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Bovine Serum Albumin

Electrostatic Potential (mV)
Calculated using Adaptive Poisson-Boltzmann Solver (APBS) at pH 7.
[Baker et al. (2001). PNAS 98, 10037-10041]
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Bovine Serum Albumin (BSA)
SA are the most abundant plasma proteins found in the circulatory system. They have the ability to reversibly bind to nutrients, hormones, fatty acids, and many drugs.
The transportation, deposition, and metabolism of those compounds are strongly affected by their binding to BSA.
Due to their ligand binding properties, albumins have wide clinical, pharmaceutical, and biochemical applications. 
They also have emulsifying properties which contribute to the textural and sensory attributes of many foods (dairy products, baked goods, meats, and beverages).
In this video, the charged regions of this heart-shaped in red and blue are where the protein can interact with itself and other molecules. The salt in our buffer helps to mitigate electrostatic interactions.

https://sites.google.com/a/poissonboltzmann.org/software/apbs
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e Hydrophobic 225.11 kCal/mol (EGCG)
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[Tang et al. (2017). . Agric. Food Chem. 65: 656-665]
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Polyphenols
The two polyphenols…..
Green tea polyphenols contribute to its taste, aroma, and health benefits such as reduced risk of degenerative diseases and cancers.
Often used as nutraceuticals, dietary supplements, etc.
Polyphenols are however susceptible to light, high extraction temperatures, and alkaline conditions, which cause their degradation during extraction and food processing.

BSA stabilizes the catechins and prevents early degradation, while the catechins stabilize BSA’s structure.
This model of BSA shows more detailed structural features—like alpha helices (these twisty looking things). In yellow and green you can see the regions of the protein where the respective polyphenols bind. The dotted oval shape around the protein shows that it is more elongated than round.
Computational docking analysis (CMDA) and X-ray crystallographic analysis (XCA) studies have shown that BSA interacts with polyphenols primarily through hydrophobic interactions. The gallic acid group (in red) on EGCG anchors it to the cleft of proteins through interactions with its hydroxyl groups, explaining the higher activity of galloylated catechins such as EGCG. 
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Adapted from: R.Winter et al. (2007). J. Non-Equilib. Thermodyn. 32, 41-97.
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As I mentioned before, we wanted to study high pressure effects on the complexes we would make with BSA and the polyphenols.
High pressure is being increasingly used in the sterilization, preservation and processing of foods, especially under temperature-sensitive conditions. One study shows the extraction of green tea leaves under high temperature and HP. Unlike at high temperatures, HP increases yields of polyphenols and their antioxidant activity, which we discussed in the last slide. These micrographs show that in comparison to no treatment and high temperature, leaf cells and tissues were more effectively destroyed, which improves extraction efficiency.
Pressure is also utilized in many of the methods we use to study macromolecules, including HPLC, ion exchange chromatography, etc.
Both outside and inside of the lab, proteins and other macromolecules are exposed to high pressures.

So what does pressure actually do to these molecules?
In a system, protein volume is equal to the volume of individual atoms, the hydrophobic internal cavities formed, and the solvation layer (usually water) surrounding the protein.

For our study, we were working at pressures typical of high pressure food processing—up to ~4kbar—which is about 4000 atm, nearly 4x the pressure at the bottom of the ocean.
At high enough pressures, it is more entropically favorable for water to move into the internal cavities, disturbing those hydrophobic interactions. 
At extremely high pressures, proteins can even be completely unfolded.

[Teixeira (2019). Curr. Op. Colloid Int. Science 42: 99-109]
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Adapted from Teixeira et al. (2018) J. Neutron Res. 20(1), 13-23.
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Our central method of study was small angle neutron scattering (SANS), which unlike other small angle scattering methods, is a highly-penetrating, non-destructive technique. So it can be used to probe the same sample over time under various conditions. With SANS, there aren’t any restrictions to the size of the molecule of study.

As mentioned in other presentations, SANS involves a neutron beam penetrating the sample, and scattering according to the properties of that sample. We use the scattering angle, Q, to survey various features of the sample that we can extract structural information from later.

For HP SANS, we use a specialized pressure cell where the sample is loaded in the inner sleeve between sapphire windows that allow for beam transmittance, which are sealed with o-rings under vacuum.
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These studies may be used to facilitate the development of effective carrier-delivery systems and the engineering of improved food processing

https://www.hiperbaric.com/en/high-pressure
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Here you can see the data plots with scattering angle plotted against scattering intensity. 
We began by conducing a concentration screening with SANS & SAXS to determine where the threshold for interparticle interactions and protein aggregation is. An indicator for those interactions is the structure factor, which describes if particles are attracted or repelling each other.
Essentially, we wanted to use concentrations high enough to see intense scattering without many contributions from protein-protein interaction, since we would later be looking for interactions within the BSA/polyphenol complex.
Above ~40 mg/mL, you can see respective increases in the value of the S(q). 
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The tri-axial ellipsoid model with the Hayter-MSA structure factor was used to fit the data, and derive the P(q) and S(q).
I mentioned earlier that BSA is heart-shaped. However, the ellipsoid model was a close enough model that it could be used as our first fitting that allowed us to approximate information about BSA’s elongated shape and structure. 
For 20 & 40 mg/mL protein only, the structure factor was minimal at ~1cm⁻¹, which you can tell because the plot is nearly a straight line.
So we chose 20 & 40 mg/mL BSA to study for HP SANS.
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Complexes of Polyphenols/BSA — Parameters Probed
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We also tested various combinations of BSA concentrations with each polyphenol at different molar ratios to better observe complex scattering behavior, and optimized the stoichiometries for use in our scattering studies.
At the same molar ratio, you can see that the shape of the curve is very similar.
At higher concentrations and stoichiometries (like this one here in orange for EGCG), there is an observed increase at low q, which correlates to greater crosslinking of BSA/polyphenol complexes.
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Here we compare the effects of the polyphenols on BSA with additional SAXS and Circular Dichroism (CD) data.
This plot shows that EGCG has better scattering intensity at low q than catechin, which we would expect because of its greater affinity to BSA. So we chose to use EGCG for our HP studies.
This is a pair distance distribution plot or a P(r) function plot, which tells us about changes in distribution of mass around the protein’s center of gravity. What our data shows is that there are greater distances between particles and the protein is much more disordered or flexible in complexes, but more so with EGCG.
The Kratky plot tells us about the flexibility or degree of unfolding in the protein. This one shows that within complexes, the structure is not as compact as protein alone, which is indicated by the broadness of the peak. 
Here we see that the guinier radius of gyration, an approximation that provides us with more structural information, increases with the addition of polyphenols, which makes since the guinier approximation does not hold true when introducing interparticle interactions.

CD uses circularly polarized light to investigate structural features of a particle. Far-UV CD shows that there’s a predominantly alpha-helical protein structure. However, the shift in the plot for each polyphenol correlates to changes in secondary structure.
When we deconvolute the secondary structure, it shows that in-complex, there are more ß-sheets and disordered regions in the protein, which is consistent with the formation of amyloid fibrils in BSA/polyphenol complexes from the literature (Dahal et al. 2017. Phys. Biol. 14, 1-9)
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Now we get to the moment of truth—HP SANS.
With HP SANS, we looked at 20 & 40 mg/mL BSA at the same molar ratio of EGCG. For both concentrations, there is a decrease in low q at high pressures. At 40 mg/mL this effect is much more pronounced.
We suspect that the destabilization of the BSA/polyphenol complex via hydrophobic interactions may be responsible for this observance.
P(r) – (Shi et al. 2017. J Agric Food Chem, 65(3):656-665) that protein is more compact at high pressures.
Kratky analysis confirms this, showing flexibility at RP consistent with lit, and that HP condenses structure into a more globular and spherical protein.
However all of these effects are mostly reversible when we lower the pressure back down to RP.


Conclusions

Established the onset of S(q) for BSA solutions
Established SAS profiles for BSA/polyphenol complexes
Determined the effects of polyphenols on the secondary structure of BSA

Determined the effects of HP on the complex structure

Established the use of HP SANS as a viable tool to monitor the effects and their
reversibility of HP in situ
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So we determined the contributions of the S(q) under our conditions
Used SAXS & SANS to establish scattering profiles and determine optimal concentrations and stoichiometries for the BSA/polyphenol complexes 
Compared the effects of catechin and EGCG on secondary structure of BSA
Determined HP effects on complex structure of BSA/EGCG in the presence and absence of S(q) effects
Established the use of HP SANS as a viable way to monitor HP effects in situ

Polyphenols often interact with many biomolecules during metabolism in the body. Studying its interactions with these compounds give us more insight on the mechanisms behind their antitumor, antibacterial, and anticarcinogenic properties.
Ongoing studies have been examining UHP use to reduce food allergens.


M Molecular Dynamics (MD) on the
BSA crystal structure to determine
models for the solution structure of
the protein at different pressures

M Near-UV (250-320 nm) CD profiles
of complexes under HP-SANS
conditions to monitor binding effects
on specific types of amino acids and

disulfide bonds

M Probe HP effects vs Temperature, pH

Future Directions
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We’d like to continue our studies by examining the molecular dynamics of BSA’s crystal structure, to better extrapolate models for the protein in solution, and conduct near-UV CD to tell us more about tertiary structure effects on aromatic amino acids and disulfide bonds, and probe HP effects vs Temperature, pH


(serum albumins have 17 conserved S-S bonds)
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