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Outline
1. Reactions of protein functional groups with acrylamide and related 

compounds.
2. Concurrent formation of other potentially toxic compounds during

heating of food: mutagenic browning products and heterocyclic amines.  
• Are the effects additive, synergistic, antagonistic? 
• Significance for risk assessment.
• How much is actually formed compared to what is measured? 
• Reactions in food: polymerization; reaction with other food 

ingredients such as lysine and histidine.
3. Mechanism of action of acrylamide in vivo: acrylamide and

glycidamide. Comparison with aflatoxin.
4. Possible sources of acrylamide in food.
5. Does browning prevention by sulfur amino acids also concurrently

prevent the formation and/or reduce levels of acrylamide in food?
6. Since numerous other browning-induced compounds are present in 

food, are published toxicity data for pure acrylamide relevant to 
acrylamide in food?

Acrylamide in Food Workshop, FDA, October 28-30, 2002



Acrylamide (CH2=CH-CONH2) is a member of a class of 
compounds known as: α,β-unsaturated compounds; conjugated 
vinyl compounds; electrophiles (electron-loving).  Acrylamide 
avidly participates in nucleophilic addition reactions with
nucleophiles (electron-rich) compounds which include protein 
functional groups such the SH group of cysteine, N-terminal NH2
groups, ε-NH2 groups of lysine and the NH group of the imidazole
ring of histidine. Other members of the group include acreloin
(CH2=CH-CHO), acrylonitrile (CH2=CH-CN), methyl acrylate
(CH2=CH-CO2CH3), methyl vinyl sulfone (CH2=CH-SO2CH3), 
and vinyl pyridine.  Relative reaction rates are governed by the
ability of the CONH2 group of acrylamide to withdraw electrons 
from the double bond compared to the CN group, etc.

Terminology – Nomenclature



Competitive-consecutive reactions



S—CH2—CH(NH3
+)COO-

CH2—CH2—R

I: R = CN

II: R = CONH2

III: R = CO2CH3

IV: R = CO2H

(after hydrolysis)



Reaction Products of the ε-NH2 Group of 
Lysine with Acrylonitrile and Acrylamide

εε--NHNH22--(CH(CH22))44--CH(NHCH(NH22))--COOHCOOH
LL--lysinelysine

εε--NH(CHNH(CH22CHCH22CN)CN)--(CH(CH22))4 4 --CH(NHCH(NH22))--COOHCOOH
εε--NN--((ββ--cyanoethylcyanoethyl))--LL--lysine (acrylonitrile)lysine (acrylonitrile)

εε,,εε--N(CHN(CH22CHCH22CN)CN)22--(CH(CH22))44--CH(NHCH(NH22))--COOHCOOH
εε,,εε--NN--bisbis((ββ--cyanoethylcyanoethyl))--LL--lysine (acrylonitrile)lysine (acrylonitrile)

εε--NH(CHNH(CH22CHCH22CONHCONH22))--(CH(CH22))44--CH(NHCH(NH22))--COOHCOOH
εε--NN--((ββ--carbamidoethylcarbamidoethyl))--LL--lysine (postulated with acrylamide)lysine (postulated with acrylamide)

εε,,εε--N(CHN(CH22CHCH22CONHCONH22))22--(CH(CH22))4 4 --CH(NHCH(NH22))--COOHCOOH
εε,,εε--NN--bisbis((ββ--carbamidoethylcarbamidoethyl))--LL--lysine (postulated with acrylamide)lysine (postulated with acrylamide)

εε--NH(CHNH(CH22CHCH22COOH)COOH)--(CH(CH22))4 4 --CH(NHCH(NH22))--COOHCOOH
εε--NN--((ββ--carboxyethylcarboxyethyl))--LL--lysine (hydrolysis product)lysine (hydrolysis product)

εε,,εε--N(CHN(CH22CHCH22COOH)COOH)22--(CH(CH22))44--CH(NHCH(NH22))--COOHCOOH
εε,,εε--NN--bisbis((ββ--carboxyethylcarboxyethyl))--LL--lysine (hydrolysis product)lysine (hydrolysis product)



Elution positions of (1) ε-N,N-bis(β-
cyanoethyl)-L-lysine (2) L-lysine, (3) ε-N-(β-
carboxyethyl)-L-lysine, and (4) ammonia



SecondSecond--order rate constants (order rate constants (kk22 X 10X 1044 in in 
l./mole sec) for reaction of amino groups l./mole sec) for reaction of amino groups 
with with αα,,ββ--unsaturated compounds at 30unsaturated compounds at 30°°

62.762.7CHCH22=CHSO=CHSO22CHCH33

3.93.99.59.5CHCH22=CHCN=CHCN

0.0720.0720.210.21CHCH22=CHCON(CH=CHCON(CH33))22

0.490.491.31.3CHCH22=CHCONH=CHCONH22
(Acrylamide)(Acrylamide)

glycineglycinediglycinediglycineCompoundCompound

kk22, pH 8.4, pH 8.4



Second-order rate constants for the reaction of 
the S- group in -S-CH2CH2COO- and the NH2
group in NH2-CH2COO- at pH 8.1 and 30°

1781782.602.600.460.46AcrylamideAcrylamide

14514576.076.011.011.0Methyl Methyl acrylateacrylate

13213220.420.42.702.70AcrylonitrileAcrylonitrile

Ratio of Ratio of 
ratesrates
(S(S--/NH/NH22))

kk22(NH(NH22))
X 10X 1055

kk22(S(S--))
X 10X 1022Vinyl compoundVinyl compound





Relative amino acid composition of alkylated wheat gluten

1.251.251.231.231.261.261.241.24PhenylalaninePhenylalanine

0.7660.7660.7700.7700.7840.7840.7440.744TyrosineTyrosine

2.192.192.212.212.182.182.212.21LeucineLeucine

1.141.141.131.131.151.151.121.12IsoleucineIsoleucine

1.371.371.381.381.361.361.351.35ValineValine

0.0000.0000.0000.0000.0000.0000.6430.643HalfHalf--cystinecystine

1.001.001.001.001.001.001.001.00AlanineAlanine

1.721.721.761.761.751.751.711.71GlycineGlycine

5.365.365.315.315.505.505.425.42ProlineProline

12.512.512.312.312.312.312.112.1Glutamic acidGlutamic acid

2.162.162.172.172.192.192.072.07SerineSerine

0.8650.8650.8720.8720.8750.8750.8650.865ThreonineThreonine

0.7860.7860.7510.7510.7610.7610.7230.723Aspartic acidAspartic acid

0.6700.6700.6530.6530.6670.6670.6580.658ArginineArginine

0.4960.4960.5080.5080.5120.5120.4900.490HistidineHistidine

0.2820.2820.2800.2800.2800.2800.2690.269LysineLysine

moles amino acid/ moles alaninemoles amino acid/ moles alanine

Gluten and Gluten and 
acrylamideacrylamide
90 min90 min

Gluten and Gluten and 
acrylonitrileacrylonitrile
30 min30 min

Gluten andGluten and
methyl methyl acrylateacrylate
10 min10 min

Whole glutenWhole glutenAmino acidAmino acid



Relative amino acid composition of alkylated bovine serum albumin

0.5560.5560.5730.5730.5560.5560.5350.535PhenylalaninePhenylalanine

0.3390.3390.3810.3810.3790.3790.3640.364TyrosineTyrosine

1.321.321.341.341.321.321.261.26LeucineLeucine

0.2830.2830.2790.2790.2880.2880.2710.271IsoleucineIsoleucine

0.7840.7840.7870.7870.7870.7870.7300.730ValineValine

0.0000.0000.0000.0000.0000.0000.4370.437HalfHalf--cystinecystine

1.001.001.001.001.001.001.001.00AlanineAlanine

0.3530.3530.3440.3440.3510.3510.3410.341GlycineGlycine

0.6780.6780.6860.6860.6130.6130.6060.606ProlineProline

1.791.791.771.771.781.781.771.77Glutamic acidGlutamic acid

0.6250.6250.6240.6240.6080.6080.6290.629SerineSerine

0.7440.7440.7320.7320.7420.7420.7250.725ThreonineThreonine

1.181.181.191.191.181.181.191.19Aspartic acidAspartic acid

0.4790.4790.4710.4710.4820.4820.4720.472ArginineArginine

0.3220.3220.3340.3340.3420.3420.3370.337HistidineHistidine

1.361.361.361.361.361.361.361.36LysineLysine

moles amino acid/ moles alaninemoles amino acid/ moles alanine

BSA and BSA and 
acrylamideacrylamide
90 min90 min

BSA and BSA and 
acrylonitrileacrylonitrile
30 min30 min

BSA andBSA and
methyl methyl acrylateacrylate
10 min10 min

Whole BSAWhole BSAAmino acidAmino acid



Nutritional Improvement of Bread

Weight gain in mice 
after 14 days fed whole 
bread, bread crumb, and 
bread crust 
supplemented with 
lysine before baking 
(cobaked) (Friedman and 
Finot, 1990)

Does added lysine react with 
acrylamide in the crust?



107107727266666969331081089292696949491313OrangeOrange

939387877575616132321001006363393925251818GrapefruitGrapefruit

1001007676545435351010105105102102686839391111PineapplePineapple

939392925555404055100100100100494940401010AppleApple

100100878752523636111001009393595950504242AppleApple

100100797935351818661001007272696925251010GrapeGrape

100100505025251.01.02.52.516.016.08.08.04.04.02.02.01.01.0JuiceJuice

NN--acetylacetyl--LL--cysteine (mM)cysteine (mM)Sodium Sodium bisulfite bisulfite (mM)(mM)

Inhibition (%)Inhibition (%)

Prevention of browning in commercial fruit juices by sodium
bisulfite and N-acetyl-L-cysteine (Molnar-Perl and Friedman, 
1990).  Does browning prevention by SH-containing amino 
acids also prevent the formation of acrylamide?



Prevention of browning in protein-containing foods by sodium 
bisulfite and N-acetyl-L-cysteine (Molnar-Perl and Friedman, 
1990). Does browning prevention by SH-containing amino 
acids also prevent the formation of acrylamide?

1091099393656543437710010088887272292977IsomilIsomil

101101989878784343191910410494944444232333
Nonfat dry Nonfat dry 
milkmilk

10110199998484383819191021029898808027271010Soy flourSoy flour

1041049696797942423636959598986161434333Barley flourBarley flour

101101101101424225250010010082824444121244CaseinCasein

5005002502501251256.26.22525200200100100505025252.52.5Protein sourceProtein source

NN--acetylacetyl--LL--cysteine (mM)cysteine (mM)Sodium Sodium bisulfite bisulfite (mM)(mM)

Inhibition (%)Inhibition (%)



Effect of thiol concentration on time of inactivation of mutagenic 
activity of aflatoxin B1 by reduced glutathione, N-acetylcysteine, 
and N-2-mercaptopropionylglycine (Friedman et al., 1982)



Biochemistry of Acrylamide
1. Metabolic transformation of acrylamide to glycidamide.

2. Chemical modification (alkylation) of:

a. Non-protein SH groups (cysteine, homocysteine, glutathione).

b. Protein SH groups (enzymes and structural proteins).

c. N-terminal NH2 group of valine residue of hemoglobin.

d. ,-NH2 groups of lysine residues?; NH of imidazole ring of
histidines?; di-alkylation reactions?

e. NH2  groups of guanine and other nucleic acids.

3. Non-covalent interactions with tryptophan residues of proteins 
resulting in quenching of tryptophan fluorescence.



Toxicology of Acrylamide

GenotoxicityGenotoxicity
ClastogenicityClastogenicity (chromosome(chromosome--

aberrations in germ cells)aberrations in germ cells)
Epigenetic activityEpigenetic activity
CarcinogenicityCarcinogenicity
NeurotoxicityNeurotoxicity
Is the toxicology of pure acrylamide Is the toxicology of pure acrylamide 

relevant to acrylamide in food?relevant to acrylamide in food?



Research Needs
1.1. Does prevention of food browning by sulfur amino acids and peptiDoes prevention of food browning by sulfur amino acids and peptides des 

also prevent acrylamide formation?also prevent acrylamide formation?
2.2. Do lowDo low--lysine proteins (wheat gluten,lysine proteins (wheat gluten, zeinzein) produce more acrylamide ) produce more acrylamide 

than highthan high--lysine proteins (casein, soy protein, meat proteins)?  If so, lysine proteins (casein, soy protein, meat proteins)?  If so, 
why?why?

3.3. Will replacement of corn meal with highWill replacement of corn meal with high--lysine corn meal result in less lysine corn meal result in less 
acrylamide in potato chips and tortillas?acrylamide in potato chips and tortillas?

4.4. Can we change the composition of the diet to minimize acrylamideCan we change the composition of the diet to minimize acrylamide
formation?formation?

5.5. Do heatDo heat--induced Maillard browning products and other food ingredients induced Maillard browning products and other food ingredients 
affect the safety of acrylamide after consumption?  Significanceaffect the safety of acrylamide after consumption?  Significance for risk for risk 
assessment.assessment.

6.6. What is the rateWhat is the rate--determining step in acrylamide formation in food and determining step in acrylamide formation in food and 
can we control it?can we control it?
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