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ABSTRACT: Meat is a food for humans. However,
beef consumption in the United States has steadi-
ly declined by >14% over the past decade due to a
variety of factors, including insufficient knowledge
of animal protein. This study quantified all proteino-
genic AA as well as nutritionally and physiologically
significant nonproteinogenic AA and small peptides
in beef cuts from 3 subprimals (chuck, round, and
loin). Beef carcasses (n = 10) were selected at 3 com-
mercial packing plants in the United States. Retail-cut
samples were analyzed for the nitrogenous substanc-
es after acid, alkaline, or enzymatic hydrolysis and
after deproteinization. In these chuck, round, and loin
cuts, total amounts of glutamate (free plus peptide
bound) were the highest (69-75 mg/g dry weight)
followed by lysine, leucine, arginine, and glutamine

in descending order. This is the first study to deter-
mine aspartate, asparagine, glutamate, and glutamine
in meat proteins of any animal species. In all the beef
samples evaluated, glutamine was the most abundant
free AA (4.0-5.7 mg/g dry weight) followed by tau-
rine, alanine, glutamate, and B-alanine. Additionally,
samples from all beef cuts had high concentrations of
anserine, carnosine, and glutathione, which were 2.8
t0 3.7, 15.2 to 24.2, and 0.68 to 0.79 mg/g dry weight,
respectively. Beef top loin steaks appear to provide
higher protein nutrition values than top round steaks
and under blade roasts, but all are excellent sources of
proteinogenic AA as well as antioxidant AA and pep-
tides to improve human growth, development, and
health. Our findings may help guide future decisions
regarding human and animal nutrition.
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INTRODUCTION

Lean meat is a food for human consumption, but
beef consumption per capita in the United States
has steadily declined by >14% over the past decade
(USDA, 2012). This reduction may result, in part,
from a lack of understanding of meat as an important
source of AA and antioxidant peptides in human diets
as well as other factors (e.g., economics and consumer
perceptions about fat content). Adequate provision of
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AA enhances muscle protein synthesis and alleviates
sarcopenia in elderly subjects (Riddle et al., 2016),
and arginine reduces obesity and ameliorates cardio-
vascular dysfunction (McKnight et al., 2010). Certain
free AA (e.g., glutamate, glycine, and B-alanine) pro-
vide “meaty flavor” to improve appetite and gastroin-
testinal function (San Gabriel and Uneyama, 2013). In
addition, dietary taurine is essential for children and
conditionally essential for adults to maintain retinal
and cardiac functions (Wu, 2013). Furthermore, car-
nosine (B-alanyl-L-histidine), anserine (B-alanyl-L-1-
methylhistidine), and glutathione (y-Glu-Cys-Gly) are
potent antioxidants in cells (Hipkiss et al., 1997).
Although there are reports of free and peptide-
bound AA in beef cuts (e.g., Greenwood et al., 1951;
Ma et al., 1961; Franco et al., 2010), the data are in-
complete, as neither glutamate, glutamine, aspara-
gines, and aspartate in meat proteins of any species
nor free B-alanine and glutathione were measured by
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Table 1. Composition of nutrients in beef cuts!

Type Water, g/100 g DM, g/100 g CP, Crude fat, Carbohydrates + Minerals,
of cut? fresh weight fresh weight ¢/100 g DM g/100 g DM other OM, g/100 g DM g/100 g DM
Chuck 70.3 (0.19)° 29.7 (0.19) 68.0 (0.94)° 20.3 (1.10)2 7.96 (0.78)° 3.74 (0.09)
Round 71.0 (0.24)2 29.0 (0.24)° 72.1 (0.35)2 14.2 (1.03) 9.94 (0.90)2 3.76 (0.12)
Loin 69.2 (0.22)° 30.8 (0.22)2 73.4 (0.51)2 20.0 (1.39)2 3.14 (0.37)¢ 3.46 (0.13)

4CWithin a column, means sharing different superscript letters differ (P < 0.05).

Walues are means (SEM); n = 10.

2Chuck = under blade roasts; Loin = top loin steaks; Round = top round steaks.

the authors. Values for many free AA and carnosine in
beef meat are highly inconsistent and differ by 10 to 50
fold (e.g., Imanari et al., 2010; Iwamoto et al., 2010;
Szterk and Roszko, 2014). Detailed knowledge of free
and protein-bound AA in meat will not only provide
precise information on meat composition but will also
help explain the nutritional value of beef. The objective
of this study was to quantify and compare all proteino-
genic AA as well as nutritionally and physiologically
significant nonproteinogenic AA and small peptides in
selected beef cuts from the chuck, loin, and round.

MATERIALS AND METHODS

Reagents

The sources of HPLC-grade water, HPLC-grade
methanol, and other chemicals as well as HPLC columns
were the same as previously described (Dai et al., 2014).
Polypropylene tubes (17 by 120 mm; Fisher Scientific,
Houston, TX; catalog number 14-959-49B) were used to
prepare AA standards and store extracts of beef samples.

Beef Cuts

Ten beef carcasses provided 3 types of beef cuts per
carcass for this study. Beef carcasses (295 to 400 kg)
were selected at 3 commercial packing plants in the
United States (West et al., 2014; Acheson et al., 2015).
Carcass selection criteria were assigned based on con-
tribution to a larger, multiyear, collaborative study that
was designed to accurately represent the attributes of the
U.S. beef supply identified by the 2005 National Beef
Quality Audit (Garcia et al., 2008; A-maturity, 67%
USDA Choice, 33% USDA Select, 50% Yield Grade
2, 50% Yield Grade 3, 67% steers, 33% heifers, 11.1%
dairy, and 88.9% nondairy). Actual carcasses used for
the present study were A-maturity, 70% USDA Choice,
30% USDA Select, 54% Yield Grade 2, 46% Yield
Grade 3, 77% steers, 23% heifers, 54% dairy, and 46%
nondairy. Chuck, round, and loin subprimals were col-
lected from identified carcasses and fabricated into retail
cuts. As described by West et al. (2014), Beef Chuck,
Under Blade Roasts were fabricated by squaring up the

Beef Chuck, Under Blade Roast (which consists of the
serratus ventralis, rhomboideus, and splenius muscles)
and removing one 5.08-cm-thick portion from each end
of the subprimal. Beef Round, Top Round Steaks were
produced as described by Acheson et al. (2015), by re-
moving the cap muscle (gracilis) and the soft side (pec-
tineus, adductor, and sartorius muscles) from the top
round (semimembranosus muscle). All exterior fat was
trimmed to 0 cm and the anterior surface was faced be-
fore steak cutting. Starting from the anterior end of the
top round, 4 top round steaks were cut at a thickness of
1.91 cm each. Beef Loin, Top Loin Steaks also were cut
as described by Acheson et al. (2015). Briefly, boneless
top loin steaks (longissimus lumborum muscle) were cut
2.54 cm in thickness from the anterior to posterior end of
each loin subprimal, and all exterior fat was trimmed to
0 cm. As outlined in both West et al. (2014) and Acheson
et al. (2015), all beef cuts were dissected to separate
fat, lean, and refuse based on standardized protocols.
Following the dissection, samples were placed in a stain-
less steel strainer and submerged in liquid nitrogen until
completely frozen. The frozen samples were then trans-
ferred into a 6.62 L Robot Coupe (BLIXER 6V; Robot
Coupe USA, Inc., Ridgeland, MS) batch processor and
blended until a fine, homogenous powder was formed
(Acheson et al., 2015). The beef homogenates were then
stored at —80°C until analyzed.

Chemical Analyses

Frozen beef samples, which were the same as the
stored homogenates previously described, were finely
reground to 0.5 mm in size before use for analysis. Dry
matter, CP, fats, minerals, and carbohydrates in the sam-
ples were determined in triplicate as we previously de-
scribed (Li et al., 2011b). Crude protein content in beef
cuts was calculated as nitrogen content % 6.25 (Alexander
and Elvehjem, 1956; Schonfeldt et al., 2010).

Analyses of AA and small peptides were performed
in triplicate using our established HPLC methods (Dai
et al., 2014). Briefly, for determining total AA (includ-
ing proline and 4-hydroxyproline but not tryptophan) in
samples, approximately 100-mg samples were hydro-
lyzed in 10 mL of 6 M HCI at 110°C for 24 h under
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nitrogen (Wu et al., 1997). For tryptophan analysis, ap-
proximately 100-mg samples were hydrolyzed at 110°C
for 20 h in 10 mL of 4.2 M NaOH plus 0.1 mL of 25%
thiodiglycol (an antioxidant), as previously described
(Wu et al., 1999). Rates of AA recoveries during acid or
base hydrolysis were determined using purified bovine
insulin with known AA composition (Wu and Knabe,
1994) and a tryptophan standard. Glutamine, glutamate,
asparagine, and aspartate in protein were determined
using porcine digestive enzymes, as we previously de-
scribed (Dai et al., 2014). Collagen content in beef cuts
was calculated as hydroxyproline content % 7.5 (Berge et
al., 1993). To determine concentrations of free AA and
small peptides (carnosine, anserine, and glutathione) in
beef cuts, each sample (approximately 200 mg) was ho-
mogenized in 2 mL of 1.5 M HCIO,, and the acidified
solution was neutralized with 1 mL of 2 M K,CO;. The
extracts were analyzed for free AA, carnosine, anser-
ine, and glutathione (Wu and Meininger, 2008; Wang
et al., 2014). Amino acids and small peptides in sam-
ples were quantified on the basis of known amounts of
standards (Sigma Chemicals, St. Louis, MO) using the
Millenium-32 Software (Waters Corp., Milford, MA).
Except for glycine, taurine and B-alanine, all AA ana-
lyzed in the present study are L-isomers. Results were
compared among the 3 beef cuts.

Statistical Analysis

Values are expressed as mean + SEM. Log trans-
formation of variables was performed when variance
of data was not homogenous among treatment groups,
as assessed by the Levene’s test (Lassala et al., 2010).
Log transformations were undertaken for -alanine and
carbohydrates. Data were analyzed by 1-way ANOVA,
as described by Assaad et al. (2014). Probability values
<0.05 were taken to indicate statistical significance.

RESULTS

Nutrient Composition in Beef Cuts

The composition of major nutrient classes in beef
cuts is summarized in Table 1. The under blade roast had
2.4% higher (P < 0.05) DM content than the top round
steak but 3.6% lower (P < 0.05) DM content than the top
loin steak. On a DM basis, the under blade roast had 5.7
and 7.4% lower (P < 0.05) CP content than the top round
steak and top loin steak, respectively. In contrast, the
content of carbohydrates plus other non-fat and non-CP
organic matter (OM) in the under blade roast was lower
(P <0.05) than that in the top round steak but was much
higher (P < 0.05) than that in the top loin steak. Fat con-
tent in the under blade roast did not differ (P> 0.05) from
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Table 2. Total amounts of proteinogenic AA in beef cuts!

Type of beef cuts?
Chuck Round Loin

Amino acids mg/g dry weight

Alanine 42.2 (0.26)° 44.5(0.34)2 45.4(0.29)2
Arginine 47.9 (0.35)b 51.0 (0.39)2 52.4(0.38)2
Asparagine 30.3 (0.25)° 32.9(0.30)* 33.4(0.36)*
Aspartate 37.7 (0.34)° 40.3 (0.32)2 41.1(0.37)2
Cysteine? 10.1 (0.07)® 10.8 (0.08)2 11.2 (0.09)2
Glutamate 68.9 (0.35)° 73.8 (0.45)° 75.1(0.37)2
Glutamine 46.8 (0.29)° 48.5 (0.30)° 49.9 (0.33)2
Glycine 31.0 (0.32)° 33.3(0.36)2 33.7(0.28)2
Histidine 29.4 (0.23)b 31.0 (0.20)2 31.7 (0.26)2
4-Hydroxyproline 1.73 (0.04) 1.74 (0.05) 1.77 (0.05)
Isoleucine 38.4 (0.40)° 40.5(0.32)2 41.1 (0.40)2
Leucine 61.8 (0.30)° 65.1(0.28)2 66.7 (0.34)2
Lysine 66.6 (0.36)° 70.4 (0.57)2 72.0 (0.49)2
Methionine 23.7 (0.24)° 24.8 (0.21)2 25.3(0.26)2
Phenylalanine 30.9 (0.29)° 33.1(0.30)2 33.5(0.28)2
Proline 30.0 (0.27)° 31.5(0.35)2 32.9(0.38)2
Serine 32.0 (0.27)° 34.2 (0.29)2 35.4(0.34)2
Threonine 343 (0.22)° 35.8 (0.43)2 37.0 (0.30)*
Tryptophan 9.34 (0.07)° 9.77 (0.06)* 10.0 (0.08)2
Tyrosine 27.1 (0.24)° 28.9 (0.37)2 30.1 (0.51)2
Valine 44.8 (0.37)b 46.9 (0.33)2 47.4(0.29)2
Total* 745 (2.3)° 789 (2.8)° 807 (2.6)*

4-°Within a row, means sharing different superscript letters differ (P <0.05).

Values are means (SEM); n = 10. Amino acids are peptide-bound AA
(those present in proteins, large peptides, and small peptides) and free AA.
Calculations were based on the molecular weights of intact AA.

2Chuck = under blade roasts; Loin = top loin steaks; Round = top round
steaks.

3Including cysteine plus one-half cystine.
4Including AA listed in this table.

that in the top loin steak but was higher (P < 0.05) than
that in the top round steak. Mineral content did not differ
(P> 0.05) among the 3 types of beef cuts.

Total Amounts of Proteinogenic AA in Beef Cuts

Total amounts of proteinogenic (protein-forming)
AA in beef cuts included peptide-bound AA (present
in proteins, large peptides, and small peptides) and
free AA. These AA are precursors for peptide syn-
thesis, and the data are shown in Table 2. Except for
4-hydroxyproline, total amounts of proteinogenic AA
in the under blade roasts were lower (P < 0.05) than
those in top round steaks and top loin steaks. Total
amounts of 4-hydroxyproline did not differ (P > 0.05)
among the 3 types of beef cuts. Total amounts of glu-
tamate and glutamine were higher (P < 0.05) in top
loin steaks than in top round steaks, but total amounts
of other proteinogenic AA did not differ (P > 0.05)
between these 2 cuts of beef. Total amounts of pro-
teinogenic AA in top loin steaks were 8.3 and 2.3%
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Table 3. Amounts of polypeptide-bound AA in beef cuts!

Wu et al.

Table 4. Amounts of true protein (TP) in beef cuts!

Type of beef cuts? Type of beef cuts?
Chuck Round Loin Variable Chuck Round Loin
Amino acids mg/g dry weight True protein,® mg/gdry 626 (2.0)° 665 (2.2)° 679 (1.9
Alanine 41.3 (0.25) 43.5(0.33) 44.1 (0.28) weight
Arginine 47.8 (0.35)b 50.9 (0.39)2 52.2 (0.38)2 Collagen, mg/g dry weight 12.5(0.32) 12.6 (0.36) 12.8 (0.38)
Asparagine 30.2 (025)b 32.7 (030):1 332 (036)a Ratio of TP to CP 0.921 (0008) 0.923 (0009) 0.925 (0009)
Aspartate 37.6 (0.34)° 40.2 (0.32) 41.0 (0.37)* 3-CWithin a row, means sharing different superscript letters differ (P <0.05).
Cysteine? 9.50 (0.06)° 10.2 (0.07)* 10.7 (0.08)? Values are means (SEM); n = 10.
Glutamate 68.0 (0.34)° 72.8 (0.44) 74.0 (0.36) 2Chuck = under blade roasts; Loin = top loin steaks; Round = top round
Glutamine 41.1 (0.26)° 44.5 (0.28)2 44.8 (0.29) steaks.
Glycine 30.5 (0.30)° 32.7(0.35)* 33.2 (0.26)* 3Amounts of true protein were calculated according to the molecular
Histidine 29.2 (0.22)° 30.7 (0.19)3 31.4(0.25) weights of AA residues in polypeptides. Collagen was included as part of
4-Hydroxyproline 1.67 (0.04) 1.68 (0.05) 1.70 (0.05) polypeptides and calculated as hydroxyproline content x 7.5.
Isoleucine 38.3(0.39) 40.3 (0.31) 40.9 (0.39)
Leucine 61.5 (0.30)° 64.8 (0.27) 66.2 (0.33)
Lysine 66.1(035°  70.1(0.56  71.7(0.48)" protein) were calculated on the basis of the molecular
Methionine 23.5(0.23)° 24.7 (0.20)2 252(0.25) weights of AA residues (Table 4). As part of protein,
B b . .
Phenylalanine 30.6 (0-28)b 32700297 33200270 amounts of collagen did not differ (P> 0.05) among the
o a a . .

Proline 29.6 (0'26)b 31.0(0.34y 32.4(0.37) 3 types of beef cuts. The ratio of true protein to CP was
i 1.7 (0.2 9 (0.28)2 .0(0.33) . . .
Serine 31.7(0.26) 339(0.28) 35.0(0.33y approximately 0.92:1.00 in beef (Table 4). For proteins

Threonine 34.0 (0.21)° 35.5 (0.42)2 36.5 (0.29) .

b from these chuck, round, and loin cuts, the percentage
Tryptophan 9.29 (0.07) 9.71 (0.06) 9.95 (0.08)2 £ olutamat the hichest (P < 0.05) foll dbyv
Tyrosine 269(023)  286(037)%  29.8 (0.50) of glutamate was the highest (£ < 0.05) followed by ly-
Valine 4.6 (0.36)° 46.7 (032)° 472 (0.28)° sine, leucine, arginine, and glutamine in descending or-
Total 735 (2.3)° 778 (2.7)b 795 (2.5)? der (Table 5) The content Oftotal AAin protein differed

4-CWithin a row, means sharing different superscript letters differ (P < 0.05).

Walues are means (SEM); n = 10. Polypeptide-bound AA, which were
calculated as the difference between total AA (minus di- and tripeptides)
and free AA, are those AA present in proteins and oligopeptides (exclud-
ing anserine, carnosine, and glutathione). Calculations were based on the
molecular weights of intact AA.

2Chuck = under blade roasts; Loin = top loin steaks; Round = top round
steaks.

3ncluding cysteine plus one-half cystine.

higher (P < 0.05) than those in under blade roasts and
top round steaks, respectively.

Amounts of Polypeptide-Bound AA in Beef Cuts

Polypeptide-bound AA were calculated as the dif-
ference between total AA (minus di- and tripeptides)
and free AA. Therefore, AA in polypeptides were those
AA present in proteins and large polypeptides (exclud-
ing anserine, carnosine, and glutathione), and the data
are shown in Table 3. Except for alanine and 4-hy-
droxyproline, amounts of polypeptide-bound AA in un-
der blade roasts were lower (P < 0.05) than those in top
round steaks and top loin steaks. Amounts of alanine
and 4-hydroxyproline in polypeptides did not differ
(P> 0.05) among the 3 types of beef cuts. Amounts of
polypeptide-bound AA in top loin steaks were 8.2 and
2.2% higher (P < 0.05) than those in under blade roasts
and top round steaks, respectively. Similar results were
obtained when amounts of polypeptides (taken as true

(P <0.05) among the 3 types of beef cuts (Table 3).

Amounts of Free Proteinogenic AA in Beef Cuts

Free AA were those AA that were present in beef in
the free, nonpeptide form. Data on free proteinogenic
AA in beef cuts are summarized in Table 6. Glutamine
was the most abundant free AA in all beef cuts, followed
by alanine, glutamate, praline, and glycine in descend-
ing order. Except for free aspartate, cysteine, glutamine,
4-hydroxyproline, and proline, amounts of free AA were
highest (P < 0.05) in top loin steaks, intermediate (P <
0.05) in top round steaks, and lowest (P < 0.05) in un-
der blade roasts. Amounts of free aspartate, cysteine, and
proline did not differ (P> 0.05) between top round steaks
and top loin steaks, and their amounts were higher (P <
0.05) in top round and top loin steaks than in under blade
roasts. In contrast, amounts of free glutamine were high-
est (P < 0.05) in under blade roasts, intermediate (P <
0.05) in top loin steaks, and lowest (P < 0.05) in top
round steaks. Amounts of free 4-hydroxyproline did not
differ (P > 0.05) among the 3 types of beef cuts.

Amounts of Free Nonproteinogenic AA in Beef Cuts

Data on amounts of free nonproteinogenic AA in
beef cuts are shown in Table 7. Taurine was the most
abundant nonproteinogenic AA in all beef cuts, fol-
lowed by B-alanine, ornithine, and citrulline in de-
scending order. Amounts of taurine were lower (P <
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Table 5. Percentages of AA residues in proteins of
beef cuts!
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Table 6. Amounts of free proteinogenic AA in beef cuts!

Type of beef cuts?
Type of beef cuts? Chuck Round Loin
Chuck Round Loin Amino acids ng/g dry weight
Amino acids /100 g protein Alanine 860 (30)° 1,031 (44)° 1,248 (49)
Alanine 5.24 (0.04) 5.18 (0.04) 5.16 (0.04) Arginine 110 (3.8)° 142 (7.2)° 170 (8.0)*
Arginine 6.80 (0.05) 6.82 (0.06) 6.87 (0.05) Asparagine 153 (5.8)° 183 (5.2)° 206 (6.3)
Asparagine 4.14 (0.04) 4.23 (0.04) 4.20 (0.05) Aspartate 50 2.1)° 51(2.5)° 65 (2.7
Aspartate 5.17 (0.05) 5.21(0.04) 5.20 (0.05) Cysteine? 309 (8.0)° 365 (11)? 362 (13)
Cysteine? 1.42 (0.02) 1.43 (0.01) 1.46 (0.02) Glutamate 615 (17)° 723 (35)° 801 (20)2
Glutamate 9.52 (0.05) 9.59 (0.06) 9.56 (0.05) Glutamine 5,661(163) 4,028 (95)° 5,069 (103)
Glutamine 5.72 (0.04) 5.82(0.05) 5.76 (0.04) Glycine 335(12)° 405 (15)° 456 (16)*
Glycine 3.69 (0.05) 3.73 (0.04) 3.71 (0.04) Histidine 267 (10)° 301 (8.2)° 338 (11)?
Histidine 3.20 (0.04) 3.16 (0.06) 3.18 (0.05) 4-Hydroxyproline 72 (1.4) 72 (1.6) 73 (1.7)
4-Hydroxyproline  0.23 (0.01) 0.22 (0.01) 0.22 (0.01) Isoleucine 172 (8.7)° 203 (7.4)° 236 (8.0
Isoleucine 5.24 (0.06) 5.20 (0.05) 5.18 (0.06) Leucine 302 (12)° 357 (11)° 398 (12)
Leucine 8.43 (0.05) 8.35 (0.04) 8.38 (0.05) Lysine 289 (11)° 318 (8.5)° 349 (10
Lysine 9.21 (0.06) 9.19 (0.07) 9.23 (0.06) Methionine 128 (4.6)° 159 (6.5)° 180 (5.3)
Methionine 3.25(0.05) 3.21 (0.04) 3.17 (0.04) Phenylalanine 297 (7.8)° 346 (8.3) 352 (9.0
Phenylalanine 432 (0.05) 435 (0.04) 4.34(0.04) Proline 485 (12)° 543 (10)* 535 (13)
Proline 3.85 (0.04) 3.79 (0.05) 3.83(0.05) Serine 288 (9.2)° 325 (9.5)° 365 (10)?
Serine 4.17 (0.04) 4.20 (0.04) 4.25 (0.05) Threonine 302 (10)° 348 (3.0)° 389 (11)?
Threonine 4.59 (0.03) 4.50 (0.05) 4.55 (0.04) Tryptophan 49 (1.2) 65 (1.3) 67 (2.3)
Tryptophan 1.35 (0.01) 1.32(0.01) 1.33 (0.02) Tyrosine 205 (8.8)° 237 (10)* 244 (8.4)°
Tyrosine 3.85 (0.04) 3.88 (0.05) 3.94 (0.06) Valine 218 (7.5)¢ 243 (6.5)° 278 (8.0)
Valine 5.99 (0.06) 5.90 (0.05) 5.85(0.04) Total 11,669 (207)* 10,445 (187)° 12,198 (230)°

Walues are means (SEM); n = 10. Calculations were based on the mo-
lecular weights of AA residues in protein. Within each row, means do not
differ among the 3 beef cuts (P > 0.05).

2Chuck = under blade roasts; Loin = top loin steaks; Round = top round
steaks.

3Including cysteine plus one-half cystine.

0.05) in under blade roasts than those in top round and
top loin steaks but did not differ (P> 0.05) between top
round and top loin steaks. Amounts of B-alanine and
ornithine were highest (P < 0.05) in top loin steaks, in-
termediate (P < 0.05) in top rounds steaks, and lowest
(P <0.05) in under blade roasts. Amounts of citrulline
did not differ (P > 0.05) among the 3 types of cuts.

Amounts of Small Peptides in Beef Cuts

Data on amounts of small peptides (anserine, car-
nosine, and glutathione) are summarized in Table 7.
Carnosine was the most abundant small peptide, fol-
lowed by anserine and glutathione in descending order.
Amounts of glutathione in under blade roasts were lower
(P < 0.05) than those in top round and top loin steaks,
but glutathione content did not differ (P > 0.05) between
top round and top loin steaks. Amounts of anserine and
carnosine were the highest (P < 0.05) in top loin steaks,
intermediate (P < 0.05) in top round steaks, and lowest
(P < 0.05) in under blade roasts. The ratios of carnosine
to anserine were 5.45, 6.58, and 6.61 (g/g) in under blade
roasts, top round steaks, and top loin steaks, respectively.

4-Within a row, means sharing different superscript letters differ (P < 0.05).

Values are means (SEM); n = 10. Calculations were based on the mo-
lecular weights of intact AA.

2Chuck = under blade roasts; Loin = top loin steaks; Round = top round
steaks.

3ncluding cysteine plus one-half cystine.

DISCUSSION

Lean beef is an important source of dietary AA for
children and adults to sustain adequate protein nutri-
tion and health (Ma et al., 1961; Holden et al., 1986;
Wu et al.,, 2014a). Therefore, sufficient knowledge
about the composition of free and protein-bound AA

Table 7. Amounts of small peptides and free nonpro-
teinogenic AA in beef cuts!

Type of beef cuts?
Amino acids Chuck Round Loin
B-Alanine, pg/g dry weight 453 (10)¢ 615 (12)° 712 (18)2
Citrulline, pg/g dry weight 60 (2.8) 61(2.9) 63 (2.2)
Ornithine, pg/g dry weight 137 (6.1)¢ 168 (5.3)b 195 (7.0)2

Taurine, mg/g dry weight ~ 2.34(0.06)° 2.78 (0.08)*  2.92 (0.09)®

Anserine, mg/g dry weight ~ 2.79 (0.09)¢  3.25 (0.10)> 3.66 (0.12)
Carnosine, mg/g dry weight  15.2 (0.59)° 21.4 (0.86)® 24.2 (0.82)
Glutathione, pg/g dry weight 675 (17)b 773 (20)2 792 (18)2

#-CWithin a row, means sharing different superscript letters differ (P <0.05).

Walues are means (SEM); n = 10. Calculations were based on the mo-
lecular weights of intact AA or intact small peptides.

2Chuck = under blade roasts; Loin = top loin steaks; Round = top round
steaks.
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Table 8. Comparison of published data on the composition of free AA and small peptides in beef meat

Ala Asp Cys! Glu Gln His Tau? B-Ala? Car* Ans’

Published studies mg/100 g wet weight
Franco et al. (2010) 20.1 291 542 14.9 -6 422 58.4 - - -
Imanari et al. (2010) 23.7 2.17 - 4.48 55.6 - 53.6 - 219 61.8
Iwamoto et al. (2010) 19.3 043 0.04 342 20.2 1.39 10.1 - 174 46.8
Mateescu et al. (2012) - - - - - - - - 372 67
Purchas et al. (2004) - - - - - - 38.6 - 453 -
Szterk and Roszko 21.5 0.23 3.59 - 352 1.83 31.7 - 14.5 -

(2014)
Thornton et al. (2015) - - - - - 9.5 - - 8.9 8.5
Alexander and - - - - - - 80 80 - -
Elvehjem (1956)
Clifford (1922) - - - - - - - - 1,000 -
Present study 258t038.5 1.50t02.00 927to 11.3 18.5t024.7 124t0 170 8.00to 10.4 70.1t090.0 13.6t021.9 457t0 746 83.6to 113

Including cysteine plus one-half cystine.
2Tau = taurine.

3B-Ala = B-alanine.

4Car =carnosine.

5Ans = anserine.

6« denotes the lack of data.

as well as small peptides is essential to promote hu-
man consumption of this healthy food. However, de-
spite studies of beef meat, data on nitrogenous nutri-
ents in this animal product are incomplete and highly
inconsistent (e.g., Gbeenhut et al., 1948; Purchas et al.,
2004; Hall and Schonfeldt, 2013; Jensen et al., 2014;
Tables 8 and 9). Given the exceedingly large variations
in the reported values of AA, small peptides, and pro-
tein in beef, accurate data are necessary for nutrition-
ists and medical professionals to make quantitative
recommendation for its consumption by humans. To
our knowledge, this is the first study to determine all
proteinogenic AA as well as nutritionally and physi-
ologically significant nonproteinogenic AA and small
peptides in beef meat. The content of CP in our 3 beef
cuts was similar to that reported by Underwood et al.
(2010) and West et al. (2014) for lean beef.

Free AA (e.g., glutamate, B-alanine, and glycine)
provide humans with “meaty” flavor and are important
nutrients (San Gabriel and Uneyama, 2013). However,
as previously noted, their significance has been grossly
underestimated. For example, amounts of free cystine/
cysteine in 100 g wet beef meat have been reported to
be 0.04 (Iwamoto et al., 2010) or 8.6 mg (Franco et
al., 2010) and amounts of free histidine in 100 g wet
beef meat have been reported to be 1.6 (Iwamoto et al.,
2010) or 38 mg (Franco et al., 2010). In the absence of
data on glutamine, Franco et al. (2010) concluded that
histidine was the most abundant free AA in beef muscle,
followed by alanine and glutamate in descending order.
In contrast, we found that concentrations of free gluta-
mine, alanine, and glutamate in beef cuts were 10 to 20,
3.2 to 3.7, and 2.3 to 2.4 times those for free histidine

(Table 6). Qualitatively similar results were obtained by
Imanari et al. (2010). Based on wet weight (Table 1),
concentrations of glutamine and glutamate in beef cuts
are approximately 15 and 0.5 mM, respectively (Table
6). Such a high abundance of free glutamine plus gluta-
mate in beef meat has not previously been recognized
(e.g., Imanari et al., 2010; Iwamoto et al., 2010; Jensen
et al., 2014; Szterk and Roszko, 2014). Whether the
predominance of free glutamine in meat is unique to
beef or whether the previously reported values of free
glutamine in beef muscle were underestimated owing
to possible analytical problems is not known at pres-
ent. Nonetheless, high amounts of free glutamine plus
glutamate in beef are consistent with their vital roles as
major metabolic fuels, stimulators of protein synthesis,
modulators of immune response, and regulators of epi-
thelial integrity and function in the small intestine (Wu,
2009; Jiao et al., 2015; Wang et al., 2015).

A significant observation of this study is that tau-
rine is the most abundant B-AA in beef meat, ranging
from 2.3 to 2.9 mg/g dry weight (Table 7). These val-
ues are similar to those reported for bovine semiten-
dinosus muscle (2.0 mg/g dry weight; Franco et al.,
2010) and lean meat (2.7 and 2.9 mg/g dry weight;
Alexander and Elvehjem, 1956; Imanari et al., 2010).
Taurine plays essential roles in physiology, includ-
ing serving as 1) a major antioxidant in the body, 2) a
regulator of fluid homeostasis in cells and retinal pho-
toreceptor activity, 3) a key component of the nerve
conduction network, and 4) a modulator of the diges-
tion and absorption of dietary fats and lipid-soluble
vitamins (Jong et al., 2012). Because humans have a
low ability to synthesize taurine at any stage of the life
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Table 9. Comparison of published data on the percentages of proteinogenic AA in beef meat protein

Published data by various authors

Franco et al. Hollo et al. Nguyen and Greenwood et al. Alexander and Present
(2010) (2001) Zarkadas (1989) (1951) Elvehjem (1956) study!

Amino acids g/100 g protein

Alanine 6.55 6.68 5.23 -2 6.2 5.16-5.24
Arginine 7.10 6.07 6.58 6.72 6.7 6.80-6.87
Asp + Asn 10.5 8.91 9.33 8.80 10.0 9.31-9.44
Aspartate - - - - - 5.17-5.20
Asparagine - - - - - 4.14-4.23
Cysteine 1.02 1.01 0.99 1.40 0.9 1.42-1.46
Glu + Gln 16.7 16.6 15.5 14.9 15.8 15.2-154
Glutamate - - - - - 9.52-9.59
Glutamine - - - - - 5.72-5.82
Glycine 4.82 6.31 3.67 7.34 4.6 3.69-3.73
Histidine 1.70 4.06 4.04 3.16 35 3.05-3.09
4-Hydroxyproline - - 0.29 - 0.7 0.22-0.23
Isoleucine 6.96 4.30 5.28 5.24 5.7 5.18-5.24
Leucine 7.45 8.21 8.45 8.35 7.7 8.35-8.43
Lysine 9.67 9.07 9.38 8.52 8.7 9.19-9.23
Methionine 3.19 1.68 3.29 2.29 24 3.23-3.28
Phenylalanine 5.12 - 422 4.14 43 4.32-4.35
Proline 4.02 5.00 3.88 5.59 3.8 3.91-4.01
Serine 3.78 3.93 3.68 4.04 44 4.17-4.25
Threonine 4.83 4.71 4.66 4.02 44 4.50-4.59
Tyrosine 4.08 3.66 3.88 3.33 34 3.85-3.94
Valine 6.06 4.60 5.69 591 5.2 5.85-5.99

ICalculations were based on the molecular weights of AA residues in protein.

2«_» denotes the lack of data.

cycle, children and adults fed taurine-free diets are de-
ficient in this AA (Laidlaw et al., 1988). Under stress
or diseased conditions (e.g., heat stress, infection,
obesity, diabetes, and cancer), taurine synthesis in the
body is impaired due to hepatic dysfunction and the
reduced availability of methionine. At present, dietary
requirements of taurine have not been established
for healthy adults and are probably approximately
75 mg/d based on its urinary excretion of 72 mg/d
(Laidlaw et al., 1988). Based on our results (Table 7),
28.35 g (1 ounce) dried beef can provide 65 to 80 mg
taurine, which can meet 87 to 107% of daily taurine
requirement by adults. Note that taurine has antiobe-
sity, antidiabetes, and anticancer effects (Schaffer et
al., 2014) but is absent from plant-based foods (Jong
et al., 2012). This further underscores the significance
of beef as a major source of taurine for humans.

Beef contains antioxidant dipeptides (carnosine
and anserine), their common precursor AA (B-alanine),
and glutathione (Williams, 2007). However, there is
considerate confusion about concentrations of these
small peptides in meat. For example, amounts of car-
nosine in 100 g wet beef meat have been reported to
be 14 mg (Szterk and Roszko, 2014) or 1 g (Clifford,
1922) and amounts of anserine in 100 g wet beef meat

have been reported to be 8.5 (Thornton et al., 2015) or
67 mg (Mateescu et al., 2012). These large variations
in nutrient composition may result, in part, from differ-
ences in either beef breeds or analytical techniques. To
our knowledge, this is the first study to simultaneously
quantify small peptides and B-alanine in beef cuts. The
findings provide much-needed information on the con-
tent of these substances in meat. Specifically, we found
that beef cuts contained high amounts of carnosine, an-
serine, glutathione, and B-alanine (Table 7). The ratios
of carnosine to anserine (g/g) in our beef cuts were 5.4
to 6.6, which are similar to the value of 5.6 reported by
Mateescu et al. (2012) but higher than other values of
3.6 (Imanari et al., 2010) and 3.7 (Iwamoto et al., 2010).
Of particular interest, beef meat contained high amounts
of B-alanine (453-712 pg/g dry weight; Table 7), which
was not determined in most previous studies (e.g.,
Franco et al., 2010; Mateescu et al., 2012; Thornton et
al., 2015) and was reported to be 2.7 mg/g dry weight
(Alexander and Elvehjem, 1956). Carnosine acts as an
intracellular proton buffer to mediate diverse physi-
ological processes and on the hypothalamic suprachias-
matic nucleus to regulate the circadian clock (Nagai et
al., 2012). Additionally, carnosine affects sympathetic
and parasympathetic nerves innervating the adrenal
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glands, brown adipose tissue, kidneys, liver, pancreas,
stomach, and white adipose tissue, therefore improv-
ing appetite, digestion, absorption, thermogenesis, and
metabolic profiles (Hipkiss et al., 1997; Sale et al., 2013;
Trexler et al., 2015). Likewise, anserine and glutathione
function to scavenge oxidants, prevent protein glycation,
and ameliorate oxidative stress (Wu et al., 2004; Hipkiss
and Gaunitz, 2014). Importantly, these peptides can in-
hibit the growth of tumor cells through redox signaling
while providing patients with nutritionally essential AA
(Nagai et al., 2012; Hipkiss and Gaunitz, 2014).

Meat contains high amounts of protein and balanced
proportions of all proteinogenic AA relative to human
requirements (Dillon, 2013). For example, protein con-
tent in beef cuts ranges from 63 to 68% on a DM basis
(Table 4). In contrast, most staple foods of plant origin
(except for legumes) have a protein content of <12%
(DM basis) and are deficient in most AA, including ly-
sine, methionine, cysteine, tryptophan, threonine, and
glycine (Young and Pellett, 1994; Wang et al., 2013).
Disappointingly, concentrations of some individual AA
in polypeptides (e.g., histidine and methionine) in ani-
mal-source foods, including beef meat (Table 9), previ-
ously have been underestimated, and the total amount of
lysine in general meat was cited to be 4.89 g/100 g DM
(Wu et al., 2014a). This value is 27 to 32% lower than
that found for beef cuts (Table 2). Therefore, data from
the present work support the dietary significance of red
meat as an abundant source of all nutritionally essential
AA and functional AA for humans (Wu, 2013).

The ratios of polypeptide-bound AA in our 3 types
of beef cuts are generally similar to those reported by
Alexander and Elvehjem (1956), Greenwood et al.
(1951), and Nguyen and Zarkadas (1989) with the ex-
ception of histidine, methionine, cysteine, glycine, and
hydroxyproline (Table 8). First, the high content of
histidine in beef protein (4% [Nguyen and Zarkadas,
1989] and 4.1% [Holl¢ et al., 2001]) may be explained
by inclusion of carnosine-derived histidine in the calcu-
lations. Consistent with this suggestion, we obtained a
similar value of 4.1% histidine in beef protein when car-
nosine was included as part of total AA. In contrast, the
low content of histidine (1.7%) in beef protein reported
by Franco et al. (2010) cannot be explained at present.
It is unknown whether the recovery of histidine from
protein hydrolysis was determined in the previous stud-
ies. Second, the higher content of glycine and proline
in beef protein (7.3 and 5.6%, respectively; Greenwood
et al., 1951) than our and others’ values (Table 9) may
result from a high percentage of collagen in their beef
cuts. Third, amounts of polypeptide-bound methionine
in protein (1.91%) reported by Holl6 et al. (2001) is
only approximately 50% of the value from Nguyen and
Zarkadas (1989) and the present study (Table 5). Fourth,

Wu et al.

our value of 4-hydroxyproline content in meat protein is
similar to that reported by Nguyen and Zarkadas (1989)
but was only approximately 32% of the value published
by Alexander and Elvehjem (1956). Of note, all the pre-
vious studies failed to distinguish glutamate from gluta-
mine or aspartate from asparagine in meat protein (Table
9). To our knowledge, this is the first study to quantify
aspartate, asparagine, glutamate, and glutamine in meat
proteins of any animal species (Table 9). Interestingly,
glutamate and glutamine were the most and the fifth
most abundant AA in proteins of beef cuts, respectively
(Table 5). These data assume nutritional and physiologi-
cal importance, as these 2 AA are now known to pro-
mote intestinal health, enhance muscle protein synthe-
sis, and improve immunity in humans (Rhoads and Wu,
2009; Brosnan and Brosnan, 2013; Hou et al., 2015).

Based on the composition of nutritionally essential
AA in beef (Table 2) vs. food grains (Millward, 1999),
consumption of meat can substantially reduce the need
for plant-based foods in human diets to satisfy AA re-
quirements (Wu et al., 2014a,b). For example, to meet
the Institute of Medicine-recommended dietary allow-
ance of methionine plus cysteine by the 70-kg adult hu-
man (19 mg/kg BW per day; IOM, 2005), daily intake of
meat, wheat flour, and white rice would be 39, 390, and
700 g DM, respectively (Wu et al., 2014a). The exces-
sive amount of carbohydrates that would be consumed
in the wheat flour or white rice can be converted into fat
in the body, therefore possibly contributing to the de-
velopment of obesity, dyslipidemia, and other metabolic
disorders (Jobgen et al., 2006; Wu, 2013). Conversely,
intake of lean meat, which contains <20.5% fat on a DM
basis (Table 1), plays a key role in promoting protein
synthesis and sustaining skeletal-muscle mass and func-
tion (including physical strength) while improving insu-
lin sensitivity, ameliorating ageing-associated sarcope-
nia, and reducing white fat accretion (McKnight et al.,
2010; Dillon, 2013; Riddle et al., 2016).

It is worth mentioning that under blade roasts, top
round steaks, and top loin steaks had different compo-
sition of free and polypeptide-bound AA (Table 2) as
well as nonproteinogenic AA and antioxidants peptides
(Table 7). Specifically, amounts of total AA, B-alanine,
anserine, and carnosine were highest in top loin steaks,
intermediate in top round steaks, and lowest in under
blade roasts. Likewise, differences in physical and
chemical properties as well as total nitrogen and protein
concentrations among these cuts have been reported by
other researchers due to different types of muscle fibers
in these meat cuts (Von Seggern et al., 2004; Franco et
al., 2010; Schonfeldt et al., 2010; Hall and Schonfeldt,
2013). Overall, top loin steaks appear to provide higher
protein-nutrition values than under blade roasts and top
round steaks. Nonetheless, given the important role of
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animal protein intake on optimal human health (Wu,
2016), all beef cuts are excellent sources of AA and an-
tioxidant peptides to meet nutritional and physiological
needs of children and adults. For example, high amounts
of leucine in beef meat can activate the mechanistic tar-
get of rapamycin signaling pathway to stimulate protein
synthesis in human skeletal muscle and, therefore, ame-
liorate sarcopenia (Li et al., 2011a; Riddle et al., 2016).
Additionally, an abundant supply of all AA from beef
meat for syntheses of low-molecular-weight metabo-
lites (e.g., neurotransmitters, vasodilators, signaling
molecules, and mediators of immune response) plays
a crucial role in maintaining physiological homeosta-
sis in humans (Wu, 2013). Therefore, our findings are
expected to renew interest in human consumption of
lean beef for promoting optimal growth, development,
health, and well-being in children and adults.

In conclusion, we determined, for the first time
to our knowledge, the composition of all free pro-
teinogenic and polypeptide-bound AA in beef meat.
In under blade roasts, top round steaks, and top loin
steaks, total amounts of glutamate (free plus peptide-
bound) were the highest among all AA followed by
lysine, leucine, arginine, and glutamine in descending
order. Similar results were obtained for AA composi-
tion in meat protein. In all 3 beef cuts, glutamine was
the most abundant free AA, followed by taurine, ala-
nine, glutamate, and P-alanine. All the beef cuts had
high concentrations of antioxidant peptides (anserine,
carnosine, and glutathione). Although the 3 types of
beef cuts moderately differ in nutrient composition,
consumption of these foods by humans is expected to
improve growth, development, and health. Our find-
ings may have important implications for guiding the
practice of human and animal nutrition.
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