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Lecture #2
Protein Functionality

Lecture Topics:

 Protein chemistry review

« Biomanufacturing of plant-based protein products
 Physical functionality

 Physiological functionality

* Protein concentrates and isolates

Ref.: https://commons.wikimedia.org/wiki/File%253AHow_proteins_are_made NSF.jpg
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Amino acid: organic
molecule made up of a

basic amino group

(NH?2), an acidic

carboxyl group
(-COOH), and an

organic R group (or

side chain) unique to

each amino acid

Amino Acid Basics:

Proteins Basics
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Amino Acids Peptide Protein

—COOH

Key functions of proteins:

 Building blocks of cells, tissues, and organs —
role in growth, development, and repair

« Regulation of hormones and enzymes
* Nutrient transport
* Immune system support

* Providing energy in certain situations
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nature, but....

Amino acids found in
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Amino Acid Basics (cont’d.)
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H,N COOH

| CYSTEINE |
C,H,NO,s

H,M~ “COOH

C,H,NO,

H,N" ~COOH

| __ARGININE |
CH NO

B 14 472

Only 20 are found in the human body
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Crucial for Crucial for muscle
neurotransmitter repair, growth,

brain function and
mood regulation. as a BCAA.

CH; O

HsC
* OH

NH2

LEUCINE ISOLEUCINE

Crucial for muscle

growth, repair, and :
regulating blood sugar, repair, enQurance,

providing exercise and regulating blood

Crucial for muscle

PHENYLALANINE VALINE THREONINE

Crucial for bodily
functions, nervous regulation, and
production, impacting energy, blood sugar, system health,
and immune function collagen, elastin, and

energy. sugar during exercise.

Amino Acid Basics (cont’d.)

TRYPTOPHAN METHIONINE

Crucial for serotonin
production, mood Crucial for

methylation and as a
niacin synthesis for precursor for
energy and cellular antioxidants and

tissue maintenance. health. detoxification.

o

HN.
2 \/\/\HLOH

NH;

LYSINE HISTIDINE

Crucial for histamine
Crucial for growth, production and
tissue repair, and precursor to key
supporting a healthy compounds in
immune system. physiology.

Essential Amino Acids

Two other amino acids become essential
when the body is under stress or after

trauma:

HS OH
NH,

° )
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Arginine

Cysteine
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Phe, Trp, Glu,

Ala

Tyr, Trp, Phe,
Cys, Met

Thr, Met, Arg,
Ser

Lys, Thr,Met,
Ala, Phe

\

Physiological Effect of Amino Acids

Trp, Ala

\

Stress N
response

Behavior

\

Reproduction

Metabolic
regulation

Phe, Trp, Arg,
Tyr

Tyr, Trp

Ammonia
removal
Endocrine
____—— status +
Seafood

synthesis

/ Lys, Met, Pro,
Protein Gly, Val
Cell
signaling

regulation

Growthand ——
development

Immunityand
survival

Antioxidative
defense

quality

Gly

/ Phe, Trp, Gl

Lys, Val, Leu,
lle

Val, Leu, lle,
Asp

lle, His, Arg, Thr

A

Osmoregulation /“
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AminoAcid(s) | Role

Thr Aids in fat digestion

GIn, Ala Aids in metabolism of alcohol

Tyr Responsible for hair, eye, and skin color

Val, Leu, lle BCAA - Muscle builders

Arg Maintains blood flow in veins; removes ammonia from
the body

Ala Improves liver functionality

Pro Assists with skin moisturization

Ser Synthesizes precursors for fats
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Physical Behavior of Protein Molecules
o] o] [0} o] 0] (o] 0 H o]
\]J\OH /I\rlLOH \T/\(U\OH \/\I)‘\OH ’s\/\(J\OH OH wou C;)kcm
NH, NH, NH, NH, NH, NH, HN ! NH NH
2
Alanine (Ala, A) Valine (Val, V) Leucin (Leu, L) Isoleucine (lle, I) Methionine (Met, M)  Phenylalanine (Phe, F) Tr&ptoghan (Trp, W) Proline (Pro, P)
MW: 89,09 MW: 117,15 MW: 131,17 MW: 131,17 MW: 149,21 MW: 165,19 MW: 204,23 MW: 115,13
pl: 6,01 pl: 6,00 pl: 6,01 pl: 6,05 pl: 5,74 pl: 5,49 pl: 5,89 pl: 6,30
C3H/N102 C5HTTNTO0Z2 CoHT3N102 CoH13N102 C5HTTN10281 CO9H1TN102 C1TH12N202 C5H9NT02
' ™
Electrically charged side chains
o] o NH o] o o] o o]
Q
o N H,N = 0
‘B (M OH 2 W\])L OH  HN )LE/\/Y”\ OH 2 OH HO)I\/Y“\ OH HSe/\[J\ OH
1]
o  HN NH, NH, NH, L= OH NH, NH, NH,
Histidine (His, H) Lysine (Lys, K) Arginine (Arg, R) Aspartalc Acid (Asp,D)  Glutamic Acid (Glu, E) Selenocysteine (Sec, U)
MW: 155,16 MW: 146,19 MW: 174,20 MW: 1331 MW: 147,13 MW: 168,07
pl: 7,60 pl: 9,60 pl: 10,76 pl: 2,85 pl: 3,15 pl: 39
CB6HIN302 CoH14N202 CH6HT14N402 C4H7N'IO4 C5H9N104 C3H7N102Se

“

~

Polar side chains, uncharged

o OH O 0
HO /\HL OH /’\Hj\ OH Hs /ﬁ)k OH
NH, NH NH,

Serine (Ser, S) Threonine (Thr, T)

hcﬂysteine (Cys, C)
W: 121,16

0
i ? Hk
(o] OH
OH OH
/@/\Hj\ Y\ljk H:N JK/YL OH o
HO NH, 2

NH

NH, NH,

Hrosine (Tyr,Y) As\ﬁaraglne (Asn, N) Glmamine‘gGIn. Q) Glycine BGIy, G)
MW: 105,09 MW: 119,12 W: 9 13212 MW: 1461 MW: 75,07
pl: 5,68 pl: 5,60 pl: 5,05 pl: 5,64 pl: 541 pl: 5,65 pl: 6,06
C3H7N103 C4HIN103 C3H7N102S1 CAHT11N103 C4H8N203 C5H10N203 C2H5N102
- -

o]
o]

2

Fpcal.

o NH,

Pyrrolysine (Pyl, O)
W: 255,31

pl
C12H21N303
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Chain A

. 21 amino acids ©

Primary Secondary Tertiary Quaternary
Insulin Chymotrypsin Myoglobin Aspartate transcarbamylase
30 amino acids 245 amino acids 153 amino acids 310 amino acids
3 disulfide bonds 5 disulfide bonds O disulfide bonds O disulfide bonds

Ref.: Alhalmi et al. (2020) Intracellular protein biosynthesis: A review. Asian J Biochem, Genetics & Molec. Biol. 5(2):10-18.
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Soybean glycinin
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Ref.: Wattanachant, S. et al. (2005). Microstructure and
thermal characteristics of Thai indigenous and broiler
chicken muscles. Poultry Science 84. DOI:
10.1093/ps/84.2.328

Ref.: Eaton, W.A. (2021). Impact of
conformational substrates and energy
landscapes on understanding hemoglobin

DOI: 10.1007/s10867-021-09588-3.

kinetics and function. J. Biol. Physics 47.

rBEZOS CENTER
FOR SUSTAINABLE PROTEIN Structure of Animal PrOtein (Meat)

Epimysium
Sarcomere

Fiber Sarcoplasmic
reticulum

Foer Actin  Myosin '\

bundle

Nucleus

Myofibril
© POUR LA SCIENCE. N 276 OCTOBRE 2000

Endomysium

Ref.: Listrat, A. et al. (2016). How muscle
structure and composition influence meat
and flesh quality. Scientific World Journal
2016. DOI: 10.1155/2016/3182746

A
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@ The Consumer is driving change... fijcroon

| [ - l v J
i ’ 1

Frugality More simple/free Performance
Cost or Clean and Protein
supply simple labels; addition for
substitution free from nutrition,

animal function or
sources, texture

allergens
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| Plant-based proteins have advantages jincroop
for food and beverage manufacturers

E&

_r,::;;;{:;;;,_f}ir;; Label friendly

« Non-allergen options

-‘\.?A e

) \

A > Sustainability
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Key Requirements

Adequate Supply Chain is Imperative

Grown and processed effectively at commercial scale (kiloton quantities); reasonable cost
Minimal seasonal or batch-to-batch variation

Consumers are familiar and comfortable with the source

R/ )
0‘0 0.0

R/
0‘0

Process Matters

Extraction and processing technology is proven at scale and is cost effective.

The process delivers on the need — high purity, less processed, functionality inducing
Consumer acceptance

Microbially and chemically stable for at least 12 months at ambient temperature

)
0.0

e

%

3

*

)
0.0

Addresses Consumer Wants and Needs
< Initial product offerings have a strong nutritional and functional position
< Supports a path of ingredient and finished product innovation

Imperative for Success
< Texture and Flavor to Sustain Momentum — Good sensory properties maintain the consumer’s interest

< Clear regulatory path in major jurisdictions - Inclusion levels align with regulatory acceptance: FDA GRAS
and USDA, Health Canada, EU and WHO
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= Crops for Protein Extraction
Botanical Moisture ;rol::ien Ash Carbohydrate

(%) (%) (%) (%)

Soybean 8.13 39.24 6.84 30.31 4.61 5.08
Wheat 10.76 8.5 7.3 3.03 5.5 64.85
Yellow Pea 6.15 21.7 4.83 2.15 2.88 67.12
White Rice 10.87 5.78 0.89 0.93 0.29 81.24
Mung Bean 9.51 23.2 4.85 31.87 3.67 26.9
Fava Bean 12.3 27.99 13.8 1.57 3.4 40.94
Quinoa 14.7 13.1 3.3 5.7 3.3 59.9

Proximate Composition: Nutritional components of a substance, including its water, protein,
lipid, carbohydrate, and ash. Often used to determine the nutritional quality of food.
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Essential Amino RDA? Soy Protein Isolate | Pea Protein Isolate
Acid! (mg/Kg body wgt.) (g/100 gm of soy) (g/100 gm of pea)

Phenylalanine

Valine 24
Tryptophan )
Threonine 20
Isoleucine 19
Histidine 14
Arginine No guidance
Leucine 42
Lysine 38
Cysteine 19
Tyrosine 33

'Bolded amino acids are essential for humans for survivability
°RDA = Recommended daily allowances

5.4
1.3
4.2
5.2
3.4
7.7
8.2
6.8
2.5
4.2

4.0
0.7
2.8
3.7
1.9
6.6
6.4
5.7
0.8
3.1

N
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Oil and Oilseed Processing

Qil Extraction
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Oilseeds from
Preparation

Hexane

A
Solvent and Crude Oil Recycled

Harvest/
Pre-
process
Oil Seeds
Hexane
A

Recycled Solvent and Exn‘a(ted Flakes
Solvent

:

Desolventizing/

Toasting/Drving/
Cooling

Cake, Meal, and
Other Products
(44% Protein)

l Solvent

Solvent Recovery

—

Crude Oil Product

This fraction is

used for protein
concentration

o
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INDUSTRIAL AND SYSTEMS ENGINEERING

N




r
BEZOS CENTER
FOR SUSTAINABLE PROTEIN

NC STATE l'BEZOS
UNIVERSITY

EARTH
FUND

N

. - TS} mmos s e
Low Fat Starting Material i ncrooo

Wheat Dry Milling

\ — X
:‘) b Dampener
o Vibrating Wheat
16t/° + w-’ Separator | po T /‘ Sourcer
rotein I I L I L
: & \
Vibrating
10.6% Destoner - Separator
e ! | = co
protein 5 N ® e
. |issresioiug || =
2 —~ —| Grain 3 Clean Wheat
o @@ Grader © Silo
— é (=]
@i ©
Q
o Wheat é Flour
31 /o. Sourcer * Milling Systme
protein — :
Vibrating (16% Protein)
%epammr
: : | Blending
Blending [ i ~
Machine -~ DM O a 10
‘ oncentrating
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Low Fat Starting Material fincroop

Wheat Wet Milling

Modified Protein
gluten Concentrate
(70% Protein)

Dry gluten

s Drying
> Grinding

Wet gluten Sleving

Mixer  Holding

Modified
starch

tank

Extractor
(decanter)

Dry (A-) starch Sugar syrup Ethanol
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‘W Plant-based Protein Manufacturing Complexity

.o Fee —“‘\
Anionic polymers / -~ /
Starches 0 Super- e

Modified cellulose|  Flocculation ~—_ Aatint ——
Key: cyclodextrins \ - / |
/ [

w Pea » "/

— Soy ‘;_,"' /‘ \ [
s Canola / alting

H,0
HCI

Weak base
Y \ Out/

Ethanol
’ Acetic acid o s
| Wet Process Lacticacid __o

B
4 Enzyn‘y
/"_‘\\;{j,, e Isoelectric

o \ precipitate
- Alkalization

Raw
Material

\‘\ Spray dryer
S Belt dryer
| " A
| Dl’ylng JRing dryer
\ / Drum dryer

Enzymes

Defatting Air
Classification

Milling

Concentrate (protein
<85%)
Isolate (protein >85%)

l Dry Process

Ref.: Aimutis, W.R. & R. Shirwaiker. (2024) A perspective on the environmental impact of plant-based protein concentrates and
isolates. Proc. Natl. Acad. Sci. DOI:10.1073/pnas2319003121.

% NC FOOD
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Harvest/

] Enzymes

Raw
Material

Isoelectric
precipitate

| | |
Pre- I I Concentration I I
process |
I | I |
: An‘or:c polymers o : \\ I
[ y

I Starches I SUpEI’- |
Modil;d cellulose Flocculation natant I
KQY! cyclodextrins \ | I

| | | _
Pea A = |
4 SOY I //f /I/ . H,0 |
- Canola I Hel , lsalt'ng Weak base I
| I H,50, /A\LOUt Fthanol I
" | Acetic acid _/ — |
| Lactic acid I I
|
|
|
|

Spray dryer
Belt dryer
Ring dryer
Drum dryer

Dehydration

Air
Classification

Concentrate (protein
<85%)
Isolate (protein >85%)

| Dry Process

| I
Ref.: Aimulis, W.R. & R. Shirwaiker. (2024) A perspective onlthe environmental impact of plant-based protein concentrates and isolates. Proc.
Natl. Acad. Sci. DOI:10.1073/pnas2319003121.
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of course protein.

PBP Extraction Methods

oM< O>I

Proteins
Fiber

’ Starch
Colors

Misc. leaf debris

A\

Mechanical

Extraction Methods

Whole plant
Leaves
Roots
Grains
Seeds

Choice of the proper method(s) is critical to maximize protein

extraction with minimal damage to the proteins.

A

Definition: The goal of protein extraction is to break open plant materials/cells to release their
contents that consist of numerous components including starch, fiber, sugars, fats, plant-color
components (chlorophyll, polyphenols, and carotenoids), numerous minor components, and

N
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Concentration

Protein Concentration by pH Adjustment

{11 P gt

80

Solubility (%)

- N

NH, OH _
— Pr{
oo H " €00 %

Cavitation o X 3

pH-induced unfolding

Reduced size
pH=12

pH=12

"

pH ajustment

Isoelectric
point (PI)

with HCl or NaOH

{

D

"4

pH

\ Y
™ o i W Refold nano-sized

L/ y aggregates

Ref.: Hadidi, M. et al. (2023). Enhanced alkaline extraction techniques for isolating and
modifying plant-based proteins. Food Hydrocolloids 145:109132
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Globular soy protein

pH=6.5

v ALKALIZATION

Ref.: Momen, S. et al. (2021). Alkali-mediated treatments for extraction and functional modification of
proteins: Critical and application review. Trends in Food Sci Technol. 110:778-797.




r
BEZOS CENTER
FOR SUSTAINABLE PROTEIN

NC STATE ‘ [.
UNIVERSITY

Concentration

FUND

Proteins above the isoelectric
point are negatively charged

ALKALINE ENVIRONMENT

e Protein Concentration by pH Adjustment

At pl, the net charge is zero,
promoting protein aggregation and
precipitation

ACIDIC ENVIRONMENT

o
m INDUSTRIAL AND SYSTEMS ENGINEERING

A
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Concentration

Proteln solubility ()

Not All Proteins Behave the Same!

120

~Pinte bean protein isolabe
~{ireen benlil probien isolate
~I'ea probein concentrate

ar:,' protein Bilite 3

The etfect of pH on protein solubility

=50y protean isoabe 1 Chickpe prodein islate 1
+Adruki bean iselabe

—Hed lentl protein concentrate

~['ea protein isndabe
I:hh:I-LFa protien comcentrabe

: li'hn.'k[-m prroitedn Isolate 2 =Faba boan flour

~areen lentil flowr

50y protein isodabe 2
—.".-'Iunﬁ bean 'P:rmu.'i.n tealate
=Fba bean prrotin tslabe

o
m INDUSTRIAL AND SYSTEMS ENGINEERING

A

N
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@ Decolorization of Extracted Proteins K Novanon Las

m SPI Mince-type TVP Slice-type TVP Block-type TVP

< RuBisCO Depletion Methods > '
€ Precipitation-based 2 € Affinity-based——>
[PEG fractionation ) I[ Calcium-phytate ) I[ Protamine sulfateJ [ IgY anti-RuBisCO] [CPLL/ProteoMiner] -
J fractionation JJ(_(PS) precipitation column Non-treatment Non-treatment Non-treatment Non-treatment
Green leaves Green leaves Green leaves Green leaves Green leaves

\ 4 \ 4 $ ¥ $

5 -‘./"»Jr
‘ ™ 2t
> ‘,,i. \ P

A ‘
% 2% g
b ool . R s A
h“,.}. Wi : R 3 A
-3 Y o x
> W

Extraction of Extraction of Extraction of Extraction of Extraction of

total proteins total proteins total proteins total proteins total proteins —
N Adg E1 8-2&0% éd!dJO T1N(1) Add 0.5% PS Load proteins Load H,O,-treatment H,0,-treatment H,O,-treatment H,0,-treatment
% incubate on m?\Acwhmtate and incfub%tg 05 gy %rgi- proct;%rﬂls_on — — L — —_—

t ° on ice ior upis
b7 'Cer;(i)rrm 30 at z110 minfor i column column 4.0cm 1.0cm 1.0 cm 20cm
120(g)g X 15 min 16100g X 15 min 12000g X 15 min RUBISCO will LAPs will .
= el 2 El & 7 bind (o the bind to the Other Methods to Decolorize:
o . .
2 U U U U U U , Discard » Hydrogen peroxide / benzoyl peroxide
Discard
Use Discard Use Discard Use Discard b eluate hhfrg‘féh ( b I eaCh es )

supernatant supernatant supernatant ellet
P peliet g pelel P l P Use flow through Use eluate

x!'§] X X1y s

Downstream proteomic analysis using gel-based and gel-free approaches

* lon exchange resins, e.g. Amberlite™

* Flocculation, e.g. alum (potassium
aluminum sulfate)

 Ultraviolet C wavelength irradiation

Ref.: Sakai, K. et al. (2022) Decolorization and detoxication of plant-based proteins using hydrogen peroxide and
catalase. Scientific Reports 12, 22432.
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Harvest/

] Enzymes

Raw
Material

Isoelectric
precipitate

| | |
Pre- I I Concentration I I
process |
I | I |
: An‘or:c polymers o : \\ I
[ y

I Starches I SUpEI’- |
Modil;d cellulose Flocculation natant I
KQY! cyclodextrins \ | I

| | | _
Pea A = |
4 SOY I //f /I/ . H,0 |
- Canola I Hel , lsalt'ng Weak base I
| I H,50, /A\LOUt Fthanol I
" | Acetic acid _/ — |
| Lactic acid I I
|
|
|
|

Spray dryer
Belt dryer
Ring dryer
Drum dryer

Dehydration

Air
Classification

Concentrate (protein
<85%)
Isolate (protein >85%)

| Dry Process

| I
Ref.: Aimulis, W.R. & R. Shirwaiker. (2024) A perspective onlthe environmental impact of plant-based protein concentrates and isolates. Proc.
Natl. Acad. Sci. DOI:10.1073/pnas2319003121.
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Concentration

MUNG BEAN

An Alternative: Air Classification deffy =

DRY MILLING

PROTEIN
BODIES

STARCH
GRANULES

AIR CLASSIFICATION

NCFOOD
ﬁ INNOVATION LAB

S

P FINE FRACTION
@ ey ‘ PROTEIN-RICH
L L) ‘..Q Q‘ : —ie
PROTEIN
CONCENTRATE

50-75% protein

COARSE FRACTMON
STARCH-RICH

".
(nf’l'

N
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Ref.: Fernando, S.(2021) Production of protein-rich pulse ingredients through dry
fractionation: A review. LWT 141, 110961 doi.org/10.1016/j.lwt.2021.110961
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Reasons to use

Functional Nutritional

Enhanced criteria used by Physiological properties linked to
consumer to evaluate food protein bioactives

Appearance: Emulsifying, * Improved short-term memory
foaming, water/oil binding, and « Low glycemic response

organoleptic (color/taste/smell) L PSA {
* Lower counts

Flavor: Proteolysis, sweetness,

. . * Improved long-term memor
saltiness, accentuation, and P 9 y

solubility » Improved CV health
Texture: Water binding, gelation, * Reduced PMS symptoms
viscosity, heat stability « Better bone health

Powder characteristics:
dispersibility, wettability, flowability

Key Metrics: NSI Key Metrics: PDCAAS; DIAAS
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Ref.: Durell, S.R. & A. Ben-Naim. (2017). Hydrophobic-hydrophilic force in protein folding.
Biopolymers 107. DOI: 10.1002/bip.23020.

Food Structure Importance of Hydrophobic
and Hydrophilic Interactions
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Ref.: Peng, W. et al. (2016). Effects of heat treatment on the emulsifying properties of pea proteins.
Food Hydrocolloids 52. DOI:10.1016/j.foodhyd.2015.06.025.
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Protein Products Rich in Sulfur Containing
and Heat Aggregating Amino Acids
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Protein . .
Melting/Unfold- Protein Gelation

ing Alignment

SPI100

Ref.: Gomez-Mascarque, L.G. (2021). Microstructural analysis of whey/soy protein isolate mixed gels using confocal
Ramen microscopy. Foods 10. DOI:10.3390/foods1
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RDA?2 (mg/Kg Soy Protein Pea Protein

Acid! body wgt.) Isolate (%) Isolate (%)
Phenylalanine 33 5.6 4.2
Valine 24 5.4 4.0
Tryptophan ) 1.3 0.7
Threonine 20 4.2 2.8
Isoleucine 19 5.2 3.7
Histidine 14 3.4 1.9
Arginine No guidance 7.7 6.6
Leucine 42 8.2 6.4
Lysine 38 6.8 5.7
Cysteine 19 2.5 0.8
Tyrosine 33 4.2 3.1

'Bolded amino acids are essential for humans for survivability
°RDA = Recommended daily allowances




r
BEZOS CENTER
FOR SUSTAINABLE PROTEIN

BEZ0S
NC STATE ‘ l. e
UNIVERSITY FUND

Amino Acid Content

Digestible Indispensable Amino Acid Score (DIAAS)
measures protein digestibility in pig ileum (upper small

intestine).

Protein Digesttibility Corrected Amino Acid Score
(PDCAAS) uses rat fecal samples to evaluate protein
digestibility. Maximum achievable score is 1.0. This
method does not account for anti-nuttrients like phtytic
acid and trypsin inhibitors which limit protein

absorption.

DIAAS is preferred method because it more accurately aligns

protein digestibility and amino acid absorption to a human.

Prediction of Protein Digestibility Based on

N
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Protein DIAAS (%) PDCAAS Limiting
Source Amino Acid
Soy 103 1 NA

Wheat 56 0.4 Lys
Corn 43 0.37 Lys
Rice 56 0.50 Lys
Oat 68 0.57 Lyss
Rapeseed 79 0.83 Lys
Pea 83 0.64 Met + Cys
Canola 85 0.86 Lys
Whey 106 1 NA
Egg 111 1 NA
Casein 137 1 NA
Pork 126 1 NA




Proteins and Phase separation in Beverages

Different length scale levels
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Proteins and Phase separation in Beverages

& Creaming
——

Highly Schematic !

[Damadaran, Parkin, & Fennema, 2007, Chapter 13} /

Illustration of the various
changes in dispersity.
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Thank you
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