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ABSTRACT

Protein content in foods has historically been estimated by multiplying measured nitrogen content
with a universal nitrogen-to-protein conversion factor (NCF) of 6.25. Despite scientific consensus
that this approach leads to systematic overestimations due to variations in amino acid composition
and non-protein nitrogen (NPN) content, no universally accepted revision has been implemented.
This review critically examines diverse perspectives on protein quantification and their implications
for Food Composition Databases (FCDBs). A structured definition of protein for FCDBs is proposed,
including amino acid residues, free amino acids and small peptides, while explicitly excluding NPN
and prosthetic groups. Furthermore, analytical methods and NCF calculations are evaluated in order
to provide more accurate assessments of protein content across a range of food matrices. The
review highlights the importance of selecting food-specific NCFs to reduce overestimations, ensuring
both scientific accuracy and practical feasibility. By addressing methodological shortcomings and
proposing a refined protein quantification framework, this work aims to facilitate the transition
toward more precise and harmonized protein values in FCDBs, benefiting nutritional research,
dietary guidelines, and food labeling regulations.
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1. History and background contributes to measured nitrogen without impacting protein
content (Mariotti, Tomé, and Mirand 2008). Moreover, amino
acids have varying numbers of nitrogen atoms in side chains,
causing the nitrogen content of proteins to range between

13% and 19%, depending on amino acid composition

The term protein was first introduced by Gerrit Jan Mulder
in 1838, following a suggestion from the Swedish chemist
Jons Jacob Berzelius (S6derbaum 1916). Mulder initially

determined protein content in food by measuring nitrogen,
laying the foundation for future protein quantification meth-
ods (Mulder 1838, 1839). Later, many analytical methods to
determine protein content in food and feed appeared. For
decades, however, protein content has been primarily deter-
mined indirectly by measuring nitrogen content and using
nitrogen conversion factors (NCF). Despite evolving analyti-
cal methods, the nitrogen measurement method developed
by Johan Kjeldahl in 1883 (Kjeldahl 1883) remains widely
used for protein determination.

Initially, a universal NCF of 6.25, based on Mulder's work,
was used assuming that (1) proteins generally contain about
16% nitrogen and (2) all nitrogen in food is from proteins.
However, many studies have shown these assumptions to be
erroneous due to non-protein nitrogen (NPN) in foods, which

(Sdez-Plaza et al. 2013).

Despite these findings, and early discussions about the
erroneous calculation of the protein content (Jones 1941),
the NCF 6.25 is still widely used in food legislation, regula-
tion, trade, economy, agriculture and science, as well as
many food composition databases (FCDBs), leading to a sig-
nificant overestimation of dietary protein content depending
on the food group (Evers et al. 2016; Hayes 2020; Maehre
et al. 2018; Biancarosa et al. 2017). The continued use of
6.25 is partly due to the lack of standardized direct protein
determination methods and the resource-intensive nature of
other methods, such as amino acid analysis.

There is a recent trend toward plant-based diets and a
growing emphasis on climate-friendly food options. As new
protein sources such as seaweed, insects and legume-based
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meat analogs are introduced to meet this demand, the need
for accurate protein data in general has increased.
Standardizing protein determination is necessary to obtain
accurate protein content values for foods, enabling the revi-
sion of protein data in FCDBs. This requires specifying pro-
tein components as well as reaching a consensus on their
relevance to human nutrition.

Within the framework of EuroFIR AISBL (European Food
Information Resource, Association internationale sans but
lucratif), the protein component was re-assessed from the
perspective of FCDB compilers and users, laying the ground-
work for further investigation including the revision of
FCDB protein data. EuroFIR is a nonprofit organization
dedicated to promoting harmonization and correct use of
high-quality nutrient data in Europe and beyond. It brings
together food composition experts and FCDB compilers and
users to create comprehensive food information resources
(Durazzo et al. 2022).

In this review, we aim to establish a common under-
standing and terminology for protein specification, which
will enhance the accuracy of protein data interpretation.
This, in turn, will result in more precise responses to inqui-
ries from stakeholders in nutrition research, the food indus-
try, regulatory affairs, and sustainability.

2. Current perspectives on protein

Past attempts to define protein and its content in foods have
often been tailored to specific scientific fields and based
more on analytical methods than on biochemical structure
and nutritional relevance (Moore et al. 2010). The different
perspectives from various disciplines are briefly outlined
below, followed by the definition of protein for FCDB (see
section 3) with reference to the perspectives (Figure 1).

2.1. The chemical perspective of protein

Proteins are made of L-a-amino acids linked by peptide
bonds. All amino acids contain a carboxyl and an amino
group at the a-carbon atom, with variations occurring in the
side chains including the nitrogen content. For example,
proteins rich in the amino acids glutamine, asparagine, argi-
nine, and lysine have higher nitrogen contents compared to
proteins containing mostly other proteinogenic amino acids
(Heinrich et al. 2022).

Peptide chains with several to many amino acids are
called oligopeptides or polypeptides, while longer chains or
molecules with multiple chains are referred to as proteins
(Lopez and Mohiuddin 2024; Gaflimann 2006). Proteins have

Figure 1. Overview of different perspectives on protein, including legal standards, biochemical, and chemical definitions, and the proposed revised definition for
Food Composition Databases (FCDBs). Perspectives currently used in most FCDBs (e.g., crude protein calculation as Nx6.25) are indicated, alongside the proposed
refinements, which account for amino acid residues, free amino acids, and small peptides while excluding non-protein nitrogen (NPN) and prosthetic groups. AA:

amino acids; N: nitrogen, NPN: non-protein nitrogen.

Currently used in most Food Composition Databases (FCDBs), relying on crude protein (N x 6.25) without differentiation of NPN content.
bProposed refinement for FCDBs, incorporating free amino acids and small peptides while excluding NPN and prosthetic groups.
‘Legal and regulatory definitions continue to use crude protein calculations; however, updated nitrogen-to-protein conversion factors (NCFs) are recommended for more accurate protein

content assessment.



a primary sequence and secondary, tertiary, and often qua-
ternary structures. The tertiary structure, or three-dimensional
(3D) shape, is crucial to biological function (Gafimann 2006;
Sanvictores and Farci 2022).

Originally, 20 amino acids were known to be proteino-
genic, meaning they are incorporated into proteins during
protein synthesis in living organisms. These amino acids are
categorized as indispensable (IAA; formerly essential) and
dispensable (DAA; formerly non-essential) amino acids. IAA
must be obtained from the diet, since humans cannot syn-
thesize them (Voet and Voet 2010; Heinrich et al. 2022).
There is ongoing debate about whether cysteine and tyrosine
can partially replace the JAA methionine and phenylalanine
in humans (FAO 2013).

2.2. The biochemical perspective of protein

From a biochemical perspective, proteins are large, complex
molecules made of amino acids linked by peptide bonds into
polypeptide chains. These chains fold into specific 3D struc-
tures that determine function (Wu 2013).

Proteins (except for pathophysiological variants) are
essential macromolecules with critical roles in living organ-
isms. They form enzymes, enabling key metabolic processes
such as digestion, molecule synthesis, cell regulation, and
structural functions in muscles and skin (San Gabriel and
Uneyama 2013). In addition, proteins often contain pros-
thetic groups - non-amino acid components that are essen-
tial for their function. These groups help regulate catalytic
activity and contribute to structural integrity, solubility, and
electrostatic properties.

Dietary proteins are complex macromolecules from ani-
mal or plant sources that provide amino acids for the human
body. After ingestion, proteins undergo metabolism, starting
with digestion in the stomach and small intestine. In the
stomach, proteins undergo denaturation by hydrochloric
acid, and the enzyme pepsin breaks down proteins into
smaller peptides. In the small intestine, pancreatic enzymes,
such as trypsin and chymotrypsin, further degrade these
peptides into shorter chains and individual amino acids.
These breakdown products are absorbed through the intesti-
nal wall into the bloodstream and then transported to tis-
sues and organs (Moughan 2016). Amino acids serve as
building blocks for protein synthesis, enabling growth, repair,
and maintenance of body tissues. In addition to their role in
protein formation, some amino acids are converted into hor-
mones (e.g., T3, T4, melatonin) or neurotransmitters (e.g.,
adrenaline, noradrenaline, dopamine). Excess amino acids
can also be utilized for energy production or converted into
other molecules (FAO, WHO, and UNU 2007).

2.3. Protein from the perspective of legal standards and
official guidelines

While chemical and biochemical aspects of protein are
well understood, many authoritative documents focus pri-
marily on protein determination methods for purposes
like nutrition labeling. As a result, protein is often
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described as the nitrogen content of food multiplied by
the NCF 6.25, and commonly referred to as crude protein
(see Table 1).

Exclusive reliance on nitrogen content to describe protein
content in legal standards and official guidelines without
accounting for NPN and key chemical and biochemical
insights is understandable, but concerning. It is significant
because legal documents influence the global use and inter-
pretation of protein content across regulatory, science, and
food industry sectors.

3. The FCDB perspective of protein as a nutrient

There is still confusion among users about interpreting pro-
tein content from reference works like FCDBs and its impli-
cations. While proteins are generally understood as
polypeptide chains in chemical and biochemical contexts,
FCDBs often focus on crude protein, which conflicts with
this understanding. When describing protein as a nutrient in
FCDBs, it is crucial to contemplate its role and applications
to ensure clear and consistent use of the term ‘protein’ for
both compilers and users.

3.1. The role of protein in FCDBs

FCDBs provide comprehensive information on food com-
position, mainly focusing on nutrients but also including
other bioactive molecules and contaminants (Greenfield
and Southgate 2003). They are essential for nutritionists,
dietitians, researchers, and food industry professionals, and
have a crucial role in dietary assessment, nutritional
research, food labeling, and the development of dietary
guidelines and public health policies. Among the various
components, protein content is specifically measured for
labeling, regulatory compliance, economic valuation, and
quality control of protein-rich foods (Sdez-Plaza et al. 2013;
Moore et al. 2010).

The term ‘protein’ can be ambiguous due to its various
uses. If the purpose is to simply describe the nitrogen con-
tent in food, a general NCF can persist. When focusing on
the provision of dietary amino acids, the protein component
must reflect amino acid composition using specific amino
acid data or updated NCFs (Mariotti, Tomé, and Mirand
2008; Moore et al. 2010). Nutritionally, the main role of pro-
tein is to supply essential amino acids and nitrogen, with
biochemical traits being secondary (Moore et al. 2010;
Morgan et al. 2023).

3.2. Characteristics of protein in FCDBs

With the above-mentioned role of protein in mind, protein
as a nutrient in FCDBs can be further characterized.

3.2.1. Free amino acids and smaller peptides

Although the chemical and biochemical understanding of
proteins exclude free amino acids and smaller peptides, there
is an ongoing debate about their inclusion in the protein
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Table 1. Summary of current authoritative protein descriptions.

Authoritative document

Description

Reference

Code of Federal Regulations on
Food Labeling in the US

EFSA NDA Panel

FAO Food and Nutrition Paper 77:
Food energy - methods of
analysis and conversion factors

Guidelines on Nutrition Labeling
(rev 2021)

National Food Safety Standard of
the PR.C.: General Rules for
Nutrition Labeling of
Prepackaged Foods (GB28050)
in China

Regulation (EU) No 1169/2011

Resolucdo — RDC in Brazil

“Protein content may be calculated on the basis of the factor 6.25 times the nitrogen
content of the food as determined by the appropriate method of analysis as given
in the Official Methods of Analysis of the AOAC International, except when official
AOAC procedures described in this paragraph (c) (7) require a specific factor other
than 6.25, that specific factor shall be used”

“Proteins are built from amino acids joined together by peptide bonds [...] Twenty of
the naturally occurring amino acids are so-called proteinogenic amino acids which
build proteins in living organisms. [...] A conversion factor of 6.25 is usually used
for the conversion of nitrogen to protein for labeling purposes, assessment of
protein intake, and for protein reference values. Total N x 6.25 is called crude
protein and [total minus non-protein-N] x 6.25 is called true protein... In this
opinion, unless specifically mentioned, ‘protein’ is total N x 6.25 and protein
requirements are calculated from nitrogen content”

“Proteins are large molecules made of amino acids.”

[Analytical methods:] “Preferred: Protein is best measured as the sum of individual
amino acid residues. Acceptable: Until values for protein based on amino acid
analyses are generally available, protein based on total nitrogen (N) by Kjeldahl (or
comparable method) x a factor is acceptable.”

“3.3.2 Calculation of protein: The amount of protein to be listed should be calculated
using the formula: Protein =Total Kjeldahl Nitrogen x 6.25 unless a different factor is
given in a Codex standard or in the Codex method of analysis for that food.”

“2.5.1 Protein: Nitrogen-containing organic compounds in food, with amino acids as
the basic unit. The protein content in food can be determined by multiplying the
total nitrogen content by the protein conversion coefficient, or the sum of the
amino acid content in the food”

“Protein means the protein content calculated using the formula: protein=total
Kjeldahl nitrogen x 6.25"

The definition was identical to that in the now-repealed Council Directive 90/496/EEC
of 24 September 1990 on nutrition labeling for foodstuffs

“2.8. Proteins are polymers of amino acids or compounds containing polymers of

Code of Federal Regulations
(2024)

EFSA Panel on Dietetic Products
Nutrition and Allergies (2012)

FAO (2003)

FAO and WHO (1985)

Ministry of Health of the PRC
(2021)

Official Journal of the European
Union (2011)

Agéncia Nacional de Vigilancia

amino acids”

Sanitaria (2003)

component due to their role in the human body (FAO and
WHO 2019).

Nutritionally, free amino acids and smaller peptides
should be considered part of the protein definition, as
they deliver amino acids to the body (Greenfield and
Southgate 2003; Sosulski and Imafidon 1990; Moore et al.
2010; Mariotti, Tomé, and Mirand 2008; Misra 2001).
Recent studies suggest that free (indispensable) amino
acids, such as those used in food fortification, might
enhance plasma amino acid concentrations and stimulate
muscle protein synthesis more effectively than the same
amount delivered as intact proteins (Ferrando et al. 2023;
Weijzen et al. 2022).

While in the average diet free amino acids contribute less
to total protein intake compared with intact protein, they are
still valuable for protein synthesis and other metabolic pro-
cesses. They can be particularly important in situations
where protein digestion or absorption is impaired (Tomé
2022; Churchward-Venne et al. 2013).

3.2.2. Non-protein nitrogen (NPN) components

Total nitrogen in food includes both protein nitrogen and
NPN, which are both measured by standard methods such
as Kjeldahl or Dumas. When the measured nitrogen content
is multiplied by an NCF of 6.25, the true protein content is
therefore overestimated. NPN concentrations vary widely
depending on food type, production process, and protein
purification rate (Mariotti, Tomé, and Mirand 2008), causing
significant error in standard analyses of food protein content

(Mossé 1990; Mariotti, Tomé, and Mirand 2008; WHO and
FAO 2019; Jones 1941; Periago et al. 1996). NPN is espe-
cially high in plant-based foods (Maubois and Lorient 2016;
Periago et al. 1996; Imafidon and Sosulski 1990), but also
significant in fish and meat products (Salo-Vdandnen and
Koivistoinen 1996) (see Supplementary Table S1 for exam-
ples of NPN amounts in different food items).

The most common NPN compounds include non-proteinogenic
amino acids, nitrate/nitrite, ammonia and ammonium com-
pounds, creatine/creatinine, nucleotide bases, vitamins, alkaloids,
amines, phospholipids, and nitrogenous glycosides. Most of these
compounds are not a-amino acids, but some publications include
free amino acids and smaller peptides in the definition of NPN
(Maubois and Lorient 2016; Imafidon and Sosulski 1990; Sosulski
and Imafidon 1990).

Non-proteinogenic amino acids can also occur in pro-
teins. For example, 4-hydroxyproline, found in connective
tissues like collagen, is not directly incorporated into pro-
teins during translation and is, instead, formed through
post-translational modification of proline (Hu, He, and Wu
2022). Despite its potential role in metabolism, collagen syn-
thesis, and antioxidant activity, it is not a standard proteino-
genic amino acid (Hu, He, and Wu 2022; Wu et al. 2011)
and, therefore, should be excluded from the protein defini-
tion until further research proves otherwise.

There are other non-proteinogenic amino acids found in
protein, but to a much lesser extent. For example, selenocys-
teine naturally occurs in certain enzymes, the abundance of
which in food is very low (Johansson, Gafvelin, and Arnér
2005). The same is true for pyrrolysine, which can be found
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in enzymes involved in methanogenesis and archaea but is
not commonly found in food proteins (Brugere et al. 2018).
y-aminobutyric acid (GABA) is a non-proteinogenic amino
acid and common neurotransmitter in the central nervous
system, but not typically found in proteins either (Ramos-Ruiz,
Martinez, and Knauf-Beiter 2019). In contrast, certain other
amino acids can occasionally be present in food proteins. For
example, norleucine and norvaline (analogs of leucine and
valine) can accidentally be incorporated into proteins during
translation (Anderhuber et al. 2016). B-amino acids occur
naturally only in bacteria and invertebrates (Lelais and
Seebach 2004), while hydroxylysine, similar to 4-hydroxyproline,
is found in collagen, but less frequently (Myllyharju 2005).
However, due to their rare occurrence and lack of routine
analysis, these amino acids should not be considered part of
the protein component.

During food processing, particularly under heat (e.g., protein
extrusion) and alkaline conditions, various process-induced
non-proteinogenic amino acids, such as lysinoalanine (LAL),
methionine-sulfone, carboxymethyl-lysine, furosine, and D-amino
acids can form (Schweiggert-Weisz et al. 2024). LAL is a cross-link
product formed from lysine-residues and dehydroalanine through
the Maillard reaction (McKerchar et al. 2023), while D-amino
acids result from the racemization of L-amino acids during pep-
tide bond cleavage at high temperatures (Friedman 1999).
Although these process-induced non-proteinogenic amino acids
are present in low concentrations and therefore do not constitute
part of the protein component, they can decrease protein digest-
ibility and bioavailability in terms of protein quality (Meade, Reid,
and Gerrard 2005), which is covered in section 6.4.

3.2.3. Prosthetic groups

A prosthetic group is a non-amino acid moiety tightly bound
to a protein, often covalently, in a heteroprotein or conju-
gated protein. These groups have an important role in
enzyme catalysis, act as cofactors or coenzymes, serve as
electron carriers, or help maintain protein structure. A pro-
tein without its prosthetic group is called an apoprotein,
while one with its prosthetic group is called a holoprotein or
heteroprotein. As explained in section 2.2, prosthetic groups
are essential for biological function, as apoproteins cannot
perform their role without them (Maubois and Lorient 2016;
Evers et al. 2016).

From a nutritional standpoint, prosthetic groups do not
contribute to the definition of dietary protein since they do
not provide amino acids. The dairy industry advocates for
including prosthetic groups in protein, resulting in higher
NCFs compared with excluding them (Krul 2019).

Analytical determination of prosthetic groups for every
food item is not feasible, and extensive knowledge about
prosthetic groups is only available for a few foods, such as
dairy proteins and milk (Maubois and Lorient 2016; FAO
and WHO 2019). As prosthetic groups increase the mass of
isolated protein in analytical measurements of food protein
content, their weights must be considered in protein determi-
nation methods and calculation of conversion factors (FAO
and WHO 2019).
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Summary section 3 (see also Figure 1):

»  From a nutritional perspective, free amino acids and smaller
peptides should be included in the protein component for FCDBs.
NPN should not be considered part of protein as a nutrient,
provided that small peptides and free proteinogenic amino acids are
classified under the protein fraction, not the NPN fraction.

Other amino acids found in protein structures (e.g. 4-hydroxyproline,
selenocysteine, pyrrolysine, GABA, norleucine/norvaline, hydroxylysine)
should not be part of the protein component.

Prosthetic groups are not a direct part of the protein component.
The presence of prosthetic groups might be considered in NCF
calculation, depending on the chosen type of NCF (see 5.2).

4. Analytical methods for protein determination

Various methods exist to determine protein content in foods,
each with different principles, methodologies, advantages,
and disadvantages (Table 2). The selection of an analytical
method typically depends on criteria such as ease of use,
accuracy, cost-effectiveness, and the alignment of the mea-
sured variable with the intended purpose. These methods
focus on different aspects of protein structure, making the
choice highly dependent on the target application (Chang
2017). Therefore, evaluating the suitability of the methodol-
ogies for protein quantification is essential for understanding
protein in FCDB.

The most accurate method for assessing protein content
regarding the FCDB definition of protein is amino acid anal-
ysis, which aligns with the nutritional role of protein to deliver
essential amino acids and peptides. Other approaches, such as
the Biuret method, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and near-infrared (NIR) spec-
troscopy, focus on peptide bonds, specific side chains, or
molecular vibrations. Quantification via these methods
depends on amino acid composition, especially when stan-
dards like bovine serum albumin (BSA) or casein differ from
the investigated food matrix (Kamizake et al. 2003). In nitro-
gen determination, using specific NCFs can account for differ-
ences in amino acid composition across different food
matrices, ensuring more accurate protein quantification
(Séez-Plaza et al. 2013).

The preferred methods to determine protein content of
foods for use in FCDBs, which align with FAO recommen-
dations for protein analysis (Maclean et al. 2003), are:

1. Direct analysis of amino acids
Determination based on total (organically bound)
nitrogen by Kjeldahl or Dumas methods, provided
that suitable nitrogen-to-protein conversion factors
are available for specific food matrices.

Secondary methods like NIR should only be used if cal-
ibrated with the preferred methods (Moore et al. 2010;
Chang 2017; Lynch and Barbano 1999). Newer biochemical
methods like enzyme-linked immunosorbent assay (ELISA),
liquid chromatography-mass spectrometry (LC-MS), or
capillary electrophoresis might selectively measure protein
content, but they have not been thoroughly tested for rou-
tine application in different food matrices (Moore
et al. 2010).
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Table 2. Overview of available analytical methods for protein determination in foods.

Method Principle

Measured protein functionality

Advantages/disadvantages References

Amino acid analysis Hydrolysis of the protein and
quantification of amino

acids by chromatography

Kjeldahl method Acid digestion of the food
sample to convert all
organically bound nitrogen
into ammonia which is then

quantified titrimetrically

Dumas method Combustion of the sample to
convert all available

nitrogen into nitrogen gas

sample

Bradford assay Binding of Coomassie brilliant

blue dye to proteins

Biuret method Biuret reagent reacts with
peptide bonds in proteins

leading to a color change

Lowry method Reaction of the protein with
copper under alkaline
conditions followed by
reaction with Folin Ciocalteu
reagent resulting in a blue

complex

Measurement of the NIR
absorption by the sample.
Resulting fingerprint pattern

Near infrared
spectroscopy (NIR)

Direct determination of amino acids
as building blocks of protein

Occurrence of organically bound
nitrogen in the sample

Occurrence of total nitrogen in the

Dye binds non-covalently to the
carboxyl and amino groups of
the protein — interaction of the
dye and proteins

Reaction between the peptide bond
and copper(ll)-ions; especially by
reducing amino acids like
cysteine or tyrosine residues —
measurements of peptides

Reaction between the peptide bond
and copper(ll)-ions; especially by
reducing amino acids like
cysteine or tyrosine residues —
proportions of the amino acids
responsible for the effect
influence the effect intensity

Different overtones and combination
vibrations of functional groups in
molecules produce signals in the
NIR; after calibration, the signals

Rutherfurd and Dunn
(2011); Otter (2012)

+ direct determination of true
protein

- time-consuming and expensive;
underestimation due to poor
recovery in hydrolysis

+ easy to use; standardized and
therefore comparable between
laboratories

- not specific and prone to
overestimation due to other
nitrogenous compounds in the
sample

+ fast; no chemicals involved

- not specific and prone to
overestimation due to other
nitrogenous compounds in the
sample

+ less prone to interferences than
Biuret/Lowry

- reaction varies with AA
composition; small peptides
and free AA are not detected

+ simple method

- unspecific reaction, two major
modifications available (Lowry
and BCA assay), prone to

Kjeldahl (1883);
Saez-Plaza et al.
(2013)

Dumas (1831)

Bradford (1976);
Kamizake et al.
(2003)

Torten and Whitaker
(1964); Kamizake
et al. (2003)

interferences
+ more sensitive than Biuret Hartree (1972); Lowry
method et al. (1951)

- time consuming, prone to
interferences, more suitable for
clinical samples; food matrices
require extensive sample
preparation

+ nondestructive; fast; for routine
analysis

- needs elaborate calibration for
each food matrix

Kays, Barton, and
Windham (2000);
Ingle et al. (2016)

can be used for protein

quantification
Sodium dodecyl
sulfate-polyacrylamide
gel electrophoresis
(SDS-PAGE)

After electrophoresis which
separates proteins by their
mass, the proteins are
visualized (with or without
dyes). Intensity of
visualization corresponds to
the quantity of protein

Visualization uses different
functionalities in the protein
entity, e.g.,, Coomassie brilliant
blue attaches to the basic side
chains of the amino acids —
proportions of the amino acids
responsible for the effect

Holzmiiller and Kulozik
(2016)

+ good combination with
information about protein
fractions

- only semi-quantitative;
time-consuming; different
effects of proteins

influence the effect intensity

AA, amino acids; BCA, bicinchoninic acid.

Summary section 3:

» Direct analysis of amino acids should be the preferred analytical
method for protein determination

-« Alternatively, total (organically bound) nitrogen by Kjeldahl or
Dumas methods can be analyzed to determine protein content,
provided suitable NCFs are available for the specific food matrices.

5. Protein calculation

The preferred analytical methods do not deliver protein con-
tent of a sample directly: protein quantity must be calculated
based on the measured parameter. The choice of the calcu-
lation method is crucial.

5.1. Calculation of protein from amino acid data

Two approaches exist for using amino acid analysis in the
calculation of protein content. The first considers each
amino acid as a whole and sums amino acid masses into
protein according to Yeoh and Truong (1996):

Prot {

8-> AA| 2
100g | =77 100g

It should be noted that this approach does not consider
water introduced during hydrolysis and, therefore, overesti-
mates protein content. Thus, accurate protein calculations
from amino acid data must use amino acid residues, not the
total mass of the amino acids, to avoid overestimating pro-
tein content, especially in longer polypeptide chains (FAO
and WHO 2019). The resultant true protein content is the
sum of all 18 quantifiable proteinogenic amino acid residues:

18
Prot| —£— |=Y| AAR,| -5~
100g | A 100g

Notably, asparagine and glutamine are converted to aspar-
tic and glutamic acids, respectively, during the hydrolysis step
of amino acid determination (Boulos, Tannler, and Nystrom




2020). Since the difference in molecular weight of the acidic
to amine form is only 1g/mol, error in the summation of
total amino acid residues using only the acidic forms of Glx
und Asx is considered negligible (Krul 2019).

5.2. Calculation of protein from nitrogen data with NCF

The second preferred method for protein determination
involves multiplying total (organically bound) nitrogen in a
food sample by a conversion factor that accounts for differ-
ences in the amino acid composition and NPN content.
Natural variation in NPN can lead to differences in the
resulting NCF (Moore et al. 2010; Estrella 2008). Key publi-
cations addressing the challenges and discrepancies in calcu-
lating accurate NCFs include works by Mossé (1990); Mariotti,
Tomé, and Mirand (2008); Krul (2019); FAO and WHO (2019).

Some studies have published specific NCFs for foods
(Fujihara, Kasuga, and Aoyagi 2001; Fujihara et al. 1995;
Fujihara et al. 2008; Fujihara, Sasaki, and Sugahara 2010;
Mossé 1990; Morr 1982; Sosulski and Imafidon 1990; Tkachuk
1969; Yeoh and Truong 1996), but these NCFs are often
defined differently, resulting in various NCF types (see Table 3).

For determining the total nitrogen content of a sample,
two primary methods are available: the Kjeldahl method,
which measures total organically bound nitrogen, and the
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Dumas combustion method, which determines total nitro-
gen. Differences may occur between these methods, with the
Dumas method giving approximately 1.5% higher nitrogen
values than the Kjeldahl method, particularly in samples
with high concentrations of inorganic nitrogen or organic
compounds resistant to acid digestion (Jung et al. 2003;
Miiller 2017; Thompson et al. 2002; Simonne et al. 1997).
However, the bias between methods can vary significantly,
both between types of food and between individual exam-
ples of a particular type, with fish-based products showing
the highest bias of 2% and meat-based products showing the
lowest of 0.7%. Furthermore, there may be a variation in
bias with the concentration of the analyte (Thompson et al.
2002). While such variations exist, they are generally not
substantial enough to justify separate NCF calculations based
on the chosen analytical method for nitrogen.

Based on inclusion or exclusion of various substance
groups, the following decisions about NCF selection can
be made:

o k¢,: and Jones factors: Due to shortcomings in deter-
mining these factors, they should be excluded

o DProsthetic groups: Exclusion of prosthetic groups
thus leads to the exclusion of factor K, which is
based on the inclusion of prosthetic groups.

Table 3. Overview of nitrogen-to-protein conversion factor (NCF) calculation methods in the scientific literature.

Abbreviation from

Abbreviation reference Equation Description Reference
Ke 25 - 100% Based on the assumption, that proteins in general contain Mulder (1839); Official
= 16% nitrogen in protein fraction around 16% nitrogen Journal of the
° g 2 European Union
(2011)
Kjones - 100% Based on the nitrogen content of extracted proteins in the  Jones (1941)
" X% nitrogen in protein fraction sample
Kap Ky 8(AA Ratio of protein (sum of amino acids AA) to nitrogen from  Yeoh and Truong (1996)
_ ZH( ) amino acids N, but excluding the amide-N
NAA
K ky=K, 18 Sum of amino acid residues AAR to amino acid nitrogen N,, Mossé (1990); FAO and
_ z;:1(AARi) from all 20 proteinogenic amino acids (including amide WHO (2019)
N+ Nopice nitrogen N, 4 from Asn and Gln; “pure protein factor”)
Ky ky 8 AAR See ky, but N, is replaced by NH; from hydrolysis (with ~ Mossé (1990); FAO and
_ Zi:w( i) 6M HCl) as a proxy WHO (2019)
NAA + NhydrolysisNHB
kp kp=Kg 18 Sum of amino acid residues AAR to total nitrogen N, by  Mossé (1990); FAO and
_ z;:1(AARi) Kjeldahl or Dumas WHO (2019)
Nzora/
ky ky 18 . Main nitrogen containing compounds (sum of amino acid  Mossé (1990)
:(ZH(AARi))+Z(HUCIEICGCIdS) residues AAR plus sum of nucleic acids) to total
N nitrogen N,
k k k. +k True conversion factor as the average of k, and k, Mossé (1990)
—_P A
2
K’ K or K’ polypeptidesincl.prosthetic groups Based on thfe amino acid ;ompqsition/seque_nce of the_ Mario_tti, Tomé, and
= N N proteins in the source, including prosthetic groups in the Mirand (2008); FAO
total OF Nororein polypeptide mass and WHO (2019)
Sum of amino acid residues plus the sum of determined
prosthetic groups to (protein) nitrogen
K K or K Based on the amino acid composition/sequence of the Mariotti, Tomé, and

_ polypeptidesexcl.prosthetic groups
N

,orN

total Protein

proteins in the source, excluding prosthetic groups in the
polypeptide mass

Mirand (2008); FAO
and WHO (2019)
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Figure 2. Overview of the preferred analytical and calculation methods for determining protein content in Food Composition Databases (FCDBs). The two primary
calculation methods include: (1) true protein content based on the sum of amino acid residues, and (2) protein estimation from total nitrogen content using a
suitable nitrogen-to-protein conversion factor (NCF). AA: amino acids, N: nitrogen, NPN: non-protein nitrogen, k,: NCF for purified protein, ky: NCF for other food

items (see Table 3).

+ NPN fraction: Excluding NPN while including free
amino acids and smaller peptides means excluding
factor ky which accounts for nucleic acids. This fac-
tor is of theoretical interest only (Mossé 1990).

o AA composition/sequence of the proteins: Practical
difficulties in determining amino acid composition
and ignoring NPN lead to the exclusion of K (poly-
peptide method (Mariotti, Tomé, and Mirand 2008))

NCF calculation methods should distinguish between
protein isolates — purified protein fractions with low NPN
content — by applying the NCF k,, and other food items
with higher NPN content by applying the NCF k, Ideally,
the final NCF should be an average of both values - the
factor k.

Summarizing sections 5.1 and 5.2, an overview of pre-
ferred analytical methods with subsequent calculation steps
for protein determination is given in Figure 2.

Exemplary calculations for both methods, applied to
bread wheat wholemeal flour, are provided in the
Supplementary Material. The first method determines pro-
tein as the sum of amino acid residues (Supplementary Table
S2), whereas the second method calculates protein using
total (organically bound) nitrogen content and a specific
NCF (e.g., 549 for wheat flour from Mariotti, Tomé, and
Mirand (2008)).

Summary Section 5:

« Preferred methods: While amino acid data provides the most
accurate protein content, nitrogen-based estimates are a
resource-efficient alternative, requiring specific conversion factors.
Amino Acid Data: Use the cal culation from amino acid residues, not
whole AA, to avoid overestimating the protein content.

Purified Protein Fractions: Use factor k, for nitrogen-to-protein
conversion. If k, is not available, k, can be used as an alternative.
Other Food Items: Use factor k.

True Conversion Factor: Assess and use the ‘true conversion factor’
k, which is an average of k, and k, except for low-protein and
high-NPN foods where k; is more suitable.

Legal Requirements: FCDBs can continue using kg, factor to meet
legal requirements for nutritional labeling, alongside the defined
protein component.

6. Discussion
6.1. Characteristics of the proposed revised definition

Revising the protein component in FCDBs requires a clear
definition to ensure consistency and clarify its intended use.
The proposed protein definition aligns with the chemical and
biochemical understanding of proteins, emphasizing their role
in supplying IAA. This definition guides the selection of
appropriate analytical and computational methods for protein
determination, improving accuracy across food categories.

Unlike previous definitions, which often lacked alignment
between theoretical principles and practical applications,
particularly in legal and regulatory contexts, the revised
approach incorporates free amino acids and smaller peptides
while excluding NPN and prosthetic groups. However, pros-
thetic group should still be accounted for when determining
NCFs. Preferred protein quantification methods include
direct amino acid analysis and total nitrogen determination
(via Kjeldahl or Dumas), using food-specific NCE. For amino
acid-based protein content estimation, calculations based on
amino acid residues prevent overestimation, while
nitrogen-based estimates should employ factor k, for puri-
fied protein fractions and k; for general food matrices.

This refined protein definition establishes a global frame-
work for quality control in nitrogen and amino acid analy-
ses, ensuring greater consistency in protein assessment across
food chemistry, nutrition science, and regulatory applica-
tions. By eliminating systematic overestimation in FCDBs, it
enhances the comparability of protein values across diverse
food sources, supporting more precise dietary assessments,
food labeling, and industrial formulations.

6.2. Advantages and potential impacts on dietary
assessments, food labeling, and economic considerations

6.2.1. Dietary assessment and nutrition research

Accurate protein values are essential for evaluating dietary
protein intake, assessing nutritional adequacy, and develop-
ing evidence-based dietary guidelines. Current FCDB data
tend to overestimate protein intake, leading to inflated
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nutritional adequacy assessments. Implementing food-specific
NCF or amino acid-based protein data would improve
dietary models, particularly for populations relying on
plant-based protein sources, where protein digestibility and
amino acid composition vary significantly. More precise
intake estimations could impact dietary recommendations
and nutritional guidelines, ensuring they align more closely
with true bioavailable protein intake.

6.2.2. Relevance for food labeling and regulatory
compliance

Protein content declarations significantly influence consumer
perception, regulatory compliance, and health-related food
claims. Under current regulations, protein values are primarily
calculated using Nx6.25, disregarding variations in amino acid
composition and NPN content. Implementing revised protein
calculation including food-specific NCF would enhance label-
ing accuracy, ensuring protein content claims reflect actual
nutritional contribution. However, transitioning to revised cal-
culations may require updates to food labeling laws and
threshold adjustments for high-protein food certifications.

6.2.3. Economic consequences of revising protein values
Since protein content directly influences the valuation of
protein-rich ingredients, adjustments in protein calculation
have economic implications for food producers, manufactur-
ers, and trade regulations (Koletzko and Shamir 2006).
Industries that rely on high-protein claims, such as dairy,
meat, and plant-based protein manufacturers, may need to
adapt to changes in reported protein content. In some cases,
reformulating products to maintain protein content claims
might be necessary. For plant-based protein sources, which
often exhibit high overestimation due to high NPN content
(see supplementary Table S1), the revised calculations may
shift competitive dynamics in the protein market. At the
same time, improving transparency in protein labeling could
strengthen consumer trust and regulatory credibility, rein-
forcing long-term industry stability despite potential
short-term disruptions during the transition process.

6.2.4. Impact on protein quality assessment and dietary
guidelines

Revised protein estimation methods will also affect protein
quality assessments, including the Protein Digestibility-
Corrected Amino Acid Score (PDCAAS) and the Digestible
Indispensable Amino Acid Score (DIAAS), both of which
rely on Nx6.25 (see also section 6.4) (Moore et al. 2010;
Rutherfurd et al. 2015). Adjusting protein values in FCDBs
may necessitate recalibrating these measures to ensure they
reflect the true biological value of dietary proteins.
Food-based dietary guidelines (for instance in Germany)
and other nutritional recommendations would also need
revision to align with the updated data, as they are based on
FCDB protein data (Max Rubner-Institut 2014; Schifer
et al. 2024).
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6.3. Quantifying the implications of revised protein
calculations

To illustrate the impact of a revised protein definition, we
compared protein estimates calculated using the standard
Nx6.25 method with those derived from amino acid resi-
dues and updated, food-specific NCFs (k, from Mariotti,
Tomé, and Mirand (2008)) (see Table 4).

The results show that crude protein values overestimate
actual protein content across various food groups, particu-
larly in animal-based products such as meat and fish, where
the discrepancy can reach up to 26%. Plant-based foods like
legumes and cereals also show notable overestimations, rang-
ing from 10% to over 20%, depending on the calculation
method and specific matrix. Although NPN is more preva-
lent in plant-based foods, the absolute protein overestima-
tion of crude protein values is also high in animal-based
products, likely due to differences in protein-nitrogen con-
tent. However, NPN significantly influences protein quality
assessment, particularly in legumes and cereals, as it contrib-
utes to total nitrogen content (see Supplementary Table S1).

These calculations clearly demonstrate that protein values
derived using the universal NCF of 6.25 in FCDBs are sys-
tematically overestimated. This effect is most striking when
considering true protein content, where overestimation
reached 10-26% depending on the food group. Using more
specific NCFs proposed by Mariotti, Tomé, and Mirand
(2008), reduces the discrepancy (typically to 7-14%), it
remains substantial.

The observed discrepancies across food matrices can pri-
marily be attributed to two factors, which are complemen-
tary to the reasons why the universal factor of 6.25 is flawed
(see section 1):

Differences in amino acid composition

The nitrogen content per gram of protein depends on the
amino acid profile. Proteins rich in nitrogen-rich amino
acids (e.g., arginine, histidine) have a higher nitrogen con-
tent, while proteins rich in amino acids with lower nitrogen
(e.g., phenylalanine, leucine) have a lower nitrogen content.
Fish and cereal proteins frequently exhibit elevated levels of
glutamic acid and aspartic acid (Feng et al. 2012; Pferdmenges
et al. 2025), which are measured analytically as the com-
bined content of their acid and amide forms. Although the
presence of nitrogen-rich amidic forms such as glutamine
and asparagine is not directly quantified, their contribution
is assumed based on these combined measurements and
may explain the overestimation of true protein content when
using a fixed factor of 6.25.

Contribution of NPN

NPN compounds - such as nucleic acids, amines, amides,
and other small nitrogen-containing molecules - contribute
to the total nitrogen content but do not belong to the actual
protein fraction. It is well established that fish tissues con-
tain significant amounts of NPN, including trimethylamine
oxide (TMAO), creatine/creatinine, and imidazole dipeptides
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Table 4. Comparison of current and revised protein estimates (given as g/100g fresh weight) for selected foods.

Crude protein

True protein content

Protein content from nitrogen with
updated Mariotti factors

content (sum of amino acid residues)’ (N x kp)? N and amino acid
(N x 6.25) Overestimation of ~ Value [g/100g] Overestimation of contents from
Food group Food item [9/1009] Value [g/100g] Nx6.25 (NCF) Nx6.25 reference
Meat Cattle muscle meat 22.52 19.18* 17.4% 19.73 (5.48) 14.1% Vopélensky et al.
(2017)
Fish Fish and fish 16.24 12.86 26.3% 14.50 (5.58) 12.0% Salo-Vaananen and
products Koivistoinen (1996)
Dairy Emmental cheese 28.41 26.54 7.0% 26.59 (5.85) 6.8% Sieber (2012)
Eggs Egg, chicken, whole, 12.63 11.21 12.7% 11.47 (5.68) 10.1% Roe et al. (2013)
raw
Cereals Spelt wholemeal 12.76 10.35 23.3% 11.21 (5.49) 13.8% Pferdmenges et al.
flour (2025)
Legumes Soy drink 3.23 2.93 10.2% 2.84 (5.50) 13.7% Stockl et al. (2024)

*Only values for 16 amino acids available; ' FAO and WHO (2019) 2 Mariotti, Tomé, and Mirand (2008).

(Van Waarde 1988). Similarly, cereals also contain NPN,
although to a lesser extent.

In both food groups - fish and cereals — the combined
effect of lower true protein-to-nitrogen ratios and higher
NPN fractions explains why the conventional 6.25 can lead
to protein overestimation of 26.3% and 23.3%, respectively.

In conclusion, while these calculations highlight the sig-
nificant extent of protein overestimation using the traditional
approach, the development and application of high-quality,
food-specific NCFs is essential to accurately reflect protein
content according to a revised definition in the future.

6.4. Scope limitation

While the primary objective of this discussion is to refine
the definition and quantification of protein in FCDBs, it is
essential to acknowledge related considerations that fall out-
side the scope of this paper.

Firstly, protein content alone does not determine the
nutritional value, as it does not account for protein quality,
digestibility, or amino acid composition. Protein quality
assessments such as PDCAAS and DIAAS evaluate the sup-
ply of IAAs and nitrogen needed to meet human require-
ments. For instance, the FAO/WHO/UNU report estimates
an Estimated Average Requirement for protein of 0.66g/kg/
day, with 0.18 g/kg/day for IAAs and 0.48 g/kg/day for DAAs
(FAO, WHO, and UNU 2007). These distinctions emphasize
that dietary guidelines should not rely solely on protein con-
tent but also incorporate digestibility and amino acid profiles.

PDCAAS and DIAAS are widely used to assess protein
quality. PDCAAS, introduced by FAO/WHO in the late
1980s, determines protein quality based on the lowest IAA
score multiplied by true fecal protein digestibility (FAO and
WHO 1991; Schaafsma 2000). However, it accounts only for
amino acid replacement rather than optimal metabolism
(Schaafsma 2012). DIAAS evaluates ileal amino acid digest-
ibility using human or animal models, comparing digestible
IAAs in the test protein to a reference protein (Rutherfurd
et al. 2015). Both PDCAAS and DIAAS rely on protein con-
tent calculations based on total nitrogen (N x 6.25), which
can  introduce inaccuracies due to food-specific
nitrogen-to-protein variability (Moore et al. 2010; Rutherfurd
et al. 2015). Therefore, accurate dietary protein assessment

requires quantification of both total protein and amino acid
availability, as emphasized by the FAO recommendation to
report individual amino acid values in food tables (FAO
2011). While current FCDBs do not include values on bio-
availability, future developments may benefit from integrat-
ing separate indicators of bioavailability alongside analytical
data, particularly for nutrients such as protein where protein
digestibility and quality are of nutritional importance.

Furthermore, protein quantification plays a critical role in
food safety, quality assurance, and fraud prevention. The eco-
nomic value of proteins makes them a target for adulteration,
as seen in 2007-2008 in China, where melamine was used to
falsely boost protein concentrations in infant formulae and
pet foods (Sharma and Paradakar 2010). This highlights the
limitations of nitrogen-based protein quantification methods,
which lack selectivity and fail to analytically exclude NPN. At
the same time, it underscores the need for selective, accurate
protein determination methods capable of differentiating true
protein from nitrogenous adulterants (Moore et al. 2010).

Additionally, it is crucial to recognize that the definition
of protein as a nutrient does not always align with the defi-
nition of protein as an ingredient. Protein isolates, valued
for their high protein content, often contain residual mois-
ture, fat, ash, carbohydrates, vitamins, and other compounds
(Holt et al. 1999; Kudre, Benjakul, and Kishimura 2013;
Sanchez-Vioque et al. 1999; Etzbach et al. 2024). On the
other hand, free amino acids might not be included in pro-
tein isolates, leading to differences in analytical methods.
Therefore, procedures for isolating protein fractions differ
from those used to determine protein content based on
amino acid composition, complicating standardization across
regulatory and industrial settings.

7. Conclusion

Revisiting the understanding of protein in FCDBs - includ-
ing its definition, analytical determination, and calculation
methods - offers considerable potential for improving the
accuracy and consistency of protein data. Bridging theoreti-
cal definitions with practical implementation can help miti-
gate systematic overestimations, support the application of
protein analysis across diverse food matrices, and provide
more robust data for use in nutrition science, regulatory



affairs, industry, and public health. To support this objective,
several key actions are recommended:

First, protein quantification should prioritize amino
acid-based determination as the analytical gold standard,
given its ability to provide the most precise reflection of true
protein content.

Secondly, the use of updated nitrogen-to-protein conver-
sion factors (NCFs), calculated in line with the methodologi-
cal framework outlined in this manuscript, is strongly advised.
A deeper evaluation of the practical impact of the revised
definition will become possible once an updated and compre-
hensive set of NCFs is established — an effort currently under-
way. This will form the basis for further analytical and
conceptual developments, to be shared in future publications.

In addition, promoting greater harmonization of protein
calculation practices across institutions and countries will be
essential. In parallel and to support both regulatory compli-
ance and scientific advancement, it is recommended that
FCDBs include multiple protein values derived from distinct
calculation methods. Specifically, crude protein values (based
on total nitrogen X 6.25) should still remain available to meet
legal and labeling requirements, while a newly defined pro-
tein component - based on amino acid residues or improved
NCFs - should be introduced. This dual reporting structure
would enhance transparency, allow users to choose values
suitable for their specific applications, and align with existing
database practices for other nutrients, such as carbohydrates.

Finally, translating scientific advancements into actionable
guidance will require sustained communication with key
stakeholders, including policy makers, database compilers,
regulatory authorities, and the food industry. While this
review does not aim to resolve those practical challenges, it
offers a foundational framework for the upcoming steps
toward more precise and harmonized protein data in FCDBs.
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