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Abstract
Amethod for the determination of the sulfur amino acids methionine and cysteine in milk- and plant-derived protein powders and
in protein-based nutritional products is described. Samples and calibration standards are prepared by acid hydrolysis (6-M HCl,
110 °C, 24 h) with 3,3’dithiopropionic acid, evaporation, and resuspension. The released methionine and cysteine mixed
disulfide are quantified by direct LC/UV, without pre- or post-column chromophore/fluorophore derivatization. Since tyrosine
is also released by the acid hydrolysis and elutes in the same chromatogram, it was included in all determinations. Method
performance has been defined by assessments of linearity (R2 averaged > 0.999, n = 10, for 5-point plots of each analyte),
intermediate precision (within-day RSD < 2%, n = 3, and day-to-day RSD < 3%, n = 3 days, for each analyte), accuracy (cystine
spike recovery = 101%; measured methionine, cystine, and tyrosine concentrations were 95–111% of published concentrations),
selectivity (reagent blanks and peak purity found analyte bias ≤ 2%), and quantitation limit (25 mg of methionine and tyrosine,
and 50 mg of cystine, per 100 g of protein powder). The method provides a relatively simple means for the accurate and precise
determination of both sulfur amino acids in protein powders and in nutritional products, and may be performed by conventional
LC/UV, without specialized amino acid analysis instrumentation.
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Introduction

The 2007 WHO/FAO/UNU minimum requirement for sulfur
amino acid (methionine + cysteine) ranges from 22 mg (for
adults) to 28 mg (for infants) per g of food protein (WHO/
FAO/UNU 2007). Food proteins that show promise as sus-
tainable alternatives to milk-derived proteins, but that are also
limiting or relatively low in sulfur amino acids (with or with-
out digestibility correction), include fava bean, green and yel-
low pea, almond, soybean, and chickpea (Kalman 2014;
Nosworthy et al. 2017; House et al. 2019; Ma et al. 2019;
Rafii et al. 2020). Interest in the sulfur amino acids is not
limited to compliance with indispensable amino acid concen-
tration requirements; e.g., nutritional significance has also
been associated with the ratio of methionine/cysteine
(Sarwar et al. 1991; Shoveller et al. 2003; Kurpad et al.
2004; Pacheco et al. 2018), cysteine may be used as a marker
of casein adulteration (Ballin 2006), and methionine may be
used as a marker of peroxide treatment (Baxter et al. 2007).

Although the determination of methionine in proteins and nu-
tritional products may be performed by the conventional acid
hydrolysis/LC methods (including post-column ninhydrin
derivatization/ion exchange chromatography and pre-column
fluorophore [AQC, FMOC, OPA, PITC] derivatization/
reversed phase LC), cysteine is unstable to acid hydrolysis
so that an alternative procedure is required to enable its accu-
rate quantification (Creighton 1993). Perhaps the most com-
mon alternate procedure entails performic acid oxidation (by
which cysteine is oxidized to cysteic acid), acid hydrolysis
(which releases protein bound cysteic acid), and LC determi-
nation in conjunction with pre-column or post-column cysteic
acid derivatization (Moore et al. 1958; Szkudzinska et al.
2017). The considerable time and labor required by the
performic acid oxidation procedure prompted the develop-
ment of alternative approaches to cysteine determination, in-
cluding derivatization with the disulfides 3,3’-dithiopropionic
acid (DTDPA) and 2,2’-dithiodiacetic acid (DTDAA, aka
dithioglycolic acid) (Barkholt and Jensen 1989; Hoogerheide
and Campbell 1992). In contrast to many of the reagents suit-
able for the quantitative derivatization of free cysteine, both
DTDPA and DTDAA enabled the formation of a stable in situ
acid hydrolysis derivative (Samara et al. 2016). A 53-lab cys-
teine determination collaborative study by the Association of
Biomolecular Resource Facilities concluded that “disulfide
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exchange [DTDPA, DTDAA] yielded excellent results,” “the
present study indicates that accurate results can be achieved
by the easy to use disulfide exchange reagents,” and that study
results “suggested that bench skills in amino acid analysis,
rather than specific methodology, is the determining factor
in high quality cysteine analysis” (Strydoma et al. 1993). On
the basis of this validation of the cysteine determination disul-
fide exchange methodology, along with the fact that both me-
thionine and cystine exhibit sufficient UV absorptivity (1020
and 1180 AU/M at 214 nm) to allow direct UV detection
without chromophore/fluorophore derivatization, the objec-
tive of the present research was to develop a relatively simple
method for the simultaneous determination of both sulfur ami-
no acids (in proteins and in protein based food products) that
could be performed by conventional LC/UV, without pre- or
post-column derivatization and without a dedicated amino ac-
id analyzer (Johns et al. 2004). Accordingly, described here is
a method for the simultaneous quantification of both methio-
nine (Met) and cystine (Cys), accomplished by acid hydrolysis
with DTDPA, followed by LC/UV analysis of the acid digest,
which contains (free) Met and the cysteine/DTDPA mixed
disulfide (Cys-X, Fig. 1). Since tyrosine (Tyr) elutes in the
same chromatogram, Tyr has been included with the sulfur
amino acids in all applications of the method. The accuracy,
precision, linearity, selectivity, and limits of quantitation as-
sociated with the determinations of Met, Cys-X, and Tyr have
been assessed experimentally, as documented below. The
method provides for an accurate and precise determination
of Met, Cys, and Tyr in protein powders and in nutritional
products, and may be performed by conventional LC/UV
without pre- or post-column derivatization.

Experimental

Reagents and Materials

Analytical standard grade L-methionine (Met), L-cystine
(Cys), and L-tyrosine (Tyr) reference materials were obtained
from Sigma-Aldrich (St. Louis, MO, USA). 3,3’-

dithiodipropionic acid (DTDPA, [1119-62-6]), potassium
phosphate monobasic, and sodium hydroxide were also ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). 6-M hy-
drochloric acid (HCl), double distilled, catalog #504, was ob-
tained from GFS Chemicals (Columbus, OH, USA). HPLC
grade acetonitrile (ACN) was obtained from Honeywell
Burdick & Jackson (Muskegon, MI, USA). Intact and hydro-
lyzed protein powders (milk, whey, casein, soy, pea, fava
bean, brown rice, and almond) were obtained from commer-
cial protein suppliers. Nutritional products were obtained from
Abbott Nutrition, a division of Abbott Laboratories (Chicago,
IL, USA). The nutritional products (liquids and powders
reconstituted at standard dilution) generally comprised pro-
tein-based, shelf-stable, oil-in-water emulsions, containing
macronutrient levels as high as 25% (w/w) carbohydrate, 4%
(w/w) fat, and 9% (w/w) protein, and containing a variety of
vitamins (both water and oil soluble; A, B, C, D, E, and K),
minerals, other micronutrients, buffers, and flavoring agents.
The nutritional product carbohydrates included maltodextrin,
sucrose, and oligosaccharides; the fats included vegetable oils,
fish oils, and medium chain triglycerides; and the proteins
included milk, casein, whey, and soy.

HPLC Instrumentation and Column

Direct HPLC determinations of Met, Cys-X, and Tyr were
performed on an Agilent Model 1260 HPLC system
(Agilent Technologies, Wilmington, DE, USA) with an
Agilent model G4212B diode array detector. The system
was equipped with a YMC-Pack ODS-AQ analytical column
(5 μm, 4.6 × 250 mm, 120 Å, Waters Corporation, Milford,
MA, USA), maintained at 11 °C with a model G1316A
thermostatted column compartment (Agilent Technologies).
Step gradient elution of all analytes was achieved with mobile
phases composed of a 1000/25 (v/v) mixture of 0.05-M
KH2PO4, pH 2.9, and ACN (Mobile Phase A) and an 800/
200 (v/v) mixture of ACN and Milli-Q Plus water (Mobile
Phase B), with 0% B from 0 to 20 min, 100% B from 20 to
25 min, and 0% B from 25 to 45 min. The flow rate was 0.4
mL/min, the injection volume was 10 μL, the primary UV
detection wavelength was 214 nm, and the run time was 45
min. Each determination was calibrated with five reference
standard solutions, prepared as described below.

Preparation of Reference Standard Solutions

A reference standard stock solution (RSSS) was prepared by
(a) accurately weighing 13–15 mg of Met, 10–12 mg of Cys,
and 17–19 mg of Tyr into a tared 25-mL volumetric flask, (b)
adding 15–20 mL of 6-M HCl to the flask, (c) gently swirling
the flask until the amino acids are completely dissolved, (d)
bringing the flask to volume with 6-M HCl, (e) placing a
stopper in the flask, and (f) inverting the flask repeatedly to

Fig. 1 Molecular structure of the mixed disulfide Cys-X formed by the
reaction of cysteine with DTDPA
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thoroughly mix. A reference standard intermediate solution
(RSIS) was prepared by diluting 10.0 mL of RSSS to 50 mL
with 6-M HCl. Reference standard solutions A–E were pre-
pared by pipetting the specified volumes of the specified
solutions/reagents into individual 20-mL glass ampules
(Kimble P/N 12010 L 20):

Reference standard
solution

RSIS 6-M
HCl

DTDPA, 2.00% (w/v) in
0.2-M NaOH

A 2.00
mL

18.0
mL

1.00 mL

B 4.00
mL

16.0
mL

1.00 mL

C 6.00
mL

14.0
mL

1.00 mL

D 8.00
mL

12.0
mL

1.00 mL

E 10.0
mL

10.0
mL

1.00 mL

The molar ratio of DTDPA to Cys ranges from ~ 24:1 (in E) to ~ 140:1 (in
A)

Each ampule is then nitrogen-blanketed and flame-sealed,
and then placed in a 110 °C oven for 15 h. The ampules are
removed from the oven and allowed to cool to room temper-
ature (21 °C). From each ampule, a 2.00-mL aliquot is pipet-
ted into a 1-dram glass vial. Using a water bath (with temper-
ature ~ 60 °C) and a stream of compressed nitrogen gas, the
liquid in each vial is carefully evaporated just to dryness. The
vial residue is then resuspended by adding 2.00 mL of 0.1-M
HCl, capping the vial securely, and alternately shaking and
sonicating it for 60 s. The resuspended residue is then syringe
filtered through a 0.2-μm PTFE membrane into an HPLC
autosampler vial. The five vials obtained by this procedure
(reference standard solutions A–E) are used to calibrate each
HPLC determination of Met, Cys, and Tyr. The Met, Cys-X,
and Tyr concentrations in the standard solutions range from ~
70–400 μM, ~ 30–200 μM, and ~ 70–400 μM, respectively.
The vials may be stored frozen at − 20 °C between analyses,
taking care to completely redissolve any precipitate (by shak-
ing and sonication) prior to HPLC analysis.

Preparation of Proteins and Nutritional Products for
Determination of Met, Cys, and Tyr

Prepare an aqueous suspension of the protein powder by
diluting 1.00–3.00 g to 100.0 g with Milli-Q Plus water,
and stirring vigorously until a solution or homogeneous
suspension is attained. The solution/suspension should
contain a protein concentration in the range of 1.0 to
3.0%, w/w, and should contain an expected cystine con-
centration < 0.095%, w/w (< 0.95 g of total Cys per kg of
solution/suspension). Pipet 1.00 mL of protein solution/
suspension (while stirring if necessary) into a tared

20-mL glass ampule. Alternatively, pipet 1.00 mL of a
liquid nutritional product or a reconstituted nutritional
product powder, provided that it complies with the protein
concentration and the Cys concentration requirements (if
not, dilute accordingly with Milli-Q Plus water prior to
pipetting) into a tared 20-mL glass ampule. Pipet 20.0 mL
of 6-M HCl (redistilled, veritas) into the ampule. Pipet
1.00 mL of DTDPA solution, prepared at 2.00% (w/v)
in 0.2-M NaOH, into the ampule. Nitrogen-blanket and
flame-seal the ampule, and place the sealed ampule in a
110 °C oven for 24 h (note: for the determination of free
Cys, no more than 3 h at 110 °C is needed). Remove the
ampule from the oven, allow it to cool to room tempera-
ture, and filter the contents through Whatman No. 41 pa-
per. Pipet 2.00 mL of filtrate into a 1-dram vial. Using a
water bath (~ 60 °C) and a stream of compressed nitrogen
gas, carefully evaporate the liquid in the vial just to dry-
ness. Resuspend the vial residue in 2.00 mL of HPLC
Mobile Phase A, cap vial securely and use shaking and
sonication to completely dissolve the analytes. Syringe
filter the vial suspension through a 0.2-μm PTFE mem-
brane into an HPLC autosampler vial. Test the prepared
sample for Met, Cys-X, and Tyr (Fig. 2) by the HPLC
system described above, after calibration with reference
standard solutions A–E. It should be noted that the con-
tent of total protein in the protein powders and in the
nutritional products was not determined experimentally,
but was obtained from the manufacturer (i.e., from the
protein powder certificate of analysis or from the nutri-
tional product label). The protein content obtained in this
manner was used to express the measured Met, Cys, and
Tyr concentrations on a protein basis (e.g., x g of Met, y g
of Cys, and z g of Tyr per 100 g of protein).

Method Validation Experimentation

Experiments were performed to establish suitable method
parameters and to assess analyte linearity, precision, ac-
curacy, and selectivity. The required ratio of DTDPA to
Cys was established by measuring Cys spike recoveries
for a series of milk protein isolate preparations to which
increasing quantities of Cys (0, 4.89, 9.88, and 14.7 g of
Cys per 100 g of protein) had been added. The acid hy-
drolysis time required for quantitative Cys-X formation
was established by time study; i.e., by measuring the
Cys concentration in a milk protein concentrate at six time
points from 4 to 21 h (at 110 °C). The uniformity of the
Cys-X response over the calibration range was verified by
reference standard solution response factor (peak
area/concentration) comparison. The absence of a
DTDPA effect on Met and Tyr was verified by comparing
their concentrations in the absence and the presence of
DTDPA. Linear response was assessed as standard curve
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coefficient of determination for ten independent calibra-
tions, intermediate precision was assessed as day-to-day
RSD, accuracy was assessed by comparing experimental
analyte concentrations to published concentrations, and
analyte selectivity was assessed (as HPLC peak purity)
by comparing sample peak area ratios (254 nm/214 nm
for Cys-X; 280 nm/214 nm for Tyr) to reference standard
peak area ratios.

Results and Discussion

Method Validation

Based on the Cys spike recoveries plotted in Fig. 3, the
DTDPA to Cys ratio (molar) was specified at ≥ 24:1 (or ≥
21:1 on a w/w basis). Accordingly, since the amount of
DTDPA in the acid hydrolysis preparation is ~ 95 μmoles
(or ~ 20 mg), the amount of (total) Cys in the acid hydrolysis
preparation should not exceed 4 μmoles (or 0.95 mg). Based
on the Cys concentrations plotted (vs. time at 110 °C) in Fig.

4, the acid hydrolysis time was set at 24 h (the Cys concen-
tration determined at the 21-h time point matched the expected
milk protein concentrate Cys concentration). The validity of
the reference standard Cys concentration range was verified
by calculating the average Cys-X response factor (the ratio of
peak area as mAU-min to Cys concentration as mg/L) for the
five reference standard solutions: the average was 3.832 ±
0.072 mAU-min-L/mg (RSD = 1.9%; n = 5) and the range
was 3.760–3.929 mAU-min-L/mg. The corresponding values
for Met and Tyr were 11.84 ± 0.08 mAU-min-L/mg (RSD =
0.6%; n = 5) and 11.77–11.93 mAU-min-L/mg, and 10.25 ±
0.05 mAU-min-L/mg (RSD = 0.5%; n = 5) and 10.17–10.30
mAU-min-L/mg, respectively. The absence of a significant
DTDPA effect on Met and on Tyr was verified by comparing
their liquid nutritional product concentrations determined in
the absence of DTDPA (0.173 ± 0.001 g/100 g; n = 3, and
0.278 ± 0.009 g/100 g; n = 3, respectively) to their concentra-
tions determined in the presence of DTDPA (0.172 ± 0.001 g/
100 g; n = 3, and 0.272 ± 0.001 g/100 g; n = 3, respectively).

Standard curve linearity was evaluated as the coefficient of
determination (R2) and slope uniformity for ten standard

Fig. 2 LC/UV chromatogram of acid digested almond protein powder, showing the elution and detection at 214 nm ofMet (“M”), Cys-X (“C”), and Tyr
(“Y”)
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curves from analyses performed over a 20-week period; i.e.,
for 10 × 5-point plots of peak area vs. concentration. For Met,
R2 averaged 0.9992 ± 0.0020 (n = 10), with all values ≥ 0.994,
and slope averaged 11.87 ± 0.14 mAU-min-L/mg (n = 10),
with RSD = 1.2%. For Cys-X, R2 averaged 0.9994 ± 0.0004
(n = 10), with all values ≥ 0.999, and slope averaged 3.814 ±
0.092 mAU-min-L/mg (n = 10), with RSD = 2.4%. For Tyr,
R2 averaged 0.9999 ± 0.0003 (n = 10), with all values ≥ 0.999,
and slope averaged 10.35 ± 0.16 (n = 10), with RSD = 1.6%.
These values illustrate the strong positive correlation between
HPLC peak area and analyte concentration, and the calibration
consistency from analysis to analysis.

Method precision was characterized by an assessment of
within-day RSD and by an assessment of day-to-day RSD.
Within-day RSD was assessed by triplicate determination of
Met, Cys, and Tyr in a liquid nutritional product. The within-
day RSD values were 0.6% for Met (1.74 ± 0.01 g/kg; n = 3),
0.8% for Cys (0.952 ± 0.008 g/kg; n = 3), and 1.9% for Tyr
(2.68 ± 0.05 g/kg; n = 3). Day-to-day RSD was assessed by
testing, in triplicate, three milk protein concentrate (MPC)
powders on each of three days. The Met concentrations deter-
mined in the three powders, expressed as g per 100 g of pow-
der, averaged 2.40 ± 0.06, 2.37 ± 0.03, and 2.50 ± 0.04, so that
the day-to-day RSD values (n = 3 days) were 2.5%, 1.3%, and
1.6%, respectively. The Cys concentrations (also as g/100 g
powder) averaged 0.644 ± 0.016, 0.613 ± 0.016, and 0.658 ±
0.015, so that the day-to-day RSD values were 2.5%, 2.6%,
and 2.3%, respectively. The Tyr concentrations (also as g/100
g powder) averaged 4.55 ± 0.11, 4.44 ± 0.09, and 4.66 ± 0.06,
so that the day-to-day RSD values were 2.4%, 2.0%, and
1.3%, respectively. On the basis of these assessments, a day-
to-day variation of < 3% in the Met, Cys, and Tyr concentra-
tions would be expected.

Three assessments of method accuracy were performed. In
the first assessment, a 101% recovery of the free Cys added (at

4.89 g per 100 g of protein, or 700% of the unspiked Cys
concentration) to an MPC, for a DTDPA: Cys (molar) ratio of
22.9, was determined, thereby verifying the capacity of the
method to quantify free Cys (i.e., including Cys released from
protein by acid hydrolysis). In the second assessment, the Met,
Cys, and Tyr concentrations determined experimentally in three
MPC powders were compared with milk protein concentrations
(both measured and calculated) published in the Handbook of
Milk Composition (Williams et al. 1976; Swaisgood 1995). The
MPC Met concentrations determined by the present method
(2.89 ± 0.04 g/100 g protein; n = 3) were 111 ± 1% (n = 3) of
the published measured milk protein Met concentration, and
were 102 ± 1% (n = 3) of the published calculated milk protein
concentration. The MPC Cys concentrations determined by the
present method (0.760 ± 0.006 g/100 g protein; n = 3) were
95.0 ± 0.7% (n = 3) of the publishedmeasuredmilk protein Cys
concentration, and were 109 ± 1% (n = 3) of the published
calculated milk protein concentration. The MPC Tyr concen-
trations determined by the present method (5.42 ± 0.06 g/100 g
protein; n = 3) were 106 ± 1% (n = 3) of the publishedmeasured
milk protein Tyr concentration, and were 96.8 ± 1.1% (n = 3) of
the published calculated milk protein concentration.
Accordingly, by this assessment, the present method is capable
of measuring Met, Cys, and Tyr concentrations that are 102–
111%, 95–109%, and 97–106%, respectively, of the expected
concentrations. In the third assessment, the concentrations of
Met (2.22 g/100 g protein), Cys (2.45 g/100 g protein), and Tyr
(3.06 g/100 g protein) determined in a commercial whey pro-
tein hydrolysate (WPH) by the present method were compared
with the concentrations provided by the WPH manufacturer.
The method generated concentrations were 96.0%, 95.7%,
and 95.5%, respectively, of the concentrations reported by the
manufacturer. On the basis of these three assessments, it seems
reasonable to conclude that the present method enables esti-
mates of Met, Cys, and Tyr concentrations that are at least

Cys spike recovery vs. DTDPA: Cys ra�o

2520151050
91

93

95

97

99

101

103

y = 0.4299x + 91.082
R2 = 0.9944

DTDPA: Cys ra�o, molar

Re
co
ve
ry

of
ad
de

d
Cy
s,
%

Fig. 3 A plot of cystine spike
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quantitative recovery of the
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= 23/1
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within 11% (the largest difference between experimental and
published concentrations), and more likely within 5% (the larg-
est difference between independently performed experimental
concentrations), of the true concentrations.

Three experimental assessments of method selectivity were
performed. The absence of reference standard solution chro-
matographic interference (i.e., coelution withMet, Cys-X, and
Tyr) was verified by testing a reference standard solution re-
agent blank prepared without an aliquot of the RSIS. In the
second assessment, aliquots of a liquid nutritional product
prepared for analysis with DTDPA and without DTDPA were
tested for Cys-X. The Cys results were 0.0945 ± 0.0006 g/100
g, n = 3 (with DTDPA) and 0.002 ± 0.001 g/100 g, n = 3
(without DTDPA), showing a minimal but measurable posi-
tive bias (0.002/0.0945 = 2%) from a chromatographic inter-
ference (present in the preparation without DTDPA). Finally,
assessments of Cys-X and Tyr peak purity were performed by
comparing MPC peak area ratios—254 nm/214 nm for Cys-X
and 280 nm/214 nm for Tyr—with the corresponding refer-
ence standard peak area ratios (i.e., the ratio averages for the
five reference standard solutions). The MPC Cys-X ratios
were 99.0 ± 2.6% (n = 3) of the reference standard Cys-X
ratio, and the MPC Tyr ratios were 99.4 ± 0.4% (n = 3) of
the reference standard Tyr ratio. Met peak purity could not be
assessed in this manner because a suitable second wavelength
was not available. These assessments, taken together with the
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Fig. 4 An acid hydrolysis time
study: a plot of the cystine
concentration (as g /100 g) deter-
mined in a milk protein concen-
trate (MPC) vs. acid hydrolysis
(6-MHCl, 110 °C) time (in hours)

Table 2 Met, Cys, and Tyr concentrations, as g/100 g protein, in nutri-
tional products

Product Met Cys Tyr Met + Cys Met/Cys, w/w

A 2.22 2.34 3.15 4.56 0.95

B 2.21 1.96 2.90 4.17 1.13

C 2.80 1.78 6.23 4.58 1.57

D 2.19 2.70 3.38 4.89 0.81

E 2.72 1.93 4.44 4.65 1.41

F 2.55 1.40 3.93 3.95 1.82

Table 1 Met, Cys, and Tyr concentrations, as g/100 g protein, in protein
powders

Protein powder Met Cys Tyr Met + Cys Met/Cys, w/w

WPC lot 1 2.43 2.41 3.04 4.84 1.01
WPC lot 2 2.38 2.72 3.24 5.10 0.88
WPC lot 3 2.34 2.68 3.16 5.02 0.87
WPH 1 2.22 2.45 3.06 4.67 0.91
WPH 2 2.45 2.79 3.74 5.24 0.88
WPH 3 2.55 2.48 2.64 5.03 1.03
WPH 4 1.88 1.99 2.49 3.87 0.94
WPH 5 2.79 2.18 2.75 4.97 1.28
WPH 6 2.09 1.96 2.38 4.05 1.07
WPH 7 2.39 2.35 2.99 4.74 1.02
WPH 8 2.59 2.86 3.86 5.45 0.91
WPH 9 2.31 2.24 2.95 4.55 1.03
BRPH 2.73 1.82 5.91 4.55 1.50
MPC 1 2.86 0.767 5.42 3.62 3.73
MPC 2 2.87 0.756 5.36 3.63 3.80
MPC 3 2.93 0.757 5.48 3.68 3.87
CPH lot 1 2.72 0.323 2.69 3.05 8.42
CPH lot 2 2.78 0.322 2.80 3.10 8.63
CPH lot 3 2.70 0.304 2.64 3.00 8.88
SPI 1 1.31 1.11 4.31 2.42 1.18
SPI 2 1.31 1.15 4.28 2.46 1.14
PPC 1 0.93 0.75 4.01 1.68 1.24
PPC 2 1.03 0.92 4.29 1.95 1.12
APC 0.84 1.36 3.46 2.20 0.62
FBPC 1 0.86 0.85 4.11 1.71 1.01
FBPC 2 0.80 0.78 3.77 1.58 1.03

WPC whey protein concentrate, WPH whey protein hydrolysate, RPH
brown rice protein hydrolysate, MPC milk protein concentrate, CPH
casein protein hydrolysate, SPI soy protein isolate, PPC pea protein con-
centrate, APC almond protein concentrate, and FBPC fava bean protein
concentrate
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accuracy assessments, indicated that the method offered a
high level of analyte selectivity.

The limits of Met, Cys, and Tyr quantitation for a pro-
tein powder suspended at 2.00% (w/w) in water were ex-
perimentally determined (S/N = 10) to be 25, 50, and

25 mg per 100 g, respectively. These limits are significant-
ly lower than the Met, Cys, and Tyr concentrations in
nearly all protein powders, so that the method would ap-
pear to have broad applicability to both milk-derived and
plant-derived protein powders.

AP
C
WP
C 3

WP
H 2
WP
C 2

WP
H 1

WP
H 8

WP
H 4
WP
C 1

FB
PC
1

WP
H 7

FB
PC
2

WP
H 9

WP
H 3

WP
H 6

PP
C 2 SP

I 2
SP
I 1
PP
C 1

WP
H 5 RP

H
MP
C 1
MP
C 2
MP
C 3

CP
H 1

CP
H 2

CP
H 3

0

1

2

3

4

5

6

7

8

9

10

M
et
/C
ys
,w

/w

Fig. 6 A chart showing the range of Met/Cys (w/w) ratios (0.62 to 8.88)
in twenty-six milk-derived and plant-derived protein powders. WPC =
whey protein concentrate, WPH = whey protein hydrolysate, RPH =
brown rice protein hydrolysate, MPC = milk protein concentrate, CPH

= casein protein hydrolysate, SPI = soy protein isolate, PPC = pea protein
concentrate, APC = almond protein concentrate, and FBPC = fava bean
protein concentrate

FB
PC
2
PP
C 1

FB
PC
1
PP
C 2 AP

C
SP
I 1

SP
I 2
CP
H 3

CP
H 1

CP
H 2

MP
C 1
MP
C 2
MP
C 3

WP
H 4

WP
H 6

WP
H 9 RP

H
WP
H 1

WP
H 7
WP
C 1
WP
C 5
WP
C 3

WP
H 3
WP
C 2

WP
H 2

WP
H 8

0

1

2

3

4

5

6

M
et

+
Cy
s,
g/
10
0
g
pr
ot
ei
n

Fig. 5 A chart showing the range of sulfur amino acid concentrations
(1.58 to 5.45 g/100 g protein) in twenty-six milk-derived and plant-
derived protein powders.WPC =whey protein concentrate,WPH=whey
protein hydrolysate, RPH = brown rice protein hydrolysate, MPC = milk

protein concentrate, CPH = casein protein hydrolysate, SPI = soy protein
isolate, PPC = pea protein concentrate, APC = almond protein concen-
trate, and FBPC = fava bean protein concentrate
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Method Application to Protein Powders and
Nutritional Products

The method was applied to a total of twenty-six milk-derived
(from milk, whey, and casein) and plant-derived (from al-
mond, brown rice, fava bean, pea, and soy) protein powders.
The measured Met, Cys, and Tyr concentrations, along with
the sulfur amino acid totals (Met + Cys) and the Met/Cys
ratios (w/w), are shown in Table 1. The range of total sulfur
amino acid concentrations (1.58 to 5.45 g/100 g protein) is
illustrated in Fig. 5, and the range of Met/Cys ratios (0.62 to
8.88) is illustrated in Fig. 6. Not surprisingly, the lower con-
centrations of total sulfur amino acids (< 3 g/100 g protein)
were found in the plant-derived protein powders (the brown
rice protein hydrolysate, with total sulfur amino acids = 4.55
g/100 g protein, was the lone exception in this regard, among
the plant-derived proteins). The method was also applied to
six nutritional products, and the results of this testing is shown
in Table 2. Among the nutritional products, the total sulfur
amino acid concentrations ranged from 3.95 to 4.89 g/100 g
protein, and the Met/Cys ratios ranged from 0.81 to 1.82.

Conclusion

Described here is an LC/UV method for the determination of
the sulfur amino acids (Met and Cys) in protein powders and
in nutritional products. Since Tyr elutes in the same chromato-
gram, it was included as a method analyte. Experimental as-
sessments of method linearity (the average R2 was > 0.999,
and slope day-to-day RSD was < 3% [n = 10 days], for all
three analytes), precision (day-to-day RSD was < 2%, n = 3,
and day-to-day RSD was <3%, n = 3 days, for all three
analytes), and accuracy (Cys spike recovery = 101%; method
measured MPC Met, Cys, and Tyr concentrations were 95 to
111% of published [both experimental and calculated] milk
protein concentrations; and measured Met, Cys, and Tyr con-
centrations were 95–96% of manufacturer-supplied concen-
trations) were performed. Analyte selectivity was evaluated
by reagent blank analyses and by peak purity (UV detection
peak area ratio vs. reference standard solution, for Cys-X and
for Tyr); no more than minimal positive bias (≤ 2%) was
found. The limits of Met, Cys, and Tyr quantitation were 25,
50, and 25 mg per 100 g of protein powder, respectively.
Although the method is limited to the quantification of only
three amino acids (Met, Cys, and Tyr), its simultaneous deter-
mination of both sulfur amino acids (Met and Cys) comprises
a capability that is especially valuable for compositional as-
sessments of plant proteins (wherein sulfur amino acids are
often the limiting indispensable amino acids). The method
provides for a reliable quantification of both sulfur amino
acids in protein powders and in nutritional products, without
requiring derivatization of the acid hydrolysis-released amino

acids and without requiring a specialized/dedicated amino ac-
id analyzer; i.e., the determinations are performed on a con-
ventional LC equipped with a UV detector.
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