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ABSTRACT: Pulmonary surfactant protein A (SP-A), a hetero-
oligomer of SP-A1 and SP-A2, is an important regulator of innate
immunity of the lung. Nonsynonymous single nucleotide variants of
SP-A have been linked to respiratory diseases, but the expressed
repertoire of SP-A protein in human airway has not been
investigated. Here, we used parallel trypsin and Glu-C digestion,
followed by LC−MS/MS, to obtain sequence coverage of common
SP-A variants and isoform-determining peptides. We further
developed a SDS-PAGE-based, multiple reaction monitoring
(GeLC-MRM) assay for enrichment and targeted quantitation of
total SP-A, the SP-A2 isoform, and the Gln223 and Lys223 variants
of SP-A, from as little as one milliliter of bronchoalveolar lavage
fluid. This assay identified individuals with the three genotypes at
the 223 position of SP-A2: homozygous major (Gln223/Gln223),
homozygous minor (Lys223/Lys223), or heterozygous (Gln223/Lys223). More generally, our studies demonstrate the
challenges inherent in distinguishing highly homologous, copurifying protein isoforms by MS and show the applicability of MRM
mass spectrometry for identification and quantitation of nonsynonymous single nucleotide variants and other proteoforms in
airway lining fluid.
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■ INTRODUCTION

Pulmonary surfactant is a unique lipid−protein complex that
lines the air−liquid interface of the bronchoalveolar compart-
ment of the lungs.1,2 The surfactant complex has a distinctive
composition of approximately 80−85% phospholipids, 5−10%
neutral lipids (mostly cholesterol), and 5−10% proteins,
consisting of surfactant proteins A, B, C, and D (SP-A, SP-B,
SP-C, SP-D).3 The arrangement of these components at the
air−liquid interface allows complex monolayers of phospholi-
pids to form with polar head groups oriented toward the liquid
phase and the hydrophobic fatty acid chains facing the air phase
(lumen).3 SP-A molecular species are hetero-oligmers
composed of two distinct gene products, SP-A1 and SP-A2,
each with multiple allelic variants.
SP-A is an abundant hydrophilic protein constituent of

surfactant that belongs to the collagen domain and C-type
lectin family. SP-A is characterized by four structural domains
consisting of (1) an N-terminal cysteine rich domain; (2) a
collagen-like domain; (3) a coiled coil neck domain; and (4) a
C-terminal Ca2+- and carbohydrate-binding domain.4 SP-A
monomers undergo noncovalent trimerization by interactions

of their collagen domains and their coiled-coil domains,5 and
the trimers are covalently cross-linked by disulfide bonds at the
N-terminal domains.6 SP-A isoforms also contain Cys residues
that can cross-link monomers and trimers within the collagen-
like domains.7 Upon complete oligomerization, SP-A assembles
into a bouquet-like structure of six trimeric subunits
(octadecamer).4,8 SP-A contributes to surfactant homeostasis
by facilitating the formation of tubular myelin and participating
in lipid recycling from the extracellular compartment.9 SP-A is
also recognized as an important mediator of pulmonary host
defense through direct binding to pathogens, glycolipids, and
cell surface receptors via the carbohydrate-binding domain10−13

and collagen-like14−16 domains.
The genetics of SP-A are quite complex and are likely to

function in innate immunity.17 The human SP-A1 and SP-2
genes arose from a duplication event and are separated by <40
kb on chromosome 10 and transcribed in opposite directions.
The genes are in linkage disequilibrium18 and may also share
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cis-acting regulatory elements.19 There are also multiple splice
forms of SP-A in the 5′ UTR, and additional variability in the 3′
UTR.17 Four of the SP-A1 allelic variants (6A, 6A2, 6A3, 6A4)
and six SP-A2 allelic variants (1A, 1A0, 1A1, 1A2, 1A3, and 1A5)
are observed with a frequency of greater than 1% in the general
population.20 Single nucleotide polymorphisms of SP-A have
been implicated in susceptibility to tuberculosis infection,
pulmonary fibrosis, lung cancer, and high-altitude pulmonary
edema.21−24

The study of SP-A variants has largely been confined to
ectopic expression in human adenocarcinoma cell lines25 and
transgenic mice.26,27 While many of the variants appear to
adopt normal structures, several rare variants (e.g., SP-A2
G231V and F198S) are not properly secreted and undergo
degradation in the endoplasmic reticulum.25 Studies of
transgenic mice expressing human SP-A have further
demonstrated that the 6A4 variant of SP-A1 (with Leu50 and
Trp219) and the 1A3 variant of SP-A2 (with Ala91 and Lys223)
are detectable in bronchoalveolar lavage fluid by Western
blotting.26 Few high resolution mass spectrometry analyses
have been performed on native SP-A,28 and there has been little
correlation between SP-A variants and their expressed proteo-
forms in the human lung. Furthermore, the relative quantitation
of SP-A1/SP-A2 protein is limited to the use of antibodies
specific for SP-A1 versus total SP-A.29 Here, we sought to
explore the capability of mass spectrometry for identification
and quantitation of SP-A isoforms and common variants, and
we developed a targeted mass spectrometry assay to identify
individuals expressing the variants of SP-A2 at amino acid 223
(Gln223 and Lys223) in human bronchoalveolar lavage fluid.

■ MATERIALS AND METHODS

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was performed using an
approved Duke University Institutional Review Board protocol
as previously described.30,31

SP-A Purification

SP-A was purified from BAL fluid from normal controls and
asthmatic subjects using calcium chloride precipitation and
differential centrifugation as previously described.31,32 SP-A
from pulmonary alveolar proteinosis patients (APP-SPA) was
purified by differential centrifugation and extraction with 1-
butanol, followed by affinity chromatography on mannose
sepharose as previously described.33,34 Recombinant SP-A was
expressed in Freestyle HEK-293 cells. Culture supernatants
were concentrated by 75% ammonium sulfate precipitation
followed by dialysis. The protein was further purified by affinity
chromatography.33

SP-A Genotyping

Genomic DNA was extracted from whole blood using a
PAXgene Blood DNA Kit (Qiagen). The region of exon 6
containing nucleotide 3625 of SP-A2 was amplified by PCR and
sequenced as previously described.24

LC−MS/MS

Purified proteins and BAL fluids were concentrated using an
Amicon Ultra 10K filters. Up to 2 μg of SP-A was separated by
4−12% Bis-Tris NuPAGE (Invitrogen) followed by staining
with Colloidal Blue stain (Invitrogen). Bands corresponding to
SP-A monomer were excised followed by in-gel digestion with
Sequencing grade Modified Trypsin (Promega) as previously
described.35 After in-gel digestions, peptides were lyophilized

and reconstituted in ∼10 μL of 1% (v/v) trifluoroacetic acid
(TFA) and 2% acetonitrile (ACN). For in-solution digestion,
SP-A was diluted in 50 mM ammonium bicarbonate, pH 8.0
(AmBic) containing 0.2% Rapigest SF (Waters) and 10 mM
DTT and heated at 80 °C for 10 min followed by alkylation
with 20 mM iodoacetamide for 30 min at room temp in the
dark. Proteins were digested with 1:50 (w/w) trypsin:substrate,
or 1:50 (w/w) Sequencing grade Glu-C (Promega):substrate in
the presence of 0.5 mM Glu-Glu, at 37 °C overnight.
Digestions were followed by addition of 1% TFA and 2%
ACN and heating at 60 °C for 2 h to hydrolyze the Rapigest.
After centrifugation, digests were transferred to Maximum
Recovery LC Vials (Waters).
One-dimensional liquid chromatography tandem mass

spectrometry (1D-LC−MS/MS) was performed using a Waters
nanoAcquity UPLC and Waters G1 HDMS or G2 HDMS
operating in data-dependent acquisition mode as previously
described. Fifty nanograms of peptide digests were trapped on a
20 μm × 180 mm Symmetry C18 column (Waters) at 20 μL/
min for 2 min in 0.1% aqueous formic acid (FA) followed by
separation on a 75 μm × 250 mm column with 1.7 μm C18
bridged ethane-silicone hybrid (BEH) particles (Waters) using
a gradient of 5−40% ACN/0.1% FA over 30 min, a flow rate of
0.4 μL/min, and a column temp of 45 °C. Samples were
analyzed in data-dependent (DDA) mode using a 0.9 s
precursor scan (Synapt G1) or a 0.6 s precursor scan (Synapt
G2), followed by MS/MS product ion scans on the top three
most intense ions using a dynamic exclusion window of 120 s.
Two-dimensional-LC−MS/MS (2D-LC−MS/MS) utilized a

Waters nanoAcquity with 2D Technology UPLC. Five
microliters of peptides recovered by in-gel digestion was
trapped at 2 μL/min at 97/3 (v/v) water/ACN in 20 mM
ammonium formate (pH 10) on a 5 μm XBridge BEH130 C18
300 μm × 50 mm column (Waters). Peptides were eluted from
the first dimension with 10.8%, 14.0%, 16.7%, 20.4%, and
50.0% ACN at 2 μL/min, diluted 10-fold online with 99.8/0.1/
0.1 (v/v/v) H2O/ACN/FA and trapped on a 5 μm Symmetry
C18 180 μm × 20 mm trapping column (Waters). Second
dimension separations were performed on a 1.7 μm Acquity
BEH130 C18 75 μm × 150 mm column (Waters) using a linear
gradient of 7 to 35% ACN with 0.1% FA over 37 min, at a flow
rate of 0.5 μL/min and column temperature of 35 °C. MS data
collection was performed using a Synapt G2 in DDA mode as
described above.
MS/MS data were processed using Mascot Distiller v.2.2

(Matrix Science) and searched using Mascot v.2.2 against a
Swiss-Prot database with Homo sapiens taxonomy (downloaded
on 10/30/2010; 20,259 entries) with additional SP-A variants
6A, 6A2, 6A4, 1A, 1A0, and 1A1).20 The database also contained
an equal number of reversed-sequence “decoy” entries for false
discovery rate determination. Database searches used fixed
modification on Cys (carbamidomethyl) and variable mod-
ifications on Met (oxidation) and Asn/Gln (deamidation) and
Pro (hydroxyl). Searches allowed for up to two missed trypsin
cleavages and up to five missed cleavages with Glu-C specificity.
MS/MS data were visualized using Scaffold (Proteome
Software) and annotated at a 1% peptide/protein FDR.

Stable Isotope-Labeled Peptides

SpikeTides TQL peptides, containing 15N- and 13C-labeled Lys
or Arg and carbamidomethyl Cys (C*), were purchased from
JPT (Berlin, Germany) with the following sequences: HQIL-
QTR, GALSLQGSIMTVGEK, EQC*VEMYTDGQWNDR
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and C*VEMYTDGQWNDR. One nmole of each peptide was
resuspended by heating in 50 μL of 20% (v/v) acetoni-
trile:AmBic at 50 °C for 45 min. A total of 12.5 μL of each
peptide was mixed and diluted to 250 μL with AmBic followed
by addition of 200 ng trypsin and was digested overnight at 37
°C to remove the TQL tag. Following digestion, formic acid
was added to 1%, and the peptides were stored at −80 °C.
Sample Preparation for GeLC-MRM Analysis

One milliliter of BAL fluid per sample was concentrated as
described above followed by Bradford assay. The entirety of
each sample (30−50 μg) was separated by SDS-PAGE
alongside 2 μg of purified SP-A. After staining, the region
corresponding to SP-A monomer was digested as described
above. Peptides were resuspended in 10 μL of 1%TFA/2%
ACN containing 50 ng/μL of trypsin-digested, immunode-
pleted human plasma, and 50 fmol/μL of SIL peptides.
Initial MRM Method Generation and Data Analysis Using
Skyline

The trypsinized SIL peptide mixture (50 fmol/peptide) was
analyzed on a Synapt G1, and the raw data were searched using
Mascot, as described above. The resulting MS/MS spectral data
(.dat format) were used to build a spectral library in Skyline.36

Default Skyline peptide and transition settings were used except
for the following transition setting: monoisotopic mass and the
following peptide settings: structural modifications, carbamido-
methyl Cys, and isotope modifications, label: 13C6

15N4−Arg
and label: 13C6

15N2-Lys. The FASTA sequences corresponding
to SP-A1(6A) and SP-A2(1A1) were imported, and precursor
charge states and transitions were selected based on matches to
the spectral library generated from Mascot search results (Table
1). An initial unscheduled method was exported from Skyline
using a default Waters collision energy profile. After a peptide
retention time was established, a scheduled method was
exported with a 4 min retention time window for each peptide.
Initial MRM Analysis

Initial method development and was performed using a
nanoAcquity UPLC coupled via electrospray ionization to a
Xevo TQ mass spectrometer (Waters Corporation). Briefly, 1
μL of each sample was injected directly onto a 150 μm × 100
mm 1.7 μm Acquity BEH130 C18 column (Waters) using a 23
min gradient of 3−40% MeCN at a flow rate of 1.8 μL/min
with a column temperature of 35 °C. Data were analyzed using
Skyline.36

Secondary (Validation) MRM Method Generation and Data
Analysis Using Skyline

A modified Skyline file contained the settings as described
above with the following modifications to the peptide settings:
structural modifications, hydroxyP; and max variable mods, 7.
Additional peptides corresponding to the modified forms of the
SP-A2-specific peptide, GDPGPPGPMGPPGETPCPPGNNG-
LPGAPGVPGER, and product ions, were selected as shown in
Table 1. Methods were exported with a modified Waters
collision energy profile for 3+ charge ions: slope, 0.0359 and y-
intercept, −2.042.
Secondary (Validation) MRM Analysis

Analysis of a second cohort of n = 8 was performed using a
Waters ionKey/MS system including a NanoAcquity M-Class
UPLC and an IonKey source containing a 150 μm × 100 mm,
1.7 μm BEH130 C18, iKey separation device interfaced to a
Xevo TQ-S mass spectrometer (Waters Corporation). Briefly, 1
μL of each sample was injected directly onto the iKey and
separated using a 23 min gradient of 3−40% MeCN at a flow
rate of 3.0 μL/min with a column temperature of 35 °C. Data
was analyzed using Skyline.

■ RESULTS

Bottom-Up Identification of SP-A Isoforms and Amino Acid
Variants

To determine whether mass spectrometry could be used for
identification and quantitation of common SP-A variants and of
the SP-A1 and SP-A2 isoforms (Figure 1A), we first separated
several different proteins (SP-A from normal control and
alveolar proteinosis patients (APP); and recombinant Lys223
SP-A2) by SDS-PAGE, and the band containing the SP-A
monomer was digested with trypsin and analyzed by LC−MS/
MS. This GeLC−MS/MS analysis was sufficient to sequence
most of the invariant regions of SP-A, and among known
variable sites, afforded sequence coverage of the tryptic peptide
containing Gln223 (Figure 1A), which is shared between major
variants of SP-A1 and SP-A2, as well as the peptide formed by
cleavage after Lys223, which is found in the 1A1 and 1A3

variants of SP-A2.20 In native SP-A preparations, we identified
the peptide spanning Thr66, Asn73, Val81, and Arg85, which is
specific to SP-A2; however, the corresponding SP-A1-specific
peptide spanning Met66, Glu73, Ile81, and Cys85 was not
identified. Sequence coverage was also lacking for the regions

Table 1. MRM Assays Used in This Studya

peptide type peptide sequence charge transitions

Pan-SPA HQILQTR 2+ y4, y5, y6
GALSLQGSIMTVGEK 2+ y5, y9

Q223-specific EQCVEMYTDGQWNDR 2+ y6, y8, y9
K223-specific CVEMYTDGQWNDR 2+ y6, y8, y9
SP-A2-specific GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12

GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12
GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12
GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12
GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12
GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12
GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12
GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12
GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12
GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER 3+ y10, y11, y12

aC = carbamidomethylCys; P = hydroxyPro.
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containing positions 50 (Leu or Val), 91 (Ala or Pro), or 219
(Arg or Trp). The predicted tryptic peptides containing
positions 50, 91, and 219 of SP-A are small (4−6-mers),
which likely explains why they were not identified.
We explored whether additional digestion conditions might

improve coverage of variable regions. In-gel digestion of SP-A
with Glu-C gave poor sequence coverage (data not shown);
thus, an additional five native SP-A preparations, as well as two
recombinant purified SP-A1 variants, were digested in solution,
separately with trypsin or Glu-C, and analyzed by LC−MS/MS
(Supporting Information). These 14 analyses gave sequence
coverage for all of the major variable sites of SP-A1 and SP-A2,
including all possible amino acids at positions 50, 91, 219, and
223, as well as the SP-A1- and SP-A2-specific amino acids at
positions 65, 73, 81, and 85 (Figure 1B). However, the peptides
containing Pro91, Arg219, or Gln223 could not be assigned to
a specific isoform. Except for the Trp219 peptide, all of the
variant- or isoform-determining peptides identified solely by in
solution digestion contained missed cleavages (Figure 1B).
Thus, the identification of these sites may be highly variable
based on digestion conditions.

MRM-Based Quantitation of Total SP-A and Identification
of 223-Site Variants

We wondered whether targeted, quantative MS could
definitively determine SP-A genotype at any of the variable

regions, either as a means of de novo “proteotyping” of SP-A
variants or to validate the expression of protein-coding variants
in genotyped human subjects. None of the variant-determining
peptides met ideal criteria for targeted proteomics:37,38 all
contained either missed cleavages, oxidizable (Met and Cys)
residues or variable prolyl hydroxylation (Supporting Informa-
tion). Nonetheless, we focused on the 223 position, since these
peptides could be readily detected by in-gel or in-solution
trypsinization without missed cleavages. Notably, Lys223
(rs1965708) has been shown to predispose individuals to
high altitude pulmonary edema,24 respiratory syncytial virus
infection,39 meningococcal disease40 and allergic rhinitis.41 This
minor variant of SP-A2 is heterozygously expressed in ∼30% of
the population, whereas only ∼5% are homozygous for Lys at
the 223 position of SP-A2.42,43 Although the tryptic peptides
derived from Gln223 and Lys223 variant proteins (222EQCVE-
MYTDGQWDNR236 and 224CVEMYTDGQWDNR236, respec-
tively) can be distinguished by mass and retention time, they
have identical y-series product ions that can be used for
quantitation (Figure 2). We developed an MRM assay using
stable-isotope labeled forms of these peptides as well as
116HQILQTR122 and 23GALSLQGSIMTVGEK137, which are
conserved across all SP-A isoforms and variants (Table 1).
During method optimization using SIL peptides, we found that
direct injection of the peptides onto the LC column (i.e.,

Figure 1. Summary of LC−MS/MS sequencing of SP-A. (A) A multiple sequence alignment of SP-A1 and SP-A2 isoforms was performed, with
common variants (>1% of the population) vertically juxtaposed (see Figure S1 for complete alignment). Sequence coverage of tryptic peptides (no
missed cleavages) from GeLC−MS/MS analysis of SP-A are indicated as follows: solid lines indicate peptides that are common to all SP-A isoforms
and variants; dashed lines indicate variant- or isoform-determining peptides. (B) Seven additional SP-A preparations, including native APP and SP-A
purified from two human asthmatics, and recombinant Leu50/Trp219 SP-A1 and Val50/Arg219 SP-A1, were digested in solution in parallel using
either trypsin or Glu-C. Additional variant- or isoform-determining peptides that were identified by this method versus in-gel trypsin digestion in (A)
are shown.
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bypassing the trapping step) reduced chromatographic peak
width, improved peak shape, and greatly improved the
sensitivity of the most hydrophilic peptide (HQILQTR).
Consequently, the targeted LC−MS/MS method utilized direct
injection.
We first tried to perform the MRM assay on unfractionated

BAL fluid, but we were unable to detect the 223 variant
peptides (data not shown). Depth of coverage can be improved
by immunodepletion of abundant plasma proteins44 but this
method is tedious. We hypothesized that an SDS-PAGE
separation might yield sufficient enrichment of SP-A from
BALF for targeted quantitation. To test this enrichment
strategy, 1 mL of BALF each from two different individuals
was concentrated by centrifugal filtration, and the entirety of
recovered protein (∼50 μg) was separated by SDS-PAGE
alongside purified SP-A. The region corresponding to SP-A
monomer was excised from the BALF lanes (not shown), and
in-gel digests were analyzed by two-dimensional reversed-phase
reversed-phase LC−MS/MS (Supplemental Scaffold Data,
Supporting Information). Across the two analyses, 76 proteins
were identified, with 73 being common to both samples. On
the basis of number of identified spectra, SP-A was the second
most abundant protein in each of these digests, demonstrating
that SP-A can be easily enriched from a small volume of BALF
by gel-based separation. To achieve the most quantitative
recovery and aid the sample stability of SP-A for analysis, we
added 50 ng of digested, immunodepleted human plasma
protein during the final reconstitution of the in-gel digests prior
to transfer to glass sample vials as a means of reducing peptide
loss due to adsorption. We also confirmed that this exogenously
added protein digest did not contain any detectable native SP-A
peptides by MRM (data not shown).

To test this optimized GeLC-MRM assay, we analyzed 1 mL
of BALF from seven normal subjects that had been genotyped
at the SP-A2 locus (Figure 3A). The cohort was selected to
contain samples from three individuals who were homozygous
for the major SP-A2 genotype (Gln223/Gln223), three who
were homozygous for the minor SP-A2 genotype (Lys223/
Lys223), and two who were heterozygous for these two SP-A2
genotypes (Gln223/Lys223). From 1 mL of BALF, between 30
and 50 μg of protein was recovered per sample and separated
by SDS-PAGE (Figure 3A). Following in-gel digestion and
reconstitution of digests, samples were analyzed in duplicate to
assess analytical reproducibility. Because of the high degree of
enrichment of SP-A in these samples, the levels of native
peptides were as much as 10-fold higher than SIL peptides,
which were added at 50 fmol per injection (Supporting
Information; Panorama). To evaluate carryover, blank samples
were also analyzed immediately following two of the replicate
injections. No carryover of native peptides was observed in the
blank injections (Supporting Information; Panorama).
Of the two peptides targeting total SP-A, the HQILQTR

peptide had higher technical reproducibility (%CVs of <10%
for both SIL and native forms based on n = 4 replicate
injections of a single sample) and much lower limit of
quantitation than the GALSLQGSIMTVGEK peptide. There-
fore, we used the HQILQTR for single-point estimation of total
SP-A quantity extracted from the gel bands. When normalized
to the SIL peptide standard, total levels of SP-A were very
similar across samples, except for one which had roughly twice
as much protein (Figure 3B). We used the levels of total
protein, as measured by the HQILQTR peptide intensity, to
normalize levels of the Gln223- and Lys223-determining
peptides quantified from each of the seven subjects. The

Figure 2. MS/MS spectra of 223 variant-determining peptides. MS/MS spectra were aligned for the doubly charged tryptic peptides, (A)
EQCVEMYTDGQWNDR and (B) CVEMYTDGQWNDR, which are site-determining for SP-A variants with Gln223 and Lys223, respectively.
Identified b-series (red) and y-series (blue) ions are labeled.
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Lys223-derived peptide was reduced approximately 50% in
Lys223/Gln223 versus Lys223/Lys223 subjects and was absent
from the Gln223 homozygotes (Figure 3C). Because it is
shared with SP-A1, the Gln223-containing peptide was
quantified in all samples; however, its levels did appear to be
highest in the Gln223 homozygotes (Figure 3C). To try to
devise a quantitative method for de novo identification of
genotypes, we again compared the ratio of the intensity of
Lys223- versus Gln223-derived peptides in these genotyped
samples (Figure 3D): Gln223 homozygotes had a ratio of 0,
whereas Lys223/Gln223-SPA2 heterozygotes had ratios
between 2 and 5, and Lys223/Lys223-SPA2 homozygotes
had ratios of >10. Notably, these groups do not overlap,
consistent with the binary nature of the three genotypes. In
addition, as this measurement is based on a ratio of two
peptides, this calculation is independent of absolute protein
amount and does not require normalization to the HQILQTR
peptide. Collectively, these data suggest that the GeLC-MRM
assay can identify the three genotypes of SP-A2 at the 223
position with high sensitivity and specificity.

MRM-Based Quantitation of SP-A2 and Its Use in
Identification of SP-A2 223 Genotype

The relative amounts of SP-A1 and SP-A2 levels (versus total
SP-A) have been shown to change with age and in disease,29,31

whereas our samples were obtained from normal controls

between 18 and 35 years.30 Since the Gln223 peptide is shared
with SP-A1, a change in the relative levels of SP-A1 versus SP-
A2 might skew our assay when implemented across a
heterogeneous cohort. We hypothesized that this variation
could be controlled for by ratioing the Lys223-derived peptide
to a pan-SPA-2-specific peptide. There is only a single tryptic
peptide, 52GDPGPPGPMGPPGETPCPPGNNGLPGAPGV-
PGER85, that is unique to all variants of SP-A2. In addition
to having a carbamidomethylated Cys due to reduction/
alkylation, the observed forms of this peptide had ±1 oxidized
Met, ± 1 deamidated Asn and up to five hydroxylated Pro
residues (Supplemental Scaffold Data, Supporting Informa-
tion). Without proper site localization for many of the sites of
Pro hydroxylation and Asn deamidation, we calculated that
there could be >40 possible forms of these modified peptides.
On the other hand, we reasoned that the quantitation of these
forms could be greatly simplified, since (1) all of the modified
forms of the peptides had a similar retention time; (2) the
nondeamidated forms and deamidated forms of the triply
charged peptide would be indistinguishable at the resolution of
the triple quadrupole MS; (3) Met oxidation and Pro
hydroxylation give the same mass shift; and (4) three of the
most intense y-ions (y10, y11, and y12) exist only in two
possible forms, with either two or three hydroxyPro
modifications (Table 1). We designed a simplified targeted
assay to quantify the y10, y11, and y12 product ions for

Figure 3.MRM-based quantitation of Gln223 and Lys223 variants of SP-A from human bronchoalveolar lavage fluid. (A) Two micrograms of native
purified SP-A and 30−50 μg of human BAL protein (concentrated from 1 mL of BAL fluid) were separated by SDS-PAGE and stained with colloidal
Coomassie. The approximate size of gel bands that were excised for quantitation of SP-A from BAL fluid samples is shown by the dashed rectangle.
(B) Total SP-A (per injection) was calculated based on light\heavy ratios of the HQILQTR peptide, where the SIL peptide was added at 50 fmol/
injection volume (50 fmol/μL). (C) The intensities of native EQCVEMYTDGQWNDR and CVEMYTDGQWNDR peptides (sum of y6, y8, and
y9 transitions) in each sample were normalized to total SP-A in (B). (D) Ratio of CVEM/EQCVEM peptide intensities were grouped by 223
genotype. Data in (B) and (C) are mean ± range (n = 2 replicates per sample). Data points in (D) are individual measurements (n = 4−6 per group)
and horizontal lines show mean and range of values.
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peptides having either two or three C-terminal hydroxyPro
modifications, and up to four additional hydroxylations/
oxidations N-terminal to the site of y12 fragmentation (10
precursor masses; Table 1). These targets were appended to
our original targeted assay.
To validate this modified MRM assay, we performed an

additional analysis using 1 mL of BALF from n = 4 individuals

having the Gln223/Lys223 SP-A2 genotype and n = 4
individuals with the Lys223/Lys223 SP-A2 genotype. Only
one of the subjects (a Lys223 homozygous) was shared with
the previous analysis. Note that we did not include any
Gln223/Gln223 homozygotes since these individuals are
readily identified by the absence of a Lys223-derived peptide
(Figure 3). After SDS-PAGE and in-gel digestion based on the

Figure 4. Validation of MRM assay for quantitation of Lys223/Lys223 and Gln223/Lys223 SP-A2 genotypes. (A) 2.5 μg of APP SP-A and 30 μg of
concentrated human BAL protein were separated by SDS-PAGE followed by in-gel trypsin digestion as in Figure 3. An example of the excised region
of the gel is indicated by the rectangle. (B) The ratio of native CVEMYTDGQWNDR/EQCVEMYTDGQWNDR peptide intensities (sum of y8
and y9 product ions) were plotted as a function of 223 genotype as in panel C. (C) Chromatograms (sum of y10, y11, and y12 transitions) from the
quantitation of 10 forms of the GDPGPPGPMGPPGETPCPPGNNGLPGAPGVPGER peptide were overlaid. (D) The GDPGPPGPMGPPGE-
TPCPPGNNGLPGAPGVPGER peptide intensity in each sample was normalized to total SP-A. (E) The intensity of the Lys223-specific peptide
(CVEMYTDGQWNDR) was normalized to SP-A2 as determined in (D). Data in (B), (D), and (E) are individual measurements (n = 8 per group).
Horizontal lines show mean ± s.e.m.
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migration of APP SP-A (Figure 4A), we analyzed tryptic digests
using a Waters ionKey and a Xevo TQ-S MS. Improvements in
chromatographic peak shape and sensitivity were observed
(Supporting Information; Panorama). As shown in our earlier
study (Figure 3), we found a clear distinction between
genotypes based on the ratio of the two peptides covering
the 223 variant region (Figure 4B), thus translating the assay
between the two instrument platforms. Although the absolute
ratios were ∼1/2 of the values that were observed in the initial
analysis, this could easily be explained by differences in ion
suppression or ionization efficiency between the two LC−MS
systems. Importantly, this would be controlled for in any
clinical translation of the assay by using protein standards.
We next sought to determine whether we could quantify

relative levels of SP-A2 using the hydroxylated SP-A2-specific
peptides. The multiple forms of the hydroxylated SP-A2
peptide eluted over a distinct ∼3 min window, and the elution
profile of most precursors had multiple peaks, consistent with
mixture of hydroxylated, Met oxidized, and deamidated forms
with the same precursor and product ion masses (Figure 4C).
The forms of the peptide with two or three C-terminal
hydroxylations, and with one N-terminal hydroxylation/
oxidation eluted as doublets, suggesting that these peptides
had two major chromatographically distinguishable forms
(Figure 4C). The number of peaks increased with the number
of variable hydroxylations/oxidations on the N-terminal
segment of the peptide, consistent with the existence of
multiple forms of the peptide containing the same number of
isobaric modifications. However, when we summed the product
ion areas from all of these species and normalized to total levels
of SP-A (via peptide HQILQTR), there was no significant
difference in the relative expression of SP-A2 between the
Gln223/Lys223 and Lys223/Lys223 genotypes (Figure 4D).
Triplicate analysis of a QC pool, performed at the beginning,
middle, and end of the study, showed a mean %CV of <2% for
quantitation of the hydroxylated SP-A2 peptide. Finally, we
normalized the intensities of the Lys223-dervied peptide to the
SP-A2 specific peptide and found that the homozygous minor
and heterozygous genotypes were nonoverlapping (Figure 4E).
Importantly, this provides an additional method for identifying
SP-A2 223 genotypes which does not utilize the pan-SP-A
Gln223 peptide.

■ DISCUSSION
While a number of SP-A variants have been expressed in vitro,
until now, the quantitation of nonsynonymous variants of SP-A
in vivo has only been possible at the mRNA level. Here, we
established, for the first time, a facile assay for targeted
quantitation of allelic variants at position 223 of SP-A, as well as
relative levels of SP-A2 versus total SP-A, using as little as 1 mL
of bronchoalveolar lavage fluid. While there was no significant
difference in relative SP-A2 as a function of 223 genotype, there
was a slight trend toward lower SP-A2 levels versus total SP-A
in the Lys223/Lys223 versus Gln223/Lys223 genotype. An
analysis of a much larger cohort will be necessary to determine
whether SP-A2 variants at the 223 position are expressed at
significantly different levels in airway lining fluid. However, it
should further be noted that the Lys223 variant is shared
between two alleles of SP-A2, 1A1, and 1A3, that are found in
>1% of the population. The proteins encoded by these genes
differ only at amino acid position 9,45 which is in the signal
sequence and was not observed in any of our analyses of
purified SP-A. Thus, additional genotyping at this SNP

(rs1059046) would be required to fully correlate SP-A2 and
Lys223 variant levels with a specific allelic variant.
Large-scale MRM assays employing proteoypic and “best

flier” peptides have now been implemented in numerous
biological systems.38,46,47 In the present study, the SP-A variant
peptides had peak areas that are 100−1000-fold less abundant
than the HQILQTR peptide used to quantify total SP-A. Thus,
while MRM assays targeting best fliers may have the requisite
sensitivity for targeted protein quantitation across a large
dynamic range in unfractionated biofluids, targeted quantitation
of variant peptides may require additional fractionation, such as
the GeLC-MRM approach, to achieve adequate sensitivity.
With the challenges inherent in online separation of biofluid
proteomes, which can be comprised of 50−90% (w/w)
albumin, GeLC-MRM presents a solution for improving
depth of coverage.48 The technique has also been successfully
employed for targeted quantitation of oncogenic K-Ras mutants
in cancer cells and in tumor-derived fluids.49 GeLC-MRM
might not be feasible for quantitation of a target biofluid
protein that has similar molecular weight as albumin, or for
targeted quantitation of proteins across a broad MW range; in
those cases, immunodepletion of abundant plasma proteins
may be a viable alternative.50 On the basis of our experience,
gel-based fractionation can have a lower per-sample cost than
immunodepletion and provides equal or better scalability. This
exclusion of high abundances proteins by gel-based fractiona-
tion minimizes potential interfering ions and/or ion suppres-
sion, therefore increasing the robustness of the assay. Selection
of the appropriate gel migration location only requires a
suitable protein standard or sufficient knowledge of the
electrophoretic mobility of the target protein.
MRM has been applied to quantitation of coding variants of

only a handful of proteins (K-Ras, apoliprotein E, SP-A), but
the potential complexity of such analyses is already apparent.
For example, although targeted proteomics can be used to
quantify apolipoprotein E2 (ApoE2) and E4 (ApoE4) on the
basis of single variant peptides (containing Cys158 and Arg112,
respectively),51,52 the variant sites that are found in ApoE3
(Cys112 and Arg158) are shared with ApoE2 and ApoE4,
respectively, making the specific quantitation of ApoE3 a
technical challenge. Here, the quantitation of allelic variants of
SP-A is further complicated by the presence of up to four
copies of each peptide (two each from SP-A1 and SP-A2). In
the case of SP-A, we can easily identify the Gln223/Gln223
homozygote based on the absence of the native Lys223 peptide,
but the interference from two copies of the copurifying SP-A1-
derived Gln223 peptide presents a unique problem for
distinguishing the Gln223/Lys223 and Gln223/Gln223 alleles
of SP-A2. In a relatively homogeneous population, the ratio of
the Lys223-derived:Gln223-derived peptide intensities are
likely to suffice as a means of identifying the three SP-A2
genotypes, although a set of well-genotyped standards will be
essential to transferring the method across instrument plat-
forms and/or laboratories. The additional quantitation of a
peptide specific to all common variants of SP-A2 enables
relative quantitation of this isoform for the first time, as well as
normalization of the Lys223-dervied peptide to total SP-A2.
This avoids any potential pitfall in the assay resulting from large
variation in total SP-A1:SP-A2 protein ratios that could skew
stratification of SP-A2 223 genotype based on the ratio of
Lys223- and Gln223-derived peptides.
In addition to SP-A, amino acid variants of other airway

lining fluid-expressed proteins, including SP-D53,54 and IL-
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13,55,56 have been implicated in pulmonary disease. The need
to understand the implications of protein-coding, nonsynon-
ymous single nucleotide variants (nsSNVs), in the lung and
elsewhere, will only grow with the increasing application of
large-scale and deep coverage genomic approaches (e.g., SNP
genotyping, exome sequencing, RNA-seq). Consequences of
nsSNVs could include improper protein translation or
processing, decreased stability or increased degradation; the
presence of multiple copies of each protein necessitates the
quantitation of these variants in a sequence-specific manner.
Until now, mass spectrometry-based studies of nsSNVs have
mostly focused on the searching of shotgun proteomic data
using variant-containing databases.57−60 As this and a handful of
other studies have shown,49,52,61 MRM is poised to become the
preferred method for high confidence identification and
quantitation of the expressed forms of proteins harboring
nsSNVs.
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Figure S1. Multiple sequence of alignment of SP-A isoforms
used in database searching. This material is available free of
charge via the Internet at http://pubs.acs.org. Electronic Files:
Scaffold files containing all acquired MS/MS spectra from
qualitative LC−MS/MS analyses (SPA_MSMS.sf3) and the
2D-LC analysis of the SP-A-containing gel band (SPA_-
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Proteomics data repository. Data from experiments 1 and 2 can
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6TWTKP, respectively, or downloaded at http://goo.gl/
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