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Discovery and Targeted Proteomics on
Cutaneous Biopsies Infected by Borrelia to
Investigate Lyme Disease*s

Gilles Schnell1§1], Amandine Boeuf1§1], Benoit Westermannz, Benoit Jaulhac|,
Dan Lipsker**, Christine Carapitot, Nathalie Boulangerl||,

and Laurence Ehret-Sabatiert 11

Lyme disease is the most important vector-borne disease
in the Northern hemisphere and represents a major public
health challenge with insufficient means of reliable diag-
nosis. Skin is rarely investigated in proteomics but con-
stitutes in the case of Lyme disease the key interface
where the pathogens can enter, persist, and multiply.
Therefore, we investigated proteomics on skin samples to
detect Borrelia proteins directly in cutaneous biopsies in a
robust and specific way. We first set up a discovery gel
prefractionation-LC-MS/MS approach on a murine model
infected by Borrelia burgdorferi sensu stricto that allowed
the identification of 25 Borrelia proteins among more than
1300 mouse proteins. Then we developed a targeted gel
prefractionation-LC-selected reaction monitoring (SRM)
assay to detect 9/33 Borrelia proteins/peptides in mouse
skin tissue samples using heavy labeled synthetic pep-
tides. We successfully transferred this assay from the
mouse model to human skin biopsies (naturally infected
by Borrelia), and we were able to detect two Borrelia
proteins: OspC and flagellin. Considering the extreme var-
iability of OspC, we developed an extended SRM assay to
target a large set of variants. This assay afforded the
detection of nine peptides belonging to either OspC or
flagellin in human skin biopsies. We further shortened the
sample preparation and showed that Borrelia is detecta-
ble in mouse and human skin biopsies by directly using a
liquid digestion followed by LC-SRM analysis without any
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prefractionation. This study thus shows that a targeted
SRM approach is a promising tool for the early direct
diagnosis of Lyme disease with high sensitivity (<10 fmol
of OspC/mg of human skin biopsy). Molecular & Cellu-
lar Proteomics 14: 10.1074/mcp.M114.046540, 1254-1264,
2015.

Lyme borreliosis is an arthropod-borne disease transmitted
by hard ticks (Ixodes spp.). The causative agents are bacteria
belonging to the Borrelia burgdorferi sensu lato group. In the
United States, more than 30,000 cases have been reported to
the Centers for Disease Control and Prevention in 2012.
There, the unique pathogenic species of Borrelia is B. burg-
dorferi sensu stricto (s.s.). In Europe, between 65,000 and
85,000 cases are reported depending on the epidemiological
study (1, 2), and the three most prevalent pathogenic species
of Borrelia are Borrelia afzelii, Borrelia garinii, and B. burgdor-
feri s.s. The disease in both Europe and the United States is
first characterized in most patients by an inflammatory skin
lesion, erythema migrans (EM)," which is the most frequent
manifestation of the disease. Dissemination to other sites
occurs secondarily and can involve among others articulation,
nervous system, heart, and skin at other sites (3, 4). The
diagnosis can be a real challenge because of the proteiform
clinical manifestations. When an EM is present, which is the
case for 80% of patients (3), early diagnosis is facilitated.
However, EM presentation can be clinically atypical, making
the recognition of this manifestation of Lyme borreliosis diffi-
cult (5). Later on, when Borrelia has disseminated to the target
organs, biological diagnosis is based either on the direct

' The abbreviations used are: EM, erythema migrans; DOC, sodium
deoxycholate; DbpA, decorin-binding protein A; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; Ge-LC-MS/MS, gel prefraction-
ation followed by liquid chromatography and tandem mass spectrom-
etry; HSP 90, heat shock protein 90; LC-SRM, liquid chromatography
hyphenated to selected reaction monitoring mass spectrometry;
LLOD, low limit of detection; LLOQ, low limit of quantification; OspC,
outer surface protein C; RpoN, RNA polymerase o factor o54; SRM,
selected reaction monitoring; s.s., sensu stricto; OMSSA, Open Mass
Spectrometry Search Algorithm.
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From mouse model to human skin biopsies
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Fic. 1. Summary of the experimental workflow. Experimentally infected mouse skin biopsies were analyzed by a shotgun Ge-LC-MS/MS
strategy to identify Borrelia target proteins. Then we developed targeted LC-SRM assays with or without gel prefractionation. Finally, these
targeted methods were transferred on tick-infected human skin samples.

detection of the pathogen in different patient body fluids and
biopsies by means of culture and/or PCR or on the indirect
demonstration of presence of Borrelia by detection of anti-
pathogen-directed IgM and IgG antibodies (enzyme-linked
immunosorbent assay (ELISA) and Western blot) (6).
Concerning the direct detection of Borrelia, culture of the
bacteria has allowed the spirochete isolation since the 80s in
different specific Barbour-Stoenner-Kelly-based media by us-
ing skin biopsies or biological fluids such as blood or cere-
brospinal fluid (7, 8). However, Borrelia culture is not routinely
used as a diagnostic test because the bacterial growth takes
several weeks and does not yield timely results. Indeed, it
requires the use of the specific and expensive Barbour-
Stoenner-Kelly medium and a dark field microscope to detect,
frequently after at least 2 weeks of incubation, the presence of
Borrelia in tissues or biological fluids. When performed from
patients with EM, only 40-80% of the cultures are positive (6).
In addition, the success of culture varies greatly according to
the Borrelia species. PCR is quicker and generally more sen-
sitive than culture with a range of 36-88%, although the
success of bacterial detection varies with the gene selected
for the assay (6). PCR is efficient for Borrelia detection in
synovial liquid (60-85% of the cases) in the case of arthritis
(9, 10) but less sensitive in cases of neuroborreliosis in cere-
brospinal fluid (<20-40% of the cases) (9, 11). Moreover,
PCR detects DNA and not proteins and therefore prevents the
detection of active infection. As far as the skin biopsies are
concerned, the sensitivity of detection is variable in cases of
EM or acrodermatitis chronica atrophicans (12). Conversely,

indirect detection using serological tests is not adapted to the
early diagnosis as it relies on antibodies only detectable after
at least 4-6 weeks after the infectious tick bite. These tests
also suffer from lack of specificity (13). New diagnostic ap-
proaches are therefore required. Selected reaction monitoring
(SRM) has been recognized as an efficient mass spectrome-
try-based technique for the biomarker verification and valida-
tion in several biological fluids (blood, plasma, and urine)
(14-18). The demonstrated specificity, selectivity, and high
sensitivity (low attomole range) of the technique (19) makes it
promising for the development of an SRM-based method for
early diagnosis of Lyme disease. To our knowledge, this strat-
egy has only rarely been used on skin tissue (20). It would
allow the direct and rapid detection of Borrelia proteins in the
skin, demonstrating the presence of an active infection very
early after the tick transmission.

In the present study, we set up a workflow to develop a
robust and sensitive SRM assay to detect Borrelia in human
skin samples (Fig. 1). First, we looked for Borrelia proteins in
infected mouse skin samples by using a classical shotgun/
discovery strategy. This experiment afforded a list of bacterial
proteins that are expressed in vivo in the skin of an infected
mammalian host. Then, we selected protein targets and
optimized a Ge-LC-SRM assay to specifically detect and
quantify these proteins in mouse skin samples. We demon-
strated the transferability of the SRM assay for the detection
of the targeted proteins in human skin samples naturally in-
fected with Borrelia. Finally, we improved the experimental
protocol to avoid gel prefractionation.
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EXPERIMENTAL PROCEDURES
Chemicals

Modified porcine trypsin was obtained from Promega (Madison,
WI). High quality and crude isotopically labeled standard peptides
with C-terminal "®N- and '®C-labeled arginine and lysine residues
(HeavyPeptide AQUA™ Ultimate at 5 pmol/ul + 5% and PEPotecs™)
were synthesized by Thermo Fisher Scientific (Bremen, Germany). C,4
Sep-Pak cartridges (Sep-Pak Vac, 1 ml, 50 mg, tC18) were obtained
from Waters (Milford, MA), and all other reagents and chemicals were
purchased from Sigma-Aldrich. All buffers were prepared with ultra-
pure water.

Inoculation and Incubation of Bacteria

Mice were infected intradermally with 10° spirochetes of B. burg-
dorferi sensu stricto (strain 297) in 0.1 ml of Barbour-Stoenner-Kelly
culture medium in the dorsal thoracic area. At two time points after
the inoculation (days 5 and 7) mice were killed by isoflurane. An
approximately 1-cm area of mouse skin was collected at the inocu-
lation site. For the reproducibility study, mouse skin samples were cut
in three equal parts around the inoculation point. Samples were
stored at —80 °C until analysis.

For human samples, 4-mm skin biopsies were taken after informed
consent and local anesthesia from six patients with EM lesions (H1-
H6) after a tick bite in France (ClinicalTrials.gov Identifier
NCTO00576082). Half of each biopsy was used for both culture and
PCR, and half of the biopsy was immediately frozen and kept at
—80 °C until use. These six biopsies were all positive by both culture
and PCR, and the causative species were identified by a species-
specific real time PCR assay (21). Biopsies H1, H2, H3, and H5 were
taken from solitary EM lesions and were infected with B. afzelii, and
biopsy H6 was infected with B. garinii. The causative species in
biopsy H4, taken from a patient with multiple EM, was B. afzelii.

Protein Fractionation and In-gel Digestion

For mouse and human skin biopsies, 4-mg samples were manually
extracted by 200 ul of Laemmli sample buffer in a 0.1-ml Potter tissue
grinder, Wheaton, Millville, NJ. After 5 min of sonication and 10 min of
centrifugation (14,000 X g at 4 °C), the protein content of the super-
natant was determined by using a detergent-compatible assay (Bio-
Rad). Proteins (50 pn.g) were subjected to 12% SDS-PAGE and stained
overnight with colloidal Coomassie Brilliant Blue (22). 25 gel bands of
2 mm were excised manually. In-gel digestion was carried out as
described previously (23), and the tryptic peptides were extracted
(60% ACN, 0.1% HCO,H) prior to mass spectrometry analyses.

Liquid Digestion Protocols

Six different extraction protocols compatible with liquid digestion
were tested: () 1% RapiGest™ SF (Waters) in 50 mm NH,HCO4
buffer, (i) 1% deoxycholate (DOC) in 25 mm NH,HCO;4 buffer, (iii) 8 m
urea in 100 mm NH,HCO; buffer, (iv) 1% octyl p-D-glucopyranoside
(octyl glucoside) in 10 mm NaCl, 10 mm NH,HCO; buffer, (v) 2% SDS
in 25 mm NH,CO;, buffer, and (vi) filter-aided sample preparation as
described by Wisniewski et al. (24).

The mouse skin biopsies were extracted in 200 ul of buffer in a
0.1-ml Potter tissue grinder. After 5 min of sonication and 10 min of
centrifugation (14,000 X g at 4 °C), the protein content of the super-
natant was determined by using a detergent-compatible assay. The
filter-aided sample preparation protocol (vi) was then performed as
described (24) starting from 100 ng of proteins. For the other proto-
cols (i-v), 100 ng of each extract was reduced for 1 h at 60 °C (except
37 °C for the urea protocol (jii) by adding dithiothreitol to a final

concentration of 10 mm. Alkylation was performed by adding iodoac-
etamide to a final concentration of 40 mm at room temperature. To
carry out the digestion in an optimal way, the sample was diluted to
1 M urea () and 0.07% SDS (vi). For the octyl glucoside protocol (iv),
proteins were precipitated by addition of ice-cold acetone overnight
and solubilized in 0.1 m NH,HCO, before digestion. An overnight
digestion was performed by adding trypsin in a 1:50 enzyme to
protein ratio. After digestion, trifluoroacetic acid was added to a final
concentration of 0.5% (v/v) for protocols i, i, iii, and iv. For protocol vi,
4 m KCI was added just after digestion to precipitate the SDS. A
centrifugation step was then necessary to eliminate the by-products
of RapiGest SF (i), the precipitated DOC (i), and SDS (vi). All samples
were desalted on Sep-Pak C, 5 cartridges and recovered in 100 ul of
0.1% HCO,H. The peptide content was determined by a detergent-
compatible assay. One microliter of a mixture of heavy labeled pep-
tides was finally added to a volume of sample solution containing 1 ng
of peptides prior to SRM analyses. The efficiency of the different
protocols was evaluated by calculating the extraction yield and the
sample recovery. The extraction yield corresponds to the protein
content obtained after the extraction step divided by the weight of the
biopsy. The sample recovery is the peptide content after Sep-Pak
desalting divided by the initial protein content and multiplied by 100.

The RapiGest protocol was applied to one human skin biopsy (H1).
The extraction, reduction, alkylation, and digestion steps were per-
formed as for mouse skin biopsies.

Nano-LC-MS/MS Analyses

Peptides were analyzed on a nano-LC-Chip/Cube (Agilent Tech-
nologies, Palo Alto, CA) hyphenated to an amaZon ion trap (Bruker
Daltonics, Bremen, Germany). The chip contained a Zorbax 300SB-
Csg column (150 mm X 75 pum, 5 um) and a Zorbax 300SB-C,g
enrichment column (40 nl, 5 wm). The solvent system consisted of 2%
ACN, 0.1% HCO,H in water (solvent A) and 2% water, 0.1% HCO,H
in ACN (solvent B). Trapping was done at a flow rate set to 3.75 ul/min
with solvent A. Elution was performed at a flow rate of 300 nl/min with
a 8-40% linear gradient (solvent B) in 30 min followed by a 4-min
stage at 70% solvent B before reconditioning the column at 8%
solvent B. The MS spectra were acquired in the positive ion mode on
the mass range 250-1500 m/z using the standard enhanced resolu-
tion mode at a scan rate of 8100 m/z/s. The eight most abundant
peptides were selected on each MS spectrum for further isolation and
fragmentation with a preference for doubly charged ions (absolute
threshold of 100,000). Fragmentation was performed using argon as
the collision gas. lons were excluded after the acquisition of one
MS/MS spectrum, and the exclusion was released after 0.60 min.
MS/MS spectra were acquired on the mass range 100-2000 m/z. The
complete system was fully controlled by HyStar 3.2 (Bruker Daltonics)
software.

MS/MS Data Interpretation

Mass data collected during nano-LC-MS/MS were processed,
converted into “.mgf” files with DataAnalysis 4.0 (Bruker Daltonics),
and interpreted using Mascot 2.4.3 (Matrix Science, London, UK) and
Open Mass Spectrometry Search Algorithm (OMSSA) 2.1.7 (25) algo-
rithm run on the Mass Spectrometry Data Analysis (MSDA) software
suite (26). Searches were performed without any molecular weight or
isoelectric point restrictions against an in house-generated protein
database composed of all protein sequences of B. burgdorferi B31
and mouse (extracted from NCBInr and UniProtKB-Swiss-Prot, re-
spectively). Known contaminant proteins such as human keratins and
trypsin were added to the database and concatenated with reversed
copies of all sequences (B. burgdorferi B31, August 16, 2012, 1758
entries; mouse, April 19, 2013, 16,722 entries). The database for B.
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burgdorferi B31 was used because the B. burgdorferi 297 strain has
not been sequenced yet. Trypsin was selected as enzyme, and for
MS/MS data, a parent and fragment mass tolerance of 0.5 Da was
used. A maximum of two missed cleavages was allowed, and some
modifications were taken into account: carbamidomethyl (Cys), acetyl
N terminus of protein, and oxidation (Met). The Mascot and OMSSA
results were independently loaded into Scaffold software (Proteome
Software, Portland, OR) to validate peptide identifications. The target-
decoy database search allowed us to control the false positive iden-
tification rate, which was set to 1% with a minimum of one peptide
per protein. Borrelia protein identifications in mouse skin biopsies
analyzed are listed in Table | (peptide identification scores and se-
quence coverage are given in supplemental Table S1). The shotgun
data have been deposited to the ProteomeXchange Consortium (pro-
teomecentral.proteomexchange.org) via the PRIDE partner repository
(27) with the data set identifier PXD000879 and DOI 10.6019/
PXD000879.

Micro-LC-SRM Assay Development

Peptide/Transition Selection and Concentration-balanced Mixture
of Heavy Labeled Synthetic Peptides—We developed two LC-SRM
methods, M1 and M2. The first method (M1) monitored 33 peptides
corresponding to nine Borrelia proteins. The second method (M2) was
focused on four Borrelia proteins only but was extended for OspC
variants and flagellin (76 monitored peptides).

For M1, 33 proteotypic peptides were selected for nine targeted
proteins (OspC, flagellin, DbpA, GAPDH, RpoN, BB0081, BBP42,
HSP 90, and sensory transduction histidine kinase), and isotopically
labeled equivalent peptides were purchased (32 crude PEPotecs
peptides and one high purity AQUA peptide (GPNLTEISK, OspC). For
M2, 76 proteotypic peptides were selected for only four (OspC, flagel-
lin, DbpA, and GAPDH) among the nine initially targeted proteins in
M1, and isotopically labeled equivalent peptides were purchased (74
crude PEPotecs peptides and two high purity AQUA peptides
(GPNLTEISK, OspC; ANLGAFQNR, flagellin).

For the lower limits of quantification and detection determination
(LLOQ and LLOD, respectively), a dilution series of the peptides was
realized by spiking crude peptides at different dilution values (1:
10,000 to 1:10) and the high purity peptides at different concentra-
tions (500 amol/ul to 50 fmol/ul) in a blank mouse skin matrix and
injected in triplicate on a TSQ Vantage triple quadrupole mass spec-
trometer (Thermo Fisher Scientific). The area under curve of all tran-
sitions for each peptide were summed and drawn versus the peptide
concentration.

According to the LLOQ of each peptide for both methods, we
separated all the crude peptides into several groups of different
dilutions to prepare a concentration-balanced mixture of heavy la-
beled peptides. Four picomoles of the GPNLTEISK (OspC) and 4
pmol of the ANLGAFQNR (flagellin) AQUA peptides were added to
this mixture with a final concentration of 25 fmol/ul.

For both methods, nano-LC-MS/MS analysis of the mixture of
isotopically labeled peptides afforded a representative MS/MS spec-
trum for each peptide. Four transitions corresponding to the most
abundant y monocharged ions with an m/z value above the doubly
charged precursor m/z and four most abundant transitions (if differ-
ent) were selected from the fragmentation spectrum. Four to eight
transitions were monitored for both endogenous and heavy labeled
peptides. Thus, a total of 314 transitions corresponding to 66 precur-
sors and nine proteins were measured in M1. A total of 758 transitions
corresponding to 152 precursors and four proteins were measured in
M2. For the SRM analyses, 1 ul of a mixture of heavy labeled peptides
was added to a volume of sample solution containing 2 ug on average
(50 ng of protein/25 bands gel) and 6.6 ug of peptides for the
gel-based and the gel-free strategies, respectively.

Micro-LC-SRM—All separations were carried out on an Ultimate
3000 RSLCnano system (Thermo Fisher Scientific). For each analysis,
the sample was loaded into a trapping column (ZORBAX SB Micro-
Bore Guard (5 um, 1.0 X 17 mm), Agilent) at 50 wpl/min with aqueous
solution containing 0.1% (v/v) HCO,H and 2% ACN. After 3 min of
trapping, the column was put on line with an Acclaim PepMap RSLC
column (15 cm X 300 um inner diameter, C,g, 3 um, 100 A; Thermo
Fisher Scientific). Peptide elution was performed at 5 ul/min by ap-
plying a mixture of solvents A/B. Solvent A was water with 2% ACN
and 0.1% (v/v) HCO,H, and solvent B was ACN with 2% water and
0.1% (v/v) HCO,H. Separations were performed by applying three
gradients either (i) a linear gradient from 8 to 30% solvent B over 25
min followed by a washing step (3 min at 80% solvent B) and an
equilibration step (7 min at 8% solvent B) for the gel bands of both
mouse and human skin biopsies H1, H2, H3, H4 and for the liquid
digested mouse skin samples; (i) a linear gradient from 2% to 35%
solvent B over 90 min followed by a washing step (5 min at 80%
solvent B) and an equilibration step (10 min at 2% solvent B) for the
liquid digested human skin sample H1; or (jii) a linear gradient from 5
to 30% solvent B over 57 min followed by a washing step (1 min at
80% solvent B) and an equilibration step (20 min at 5% solvent B) for
the gel bands of human skin samples H5 and H6. SRM analyses were
performed using the TSQ Vantage triple quadrupole mass spectrom-
eter. The isolation width for both Q1 and Q3 was set to 0.7 m/z unit.
The collision gas pressure in Q2 was set at 1.5 millitorr argon. For M1,
the collision energy was calculated using the optimized formula CE =
0.03 X m/z + 2.905 for doubly charged precursor ions provided by
the supplier. For M2, the collision energy was experimentally opti-
mized by testing nine values centered on the calculated value from
the previous formula. Both time-scheduled SRM methods targeted
the pairs of isotopically labeled peptides/endogenous peptides in
+2.5-min (except =1.5-min for human skin sample H4) retention time
windows by monitoring a minimum of three transitions for each pep-
tide within a cycle time of 3 s (the target peptides and transitions are
given in supplemental Table S2). Mass data collected during LC-
SRM were processed with the Skyline open source software pack-
age 2.0.9 (28). Area intensity ratios of the heavy and light forms of
each peptide were determined automatically by the software. Man-
ual integration was performed when necessary. The endogenous
peptide amount calculation was performed by multiplying light/
heavy ratios by the known amount of injected heavy standard
peptide. The SRM data have been deposited in the PeptideAtlas
(PASSEL component) with the data set identifiers PASS00471 (for
M1) and PASS00590 (for M2).

RESULTS

Discovery/Shotgun Identification of Borrelia Proteins in
Mouse Skin Biopsies—Previous analyses have shown a peak
of multiplication of Borrelia 5-7 days after inoculation in the
skin (29). To identify the bacterial proteins that are present in
the skin, we sampled at the inoculation site and analyzed nine
mouse skin biopsies infected by B. burgdorferi s.s. (strain 297)
by using a Ge-LC-MS/MS strategy (25 bands). As expected,
we identified mostly mouse proteins with a mean number of
1316 = 84 proteins. However, we also detected a total of 25
Borrelia proteins (Table I). Several Borrelia proteins were
reproducibly detected in different biopsies, but 16 proteins
were only detected in one biopsy and generally with a low
number of peptides. All the Borrelia assigned spectra were
manually validated to ensure confidence in the identifica-
tions. Overall, eight proteins were validated by both Mascot
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TABLE 1
Shotgun identifications of 9 mouse skin biopsies using a Ge-LC-MS/MS strategy (25 bands). Biopsies were collected 5 days (D+5) or 7 days
(D+7) after the inoculation of Borrelia burgdorferi ss 297. Each sample was analyzed once and the identifications were performed according
to two search engines (Mascot and OMSSA)

Number of days after inoculation
RT-PCR quantification of flagellin gene per 10*
GAPDH
D+5 | D+5 | D+7 | D+7 | D+7 | D+7 | D+7 | D+7 | D+7
Protein name Accession number - - - - - - - - -
151 | 9 3 (235|192 | 106|346 | 219 | 111
Flagellin gi| 120230 X[ X | X | X | X | X
DbpA gi|17373807 X | X X | X
OspC gi|3914248 X X | X X1 X | X
T"‘::s;hec:zzate gi|3915900 X | X
RpoN gi| 15594795 X
GAPDH gi|238828321,gi|3915702 X
BppC gi| 11497175 X X
Lipoprotein gi|365823350 X X
e, | st . ;
Uncharch;iS;Zc; protein gi[3915385 X
DNA polymerase | gi|6225284 X | X X
10 kDa chaperonin gi| 23830956 X
Hypothetical protein gi| 11496595 X
Hypothetical protein gi| 15594694 X
Gnd gi| 15594906 X
NapA gi|365992394 X
Hypothetical protein gi| 15595079 X
Hypothetical protein gi| 15594671 X
Chemotaxis protein CheX gi| 15595016 X
Enolase gi|3913583 X
Hypothetical protein gi| 11496705 X
Flagellar protein gi|365992326 X
6? é‘zath;';f;’n”)'" gi229553917 X
P ™ | s :
Hypothetical protein gi| 364556746 X
Number of proteins 1 1 3 112 | 9 4 9 5 2
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GPNLTEISK (OspC AQUA™ peptide)

y = 7.85E+03x + 3.99E+03
R?=0.999

Area (x 10%)

0 10 20 30 40 50 60
Quantity (fmol)

Fic. 2. Linearity study for the high purity GPNLTEISK AQUA
peptide. Equations for the curve and correlation coefficient (R?) are
indicated on the graph. A dilution series of the peptides was realized
by spiking crude peptides at different dilution values (1:10,000 to
1:10) and the two high purity peptides at different concentrations (500
amol/ul to 50 fmol/ul) in a blank mouse skin matrix. Analyses were
performed in triplicate on a TSQ Vantage triple quadrupole mass
spectrometer. Error bars represent S.D. for triplicates.

and OMSSA algorithms, double identifications that increase
the confidence in identification. The lowest Mascot score
and OMSSA e-value for a Borrelia peptide identified in the
mouse skin biopsies were 40.9 and 4.5, respectively (sup-
plemental Table S1).

Among the 25 detected proteins, we selected five proteins
(OspC, flagellin, DbpA, GAPDH, and RpoN) that were de-
tected either in several biopsies or simultaneously by both
search algorithms. Despite its detection in four biopsies, DNA
polymerase | was not selected because only one peptide was
detected and solely with the OMSSA algorithm. We added to
our selection four proteins (BB0081, BBP42, HSP 90, and
sensory transduction histidine kinase) that were detected in a
preliminary Ge-LC-MS/MS (75-band) analysis (data not
shown). Thus, a total of nine proteins were selected to be
further targeted using SRM assays.

LLOD and LLOQ Determination for the LC-SRM Assays—
The SRM assays were optimized as described under “Ex-
perimental Procedures.” Briefly, we dnine9 Borrelia pro-
teins, and method M2 was focused on four Borrelia proteins
only but was extended for OspC variants and flagellin. 314
and 758 transitions were selected for method M1 and
method M2, respectively. A linearity study was performed
for both assays by mixing all heavy labeled peptides in a
background extract of mouse skin biopsies. Fig. 2 shows
the results obtained for GPNLTEISK, a high purity OspC
AQUA peptide. As shown, the dilution curve was linear with
an excellent correlation coefficient (R = 0.999). We evalu-
ated the LLOQ and LLOD by applying recognized definitions
(80). The LLOQ was indeed the point at which the accuracy
of the recalculated concentration (according to the dilution
curve equation) is between 80 and 120% and the coefficient
of variation among the triplicates is below 20%. The LLOD

was the last point at which we can observe a co-elution of
the transitions corresponding to the peptide of interest.
According to these definitions, we evaluated the LLOD for
both GPNLTEISK (OspC) and ANLGAFQNR (flagellin) high
purity peptides at 1 fmol. The LLOQ for both AQUA peptides
was evaluated at 5 fmol. The evaluation of the LLOD and
LLOQ for the other peptides was limited because of the low
purity of the labeled peptides, but the large majority showed
an excellent linearity (R > 0.995) over more than 3 orders of
magnitude (not shown).

Targeted Analyses of Infected Mouse Skin Biopsies by
Using a Ge-LC-SRM Strategy—We assessed the detection
of Borrelia proteins in one experimentally infected mouse
skin biopsy by using the first SRM assay (M1). As indicated,
this method monitored 33 peptides corresponding to nine
Borrelia proteins. After prefractionation by SDS-PAGE (25
bands) and LC-SRM analysis (33 peptides monitored), we
detected 10 peptides corresponding to four proteins (OspC,
flagellin, GAPDH, and DbpA). These peptides were vali-
dated as we observed (i) a co-elution for all the transitions
followed, (ii) a co-elution between the heavy labeled and the
endogenous peptides, and (iii) a consistent ratio between
the different transition area for the endogenous peptide in
comparison with the heavy labeled peptide. An example of
validation is shown in Fig. 3 for the TAEELGMQPAK flagellin
peptide. The amounts of GAPDH and DbpA peptides were
near the LLOD, whereas the amounts of flagellin and OspC
peptides were higher than the LLOQ. Using the GPNLTEISK
AQUA peptide and the heavy/light ratio, we estimated an
amount of 300 fmol of OspC in 1 mg of experimentally
infected mouse skin biopsy (Fig. 4).

The technical reproducibility of the gel-based approach
was evaluated by loading the same infected mouse skin ex-
tract on three different gels and performing a relative quanti-
fication of one OspC peptide and one flagellin peptide. We
determined a coefficient of variation of around 10%. We also
evaluated the intramouse reproducibility by analyzing in trip-
licate three aliquots of the same biopsy and found a coeffi-
cient of variation of around 50%, which highlights the heter-
ogeneous dissemination of the bacteria in the skin. Finally, we
evaluated the intermouse reproducibility by analyzing three
different infected biopsies and observed a coefficient of var-
iation of around 50%.

Targeted Analyses of Infected Human Skin Biopsies by
Using a Ge-LC-SRM Strategy—The results obtained on ex-
perimentally inoculated mouse biopsies prompted us to in-
vestigate tick-infected human samples. Thus, we applied the
same 25-band Ge-LC-SRM strategy to three human skin
biopsies (H1, H2, and H3) collected from patients presenting
an EM and infected by B. afzelii. The yield of extraction
obtained for the human skin was lower (33.5 = 7.0 ug of
protein/mg of biopsy, n = 3) than for the mouse skin (155.1 =
45.4 g of protein/mg of biopsy, n = 28). After in-gel digestion
and LC-SRM analysis using M1 (33 peptides monitored), we
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detected the GPNLTEISK OspC peptide in all three biopsies.
However, the signal above the LLOQ in only one biopsy (H1).
Using the AQUA peptide, we estimated a quantity of around
20 fmol of OspC/mg in this biopsy (Fig. 4). Flagellin was
detected with two peptides in the biopsy H1 but was unde-
tected in biopsies H2 and H3.

The second LC-SRM method (M2) was designed to target
only the four proteins that had been detected in mouse
and/or human skin biopsies but was extended for more
OspC and flagellin peptides (76 monitored peptides) to
increase the sensitivity and the assay specificity for these
two proteins. We included all OspC tryptic peptides avail-
able on NCBInr for the different Borrelia species and ana-
lyzed three other human skin biopsies (H4, H5, and H6). This
led to the successful detection of nine Borrelia peptides in
one biopsy (H4): five OspC peptides and four flagellin pep-
tides. Using GPNLTEISK (OspC) and ANLGAFQNR (flagellin)

AQUA peptides, we estimated quantities of around 7 fmol of
OspC and 14 fmol of flagellin/mg of biopsy H4. None Bor-
relia peptides were detected in biopsies H5 and H6.

Overall, Borrelia proteins were detected in four of the six
tick-infected human biopsies. These results constitute the
first demonstration of the detection of Borrelia in human skin
samples by an SRM mass spectrometry approach.

Targeted Analyses of Infected Skin Biopsies by Using a
Simplified Gel-free LC-SRM Strategy—To simplify the work-
flow, we investigated a gel-free strategy based on protein
extraction, liquid digestion, and LC-SRM. Thus, we evalu-
ated using infected mouse skin biopsies six protocols of
extraction compatible with a liquid digestion. We selected
either an “MS-compatible” detergent or detergents that can
be removed before LC-SRM analysis. As shown in Table I,
SDS-based extraction provided the best yield with 160-180
g of proteins/mg of skin biopsy. RapiGest, DOC, and urea
protocols showed an intermediary yield of nearly 100 ng/mg
of mouse skin biopsy. Protein extraction with octyl gluco-
side was less efficient with a yield 5 times lower than that of
SDS. Although the yield with SDS-based extraction was
important, the sample recovery was also extremely low
(15%). The DOC protocol also induced a high sample loss
(36% recovery). The sample loss for the RapiGest and urea
protocols was quite reasonable (>80% recovery). Finally,
we detected OspC and flagellin with four of the six protocols
tested (Table Il). Despite the high extraction yields, we did
not detect any Borrelia peptide with the SDS-based proto-
cols. This shows the negative influence of sample loss
during the preparation steps. Interestingly, we observed
that an octyl glucoside-based extraction followed by a pro-
tein precipitation allowed the detection of three OspC pep-
tides, whereas no detection was obtained with this deter-
gent without precipitation (not shown). OspC and flagellin
were also detected using RapiGest, DOC, and urea proto-
cols.

Taken together, our results indicate that 1% RapiGest is a
good compromise for the gel-free strategy with detection of
both flagellin and OspC peptides. In particular, the GPN-
LTEISK peptide, which is the only highly conserved peptide
among different Borrelia strains, is detected in these con-
ditions. This is important in view of a diagnosis regardless of
the Borrelia strain responsible of infection. In addition, when
we compared the amount of OspC detected in two frag-
ments of the same infected mouse biopsy, we estimated a
quantity of around 337 fmol of OspC/mg of biopsy using the
gel-based approach and 305 fmol of OspC/mg of biopsy
using the gel-free (RapiGest) approach. These values are
consistent considering the results we obtained for the in-
tramouse variability study.

Therefore, we used the RapiGest-based protocol to ana-
lyze a remaining fragment of the human biopsy H1 without
gel fractionation. We detected one flagellin and one OspC
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Fic. 4. SRM traces showing the co-elution of heavy and light peptides for both flagellin (ANLGAFQNR) and OspC (GPNLTEISK) in
mouse (A1, OspC; A2, flagellin) and human (B1, OspC; B2, flagellin) infected samples. The analyses were performed using the first SRM
method M1 (33 peptides, 314 transitions). Area intensity ratios of the heavy and the light forms allowed calculation of the amount of targeted
peptides in the biopsies.

peptide and estimated a quantity of around 36 fmol of analyze more human biopsies using the gel-free strategy.
OspC/mg of biopsy. As for the mouse sample, considering However, this preliminary result shows the feasibility of
the intramouse variability, this result is consistent with the Borrelia detection in a cutaneous naturally infected human
OspC quantity determined from the gel-based approach (20 sample by using a targeted mass spectrometry approach
fmol). Because of a lack of material, we were not able to  without gel prefractionation.
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TABLE Il
Evaluation of the six extraction protocols compatible with liquid digestion and mass spectrometry in terms of yield, sample recovery, detection
of flagellin, and OspC peptides
The detection was performed in infected mouse skin biopsies using the first SRM method (M1). The number of crosses (+) indicates the
number of detected peptides per protein. — indicates an absence of detection. FASP, filter-aided sample preparation.

Sample recovery OspC detection Flagellin detection

Yield
g protein/mg skin biopsy

RapiGest 109
DOC 96
Urea 100
Octyl glucoside with a precipitation step 34
FASP 162
SDS with a precipitation step 186

%

84 +++ +
36 +++ +
85 ++ +
61 +++ —
Not evaluated - -
15 — —

DISCUSSION

In arthropod-borne diseases, the skin constitutes a key inter-
face where pathogens are inoculated and can persist (31, 32).
Local cutaneous manifestations are often the first clinical signs
to appear before dissemination to extracutaneous sites occurs
(3). Tools allowing reliable early diagnosis at that stage are
necessary to treat patients early and to cure the disease. Using
a mouse model, we set up the best conditions to monitor the
development of the disease in the skin. We have previously
shown that Borrelia multiplies actively in the skin whether inoc-
ulated via a syringe or after natural inoculation via infected ticks
(29). For this reason, we selected the intradermal inoculation of
Borrelia to increase our chances to detect a sufficient amount of
Borrelia, and analyses were performed on day 7, which corre-
sponds to the peak of multiplication in the skin. After shotgun/
discovery analyses using a Ge-LC-MS/MS strategy, we de-
signed a targeted proteomic approach and detected four
Borrelia proteins in mouse skin biopsies. Among them, flagellin
is a very conserved periplasmic flagellar protein and is crucial
for bacterial motility (33). The surface lipoprotein OspC is es-
sential in the early transmission of Borrelia to the vertebrate host
(34, 35), DbpA is also critical for the virulence of Borrelia (36),
and RpoN is related to the RpoN-RpoS pathway, which plays an
important role in Borrelia pathogenicity and survival (37). We
then evaluated the capacity of the SRM technology to be an
efficient tool for the detection of Borrelia proteins in cutaneous
samples of patients with EM. Despite the low number of Borrelia
expected in tick-infected biopsies, we demonstrated the appli-
cability of our targeted approach to human skin biopsies from
patients harboring an EM. The use of a nano-LC setup might
have improved the sensitivity of the assay for the analyses of the
gel-fractionated samples for which the system was not used at
its maximum loading capacity. The micro-LC setup was chosen
because of the available sample quantity (>100 ng in average)
and the higher robustness of the system, which is a crucial
requirement for clinical use, when compared with a nano-LC
setup (38).

We first developed an SDS-based strategy that allowed the
extraction of whole proteins present in the skin. SDS is indeed
the most widely used detergent because of its solubilizing and

denaturing capacity and its ability to extract membrane proteins
(39, 40). However, SDS use requires sample dilution to get a
concentration below 0.1% for an efficient protein digestion (41).
Moreover, the major drawback of SDS is its incompatibility with
MS due to high ion suppression (42, 43). To solve this problem,
SDS removal using ion exchange chromatography (44), dialysis
(45), ethyl acetate extraction (46), protein precipitation, use of a
spin column removal kit (47), SDS precipitation (48), and filter-
aided sample preparation have been tested (24). Alternatively,
detergents with properties similar to SDS but that are MS-
compatible have been used. Among them, RapiGest SF is an
acid-labile surfactant (49). It is hydrolyzed at low pH and thus
minimizes interference with reverse-phase columns and mass
spectrometry. It has been successfully tested in several studies,
showing good performance for membrane proteins (50). Over-
all, we tested four protocols with MS-compatible detergents
and two SDS removal protocols. The four MS-compatible pro-
tocols allowed the detection of two Borrelia proteins, whereas
no protein was detected with the SDS removal protocols. A
bottleneck of these removal protocols is sample recovery,
which in our case was very low.

SRM is now recognized as a “gold standard” for the quan-
tification of protein biomarkers in clinical studies (51). After
identification of protein targets by Ge-LC-MS/MS, this tech-
nique is also well suited to validate new disease biomarkers
for diagnosis (15). In addition, SRM presents major advan-
tages over other classical diagnostic techniques (antibody-
based assays) such as multiplexing (over 100 analytes/run in
scheduled mode), reproducibility (52), and higher specificity
(19). However, the sensitivity is still not sufficient to quantify
the whole dynamic range of a complex sample particularly
when the order of magnitude is above 8-9 as in mammalian
cell extracts or in blood (19). To attempt to address both of
these issues, the mass spectrometry field is still rapidly grow-
ing, and new instruments with better resolution, selectivity,
and sensitivity are being developed (53-57).

Most experiments in this study were performed using an SRM
assay monitoring 33 peptides including one OspC peptide,
GPNLTEISK, which is conserved between different Borrelia
species and strains. Indeed, this protein is essential in the early
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transmission and survival of Borrelia in the skin of the vertebrate
host. However, this protein is known to be one of the most
variable Borrelia proteins (58, 59). Thus, in an extended method,
we targeted all OspC tryptic peptides available in NCBInr for the
different Borrelia species. As compared with the first method,
we detected four supplemental OspC peptides, reinforcing the
presence of the protein. This study provides the proof of feasi-
bility of LC-SRM to detect a few Borrelia proteins in the skin of
mammals, mice and human, infected with different Borrelia
species, B. burgdorferi s.s. and B. afzelii. These preliminary
results are very promising and suggest that LC-SRM could
become a diagnostic tool allowing the detection of different
species of B. burgdorferi sensu lato infecting humans. In addi-
tion, if specific peptides are detected, the SRM technique has
the potential to be used to discriminate the different species and
strains of B. burgdorferi sensu lato. Indeed, for epidemiological
studies, it is essential to know how the different Borrelia species
circulate in humans and animal reservoirs. In addition, from a
clinical point of view, B. afzelii tends to show more skin mani-
festations, B. garinii tends to show more neurological manifes-
tations, and B. burgdorferi s.s. tends to show more articular
manifestations (3). As a next step, the ability of LC-SRM to be a
sensitive and efficient tool for the diagnosis of Lyme disease as
compared with the classical techniques (e.g. PCR assay) has to
be confirmed on a large cohort of patients. This is currently in
progress. It will also be very challenging to use this LC-SRM
approach on other biological fluids such as cerebrospinal fluid
or synovial fluid. Indeed, at this stage, the detection of active
infection is always difficult in patients due to the large polymor-
phism of the clinical manifestations especially in Europe. Finally,
the multiplexing capacity offered by the SRM technique using
different target proteins from the different borrelial species
should help to detect the bacteria that are present and persist at
a very low level in the skin.
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