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How do bacteria eat biomass? Multi-scale imaging and modeling of 
cells, cell walls, and cellulosomes 
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Some bacteria use a complex of macromolecular structures that are bound 
to both the bacterial cell and cell walls of biomass and contain the molecular 
machinery for digesting biomass and using the products, the Enzyme-Microbe-
Substrate Interface (EMS interface). An understanding of the structure and 
functioning of the EMS interface enhances our ability to harmoniously tune its 
components as well as the biomass target. We use our insights to suggest modi-
fications of biomass structure (genetic modifications of plants) and pretreat-
ment processes for optimal conversion of biomass to fuel precursors and modifi-
cations of cellulosomal composition and structure for enhanced interaction and 
degradation of the modified cell walls. We present the Electron Tomography 
of the EMS interface which produces three-dimensional volume renderings of 
objects at the 3-5 nanometer scale, appropriate for the macromolecular struc-
tures found in the EMS interface and we present the Molecular Modeling of EMS 
interface components such as cellulosomes and enzymes and of cell wall com-
ponents such as cellulose, hemicellulose, and lignin. The modeling contributes 
to interpretation of tomographic images, testing hypotheses of mechanisms in 
the EMS interface, and proposing new hypotheses in the same way that the to-
mography can validate theoretical findings of modeling. Recent successes in our 
research has brought together the length scales of electron tomography and 
molecular modeling making new insights into microbial interactions with bio-
mass possible. 
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The mesophilic fungus Aspergillus flavus is described in the literature as cosmo-
politan and able to grow or degrade different substrates, such as plants, animal 
and vegetable waste. This microorganism showed an arsenal of holocelulases 
able to degrade cell wall polysaccharides of plants, especially when grown with 
lignocellulosic wastes (banana stem, dirty cotton residue and sugar cane ba-
gasse) as carbon source in submerged cultivation. This fungus, with three days of 
submerged cultivation in these carbon sources, produced significant amounts 
of xylanase and pectinase activities, as induction curve held for approximately 
thirty days of cultivation. A. flavus stood out in the production of pectinases in 
cultures with all sources of lignocellulosic wastes aforementioned, showing ac-
tivity in a wide pH range, especially above 8.0 in Tris-HCl buffer and temperature 
range of 50-65°C. The activities of xylanase and mannanase in lignocellulosics 
were also relevant, with higher values of pH and temperature in the acidic range 
and 50°-60°C, respectively. Fractionation of holocellulases by ultrafiltration, gel 
filtration chromatography on Sephacryl S-400 and ion exchange chromatogra-
phy on CM-sepharose and Q-Sepharose showed profiles of enzymatic activities 
present in the same fractions. Banana stem was one of lignocellulosic carbon 
sources that most stimulated the production of holocellulases. The process of 
enzymatic hydrolysis of bagasse from cane sugar (pre-treated or untreated) 
showed about 5% conversion of polysaccharides into sugars. The holocellulase 
showed affinity to the substrate avicel when analyzing the carbohydrate-bind-
ing module (CBM) for endoglucanase and xylanase activities. 
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Bioethanol can be produced from pretreated olive tree biomass (OTB) followed 
by enzymatic hydrolysis and fermentation. In order to obtain high overall etha-
nol yield, the pretreatment step should improve the accessibility of cellulose 
to hydrolytic enzymes. The modeling and simulation of enzymatic hydrolysis 
pretreated solids obtained by diluted acid (DA) and autohydrolysis (AH) were 
studied. The assumptions of the first and second order model of cellulase deac-
tivation are: 1) a single combined effect in the hydrolysis of insoluble substrate; 
2) surface structure of insoluble substrate was considered homogeneous. The 
reactions of enzymatic hydrolysis were performed in 0.05 M sodium citrate buf-
fer (pH = 4.8) at 50 ºC on a rotatory shaker at 150 rpm using commercial cellulase 
and β-glucosidase with loadings of 15 FPU/g and 15 IU/g of substrate, respec-
tively. Samples were taken at 24 h intervals until a total of 72 h. The content of 
glucose in the liquid was quantified by an enzymatic glucose kit. The maximum 
initial rates defined as the slope were 0.1, 0.48 and 0.41 g/(L h) for untreated, DA 
and AH of pretreated OTB. The experimental glucose production of the enzy-
matic hydrolysis of DA and AH, was fitted corresponding to the first and second 
order kinetic models. In all cases, a good agreement was obtained (R2 > 0.98). The 
model based on the second order kinetics was accurate on the description of the 
enzymatic hydrolysis of all the studied substrates. This model can provide useful 
indications for the optimization of the enzymatic hydrolysis. 
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Product inhibition significantly impacts the efficiency of cellulose deconstruc-
tion by cellulase enzymes, but the reported product inhibition constants range 
over several orders of magnitude depending on the experimental conditions, 
and there is little consensus on the importance of this phenomenon. To provide 
insights into cellulase product inhibition, we examine the impact of product 
binding on both processive and nonprocessive cellulases by calculating the 
binding free energy of cellobiose to the catalytic domain of representative 
enzymes from glycoside hydrolase Families 6 and 7 using steered molecular 
dynamics and alchemical thermodynamics integration methods. Several point 
mutations on the key binding residues were also made computationally to study 
the binding free energy changes during the product expulsion process. We aim 
to engineer the cellulase enzymes to lower the binding free energy of cellobiose, 
thus accelerating the product expulsion process and improving the efficiency of 
biomass conversion. 
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