds, especially for polyelectrolytes possessing significant hydrophobic 
regions31. Both manganese oxide (birnessite) and kaolinite can be considered ubiquitous in most soils around the 
globe32. The products of these reactions were analyzed with nuclear magnetic resonance (NMR) spectroscopy to 
determine the extent of carbohydrate reaction with birnessite and whether the presence of carbohydrate affected 
the interaction between protein and birnessite. Electron paramagnetic resonance (EPR) spectroscopy was used to 
determine the amount of Mn(II) released from the birnessite during the reaction with the carbohydrates.

Materials and Methods
Trehalose and cellobiose were added to 20 mg of birnessite or kaolinite in 1 mL of milliQ H2O. The desired pH 
of each sample was adjusted using HCl and NaOH. Samples were incubated at 25 °C for 24 hours with con-
stant agitation. Following the incubation, minerals were removed by centrifugation at 21,000xg for 5 minutes. 
Supernatants were removed and centrifuged at 21,000 × g for 5 minutes to remove residual solid minerals. 540 µL 
were carefully removed from the samples without disturbing the residual mineral pellet. D2O and DSS were added 
to a final concentration of 10% v/v and 0.5 mM respectively and either stored at −80 °C or used immediately for 
NMR analysis. The concentration of formate produced from the reactions with birnessite was estimated from a 
total of three repeated experiments under each condition. The birnessite and kaolinite used in this study were the 
same as those used in our previous study and were characterized as previously described23.

15N stable isotope labeled protein G, B1 domain (GB1) was expressed and purified from BL21(DE3) E. coli 
cells as previously described23,33. 0.4 mg of GB1 was combined with 20 mg birnessite and increasing concentra-
tions of trehalose, up to 100 mM. Samples were incubated at 25 °C for 24 hours with constant agitation. Minerals 
were removed from the sample using the same method as the samples without protein. D2O and DSS were added 
to a final concentration of 10% v/v and 0.5 mM respectively. Samples were immediately analyzed with NMR 
spectroscopy.

NMR data were collected using either a 600 MHz or 800 MHz Agilent VNMRS spectrometer equipped with 
cryogenic triple resonance probes. The 1H experiments were collected using the recommended parameters for the 
Chenomx software to enable accurate concentration estimates. A 1D NOESY experiment was used with a spec-
tral window of 12 ppm, 4 s acquisition time and 1 s recycle delay. 2D 15N-HSQC experiments were collected with 
1024 complex points in the direct dimension and 128 complex points in the indirect dimension. Sweep widths 
were 16 ppm in the direct dimension and 35.86 ppm in the indirect dimension. All NMR data were collected at 
25 °C. Data were processed, apodized and phased in nmrPipe34 and analyzed using Chenomx (1D proton) or 
NMRViewJ35 (2D HSQC). Formate concentrations determined using Chenomx are summarized in Table 1.

EPR spectroscopy.  Electron paramagnetic resonance (EPR) spectra were acquired with a Bruker Elexsys 
580 spectrometer fitted with an SHQE resonator and a Bruker continuous flow nitrogen VT insert. Room temper-
ature aqueous samples were contained in 1.0 mm OD × 0.8 mm ID quartz tubes (Vitrocom) sealed with Critoseal 
capillary tube sealant (Leica Microsystems). These were placed in conventional 4 mm OD × 3 mm ID quartz EPR 
tubes (Wilmad). The microwave frequency was ~9.86 GHz (~9.33 GHz without the VT insert), and microwave 
power was 20 mW. The field was swept at 1000 Gauss (G) in 84 s and modulated at a frequency of 100 kHz with 5 G 
amplitude. A time constant of 82 ms was employed, and typically 20 scans were averaged. Quantitation of Mn(II) 
reprised the method of Reardon et al.23.

Data availability.  The data generated in this study are available from the corresponding author on reason-
able request.

Results and Discussion
Solution state 1H NMR spectroscopy revealed that both trehalose and cellobiose participated in chemical reactions 
with birnessite. This is demonstrated by the appearance of new proton resonances in the NMR spectrum that do 
not correspond to the starting material, as shown in Figs 1 and 2. These resonances were not observed in minerals 
without the carbohydrate, nor were they observed in the carbohydrates without mineral when allowed to incubate 
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under the same conditions. Thus, birnessite is capable of reacting with and degrading carbohydrates under pH and 
temperature conditions similar to those found in the soil environment. In reactions with birnessite and each sugar, 
we observed a strong peak at a proton chemical shift of ~8.2 ppm. The chemical shift of this peak is consistent with 
the production of formate. Identification of the peak as formate was confirmed by spiking the sample with 1 mM 
formic acid and observing that the candidate peak increased in intensity and shifted due to the change in pH.

In contrast to birnessite, the NMR spectra of trehalose and cellobiose following a 24 hour reaction with kaolin-
ite were essentially identical to the unreacted samples as shown in Figs 1 and 2. This indicates that kaolinite does 
not react with or catalyze the degradation of these disaccharides under the conditions used for our experiments. 
These spectra indicated that the carbohydrate concentrations were essentially identical to the starting concen-
trations, indicating minimal binding of the carbohydrates by kaolinite. This is consistent with previous results 
which show that adsorption of cellobiose and glucose by kaolinite is not significant15. Our results show that this 
is also true for the non-reducing sugar trehalose, suggesting that small carbohydrates are unlikely to benefit from 
kaolinite mediated protection from degradation. Results at pH 7 were similar to those observed at pH 5.

Production of Mn(II) in the birnessite reactions was monitored by EPR spectroscopy. Oxidation of small 
organic compounds by birnessite has been observed to produce Mn(II) in solution18. Incubation of birnessite 
with either sugar produced increasing concentrations of Mn(II) with increasing concentrations of carbohydrate 
as shown in Fig. 3. These data show that the reaction of birnessite with sugars involves reduction of Mn(III, IV) 
to Mn(II) and its subsequent release into solution, consistent with previous results for small organic compounds. 
The degradation of cellobiose produced more Mn(II) when compared to like concentrations of trehalose, as indi-
cated by the overall higher intensities of Mn(II) EPR spectrum in the cellobiose treated samples.

Figure 1.  1H NMR spectra of cellobiose reaction products with birnessite and kaolinite at pH 5 and pH 
7. Panels A through E show the full spectrum at each reaction condition. Panels F through J focus on the 
carbohydrate region of the spectrum, 3.0 ppm to 5.0 ppm. (A and F) are 1 mM cellobiose without added 
mineral. (B and G) are 1 mM cellobiose in the presence of kaolinite at pH 7. (C and H) are 1 mM cellobiose in 
the presence of birnessite at pH 7. (D and I) are 1 mM cellobiose in the presence of kaolinite at pH 5. (E and J) 
are 1 mM cellobiose in the presence of birnessite at pH 5.

Figure 2.  1H NMR spectra of trehalose reaction products with birnessite and kaolinite at pH 5 and pH 7. Panels 
A through E show the full spectrum at each reaction condition. Panels F through J focus on the carbohydrate 
region of the spectrum, 3.0 ppm to 5.0 ppm. (A and F) are 1 mM trehalose without added mineral. (B and G) are 
1 mM trehalose in the presence of kaolinite at pH 7. (C and H) are 1 mM trehalose in the presence of birnessite 
at pH 7. (D and I) are 1 mM trehalose in the presence of kaolinite at pH 5. (E and J) are 1 mM trehalose in the 
presence of birnessite at pH 5.
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To determine the impact that sugars have on birnessite mediated degradation of proteins, we have examined 
the reaction of the model protein GB1 with birnessite in the presence of trehalose and cellobiose. The 1H and 
15N chemical shifts obtained from the 2D 15N-HSQC NMR experiment are sensitive to the three dimensional 
structure of a protein and are commonly used to assess the structural integrity of proteins36–38. This technique 
has previously been shown to be a valuable tool for analyzing protein degradation by birnessite, where birnessite 
catalyzes the hydrolytic degradation of GB123. 2D 15N-HSQC NMR spectra of the birnessite, carbohydrate and 
GB1 reaction supernatants revealed that both trehalose and cellobiose inhibit the degradation of protein by bir-
nessite in a dose dependent manner. Intact and folded protein was unambiguously identified in the supernatant of 
reactions with ~5 mM cellobiose as demonstrated by the appearance of NMR resonances corresponding to folded 
GB1, shown in Fig. 4. For trehalose, intact and folded protein was only observed in the reaction with 100 mM 
trehalose, which is shown in Fig. 5. Thus, cellobiose is both a better inhibitor of birnessite catalyzed protein deg-
radation and a better reactant with birnessite when compared to trehalose.

We further examined the impact of GB1 on the reduction of birnessite by cellobiose. We have previously 
shown that GB1 does not significantly promote the reduction of birnessite to Mn(II). Using EPR spectroscopy, 
we found that GB1 inhibited the production of Mn(II) when 10 mM cellobiose (10 mM) reacted with birnessite, 
as shown in Fig. 6. Inhibition of Mn(II) production was accompanied by a reduction in the amount of cellobiose 
consumed during the reaction, as determined by NMR spectroscopy and shown in Fig. 7. Taken together, these 
data suggest that GB1 and cellobiose may interact with similar reactive sites on the birnessite surface. The molar 
concentration of GB1 is significantly less than cellobiose or trehalose in all of our reaction conditions where 
inhibition was observed. This suggests that GB1 likely has a much stronger binding affinity for birnessite than 
cellobiose or trehalose, under the reaction conditions tested.

Trehalose and cellobiose are glucose dimers that differ in their glycosidic linkages. Cellobiose consists of two 
glucose molecules linked by a β(1–4) glycosidic linkage. Cellobiose is a reducing sugar, having a free hemiacetal 
that can form a reactive aldehyde. In contrast, trehalose consists of two glucose molecules linked by an α(1–1) gly-
cosidic linkage, which converts both hemiacetals in the glucose monomers to acetals, making it a non-reducing 
sugar. In our experiments, cellobiose was consistently a better reactant with birnessite, and less cellobiose (5 mM) 
was required to inhibit the birnessite mediated protein degradation when compared to trehalose (100 mM). 
The reactive hemiacetal likely makes cellobiose more susceptible to birnessite mediated oxidation, resulting in 
increased reaction with birnessite compared to trehalose39. When compared to trehalose, the increased reactivity 
of cellobiose with birnessite is likely to contribute to its improved ability to prevent protein degradation by birnes-
site. Cellobiose could be reacting with catalytic surface sites on the birnessite, resulting in conversion of those sites 
to catalytically inactive sites and inhibition of protein degradation. Recent molecular dynamics simulations have 
suggested that protein degradation by birnessite may involve out-of-plane Mn(III) sites40. It is possible that these 
sites are susceptible to reduction by carbohydrates, resulting in loss of catalytic reactivity with protein.

The 1H NMR analysis of the degradation of cellobiose and trehalose by birnessite revealed that several new 
resonances appeared over time. One such resonance corresponded to formate (1H chemical shift ~8.45ppm). 
Previous studies have shown that small organic acids, such as formate, are produced during the oxidation reaction 
of natural organic matter with birnessite17 and our observations show that the reaction of carbohydrates with 
birnessite also results in the production of formate (Table 1). Thus, formate produced by the reaction of natural 
organic matter with birnessite is likely partially derived from the degradation of carbohydrates present in natural 
organic matter. The degradation of carbohydrates or natural organic matter to smaller organic acids by birnessite 
highlights the potential role that mineral oxides could play in the conversion of large, modestly soluble organic 

Figure 3.  EPR analysis of Mn(II) production during reaction of birnessite with carbohydrates. (A) Cellobiose. 
(B) Trehalose (Y-axis scaled 10X). The presence of Mn2+ is indicated by the observation of 6 EPR lines with 
concentration-dependent signal intensities. Concentrations of carbohydrate are 0 mM (Black), 10 mM (Red), 
50 mM (Green), 100 mM (Blue).
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Figure 4.  15N HSQC NMR spectra of birnessite-GB1-cellobiose reactions. (A) through (G). Increasing 
concentrations of cellobiose (0 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, 50 mM and 100 mM respectively) were 
added to GB1 protein (64.5 μM) and birnessite at ph 5 and allowed to react for 24 hours. (H) GB1 spectrum 
without mineral or cellobiose.

Figure 5.  15N HSQC NMR spectra of birnessite-GB1-trehalose reactions. (A) through (G) Increasing 
concentrations of trehalose (0 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, 50 mM and 100 mM respectively) were added 
to GB1 protein (64.5 μM) and birnessite at pH 5 and allowed to react for 24 hours. (H) GB1 spectrum without 
mineral or trehalose.

Carbohydrate pH Formate (mM) Standard deviation

Cellobiose 5 3.8 0.2

Cellobiose 7 4.6 0.4

Trehalose 5 1.9 0.2

Trehalose 7 2.1 0.1

Table 1.  Chenomx based estimates of formate concentrations produced by reaction of 1 mM carbohydrate with 
birnessite
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compounds, to small highly soluble constituents of dissolved organic carbon and the transfer of such carbon 
through the soil matrix. In anoxic conditions, such as fens, formate is metabolized to other compounds, including 
acetate, propionate, and methane, making formate transport a potentially important process in carbon cycling41.

Our data show that the presence of carbohydrates could impact the abiotic degradation of other biomolecules 
that are present in the environment. This observation could be particularly relevant where proteins (exoenzymes) 
are secreted by microorganisms to degrade biological macromolecules and mobilize nutrients. The process of 
synthesizing and exporting these exoenzymes requires investment of significant energy resources42 and mineral 
surfaces that bind and inactivate exoenzymes are a potential energetic sink for these organisms. Extending the 
useful lifetime of these proteins in soil environments would be of value to these microorganisms42. The presence 
of carbohydrates, either produced by the microorganisms themselves, such as extracellular polymeric substances 
(EPS), or via the action of cellulases or related cellulosic biomass degrading enzymes, could increase the per-
sistence of active enzymes in soil by protecting those enzymes from abiotic degradation catalyzed by reactive 

Figure 6.  EPR analysis of Mn(II) production during reaction of birnessite with cellobiose in the presence 
of increasing concentrations of GB1 protein. The presence of Mn2+ is indicated by the observation of 6 EPR 
lines with concentration-dependent signal intensities. Concentrations of GB1 were 0 mg/ml (black), 0.05 mg/
ml (red), 0.1 mg/ml (orange), 0.2 mg/ml (green), 0.4 mg/ml (light blue) and 0.8 mg/ml (dark blue). The 
concentration of cellobiose was 10 mM (3.4 mg/ml).

Figure 7.  Inhibition of birnessite mediated cellobiose degradation by GB1. Two regions of the 1D 1H NMR 
spectrum, 5.15 ppm to 5.25 ppm (A) and 3.22 ppm to 3.34 ppm (B), which contain isolated resonances 
corresponding to cellobiose, are shown. The colors indicate the concentration of GB1 used in the experiment; 
0 mg/ml GB1 (dark red), 0.01 mg/ml GB1 (light red), 0.025 mg/ml GB1 (orange), 0.05 mg/ml GB1 (light 
orange), 0.1 mg/ml GB1 (yellow), 0.2 mg/ml GB1 (yellow-green), 0.4 mg/ml GB1 (aqua), 0.8 mg/ml GB1 (blue). 
Initial cellobiose concentrations were 10 mM (3.4 mg/ml).
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mineral surfaces. Alternatively, the active production of birnessite by microorganisms has been observed43 and 
may be another pathway by which microorganisms accelerate the mobilization of nutrients by oxidizing organic 
compounds to smaller, more soluble compounds. Fungi have been found to convert Mn(II) to reactive Mn(III), 
which subsequently oxidizes forest litter, aiding in the degradation of the litter21. Birnessite is formed during this 
process and our data suggests a subsequent role where birnessite could continue to further oxidize organic matter 
after it is partially broken down by reaction with Mn(III).

Soils are composed of a wide range of organic matter and mineral components. Our data show that these min-
erals can react differently with organic matter, such as carbohydrates, and result in different outcomes. In the case 
of the strongly oxidizing mineral oxide birnessite, which is common in soils of humid ecosystems, the mineral is 
capable of oxidatively degrading the carbohydrates. This observation is consistent with previous results that have 
shown that birnessite can oxidatively modify small organic compounds18–20. However, a redox inactive phyllo-
silicate, such as kaolinite, does not induce significant degradation of these carbohydrates under the conditions 
employed in our experiments.

Previously, we have demonstrated that birnessite can cleave the peptide bond in a model protein, likely via 
a hydrolytic mechanism, and that birnessite did not appear to participate in oxidation of the protein. Taken 
together, these results indicate that birnessite can act as both an oxidant in chemical reactions, as well as catalyze 
hydrolysis reactions. Consequently, the outcome of organic matter interactions with birnessite also depends on 
the composition of organic matter present. These data highlight the role that the mineral matrix could play in the 
complex soil environment. The types of minerals present and the types of organic components present can have 
a direct impact on the abiotic reactions that occur with these minerals, which in turn impact the degradation of 
organic constituents with ramifications for carbon turnover in soils. Of particular interest here is the disaccha-
ride trehalose, as it is a common constituent of biofilms27. As a nonreducing sugar, trehalose is highly resistant 
to heat and extreme pH44. It has previously been posited that, in trehalose-producing organisms, this compound 
may serve as a buffer against stresses and as a protein stabilizer45–47. Some organisms accumulate trehalose to 
concentrations of 7% or more of their dry weight25, indicating that processes that require high concentrations 
of trehalose are biologically relevant. Our results show that high concentrations of trehalose and cellobiose can 
inhibit abiotic protein degradation by birnessite, suggesting that trehalose in biofilms and other extracellular 
organic substances produced by microorganisms may also be able to function as a protectant against abiotic 
oxidative degradation of exoenzymes. Such a mechanism would be particularly useful for saprotrophic fungi in 
forest ecosystems with moist soils enriched in pedogenic manganese oxides, and, given the importance of forest 
ecosystems for the functioning of the biosphere, certainly warrants further investigation.

References
	 1.	 Jobbagy, E. G. & Jackson, R. B. The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecol. Appl. 

10, 423–436 (2000).
	 2.	 Tarnocai, C. et al. Soil organic carbon pools in the northern circumpolar permafrost region. Global Biogeochem. Cycles 23, GB2023 

(2009).
	 3.	 Luo, Y. Q. et al. Toward more realistic projections of soil carbon dynamics by Earth system models. Global Biogeochem. Cycles 30, 

40–56, https://doi.org/10.1002/2015gb005239 (2016).
	 4.	 Jones, C. & Falloon, P. in Uncertainties in Environmental Modelling and Consequences for Policy Making (eds Baveye, P. C., Laba, M., 

& Mysiak, J.) 283–315 (Springer, 2009).
	 5.	 Kemmitt, S. J. et al. Mineralization of native soil organic matter is not regulated by the size, activity or composition of the soil 

microbial biomass - a new perspective. Soil Biol. Biochem. 40, 61–73, https://doi.org/10.1016/j.soilbio.2007.06.021 (2008).
	 6.	 Weiss, M. S. et al. Molecular architecture and electrostatic properties of a bacterial porin. Science 254, 1627–1630 (1991).
	 7.	 Arnosti, C. Microbial extracellular enzymes and the marine carbon cycle. Ann Rev Mar Sci 3, 401–425, https://doi.org/10.1146/

annurev-marine-120709-142731 (2011).
	 8.	 Reintjes, G., Arnosti, C., Fuchs, B. M. & Amann, R. An alternative polysaccharide uptake mechanism of marine bacteria. ISME J 11, 

1640–1650, https://doi.org/10.1038/ismej.2017.26 (2017).
	 9.	 Lehmann, J. & Kleber, M. The contentious nature of soil organic matter. Nature 528 (2015).
	10.	 Schmidt, M. W. et al. Persistence of soil organic matter as an ecosystem property. Nature 478, 49–56, https://doi.org/10.1038/

nature10386 (2011).
	11.	 Ruamps, L. S. et al. Regulation of soil organic C mineralisation at the pore scale. FEMS Microbiol. Ecol. 86, 26–35, https://doi.

org/10.1111/1574-6941.12078 (2013).
	12.	 Vogel, L. E. et al. Modeling the effect of soil meso- and macropores topology on the biodegradation of a soluble carbon substrate. 

Adv. Water Resour. 83, 123–136, https://doi.org/10.1016/j.advwatres.2015.05.020 (2015).
	13.	 Norde, W. My voyage of discovery to proteins in flatland and beyond. Colloids Surf. B 61, 1–9, https://doi.org/10.1016/j.

colsurfb.2007.09.029 (2008).
	14.	 Huang, P. M., Wang, M. K. & Chiu, C. Y. Soil mineral-organic matter-microbe interactions: Impacts on biogeochemical processes 

and biodiversity in soils. Pedobiologia 49, 609–635, https://doi.org/10.1016/j.pedobi.2005.06.006 (2005).
	15.	 Lammirato, C., Miltner, A., Wick, L. Y. & Kastner, M. Hydrolysis of cellobiose by beta-glucosidase in the presence of soil minerals - 

Interactions at solid-liquid interfaces and effects on enzyme activity levels. Soil Biol. Biochem. 42, 2203–2210, https://doi.
org/10.1016/j.soilbio.2010.08.018 (2010).

	16.	 Allison, S. D. Soil minerals and humic acids alter enzyme stability: implications for ecosystem processes. Biogeochemistry 81, 
361–373, https://doi.org/10.1007/s10533-006-9046-2 (2006).

	17.	 Chorover, J. & Amistadi, M. K. Reaction of forest floor organic matter at goethite, birnessite and smectite surfaces. Geochim. 
Cosmochim. Acta 65, 95–109, https://doi.org/10.1016/S0016-7037(00)00511-1 (2001).

	18.	 Stone, A. T. & Morgan, J. J. Reduction and dissolution of manganese (III) and manganese (IV) oxides by organics. 1. Reaction with 
hydroquinone. Environ. Sci. Technol. 18, 450–456, https://doi.org/10.1021/es00124a011 (1984).

	19.	 Stone, A. T. & Morgan, J. J. Reduction and dissolution of manganese (III) and manganese (IV) oxides by organics. 2. Survey of the 
reactivity of organics. Environ. Sci. Technol. 18, 617–624, https://doi.org/10.1021/es00126a010 (1984).

	20.	 Wang, Y. & Stone, A. T. The citric acid-Mn(III,IV)O(2)(birnessite) reaction. Electron transfer, complex formation, and autocatalytic 
feedback. Geochim. Cosmochim. Acta 70, 4463–4476, https://doi.org/10.1016/j.gca.2006.06.1551 (2006).

	21.	 Keiluweit, M. et al. Long-term litter decomposition controlled by manganese redox cycling. Proc. Natl. Acad. Sci. USA 112, 
E5253–5260, https://doi.org/10.1073/pnas.1508945112 (2015).

http://dx.doi.org/10.1002/2015gb005239
http://dx.doi.org/10.1016/j.soilbio.2007.06.021
http://dx.doi.org/10.1146/annurev-marine-120709-142731
http://dx.doi.org/10.1146/annurev-marine-120709-142731
http://dx.doi.org/10.1038/ismej.2017.26
http://dx.doi.org/10.1038/nature10386
http://dx.doi.org/10.1038/nature10386
http://dx.doi.org/10.1111/1574-6941.12078
http://dx.doi.org/10.1111/1574-6941.12078
http://dx.doi.org/10.1016/j.advwatres.2015.05.020
http://dx.doi.org/10.1016/j.colsurfb.2007.09.029
http://dx.doi.org/10.1016/j.colsurfb.2007.09.029
http://dx.doi.org/10.1016/j.pedobi.2005.06.006
http://dx.doi.org/10.1016/j.soilbio.2010.08.018
http://dx.doi.org/10.1016/j.soilbio.2010.08.018
http://dx.doi.org/10.1007/s10533-006-9046-2
http://dx.doi.org/10.1016/S0016-7037(00)00511-1
http://dx.doi.org/10.1021/es00124a011
http://dx.doi.org/10.1021/es00126a010
http://dx.doi.org/10.1016/j.gca.2006.06.1551
http://dx.doi.org/10.1073/pnas.1508945112


www.nature.com/scientificreports/

8Scientific RePorTs |  (2018) 8:813  | DOI:10.1038/s41598-017-19119-7

	22.	 Russo, F., Johnson, C. J., McKenzie, D., Aiken, J. M. & Pedersen, J. A. Pathogenic prion protein is degraded by a manganese oxide 
mineral found in soils. J. Gen. Virol. 90, 275–280, https://doi.org/10.1099/vir.0.003251-0 (2009).

	23.	 Reardon, P. N. et al. Abiotic Protein Fragmentation by Manganese Oxide: Implications for a Mechanism to Supply Soil Biota with 
Oligopeptides. Environ. Sci. Technol. 50, 3486–3493, https://doi.org/10.1021/acs.est.5b04622 (2016).

	24.	 Simpson, A. J., Simpson, M. J., Smith, E. & Kelleher, B. P. Microbially derived inputs to soil organic matter: are current estimates too 
low? Environ. Sci. Technol. 41, 8070–8076 (2007).

	25.	 Elbein, A. D., Pan, Y. T., Pastuszak, I. & Carroll, D. New insights on trehalose: a multifunctional molecule. Glycobiology 13, 17R–27R, 
https://doi.org/10.1093/glycob/cwg047 (2003).

	26.	 Ha, P. T. et al. Regulation of electron transfer processes affects phototrophic mat structure and activity. Front Microbiol 6, 909, 
https://doi.org/10.3389/fmicb.2015.00909 (2015).

	27.	 Jiao, Y. et al. Characterization of Extracellular Polymeric Substances from Acidophilic Microbial Biofilms. Appl. Environ. Microbiol. 
76, 2916–2922, https://doi.org/10.1128/aem.02289-09 (2010).

	28.	 Lynd, L. R., Weimer, P. J., van Zyl, W. H. & Pretorius, I. S. Microbial cellulose utilization: fundamentals and biotechnology. Microbiol. 
Mol. Biol. Rev. 66, 506–577, table of contents (2002).

	29.	 McBride, M. B. Adsorption and oxidation of phenolic compounds by iron and manganese oxides. Soil Sci. Soc. Am. J. 51, 1466–1472 
(1987).

	30.	 Sunda, W. G. & Kieber, D. J. Oxidation of humic substances by manganese oxides yields low-molecular-weight organic substrates. 
Nature 367, 62, https://doi.org/10.1038/367062a0 (1994).

	31.	 Balcke, G. U. et al. Adsorption of Humic Substances onto Kaolin Clay Related to Their Structural Features. Soil Sci. Soc. Am. J. 66, 
1805–1812, https://doi.org/10.2136/sssaj2002.1805 (2002).

	32.	 Huang, P. M., Li, Y. & Sumner, M. E. Handbook of soil sciences: properties and processes. 2nd ed. edn, (Boca Raton, FL: CRC Press, 2012).
	33.	 Gronenborn, A. M. et al. A novel, highly stable fold of the immunoglobulin binding domain of streptococcal protein G. Science 253, 

657–661 (1991).
	34.	 Delaglio, F. et al. NMRPipe: a multidimensional spectral processing system based on UNIX pipes. J. Biomol. NMR 6, 277–293 (1995).
	35.	 Johnson, B. A. Using NMRView to visualize and analyze the NMR spectra of macromolecules. Methods Mol. Biol. 278, 313–352, 

https://doi.org/10.1385/1-59259-809-9:313 (2004).
	36.	 Wuthrich, K. NMR of Proteins and Nucleic Acids. (John Wiley & Sons, Inc., 1986).
	37.	 Reardon, P. N. & Spicer, L. D. Multidimensional NMR spectroscopy for protein characterization and assignment inside cells. J. Am. 

Chem. Soc. 127, 10848–10849, https://doi.org/10.1021/ja053145k (2005).
	38.	 Robinson, K. E., Reardon, P. N. & Spicer, L. D. In-cell NMR spectroscopy in Escherichia coli. Methods Mol. Biol. 831, 261–277, 

https://doi.org/10.1007/978-1-61779-480-3_15 (2012).
	39.	 Lehninger, A. L., Nelson, D. L. & Cox, M. M. Lehninger principles of biochemistry. 6th edn, (Freeman, W. H., 2013).
	40.	 Andersen, A. et al. Protein-Mineral Interactions: Molecular Dynamics Simulations Capture Importance of Variations in Mineral 

Surface Composition and Structure. Langmuir 32, 6194–6209, https://doi.org/10.1021/acs.langmuir.6b01198 (2016).
	41.	 Hunger, S. et al. Competing formate- and carbon dioxide-utilizing prokaryotes in an anoxic methane-emitting fen soil. Appl. 

Environ. Microbiol. 77, 3773–3785, https://doi.org/10.1128/AEM.00282-11 (2011).
	42.	 Allison, S., Weintraub, M., Gartner, T. & Waldrop, M. in Soil Enzymology Vol. 22 Soil Biology (eds Shukla, Girish & Varma, Ajit) Ch. 

12, 229–243 (Springer Berlin Heidelberg, 2011).
	43.	 Geszvain, K. et al. The molecular biogeochemistry of manganese(II) oxidation. Biochem. Soc. Trans. 40, 1244–1248, https://doi.

org/10.1042/BST20120229 (2012).
	44.	 Saito, K., Kase, T., Takahashi, E., Takahashi, E. & Horinouchi, S. Purification and characterization of a trehalose synthase from the 

basidiomycete Grifola frondosa. Appl. Environ. Microbiol. 64, 4340–4345 (1998).
	45.	 De Virgilio, C., Simmen, U., Hottiger, T., Boller, T. & Wiemken, A. Heat-Shock Induces Enzymes of Trehalose Metabolism, Trehalose 

Accumulation, and Thermotolerance In Schizosaccharomyces-Pombe, Even in The Presence of Cycloheximide. FEBS Lett. 273, 
107–110, https://doi.org/10.1016/0014-5793(90)81062-s (1990).

	46.	 Elbein, A. D. The metabolism of alpha-trehalose. Adv. Carbohydr. Chem. Biochem. 30, 227–256 (1974).
	47.	 Wiemken, A. & Trehalose, in Yeast, Stress Protectant Rather Than Reserve Carbohydrate. Anton. Leeuw. Int. J. G. 58, 209–217, 

https://doi.org/10.1007/bf00548935 (1990).

Acknowledgements
The research was performed using EMSL, a DOE Office of Science User Facility sponsored by the Office of 
Biological and Environmental Research and located at Pacific Northwest National Laboratory. Funding for this 
work was provided in part by the William Wiley Postdocotoral Fellowship from EMSL to P.N.R.

Author Contributions
P.N.R., E.D.W., and N.M.W. designed the experiments. P.N.R. and C.L.M. carried out the reactions with minerals. 
P.N.R. collected and analyzed the NMR data. E.D.W. and C.W.L. collected and analyzed the EPR data. P.N.R., 
E.D.W., C.L.M., M.K., and N.M.W. interpreted the data and wrote the manuscript. All authors have given approval 
to the final version of the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1099/vir.0.003251-0
http://dx.doi.org/10.1021/acs.est.5b04622
http://dx.doi.org/10.1093/glycob/cwg047
http://dx.doi.org/10.3389/fmicb.2015.00909
http://dx.doi.org/10.1128/aem.02289-09
http://dx.doi.org/10.1038/367062a0
http://dx.doi.org/10.2136/sssaj2002.1805
http://dx.doi.org/10.1385/1-59259-809-9:313
http://dx.doi.org/10.1021/ja053145k
http://dx.doi.org/10.1007/978-1-61779-480-3_15
http://dx.doi.org/10.1021/acs.langmuir.6b01198
http://dx.doi.org/10.1128/AEM.00282-11
http://dx.doi.org/10.1042/BST20120229
http://dx.doi.org/10.1042/BST20120229
http://dx.doi.org/10.1016/0014-5793(90)81062-s
http://dx.doi.org/10.1007/bf00548935
http://creativecommons.org/licenses/by/4.0/

	Carbohydrates protect protein against abiotic fragmentation by soil minerals

	Materials and Methods

	EPR spectroscopy. 
	Data availability. 

	Results and Discussion

	Acknowledgements

	Figure 1 1H NMR spectra of cellobiose reaction products with birnessite and kaolinite at pH 5 and pH 7.
	Figure 2 1H NMR spectra of trehalose reaction products with birnessite and kaolinite at pH 5 and pH 7.
	Figure 3 EPR analysis of Mn(II) production during reaction of birnessite with carbohydrates.
	Figure 4 15N HSQC NMR spectra of birnessite-GB1-cellobiose reactions.
	Figure 5 15N HSQC NMR spectra of birnessite-GB1-trehalose reactions.
	Figure 6 EPR analysis of Mn(II) production during reaction of birnessite with cellobiose in the presence of increasing concentrations of GB1 protein.
	Figure 7 Inhibition of birnessite mediated cellobiose degradation by GB1.
	﻿Table 1 Chenomx based estimates of formate concentrations produced by reaction of 1 mM carbohydrate with birnessite.




