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Abstract

One component of the safety assessment of agricultural products produced through biotechnology is evaluation of the safety of newly
expressed proteins. The ILSI International Food Biotechnology Committee has developed a scientifically based two-tiered, weight-of-
evidence strategy to assess the safety of novel proteins used in the context of agricultural biotechnology. Recommendations draw upon
knowledge of the biological and chemical characteristics of proteins and testing methods for evaluating potential intrinsic hazards of
chemicals. Tier I (potential hazard identification) includes an assessment of the biological function or mode of action and intended appli-
cation of the protein, history of safe use, comparison of the amino acid sequence of the protein to other proteins, as well as the biochem-
ical and physico-chemical properties of the proteins. Studies outlined in Tier I (hazard characterization) are conducted when the results
from Tier I are not sufficient to allow a determination of safety (reasonable certainty of no harm) on a case-by-case basis. These studies
may include acute and repeated dose toxicology studies and hypothesis-based testing. The application of these guidelines is presented
using examples of transgenic proteins applied for agricultural input and output traits in genetically modified crops along with recommen-
dations for future research considerations related to protein safety assessment.
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1. Summary

An important component of the safety assessment of
agricultural products produced through biotechnology by
expression of transgenic proteins is evaluation of the safety
of newly expressed proteins. Because proteins introduced
into crops via genetic modification using recombinant
DNA techniques may not have been components of foods
or feeds previously consumed, the safety of these proteins
for humans or animals may not be known. The ILSI Inter-
national Food Biotechnology Committee collaborated with
experts on protein and food safety to develop a scientifically
based approach to assess the safety of candidate novel pro-
teins (CNPs) by drawing upon knowledge of the biological
and chemical characteristics of proteins, available testing
methods for evaluating intrinsic hazards of chemicals, and
illustrative case studies of protein safety assessment. The
scope is limited to food and feed safety, therefore assess-
ment of crop performance and crop safety, including whole
food animal feeding studies, pleiotropic effects, environ-
mental aspects, or ethical considerations are not discussed.
The potential for allergenicity is only briefly discussed since
other publications have recently evaluated this area in sig-
nificant detail (Hileman et al., 2002; Codex, 2003; Good-
man et al., 2005; Ladics et al., 2007; Thomas et al., 2007).

Proteins are a necessary component of the diet of
humans and other mammals. The mammalian digestive sys-
tem degrades dietary proteins into constituent amino acids
which are efficiently absorbed and reincorporated into new
proteins (Day, 1996; US EPA, 2000). Because of the sensi-
tivity of dietary proteins to digestion and the minimal
potential for absorption of intact proteins from the GI sys-
tem, the overwhelming majority of dietary proteins possess
no potential for systemic toxicity (Sjoblad et al., 1992).
Accordingly, consumption of proteins, as a general class
of macronutrients is not normally associated with adverse
effects. However, a limited number of proteins have demon-
strated toxicity to humans and other mammals. Some ani-
mals (e.g., scorpions, snakes) produce venoms containing
protein toxins that are only active parenterally (Magalhaes
et al., 1998; Sidell et al., 1997). Other toxic proteins are pro-
duced by pathogenic bacteria and there are some well-
known plant-produced protein toxins such as the ribosome
inhibiting protein ricin (Franz and Jax, 1997). Certain other
proteins including lectins and enzyme inhibitors that are
components of plants are considered antinutrients because,
while they are not particularly toxic, repeated exposure to
them can result in decreased utilization of dietary nutrients.

A two-tiered, weight-of-evidence strategy has been
developed to evaluate the safety of transgenic proteins
rather than a decision tree approach. This is a more flexible
approach and it takes into account the totality of the data
in a holistic manner. Ideally, the predictive value of each
piece of evidence should be well understood in order to give
certain data more ‘weight’ than others during the assess-
ment, thus leading to more confidence in the overall
assessment.

Tier I (potential hazard identification) includes an
assessment of the biological function or mode of action
and intended application of the protein, assessment of the
history of safe use (HOSU) of a particular protein (Consta-
ble et al., 2007), a comparison of the amino acid sequence
of the protein to other known proteins, particularly, those
known to be toxic or allergenic and those considered to be
antinutrients, and an evaluation of certain physical proper-
ties of the transgenic protein.

Studies outlined in Tier II (hazard characterization) are
conducted when the results from Tier I are not sufficient to
allow a determination of safety (reasonable certainty of no
harm; Codex, 2003) and are conducted on a case-by-case
basis. These studies may include acute toxicology studies.
Acute toxicology studies are often conducted via oral expo-
sure because that is the most likely route of exposure to the
transgenic protein, and mice are used because less test sub-
stance is required. However, some studies using other
routes of exposure, such as intraperitoneal or intravenous
administration, have been conducted. Depending on the
results from the Tier I assessment, additional toxicology
studies and hypothesis-based testing could be considered
on a case-by-case basis.

To demonstrate the application of the safety assessment
framework to proteins introduced into GM crops, this doc-
ument presents case studies on six transgenic proteins: (i)
potato virus Y coat protein (viral resistance in potatoes);
(i) CP4 5-enolpyruvylshikimate-3-phosphate synthase
(CP4 EPSPS; provides glyphosate tolerance); (iii) phosphi-
nothricin acetyltransferase (PAT; provides glufosinate
tolerance); (iv) phosphomannose isomerase (selectable mar-
ker that provides tolerance to mannose); (v) CrylAb pro-
tein, a delta endotoxin from Bacillus thuringiensis that
provides protection from European corn borer; and (vi) a
plant-derived antifungal protein (AFP). Applying the tiered
approach, five of the case study proteins demonstrated rea-
sonable certainty of no harm. One protein, the antifungal
protein (AFP) was found to require more detailed hypoth-
esis-based testing.

While the results demonstrated that the tiered-approach,
as described in this document, is effective in assessing the
safety of transgenic proteins used in GM crops, recommen-
dations for future research considerations related to pro-
tein safety assessment are included.

2. Introduction

A number of field crops, including corn, soybeans, cot-
ton, canola, potato, tomato, and squash have been geneti-
cally modified by recombinant DNA technology to express
exogenous genes and have been marketed after extensive
evaluation of food, feed and environmental safety (ISAAA,
2006). Expression of the introduced gene leads to one or
more proteins being produced in the plant (in planta) that
endow these crops with targeted specific traits. In many
cases, the transgenic proteins (protein produced in the
genetically modified crop) will be present in the food or
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feed obtained from these crops which will be referred to in
this documents as genetically modified (GM) crops.

As a macronutrient, protein is an essential component of
the human diet and, although individual proteins mediate
myriad biological functions, consumption of proteins as a
class of dietary substances is not inherently associated with
adverse effects (FAO/WHO, 1996). However, a limited
number of protein toxins are known to exist. In light of
this, and because some proteins introduced into crops
through genetic modification using recombinant DNA
techniques may not have been components of foods previ-
ously consumed by humans (i.e., may lack a presumed his-
tory of safe use), it is appropriate to evaluate the safety of
newly introduced transgenic proteins as part of the overall
safety assessment of GM crops.

Insights into the safety assessment of proteins can be
gained by examining the concepts and approaches applied
to the risk assessment of food additives or GRAS (gener-
ally recognized as safe) food ingredients and chemicals,
which are relatively well established (US FDA, 1983).

The first concept to consider in the safety assessment of
any transgenic protein is historical information about the
safe use or prior exposure to that particular protein or very
similar proteins; also known as “history of safe use”. The
degree to which history of safe use is documentable relative
to the intended new or expanded uses as a food guides sub-
sequent steps for additional testing.

Follow-up testing for food additives or GRAS food
ingredients and chemicals typically includes, but is not nec-
essarily limited to, rodent toxicology studies to identify
potential health hazards associated with exposure to these
substances. However, proteins differ from most food addi-
tives or chemicals in a number of important ways. Begin-
ning with the physical properties, food additives and
chemicals are generally smaller molecular weight xenobiot-
ics while proteins are relatively large biological macromol-
ecules. The propensity for systemic absorption of any
orally consumed substance is typically inversely propor-
tional to the size of the molecule; so small molecules are
more likely to be absorbed intact than larger ones (Fricker
and Drewe, 1996). Most dietary proteins are sufficiently
large that their absorption intact through the gastrointesti-
nal (GI) tract is very limited, without evidence of involve-
ment of channels, active transport, or disruption of tight
junctions. This is not the case for all proteins, as certain
proteins, such as ovalbumin, are absorbed intact (Tsume
et al., 1996). However, the method of absorption and quan-
titative estimates of the amount of ovalbumin absorbed fol-
lowing oral exposure are unknown. In addition, the
biological activity of proteins is dependent on their struc-
tural integrity. The acidic conditions and proteolytic
enzymes present in mammalian GI systems efficiently dena-
ture and degrade most proteins into constituent amino
acids and small peptides that primarily serve as a source
of nutrients. Accordingly, the protein structure and biolog-
ical activity of most proteins are usually lost following
ingestion (Metcalfe et al., 1996).

This document describes a scientifically based, two-tiered
weight-of-evidence approach to assess the safety of candi-
date novel proteins (CNPs) by drawing upon knowledge
of the biological and physico-chemical characteristics of
proteins, the available testing methods for evaluating intrin-
sic hazard, and illustrative case studies of protein safety
assessment. The scope is limited to food and feed safety,
therefore assessment of crop performance and crop safety,
including whole food animal feeding studies, pleiotropic
effects, environmental aspects, or ethical considerations
are not discussed as they have been discussed eclsewhere
(FAO/WHO, 1991; Atherton, 2002; Chassy, 2002; Kiiiper
et al., 2002; Cellini et al., 2004; Chassy et al., 2004). The
potential for allergenicity is only briefly discussed since
other publications have recently evaluated this area in
detail (Hefle et al., 1996; Hileman et al., 2002; Codex,
2003; Goodman et al., 2005; Ladics et al., 2007; Thomas
et al., 2007).

As opposed to a decision tree approach, which provides
distinct yes/no decisions leading to a specific next step, the
weight-of-evidence approach is more flexible and focuses
on the totality of the data in a holistic manner. Ideally,
the predictive value of each piece of evidence would be well
understood to give certain types of data more ‘weight’ than
others during the assessment, thus leading to more confi-
dence in the overall assessment. Currently, the predictive
value of individual data may not be clearly defined, but
additional experience with the assays and methods utilized
will continue to improve their predictive value. This
weight-of-evidence approach, in which the individual com-
ponents of the safety assessment process are prioritized
into two tiers of testing, depicted in Figs. 1 and 2, optimizes
the efficiency and robustness of the process. Case studies of
transgenic protein safety, some derived from peer-reviewed
literature and others from regulatory submissions, demon-
strate the merits and limitations of the framework. Specif-
ically this framework includes:

Tier I: Potential Hazard Identification (Fig. 1)

e History of safe use

e Bioinformatics analysis

e Mode of action

e In vitro digestibility and stability

e Expression level and dietary intake

Tier II: Hazard Characterization (when Tier I assessment
identifies hazard potential, or does not permit a determina-
tion of safety; Fig. 2), one or more of the following studies
may be conducted as determined on a case-by-case basis

e Acute toxicology study
e Repeated dose toxicology study
e Hypothesis-based evaluations

The available best practices for use and limitations of
various methods for evaluation of CNPs will be described
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spectrum of activity

estimated

Tier I: Potential Hazard Identification

e History of Safe Use: The protein, or a structurally and functionally related
one, has a history of safe use/consumption in food and the source of the inserted
DNA does not raise any toxicological concerns

¢ Bioinformatics Analysis: The protein does not show significant amino acid
sequence similarity to known toxins, anti-nutrients, or allergens

e Mode of Action and Specificity: The protein acts as intended with a known

e In Vitro Digestibility and Lability:
denatured by digestive enzymes, pH, and/or temperature

e Expression Level and Dietary Intake: Protein expression levels in the food
crop or crop by-products are determined such that dietary exposure can be

The protein is readily degraded /

Fig. 1. Tier I: potential hazard identification.

Tier II: Hazard Characterization

following:

e Hypothesis-based Studies

Determined on a case-by-case basis and might include one or more of the

e Acute toxicology assessment of transgenic protein
e Repeated dose toxicology assessment of transgenic protein

Fig. 2. Tier II: hazard characterization.

in subsequent sections of this document. Assessment of the
safety of CNPs is only one component of the overall safety
assessment of GM crops which would typically include
analysis of the inserted DNA, environmental aspects, and
phenotypic and compositional analysis of the GM crop,
however, all of these components are beyond the scope of
the current document.

3. Biology and chemistry of proteins
3.1. Dietary proteins do not typically represent a hazard

The ability of a living organism to grow and reproduce is
dependent on the complex interaction of that organism with
a variety of biochemical substances of diverse structure and
function that exist in the environment. Many of these sub-
stances are complex macromolecules composed of amino
acids (proteins), nucleic acids (DNA and RNA), oligo and
polysaccharides (carbohydrates), and fatty acids (lipids).
Many proteins have been isolated and characterized and,
accordingly many different functional classes of proteins
have been distinguished. Despite the large number of pro-
teins that have been isolated, only a small number have
toxic properties. Even among those proteins that have dem-
onstrated toxicity in humans and other mammals, very few
have demonstrated toxicity following oral exposure. This is
primarily attributable to the fact that proteins are relatively
large and labile in the digestive tract and therefore are typ-
ically not absorbed intact following oral exposure.

3.1.1. Protein structure and function
Proteins are polymers made from 20 common amino
acids connected through covalent peptide bonds in specific

sequences encoded by DNA in the genome. A few amino
acids may occur in a modified form (e.g. hydroxyproline),
however, they represent only a small fraction of the total
amino acid pool. The charge, polarity and hydrophobicity
of the amino acids of any proteins largely direct the three-
dimensional structure of the protein. Tertiary structural
features of proteins can include post-translational modifi-
cations such as inter- and intra-chain disulfide bond forma-
tion, phosphorylation, and acetylation. Together, these
characteristics determine the structure and thus the func-
tion of the protein (Smolin and Grosvenor, 2000; Devlin,
2002).

The human body can produce 11 of the 20 common
amino acids from dietary precursors. The other nine amino
acids, which cannot be synthesized by the human body, are
therefore considered “‘essential” because they must be
obtained exogenously through the diet. In addition, two
amino acids that are derived from essential amino acids
are considered to be “conditionally” essential because they
can be derived metabolically from other amino acids (i.e.,
tyrosine, which is derived from phenylalanine, and cys-
teine, which is derived from methionine; Smolin and
Grosvenor, 2000; Devlin, 2002).

The number of theoretically possible combinations of
amino acids used to produce proteins, as a general class
of substances, is practically limitless. Accordingly, the
number and variety of protein sequences that exist in nat-
ure is very large. To date, the amino acid sequences of more
than 2.8 million proteins of diverse structure and function
have been either experimentally determined or predicted
based on DNA sequence and are annotated in public
databases (PFAM, 2005; Uniprot-Swissprot Consortium,
2007; http://www.expasy.org/sprot/). Despite the appar-
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ently large number of “possible” proteins anticipated on
the basis of probability alone (e.g. 20°° if the average pro-
tein is 500 amino acids long; additional permutations exist
if one includes shorter and longer proteins) approximately
74% of all known proteins can be classified into just under
9000 different families according to their relatedness in
structure and function (PFAM, 2005). This is a surprisingly
narrow constraint on protein structure and function, which
has been imposed by evolution and physical chemistry (i.e.,
not all amino acid combinations are preferred). Most of
these protein families are present in both animal and plant
tissues and, therefore, the proteins therein could be con-
sumed in the diet.

To better understand the wide range of functional pro-
teins found in plants and animals, an examination focused
on mammals and plants is illustrative. It has been esti-
mated that there are more than 250,000 different functional
proteins in mammals (Smolin and Grosvenor, 2000). The
size of these proteins varies considerably. For example,
smaller soluble proteins such as lysozyme (15kDa) and
albumin (69 kDa), medium sized proteins such as immuno-
globulins (150 kDa (IgG) to 950 kDa (IgM)), and large
proteins such as blood coagulation factor VIII
(1120 kDa) have been characterized (Devlin, 2002; Smolin
and Grosvenor, 2000). Soluble proteins are found in blood,
tissues and cytosol of cells whereas other proteins are pri-
marily located within cell membranes or solid tissues.
Many classes of proteins are comparable between mam-
mals and plants (i.e., transcription factors, transmembrane
ATPases, etc.). Examples of functional classes of proteins
are listed in Table 1. The large diversity of proteins out-
lined in Table 1 further supports the need for a case-by-
case approach in the assessment of protein safety.

The amino acid sequence of a protein is the principle
determinant of the tertiary (three-dimensional) structure;
however, physical associations between more than one
polypeptide chain, when present, determine the quaternary
structure that is required for biological function of some
proteins. Other aspects such as post-translational process-
ing, pH, and protein—protein interactions can also influence
the structure of a protein. Perhaps the most fundamental
concept to understanding the biological activity of proteins
is that their activity is dependent on structural integrity.
That is, loss of protein structure typically leads to loss of
biological function.

3.1.2. Protein size and lability

The combination of the physical conditions (pH, tem-
perature, and emulsification) and proteolytic enzymes
(i.g., pepsin, trypsin, chymotrypsin and bacterial proteases)
in the GI system produce an environment that denatures
and degrades the structural integrity and functional activity
of most dietary proteins.

The potential for systemic absorption of intact dietary
proteins (10,000-1,000,000 Da) differs considerably from
that for the absorption of smaller molecular weight xenobi-
otics (200-600 Da). Absorption of small molecular weight

xenobiotics from the GI system is dependent on the specific
physical properties of a substance, including the extent of
ionization in the GI system, molecular weight, and hydro-
phobicity. Small xenobiotics are more amenable to passage
into the systemic circulation than large intact proteins.
However, there are examples of larger proteins being
digested into small peptides that are subsequently absorbed
intact and bioactive (Strobel, 1998). Nevertheless, a thor-
ough bioinformatics analysis (as described in Section
4.2.2) should identify known bioactive peptides that are
contained within the primary amino acid sequence of the
transgenic protein. The source and the activity of an iden-
tified bioactive peptide would guide further assessment.

3.1.3. Protein processing, absorption and synthesis

As part of normal cellular metabolism, proteins are con-
stantly being synthesized and degraded in body tissues. For
example, the human body synthesizes approximately 300 g
of new protein each day (Smolin and Grosvenor, 2000;
Devlin, 2002). Because of this, a constant supply of new
amino acids is required some of which are provided by
the diet. For example, in the United States, the average
protein consumption is 100 g/day (Gerrior et al., 2004).
Other amino acids are obtained from endogenous sources
from degradation of proteins already present within the
body. Degraded enzymes and structural proteins from
mucosal cells sloughed off into the gastrointestinal (GI)
system are believed to contribute 35-200 g of amino acids
daily (Smolin and Grosvenor, 2000; Devlin, 2002).

Degradation of orally consumed proteins begins in the
mammalian stomach where the combined action of acidic
pH and digestive enzymes hydrolyze the peptide bonds that
connect amino acids. The low pH of the stomach often
leads to loss of tertiary structure and denaturation of
ingested proteins. In addition, pepsin, an endopeptidase
active in the low pH environment of the stomach, contrib-
utes to protein degradation by cleaving a relatively broad
spectrum of peptide bonds. Degradation of dietary pro-
teins continues in the small intestine where proteins and
peptide fragments are subjected to an extensive battery of
proteolytic digestive enzymes (described in Section 4.2.4.1).

Decades ago, before the low permeability of the GI sys-
tem to systemic absorption of protein macromolecules was
fully appreciated and before most proteins were found to
be digestible, protein hormones including somatotropins
and insulin were orally administered to humans in an
attempt to achieve therapeutic benefits. These efforts were
not successful, and this route of administration was aban-
doned (Astwood, 1970). We now have a better understand-
ing of how proteins are altered by the GI system (Roberts
et al., 1996; Webb, 1990). Essentially, all orally consumed
proteins are subjected to the same digestive processes
regardless of source or function. The process of protein
digestion is efficient as only 612 g of the daily protein load
(100 g from food and recycled, intestinal enzymes and
mucosal cells) entering the GI system each day is lost in
feces (Smolin and Grosvenor, 2000). It should be noted
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Table 1
Functional classes of proteins

Category Function Animal examples Plant examples
Structural Maintains cell and tissue integrity, e Actin e Actin
provides structural support, e Myosin — muscle e Vacuolar proteins
strength and protection e Keratin — hair, skin, wool, spider e Microtubules
webs
e Collagen - connective tissue,
bones
Storage Seed store nutrient proteins e Ovalbumin e Glutenins
required e Ferritin e Gliadins
for the growth of the embryo e Casein e Albumins
Regulatory  Protein hormones control gene e Polypeptide hormones — insulin, e Transcription factors
expression Involved in e Growth factors e Photoreceptors
growth and differentiation e Cytokines — interferon e Hormone receptors
e Kinases — protein kinase ¢, mito- e Signalling — G-protein- protein-coupled receptors
gen-activated kinase e Kinases
e Signalling — G protein-coupled e Activators, repressors
receptors
e Transcription factors
Enzymes Most varied and highly specialized e Digestion — pepsin, trypsin, lac- e Kreb cycle and glycolytic enzymes
class, catalyze a multitude of tase, alcohol dehydrogenase e DNA processing — DNA and RNA polymerases
reactions, catabolic, anabolic, e DNA processing — DNA and e Photosynthesis — ribulobisphosphate carboxyalse (repre-
synthetic RNA polymerases sents ~50% of the protein in green tissues)
e Kreb cycle and glycolytic enzymes e Lignin biosynthetic enzymes
e Amino acid biosynthesis enzymes e Cellulose biosynthetic enzymes
e Amino acid biosynthetic enzymes
Transporters Proteins that transport substances e Transmembrane ATPases e Aquaporin
(i.e., lipids, vitamins, e Hemoglobin e Transmembrane ATPases
micronutrients, e Myoglobin o Nitrate uptake proteins
oxygen) across cell membranes e Serum albumins e Lipid transfer proteins
or between different subcellular e Leghemoglobin
compartments
Defense Antibodies help neutralize e Specific IgG antibodies e R (resistance) proteins
molecules invading e Factor Va, VIIla, Xa, and e Hypersensitive response proteins
viruses, bacteria Coagulation and thrombin e Systemic acquired resistance proteins
fibrinolysis proteins stop blood e Plasmin e Peroxidases
loss e Defensins, disrupt microbial e Chitinases
Hypersensitive response in plants membranes e Glucanases
Contractile ~ Endow cells or cell components e Actin e Actin
with the ability to contract, e Myosin e Extensins
change shape or move about e Troponin C

that there are some examples of proteins that are absorbed
intact. For example, ovalbumin (stable egg protein), was
detected in both the plasma and the lymph fluid after oral
administration (Tsume et al., 1996).

The cell membrane is a significant barrier that protects
cells from foreign substances (Alberts et al., 2002). While
the lipid bilayer of the plasma membrane allows small mol-
ecules to passively diffuse into a cell, specialized membrane
spanning proteins can transport larger hydrophobic or
hydrophilic molecules, including proteins. Other active
transport mechanisms, such as pinocytosis, macrocytosis
or receptor-mediated endocytosis, can allow very small
quantities (0.001-1directly absorbed, Strobel, 1998).

Despite the relatively efficient system of protein degra-
dation and/or active transport mechanisms, small quanti-
ties of dietary proteins can survive the GI tract intact
(Ratner et al., 1952). Likewise, certain food matrices and

composition can have a semi-protective effect, but also will
influence critical variables in protein digestion including
gastric emptying, biliary and pancreatic excretion and peri-
stalsis. In addition, other factors that impact the digestive
and absorption processes in certain subpopulations can
include: age (infant, elderly), disease (gastroenteritis), and
certain types of medication.

3.2. Characteristics of proteins that may represent a hazard

As a class of food ingredients, proteins provide nutrients
essential for life. Humans have evolved digestive systems
that rapidly digest most proteins and convert them into
nutrients for further utilization (FAO/WHO, 1996). While
most dietary proteins are innocuous, a relatively small
number of proteins existing in nature are known to exert
toxic effects when ingested. The amino acid sequences for
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some of these proteins have been published and they are
present in amino acid databases typically used for homol-
ogy searches. In some cases, these proteins are resistant
to digestive processes that degrade innocuous dietary pro-
teins. Of all known toxic proteins, those produced by bac-
teria are the best-characterized, however, anti-nutritional
proteins (e.g., lectins and protease inhibitors) have also
been identified in plant sources (Gill, 1982).

3.2.1. Pathogenic bacterial toxins

Acute exposure to certain bacterial toxins can cause
adverse effects that range from GI tract discomfort to
life-threatening dehydration, paralysis, and death (refer
to Table 2, Gill, 1987a). Exposure to some bacterial protein
toxins occurs via proteins that are formed in food by such
organisms as Clostridium botulinum or Staphylococcus aur-
eus. Botulinum toxins are unique among bacterial protein
toxins in that they are produced as protoxins that are pro-
gressively degraded as they pass through the GI system.
This process liberates a biologically active binary toxin that
binds to receptors in the luminal epithelium which facilitate
absorption via transcytosis, thereby delivering the intact
toxin to the systemic circulation (Sakaguchi et al., 1988).
These toxins are extremely potent (Minimal Lethal
Dose = 0.5-1 ng/kg body weight) so that only small quan-
tities are necessary to cause paralysis of the nervous system
(Sakaguchi et al., 1988; Table 2).

Other pathogenic bacteria are consumed in food, prolif-
erate in the GI system and produce toxic proteins within the
intestine thereby bypassing the stomach (Alouf and Freer,
1999). For example, the virulent pathogenic Escherichia coli
strain O157:H7, as well as Vibrio cholerae and Clostridium
perfringens, produce enterotoxins that attach to intestinal
mucosal cells causing direct cytotoxicity (Popoff, 1998).
These toxins form pores in cell membranes that allow leak-
age of water and electrolytes out of the cell into the intestine
causing severe diarrhea (e.g. Alouf and Freer, 1999). V.
cholerae enterotoxin is an example where the sensitivity of
a protein toxin to digestive processes may not be a good
indicator of the potential for systemic toxicity because the
context in which it is typically encountered allows more lim-
ited opportunities for exposure to intestinal proteases.

Table 2 is provided as a list of many of the known bac-
terial and seed toxins. Structural similarity to any of these
compounds would be identified in a bioinformatics screen
using the amino acid sequence of the transgenic protein,
which could trigger further investigation or could serve as
the basis for eliminating from development.

3.2.2. Plant and animal protein toxins, and antinutrients
Compared to the number of bacterial protein toxins, the
number of known protein toxins and antinutrients pro-
duced by plants and animals is considerably smaller. Pro-
tein toxins that have been identified in plants include
antifungal proteins and lectins (Cheeke and Shull, 1985;
Liener, 1994a,b; Gatehouse et al., 1999). In planta expres-
sion of these substances is believed to serve as a protective

function against insect pests and plant pathogens. In some
cases they may also be toxic to mammals (Leiner, 1994b;
Gatehouse et al., 1999). The most toxic known lectin is
ricin, found in the seeds of Castor beans (Robertus,
1991). Ricin is a toxin that interferes with protein synthesis
in cells by inactivating ribosomes.

Consumption of uncooked or unprocessed enzyme inhib-
itors (e.g., trypsin inhibitor, amylase inhibitors) causes anti-
nutritive effects by inhibition of digestive enzymes, thereby
interfering with the normal processes that digest dietary
proteins. At higher levels these enzymes can be toxic. Diges-
tion-resistant lectins (e.g., PHA [Phaseolus vulgaris hemag-
glutinin] found in kidney beans) bind to and directly
damage intestinal epithelial cells (Leiner, 1994b). This
results in impaired digestion of nutrients and interference
with growth of the organism. Many of these substances
are safely consumed in the diet because they do not possess
an inherent toxicity, are sensitive to digestive proteolysis, or
are readily destroyed by cooking (Leiner, 1994b).

In addition to toxic plant proteins, some animals includ-
ing scorpions and snakes produce venoms that contain pro-
tein toxins. However, in most cases, these toxins only
exhibit adverse effects when administered via non-oral
routes (Magalhaes et al., 1998; Sidell et al., 1997).

3.2.3. Protein allergens

Although the subject of protein allergenicity has been
considered extensively elsewhere (Codex, 2003; Metcalfe
et al., 1996; Thomas et al., 2004, 2005; Gibson, 2006), this
assessment of protein safety should include at least a cur-
sory discussion of allergenicity. In brief, very few food pro-
teins are allergens, however, all known food allergens are
proteins. It is noteworthy that many of the same tools used
in comparison of transgenic proteins to known protein tox-
ins are also applicable to comparison with allergenic pro-
teins (e.g., history of safe use, bioinformatics analysis and
digestibility).

Historically, evaluation of the potential allergenicity of
proteins intended for use in GM crops has involved the
use of a decision tree strategy (Metcalfe et al., 1996). The
current assessment strategy, as outlined by Codex (2003),
focuses on a weight-of-evidence approach recognizing that
no single endpoint can be used to predict human allergenic
potential. In that context, the following factors are consid-
ered: (i) the source of the gene; (ii) the similarity of the
amino acid sequence of the protein of interest to that of
known allergens; (iii) the stability of the protein to diges-
tion by pepsin in an in vitro digestibility assay; and (iv)
when necessary, in vitro human sera testing or clinical test-
ing (Codex, 2003; Goodman et al., 2005).

The factors noted above describe the methodology used
to determine whether the transgenic protein is similar to
that of known allergens and to evaluate the potential for
cross reactivity in those persons sensitized to the known
allergen. A comparison of the primary amino acid sequence
of the transgenic protein to the amino acid sequences of
known allergens is used to identify such similarities



Table 2

Examples of adverse effect levels for bacterial and seed toxins in different species

Toxin Source organism Dose/kg of body weight Mode of action
Pore former
Aerolysin Aeromonas hydrophila 7 ug (MLD, iv, mouse) Pore former

Alpha-toxin, alpha-lysin
Delta-lysin
Enterotoxin

Listeriolysin
Pneumolysin
Theta-toxin, perfringolysin O

Protease
Kappa-toxin
Lethal factor
Neurotoxin

Neurotoxin
Tetanus toxin, tetanospasmin

Protein synthesis inhibitor
Ricin

Shigella toxin

Adenylate cyclase regulator

Cholera toxin
Heat-labile enterotoxins

Glycosylation
Cytotoxin
Enterotoxin, toxin A

Staphylococcus aureus
Staphylococcus aureus
Clostridium perfringens, Type A

Listeria monocytogenes
Staphylococcus pneumoniae
Clostridium perfringens, Type A

Clostridium perfringens, Type A
Bacillus anthracis
Clostridium botulinum, Type A

Clostridium botulinum, Type B
Clostridium tetani

Castor bean
Shigella dysenteriae

Vibrio cholerae
Escherichia coli

Clostridium difficile
Clostridium difficile

1.3 pg (LDsy, oral, rabbit)
40,000 pg (LDs, oral, rabbit)
81 pg (LDs, iv, mouse)

100 pg (diarrhea, oral, mice)®
3-12 pg (MLD, mouse)

1-5 pug (LDsy, iv, rabbit)

5-8 pug (LDsy, iv, mouse)

1500 pg (LDsyg, iv, mouse)
<114 pg (LDsy, iv, rat)

0.001 pg (MLD, oral, human)
1.0 pg (LD50, oral, mouse)*®
0.0005 pg (MLD, ip, mouse)
<0.0025 pg (MLD, human)

30,000 pg (MLD, oral, mouse)®
<0.009 pg (LDsy, ip, rabbit)

250 pg (LDsy, oral, mouse)
250 pg (LDsg, iv, mouse)
100 pg (diarrhea, oral, mouse)

220 pg (LDsg, ip, mouse)
0.5 pg (LDsy, ip, mouse)
2000 pg (diarrhea, oral, mouse)®
16,000 pg (MLD, oral, mouse)®

Pore former (lyses membrane of platelets and monocytes)
Pore former (lyses membrane of erythrocytes and many other cell types)
Pore former

Pore former
Pore former/sulfhydryl-activated cytolysin (lyses cholesterol containing membranes)
Pore former/sulfhydryl-activated cytolysin (lyses cholesterol containing membranes)

Collagenase
Protease of MAPKKs (blocks phosphorylation and subsequent protein—protein interaction)
Endopeptidase targeting SNAP-25 (blocks neurotransmitter release)

Endopeptidase targeting synaptobrevin-2 (blocks neurotransmitter release)
Endopeptidase targeting VAMP (synaptobrevin) (blocks transmitter release)

Cleaves adenine 4324 of 28S RNA
Inactivates 60S ribosomal subunit

Activates intracellular adenylate cyclase
Activates intracellular adenylate cyclase

Glycosylation of small GTP-binding proteins on many cell types
Glycosylation of small GTP-binding proteins on intestinal epithelial cells

Ref: Adapted from Gill (1987a,b, 1982).
MLD: minimum lethal dose; iv — intravenously, ip — intraperitoneally.
LDsg: dose that causes 50% lethality.

& Maksymowych et al. (1999).

® Hauschild (1989).
© Lyerly et al. (1985).

4 Skjelkvale and Uemura (1977).

°‘ Ishiguro et al. (1983).
! Finklestein (1973).
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(Hileman et al., 2002; Codex, 2003; Thomas et al., 2004,
2005; Goodman et al., 2005; Ladics et al., 2007). The
sequence comparison can be performed early in the process
of producing a transgenic crop for commercialization. Sim-
ilarities identified by this methodology can be used to
determine whether the transgenic crop may possibly intro-
duce a cross-reactive protein even before any transgenic
protein has been isolated. When significant similarities
are identified, it may be necessary for that particular trans-
genic protein to either undergo further evaluation (e.g.
serological testing or other evaluation of the biological rel-
evance of the similarity) or that it not be taken to the next
level of commercial development.

Serological testing to evaluate the cross reactivity of
novel proteins with IgE antibodies from individuals with
allergies to known food allergens may also be undertaken
if the source of the gene is from a known allergenic food
or if the sequence homology search identified homology
with known allergenic proteins. In certain circumstances,
further clinical testing may also be required. If tests indi-
cate the protein binds IgE from those with allergies, it is
unlikely that the novel protein would be developed and reg-
istered as a commercial product (Codex, 2003; Metcalfe
et al., 1996; Thomas et al., 2005; Gibson, 2006).

An evaluation of the stability of the transgenic protein
to digestion by pepsin is also undertaken early in the safety
assessment process. The digestibility assay was first con-
ceived as a means to determine the relative stability of a
protein to low pH and pepsin protease encountered in
the mammalian GI environment. It was originally devel-
oped and used as a method to assess the nutritional value
of protein sources by predicting amino acid bioavailability
(Astwood, 1970). It was then applied in a systematic fash-
ion to testing allergenic food proteins (Astwood et al.,
1996) and a standardized procedure has recently been eval-
uated in an international multi-laboratory ring study (Tho-
mas et al., 2004). While not all stable proteins are allergens
(Fu et al., 2002; Herman et al., 2006), for the purpose of
allergenicity evaluation, digestible proteins are believed to
have lower potential for systemic exposure of the intact
protein, and this observation is relevant to other aspects
of hazard characterization, i.e., the potential toxicity of
proteins.

4. Testing strategy

4.1. A tiered, weight-of-evidence approach to protein hazard
assessment

The principles proposed in the current document present
a systematic method to evaluate the safety of transgenic
proteins, and where necessary, evaluate the lack of antici-
pated adverse effects in the context of new or expanded
consumption patterns. Scientifically, it is not possible to
prove a negative (i.e., the complete lack of hazard) with
certainty. However, it is possible to provide a scientific
basis to conclude that any particular protein is as safe as

another within defined limits. Therefore, a two tiered,
weight-of-evidence approach for the safety assessment of
transgenic proteins using the types of data or information
described below was developed. This chapter also describes
the application of an integrated testing strategy, the com-
ponents of which are applied to the overall weight-of-evi-
dence approach, and provides examples to illustrate
appropriate strategies to evaluate the safety of various
proteins.

Knowledge about the biochemical properties, amino
acid sequence, function, source, and mode of action of
a protein can provide insight into the history of safe use
and the potential of a protein to cause adverse effects in
mammals and other organisms. These properties are
known for many toxic proteins as well as the vastly
greater number of non-toxic proteins. The tiered applica-
tion of the tools described within this section can be used
to determine, with a high degree of confidence, if the
sequence and biochemical properties of CNPs are similar
to or different from those of known proteins, including
toxic proteins.

The potential hazard assessment Tier 1 includes compo-
nents to be applied early in the development process. Com-
ponents of this tier require information about the CNP but
only small amounts of the transgenic protein or none at all
(Fig. 1).

When data from the basic hazard assessment (i.e., Tier 1)
is equivocal, incomplete or identifies a potential hazard, a
second tier supplemental assessment (Tier 2) can supply fur-
ther information as determined on a case-by-case basis and
quantitative risk assessment principles may be applied. Risk
is a function of both hazard and exposure; therefore, in the
absence of a hazard, risk cannot be defined. In most cases a
quantitative risk assessment for dietary proteins is thus
unnecessary. In contrast to Tier 1 components, those in
the second tier will likely require production, isolation,
and characterization of larger quantities of the CNP.

In most cases, bacterial or other expression systems are
employed to obtain the CNP to conduct these studies for
practical reasons because the expression level of most
transgenic proteins in plant tissues is so low that it is sel-
dom physically possible to purify the quantities of CNPs
from GM crops to conduct the analyses. One of the limita-
tions of conducting these studies with proteins obtained
from heterologous systems (e.g., bacteria) is that they
may not be folded or otherwise post-translationally modi-
fied as they would be when expressed in planta. Ideally,
studies conducted to assess the individual components of
either tier should be conducted with recombinant CNPs
that are biochemically and functionally equivalent to those
expressed in planta. While there is no standard battery of
analytical techniques to demonstrate equivalence, func-
tional and physico-chemical equivalence studies including
a number of different techniques to determine protein size,
N-terminal amino acid sequence comparison, immuno-
equivalence, post-translational modification, and func-
tional activity of the gene product are typically conducted
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with CNPs isolated from heterologous systems prior to
conducting any of these studies (Codex, 2003).

As described in the examples in Sections 5.2-5.5, numer-
ous GM crops on the market today express transgenic pro-
teins that demonstrate a reasonable certainty of no harm
(no hazard identified) within the first tier testing and would
not require supplemental studies (no hazard characteriza-
tion) to support the same conclusion. In some cases, devel-
opers of GM crops decide to conduct additional testing to
confirm the protein safety profile or to address questions
that may be raised by regulatory agencies. The subsequent
sections of this document present a more detailed descrip-
tion of the recommended testing approach and possible
outcomes.

4.2. Tier I: potential hazard identification

The individual components of Tier I (potential hazard
identification) aid in the identification of potential hazards
associated with the CNP. The components include an
assessment of the biological function or mode of action
and intended application of the CNP, assessment of the
history of safe use, and bioinformatics comparison of the
amino acid sequence to other proteins to search for similar-
ity to those known to be toxic, allergenic, or anti-nutritive.
A recommendation to evaluate certain physical properties
of the transgenic protein (e.g., resistance or sensitivity to
digestive enzymes) was also included in Tier I. The collec-
tive components in Tier I provide a comprehensive assess-
ment that in many cases allows for a determination of
whether the particular CNP presents a potential concern
for hazard, even though evidence of how to weigh each
individual component is still evolving. Concerns raised by
one or more of the components of Tier I may drive the
safety assessment to consider Tier II.

4.2.1. History of safe use

The history of safe use for any chemical or protein con-
sists of documented evidence of animal and/or human die-
tary consumption of sufficient duration within a defined
population such that it can be concluded that the existing
dietary exposure has demonstrated a reasonable certainty
of no harm for the majority of consumers.

The history of safe use (HOSU) concept is widely used
in a regulatory context to provide guidance on the level
of familiarity with respect to probable safety of chemicals
or proteins. To establish HOSU, documented evidence
should include evidence of exposure and dietary intake esti-
mates in humans and animals (using consumption model-
ing techniques) and epidemiological or experimental
evidence of no harm. Mode of action and specificity of
individual proteins can also be considered. While complete
absence of HOSU for specific proteins does not indicate
that the protein presents a hazard, it could indicate that
the weight of evidence from Tier I analysis is incomplete
or inconclusive. Such a finding could lead to recommend-
ing further analysis of other Tier I components or possible

additional toxicology (Tier II) testing as determined on a
case-by-case basis.

The US Food and Drug Administration (FDA) has
applied the HOSU concept to GM crops as an extension
of the generally recognized as safe (GRAS) process that
was created for the safety assessment of food ingredients
in 1986 (21 CFR 170.30(f)). In 1992, the US FDA elabo-
rated on this view by specifically including the concept of
HOSU in a testing decision tree for proteins in biotechnol-
ogy (57 FR 22984). In this decision tree, the FDA indicates
that proteins that are the same or similar to proteins already
in the food supply should be considered GRAS and there-
fore are exempt from further hazard characterization.

The HOSU concept has also been articulated in recent
guidelines developed by the European Food Safety
Authority (EFSA) (EFSA, 2006a). In these guidelines,
EFSA states that a key consideration in designing a testing
strategy for an introduced protein is the analysis of HOSU.
As stated in the guidance, “The studies required to investi-
gate the toxicity of a newly expressed protein should be
selected on a case-by-case basis, depending on the knowl-
edge available with respect to the protein’s source, func-
tion/activity and history of human/animal consumption.
In the case of proteins expressed in the GM plant where
both the plant and the new proteins have a history of safe
consumption by humans and animals, specific toxicity test-
ing might not be required.” (EFSA, 2006a)

In addition to guidance from FDA and EFSA, numer-
ous authoritative consensus documents on food safety have
advocated the case-by-case approach and the use of the
HOSU concept. For example, Codex has also described
the HOSU concept (Codex, 2003).

The primary limitation to the concept of HOSU is the
lack of scientific precision associated with the definition
(Constable et al., 2007). It is reasonable to conclude that
CNPs that are identical in sequence to proteins already
found in foods that have been consumed to a significant
extent without evidence of adverse effects pose no safety
concern assuming similar consumption uses or patterns.
However, when the similarity between transgenic proteins
and common food ingredients becomes less absolute, the
degree of similarity may be defined, but limits for what
constitute “similar” are determined on a case-by-case basis.
Notwithstanding the subjective application of this concept
when applied to proteins that are structurally and function-
ally similar (but not identical) to those found in the diet
with a documentable history of safe use, this is a useful
concept in the hazard assessment process of proteins.

Knowledge about the properties of the organism from
which the gene was derived can provide further informa-
tion regarding the history of safe use. It is important to
know whether the source organism from which the gene
of interest is derived is known to produce toxic, patho-
genic, allergenic, or anti-nutritional effects in humans.
Genes obtained from sources known to produce proteins
that cause adverse effects may be more likely to encode
toxic or allergenic proteins if for no other reason than that
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they were obtained from a source capable of producing
such proteins. Information about the source will assist in
identifying tools and relevant data to be considered in the
toxicity and allergenicity assessments. Typically the CNP
will have been selected on the basis of a known and desired
mode of action, which in turn will provide a preliminary
indication of hazard. For example, a protein obtained from
a common food source may have a more robust history of
safe use than a protein obtained from organisms known to
be toxic (e.g., Clostridium botulinum, the source of botulism
toxin) or allergenic (e.g, Arachis hypogeae — the source of
peanut allergens). For allergy assessment, because 90% of
all food allergic reactions are ascribed to eight major food
groups, a gene sourced from one of these foods would
trigger the need to consider specific serological testing
(Thomas et al., 2005; Gibson, 2006). Concerns about the
pathogenicity of the source organism are likely to lead to
questioning the safety of any protein, even with a well-
defined mode-of-action, derived from that organism and
might therefore require a more detailed evaluation. How-
ever, unless the transgene of interest is known to mediate
or participate in the pathogenicity of the source organism,
it is unlikely to impact the safety of other proteins obtained
from the same organism. The underlying mode of action of
a pathogenic organism will direct the evaluation using the
testing strategies provided in this hazard assessment.

4.2.2. Bioinformatics analysis

Bioinformatics, in the context of protein analysis, is a
term used to describe the application of a scientific disci-
pline, one component of which includes relating biological
information to specific amino acid sequences in known
proteins. The primary purpose of bioinformatics assess-
ments of transgenic proteins is to assess the degree of
amino acid sequence similarity, phylogenetic relationship,
or the orthology between different proteins. In this case,
the comparison is essentially conducted between a CNP
and the amino acid sequences of all known proteins. Infor-
mation from this type of comparison can be particularly
useful where easily recognized amino acid sequence similar-
ity is identified between the transgenic protein and proteins
that have a history of safe use in food and/or feed (see Y-
coat protein example). Likewise, similarity to those pro-
teins known to be allergenic, toxic, or pharmacologically
active can lead to new hypotheses for additional safety
evaluations, depending on the nature and degree of similar-
ity. The general concept in bioinformatics testing is that the
more similar the amino acid sequence of the CNP is to pro-
tein toxins (for example) the more likely it will require
hypothesis-based toxicity testing.

Bioinformatics tools include computer algorithms that
are used to evaluate the phylogenetic relationships between
genes and gene families and to determine the degree of
sequence similarity between two or more sequences
(DNA or protein). Bioinformatics tools can also be used
to predict the tertiary structure of proteins; however, the
number of proteins with known three-dimensional struc-

tures against which to compare is considerably smaller
than the number of those with known amino acid
sequences.

The most commonly used bioinformatics computer
tools; such as Fast protein comparison or Fast All (FASTA;
Pearson and Lipman, 1988), and Basic Local Alignment
Search Tool (BLAST; Altschul et al., 1990) were designed
to assess overall similarity between protein sequences. Var-
ious scoring matrices assign more “weight” or bias to amino
acids that are responsible for tertiary structures, thereby
anchoring potentially similar sequences to regions most
likely to have a common tertiary structure (e.g., BLO-
SUMS62 scoring matrix algorithm, http://www.ncbi.nlm.
nih.gov/Education/BLASTinfo/Scoring2.html). A single
search with one query sequence (presumably that of the
CNP) identifies the closest matches and orders them accord-
ing to the level of similarity out of all sequences available in
a large sequence library. A number of searchable protein or
DNA databases such as Uniprot-Swissprot (http://
www.expasy.org/sprot/) or the National Center for Bio-
technology Information at the US National Institute of
Health (www.ncbi.nlm.nih.gov) have been used for this
purpose.

Information obtained from bioinformatics analyses can
be used to define or refine the mode of action of specific
proteins. Proteins that are highly similar at the level of
amino acid sequence might have related, but not necessar-
ily identical, modes of action, for example hydrolase activ-
ity with differing specificity (see Section 4.2.3). Another
example is the insecticidal Cry proteins from B. thuringien-
sis (Bt) subspecies that share a high level of sequence
homology and the ability to disrupt insect midgut mem-
branes in sensitive species by causing pore formation and
ultimately the death of a limited spectrum of sensitive spe-
cies. However, the receptor or binding site specificity of
individual Bt proteins can be extremely narrow, with some
affecting only certain Lepidopteran pests and others affect-
ing only Coleopteran pests (Hofte and Whitely, 1989).

Another use of bioinformatics is the development of
phylogenetic trees for proteins that are structurally aligned
or with similar sequences to putatively characterize the sim-
ilarity between proteins, or a group of proteins, to other
proteins already present in food or feed. These analyses
may be used in combination with HOSU analysis to estab-
lish that an entire class of proteins may already be ubiqui-
tous in food and that the mode of action(s) relevant to that
class is unlikely to cause adverse effects in humans, animals,
or the environment.

Although specific guidelines have been developed for
allergenicity (Hileman et al., 2002; Codex, 2003; Goodman
et al., 2005; Ladics et al., 2007), guidelines for similarity of
homologous proteins in the areas of toxicology, pharma-
cology, mode of action, and history of safe use are deter-
mined on a case-by-case basis. The general concept that
is evaluated in this type of analysis is that homologous pro-
teins tend to have the same or similar function. In the con-
text of comparing the amino acid sequence of a CNP to
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known proteins toxins, ideally, bioinformatics analysis can
be used to demonstrate “lack of similarity” between CNPs
and protein toxins. While no formal guidelines have been
established for what constitutes a significant sequence
similarity between a CNP and a protein toxin, one general
recommendation is that proteins sharing less than 20%
identity over 100 or more amino acids should not be con-
sidered homologues (Doolittle, 1990).

The power and robustness of bioinformatics analyses has
increased exponentially since the early 1980s, when only
limited numbers of gene and/or protein sequences had been
determined empirically. Today there are millions of
sequences in these databases with more added each day.
This implies that there is a great deal of representative data
upon which to base hypotheses and conclusions with
respect to functionality, orthology or phylogeny. Currently,
bioinformatics analysis is mostly limited to linear sequence
analysis with higher order suggested by certain residues. As
structural analyses progress, bioinformatics should become
an even more powerful tool. However, more biologically
relevant test data are needed in order to increase the predict-
ability of bioinformatics search results and databases that
may be used to support safety assessments.

4.2.3. Mode of action and specificity

Knowledge about both the mode of action and the func-
tional specificity of a CNP are important factors in the haz-
ard assessment of transgenic proteins as they are the basis
of the testing strategy and study design. For purposes of
this discussion, mode of action is not used in a typical tox-
icological sense, but is used from a functional perspective.
The mode of action is the mechanism, by which a protein
acts in vivo. For most currently available GM crops, the
mode of action applies to the in vivo interaction of the pro-
tein (e.g., Bt-proteins) with receptors of susceptible insect
species or the interaction between the transgenic protein
and a particular class of herbicides in planta. Uncertainty
about the safe use of any particular protein is reduced if
the mode of action can be shown to have low relevance
for humans. The better the specificity of a mode of action
is understood for any protein, the greater the probability
to predict whether it will have adverse effects. Before a
CNP is considered for transfer into a crop, the physico-
chemical properties, structural characteristics, function,
and the mode of action of the protein should be assessed.

Specificity is one of the most significant features of pro-
tein molecules in biological systems. As described in the
previous section on bioinformatics, the relatedness between
proteins can be determined from amino acid sequence sim-
ilarity to better understand the functional role or classifica-
tion of any particular protein. Similar proteins can be
identified in many different organisms that serve the same
purpose. For example, an enzyme is specific for a reaction
because its active site is constrained to react only with its
own substrate(s). Similarly, the specificity of peptide hor-
mones is based primarily on the interaction with specific
receptor proteins.

Information on the role of a particular protein in the
donor organism and the systems in which it interacts can
assist in evaluating the potential risk of human and non-
target exposure to the transgenic protein in other organ-
isms, such as plants. This insight is based on whether the
conditions for the protein to perform its function (includ-
ing the availability of specific molecules that the protein
interacts with [e.g., substrate, cofactors, receptors]) exist
in the bodies of humans, other mammals, and/or non-tar-
get organisms.

For instance, the mechanism of glyphosate tolerance in
GM plants is based on the fact that the only known physi-
ological target of glyphosate is the plant endogenous EPSPS
—a key enzyme involved in the shikimic acid pathway of the
aromatic amino acid biosynthesis. Different from plant
endogenous EPSPS, the transgenic EPSPS expressed in
the GM plants is not inactivated by glyphosate, thereby
conferring the tolerance to glyphosate (Nida et al., 1996;
Padgette et al., 1995; see details in case study 5.3).

The protein that a transgene encodes should be character-
ized to determine the physico-chemical properties and struc-
tural characteristics, including protein size; isoelectric point;
post-translational modification, amino acid sequence;
stability to pH, temperature, and chemical or biochemical
agents; and secondary and tertiary structure. Secondary
and tertiary structural information may be relevant to
understand the mode of action for a protein at the molecular
level. Protein characterization provides fundamental infor-
mation about a protein, which is useful for evaluating bioin-
formatics analysis and essential to elucidation of its mode of
action.

After characterization of a protein, the function and
mode of action of the protein at the cellular and molecular
level should be investigated. Because of the broad diversity
of protein functions and properties, there is no single
approach or study design that one can follow to investigate
the mode of action for different proteins and this must be
determined on a case-by-case basis. As an example, several
insecticidal crystalline (Cry) proteins discovered from the
bacterium Bt have been used in transgenic crops to confer
resistance to certain insect pests. Investigation of the mech-
anism of toxicity of Cry proteins in targeted insects is typ-
ically conducted by evaluating the function of the specific
activity of Cry proteins in nature. Based on the solubility
of the Bt proteins as well as specific insect midgut receptors
that are not found on mammalian cells in the digestive
tract, these Cry insect toxins have no effects on humans,
other mammals, or non-susceptible insects even if they
could survive passage in the gut (Hofte and Whitely,
1989; Van Rie et al., 1989; see details in case study 5.4).

If there is any safety concern for the transgenic protein
after protein characterization, elucidation of the mode of
action and specificity, further in vitro or in vivo testing
may be conducted. Any data and information about the
function and mode of action of a protein should be
reviewed together with data generated by other techniques.
There is always the possibility that the function and mode
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of action of a protein in one biological system may not be
applicable to another. Mode of action and specificity stud-
ies provide information that is directly relevant to safety,
and these data also guide collateral studies to enhance
the overall assessment of protein safety. Therefore, studies
conducted in a relevant model for the target species are
important.

4.2.4. In vitro evaluation of stability

Proteins that are unstable in the GI system are more
likely to be safe following oral consumption than those that
resist digestion if for no other reason than they are unlikely
to retain biological activity following degradation. The
potential instability of proteins to pH and digestive
enzymes are part of the hazard identification of CNPs. Spe-
cifically, the pH and digestive enzymes examined represent
the conditions to which the CNP would likely be exposed
during consumption. In some cases, information about
the stability of a CNP under standard conditions of heat
and other forms of processing sometimes applied to obtain
edible fractions from grains may also provide further infor-
mation about the potential exposure to CNPs. However, it
should be noted that this level of information is typically
not required. The endpoint to be examined for thermal
and pH effects is the functionality of protein (e.g., enzy-
matic activity, bioactivity, etc.), while the presence or
absence of protein sequence integrity is the focus for digest-
ibility. Knowing the stability of the protein expands the
general knowledge base of the characteristics contributing
to a more complete understanding of the mode of action
of the protein and provides information about the condi-
tion of the protein during human, animal and non-target
organism exposure.

4.2.4.1. In vitro digestibility. Many proteins are sensitive to
proteolysis in the mammalian GI system because of the
acidic conditions and the abundant quantity and variety
of proteases and peptidases in the stomach and the
mechanical processing. However, little is known about
the stability of most dietary proteins when considered in
the context of the total number of dietary proteins that
exist in nature, or in the context of complex food matrices
as would be found in a typical meal.

Some dietary proteins are degraded within a matter of
seconds during exposure to digestive enzymes, whereas
others are resistant to in vitro digestive proteolysis even
following extended digestion. Some proteins appear to be
digested completely, albeit slowly when evaluated in
in vitro digestibility assays. The digestion of many proteins
lies in the middle of the continuum, making the results
more difficult to interpret. Loss of integrity of some intact
proteins has also been reported, in some cases, to lead to
the generation of stable lower molecular weight peptides
in SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis. Evidence of slow or limited protein digestibility
does not indicate that the protein is necessarily a hazard,
but proteins that are resistant to digestive proteolysis might

be more likely to be absorbed in a biologically active form,
if for no other reason than that more of the active form
reaches the absorptive part of the GI system intact.

Simulated mammalian gastric fluid (SGF) has been used
to assess the in vitro digestibility of CNPs. For in vitro
digestion studies, SGF is typically prepared according to
specifications of the US Pharmacopoeia (USP, 2000).
Numerous variations in SGF assay parameters have been
reported. Recently, Thomas et al. (2004) established a stan-
dardized protocol for evaluating the in vitro digestibility of
proteins in SGF in the context of an inter-laboratory ring
study. Although not as widely utilized as that of SGF,
some studies have evaluated the in vitro digestibility of pro-
teins in simulated mammalian intestinal fluid (SIF). The
SIF differs from SGF in that the pH is neutral (7.5) and
the digestion is mediated by pancreatin. Pancreatin is a
mixture of different enzymes including amylase, proteases
(such as trypsin and chymotrypsin), lipases, and ribonucle-
ases, all of which are commonly found in the mammalian
intestine. To gain a more realistic assessment, proteins
may also be subjected to sequential digestion. That is,
exposure to SGF followed by neutralization and exposure
to SIF prior to analyzing protein size by SDS-PAGE. If a
protein is digested rapidly during an exposure to SGF
alone, or during exposure to SIF following digestion in
SGF, the probability of being absorbed by epithelial cells
of the small intestine in a biologically active form would
be extremely low.

4.2.4.2. Functional stability to temperature and pH. Infor-
mation about the stability of a protein can lead to a more
thorough understanding of the mode of action as well as
the effects of exposure to various conditions on the trans-
genic protein. The temperatures and pHs involved in pro-
cessing of the crop should first be identified to set proper
parameters for the testing protocol. The test substance
may be the purified protein (recombinant, homologous or
heterologous, or native) or specific plant tissue containing
the protein, such as the grain. An alternative approach is
to evaluate the activity of the transgenic protein in food
components after isolation from the GM crop.

The temperatures typically evaluated in such production
process analyses range from 0 °C to 100 °C and vary in
duration for time intervals of up to 60 min. For example,
corn is generally wet or dry milled when being processed
for various food applications (Eckhoff et al., 1993). The
milling process subjects the grain to temperatures of 50-
60 °C for up to an hour, so testing at 50 or 60 °C might
be appropriate. Stability to temperature and pH extremes
may increase the level of concern about a protein, but sta-
bility by itself is not an indication that the protein is toxic
or allergenic. Where there are concerns about the harmful
or toxic properties of a protein due to protein function per
se, the demonstration of lack-of-function resulting from
cooking, milling or other processing, or otherwise will
contribute to the hazard identification of that protein in
food or feed (Thomas et al., 2007).
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4.2.5. Protein expression level and dietary intake

Expression level(s), tissue expression patterns, and die-
tary intake of transgenic proteins in GM crops are compo-
nents of a comprehensive safety assessment. Levels of
expression of transgenic proteins in various plant tissues
can be determined analytically to: (i) define the amount of
protein present in seeds and other plant parts; (ii) calculate
expected exposure levels to humans and non-target organ-
isms; (iii) support the effective dose level of the protein
needed for the phenotype; (iv) demonstrate stability of the
encoded transgenic protein during breeding; and (v) evalu-
ate variations across different environmental conditions.

Typically, intake of a protein is estimated by considering
actual expression levels in consumed tissues (i.e., fruit or
grain vs. leaves) and by considering a comprehensive eval-
uation of food consumption practices of the population.
Mathematical models for combining food consumption
and food composition data have been used for estimating
dietary intake, nutritional status and exposure to contami-
nants or pesticide residues for many years (Exponent, Inc.’s
FARE™ and DEEM™ [Washington DC]; USDA WWEIA,
NHANES - http://www.ars.usda.gov/Services/docs.htm?
docid=14018). The most appropriate model will depend
upon the specific analysis and on the available data. To
characterize the intake of foods, it is necessary to know
the amount of food consumed and the frequency with
which the food is consumed. It is also important to include
the impact of protein stability and processing effects that
are evaluated in the stability Section 4.2.4. The intake of
proteins can then be estimated by multiplying the intake
estimates by the concentration of the transgenic protein
in the food. The potential impact on nutritional status
can be estimated by calculating intakes using existing dat-
abases of nutrient composition for traditional counterparts
of the new food and comparing the results to analyses
using the nutrient composition for the transgenic food.
Sensitive subpopulations can also be included in this anal-
ysis when warranted.

Some proteins are found in GM crops at low levels. One
strategy for dealing with very low levels of exposure that
has not been applied to proteins is that of the threshold
of toxicological concern (TTC; Cheeseman et al., 1999).
TTC refers to the establishment of a human intake thresh-
old value for all chemicals, below which there is a very low
probability of an appreciable risk to human health (60 FR
36581-36596). The TTC is not a threshold at which no tox-
icity is observed, as the Average Daily Intake (ADI) is in
traditional risk assessment paradigms, but rather a pre-
dicted exposure threshold at which toxicological data from
structurally similar compounds indicates large margins of
safety (100x—1000x).

This concept was originally proposed by Frawley (1967)
and is the basis for the US FDA’s “threshold of regulation”
(TR) process for dealing with components of food-contact
materials that pose a negligible risk (US FDA, 1983).
FDA'’s threshold of regulation is based on an evaluation
of the dietary levels at which toxic effects (typically carcino-

genesis) are observed in long-term animal feeding studies
conducted with chemicals which could potentially become
components of food (including indirect additives). A thresh-
old was set at a concentration of 0.5 parts per billion (ppb).
This concept of food safety has been elaborated by subse-
quent reports (Munro et al.,, 1999; Kroes et al., 2000,
2004; Barlow et al., 2001). Kroes et al. (2004) indicated that
TTC was not normally applied to proteins because the data
were insufficient to define a TTC for allergenicity. In the
case where hazards are identified with CNPs in Tier I anal-
ysis, it might be possible to use this concept to evaluate
existing data to determine if TTC values can be determined
for proteins or structural classes of proteins.

4.3. Tier II: hazard characterization

A second tier of testing has been developed to character-
ize hazard for CNPs when the information from the first
tier does not provide clear evidence to make a determina-
tion of safety (reasonable certainty of no harm). Specifi-
cally, Tier II: hazard characterization components could
be conducted to evaluate potential hazards associated with
dietary exposure to CNPs on a case-by-case basis (Fig. 2).

When necessary to investigate the safety of CNPs
beyond the components in Tier I as determined on a
case-by-case basis, studies in the second tier can include
an evaluation of the acute toxicity of the purified protein.
Studies to assess the acute toxicity of CNPs are conducted
because it has been stated that proteins that are toxic most
likely act through acute mechanisms of action (Sjoblad
et al.,, 1992). Additional testing might be undertaken
depending on results from the acute study or if data suggest
that evaluation of repeated administration is necessary.
Acute toxicology studies are typically conducted in mice
via oral exposure because that is the most relevant route
of exposure. However, in some cases, other routes of expo-
sure such as intraperitoneal or intravenous administration
have been conducted (Hérouet et al., 2005).

Another option in hazard characterization is the con-
duct of repeated dose studies (up to 28 days) with purified
transgenic proteins. However, studies of this type have not
been done historically with transgenic proteins. Hypothe-
sis-based testing might be considered if information related
to the mode of action raises concern or bioinformatics
analysis identifies sequence similarity to known toxins.
One or more testable hypotheses should be developed for
advanced in vitro or in vivo testing (see more details in case
study 5.5). If the protein is stable to digestive enzymes,
determination of the biological fate of the protein may
need to be considered on a case-by-case basis.

4.3.1. Acute toxicology assessment of transgenic protein
Acute toxicity testing of transgenic proteins is performed
in rodents (usually mice) to assess potential mammalian
toxicity following a single exposure to high concentrations
of the protein. Acute toxicology studies are required by
the EPA to assess the hazards of protein-based pesticides,


http://www.ars.usda.gov/Services/docs.htm?docid=14018
http://www.ars.usda.gov/Services/docs.htm?docid=14018

B. Delaney et al. | Food and Chemical Toxicology 46 (2008) S71-S97 S85

which are the active components of microbial pesticides or
that are Plant-Incorporated Protectants (PIPs; US EPA,
2000). While acute toxicity studies are not necessarily
required for transgenic proteins that are not PIPs, they have
sometimes been conducted as well. To date, no tested trans-
genic proteins used in GM crops have demonstrated
adverse effects in acute toxicity studies even at extremely
high doses (Table 3). Because the US EPA considers acute
toxicity studies ‘“‘confirmatory” for proteins that have
already been used safely within previously approved biopes-
ticides, such as microbial sprays (Betz et al., 2000), addi-
tional safety studies beyond acute oral toxicity studies are
generally not conducted. The results from these studies with
CNPs confirmed the lack of acute toxicity and suggest that
there is little actual information to be obtained from con-
ducting them that would not otherwise have been obtained
from the first Tier of the safety assessment.

Not all transgenic proteins have pesticidal properties;
rather, some impart traits such as herbicide tolerance,
drought tolerance, delayed ripening, and alterations in

Table 3
Results from acute mouse toxicology studies with proteins in GM crops®

Protein Source Trait Dose (mg/kg
body weight)
and route of
exposure®

CrylAb Bacillus Insect >4000 (oral)

CrylAc thuringiensis resistance >4200 (oral)

Cry2A subsp. kurstaki >3000 (oral)

Cry3A Bacillus Insect >5200 (oral)

thuringiensis resistance
subsp. tenebrionis
Cry3Bbl Bacillus Insect >3850 (oral)
thuringiensis resistance
subsp.
kumamotoensis

CrylF Bacillus Insect >600 (oral)
thuringiensis resistance
subsp. aizawi

Cry9C Bacillus Insect >3760 (oral)
thuringiensis resistance >0.3 (iv)
subsp. tolworthi

VIP3A Bacillus Insect >3675 (oral)

thuringiensis resistance

Phosphinothricin Streptomyces Glufosinate >10.0 (iv)

acetyltransferase  hygroscopicus tolerance
(PAT) Streptomyces >4200 (oral)
viridochromogenes

5'-Enolpyruvyl Agrobacterium sp. Glyphosate >1000 (oral)

shikimate 3- tolerance
phosphate
synthase (CP4
EPSPS)
Phosphomannose E. coli Selectable >5000 (oral)
isomerase (PMI) marker
NPTII
B-glucuronidase Selectable >100 (oral)
(GUS) marker

% Personal communication — Bayer CropScience, BASF, Dow Agro-
Sciences, Pioneer Hi-Bred, Monsanto Company, and Syngenta
Biotechnology.

® No adverse effects observed at the indicated dose.

nutrient content. These traits are imparted by altering the
expression of enzymes that catalyze a specific or a narrow
spectrum of reactions. Knowledge about these transgenic
proteins obtained from Tier 1 typically provides enough
information to determine whether they would be likely to
cause adverse effects. Consequently, acute dosing studies
for non-pesticidal proteins have not been viewed to be nec-
essary to confirm their safety by some regulatory authori-
ties. For example, the European Food Safety Authority
does not require acute or repeated dose toxicity testing
for proteins with a history of safe use (EFSA, 2006a).
Guidelines for testing the safety of “novel” proteins or
for GM crops do not specify that acute toxicology testing
is necessary to assess potential toxicity. Rather, EFSA
advocates a case-by-case basis to determine whether acute
and/or repeated dose toxicity studies are necessary to dem-
onstrate a reasonable certainty of no harm that could be
attributable to exposure to the transgenic protein (EFSA,
2006a). Codex guidelines also provide latitude for assessing
the safety of transgenic proteins, which can be directly or
indirectly established as having a history of safe use in
the context of the factors described in the Hazard Identifi-
cation testing.

For PIPs, US EPA and OECD guidelines recommend a
high dose (limit dose) assessment in acute oral toxicology
studies (US EPA, 1998; OECD, 2002). In these studies, lab-
oratory animals are dosed one time via oral gavage. The
limit dose is defined as either 2000 or 5000 mg/kg of body
weight by OECD and US EPA, respectively. However, the
actual dose used will depend on a variety of factors including
the purity and solubility of the test material in an appropri-
ate dosing vehicle. After dosing, test animals are observed
daily for 14 days for body weight changes and clinical signs
of adverse effects. At the end of the in-life phase, a gross nec-
ropsy is also conducted to determine whether obvious path-
ological changes to major organs are evident. Control
groups such as vehicle controls and/or protein controls
(administered the same dose of a known non-toxic protein
that was given to test animals) are sometimes included. Con-
trol groups can provide background information on sponta-
neous changes and help to interpret the biological relevance
of spontaneous findings in test animals. Additional parame-
ters, such as clinical pathology (hematology, blood chemis-
try) are typically not included in acute toxicity studies, but
could be added to the design of acute toxicity study on a
case-by-case basis. However, if these additional response
variables are included in acute toxicity studies, it is impor-
tant to know that the laboratory study where they are con-
ducted has sufficient corresponding data from historical
control animals against which to compare the results.

The intravenous (IV) route of exposure has also been
used to assess the acute toxicity of transgenic proteins
(Hérouet et al., 2005). Parenteral routes of exposure may
be considered to ensure high systemic exposure based on
a considerable experience reported in the scientific litera-
ture with IV injections of toxic proteins (see Table 2). How-
ever, routes of exposure that bypass the GI system should
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be conducted with caution for a number of reasons. First,
in most cases the test substances being evaluated are
obtained from bacterial expression systems, accordingly
even good preparations may contain small amounts of con-
taminants including bacterial lipopolysaccharides (e.g.,
endotoxin). Parenteral administration of endotoxin can
cause effects including mortality that could lead to the erro-
neous conclusion that a transgenic protein is acutely toxic.
For example, the LDs, of endotoxin in a 20 g mouse has
been estimated to be 100-500 pg (Beutler et al., 1985;
Suzuki et al., 2000). Thus, these types of studies carry an
inherent risk of overestimating the toxicity of a CNP that
could be present in food or feed. Secondly, proteolytic deg-
radation that normally occurs in the GI system following
oral exposure does not occur when a CNP preparation is
administered parenterally. Thus any potential intrinsic tox-
icity of CNPs could be exacerbated when, in fact, they pres-
ent minimal (if any) potential for systemic absorption
intact as, in general, IV LD, values are considerably lower
than oral LDs, values (see Tables 2 and 3). Another con-
cern with conducting acute toxicity studies with CNPs par-
enterally is that a number of toxic proteins including PHA-
E, have a well-characterized ability to cause adverse effects
in the GI system itself. Accordingly, parenteral administra-
tion could, in some cases, bypass a potential target organ
where adverse changes may otherwise have been detected
following oral exposure to the CNP. Finally, there is no
accepted limit dose for parenteral acute toxicity studies as
there is with oral testing guidelines.

Nevertheless, there are some advantages to conducting
acute toxicity studies parenterally. To begin, results from
acute toxicity studies conducted with CNPs administered
parenterally can be compared to the acute toxicity values
of known protein toxins as an indictor of absolute intrinsic
toxicity. Intravenous exposure can be considered to mimic
worst case scenario by considering that 100% of the entire
transgenic protein is absorbed into the body. In addition,
the IV route of exposure allows an analysis of potential
lethal and non-lethal effects with substantially small quan-
tities of CNP preparation than are required to conduct
them orally. Furthermore, in some cases, assessment of
the acute toxicity of proteins by IV route of exposure has
been recommended by regulatory authorities. In particular,
for proteins expressed in non-food plants, such as cotton,
where products obtained from these plants will be widely
used in surgery and production of hygienic substances, par-
enteral exposure is feasible.

For CNPs that reveal similarity to known antinutrient
proteins from Tier 1 analysis, it may not be prudent to rely
solely on the outcome from Hazard Identification and
acute toxicity studies for safety assessment. For example,
certain lectins and protease inhibitors are toxic to certain
insect pests, but also cause toxicity when fed to mammals.
Evidence of toxicity with these types of substances may not
be observed during acute toxicity testing. In these cases,
repeated dose toxicity studies may be warranted (US
EPA, 2000; Van Haver et al., 2003).

4.3.2. Repeated dose toxicology assessment with transgenic
proteins

As indicated in previous sections of this document, in
most cases, repeated dose toxicology studies have not been
necessary to evaluate the safety of CNPs. Should it be neces-
sary to conduct repeated dose toxicity studies with CNPs, it
is anticipated that the study design would be consistent with
those conducted with food ingredients as described in
OECD Guideline 407 (OECD, 1995; EFSA, 2006a,b). These
guidelines were developed to screen synthetic chemicals for a
broad range of possible adverse outcomes. The exposure lev-
els are based on the concentrations of the transgenic protein
likely to be encountered in the human diet. However, OECD
Guideline 407, section 30, states: “Overall, there is a need for
a flexible approach, depending on the species and the
observed and/or expected effect with a given compound.”
It is recommended that rodents would be dosed for 28 con-
secutive days either by gavage or by adding the test protein
to the diet. The guideline defines the limit (e.g., highest) dose
in repeated dose 28 day exposure studies as 1000 mg/kg body
weight per day. A major impediment to this testing in
rodents is the difficulty of producing large amounts of the
test protein required to conduct studies of this design. For
these types of studies, mice would be preferred to rats in
order to reduce the amounts of purified protein required,
unless information indicates that rats would be a more
appropriate species. However, even with mice, the amount
of protein that would be required to conduct a 28-day study
would likely exceed 25 g of purified transgenic protein.

As there is no evidence to suggest that protein digestion
is altered as a result of repeated exposure, if a CNP is sus-
ceptible to digestion, is not homologous to known protein
toxins and is not acutely toxic, repeated dose administra-
tion of the protein would be unlikely to contribute addi-
tional valuable information to the overall assessment. On
a case-by-case basis, the contribution of repeated dose oral
or dietary toxicity studies with CNPs should be weighed
carefully against the potential confounding factors and
the difficulty of producing large quantities of protein.

In toxicology, it is well accepted that dose influences
toxicological outcome (Conolly and Lutz, 2004). Excessive
doses and inappropriate routes of exposure may provide
evidence of mechanisms of action that would not occur
with relevant routes and exposure levels. In this context,
a guideline ‘limit dose’ of 1000 mg/kg/day dose level in
repeated dose toxicity studies may be very high compared
to possible human exposures from plant-incorporated
transgenic proteins. An alternative approach to setting
the high-exposure level would be to start with predicted
human exposure, and multiply this value by at least 100,
but probably not more than 1000. In most instances, a risk
assessment approach will result in a dose that is consider-
ably less than the limit dose of 1000 mg/kg/day.

4.3.3. Hypothesis-based studies
If one of the components of the hazard characterization
proposed in Tier 2 suggests a possible hazard, hypothesis-
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based testing might be considered on a case-by-case basis.
An example is provided for antifungal protein (AFP) where
mode of action and bioinformatics sequence similarity data
raised possible concerns (see more details in case study 5.5).
If a protein or protein fragment is relatively stable to diges-
tive enzymes, determination of the rate of disappearance or
the biological fate of the protein might be considered (Tho-
mas et al., 2004; Herman et al., 2003). If exposure assess-
ment indicates a high level of exposure to the protein,
additional testing might be considered if dietary intakes sig-
nificantly exceed a reasonable extrapolation of history of
safe use. For example, safe food use at 1 mg/kg/person/
day may be acceptable, but food use at 100 mg/kg/person/
day may not represent a reasonable margin of safety relative
to known dietary intakes or available toxicology data.

5. Examples

To demonstrate the effectiveness of the proposed approach
in this document to assess the hazard potential of individual
proteins, the application of the principles is discussed in rela-
tion to six transgenic proteins as examples. Each protein was
evaluated using this framework with a discussion about the
results and approach that were followed. They are also sum-
marized in Table 4 at the end of this section.

5.1. Potato virus Y coat protein

Transgenic expression of the potato virus Y coat protein
protects potatoes from infection by Potato Virus Y (PVY).
PVY is endemic in potatoes and causes significant damage
to the potato crop. Roger Beachy’s laboratory character-
ized coat protein mediated resistance to virus infection in
the 1980’s and found that expression of coat protein in
plant cells prevented reinfection by additional virus (Pow-
ell-Abel et al., 1980). The expression level of Y coat protein
in transgenic lines is 0.01% of that found in “naturally”
infected tubers. Potato virus Y coat protein is identical to
the potato virus Y coat protein found in the diet when
infected potatoes are consumed (Powell-Abel et al.,
1980). Based on data from surveys of tuber infection in
the United States and Europe, calculations showed that
the consumption of potato virus Y coat protein from
GM potatoes would be less than that currently in the diet,
even if these GM potatoes were to reach 100% market
share. Since there is a strong history of safe use and there
is no new dietary exposure, no further safety assessment
of the potato virus Y coat protein is warranted.

5.2. Phosphinothricin acetyltransferase protein

The phosphinothricin acetyltransferase (PAT) proteins,
which are encoded by the bar coding sequence from Strep-
tomyces hygroscopicus or the pat coding sequence from
Streptomyces viridochromogenes, are present in glufosi-
nate—-ammonium tolerant plant varieties of various crops
such as corn, cotton, rice, canola (oilseed rape), and soy-

bean. The PAT proteins encoded by bar and pat are similar
enough to be considered homologues (Wehrmann et al.,
1996). The PAT enzymes acetylate L-phosphinothricin,
the active isomer of the glufosinate—ammonium herbicide,
resulting in tolerance of transgenic plants to post-emergent
application of the non-selective herbicide. The determina-
tion of the safety and toxicological profile of the PAT pro-
tein is independent of the crop variety and applies to all
plants that express this protein. Because the expression of
the PAT protein in transgenic plants, regardless of crop,
is extremely low (<0.1% of total protein), safety studies
were conducted with PAT proteins produced in E. coli.
The safety assessment of PAT proteins has been described
(Hérouet et al., 2005).

5.2.1. Potential hazard identification evaluation — Tier 1
5.2.1.1. History of safe use. The safety assessment begins
with the consideration of the safety of the bacterial Strep-
tomyces donor organisms. These Streptomyces species are
common soil microbes, widespread in nature, and found
all over the world. They have not been reported as being
toxic or allergenic to humans or animals (Kutzner, 1981).
Humans are probably frequently exposed to Streptomyces
through the consumption of roots and vegetables and there
is no evidence to indicate harm from such exposure.

5.2.1.2. Bioinformatics analysis. Bioinformatics investiga-
tions of the PAT proteins did not reveal any indications
of similarity to known toxins or allergens (Hérouet et al.,
2005). The complete amino acid sequence of the PAT pro-
teins was compared with all protein sequences present in
seven large public databases. The algorithm used was
BLAST and the scoring matrix BLOSUMG62. The epitope
search using eight continuous amino acids did not match
with any known allergens. The results showed that the
PAT proteins have sequence similarity only with other ace-
tyltransferase proteins, for which no adverse effects have
been reported following consumption. In addition, there
were no potential N-glycosylations identified.

5.2.1.3. Mode of action. The PAT proteins share similar
structural and functional properties with the class of acetyl-
transferase proteins, which are widely distributed in nature.
The PAT enzyme adds an acetyl group to the substrate
L-phosphinothricin, the active isomer of the herbicide glufo-
sinate-ammonium. The addition of the acetyl group pro-
duces N-acetyl glufosinate, which is not herbicidally active.
Therefore, plants, which contain the PAT enzyme, are resis-
tant to the herbicidal effects of glufosinate—-ammonium. The
PAT enzymes are highly substrate specific for L-phosphino-
thricin and studies show that they do not act on even the clos-
est substrate analogs (Thompson et al., 1987).

5.2.1.4. In vitro digestibility. PAT proteins were rapidly
degraded in human simulated gastric and intestinal fluids
(Hérouet et al., 2005). The rapid degradation (within



Table 4

Summary of examples

Examples Tier I Potential hazard identification Tier 11 Hazard characterization
History of safe use ~ Bioinformatics Gene source Mechanism of action/ Digestibility Acute toxicity Sub- Hypothesis-based
function in vitro chronic testing
toxicity
Y coat protein Potato virus Y Potato virus Y coat Plant viruses are  Plant viral coat proteins No data No data No data N/A
(PVY) commonly infects protein is not similar to consumed have no enzyme activity,  required required required
as many as 20% of  allergens or toxins, and is  incidentally and the mechanism of
all potato tubers similar to other plant ‘immunity’ is to prevent
consumed (need virus coat proteins further infection by
exact data for Y commonly consumed Potato virus Y
coat protein)
Phosphomannose Found in various PMI shares similarity to ~ E. coli Well described enzymatic  Digestible Non-toxic No data N/A
isomerase (PMI)  plant and animal other sugar isomerases activity with known (NOEL required
foods, and is found  and no similarity to substrate specificity that 3030 mg/kg)
in many bacteria —  toxins poses no concern
also endogenous to
humans
Phosphinothricin Found ubiquitously =~ PAT shares similarity to  Streptomyces Well described enzymatic ~ Digestible Practically non-  No data N/A
acetyltransferase  in the environment  other acetyltransferases activity with known toxic (NOEL required
(PAT) and on foods and no similarity to substrate specificity 10 mg/kg iv;
toxins MOS > 1000)
S-enolpyruvyl EPSPSs are CP4 EPSPS shares Agrobacterium Well described enzymatic  Digestible Practically non- No data N/A
shikimate-3- ubiquitous in all similarity to other activity with known toxic required
phosphate plants, microbes EPSPSs and no similarity substrate specificity that (MOS > 1000)
synthase and many fungi to toxins poses no concern
(EPSPS)
Delta-endotoxin Found in many CrylAb shares similarity  Bacillus As an insecticidal Digestible Practically non- No data N/A
CrylAb common microbial  to other Bacillus crystal thuringiensis protein, the specificity toxic required
pesticides used for proteins an no similarity and potency has been (MOS > 1000)
40 years (with prior  to mammalian toxins characterized and shown
toxicological to be restricted to
evaluations) Lepidopteran insect pests
with no practical toxicity
to organisms outside of
insects
Antifungal protein Found in various AFP shares similarity to Plants AFP’s act by interfering Stable Not assessed No data Several in vitro studies
(plant defensins)  plant and animal other plant defensins as with membrane required were completed to

(AFP)

foods

well as insect defensins
(such as scorpion toxin).
Some classes of insect
defensins are toxic to
animals and humans

functionality and growth
of fungal hypae. Insect
defensins act directly as
neurotoxins via
membrane integral
channel proteins on the
basis of protein—protein
interactions

show lack of AFP
specificity for
mammalian neurons —
lack of toxicity to
mammalian neurons
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30 s) shows that these proteins do not survive in the diges-
tive environment.

Since no hazard has been identified during the Tier I
assessment process, described herein, there is no reason
to perform additional analysis. However, the developers
choose to conduct acute toxicology studies via IV exposure
to strengthen the evaluation of safety.

5.2.2. Hazard characterization evaluation — Tier 2

5.2.2.1. Acute toxicity in the mouse. To have a direct assess-
ment of the protein toxicity, an acute study was conducted
via the IV route of administration. Animals (mice) treated
IV with PAT proteins had no visible signs of systemic tox-
icity, in contrast to the positive control which induced
100% mortality within 10 min at the same dose. The ani-
mals were observed for 14 days followed by a post-mortem
examination in which no adverse effects were observed (IV
dose of 10 mg/kg body weight). Additionally, no adverse
effects were observed in mice following an acute oral toxic-
ity study with PAT at a dose of 2500 mg/kg.

While these additional studies went beyond the recom-
mendation, they served to further confirm that the PAT
proteins pose no risk to human or mammalian consump-
tion (Hérouet et al., 2005).

5.3. CP4 enolpyruvylshikimate-3-phosphate synthase protein

Glyphosate-tolerant GM plants express the transgenic
protein  S-enolpyruvylshikimate-3-phosphate  synthase
(EPSPS), which is an enzyme derived from Agrobacterium
sp. strain CP4 (this enzyme is identified as CP4 EPSPS).
Glyphosate effectively inhibits plant endogenous EPSPS,
thereby disrupting the aromatic amino acid synthesis path-
way and leading to plant death. Different from plant
endogenous EPSPS, the CP4 EPSPS expressed in the GM
plants is not inactivated by glyphosate thereby conferring
the plant tolerance to glyphosate (Nida et al., 1996; Padg-
ette et al., 1995; Stallings et al., 1991).

The safety assessment for the CP4 EPSPS enzyme intro-
duced into soybean to produce an herbicide tolerant crop
has been described (Harrison et al., 1996; Nair et al., 2002).

5.3.1. Potential hazard identification evaluation — Tier 1
5.3.1.1. History of safe use. The CP4 EPSPS protein,
derived from a common soil bacterium, is a member of
the class of EPSPS proteins found ubiquitously in plants
and microorganisms (Padgette et al., 1996).

5.3.1.2. Bioinformatics analysis. No similarity was found to
known protein allergens or toxins based on amino acid
sequence homology searches (Harrison et al., 1996).

5.3.1.3. Mode of action. All plants, bacteria, and fungi con-
tain EPSPS enzymes, but they are not present in humans
and other mammals because mammals do not have the
metabolic machinery to synthesize aromatic amino acids.
Therefore, they do not have specific substrates or receptors

with which plant or CP4 EPSPS protein can interact. Based
on knowledge of the mode of action of this protein, it is not
likely that it will cause harm to humans or animals (Padg-
ette et al., 1991).

5.3.1.4. In vitro digestibility. The CP4 EPSPS protein
showed rapid degradation in simulated digestive fluid
assays (Harrison et al., 1996).

Because no hazard has been identified during the Tier I
assessment process described herein, there is no reason to
perform additional analysis. However, the developers
chose to conduct an acute toxicology study to strengthen
the safety evaluation.

5.3.2. Hazard characterization evaluation — Tier 2
5.3.2.1. Acute toxicity. The acute oral toxicity assessment
of CP4 EPSPS in mice showed no adverse effects at
>572 mg/kg body weight (Harrison et al., 1996).

5.4. Bacillus thuringiensis Cryl Ab protein

The cryl Ab gene used to produce insect-protected corn
lines is a modification of the crylAb gene isolated from
the DNA of B. thuringiensis subsp. kurstaki strain HD-1
and was originally designated cryl4(b) according to the
nomenclature of Hofte and Whitely (1989), which has
since been revised to crylAb (Crickmore et al., 1998). Bt
corn was developed through a specific genetic modi-
fication to be resistant to attack by European corn borer
(ECB; Ostrinia nubilalis), a major insect pest of corn in
agriculture. Bt corn produces a truncated version of
the insecticidal protein, CrylAb, derived from B.
thuringiensis.

5.4.1. Potential hazard identification evaluation — Tier 1
5.4.1.1. History of safe use. Microbial Bt-based products
have been used commercially more than 50 years by grow-
ers, including organic growers. As a demonstration of the
safety of Bt-based products, formulated microbial Brs have
no re-entry lag time and no pre-harvest interval, thus
microbial Br-treated crops can be harvested and consumed
immediately after application (http://www.epa.gov/opp-
fead1/cb/ppdc/2002/may02transcrpt.htm). Only the safest
products lack a re-entry lag time and pre-harvest interval.
The US. EPA regulates re-entry and pre-harvest intervals
to protect both workers and consumers.

5.4.1.2. Bioinformatics analysis. The Cryl Ab protein shows
no amino acid sequence similarity to known protein toxins
or allergens, other than other Bt proteins (Sanders et al.,
1998).

5.4.1.3. Mode of action. The current consensus on Cry pro-
tein mode of action is that the crystals of Bt protoxins are
first solubilized in the midgut of susceptible insects where
the pH is high (e.g. typically 9-11 for lepidopteran larvae).
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Solubilization is followed by activation of protoxins by spe-
cific midgut protease cleavage to form active toxins, which
are roughly half of the original molecular size. J-Endotox-
ins, such as the CrylAb protein, act by selectively binding
to specific sites localized on the brush border midgut epithe-
lium of susceptible insect species (Hofte and Whitely, 1989;
Zhuang and Gill, 2002). Following binding, cation-specific
pores are formed that disrupt midgut ion flow, interfere
with nutrient uptake and thereby cause paralysis and death.
CrylAb is insecticidal only to lepidopteran insects, and its
specificity of action is directly attributable to the presence
of specific binding receptor proteins, such as aminopepti-
dases and cadherins, in the target insects (Zhuang and Gill,
2002). There are no binding sites for é-endotoxins of B.
thuringiensis on the surface of mammalian intestinal cells,
therefore, livestock animals and humans are not susceptible
to these proteins (Van Rie et al., 1989).

5.4.1.4. In vitro digestibility. The CrylAb protein is rapidly
degraded and its insecticidal activity is lost under condi-
tions that simulate mammalian digestion (Sanders et al.,
1998).

Although the Tier I assessment did not identify a haz-
ard, the CrylAb protein is an insect toxin (a PIP), and it
is recommended that an acute toxicity study be conducted.

5.4.2. Hazard characterization evaluation — Tier 2

5.4.2.1. Acute and repeated dose toxicity. There were no
indications of toxicity as measured by treatment related
adverse effects in mice administered CrylAb protein by
oral gavage at levels greater than 4000 mg/kg body weight
(US EPA, 1996, 2000; Table 3).

While additional evaluations are not recommended
according to the new assessment described here, a large
body of historical studies has further supported a long his-
tory of safe use. Acute, repeated dose, and chronic toxicol-
ogy studies conducted over the past 50 years establish the
safety of the microbial Bt products, including those that
contain CrylAb (Betz et al., 2000). The US EPA has deter-
mined that Bt microbial products show no adverse effects
in numerous toxicological studies conducted and has con-
cluded that these products are not toxic or pathogenic to
humans. These studies support the safety of CrylAb pro-
tein and are fully consistent with the history of safe use
for the CrylAb protein, which has been demonstrated as
highly selective for insects, with no activity against other
types of living organisms such as mammals, fish, birds, or
invertebrates (Betz et al., 2000; US EPA, 1996). The acute
oral toxicity test performed, by the product developer, con-
firms the safety of the CrylAb protein.

5.4.3. Phosphomannose isomerase protein
Phosphomannose isomerase (PMI) is an enzyme that
catalyzes the reversible interconversion of mannose 6-phos-
phate and fructose 6-phosphate. PMI is common in nature
and is found across animal kingdoms, but is less ubiquitous
in the plant kingdom, being absent in many plants (Golds-

worthy and Street, 1965; Lee and Matheson, 1984). Plant
cells lacking the enzyme are incapable of surviving on syn-
thetic medium containing mannose as sole carbon source.
But expression in plants of the E. coli manA gene encoding
PMI allows cells to utilize mannose as a carbon source and
survive on media containing mannose. PMI, therefore, has
utility as a selectable marker for transformation of many
plant species which normally do not express this enzyme.
The determination of the safety and hazard profile of the
PMI protein is independent of the crop variety and applies
to all plants that express this protein.

5.4.4. Potential hazard identification evaluation — Tier 1
5.4.4.1. History of safe use. PMI is ubiquitous in nature.
The gene encoding PMI activity has been cloned from sev-
eral species of bacteria and yeast, as well as from mammals,
including humans (Miles and Guest, 1984; Darzins et al.,
1986; Shinabarger et al., 1991; Collins and Hackett, 1991;
Schmidt et al., 1992; Smith et al., 1992; Proudfoot et al.,
1994a,b). Functionally equivalent PMI enzymes with sig-
nificant amino acid homology to the E. coli PMI have been
identified in many organisms (including the gut microflora
in humans). Broad expression and exposure in humans and
many food items have been shown.

Because a homologue of E. coli PMI is expressed by
humans, and the PMI protein is found in human intestinal
flora as well as some but not all plants, there has always
been a background of human exposure and a low quantity
of PMI found in the human diet. However, quantitative
expression levels in foods are not currently available so a
quantitative exposure assessment could not be conducted.

5.4.4.2. Bioinformatics analysis. The amino acid sequence
of the PMI protein from E. coli was compared to the latest
posting of the National Center for Biotechnology Informa-
tion (NCBI) The PMI protein sequence showed no signifi-
cant homology to any known toxins or allergens (Reed
et al., 2001).

5.4.4.3. Mode of action. Mannose and mannose derivatives
are common constituents of living cells and are major ele-
ments of intermediary metabolism. Mannose is phosphor-
ylated by hexokinase to mannose 6-phosphate and in the
presence of PMI enters the glycolytic pathway after isom-
erization to fructose 6-phosphate. The only known func-
tion of PMI is to bridge glucose metabolism with
mannose 6-phosphate production. The effect of mannose
on plants was first described over 40 years ago (Stelid,
1954; Morgan and Street, 1959). Plant cells genetically
transformed to express PMI can utilize mannose as a carbon
source, thus giving them a growth advantage on mannose-
containing media. In the absence of PMI, mannose 6-phos-
phate accumulates, inhibiting phosphoglucose thereby
blocking glycolysis and cell growth. PMI is also present
in humans. Lack of the active enzyme in humans is associ-
ated with carbohydrate deficient glycoprotein syndrome,
which can be fatal, but is treatable (Niehues et al., 1998).
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5.4.4.4. In vitro digestibility. PMI was rapidly degraded by
in vitro simulated mammalian gastric fluid (SGF). No
intact PMI was detected upon immediate sampling of the
reaction mixture (Reed et al., 2001).

Since no hazard was been identified during the Tier I
assessment process described herein, there was no reason
to perform additional analysis. However, the developers
chose to conduct an acute toxicology study to strengthen
the evaluation of safety.

5.4.5. Hazard characterization evaluation — Tier 2
5.4.5.1. Acute toxicity study. An acute oral toxicity study in
the mouse was conducted with PMI protein purified from
an E. coli over-expression system. PMI was administered
by oral gavage to male and female mice at a dose of
3030 mg PMI/kg body weight. There was no evidence of
toxicity after 14 days and the LDs, for PMI protein was
greater than 3030 mg/kg (Reed et al., 2001).

The additional toxicity testing performed with PMI pro-
tein, confirms the conclusion that the PMI protein is safe
(reasonable certainty of no harm) for humans or animals.

5.5. Antifungal proteins

Antifungal plant defensins are highly basic, cysteine-rich
proteins found in a variety of food plants that exhibit fun-
gistatic/fungicidal activity towards filamentous fungi by
altering hyphal growth and morphology (Terras et al.,
1992; Broekaert et al., 1997). Antifungal proteins (AFP)
are a ubiquitous class of plant proteins that inhibit fungal
hyphae growth. The AFP functions through receptor-med-
iated mechanisms as sodium channel blockers and potas-
sium channel stimulators. Cell damage from ion leakage
(K", Ca®*, Na") causes hyperbranching during fungal
hyphae tip growth resulting in cell necrosis and ultimately
cell death.

5.5.1. Potential hazard identification evaluation — Tier 1
5.5.1.1. History of safe use. Antifungal proteins are found
in foods in many crops that become part of the diet includ-
ing potato, pepper, flour, barley and corn.

5.5.1.2. Bioinformatics analysis. Antifungal proteins
(AFPs) are members of a large superfamily of small, cys-
teine-rich proteins, termed defensins or magainins, which
includes scorpion toxins.

5.5.1.3. Mode of action. The mode of action of the anti-
fungal proteins (AFP’s) has not been established, however,
they have been reported to stimulate the influx of Ca?" and
the efflux of K™ ions in filamentous fungi, in vitro (Thevis-
sen et al., 1996; De Samblanx et al., 1997), and mutational
analysis studies have shown that enhanced antifungal activ-
ity is associated with the increased influx of Ca? (De Samb-
lanx et al., 1997). Antifungal proteins show an apparent
high degree of specificity toward filamentous fungi; absence

of toxicity towards a variety of human cells in vitro has
been demonstrated (Terras et al., 1992).

5.5.1.4. In vitro digestibility. AFPs are relatively resistant to
denaturation by pH, proteolysis and heat. AFPs are also
relatively resistant to proteolysis in simulations of the enzy-
matic environment of the stomach/small intestine and
share structural similarity to defensins and magainins, thus
identifying a potential hazard under the Tier I criteria and
hazard characterization; both acute toxicity and hypothesis
driven testing strategies would be recommended. The
developer has conducted a set of hypothesis driven testing
to better understand the potential biological activity of
AFP on mammalian cells. It is important to note that in
this particular example, none of the data from the Tier II
assessment has been published and was provided as a per-
sonal communication (Dr. James Astwood).

5.5.2. Hazard characterization — Tier 2

5.5.2.1. Acute and repeated dose toxicity. No acute or
repeated dose toxicology testing has yet to be been con-
ducted, but would be eventually required if commercializa-
tion is sought, consistent with this assessment framework.

5.5.2.2. Hypothesis-based testing. Mouse neocortical neuro-
nal cell cultures respond to injurious insults with represen-
tative alterations in ion channel signaling systems. These
cell cultures were chosen as the testing system because they
are derived from nerve tissue, the hypothesized site of likely
AFP activity and are routinely used in cell biological, bio-
chemical, electrophysiological, and cytotoxicological inves-
tigations under physiological and pathological conditions.
Cultured cortical neurons retain most of the intrinsic cellu-
lar properties of their in vivo counterparts (and, more
broadly, of central neurons and peripheral neurons in
general) and share high similarity to human ion channels.
The antifungal protein AFP (10 uM) and scorpion toxin
CsE-v3 (10 uM) showed no cytotoxic effect on cell viability
of cultured cortical neurons. Cytotoxicity was only
observed when the concentration of CsE-v3 was increased
to 100 uM. This high concentration of AFP was not tested,
partly because large quantities of AFP were difficult to
obtain and because human exposure to such high concen-
tration is extremely unlikely to occur and represents a
1000x excess over expected daily consumption. AFP at
10 uM did not affect the primary electrophysiological
parameters of the neuronal cell membrane such as mem-
brane potential and generation of action potentials, and
did not affect voltage-gated Ca®* and K™ currents.
Voltage-gated Na™ channels are integral plasma mem-
brane proteins responsible for the rapidly rising phase of
action potentials in most excitable tissues. Membrane depo-
larization activates Na* channels and produces a rapid
increase in Na' permeability, followed by a reduction in
Na™ permeability due to a fast channel inactivation process
that terminates the action potential. Scorpion toxins typi-
cally produce many-fold increases in the inactivation time
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constant of Na™ currents, resulting in massive prolongation
of the current (Wang and Strichartz, 1982; Duval et al.,
1989; Kaneda et al., 1989; Lee et al., 2000). Such large effect
on Na® current inactivation typically results in large
increases in action potential duration (Duval et al., 1989).
In comparison to these prominent known effects of scorpion
toxins, the effect of 10 M AFP on Na™' current inactivation
was quite small. Importantly, no change in Na™ current
amplitude or action potential firing rate was seen.

Hypothesis-based testing of the AFP did not affect elec-
trophysiological parameters of mammalian neuron cells as
might have been predicted from the bioinformatics analysis
that found similarity to known toxins. However, AFP
should not be further developed for commercialization
until toxicology testing can be conducted and the stability
of the protein can be better evaluated.

6. Conclusions of testing strategy and recommendations

A robust safety assessment framework for proteins has
been outlined in this document. A weight-of-evidence
approach is described with a two-step hazard identification
and hazard characterization. The Tier I potential hazard
identification includes both information about the protein
(history of safe use and bioinformatics) and laboratory
analysis (expression analysis, digestibility, mode of action)
requiring only small quantities of purified protein. While
many of the analyses described in this document have been
optimized or standardized (e.g. in vitro digestibility), bioin-
formatics analysis for protein toxicity is not as fully defined
as bioinformatics analysis for protein allergenicity. Addi-
tionally, unlike amino acid sequence comparisons between
CNPs and allergenic proteins, there are no guidelines to
define the level of similarity between CNPs, known safe
proteins and protein toxins, nor are there established dat-
abases containing the sequences of proteins that are consid-
ered toxic. The utility of the bioinformatics search tools
and criteria used to identify similarities to protein toxins
has not been experimentally determined. Further work in
these areas would standardize the approach by setting cri-
teria that ultimately improve the predictive capabilities of
the bioinformatics process. Finally, the entire weight-of-
evidence concept would be further strengthened by more
standardized methods that have established positive and
negative predictive values. This would allow an improved
ability to give some data more ‘weight’ than others during
the assessment, thus leading to a greater degree of confi-
dence in the overall safety assessment.

Another concept outlined in this document that could be
further developed is the threshold of toxicological concern
(TTC). TTC refers to the establishment of a human intake
threshold value for all chemicals, below which there is a
very low probability of an appreciable risk to human health.
It might be difficult to apply this same approach to evaluate
the allergenicity of transgenic proteins due to the diversity
of human allergic reactions. However, research is ongoing
to further define the minimal elicitation dose of an aller-

genic food that would cause an adverse reaction in allergic
individuals. It might be possible to evaluate existing data
for proteins to determine if TTC values can be determined
for proteins or structural classes of proteins.

The tools discussed in the Tier I potential hazard identi-
fication evaluate the hazard potential from the physical and
functional perspectives. If no potential for hazard is identi-
fied and history of safe use is demonstrated, this meets the
standard of reasonable certainty of no harm. It is also
important to note that this assessment process does not
address allergenicity, which is evaluated in other publica-
tions (Codex, 2003; Thomas et al., 2004, 2005; Gibson,
2006). As summarized in the examples above, extensive
characterization and toxicological evaluations have been
conducted for proteins introduced into crops via biotech-
nology. In light of the proposed tiered, weight-of-evidence
approach, studies to date have exceeded what is proposed
in this document. It is also evident from these examples
that the history of safe use and mode of action/function
are useful in determining a hazard identification strategy.
By working with proteins that are: (1) already safely con-
sumed from the food supply or are similar to proteins in
the food supply, and (2) well characterized with respect
to biological activity, it is unlikely that transgenic proteins
subjected to this rigorous hazard assessment battery repre-
sent a significant risk. Indeed, while experience has shown
that many of these proteins have been subject to direct tox-
icity testing, the weight-of-evidence approach would con-
clude that direct toxicity testing in the Tier II hazard
characterization is not essential to the conclusions of
safety, and that these tests should be understood as confir-
matory for these cases.

Where uncertainty relating to components of the Tier 1
potential hazard identification is established from the
above testing scheme (Fig. 1), higher tier hazard character-
ization testing is recommended. The Tier II hazard charac-
terization evaluation focuses on toxicology testing (e.g.
acute single dose, repeated dose) and hypothesis-based test-
ing, which is formulated on a case-by-case basis from the
results of the Tier I potential hazard identification evalua-
tion. Protein toxins are generally believed to act through
acute mechanisms of action (Sjoblad et al., 1992). There-
fore, when a protein demonstrates no acute toxicity using
a standard laboratory mammalian test species, the findings
will support the determination that the protein will be non-
toxic to humans and other mammals, and will not present a
hazard under realistic exposure scenarios. One difficulty in
conducting acute oral toxicity tests is the need for large
quantities of highly purified transgenic protein. While an
intravenous route of exposure would significantly reduce
the protein quantities needed, there is a lack of data com-
paring the oral and intravenous route of exposure for a
range of toxic and non-toxic proteins. This is another area
where additional work would be valuable.

A repeated dose oral toxicity study with purified protein
would be considered only if there are safety concerns about
a dietary protein that were not adequately addressed by the
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weight-of-evidence from the wide array of other studies,
including the acute toxicity test.

Finally, a comprehensive description of the mode of
action of a transgenic protein can also reveal areas of
potential toxicity that will require further examination in
hypothesis-based testing, as was highlighted by the AFP
example. As additional proteins are considered as candi-
dates for transformation into crops, the importance and
weight given to history of safe use and mode or mechanism
of action cannot be understated. Further, it is anticipated
that the Tier II hazard characterization evaluation could
become more relevant for future proteins such as those that
lack a history of safe use or for which the mode of action is
not well defined.
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