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The hemolymph of Limulus polyphemus, a very ancient marine arthropod dating back to ca. 440 million
years, has been explored in depth via capture by combinatorial peptide ligand libraries. Whereas barely
a dozen proteins had been known up to the present, we have increased this number by more than 1
order of magnitude, up to 160 unique gene products, identified via the dbEST_limulus as well as via
comparison with the other members of the Chelicerata subphylum to which Limulus belongs, namely,
scorpions, ticks, mites, and spiders. Yet we have sequences of many other peptides, suggesting the
presence of at least one more order of magnitude of species (1000 and more), that could not be identified
as such sequences have no counterparts in present databases. This further reinforces the notion that
these could be ancestral proteins, scarcely represented in present times. These data might represent
the true birth of paleo-proteomics.

Keywords: peptide ligand libraries • low-abundance proteome • Limulus polyphemus • hemolymph •
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1. Introduction

In recent times, paleo-genomics and paleo-proteomics were
brought to the attention of the scientific community and of
the general public by some remarkable reports. In the case of
paleo-genomics, one wonders if the interest in this field was
spurred by the famous novel Jurassic Park by Michael Crichton
(and the subsequent, highly popular movie by Steven Spiel-
berg), in which he proposed the recovery of dinosaur DNA from
the alimentary tracts of hemophagous insects preserved for
millions of years in amber.1 The first scientific report appeared
in 1994, when Woodward et al.2 described the isolation of DNA
fragments from a Late Cretaceous dinosaur bone preserved in
bituminous strata, although the failure to authenticate this and
other purported Mesozoic DNAs soon led to the consensus that
DNA could not possibly survive much more than 100 000
years,3 and even then, under the most extraordinary circum-
stances. Such circumstances might occur when fossils are
preserved frozen in arctic ice masses. Thus, Willerslev et al.4

recovered DNA frozen under two kilometers of glacial ice in
Greenland dating back nearly a million years, while Bidle et
al.5 isolated microbial DNA from eight million year old Antarctic
ice cores. Additionally, Salamon et al.6 demonstrated that DNA

occluded within clusters of intergrown bone crystals was highly
resistant to degradation.

In the case of paleo-proteomics, perhaps one of the reports
that spurred much debate was the one by Asara et al.,7 who
claimed finding seven distinct collagen sequences by shotgun
proteomics in a remarkably well-preserved 68-million-year-old
fossilized dinosaur bone and computed a phylogenetic tree that
placed Tyrannosaurus rex with birds. However, the discovery
of intact protein in such an ancient sample was called into
question on the grounds of plausibility8 and inadequate
statistical analysis.9 This controversy was further revisited by
Bern et al.,10 who reanalyzed the original mass spectra yet again
using different bioinformatics tools and statistical tests. Al-
though they admit that the identification by Asara et al.7 of
bird-like collagen at the protein level is clearly significant, they
also put forward a number of reservations, stating, for instance,
that their “reanalysis shows a sample containing common
laboratory contaminants and soil bacteria”. And although they
additionally remark that hemoglobin and collagen are plausible
proteins to find in fossil bone, because they are two of the most
abundant proteins in bone and bone marrow, they reinforce
the notion that contamination remains a tricky and possibly
unresolvable issue for this particular sample, to the point of
suggesting that “perhaps a bird died on top of the T. rex
excavation in the field and perhaps avian collagen from a
cosmetic or medical product found its way into the T. rex
sample”. Perhaps a way to overcome both contaminants
embedded in fossil samples and potential degradation of
macromolecules within these specimens would be to analyze
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insects trapped within amber. Amber, the fossilized resins of
trees, appears to be the most promising means enabling the
preservation of proteins over millions of years. This resin is
comprised largely of diterpenes, which rapidly polymerize,
dehydrate the included specimen and, as they possess anti-
microbial and anti-inflammatory properties, prevent decom-
position and preserve the biological specimen intact for
millions of years. Examples of exquisitely preserved biological
specimens in amber abound in the literature.11,12 As an
example, transmission electron microscopy revealed that the
morphology of cellular organelles such as nuclei, endoplasmic
reticulum, ribosomes, and mitochondria was maintained in a
40 million year old fly imbibed in amber.13 Yet, even in such
well-shielded and preserved samples proteomic analysis is not
immune from severe drawbacks. We recently extracted proteins
from whole insects (bees, ants) entrapped in Dominican amber,
20-25 million years old, and subjected them to proteomic
evaluation. The results were meagre: the SDS-extracted proteins
were so highly cross-linked that they failed to penetrate even
in large-pore SDS-PAGE gels and could hardly be digested by
trypsin, producing peptides that had no counterpart in any
database explored.14

A nice way to perform genuine paleo-proteomics, devoid of
any possible pitfall and artifacts, would be to find a “living
fossil” whose genomic and proteomic assets had been pre-
served unaltered and scarcely subjected to evolutionary pres-
sure over the ages. An interesting example is the American
horseshoe crab (Limulus polyphemus) (see Figure 1 for a
rendering of this arthropod), which dates back to 440 million
years ago, that is, almost at the beginning of the Phanerozoic
period in earth.15 Today there are only four species of horse-
shoe crabs reported, the American one (Limulus polyphemus)
and three Asian species (Tachypleus gicas, T. tridentatus and
Carcinoscorpius rotundicauda) that diverged from Limulus
about 135 million years ago.16 Curiously, very little is known
on the proteomic asset of this marine animal. Just one protein
has been extensively studied in detail, namely hemocyanin, a
copper-containing respiratory protein found in the hemolymph
of arthropods and molluscs.17 Since these species do not
confine their respiratory proteins into a cell, like the red blood
cell (RBC) in humans, where hemoglobin is physically en-
trapped, hemocyanin, that is freely circulating in the lymph, is
assembled as a multimeric protein reaching a size of 3.5 million
Da. Yet in biology and the medical field the horseshoe crab is
very well-known because of the “Limulus amebocyte lysate
(LAL) test, used to detect bacterial contaminants (especially in

the form of lipopolysaccharides, LPS) in biologicals meant for
human consumption, via a series of coagulation factors isolated
from the haemocytes (also called amebocytes) circulating in
the lymph. In the preparation of the LAL only the amebocytes
are harvested and the lymph (serum) is discarded. Relatively
little is known about the composition of the haemolymph,
which in arthropods is the component of the circulatory system
analogous to the fluids and cells making up the blood of higher
animals. Only a dozen or so protein constituents of haemolymph
are know at present, two of them, haemocyanin and comple-
ment C3 protein, well characterized due to their abundance,
the others only known via their enzymatic activity.

A few years ago we reported a novel system for detecting
low-abundance proteins in tissues and body fluids, based on
a combinatorial peptide ligand library composed by several
millions of hexapeptides bound to spheres constituted by an
organic polymer (polymethacrylate).18 Encouraged by the
remarkable results obtained with a number of body fluids, such
as human urines19 and sera,20 the cytoplasmic proteome of
human RBCs,21 and cerebrospinal fluid,22 we have applied this
technique to the in-depth exploration of the hemolymph of
Limulus. Most encouraging and unique results have been
obtained, as illustrated below, that suggest that paleo-pro-
teomics should be coming of age.

2. Methods

2.1. Materials, Equipments and Software. The solid-phase
combinatorial peptide library known under the trade name of
ProteoMiner, as well as materials for electrophoresis such as
gel plaques and reagents were from Bio-Rad Laboratories
(Hercules, CA). N-Ethylmaleimide, urea, thiourea, 3-[3-chola-
midopropyl dimethylammonio]-1-propansulfonate (CHAPS),
tris(2-carboxyethyl)phosphine hydrochloride, Bis-(2-hydroxy-
ethyl)disulfide, isopropanol, acetonitrile, trifluoroacetic acid,
and sodium dodecyl sulfate were all from Sigma-Aldrich (St
Louis, Mo). Complete protease inhibitor cocktail tablets were
from Roche Diagnostics, (Basel, Switzerland). Sequencing grade
bovine trypsin was from Promega (Madison, WI). The capillary
chromatographic system was EasyLC, from Proxeon Biosystem
(Denmark). The capillary columns were homemade 10-cm
reverse phase spraying fused silica (75 µm i.d. × 10 cm), packed
with 3-µm ReproSil 100C18 (Dr. Maisch GmbH, Germany). The
MS/MS analysises were perfmed by LTQ-Orbitrap mass spec-
trometer (ThermoScientific, Bremen, Germany) equipped with
a nanoelectrospray ion source (Proxeon Biosystems, Odense,
Denmark). The softwares for the data analysis were Mascot
search engine (Matrix Science, London, U.K., version 2.2.06)
and Scaffold (version Scaffold-01_06_07, Proteome Software
Inc., Portland, OR).

2.2. Hemolyph Preparation. Adult female horseshoe crabs
(Limulus polyphemus) were collected off of the southern coast
of New Jersey and bled by nonlethal direct cardiac puncture.
To prevent the blood cell hemocytes from coagulating, bleeding
buffer (0.5 M NaCl, 0.01 M N-ethyl maleimide, and 1% Tween
20 v/v) was added immediately at the time of withdrawal of
hemolymph (100 mL per 900 mL of hemolymph). The Roche
protease inhibitor cocktail (containing 4-(2-aminoethyl)ben-
zenesulfonyl fluoride (AEBSF), pepstatin A, E-64, bestatin,
leupeptin, and aprotinin) was also added right away (1 mL per
1000 mL of hemolymph admixed with bleeding buffer) so as
to prevent accidental proteolysis. The hemolymph was then
centrifuged (5000 rpm for 10 min) so as to eliminate the
hemocytes and obtain a particulate-free hemolymph. To

Figure 1. (A) Exoskeleton of Limulus (bottom side view). (B) Live
Limulus caught while drawing the classical “O” of the Italian
medieval painter Giotto on the sands of the Delaware Bay. Photos
taken by author of this manuscript, James C. Pierce.
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drastically reduce the high-abundance proteins (especially
hemocyanin, present at a level of ca. 60%, similar to albumin
concentration in human serum) three 15-mL aliquots of
hemolymph were separately treated with 300 µL of ProteoMiner
beads at pH 4.0 (25 mM Na acetate in 50 mM KCl), at pH 7.0
(25 mM Na-phosphate in 50 mM KCl) and pH 9.5 (25 mM Tris-
HCl in 50 mM KCl), as recommended by Fasoli et al.23 Elution
was implemented in 4% boiling SDS added with 25 mM DTT,
as per Candiano et al.24 For 2D map analyses, SDS was
eliminated from the eluates in chloroform-methanol.

2.3. Electrophoretic Analyses. SDS-PAGE and 2D map
analyses were performed exactly as described in Roux-Dalvai
et al.21

2.4. Protein Identification by nanoLC-MS/MS and Data
Search. The various sample lanes of SDS-PAGE gels were cut
in 8 pieces of 0.5 to 1 cm along the migration path, and proteins
were reduced by 10 mM DTT and alkylated by 55 mM
iodoacetamide. The gel pieces were shrunk in acetonitrile and
dried under vacuum; proteins were digested overnight with
bovine trypsin as described elsewhere.25 The tryptic mixtures
were acidified with formic acid up to a final concentration of
1%. Five microliters of tryptic digest for each band were injected
in a capillary chromatographic system. Peptide separations
occurred on a reverse phase spraying fused silica capillary
column. A gradient of eluents A (H2O with 2% v/v ACN, 0.1%
v/v formic acid) and B (ACN with 2% v/v H2O with 0.1% v/v
formic acid) was used to achieve separation, from: 8% B (at 0
min 0.2 µL/min flow rate) to 50% B (at 80 min, 0.2 µL/min flow
rate). The LC system was connected to an LTQ-Orbitrap mass
spectrometer. Full scan mass spectra were acquired in the LTQ
Orbitrap mass spectrometer in the mass range m/z 350 to 1500
Da with the resolution set to 60 000. The four most intense
doubly and triply charged ions were automatically selected and
fragmented in the ion trap. Target ions were selected at
maximum two times for the MS/MS and were dynamically
excluded for 60 s.25 Data were searched by Mascot search
engine against three databases: EST_limulus (50 928 sequences;
954 406 residues); Uniprot_chelicerata (version 15.13; 35 472
sequences; 8 793 815 residues) and Uniprot_ixodes (version
15.13, 22980 sequences; 6 346 957 residues). We used tryptic
cleavage constraints with maximum of 2 missed cleavages,
cysteine alkylation and oxidation of methionine residues as
variable modification. Peptide mass tolerance was set to 5 ppm
and fragment mass tolerance to 0.6 Da. Scaffold was used to
validate MS/MS based peptide and protein identifications.
Peptide identifications were accepted if they could be estab-
lished at greater than 95.0% probability as specified by the
Peptide Prophet algorithm.26 Protein identifications were ac-
cepted if they could be established at greater than 99.0%
probability. Protein probabilities were assigned by the Protein
Prophet algorithm. Proteins that contained similar peptides and
could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. The
translated nucleotide sequences obtained by Mascot, consult-
ing the EST database, were searched against nonredundant
protein database by Blast (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) to find the homologous proteins. The Gene Ontology
analysis was performed by using QuickGO interface (http://
www.ebi.ac.uk/QuickGO).27

3. Results

Figure 2A shows a silver-stained 2D map of control, un-
treated hemolymph. Due to the overwhelming presence of

hemocyanin, seen as a string of bands covering the entire pI
3-10 range at around 73 kDa (and higher aggregates centered
around pH 7 and giving a continuous smear up to 250 kDa)
only about 200 hundred nonhemocyanin spots can be seen in
the entire map. Conversely, the three eluates from ProteoMiner,
admixed in a 1:1:1 and loaded in a 2D map, exhibit several
hundred spots (890 via PD Quest count) with a distribution of
spots covering especially the pH 5-8 region and ranging in
size from ca. 8 kDa up to 240 kDa (Figure 2B).

For identifying all possible captured proteins, instead of
eluting each individual spot in the 2D map, the control,
untreated sample as well as the three ProteoMiner eluates at
three different pH values (pH 4.0, 7.0 and 9.5) as per Fasoli et
al23 were loaded onto a monodimensional SDS-PAGE gel
(Figure 2C). Each Coomassie stained lane was cut into eight
regions, trypsin digested and analyzed by nLC-MS/MS.25 In
Table 1 are reported a total of a 160 unique gene products.
The homologous proteins found by Blast are also shown in
Table 1. Surprisingly a consistent number of proteins was found
homologous to ixodes, a genus of hard-bodied ticks. For this
reason the MS/MS data were further analyzed by Mascot using
ixodes and chelicerata databases. This allowed us to increase
the number of Limulus proteins present in the hemolymph.
Moreover some proteins, such as complement component 3
and apolipophorin, were found more than one time due to their
correspondence to different mRNA sequences. This increases
the validity of identifications. However the list of identified
proteins represents only a part of Limulus’s proteome. In the
raw mass data, there is a large list of unmatched peptides that
could substantially increase the identifications of more pro-
teins. In detail the number of unmatched spectra is 31 252;
considering the possibility that the same peptide (m/z value)
can be sequenced at maximum two times (see Methods) even
counting that the same peptide can be present as doubly or
triply charged the resulting number of unmatched MS/MS is
around 7500. On average, with a good LC-MS/MS run on the
orbitrap we can achieve about 40-50% of identification rate
that will lead to about 3-4000 more peptides identified on a
known genome.28

Figure 3 gives overlapping Venn diagrams showing the
capture and identifications of species in the three ProteoMiner
eluates: it is seen that the best captures were those at pH 7.0
and 9.5. Upon eliminating the redundancies in the various
eluates, a total of a 160 unique gene products could be listed
in Table 1. Upon Gene Ontology analysis, a number of
pathways could be categorized, as reported in Figure 4. The
four major pathways are represented by oxygen transport
activity (14%), transport processes (14%), oxidoreductase activ-
ity (11%), and metabolic processes (10%) (data referred to the
pH 4.0 eluate; essentially identical values in all other eluates
and control).

4. Discussion

Although not particularly emphasized in the previous ses-
sions, the most arduous task turned out to be the identification
of the proteins from the mass spectrometry data. When such
data were confronted with Limulus databases, barely a handful
of proteins could be identified, not many more than the 12
proteins already known from past literature. As luck goes, we
became aware of a huge database that was published in January
in a public repository on Limulus proteins (http://www.ncbi.
nlm.nih.gov/nucest?term)limulus). It lists 8488 mRNA se-
quences obtained by homogenizing whole tissue of male
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Limulus polyphemus, worked out by a group of German
scientists in Berlin. When our peptides were searched against
these sequence, a robust increment in novel protein identifica-
tions could be obtained (about 90), although a large number
of identifications still regarded all the subunits constituting
hemocyanin (i.e., the major lymph protein) and complement
C3 protein, still the second most abundant protein in the
lymph. Although this represented an increment of ca. 1 order
of magnitude in respect to hemolymph constituents discovery,
we were disappointed, as we had a vast body of sequenced
peptides, suggesting the potential identification of >1000
proteins in this body fluid. It was brought to our attention that
indeed horseshoe crabs are in the same subphylum Chelicerata,
to which species that might appear to be totally unrelated (such
as spiders, scorpions, ticks, and mites) belong. When our search
was extended to embrace the databases of these additional
species, all at once the number of identifications increased to
a grand total of 160 unique gene products.

There are two important lessons that can be deduced from
our data. First of all, whereas originally zoologists have assigned
to this subphylum Chelicerata such apparently highly diverse
species as mentioned above, purely on morphological exami-
nation, our proteomic data fully confirm their finding in an
extraordinary way. For example, it can be appreciated from
Table 1 that 67 identities were derived from the database of
Ixodes scapularis (the tick) and others from scorpions, spiders,
and mites. The other lesson we have learned is that indeed
the proteins we could identify seem to be ancestral proteins,
since in most cases the degree of homology with other species
was between 30 and 40% and only in a few cases it was as high
as 60-85%. This seems to suggest that such proteins have
remained relatively unaltered over hundreds of millions of
years, whereas in the other species in the class of Chelicerata
they must have continuously evolved. For instance, it is
surprising that, in the class of mites, more that 30 000 species
have been reported, vs barely 4 different species of horseshoe

Figure 2. Two-dimensional maps of the hemolymph of Limulus. In both case the first dimension was an IPG pH 3-10 (non linear) strip,
the second dimension an SDS gel in a linear porosity gradient of 8-18% polyacrylamide. Second dimension gel: 18 × 20 cm. Silver
staining. Sample load: 600 µg total protein. (A) Control lymph. (B) Combined eluates from ProteoMiner after capture at pH 4.0, 7.0, and
9.5. The arrows indicate the hemocyanin subunits (73 kDa) seen as multiple charge isoforms along the pH 3-10 gradient. (C) SDS-
PAGE of the control, untreated sample as well as the three ProteoMiner eluates.
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crabs, among which the American species seems to be just a
single entity. Possibly the reason for this could be that these
arthropods have not been subjected to genome-altering evo-
lutionary pressure seen in other arthropods.

There is even much more in our data that has not been
presented here. Although disclosing the identities of 160 protein
species has increased the original knowledge of Limulus lymph
by more than 1 order of magnitude, indeed we have an
additional order of magnitude in our data (i.e., another 900 or
more proteins) that could not be identified at all, due to lack
of homologous sequences in existing databases. We have
derived this figure of about 1000 proteins in the lymph by
assuming that, for each protein identification, we would need
no less than three sequenced peptides, as recommended
today.29 Is this an exaggerated number? Perhaps it is a much
too low figure, indeed. Although the lymph in Chelicerata can
be considered a primitive form of blood, in human serum/
plasma it is believed that several thousands if not hundreds of
thousands (considering not just unique gene products, but all
possible postsynthetic modifications and the extremely large
class of immunoglobulins synthesized by each individual
during his life span) could be present.30 Already in 2004
Anderson et al.31 merged four different views of the human
plasma proteome, based on different methodologies, into a
single nonredundant list of 1175 distinct gene products. Soon
after, however, with the HUPO plasma proteome project, which
enrolled 35 participating laboratories in 13 countries, this
number drastically increased to 9504 IPI proteins identified
with one or more peptides, which was reduced to a core data
set of 3020 proteins identified with two or more peptides.32 In
light of these considerations, a number of 1000 or so unique
gene products in the Limulus lymph appears quite reasonable
and, if anything, underestimated.

Our data also shed light onto novel, important aspects of
the CPLL methodology, not so much in terms of spots counted
in 2D maps (ca. 200 in control, 890 in CPLL-treated samples,
an increment typically found in all previous analyses) and not
even in the increment in protein identifications (about twice
as many in the CPLL eluates as compared to the control, see
Table 1, in line with previous reports of 2 to 5 times as many
in all samples so far analyzed). Since the very inception of the
CPLL technique, we had always lamented that in the bead
eluates, we missed typically 10% (and even higher percentages)
of the proteins detected in the control, a drawback of the
methodology for which we had not found a remedy. We even
hypothesized that baits for the missing proteins might not be
present onto the CPLL beads, a hypothesis that would not seem
to be tenable, considering the vast bait heterogeneity inT
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Figure 3. Overlapping Venn diagrams of the identification of
unique gene products in the three eluates from ProteoMiner. (A)
(87 proteins) pH 4.0 eluate, (B) (117 species) pH 7.0 eluate, and
(C) (98 proteins) pH 9.5 eluate.
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ProteoMiner ligands (millions of diversomers). By surveying
Table 1, we can now gather a very important information:
barely 1% of the proteins present in the control is missing in
the bead eluates, suggesting a major improvement in the
performance of the CPLLs. There is only one reason for that:
today we perform the capture of proteomes not at a single pH
value (typically at pH 7.2 in physiological saline) but at 3
different pH values, as suggested by Fasoli et al.23 As shown in
Table 1, it can be appreciated that, in all cases, even if the signal
present in the control is not found at all three pH values
(although in most cases it is), it is found at least at one of the
pH values adopted in the capture. This suggests that the library
contains all the possible partners for the proteome under
investigation, but that the affinity of the baits is strongly pH-
dependent; it might be extremely low at a given pH value and
very high at other values of the pH scale. As a consequence of
this, it is fair to assume that one of the primary mechanisms
for complex formation between a given bait and the partner
protein is ion-to-ion interaction, known to be a long-range
interaction and among the strongest ones of all noncovalent
complexes. Such interactions in fact are the only ones that can
be strongly modulated by the prevailing pH in solution. Of
course, once the charge on the bait is fully neutralized via ion-
pairing with the partner protein, it is quite likely that additional
interactions could ensue (e.g., hydrophobic interactions con-
comitant with hydrogen bonds). It is thus suggested that in all
future uses of the CPLL technology capture at 3 pH values
should be adopted for a proper coverage of any given proteome
under investigation.

5. Conclusions

Just as the Hubble telescope and the cosmic background
explorer satellite (COBE) were set up in orbit to focus on the
origin of the universe (the Big Bang and the cosmic background
radiation permeating the universe),33 so we set our ProteoMiner
scope back toward the origin of complex life in earth, focusing

on the starting of the Phanerozoic period (500 million years
ago). Our data on the Limulus lymph indicate the existence of
ancestral proteins, which do not seem to be present in today’s
databases. We could only identify >10% of these ancestral
proteins and hope that this report will spur the fantasy and
curiosity of geneticists and molecular biologists to map those
ancestral genes and bring to life such forgotten ancestral
proteins, which might add to the arsenal of novel biochemicals
and pharmaceuticals. In addition, our data seem to confirm
the relationship among Limulus and the other members of the
subphylum Chelicerata, such as ticks, scorpions, spiders, and
mites, relationships which, according to an extensive study of
Shultz,34 are extremely difficult to establish and should be
subjected to extensive revision (although a very recent article
seems to confirm the relationship here reported among Limu-
lus and Chelicerata).35
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