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Abstract

We obtained insight into normal lung function by proteome analysis of bronchoalveolar lavage
fluid (BALF) from six normal human subjects using a “Lyse-N-Go’ shotgun proteomic protocol.
Intra-sample variation was calculated using three different label-free methods, (i) protein sequence
coverage; (ii) peptide spectral counts and (iii) peptide single-ion current areas (PICA), which
generates protein expression data by summation of the area under the curve for a given peptide
single-ion current trace and then adding values for all peptides from that same parent protein.
PICA gave the least intra-subject variability and was used to calculate differences in protein
expression between the six subjects. We observed an average threefold inter-sample variability,
which affects analysis of changes in protein expression that occur in different diseases. We
detected 167 unique proteins with >100 proteins detected in each of the six individual BAL
samples, 42 of which were common to all six subjects. Gene ontology analysis demonstrated
enrichment of several biological processes in the lung, reflecting its expected role in gas exchange
and host defense as an immune organ. The same biological processes were enriched compared to
either plasma or total genome proteome, suggesting an active enrichment of plasma proteins in the
lung rather than passive capillary leak.
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1 Introduction

A better understanding of the normal human bronchoalveolar lavage fluid (BALF) proteome

and normal biological variability in proteomes between subjects is essential for
understanding the changes that occur with disease and injury [1-7]. Proteome analysis of
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BALF has been used to identify new biomarkers and to obtain insight into the pathogenesis
of a range of lung diseases including idiopathic pulmonary fibrosis [5], cystic fibrosis [8],
sarcoidosis [9], chronic obstructive pulmonary disease (COPD) [10, 11] and adult
respiratory distress syndrome (ARDS) [12-14]. Many lung diseases are characterized by
changes in the barrier properties of the lung, up-regulation of normally expressed proteins,
or changes in the balance of pro and anti-inflammatory proteins [15]. Thus, in order to
understand the pathogenesis of lung diseases it is important to evaluate not only the
spectrum of proteins expressed in lung diseases, but also the spectrum of proteins in normal
BALF and their variation between subjects.

Protein identification and measurement of relative changes in protein expression using MS
has been facilitated by a number of recent advances. For example, using methods that
circumvent the need for stable isotope labeling, one may obtain semi-quantitative data on
differences in protein expression between samples. Relevant to the analysis of large numbers
of clinical samples, these label-free methods generate data on each sample independently,
allowing subsequent calculation ofany pair-wise comparisons. In contrast, stable isotope-
labeling methods (e.g. ICAT, iTRAQ, SILAC) [16-18] require that data be acquired by
predetermined pair-wise (or higher) comparisons. Additional comparisons require dividing
one ratio by another, thereby creating new sources of error. Advances in proteomic
technology include development of mass spectrometers capable ofmore accurate precursor
ion measurement and better detection sensitivity. The enlargement of protein sequence
databases has also helped to make pertinent identifications much easier [19].

We took advantage of these improvements in MS and label-free data analysis to directly
analyze BALF from six normal human subjects without prior fractionation and established a
BALF protein similarity profile that includes a limited assessment of the variability between
six normal human subjects. We tested three different semi-quantitative proteomic methods
to determine which of them generated the least intra-sample variability. They included (i)
protein sequence coverage [20], (ii) peptide spectral counting [21], and (iii) peptide single-
ion current areas (PICA) calculated using novel in-house software described herein and
referred to as PICA™.

Finally, to gain insight into the function of the lung microenvironment, we determined what
biological functions and proteins were specifically enriched in BALF compared to the total
genome proteome and to the plasma proteome.

2 Materials and methods

2.1 BALF collection

The protocol for collecting BALF was approved by the Institutional Review Board at the
University of Washington. Written informed consent was obtained from each healthy, non-
smoking subject prior to enroliment in the study. Samples from six subjects were analyzed.
BAL was performed as previously described [22—-24]. Briefly, five separate 30-mL aliquots
of 0.89% sterile saline were instilled into the right middle lobe or lingula. BALF was
centrifuged immediately after collection and cell-free supernatants were aliquoted into
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polypropylene tubes and stored at —70°C prior to Lyse-N-Go preparation. Total protein
measurements were made on aliquots of supernatants using the Bradford assay.

2.2 Lyse-N-Go preparation
The Lyse-N-Go shotgun proteomic sample preparation consisted of the following as
previously published [25]. Equal volumes of each cell-free BALF supernatant sample were
denatured with 8 M Urea in 50 mM NH4HCO3 and then reduced by addition of 5 mM
Tris(2-carboxyethyl)phosphine hydrochloride at 37°C for 30 min and alkylated by 10 mM
iodoacetamide in the dark for 1 h. Alkylation was stopped by addition of 10 mM DTT for 5
min. The solution was diluted to 2 M urea with 20% methanol/50 mM NH4HCOs3, pH 8.5
and then underwent proteolysis for 16 h using a 1:20 w/w trypsin-to-protein ratio. The
tryptic digest was desalted with micro-spin cartridge (Nest Group, MA) and completely
dried using a Speed-Vac (Thermo-Savant, Milford, MA). At this point, the sample was used
directly for LC-MS/MS analysis.

2.3 LC-MS/MS analysis

Each sample was analyzed in quadruplicate by LC-MS using a Michrom Paradigm MS4B
HPLC system (Michrome Bior esources, CA) that was coupled as previously described [26]
via ESl on-line to a linear IT (LTQ) FT-ICR mass spectrometer (i.e. LTQ-FT
ThermoFinnigan, CA). A T-splitter system was employed to achieve a constant flow rate of
200 nL/min. Reversed-phase separations were performed using 75 um id x 360 pm od x 12
cm long fused silica capillary columns with a ESI frit (Polymicro Technologies, Phoenix,
AZ), which were slurry-packed in-house with 5 um, 200-A pore size Magic C-18 AQ beads
(Michrome Bioresources)in a pressure cell (Brechbuhler, Spring, TX). After injecting 0.1 pg
of total sample onto the column, a 15-min wash with 85% buffer A (100% water) and 10%
buffer C (1% v/v formic acid in water) was applied and peptides were eluted using a linear
gradient of 5% solvent B (100% ACN) to 45% solvent B in 60 min, then to 80% in 5 min
where the ACN concentration remained for 10 min prior to column re-equilibration at 5%.
Buffer C remained constant at 10% during gradient operation. The LTQ-FT mass
spectrometer was operated in a data-dependent mode such that precursor ion survey scans of
400-1800 u were acquired in the FT-ICR with resolution R = 100 000 at m/z 524 (after
accumulation to a target value of 1 000 000 in the ICR cell) and peptide MS/MS spectra in
the LTQ IT. The five most intense ions were sequentially isolated in the linear IT and
subjected to CID in series using a trap target value of 5000 and 60 s of dynamic exclusion.
The total MS-MS/MS scan cycle time was ~1.5 s. The general MS conditions were ESI
voltage, 1.3 kV; ion transfer tube temperature, 2007C; and normalized collision energy,
30%. lon-selection threshold was 3000 counts for MS/MS.

2.4 Protein identification

For database searches, MS/MS spectral RAW (Thermo-Finnigan) files were first converted
to mzXML format using ReAdW software program [27]. The individual spectra for each
RAW file were extracted from the mzXML file into corresponding DTA files (required as
input to SEQUEST), using program mzXML2Other (http://tools.proteomecenter.org/
mzxml2other.php). The MS/MS spectra were then matched to protein sequence in the IPI

Proteomics Clin Appl. Author manuscript; available in PMC 2015 May 15.


http://tools.proteomecenter.org/mzxml2other.php
http://tools.proteomecenter.org/mzxml2other.php

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 4

Human 2.31 database (http://www.ebi.ac.uk/IPl/IPlThuman.html) using SEQUEST. Criteria
for matching a peptide MS/MS spectrum to a peptide sequence were Xcorr>1.9 with charge
state 1+, Xcorr>2.2 with charge state 2+, or Xcorr>3.75 with charge state 3+, as well as
ACn>/0.1. Peptide MS/MS spectra passing these criteria were utilized for protein
identifications. A protein was considered to be identified only if ProteinProphet probability
>0.8 [28] and if more than one unique tryptic peptide was found for each protein.

2.5 Gene ontology analysis

We used a web-based implementation of Database for Annotation, Visualization and
Integrated Discovery (DAVID) [29] to functionally annotate identified proteins in BALF
based on the Gene Ontology (GO) database (http://www.geneontology.org) [30]. Enriched
functional categories within BALF proteins relative to the entire human proteome were
determined using a variant of the one-tailed Fisher exact probability to determine whether a
given GO process is over-represented compared to what would be expected by random
chance. Since many GO categories were evaluated simultaneously, the problem of multiple
comparisons was addressed using false discovery-rate analysis (FDR) as implemented in
DAVID (FDR cutoff <0.05). We then repeated the above analysis to assess enrichment of
BALF proteins relative to ~3000 human plasma proteins [31].

2.6 Calculation of relative protein abundance

Protein abundance was assessed at the peptide level for sets of quadruplicate data for each of
the three semi-quantitative methods: (i) protein-sequence coverage, (ii) peptide spectral
count and (iii) PICA. Each method is described below as well as the method for calculation
of intra-sample variability.

2.6.1 Protein-sequence coverage calculations—Protein-sequence coverage was
calculated from quadruplicate LC-MS/MS data using Xinteract software (http://
tools.proteomecenter.org/TPP.php). Unique peptide sequences were counted only once to
determine each protein's sequence coverage. Intra-sample reproducibility was determined by
the percentage of peptide sequences present in all of the quadruplicate LC-MS/MS datasets.

2.6.2 Peptide spectral count calculations—Peptide spectral counts were determined
by the number of times a peptide that matched a given protein was selected for CID,
including all repeated selections of the same peptide. Thus, a protein's spectral count value
was the sum of all peptide CID acquired for that protein. A protein's expression level was
indicated by the sum of peptide spectral counts in quadruplicate runs [20, 21]. Intra-sample
reproducibility for each subject was measured by matching percentage of peptide spectral
count data sets in the quadruplicate runs.

2.6.3 PICA calculations—Calculation of PICA values consisted of two parts: (i)
verification of replicate LC-MS reproducibility using a previously published method [32]
followed by (ii) extraction of actual peptide ion abundance values using a new method
described below. Briefly, reproducibility was checked after converting identified peptides
from each LC-MS/MS dataset into a 3-D matrix of scan number, peptide mass and ion
intensity value using a signal filtering algorithm and peptide single-ion current trace
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detection algorithm [32]. This software extracted 27(n-1)*1000 ion traces at a specific
presentation level n, according to their ion intensities. For example, at level 1 (the highest
level), the top 1000 peptide single-ion current traces (defined by a single header and nvz)
were extracted based on their ion intensities; at level 2, 2000 were extracted; at level 3, 4000
were extracted, and so on. Next, using an ion-current detection algorithm, single-ion current
traces from the same peptide were grouped and a unique ID was assigned to each peptide
single-ion current trace that correlated to a distinct peptide. Intra-sample re-producibility
was measured by percentage of aligned peptide single-ion current trace patterns in the
quadruplicate LC-MS analyses.

PICA values were calculated from single-ion current traces for all peptides from a given
protein using in-house developed software we refer to as PICA™. Briefly, chroma-tographic
peak area and theoretical nv/z of three isotope peaks for all possible charge states (up to four)
were calculated and corresponding retention time points collected. After global
normalization of the entire LC-MS dataset, peptide ion traces were smoothed by Savitzky-
Golay algorithm across time and extracted from all 24 experiments only if peptide ion traces
persisted in accurate m/z (+ 0.01) over their respective retention time windows (initially + 3
min). Then, the peak area of a given peptide single ion current trace was used to quantify the
amount of that peptide relative to the normalized total. Representative single-ion
chromatograms of two peptides with different intensities are illustrated in Fig. 1. We
previously compared the ability of label-free PICA™ software to detect the same
differentially expressed proteins as the isotope-coded affinity tag (ICAT) method [33] using
a standard mixture of proteins of known concentrations and found that both methods
performed similarly with a mean squared error of 0.09 (Soyoung Ryu, B. G., YoungAh Goo,
S. R., Shaffer, S., Radulovic, D., Goodlett, D. R., Comparison of a label-free quantitative
proteomic method based on peptide ion current area to the isotope coded affinity tag
method. Cancer Informatics 2007, submitted). In a separate study, we validated
differentially expressed proteins identified by the PICA method using Western blot analysis
[34].

2.7 Statistical analysis

3 Results

Student's t-test [35] was used for comparison of parametric data. Spearman correlation
coefficient is used to measure correlation in nonparametric statistics when the data are in
ordinal form. Spearman rank order correlation coefficient was calculated to compare plasma
and BALF concentrations (VasserStats http://faculty.vassar.edu/lowry/VassarStats.html). All
tests were two-tailed and p values <0.05 were considered significant.

3.1 Proteome content of normal human BALF

The BALF from six healthy, non-smoking human subjects was analyzed in quadruplicate by
a Lyse-N-Go shotgun proteomic workflow using an LTQFT mass spectrometer. From 24
LC-MS/MS experiments conducted on six unique BALF samples, 167 unique proteins
(Supporting Information Table 1) were identified. Approximately 100
proteinswereidentified in BALF of each subject. Of the 167 total proteins, 42 were identified
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in all six subjects (Table 1) and an additional 30 were identified in at least five different
subjects. A number of plasma proteins, such as albumin, immunoglobulins and transferrin
were identified in all six subjects, similar toreports of prior proteomic analysis innormal
BALF [7, 14, 36]. Several pulmonary-specific proteins such as surfactant protein B,
surfactant protein D, mucin, and PLUNC (Long palate, lung and nasal epithelium
carcinoma-associated protein 1) [37] were also identified in all subjects and surfactant
protein A was identified in four of six subjects.

3.2 Intra- and inter-subject variation of normal human BALF

Three different semi-quantitative methods, protein-sequence coverage, peptide spectral
counting and PICA, were compared for ability to assess both intra- and inter-subject
proteome variability. The intra-sample variability of each method was analyzed using the
quadruplicate data for each of the six subject BALF samples (Fig. 2). Protein-sequence
coverage and peptide spectral counting showed similar intra-sample variability at 63%
(range = 33-73%; SD = 1.3-12.7%) and 65% (range = 21-74%; SD = 1.6-19.5%)
similarity, respectively. In contrast, PICA™ analysis, based directly on MS1 precursor ion
data, showed much less intra-sample variability at 88% similarity (range = 76-93%) and a
much tighter SD (0.8-5.1%). Therefore, we used PICA values for inter-sample comparisons.
This analysis revealed an inter-sample variability that ranged at 1-6-fold for the 42 common
proteins (Fig. 3). In one subject, fibrinogen, profilin and f-hemoglobin levels were over 50-
fold greater than levels in other subjects and these data points were excluded from the inter-
sample variability calculations.

3.3 Biological processes/functions enriched in BALF

We compared the representation of Gene Ontology classifications (i.e. molecular function,
biological process and cellular component) from the total identified BALF proteome, a
subset of the human proteome, to the predicted distribution of the entire human proteome in
all six subjects. Significantly enriched functional categories are shown as a heat map based
on p-values (Fig. 4). Processes were grouped using a hierarchical clustering algorithm to
emphasize patterns based on enrichment significance. The most significantly enriched
processes were remarkably similar in the six subjects (orange-red), whereas there was
increased inter-subject variability in the less significantly enriched processes (blue). We
found an unexpected enrichment in BALF of proteins involved in carbohydrate binding/
metabolism when compared to either the entire human proteome or the human plasma
proteome in the majority of subjects. For some processes, there was a high degree of
concordance in the specific proteins identified among the six subjects. For example, iron ion
homeostasis was significantly enriched and contained identical proteins in all six subjects:
cerulo-plasmin (ferroxidase), haptoglobin, hemopexin, lacto-transferrin, and transferrin.
Innate immune response was also highly enriched in all six subjects, but only half of the
specific proteins were identified in all six subjects. Nevertheless, despite some differences in
specific proteins identified, the BALF environment was enriched for similar processes in all
six subjects (Fig. 4).

The observed enrichment of these processes was statistically robust despite corrections for
multiple comparisons (Supporting Information Table 3). We also compared the distribution
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of the BALF proteome to the expected distribution of normal human plasma proteome
(Supporting Information Table 4). Surprisingly, even using the plasma proteome subset of
the human proteome, the same functional categories were again enriched in BALF. This
suggests an active role for lung cells in processes such as defense/immune response as
opposed to the passive movement of specific proteins from plasma to airspaces. Of note, we
found no significant differences in these results when we used either common proteins or
unique proteins in BALF, again suggesting that while there may be differences in specific
proteins found in individuals, the overall airspace milieu is similar with regard to biological
processes represented.

3.4 Specific proteins enriched in BALF

To complement the assessment of biological processes enriched in the lung, we were
interested in enrichment of specific proteins in the lung compared to plasma. To determine
this, we first ranked BALF proteins based on their relative abundance determined by PICA
(most abundant to least abundant). We then compared their order in BALF to their predicted
order in plasma based on published plasma reference values [38] (Fig. 5) because plasma
samples were not available for the subjects. Ofthe 42 proteins in common to all six patients
BALF, 11 were omitted due to lack of reference plasma levels. Of the 31 remaining
proteins, there was only a fair correlation between plasma and BALF proteins rank order (R
=0.32, p=0.07). As expected, pulmonary-derived proteins, e.g. surfactant protein-D and B
and Clara cell protein, had higher relative expression in BALF than plasma. Several plasma
proteins were over-represented in BALF relative to plasma and are involved in lung immune
function and inflammation, such as lysozyme [39], a-1 antitrypsin [40] and Mac2-binding
protein [41]. Thus, individual proteins that are enriched in BALF relative to plasma are
involved in known functions of the lung including regulation of surface tension (surfactants)
and immune function and inflammation. Furthermore, both overrepresented individual
proteins and biological processes suggest that the normal BALF protein profile is not simply
a reflection of passive diffusion of plasma proteins, but confirm a more complex mechanism
governing origin of lung proteins.

4 Discussion

4.1 The Lyse-N-Go approach applied to normal human BALF

This study was designed to (i) characterize the normal human BALF proteome in a limited
subject set, (ii) compare differences in BALF proteome expression between subjects, and
(iii) assess the accuracy of three different MS-based methods to measure intra- and inter-
sample variability. To this end, we used a simple shotgun proteomic Lyse-N-Go approach to
directly analyze BALF proteins without prior protein fractionation or depletion of high-
abundance proteins. The three label-free methods vary in degree of ease of use and
sophistication of software required, but all three circumvented the need for stable isotopic
labeling by chemical [16, 42-44], metabolic [18, 45-47], or enzymatic [48-50] methods.
Since significant protein loss occurs during stable isotope labeling [16, 19], this becomes
rate limiting when working with samples of limited quantity and low protein concentrations
typical of clinical BALF samples [12].
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4.2 Intra-sample variability measured by three MS methods

To determine which of three label-free methods would be most accurate for assessing inter-
sample proteome differences, we first compared their ability to assess intra-sample variation
of replicate LC-MS analyses of the six normal BALF samples. Protein-sequence coverage is
the simplest of the three methods used. Both protein-sequence coverage and peptide spectral
counting generated higher intra-sample variability relative to PICA values. The reasons for
the high calculated variability differ between the two MS2-based methods. Factors affecting
protein sequence coverage calculation of intra-sample variability include (i) the use of
dynamic exclusion, which does not completely prevent a previously selected peptide from
being reselected [20, 21], but would prevent detection of additional peptides during a given
exclusion time window, and consequently affects expression levels of proteins coded by
these additional peptides; and (ii) bias due to the length of a given protein; e.g. when a
shorter protein and longer protein are identified by peptides with the same length and both
proteins are present at the same solution concentration, a higher sequence coverage results
for the shorter protein. Given these limitations, we expected protein sequence coverage to
under-sample peptides present in the mixture compared to the other two methods, but it is
also the easiest of the three methods to conduct.

Peptide spectral counting takes into account all tandem mass spectra for a given peptide no
matter how many times it is selected for CID. An advantage of peptide spectral counting is
that a standard software package such as Excel is sufficient to calculate the differences in
relative protein expression. While the same general limitations of protein-sequence coverage
apply to peptide spectral counting, we found that peptide spectral counting provided only
slightly better intra-sample variability than protein-sequence coverage (Fig. 2). While the
use of dynamic exclusion during LC-MS/MS analysis of a complex peptide mixture limits
the number of times a single peptide may be selected for CID, peptides from highly
expressed proteins and peptides that ionize well are more likely to be reselected for CID
compared to other peptides. This is true even though some element of randomness
contributes to re-selection of peptide previously selected for CID [20]. Thus, our results
agree with prior comparisons [20, 21] that peptide spectral counting presents a slightly better
reflection of protein rank order in a sample than protein-sequence coverage.

The direct use of MS1 data by PICA™ to calculate intra-sample variability was superior to
the results obtained by the two MS2-based methods. This is most likely because the MS1
data used by PICA™ software is dependent only on precursor ion scans for individual
peptides rather than the intermittent selection of a peptide for CID that occur for a given
peptide during peptide spectral counting. Therefore, the PICA based method is not affected
by limitations of dynamic exclusion during data-dependent acquisition or by the length of a
given protein. Data quality is a direct function of the amount of time designated to record
precursor ion scans during LC-MS/MS analysis [32]. Because we measured the presence of
all observable peptides by MS, this method should have the least intra-sample variability,
which we confirmed.
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4.3 Inter-sample biological variability among the six normal BALF samples

To calculate inter-sample biological variation of proteins present in the six BALF samples,
we used the PICA method because this method had the best intra-sample reproducibility
(Fig. 2). We found that the majority of common proteins (i.e. albumin, transferrin, 19G, a-
acid-glycoprotein-1, SP-D, and complement component C3) had expression differences
ranging up to five-fold between the six BALF samples (Fig. 3). However, some proteins,
e.g. fibrinogen, profilin and 3-hemoglobin, had much larger differences in expression (over
50-fold) across the six subjects. The reasons for this are not entirely clear, but may be due to
the presence of isoforms of these proteins. Unlike 2-DE, which separates protein isoforms
prior to identification, shotgun proteomic approaches cannot distinguish isoforms where
homologous peptides are detected. In these cases shotgun proteomic methods will present an
isoform-composite signal, which can skew results [51]. Thus, we speculate that degenerate
(or homologous) peptides derived from different forms of fibrinogen, profilin and
hemoglobins may have increased measured inter-sample variability.

Many studies of lung diseases have reported changes in BALF protein expression in disease
states compared to normal controls on 2-D PAGE [7, 14, 52]. Our study demonstrates the
potential large degree of variability among different normals, thus making interpretation of
changes with disease more problematic. Finally, since only approximately half of the
proteins identified were common to all six subjects, there may be even more biological
variability than we observed in 42 common proteins.

4.4 BALF proteome

We demonstrate that we can readily identify ~100 proteins per BALF sample without any
significant sample preparation. This analysis likely underestimates the number of unique and
common proteins present in normal BALF samples [53]. As shown in plasma-proteome
studies, high protein-sequence coverage is obtained on relatively few proteins unless prior
fractionation of the proteome or depletion of high-abundance proteins is done [31, 54].
Depletion of high-abundance proteins was avoided because it would have altered the
interpretation of the normal lung lavage environment. To increase the number of identified
proteins beyond the ~100 proteins per sample found here, proteome fractionation prior to
identification by LC-MS/MS methods will be needed.

Previous studies of proteomic analysis of BALF have generally used 2-DE. In all of the
prior studies of normal BALF, the majority of proteins identified were serum proteins [7,
14]. For example, the earliest 2-D gel analysis of BALF soluble proteins identified 23 serum
proteins, which made up 97% of the total BALF protein [36]. In the most complete database
of 2-D gel protein map, the majority of proteins identified in their analysis were also
identified in our current study [7]. Most of the proteins missing from our list were
intracellular proteins such as calcyclin, calreticulin, and nuclear chloride-ion channel. This
difference may relate to initial sample preparation and method for removal of cells from
BALF. In a more recent study by Bowler et al. [14], all proteins identified in normal
epithelial lining fluid were identified in our study as well. Thus, our method is able to
identify similar proteins as previous studies with minimal sample preparation time. In
addition, we identified a number of important proteins not previously identified by 2-DE
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including surfactant protein B, surfactant protein D, carbonic anhydrase, angiotensinogen,
leukotriene hydrolase and mucin (Supporting Information Table 1). Of note, none of the
previous proteomic analysis of BALF, including the current analysis, has identified
surfactant protein C, which may relate to its hydrophobicity and/or relative concentration.

Proteins found in normal BALF may originate from a variety of sources including passive
and active transport of plasma proteins [55], and cellular production by resident structural
cells (i.e. pulmonary epithelial cells, Clara cells) or resident circulating cells (alveolar
macrophages, lung lymphocytes) [56]. In addition, many of the identified plasma proteins
are also synthesized in the lung (including transferrin, fibrinogen, immunoglobulins,
apoprotein Al, etc.), making determination of origin unclear. However, Gene Ontology
analysis demonstrated that the same functional categories that were enriched relative to the
total human proteome were also enriched relative to the smaller plasma proteome set
(Supporting Information Tables 2 and 3), arguing for active enrichment and against passive
movement of specific proteins from plasma to airspaces.

Functional classification provides a global assessment of the lung microenvironment and can
confirm known functions of the lung as well as suggest unsuspected lung functions. The
lung is a major entry site for pathogens, and serves as an important immune organ, as
evident by the overrepresented processes such as immune response, and acute phase
response, and by the overrepresented specific proteins such as surfactants (Figs. 4 and 5).
Carbohydrate metabolism was significantly enriched in lung BALF in four out of six
samples. Interestingly, surfactants contain carbohydrate recognition domains that can bind to
carbohydrate ligands on microorganisms or circulating cells. Thus, enrichment in proteins
involved in carbohydrate metabolism may reflect a role in immune function or host defense,
or other functions such as regulation of energy homeostasis, or regulation of matrix
components such as glycosaminoglycans.

While there was significant variability in the specific proteins identified in each subject,
there was remarkable similarity in the highly significantly enriched processes in all six
subjects. Gene Ontology analysis is less affected by missed identification of a specific
protein, or multiple isoforms of proteins both of which may result from shotgun proteomic
analysis. Significantly enriched processes had p-values ranging from 1072 to 10725 when
analyzing <100 proteins per subject. Thus, one is able to make global assessments of
changes in the lung space environment using a “core” number of identified proteins that is
relatively unaffected by the sampling issues inherent in shotgun proteomic analysis.
Changes in enriched processes in lung disease may provide new insights into mechanisms of
disease using a small number of identified proteins.

We studied BALF proteomes from six healthy human subjects, compared intra-sample
variability of several label-free MS-based proteomic methods and determined biological
variability of common proteins from subject to subject. The intra-subject variation
calculated directly from MS1 data via PICA™ analysis was consistently better than peptide
spectral counting or protein-sequence coverage, suggesting extraction of peptide abundance
from MS1-based methods provided a more reliable assessment of relative protein
quantification than the MS2-based label-free methods. Significant inter-sample variability
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suggests that biological variability in normal protein expression must be taken into account
when comparing disease versus normal. In addition, determination of over-represented
biological processes in the lung confirmed the importance of known roles of the lung in host

de

fense and immune response and suggested additional roles of the lung in carbohydrate

metabolism. Analysis of enriched processes during disease versus control may provide
insight into disease pathogenesis using even a small number of identified proteins.
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Single ion chromatograms of peptide VQPYLDDFQKK (charge states 2) (left) and peptide
KVELFPNGQSVGEK (charge state 2) (right). The black vertical lines represent the
normalized intensity. Blue line indicates the peak smoothed by Savitzky-Golay filtering. The
red dot is the elution time when the peptide was subjected to MS2 scan.
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EPICA
Peptide spectral count
Protein sequence coverage

Comparison of intra-sample variability of three label-free methods. Peptide single ion
current area (PICA) values, peptide spectral counts and protein sequence coverage were
each used to analyze intra-sample variability from quadruplicate LC-MS/MS data for 42
common BALF proteins. Average intra-sample variability is shown with SD for each

method.
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Figure 3.
Inter-sample variability of 42 common BALF proteins among six subjects. Variation in

protein expression among the six subjects was calculated from peptide single ion current
(PICA) values for the 42 common BALF proteins. Data are shown as log (PICA) versusthe
rank order plot using values shown in Table 1. Open circles represent individual subjects,
line represents average value of six subjects
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Gene ontology analysis of BALF proteome. Heat map representation of enriched functional
categories in BALF proteins from six subjects. The GO processes are hierarchically
clustered based on their enrichment significance (p-values). Protein membership of a
representative process, innate immune response, is shown emphasizing the presence of both
common and unique proteins among the subjects; NS means insignificant p-value.
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Figure5.

Relative abundance of 31 common proteins in BALF (blue) and plasma (red). BALF rank
order was determined using the average PICA value of six subjects. Plasma rank order was
determined using previously published values [38]. Data were normalized to albumin (far
left) because it is the most abundant protein in both plasma and BALF. Proteins with
significantly higher rank order in BALF compared to plasma included Clara C protein,
surfactant protein B, surfactant protein D, lysozyme, al antitrypsin and Mac2 binding
protein.
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