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1. Abstract

In forensic investigations on crime scenes, the identification of a bio-
logical matrix, even if present in mixtures, and the species of origin of
a forensic trace without destruction of the DNA is of utmost impor-
tance. A new Proteomic-based approach was developed to identify
unambiguous protein biomarkers for each individual matrix with
the aim to constitute a specific database for matrix characterization.
This approach fulfills all the requirements needed by forensic science
for the rapid determination of biological matrices. In fact, MS—based
proteomics procedures can be used to identify the most prominent
proteins specifically present in each biological matrix found at a crime
scene (blood, saliva, semen, vaginal fluid, nasal secretion, and urine).
One single test is sufficient to unambiguously determine the iden-
tity of the biological matrices, even in complex mixtures. In addition,
species identification is also possible and the analysis is performed
on the first “washing” step of DNA extraction, thus saving most of
the sample for subsequent DNA analysis. The protein biomarkers for
the most frequently encountered biological matrices (saliva, blood,
semen and lacrimal fluid) were clearly identified on real forensic sam-
ples. Moreover, a peptide mass fingerprinting procedure combined
with tandem MS experiments was used to unambiguously assess the
species of origins of human and animal hair.

These methodologies can be considered as useful additional tools
for scientific investigations of biological traces in forensic science.
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2. Introduction

In the last three decades the link between forensic investigations and
scientific disciplines, such as Chemistry and Biology, has enormously
strengthen. Nowadays, all the scientific contributions available to the
investigators allow the detailed characterization of the crime scene up
to the identification of a specific subject starting from very tiny traces
that once might have been considered as science fiction.

During the last 15 years, forensic genetics strongly developed due
to new discoveries and technologies in molecular biology. Genetic
typization starting from only few cells, such as those found on “solely
touched” objects, as well as the identification of many biological
samples performed in a very short time are currently possible. Genetic
analyses aimed at identifying people present on a crime scene are
performed on DNA samples extracted from biological sources such
as blood, saliva, semen, bones, hairs, urine, etc.). A specific set of
10-15 polymorfic genetic markers named STR (short tandem repeat),
localized on specific chromosomes (autosomes), are characterised.
The simultaneous analysis of this set of polymorphisms allows the
investigators to define a genetic profile that is unique to each individual
and virtually unique in the reference population. DNA analysis for
forensic purposes is basically a comparative assessment between the
genetic profiles obtained from biological traces found on a crime
scene and the profile of a suspect. When the genetic profiles are
different (incompatibility), the particular subject is not responsible for
the biological traces, while in case of perfect overlap of the genetic
profiles (compatibility) the specific subject is unambiguously located
on the crime scene. In fact, the probability of finding another person in
the population with the same genetic profile is lower than 1.7 in 10™ (1
in 594 trillions) almost equivalent to uniqueness and, consequently, to
the certain identification of the subject. Further investigations may be
conducted by characterizing polymorphisms from the Y chromosome
and from mitochondrial DNA; this information represents a useful
marker in the reconstruction of parental relationships for the paternal
line and maternal line, respectively (1).

Contrary to DNA, proteins were rarely considered as sources of
useful biological traces and were scarcely used in crime scene inves-
tigations for the following reasons. Proteins tend to be less stable
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than DNA and are easily degraded making their identification by
immunological methods unfeasible. Biochemical tests have the main
disadvantage to be destructive, resulting in sample loss for subsequent
DNA analysis (2), while destruction of DNA should be avoided since
forensic samples are often found in low quantity. Moreover, individ-
ual diagnosis by protein identification is impractical because protein
variability is low and the amount of samples available cannot be am-
plified by “PCR-like” procedures thus requiring the use of analytical
techniques with extremely high sensitivity.

All these negative features were rapidly overcome with the in-
troduction of proteomics—based protein identification procedures as
described below.

3. Traces analysis and diagnosis

Scientific investigations on biological traces occurring on a crime
scene are carried out through a series of sequential steps involving
generic diagnosis, species diagnosis, regional diagnosis and individual
diagnosis. All together these steps allow the investigators to recon-
struct the dynamics of the criminal event and to check the reliability
of assertions by putative suspect people.

3.1. Generic diagnosis

The first step in the investigation of biological traces on a crime scene
consists in the identification of the real nature of a given trace be
it blood, semen, saliva, urine, etc. by using preliminary and confir-
matory tests. For example, blood is quickly detected by means of
luminol or benzidine (3), whereas traces of semen, saliva, sweat, urine
and other biological fluids are monitored by ultraviolet light or by
other light sources at specific wavelengths. Confirmatory tests are
essentially based on immunochemical techniques or ELISA meth-
ods. Forensic tests currently focus on the prostate—specific antigen
(PSA) for semen (4) while alpha—amylase tests are employed for the
detection of saliva. However, the alpha—amylase assay is an indirect
test that measures the activity of amylase. A further drawback is the
lack of specificity as it cannot differentiate between alpha—amylase
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1, present in saliva, and alpha—amylase 2, occurring in semen and
vaginal secretion (5). In general terms, color-based presumptive tests,
like those just mentioned, can be challenging to interpret for weak
to trace positives or for mixtures with blood (6) and in addition are
specific for only one biological matrix. It follows that several cascade
tests might be needed before the biologic nature of a certain sample
is uncovered. Moreover, when the identity of one biological matrix is
determined, no or little effort is made to find out whether the sample
is a mixture of different biological matrices due to the high cost of
the tests, the long-lasting procedure of the cascade testing and the
increased loss of sample when multiple tests are performed. However,
the main disadvantage of these biochemical tests is their destructive
nature, resulting in sample loss for subsequent DNA analysis.

3.2. Species diagnosis

Besides the identification of a certain biological matrix, determining the
species of the donor of the sample can be fundamental. For example,
when the presence of blood is ascertained by preliminary methods,
other tests based on the use of highly specific antibodies are needed to
distinguish human from animal blood However, these tests can only
indicate the presence or absence of blood from one specific species.
If negative, another test has to be performed in order to potentially
identify the animal species wherefrom the blood originated.

The diagnosis of species on hair is usually done by microscopic
examination which again is able to discriminate between human and
animal species with few chances to properly identify the specific species.

These considerations show that forensic science is needing a univer-
sal, specific, and unbiased method to unambiguously identify biological
matrices of different species origin, even in mixture, without destruction
of the DNA and preferably without any additional sample consumption,
so that the full trace is available for DNA extraction.

4. Proteomics procedures for protein identification

Following the conclusion of the Human Genome Project, it appeared
immediately clear that the knowledge of the entire DNA sequence
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of an organism provided a wealth of information, but constituted
more a starting point than the “end of the story” in understanding the
function of living cells at the molecular level. The challenge shifted
again from genes to proteins, giving rise to what has been termed the
“proteomic era”. The aim of this new era is to identify and charac-
terize proteins located within a given organelle, cell or organism, as
well as to unravel the in vivo protein pathways. Proteome analysis is
essentially accomplished by three consecutive steps:

a) fractionation of complex protein mixtures (mainly performed
by bi-dimensional electrophoretic and/or chromatographic
techniques);

b) identification of individual proteins by mass spectrometry (MS)—
based methodologies;

¢) screening protein databases using mass spectrometry data (7, 8).

Because of its unsurpassed sensitivity and dynamic range of anal-
ysis, mass spectrometry is the method of choice in proteomics pro-
cedures for protein identification, nowadays routinely applied in pro-
teomics laboratories (9). The protein in solution, or spotted on any
solid surface, is digested enzymatically in situ and the resulting peptide
mixtures analysed directly by capillary Liquid Chromatography—Mass
Spectrometry techniques, LCMS/MS. The fractions eluted from the
column are directly inserted into the Electro Spray (ES) mass spec-
trometry source and their mass values determined. Peptide ions will
be isolated simultaneously and fragmented within the mass spectrome-
ter, producing daughter ion spectra from which sequence information
on individual peptides can be obtained. This information is then used
together with the peptide mass values to search protein databases,
leading to the unambiguous identification of the protein component
(Fig. 1).

The approach delineated fulfills all the requirements needed by
forensic science for the rapid determination of biological matrices.
MS-based proteomics procedures, in fact, can be used to identify
the most prominent proteins specifically present in each biological
matrix that might be found at a crime scene (blood, saliva, semen,
vaginal fluid, nasal secretion, and urine). One single test is sufficient
to unambiguously determine the identity of the biological matri-
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Figure 1. Proteomic strategy for protein identification.
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ces, even in complex mixtures, avoiding long lasting and expensive
cascade tests. Additionally, by means of this proteomic approach,
species identification is also possible and the analysis is performed
on the first “washing” step of DNA extraction, a solution which is
normally discarded, saving most of the sample for subsequent DNA
analysis. In this respect, degradation of proteins is no longer a lim-
itation since in proteomics procedures proteins are identified from
their fragments. Moreover, modern mass spectrometric techniques
are sensitive enough to identify proteins from a very minute amount
of material.

5. Identification of protein biomarkers of biological matrices

The proteomic approach was applied to different biological matrices
to identify particular protein biomarkers for each individual matrix
with the aim to constitute a specific database for matrix characteriza-
tion. Four different human biological matrices, namely blood, saliva,
semen and lacrimal fluid, found at real crime scenes were collected
from different solid surfaces, i.e. cotton, wool, clothes, bristle broom,
etc. The real forensic samples were cut in small pieces and extracted
with suitable aqueous solutions. Thereafter, the extracted proteins
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were directly digested with trypsin and the resulting peptide mixtures
analysed by capillary liquid chromatography coupled to tandem mass
spectrometry (nanoLC-MS/MS). The accurate peptide mass values
determined by MS and the sequence information on individual pep-
tides obtained by the daughter ion spectra were then used to search
protein databases using the Mascot software, leading to the identi-
fication of the protein components. As expected, different proteins
were identified in different matrices. Since the amount of biological
matrix in forensic samples can be very limited, the selection criteria
for biomarkers were based on the specificity and the abundance of
the proteins.

‘ Blood Seminal Fluid
Hemoglobin Alpha Chain Semenogelin-l

Hemoglobin Beta Chain Semenogelin-2 .

Band 3 anion transport protein Prostate-specific antigen (PSA)

Alpha-hemoglobin-stabilizing protein Prostatic acid phosphatase
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Figure 2. Protein markers of individual biological matrices.

Fig. 2 shows the protein biomarkers identified for each individual bi-
ological matrix. For blood, the alpha and beta subunits of hemoglobin
(Hb) were chosen as biomarkers since Hb is specific for blood and
present in large amounts. However, besides the Hb subunits, other
blood specific proteins, the Band 3 anion transport protein and the
Alpha-Hemoglobin-Stabilizing Protein (AHSP), could also be identi-
fied. Additionally, since the proteomic approach is also able to assess
the origin of the identified proteins, the unambiguous identification
of human hemoglobin allows the investigator to distinguish blood
from different species, thus providing both generic and species diag-
noses at the same time. The most commonly used conventional tests
can differentiate between human and non-human blood, whereas a
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proteomic investigation can easily pinpoint the species as well, again
without the need of cascade analysis using several antibodies and
without any loss of trace or cellular material needed for subsequent
DNA analysis.

Semenogelin 1 and 2, but also other semen-—specific proteins such
as prostatic acid phosphatase and the Prostate—Specific Antigen (PSA)
were found by proteomic investigation and used to specifically charac-
terise the matrix. Detection of all these different proteins in one single
test confirmed the origin of the matrix unambiguously.

In the same way, alpha—amylase 1, the highly abundant and specific
protein for saliva, together with Histatin—1 and 3 and the Basic salivary
proline-rich protein were identified by mass spectrometry as specific
biomarkers for saliva whereas Lacrimal proline-rich protein, Lacrimal
Androgen-binding protein delta and zeta and the Extracellular glyco-
protein lacritin were used to characterise the lacrimal fluid. It should
be underlined that mass spectrometry analysis was able to distinguish
between the two forms of alpha—amylase, alpha amylase 1, present in
saliva, and alpha—amylase 2, occurring in semen and vaginal secretion,
thus increasing specificity.

6. Assessment of hair species by mass spectrometry

As stated above, microscopic examination is the most common method
for the diagnosis of species on hair. However, even though this ap-
proach can easily discriminate only between human and animal species,
in few cases it is able to properly identify the specific non-human
species. Human and non human hair are principally composed of
keratins, a family of conserved proteins that form a complex network
giving the hair its rigidity and mechanical properties. Although ker-
atins share a good degree of homology, their amino acid sequences
are species—specific and can then be used to distinguish among non
human hair. In fact, following enzymatic hydrolysis species—specific
keratins give origin to a specific set of peptides characterised by a
unique molecular mass and amino acid sequence.

Based on these considerations, a fast and reliable proteomic mass
spectrometry (MS)-based strategy for the identification of the origin
of native hair was developed. The method is exclusively based on
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the analysis of proteins and uses minute amounts of peptides directly
derived from tryptic hair digests without any separation or enrichment
steps. However, since animal keratin sequences from many species
are still unknown and are absent in databases, identification of the
specific origin of hair proteins using classical proteomic approaches
was not trivial.

Preliminary experiments were designed to constitute a reference
databank of mass spectrometry data to be used for unknown sam-
ples investigation. Without any prior cleaning or isolation of single
proteins, hair from human and other nine animal species was enzy-
matically digested with trypsin. Fragments generated were analyzed
by MALDI-TOF mass spectrometry and peak groups of different
selectivity were established for every animal species. For the iden-
tification of individual animal species, only unique species—specific
peaks were selected as reported in Table 1. Precursor ions identified as
species—specific diagnostic peptide ions were also selected for MS/MS
analysis to provide sequence information. Peptide mass fingerprint-
ing data combined with those from tandem MS experiments were
then used to generate the reference database. Despite the high degree
of homology of the samples, reliable identification of the species of
origins of human and all the animal species was possible.

Table 1. Hair analysis by Mass Spectometry Peptide Ions specific for each species

Human Cat Fox Sheep Rabbit Wolf Dog Hare Raccoon ALPACA

29754 19768 17598 25151 25493 15208 21351 21529 27053  2561.4
30006 19917 17639 25193  2550.3 15968 21362 22311 27171 25734
30224 19987 20681 25363 26815 16579 21671 22322 32235 26154
30746 20079 20941 25813 26825 19961 21682 22931 32657 27463
31935 21701 20951 26083 28744 22493 32817 22941 32975  3083.6
32506 21728 24962 26233 28754 22503 32827 23811 32985 31017
33427 23370 25464 27766 30895 26603 34590 24142 33125 31117
34107 24103 25973 28043 30905 32295 34599 24812 33135 32727

35447 27693 2866.2 32704 32306 24822 33927 32847
3752.8 3271.4 25714 33937  3326.7
2579.3

Unknown species can thus be identified by comparison of their
peptide ion patterns with known mass values stored in the reference
database. If more than one potential hit remains, specific diagnostic
peptide ions are used to stepwise exclude incorrect matches.
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