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Abstract

Author Manuscript

Diagnosis of clinical toxoplasmosis remains a challenge, thus limiting the availability of human
clinical samples. Though murine models are an approximation of human response, their definitive
infection status and tissue availability makes them critical to the diagnostic development process.
Hydrogel mesh nanoparticles were used to concentrate antigen to detectable levels for mass
spectrometry. Seven T. gondii isolates were used to develop a panel of potential peptide sequences
for detection by parallel reaction monitoring (PRM) mass spectrometry. Nanoparticles were
incubated with decreasing concentrations of tachyzoite lysate to explore the limits of detection of
PRM. Mice whose toxoplasmosis infection status was confirmed by quantitative real-time PCR
had urine tested by PRM after hydrogel mesh concentration for known T. gondii peptides.
Peptides from GRA1, GRA12, ROP4, ROP5, SAG1, and SAG2A proteins were detected by PRM
after nanoparticle concentration of urine, confirming detection of T. gondii antigen in the urine of
an infected mouse.
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T. gondii infection is a common, relatively asymptomatic infection. However, in those
individuals with a compromised immune system or infected congenitally, severe
consequences including cerebral or ocular involvement and death can occur. [1] Current
diagnostic options for both toxoplasmic encephalitis (TE) and congenital toxoplasmosis are
limited.
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The difficulty of human diagnosis of toxoplasmosis increases the need for murine models in
which disease status has been confirmed. Animal models provide a verifiable means of
exploring the type of antigens shed systemically at different stages in the infection.
Furthermore, strain variation in T. gondii is critical as to the virulence of the parasite, thus
impacting its clinical manifestations. [2] Though it has been well established in murine
models that type I strains are virulent and type II and III strains are avirulent; the
relationship between infected strain and impact on human disease presentation remains a
topic of discussion. [3] Several groups have successfully established murine infection
models for RH and ME49 strains of T. gondii. There has only been one group that has
compared these two infection models by conventional PCR in different organs.[4]
Utilization of biological fluids, such as urine, is an attractive approach for diagnostic
development because of the non-invasive nature of sample collection. Furthermore, mass
spectrometry specificity allows for confidence in detection of specific pathogens in any
biological fluid. Detection of microorganisms in human urine is not unprecedented. In mice,
Wang et al were able to detect Schistosoma mansoni in the urine based on biomarkers and a
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changed metabolic profile using H NMR spectroscopy. [5] Zhou et al showed a metabolic
shift in the serum of mice infected with T. gondii using Liquid chromatography–mass
spectrometry (LC-MS) analysis. [6] Ferreira et al (2011) demonstrated the possibility of
detecting bacteria and yeast in human urine samples, if the concentration was greater than
105 colony-forming units. [7] However, no group has previously demonstrated detection of
T. gondii antigens potentially shed by the parasite in the urine of infected animals.
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One barrier to mass spectrometry’s analysis of large volumes of biological fluids is low
relative abundance of antigen. Hydrogel mesh nanoparticles have increased the limits of
detection of immunoblot by semi-specifically concentrating antigens in such fluids. [8–10]
Thus the application of these nanoparticles in mass spectrometry seemed a logical
progression. Hydrogel nanoparticles function by exclusion of abundant large proteins.
Hydrogel nanoparticles also semi-specifically bind antigens, thus allowing the concentration
of antigens of interest. [11,12] Semi-specific binding is mediated by industrial dye moieties.
[11,12]
Here we demonstrate the success of the hydrogel mesh nanoparticles in their capture of T.
gondii antigens. We describe the development of a T. gondii specific parallel reaction
monitoring (PRM) system and its limit of detection for various T. gondii antigens.
Furthermore we document the variability in brain, cardiac tissue, and blood of T. gondii in
mice infected with ME49 and RH strains through detection by qPCR and histology. Finally,
we assess the possibility of antigen detection from urine from these infected mice using
hydrogel mesh nanoparticles to concentrate antigen for detection by PRM mass
spectrometry.
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Methods
Culture of T. gondii isolates strain
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RH isolates were maintained by successive passage in monolayers of cells line LLC-MK2
(Macaca mulatta, monkey, rhesus, ATCC/CCL-7) in growth media consisting of RPMI
1640 (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), pyruvate
(1 mM; Gibco), non-essential amino acid mixture 1:100; (Gibco), gentamicin (45 µg·mL−1;
Gibco), and penicillin (100 U/mL; Gibco), incubated at 37°C and 5% CO2. Growth media
was changed every four days and cultures were passed to a new monolayer of cells every ten
days. In order to obtain total tachyzoite lysate, tachyzoites obtained from cell culture were
sonicated (Sonicator 3000, Misonix). Four sonication cycles of 30 seconds at 4 Hz were
done with one minute rest between each cycle. Then, the obtained product was centrifuged
at 3000 g for 15 minutes. Finally, the protein concentration was measured using Bradford
method.
Selection, preparation, and analysis of T. gondii Isolates for LC MS/MS
Isolates were selected from Biodefense and Emerging Infections Research Resources
Repository (BEI Resources) to ensure coverage of the three major circulating T. gondii
strains (I, II, and III). [13] One isolate of a type IV strain (MAS) and one isolate of type V
strain (CAST) were selected for their clinical importance. Isolates were thawed and lysed in
1% Rapigest (Waters, Millford, MA) in 50mM ammonium bicarbonate with 10mM TCEP
Nanomedicine. Author manuscript.
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for 10 minutes at 100°C. Isolates were then alkylated with 50mM iodoacetamide for 15
minutes in the dark at room temperature, then diluted 10-fold in 50mM ammonium
bicarbonate to lower the Rapigest concentration to 0.1%. Samples were then digested with
trypsin overnight at 37°C. Digestion was halted by adding trifluoroacetic acid to a final
concentration of 0.1%. Samples were desalted with C-18 spin columns (ThermoFisher
Scientific, Waltham, MA, USA), dried by vacuum centrifugation, and then reconstituted in
0.1% formic acid in water.
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LC-MS/MS experiments were performed on an Orbitrap Fusion (ThermoFisher) equipped
with a nanospray EASY-nLC 1200 HPLC system (ThermoFisher). Peptides were separated
using a reversed-phase PepMap RSLC 75 µm i.d. × 15 cm long with 2 µm, C18 resin LC
column (ThermoFisher). The mobile phase consisted of 0.1 % aqueous formic acid (mobile
phase A) and 0.1 % formic acid in 80% acetonitrile (mobile phase B). After sample
injection, the peptides were eluted by using a linear gradient from 5% to 50 % B over 90
min and ramping to 100% B for an additional 2 min. The flow rate was set at 300 nL/min.
The Orbitrap Fusion was operated in a data-dependent mode in which one full MS scan
(60,000 resolving power) from 300 Da to 1500 Da using quadrupole isolation, was followed
by MS/MS scans in which the most abundant molecular ions were dynamically selected by
Top Speed, and fragmented by collision-induced dissociation (CID) using a normalized
collision energy of 35%. “Peptide Monoisotopic Precursor Selection” and “Dynamic
Exclusion” (8 sec duration), were enabled, as was the charge state dependency so that only
peptide precursors with charge states from +2 to +4 were selected and fragmented by CID.
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Tandem mass spectra were searched against the database ToxoDB: The Toxoplasma
Genomics Resource using Proteome Discover v 2.1 with SEQUEST using tryptic cleavage
constraints. Mass tolerance for precursor ions was 5 ppm, and mass tolerance for fragment
ions was 0.5 Da. Data were analyzed with oxidation (+15.9949 Da) on methionine as a
variable post translation modification, and carbamidomethyl cysteine (+57.0215) as a fixed
modification. A 1% false discovery rate (FDR) was used as a cut-off value for reporting
peptide spectrum matches (PSM) from the database. A BLAST search was conducted for the
sequences of interest in the National Institute of Health’s U.S. National Library of
Medicine’s National Center for Biotechnology Information to ensure that the sequences
were specific to T. gondii.
Mouse infection model
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Two-month-old female Swiss mice were infected with either 103–104 RH tachyzoites IP or
orally with 12–15 ME49 cysts from the brain of a previously infected mouse. ME49 infected
mice were immunosuppressed with dexamethasone (100 mg/kg) 2 months after infection.
Management of T. gondii isolates
Laboratorio de Inmunología Experimental Instituto Nacional de Pediatría, México and
Instituto de Ciencias Biológicas, Universidad Federal de Minas Gerais, Brazil, were kind
enough to share their RH and ME49 strains, respectively. The RH strain was then injected
intraperitoneally (I.P.) into adolescent Swiss mice, ME49 strain mice were infected orally.
One month (ME49) or four days (RH) post infection these mice were sacrificed and the
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tachyzoites were obtained as per Dubey et al [14]. Resulting RH+ tachyzoites were plated
with LLC-MK2 cells, and incubated at 37°C and 5% CO2. ME49 strain is maintained in
vivo. All the animals used were managed in accordance to there protocols approved by the
Animal Use Committee of Universidad Cayetano Heredia (Approval No. 64220)
Mouse specimen collection
Blood specimens were taken from the tail of the mouse. Urine specimens were obtained
after the administration of furosemide (1 mg/kg). Mice were sacrificed with xylacine and
ketamine. Terminal cardiac bleeds and organ excisions were then preformed. RH mice were
scarified four days post-infection. ME49 infected mice were scarified at day 49 postinfection, day 4-post immunosuppression.
DNA extraction of Tissues
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After fixation, 25 mg of tissue were cut into small pieces and rehydratated. Then, they were
transferred to a Lysing Matrix H 2 mL tube (MP Biomedicals) and treated with 300 μL of
guanidine hydrochloride 6M (Sigma-Aldrich, USA). After this, tissues were treated with an
agitation cycle (6 m/s – 40″) in a FastPrep-24™ 5G machine to ensure tissue disaggregation
before the exposition to Proteinase K. After this process, DNA from all samples was
extracted using High Pure PCR Template Preparation Kit (Roche Diagnostic Corporation,
USA) following the manufacturer’s instructions.
qPCR
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Quantitative Real Time Polymerase Chain Reaction was completed as previously described
using by Wahab et al.[15]Briefly, primers for REP 529 5′-GCTCCTCCAGCCGTCTTG
(forward) and 5′- TCCTCACCCTCGCCTTCAT (reverse) using probe FAM AGGAGAGATATCAGGACTGTA - 3′MGB, or primers for BBZ were 5′GCATTGCCCGTCCAAACT- 3′ (forward) and 5′AGACTGTACGGAATGGAGACGAA-3′ (reverse) using probe FAM AGGAGAGATATCAGGACTGTA - 3′MGB were used on a light cycler (Applied
Biosystems). The denaturing stages were: two minutes at 50°C, followed by 10 minutes at
95°C and then 15 seconds per cycle at 95°C. The annealing stage was one minute at 58°C
and the elongation stage was one minute at 72°C. Forty cycles were used.
Nanoparticle synthesis
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Nanoparticles were synthesized as previously described[11,12,16,17]. Briefly, nine grams
N-Isopropylacrylamide (NIPA- Sigma 415324) and 0.280g N,N′ methylenbisacrylamide
(BIS- Sigma M7279) were dissolved in 250millileters (mL) of MilliQ water and filtered
using a nitrocellulose membrane (0.45um, Millipore) into a 1000mL round bottom flask.
Nitrogen was used to purge the system for a half hour. Allylamine (676ul) was added and
the Nitrogen purging was continued for another 15 minutes. The solution was then heated to
70–80°C and 0.1g of potassium persulfate (KPS, Sigma- 379824) was added in MilliQ
water. The solution was incubated with heating, stirring, and condensing for six hours. After
six hours the solution was stirred overnight. Nanoparticles were then washed 4–5 times with
deionized water at 19000g for 40–50 minutes/wash.
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3.96g of sodium bicarbonate was dissolved in 240mL of MilliQ water. 1.8g of Reactive Blue
221d dye was then added. Dye solution was filtered using a nitrocellulose membrane
(0.45µm, Millipore). Dye solution and washed nanoparticles were combined for overnight
incubation with stirring. Nanoparticles were then washed 4–5 times with deionized water
until the supernatant appears clear at 19000g for 40–50 minutes/wash.
Particle incubation with urine
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Urine was then centrifuged at 3500g for 10 minutes for the removal of cellular debris. 200µl
of Nanoparticles were added to the remaining sample. Urine and particles were incubated
for 30 minutes at room temperature with rotation. Following incubation, particles were spun
down at 13000g for 10 minutes. Supernatant was removed and remaining particles were
resuspended with one milliliter of MilliQ water. After resuspension, particles were
centrifuged at 13000g for 10 minutes. The wash was then removed and the samples were
eluted from the particles with 1% Rapigest (Waters, Milford, MA) in 50mM ammonium
bicarbonate with 10mM TCEP for mass spectrometry experiments, or in 2X Lamealli’s
Sample Buffer (Biorad) for gel electrophoresis and western blotting for 10 minutes at
100°C.
Electrophoresis and Western blotting
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Eluates were loaded into a 4–20% Tris-glycine gel (Life Technologies) and run at 200V for
1 hour. After gel separation, proteins were transferred to PVDF membranes (Biorad) for 1.5
hours at 35V. Membranes were then blocked in 5% dry milk in PBS-Tween (0.1%). Post
blocking, membranes were incubated for 1 hour in either monoclonal mouse Tg17-43 antiGRA1 or polycolonal mouse anti-M2AP, or overnight in monoclonal mouse anti-SAG1
(ThermoFisher). Membranes were washed and incubated for 1 hour with either anti-mouse
of anti-rabbit HRP. Super signal Dura western (ThermoFisher) was used for
chemiluminescent detection.
Eluate processing for mass spectrometry analysis
Nanoparticle eluates were alkylated with 50mM iodoacetamide for 15 minutes in the dark at
room temperature, then diluted 10-fold in 50mM ammonium bicarbonate to lower the
Rapigest concentration to 0.1%. Samples were then digested with trypsin overnight at 37°C.
Digestion was halted by adding trifluoroacetic acid to a final concentration of 0.1%.
Samples were desalted with C-18 spin columns (ThermoFisher), dried by vacuum
centrifugation, and then reconstituted in 0.1% formic acid in water.
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PRM mass spectrometry analysis of eluates
Digested eluate samples were analyzed on an Orbitrap Fusion mass spectrometer
(ThermoFisher) equipped with a nanospray EASY-nLC 1200 HPLC system
(ThermoFisher). Peptides were separated using a reversed-phase PepMap RSLC 75 μm i.d.
× 15 cm long with 2 μm, C18 resin LC column (ThermoFisher). The mobile phase consisted
of 0.1 % aqueous formic acid (mobile phase A) and 0.1% formic acid in 80% acetonitrile
(mobile phase B). After sample injection, the peptides were eluted by using a linear gradient
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from 5% to 50% B over 15 min and ramping to 100% B for an additional 2 minutes. The
flow rate was set at 300nL/min. The Orbitrap Fusion was operated using parallel reaction
monitoring where only the precursor m/z values of the peptides of interest were permitted to
pass through to be fragmented by HCD. Fragment ions were detected in the Orbitrap with
resolution at 60,000. Data were analyzed with Skyline v3.6 (University of Washington,
MacCoss Lab) to determine the presence or absence of proteins/peptides of interest.

Results
Selection of peptides for Parallel Reaction Monitoring
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The limited availability of antibodies for the diverse antigens associated with T. gondii
significantly limits antigen identification by western blot. Additionally, biological
processing of antigens may result in their cleavage of epitopes preventing their detection by
antibodies. Thus we utilized seven isolates (see table 1) of T. gondii for LC-MS/MS
experiments. The seven strains were chosen to allow for coverage of the most common T.
gondii isolates and clinical manifestations. The seven isolates covered all three major T.
gondii strains and two less common haplotypes. They were isolated from both infected
humans and animals. LC-MS/MS experiments revealed a total of 1,054 non-redundant
proteins (see supplemental table 1). From these 1,054 proteins, 34 peptides, representing 12
proteins (Table 2) were chosen for further monitoring by PRM. Proteins were selected based
on their biological significance (Figure 1), and peptides were chosen based on their protein
ion fragmentation pattern compatibility with PRM and biological relevance. Figure 1 is a
basic schematic of the invasion of a tachyzoite into a host cell for reference in the biological
relevance of the proteins selected for further monitoring by PRM.
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Sensitivity of detection of RH tachyzoites by Parallel Reaction Monitoring
The analysis of the seven isolates allowed for the establishment of a protein profile
commonly seen in various isolates of T. gondii. We then wanted to confirm that our in-house
live culture’s protein profile was similar to the seven BEI isolates as well as explore the
limits of detection of PRM after hydrogel nanoparticle concentration. Mass spectrometry
analysis has previously been limited due to a lack of ability to detect low concentrations of
protein. To establish the limits of detection of the utilization of hydrogel nanoparticles in
combination with parallel reaction monitoring, 106 to 101 RH strain tachyzoites were spiked
into one milliliter of human urine, and the urine samples then incubated with 200µL of
nanoparticles.

Author Manuscript

Figure 2 displays the relationship between the number of urine-spiked tachyzoites and the
area under the curve for the specified peptide ion fragmentation peaks by PRM for two
Surface Antigen 1 (SAG1) peptides (TALTEPPTLAYSPNR and STAAVILTPTENHFTLK)
and one Dense Granule Protein 1 (GRA1) peptide (VERPTGNPDLLK). These were the
only 3 peptides that could be detected down to the 100 tachyzoite level. Less sensitive, but
still detectable in the sample containing 106 tachyzoites were three peptides from GRA12
and GRA7, two peptides from rhoptry bulb proteins (ROP) 4 and GRA3, and one peptide
each from GRA1, ROP5, ROP7, SAG2A, and micronemal protein 10 (MIC10) (Table 2).
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Sensitivity of detection of tachyzoites by western blot significantly improved with
nanoparticles
An identical protocol as described for the PRM spike-in studies was used for the preparation
of samples for western blotting (with the exception of the elution) to compare the
sensitivities of PRM results with western blotting. Figure 3A and 3B demonstrate the
concentration capacity of the nanoparticles. Without the nanoparticles it is only possible to
detect 105 tachyzoites of GRA1 and 104 tachyzoites of SAG1. In contrast, after nanoparticle
concentration, SAG1 was detectable in the lysate with as few as 10 tachyzoites (Figure 3A).
One thousand tachyzoites were required for detection of GRA1 (Figure 3B).
Establishment of successful murine infection model with RH and ME49 infected mice by
qPCR of blood and tissues
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After characterization of the RH strain tachyzoites by PRM and western blot, mice were
infected. The virulence of the RH strain is well established. Additionally, mice were infected
with the ME49 strain, which is well established for its chronic infection capacity. Tissues
from mice infected with each of these strains were analyzed by qPCR (Table 3). In the
ME49 infected mice 12 of 12 brain and 10 of 12 (83%) heart tissues of mice were positive
for T. gondii. However, none of these mice had parasite circulating in their blood. This is in
contrast to all five of five RH infected mice, which had parasites in their blood. Similar to
the ME49 infected mice, the RH infected mice had 3 of 4 (75%) heart and 2 of 2 brain tissue
samples positive for parasite by qPCR.
Detection of antigens in urine from ME49 and RH infected mice by PRM
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Urine samples from 4 mice infected with ME49 and 4 mice infected with RH were collected
and pooled by infection strain. Urine was incubated with nanoparticles and prepared for
PRM analysis as described above. PRM analysis of the RH mouse urine revealed two
peptides each from SAG1 (TALTEPPTLAYSPNR, STAAVILTPTENHFTLK), GRA1
(VERPTGNPDLLK, VIDDVQQLEK), and ROP4 (VVVPAEYDEYTPPEGR,
LLALQAIETPEYR), and one peptide each from SAG2A (KLTTVLPGAVLTAK), and
ROP5 (TLDFLYVLR). (Table 2 and Figure 4). While the majority of these peptides had
previously been identified in the BEI tachyzoites lysate, the ROP5 peptide, though identified
in NR-20734 and NR-223 reference isolates, was not identified in the lysate. None of the
targeted proteins were found by PRM analysis in the chronic strain ME49 infected mouse
urine.

Discussion
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Antigen detection by immunologic assay has been limited by the availability of highly
specific antibodies. Mass spectrometry offers high specificity for antigen detection because
of its capacity for exact peptide matches, but has previously been limited by poor limits of
detection for low abundance targets. Through the joining of the nanoparticle concentration
technique that semi-specifically increases the concentration of antigen found in biological
fluids with the specificity of mass spectrometry, we have identified T. gondii parasitic
antigens in the urine of infected mice.
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The T. gondii genome is still being explored for differences between serotypes and strains.
Thus, we selected a variety of isolates to ensure the greatest possible coverage and
identification of possible protein targets for PRM. The finding that of the 1054 nonredundant proteins across all seven strains SAG and GRA proteins were some of the most
abundant, given other protein related studies of T. gondii was unsurprising. [18,26]
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Of the three families of proteins necessary for T. gondii invasion into new host cells- rhoptry
blub proteins (ROPs), rhoptry neck proteins (RONs), and microneme (MICs)- ROPs and
MICs were identified in the tachyzoite lysate (Figure 1). Initial parasite invasion is marked
by the discharge of MICs for attachment to the host cell. Our group identified MIC10. [18–
20] These same micronemal proteins work with the RONs to create a junction with the host
cell’s plasma membrane. [18,21,22] Our group did not identify any proteins from the RON
family. This is likely due to their large size, which would have been excluded by the
nanoparticles. Finally, ROPs aggregate with the parasite vacuole membrane. [22–25] Our
results identified ROP5 and ROP7. For GRA proteins, which are secreted after the invasion
process, we identified GRA1, 3, 7, and 12. [26] The identification of these invasion
sequence proteins increases our confidence that our method is both representative of the
biological interaction between host and parasite, and supportive of the use of urine as an
appropriate biofluid to observe such interactions.
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Successful detection of decreasing concentrations of tachyzoite lysate with monoclonal antiSAG1 and monoclonal anti-GRA1 illustrates the success of the nanoparticles ability to
capture and concentrate the tachyzoites. The presence of SAG1 in urine could be predicted
given that SAG1 coats the surface of the tachyzoite. [27] GRA1 and its dense granule
compatriots (GRA2, 3, 5, 7, and 8) are secreted by the tachyzoite, after the parasite creates
the parasitophorous vacuole. [26] We posit the varying levels of detection between the two
antigens are a function of differing concentration of each antigen produced by the
tachyzoites.

Author Manuscript

Terra et al preformed a series of comparison studies using conventional PCR between RH
and ME49 looking at tissue specific infection. [4] They found that 50% of infected mice
(infected with RH or ME49 strains) had heart infiltration by parasite components. [4] In
contrast, in our study, cardiac infection was found in 83% of mice infected with the ME49
strain and 75% infected with the RH strain. This difference is likely a function of our use of
qPCR in comparison to Terra et al use of conventional PCR. [4] Parasites in brain tissue
were consistent across all mice in both groups, regardless of strain of infection, as was the
case in our specimens as well. [4] Numerous other groups have used murine infection
models to identify T. gondii with both conventional and qPCR. Dadimoghaddam et al and
Daryani et al found mice intraperitoneally infected with RH T. gondii had varying levels of
parasite in numerous organs depending on days post infection. [28,29] Notably, the high
levels of parasite in the kidney offers one explanation as to why detection of antigen in urine
is possible.
The detection of multiple antigens in the RH infected mouse urine, but not in the ME49
infected mouse urine, suggests that the chronically infected mice are not shedding antigen,
or that the antigen is below the limits of detection. This finding is promising when looking
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forward to antigen detection in human urine of clinical toxoplasmosis cases. However, it has
yet to be ascertained if the lack of antigen in the urine is a function of the infecting strain of
T. gondii or the chronic infection status of the host. The relative strength of the signal for
GRA1 peptides from the RH infected mice were significantly stronger than that of what was
seen in the tachyzoites. This finding is in keeping with the predicted expression of GRA1 as
it is most readily secreted immediately after the parasite enters new cells, which is likely the
case in the RH infected mice four days post-infection. The lower diversity of detected
peptides in the murine urine samples compared to the tachyzoite lysate is likely a function of
the limits of detection of this assay.
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Taken together these results offer a new method of detection for T. gondii. The successful
capture of multiple antigens by the hydrogel nanoparticles allows for the adequate
concentration of these antigens for mass spectrometry. The application of the standard
discovery process of LC-MS/MS allowed for the identification of peptides for PRM, which
could then be monitored in the tachyzoite lysate-spiked urine and murine urine samples. The
linear response of the SAG1 and GRA1 peptides with PRM creates assurance that we have
identified specific peptides, as well as determined the relative limits of detection of the PRM
technique for antigen detection in T. gondii. The difference in peak magnitude between the
tachyzoite lysate from culture and the RH infected murine urine sample elucidates the
relationship between the behavior of the tachyzoites when they have infected the majority of
possible host cells (as is expected in culture) and the behavior of these same tachyzoites as
they continue to seek new host cells for infection in the mouse. Finally, the successful
capture and identification of T. gondii antigens by PRM of GRA1, ROP4, ROP5, SAG1, and
SAG2A in murine urine samples offers proof of concept that antigen detection in urine is
possible. Finally, the successful capture and identification of T. gondii antigens by PRM of
GRA1, ROP4, ROP5, SAG1, and SAG2A in murine urine samples offers proof of concept
that antigen detection in urine is possible using an appropriated affinity concentration
method (in this case affinity hydrogel nanoparticles) prior to mass spectrometry analysis. As
analytical sensitivity improves, we envision that mass spectrometry will be used in the
future for culture-free, antibody-free pathogen diagnosis and functional characterization in
vivo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Necessary proteins for tachyzoite invasion of host cell

Microneme (MIC) proteins aggregate near the apical end of the tachyzoite. [18–20] MIC
and Rhoptry Neck (RON) proteins then work to attach to the host cell membrane. [18,21,22]
Attachment is followed by aggregation of Rhoptry Blub (ROP) proteins near the host’s
membrane, and later secretion of dense granules (GRA). [22–25] SAGs coat the surface of
the tachyzoite.
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Figure 2. Relationship between the area under the fragmentation peak and the tachyzoite count

Decreasing counts of tachyzoites were spiked into urine prior to hydrogel nanoparticle
incubation. After incubation with, and elution from the nanoparticles PRM analysis revealed
a linear relationship between the number of tachyzoites and the area under the fragmentation
peak for SAG1 peptides (TALTEPPTLAYSPNR and STAAVILTPTENHFTLK) and one
GRA1 peptide (VERPTGNPDLLK).
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Figure 3. Nanoparticles bind target antigens from whole tachyzoite lysate
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Cultured RH+ tachyzoites were lysed and spiked into 1mL of human urine with and without
nanoparticles. Following nanoparticle incubation, nanoparticles were eluted and gel
electrophoresis and immunoblotting for SAG1 (Figure 3A) and GRA1 (Figure 3B) followed.
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Figure 4. PRM for RH Strain Tachyzoites (Tz) and RH infected Murine Urine
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PRM spectra for the 106 RH strain tachyzoites after incubation with nanoparticles acting as
a positive control, and the pooled urine collected from 4 RH strain infected mice after
incubation with nanoparticles. The spectra shown are for the proteins detected in both the
tachyzoite positive control (upper panels) and the pooled mouse urine sample (lower
panels). The proteins detected are SAG1 (A) and (B), GRA1 (C) and (D), SAG2A (E),
ROP4 (F) and (G), and ROP5 (H). Except for protein ROP5, the same peptides from each
protein were detected in both samples. For ROP5, a different peptide was present for the
tachyzoite sample and the mouse sample. The fragmentation ions detected for each peptide
are depicted by the color scheme shown adjacent to each spectrum.
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Table 1

Seven Isolates sequenced by LC-MS/MS

Author Manuscript

Seven reference strains from BEI resources were tryptically digested, alkylated, acidified, and sequenced by
LC-MS/MS.

Author Manuscript

Isolate

Stain/Haplotype

Source

NR-44106

I/III

Toxoplasma gondii (T. gondii), strain EGS was isolated in 1998 from amniotic fluid of a human patient with
congenital toxoplasmosis

NR-223

I

Toxoplasma gondii, strain RH-88 was derived from a clone of the RH strain. The RH strain was isolated in
1939 from a six year old boy with a lethal case of encephalitis in Cincinnati, Ohio

NR-225

II

Toxoplasma gondii (T. gondii), ME49 (originally isolated from a sheep in California and available as BEI
Resources NR-362) was passed singly through a cat to obtain a line that was capable of producing oocysts,
and then further cloned by limiting dilution to produce the B7 clone (also referred to as P and PLK strain).

NR-362

II

Toxoplasma gondii (T. gondii), ME49 was isolated from sheep muscle.

NR-20730

III

Toxoplasma gondii (T. gondii), strain VEG was isolated from the blood of an AIDS patient with toxoplasmic
encephalitis in California in 1989.

NR-20731

IV

Toxoplasma gondii (T. gondii), strain MAS was isolated from a human with severe congenital toxoplasmosis
in France in 1991

NR-20734

V

Toxoplasma gondii (T. gondii), strain CAST was isolated from an AIDS patient with toxoplasmic
encephalitis in California, 1988
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ROP7

ROP5

ROP4

RON8

GRA12

GRA7

x
x
x
x

VVAENAQGFSPPEVR

HQALAIGLFGK

FVEELYELPTEDRPLADAAR

VWPERPQPVFTEGDPPDLETNSLYYR

TNDLASGTPHVAR

x

x

TLDFLYVLR

x

LHEATFAAAR

x

x

x

x

x

VPASSTTTSASEGIFR

x
x

VVVPAEYDEYTPPEGR

LLALQAIETPEYR

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

LLDLASPVTIVGDLTR

x

x

ATVIPVIETFGPDGELLK

x

x
x

x

x

x

x

x

x

x

x

x

NR20371

x

x

x

x

x

x

x

NR20730

SIIDLVGASDGTQPLVLK

x

x

x

x

x

x

NR362

FPDGTEATLR

x

x

x

x

x
x

TEFIEGIITK

ASETGSGLAASFLNTVEVR

x

x

x

x

x

x

x

x

x

x

NR225

x

x

x

x

AATVAAGNELFK

GVGSDAVTDDHIYEENTDRK

SDAEVTDDNIYEEHTDRK

NSDFFDGQAPVDSLRPTNAGVDSK

REPEPLETEPDEQEEVHFR

AVILSLATSAAIGGR

x

x

x

KVEEELSLLR

VIDDVQQLEK

GRA3

NR223
x

NR44106

Peptide Sequence

VERPTGNPDLLK

Parent Protein

GRA1

BEI Reference Isolate

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

NR20374

x

x

x

x

x

x

x

x

x

x

x

x

x

x

1e6 Tachyzoite Lysate

x

x

x

x

x

RH+ Murine urine

Peptides identified in BEI reference isolates (see table 1) by LC-MS/MS chosen for PRM analysis of RH tachyzoite lysate and urine from mice infected
with this same lysate.
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Peptide Sequences identified by PRM by isolate
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SAG2A
KLTTVLPGAVLTAK

LTISPSGEGDVFYK

x
x

x

x

x

x

x

x

x
x

x

LSENPWQGNASSDNGATLTINK
AVTLSSLIPEAEDSWWTGDSASLDTAGIK

x

x

x

x

x

NR362

x

x

x

NR225

x

x

NR223

STAAVILTPTENHFTLK

SAG1

x

NR44106

TALTEPPTLAYSPNR

NSFSGEDSSEIDEKEVSLPIK

M2AP

RIDEQQANYEQR

Peptide Sequence
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KQEAVIQELK
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Parent Protein

x

x

x

x

x

NR20730

x

x

x

x

x

x

NR20371
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MIC10

x

x

x

x

NR20374

x

x

x

x

1e6 Tachyzoite Lysate

x

x

x

RH+ Murine urine
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qPCR results from uninfected mice and mice infected with RH or ME49 strains of T.
gondii
Mice infected with T. gondii provided urine and blood specimens and were then euthanized prior to
homogenization and DNA extraction of heart and brain specimens. qPCR was then completed on all
specimens.
Group

Blood

Heart

Brain

ME49

0 of 12
(0%)

10 of 12
(83%)

12 of 12
(100%)

RH+

5 of 5
(100%)

3 of 4
(75%)

2 of 2
(100%)

Uninfected

0 of 7
(0%)

0 of 7
(0%)

0 of 7
(0%)

Uninfected and
Immunosuppressed

0 of 10
(0%)

0 of 10
(0%)

0 of 10
(0%)
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