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In Brief
Small proteins in plasma regu-
late diverse processes from me-
tabolism to immune functions
and are difficult to study, be-
cause of the large dynamic
range of protein abundance. To
facilitate their detection, we de-
veloped a method using protein
dissociation, precipitation and
size exclusion chromatography
called SPEA. Herein, we demon-
strate SPEA is capable of repro-
ducible characterization of
known small proteins and identi-
fication of novel factors such as
C5ORF46. When applied to
study humans undergoing inter-
mittent fasting, novel changes in
iron regulation were observed.

Graphical Abstract

Retention Time 

Ab
so

rb
an

ce
Size Hepcidin

CCL5

SPEA
SPINK1

Highlights

• Development of a method for low-abundance small protein analysis in human plasma.

• Deep proteome profiling demonstrated unbiased identification of diverse factors.

• Method enabled identification of a novel human plasma protein C5ORF46.

• Analysis of intermittent fasting response showed changes in iron regulation.
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Small-protein Enrichment Assay Enables the
Rapid, Unbiased Analysis of Over 100 Low
Abundance Factors from Human Plasma*□S

Dylan J. Harney‡, Amy T. Hutchison¶, Zhiduan Su‡, Luke Hatchwell‡,
Leonie K. Heilbronn¶, Samantha Hocking§, David E. James‡, and Mark Larance‡�

Unbiased and sensitive quantification of low abundance
small proteins in human plasma (e.g. hormones, immune
factors, metabolic regulators) remains an unmet need.
These small protein factors are typically analyzed individ-
ually and using antibodies that can lack specificity. Mass
spectrometry (MS)-based proteomics has the potential to
address these problems, however the analysis of plasma
by MS is plagued by the extremely large dynamic range of
this body fluid, with protein abundances spanning at least
13 orders of magnitude. Here we describe an enrichment
assay (SPEA), that greatly simplifies the plasma dynamic
range problem by enriching small-proteins of 2–10 kDa,
enabling the rapid, specific and sensitive quantification of
>100 small-protein factors in a single untargeted LC-
MS/MS acquisition. Applying this method to perform
deep-proteome profiling of human plasma we identify
C5ORF46 as a previously uncharacterized human plasma
protein. We further demonstrate the reproducibility of our
workflow for low abundance protein analysis using a sta-
ble-isotope labeled protein standard of insulin spiked into
human plasma. SPEA provides the ability to study numer-
ous important hormones in a single rapid assay, which we
applied to study the intermittent fasting response and
observed several unexpected changes including de-
creased plasma abundance of the iron homeostasis reg-
ulator hepcidin. Molecular & Cellular Proteomics 18:
1899–1915, 2019. DOI: 10.1074/mcp.TIR119.001562.

The specific detection and quantification of low abundance
small proteins in human plasma (e.g. hormones, immune fac-
tors, metabolic regulators) plays a key role in clinical diagno-
sis, because of the importance of these factors in maintaining
homeostasis and their functional disruption in diverse disease
states. Typically, analysis of these small protein factors is
performed with assays employing antibodies in either ELISAs,
or in specific enrichment procedures before targeted LC-MS
analysis (1, 2). Although these assays can be fast and sensi-
tive, they are expensive and typically only quantify one protein

at a time. This precludes discovery of novel factors and limits
precision medicine approaches that require a global view of
blood components including hormones and immune system-
related factors. In addition, antibody-based assays are not
always specific enough to distinguish between active protein
chains, their isoforms, or degradation products (3).

Mass spectrometry-based proteomic analysis could over-
come these issues, but a major problem is the large dynamic
range of blood plasma protein abundance covering �13 or-
ders of magnitude (4). For example, many protein hormones
such as insulin exist in plasma at abundances �10 ng/ml,
whereas albumin is �45 mg/ml. The approach taken by most
groups to deeply characterize the plasma proteome and iden-
tify all these factors either employs depletion of the top 5–60
most abundant proteins using antibody-based columns be-
fore trypsin digestion, or peptide-level fractionation of tryptic
peptides (e.g. high-pH reverse phase), or the sequential com-
bination of both techniques (4–6). Although this approach is
effective, it consumes a very large amount of instrument time
(days to weeks) to acquire the data for each sample, which
makes it difficult to apply in clinical studies.

Analysis of small-protein factors in plasma from large clin-
ical trials is more typically performed using single-shot tar-
geted top-down mass spectrometry, downstream of various
sample preparation methods, for the primary purpose of
quantifying previously known small proteins in plasma. The
sample preparation methods employed in these studies in-
clude either acidic-alcohol extraction (7), basic-alcohol ex-
traction (8), acetonitrile-based extraction (9–11), or immuno-
affinity depletion (12). These extraction methods facilitate
dissociation of small proteins from larger factors (13, 14) and
the bulk removal of large plasma proteins by precipitation. For
example, these studies have successfully quantified several
commonly studied small protein hormones such as insulin (8,
15, 16), hepcidin (9, 16), and IGF-1 (7, 10, 11, 16). For quan-
tification of analytes, these studies generally use high flow
rate liquid chromatography separations with online targeted
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mass spectrometry detection. However, such methods do not
facilitate identification of new small plasma proteins for bio-
marker discovery.

In contrast, single-shot untargeted mass spectrometry
analysis with high-sensitivity nanoflow chromatography and
high-resolution data-dependent MS acquisition offers excel-
lent sensitivity for new protein discovery. Untargeted single-
shot LC-MS/MS analysis for the identification of small plasma
proteins has been described previously, but most of these
studies have not identified from MS/MS spectra with standard
database search approaches the active chains of a wide
variety of clinically relevant small-proteins (e.g. insulin,
APOC4, IGF-1, hepcidin and RANTES) (12, 16–19). The iden-
tification of peptides derived from the active chains of these
small secreted proteins is key as it indicates an ability to
identify new small protein factors and unexpected modifica-
tions of previously known proteins. These studies have all
used depletion/precipitation extraction methods to identify
small proteins in plasma, however no precipitation method is
100% efficient and small amounts of intact albumin and other
large proteins likely remain in the sample, which will reduce
detection sensitivity. No study has yet employed a precipita-
tion step before size-exclusion chromatography (SEC)1 to
enable the specific isolation of small proteins for subsequent
unbiased mass spectrometry-based analysis.

The central aim of this study was to develop a method that
was able to analyze new small protein factors in human
plasma. To this end, we have developed a multi-step protocol
called SPEA (small-protein enrichment assay), aimed at allow-
ing discovery of new small proteins in plasma while also
allowing quantification and identification of peptides derived
from the active chains of previously known low abundance
factors. Our protocol dissociates protein-protein interactions,
removes large proteins �10 kDa and small degradation prod-
ucts �2 kDa using SEC, before trypsin digestion and high
sensitivity nanoLC-MS/MS analysis. This has allowed us to
explore all the components of this fraction using unbiased
bottom-up mass spectrometry-based identification and
quantification. Using this protocol, we have detected the
presence of a new small protein factor (C5ORF46) in human
plasma that may play a key role in lipid homeostasis, demon-
strated the reproducibility of our method with a stable-isotope
labeled protein standard, and characterized the response to
intermittent fasting in a human clinical trial cohort. Together
these applications demonstrate the capabilities of our work-
flow for the simultaneous measurement of many small pro-
teins in human plasma, which will provide a molecular profil-
ing tool for use in precision medicine.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Acetonitrile (Optima grade), water (Op-
tima grade), ammonia, formic acid and isopropanol (Optima grade)

were from Thermo Fisher Scientific (Waltham, MA). Proteomics-grade
trypsin (Catalogue number T6567) and all other reagents were from
Sigma Aldrich (St. Louis, MO).

Plasma Small Protein Hormone Enrichment (SPEA)

Dissociation-Precipitation—Human blood plasma samples were
randomized using a random number generator before processing.
Plasma samples were thawed on ice and vortexed before aliquoting
50 �l into a 2 ml tube (Eppendorf, Hamburg, Germany) at room
temperature that contained 450 �l of extraction buffer (0.25 M HCl,
87.5% ethanol in H2O). Samples were vortexed every 15 min and
incubated for a total of 30 min at room temperature. Precipitated
proteins were pelleted by centrifugation at 8400 � g for 10 min at
room temperature. The supernatant was moved to new 2 ml tube and
125 �l of chloroform added and the tube vortexed. This is a key step
to ensure lipid removal before SEC-based separations. To facilitate
phase separation, 500 �l of water was added and the tube vortexed
before centrifugation for 10 min at 7000 � g at room temperature. The
clear top phase (�850 uL) was retained (peptide supernatant) while
avoiding any pellet and the yellow chloroform phase. The small-
protein hormone containing supernatant was filtered using 0.45 �m
Ultrafree-MC HV centrifugal filter units (Merck Millipore, Burlington,
MA) before moving the filtrate into vials for uHPLC-based SEC
separation.

15N-Insulin Spike-in—Heavy human insulin was purchased from
Sigma (SILuProt Insulin) labeled with 15N (�97% incorporation effi-
ciency), which was recombinantly expressed in Pichia pastoris. The
entire vial was resuspended in 2% acetic acid to a final concentration
of 1.722 �M and the stock aliquoted into 0.5 ml low protein binding
tubes for storage at �80 °C. For generation of the standard curve, an
intermediate dilution of 312.5 nM heavy insulin was made with 2%
acetic acid in low protein binding tubes, which was spiked into
plasma with a 10-fold dilution to make the most concentrated heavy
insulin spike-in (45 �l plasma, 5 �l heavy insulin). For all other points
on the standard curve 5-fold dilutions of the 312.5 nM intermediate
stock were made with 2% acetic acid in low protein binding tubes,
before being spiked into plasma with a 10-fold dilution as above (45
�l plasma, 5 �l heavy insulin). These 50 �l samples were then pro-
cessed for dissociation-precipitation with ethanol-HCl as described
above.

Denaturing Small-Protein Targeted SEC—To isolate proteins �10
kDa from larger proteins in the small-protein hormone containing
supernatant a Dionex Ultimate 3000 Bio-RS uHPLC system (Thermo
Fisher Scientific) was used combined with an Agilent (Santa Clara,
CA) AdvanceBio SEC column with 130 Å pores, 2.7 �m particles,
dimensions of 7.8 � 300 mm. The column was equilibrated with 10
column volumes of denaturing SEC running buffer (30% acetonitrile
and 0.1% TFA) before sample analysis. Standards consisting of either
ubiquitin (Sigma - U6253–5MG), or a HPLC peptide standard mix
(Sigma - H2016–1VL) diluted in SEC running buffer were used for
mass calibration. The small-protein hormone containing supernatant
was stored in the auto-sampler at 4 °C before analysis and for each
SEC separation, 200 �l was injected onto the column. Each SEC
separation was performed for 25 min (1.5 column volumes) at a flow
rate of 1 ml min�1 at a column temperature of 30 °C. The eluting
proteins were monitored by UV absorbance at 215 and 280 nm. Only
one fraction was collected into a low protein binding 2 ml tube or 2 ml
96-deep-well plate (Eppendorf) between 6 min to 8 min retention time.
This fraction corresponded to proteins of molecular weight between
�10 kDa and �2 kDa, which had a total volume of 2 ml and the
fractions were stored at 4 °C before subsequent processing.

Peptide Reduction, Alkylation and Trypsin Digestion—The col-
lected fraction was dried using a GeneVac EZ-2 (SP Industries,
Warminster, PA) using the HPLC setting at 45 °C and the dried

1 The abbreviations used are: SPEA, small protein enrichment as-
say; IF, Intermittent fasting; SEC, size-exclusion chromatography.
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proteins were resuspended in 100 �l of 50 mM triethylammonium
bicarbonate (TEAB) pH 8.5 in H2O. Disulfide bonds were reduced by
addition of DTT to a final concentration of 5 mM and incubated on a
thermomixer at 95 °C at 1000 rpm for 10 min. To alkylate the reduced
sulfhydryl groups chloroacetamide was added to a final concentration
of 20 mM and samples incubated on a thermomixer at 95 °C at 1000
rpm for 10 min. For trypsin digestion samples were cooled to room
temperature and trypsin was added at a ratio of 1:20 (trypsin to
protein), where each SEC fraction contained � 4 �g protein and
therefore 200 ng was added. The samples were incubated for 16 h at
37 °C at 500 rpm on a thermomixer to digest. To stop the digest 10%
TFA in H2O was added to achieve a 1% final concentration.

Peptide Clean-Up using SDB-RPS StageTips

SDB-RPS StageTips were generated by punching double-stacked
SDB-RPS discs (Sigma, Cat#66886-U) with an 18-gauge needle and
mounted in 200 �l tips (Eppendorf), as shown in supplementary
Methods. For clean-up using the Spin96, StageTips were inserted into
a holder and placed in the top, which was then stacked onto the
wash-bottom containing a polypropylene 96-well microtitre plate to
collect the sample flow-through and washes. Each tip was wetted
with 100 �l of 100% acetonitrile and centrifuged at 1000 � g for 1
min. Following wetting, each StageTip was equilibrated with 30%
methanol/1% TFA, followed by 100 �l of 0.1% TFA in H2O, with
centrifugation for each at 1000 � g for 3 min. Each StageTip was then
loaded with the equivalent of �10 �g peptide in 1% TFA (�100 �l
total volume per spin). The peptides were washed once with 100 �l of
0.2% TFA in water, which was followed by one wash with 100 �l of
99% isopropanol/1% TFA. For elution of peptides, the wash-bottom
was exchanged with a bottom containing a holder supporting an
unskirted PCR plate that has been trimmed to fit. To elute, 100 �l of
5% ammonium hydroxide/80% acetonitrile was added to each tip
and centrifuged as above for 5 min. Samples in the PCR plate were
dried using a GeneVac EZ-2 using the ammonia setting at 35 °C for
1 h 15 m. Dried peptides were resuspended in 7 �l of 5% formic acid
per 200 �l SEC injection of small-protein hormone containing super-
natant and stored at 4 °C until analyzed by LC-MS.

High pH Reverse Phase Chromatography

Pooled trypsin digested plasma proteins processed using SPEA
(100 �g total) in 5% formic acid were subjected to high pH reverse
phase chromatography on a Thermo Scientific Dionex Ultimate 3000
BioRS system with a fractionation auto-sampler, using a Waters
(Milford, MA) XBridge Peptide BEH C18 column (130 Å, 3.5 �m, 4.6
mm � 250 mm, Cat No. 186003570). The column was incubated at
30 °C with a constant flow rate of 1 ml/min, with buffer A containing
2% acetonitrile (ACN) and 10 mM ammonium formate (pH 9) and
buffer B containing 80% ACN and 10 mM ammonium formate (pH 9).
Fractions were collected every 8.75 s from a retention time of 2 min to
16 min (96 pseudo fractions, concatenated into 16 fractions total).
Peptides were separated by a linear gradient from 10% to 40% buffer
B for the first 11 min and 100% buffer B for the remaining time. The
fractions were collected in a 2 ml protein low-bind 96-well deep well
plate (Eppendorf) across 16 wells in a concatenated pattern using
tube wrapping.

LC-MS/MS Acquisition

Using a Thermo Fisher Dionex RSLCnano uHPLC, peptides in 5%
(v/v) formic acid (injection volume 3 �l) were directly injected onto a 45
cm � 75 �m C18 (Dr. Maisch, Ammerbuch, Germany, 1.9 �m) fused
silica analytical column with a �10 �m pulled tip, coupled online to a
nanospray ESI source. Peptides were resolved over gradient from 5%

acetonitrile to 40% acetonitrile over various gradient lengths ranging
from 15 min to 140 min with a flow rate of 300 nL/min. Peptides were
ionized by electrospray ionization at 2.3 kV. Tandem mass spectrom-
etry analysis was carried out on either a Q-Exactive HF, or HFX mass
spectrometer (ThermoFisher) using HCD fragmentation.

DDA—The data-dependent acquisition method used acquired
MS/MS spectra of the top 10 most abundant ions at any one point
during the gradient.

PRM—The parallel reaction monitoring (PRM) method used was a
tier 3 analysis. This PRM method used a 15 min gradient separation
and acquired targeted MS/MS spectra for the �4 charge-state tryptic
peptide derived from human insulin beta-chain (FVNQHLCGSH-
LVEALYLVCGER) as it was the most abundant precursor, which was
carbamidomethylated at both cysteine residues. Both the light (m/z �
651.3227) and heavy 15N-labeled (m/z � 659.0496) forms of this
peptide were co-isolated (MSX count � 2) using the same injection
time (MSX isochronous ITs � ON). The isolation window was tested
across numerous runs with windows between 0.4–1.2 Th and 0.7 Th
was determined as the optimal isolation window. The normalized
collision energy (NCE) was tested for energies between 17 and 35,
with 19 being the optimum used because of the maximal abundance
of large (�800 m/z) fragment ions. Background interference was
determined by comparison to blank runs. All spectra were acquired at
60,000 resolution in profile mode and a maximum injection time for
MS/MS (PRM) of 100 ms.

DIA—The data-independent acquisitions were performed as de-
scribed previously using variable isolation widths for different m/z
ranges(20). Stepped normalized collision energy of 25 	 10% was
used for all DIA spectral acquisitions.

LC-MS/MS Data Analysis

MaxQuant Analysis—RAW data were analyzed using the quantita-
tive proteomics software MaxQuant (21) (version 1.5.7.0). Both the
PREFER plasma samples and high pH RP samples were searched
together to increase identifications through the match-between-runs
feature. This version of MaxQuant includes an integrated search
engine, Andromeda (22). Peptide and protein level identification were
both set to a false discovery rate of 1% using a target-decoy based
strategy. The database supplied to the search engine for peptide
identifications contained both the human UniProt database down-
loaded on the 30th September 2017, containing 42,325 protein se-
quence entries and the MaxQuant contaminants database. Mass
tolerance was set to 4.5 ppm for precursor ions and MS/MS mass
tolerance was 20 ppm. Enzyme specificity was set to semi-specific
N-ragged trypsin (cleavage C-terminal to Lys and Arg) with a maxi-
mum of 2 missed cleavages permitted for the main search and fully
specific trypsin (cleavage C-terminal to Lys and Arg) for the first
search. Deamidation of Asn and Gln, oxidation of Met, pyro-Glu (with
peptide N-term Gln) and protein N-terminal acetylation were set as
variable modifications. Carbamidomethyl on Cys was searched as a
fixed modification. Maxquant output was processed and statistical
tests performed using the R software package (version 3.4.3). Pro-
cessed data was plotted using Tableau (version 10.0.2).

Spectronaut Pulsar X directDIA Analysis—RAW data were analyzed
using the quantitative proteomics software Spectronaut Pulsar X
(version 12.0.20491.11.25225 (Jocelyn) (Biognosys, Schlieren, Swit-
zerland)). Only the PREFER plasma samples were searched, not the
high pH RP samples. The database supplied to the search engine for
peptide identifications was a focused database generated in house
from the fractionated plasma small-protein hormone analysis (1043
proteins, supplemental File S1). Enzyme specificity was set to semi-
specific N-ragged trypsin (cleavage C-terminal to Lys and Arg) with a
maximum of 2 missed cleavages permitted. Deamidation of Asn and
Gln, oxidation of Met, pyro-Glu (with peptide N-term Gln) and protein
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N-terminal acetylation were set as variable modifications. Carbam-
idomethyl on Cys was searched as a fixed modification. To recalibrate
for retention drift and intensity assignment for peaks the iRT profiling
workflow was used (23). For peak list generation, interference (MS1 &
MS2) correction was enabled, removing fragments/isotopes from po-
tential quantitation if there was a presence of interfering signals, while
keeping a minimum of three for quantitation. Spectra were de-iso-
toped based on RT apex distance and m/z spacing, de-multiplexing
was not required. Each observed fragment ion could only be assign-
ment to a single precursor peak list (24). The FDR was set to 1% using
a target-decoy approach. Spectronaut generated a custom mass
tolerance for each precursor ion. The threshold for accepting a pre-
cursor was set at a Q value �0.01 and each precursor must have �3
fragment ions. All other settings were factory default. Processed data
was analyzed, and statistical tests performed using the R software
package (version 3.4.3) with plot generated using Tableau (version
10.0.2).

PRM-data Analysis using Spectronaut Pulsar X—RAW data from
the heavy insulin spike-in standard curve were analyzed using the
quantitative proteomics software Spectronaut Pulsar X (version
12.0.20491.11.25225 (Jocelyn)). The PRM data files were analyzed
using a “labeled” plasma library generated in house from the frac-
tionated plasma small-protein hormone analysis. For each ion (either
light, or heavy), the 6 most abundant fragment ions were selected
for quantification and their intensity was summed. For light insulin,
m/z � 651.3227 the transitions used for quantitation were: b14��
(796.886), b15�� (853.428 m/z), b16�� (934.959 m/z), y4� (521.214
m/z), y5� (620.282) and y6� (733.366). For heavy insulin, m/z �
659.0496 the transitions used for quantitation were: b14�� (806.856
m/z), b15�� (863.896 m/z), b16�� (945.927 m/z), b17�� (1002.967
m/z), y4� (528.193 m/z) and y5� (628.258 m/z). To quantify both the
15N heavy and light forms of insulin the “labeled” library was gener-
ated using the label modifications 15N (A, C, D, E, F, G, I, L, M, P, S,
T, V, Y), 15N2 (K, N, Q, W), 15N3 (H) & 15N4 (R). The workflow was set
to use iRT profiling. All other settings were factory default.

Determining SPEA Peptide Recovery via Insulin ELISA—To deter-
mine the yield of insulin using the SPEA method we measured insulin
using an ELISA at 2 steps in the SPEA protocol (raw plasma and the
SEC fraction before digestion). The supernatant samples were dried
overnight at 45 °C using a GeneVac EZ-2 on the HPLC setting, before
resuspension in PBS. All samples were subjected to an insulin ELISA
(Crystal Chem, Elk Grove Village, IL, Cat. No. 90095) as per manufa-
cturer’s instructions.

Hepcidin ELISA—Plasma hepcidin was measured by Human Hep-
cidin Quantikine ELISA Kit (R&D Systems, Minneapolis, MN; cat no.
DHP250) according to the manufacturer’s instructions. Briefly, 50 �l
of assay diluent RD1–21 and 50 �l of either standards, or patient
plasma (diluted 1:250 with calibrator diluent RD5–26), was added to
assay wells and incubated for 2 h at room temperature. Following
aspiration and 4 washes with wash buffer, 200 �l of human hepcidin
conjugate was added to each well and incubated at room tempera-
ture for an additional 2 h at room temperature. Following 4 additional
washes, 200 �l of substrate solution was added to all wells and
allowed to develop over 30 min while protected from light, until color
had developed in all standard wells. 50 �l of stop solution was used
to cease color development and absorbance was determined at 450
nm with subtraction of a 540 nm reference on a Tecan M200 Pro plate
reader (Tecan, Männedorf, Switzerland).

Intermittent Fasting Without Weight Loss Clinical Trial—The PRE-
FER randomized controlled trial was a discovery-based, single-center
study in Adelaide, South Australia and was registered with Clinical-
trials.gov (NCT01769976). The Royal Adelaide Hospital Research Eth-
ics Committee approved the study protocol, and all participants
provided written, informed consent before their inclusion. Each sub-

ject was assigned a number allowing for de-identification. A total of
88 women were enrolled in the study of which 25 were assigned to the
intermittent fasting with weight maintenance group (IF100) analyzed
in this manuscript, 3 participants withdrew during the diet period (2
because of time, 1 no longer wished to participate). The resulting 44
paired plasma samples were subjected to MS analysis with two
samples from two different patients failing QC, leaving 40 patient
samples for data analysis. Inclusion criteria were: aged 35–70 years;
BMI 25–42 kg/m2; weight-stable (within 5% of their screening weight)
for �6 months before study entry; no diagnosis of type 1 or type 2
diabetes; non-smoker; sedentary or lightly active (i.e. �2 moderate to
high-intensity exercise sessions per week); consumed �140 g alco-
hol/week; no personal history of cardiovascular disease, no diagnosis
of eating disorders or major psychiatric disorders (including those
taking antidepressants); not pregnant or breastfeeding; and not taking
medication that may affect study outcomes (e.g. phentermine, orl-
istat, metformin, excluding antihypertensive/lipid lowering medica-
tion). The active trial period was 10 weeks, comprised of a 2-week
lead-in period, and 8 weeks of dietary intervention.

During the lead-in period, participants consumed their normal diet
and maintained their weight. Following this, participants were placed
on an intermittent fasting diet at 100% of calculated baseline energy
requirements per week (i.e. weight maintenance). Energy require-
ments were calculated using an average of published equations, both
of which use age, gender, height and weight variables. Because of the
nature of the intervention, blinding was not possible.

Diet—On fed days, participants were provided with food equal to
�145% of energy requirements. On fasting days, participants con-
sumed breakfast before 8 am (�37% of energy requirements were
given at breakfast on fasting days) and were then instructed to “fast”
for 24 h, until 8 am the following day. Participants were advised to fast
on 3 non-consecutive week-days per week. During the fasting period
participants were allowed to consume water and limited amounts of
energy-free foods (e.g. “diet” drinks, chewing gum, mints), black
coffee and/or tea, and were provided with 250 ml of a very low energy
broth (86 kJ/250 ml, 2.0 g protein, 0.1 g fat, 3.0 g carbohydrate) for
either lunch, or dinner. Participants were free-living, and foods were
provided by fortnightly delivery to their home, except for fresh fruits
and vegetables. Portions of fruits and vegetables were standardized,
and participants allowed to self-select according to the number of
serves specified in their individual menus (�10% overall energy
intake).

Blood Collection and Analysis—Blood samples were collected at
9am following a 10 h fast directly into purple K2-EDTA vacutainers
(Becton Dickinson, Franklin Lakes, NJ) and placed on ice immediately
after collection. Samples were centrifuged within 10 min of collection
at 4 °C and the plasma frozen at �80 °C in cryotubes. Each sample
was subject to �3 freeze-thaw cycles on ice.

Human Plasma for Small-protein Hormone Enrichment Assay
Setup

Human plasma was obtained from 5 healthy volunteer using 4 ml
purple K2-EDTA vacutainers (Becton Dickinson). Samples were im-
mediately placed on ice and spun �15 min post-collection at 1500 �
g for 15 min at 4 °C. Blood samples were frozen at �80 °C and
exposed to �3 freeze-thaw cycles. The Royal Prince Alfred Hospital
Research Ethics Review Committee approved the study protocol
(X17–0129 and HREC/17/RPAH/183), and all participants provided
written, informed consent before their inclusion.

Experimental Design and Statistical Rationale

Heavy Insulin Quantification—From previous Spin96 optimizations,
we concluded three technical replicates of each sample was enough
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mass distribution. The scatter plot shows one point per protein chain and all chains that can be generated from each intact protein precursor
(not including signal peptides or pro-peptides) are shown. Points are colored by gene name and only selected proteins have been labeled with
their corresponding gene name. The green highlighted zone represents the mass range that we targeted with the SPEA method. B, Steps in
the SPEA workflow to isolate small proteins from plasma and the subsequent bottom-up proteomics workflow used in this study either with,
or without, high pH reversed phase fractionation. C, A representative UV absorbance chromatogram of the denaturing size exclusion
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to account for experimental variation and provide statistically signif-
icant results.

PREFER Trial—The number of participants was established from
past studies, which suggested n � 22 per group would allow detec-
tion of a mean difference in glucose infusion rate (GIR) of 15 �mol/
kgFFM�17.7 between groups, with � � 0.8 and � � 0.05. We allowed
for a 10% drop out rate, and thus recruited a total of n � 25 per group.
In this manuscript we analyzed the intermittent fasting with weight
maintenance group (IF100), with plasma samples collected before
and after intermittent fasting. To these data we applied a Wilcox
robust test to allow for proteins whose distribution for the difference
between treatment groups across participants was not normally dis-
tributed. Specifically, we used Yuen’s test on trimmed means for
dependent (paired) samples. Fold changes comparing plasma pep-
tide precursor abundance before and after intermittent fasting were
calculated using the median. For plotting the variation in individual
peptide precursor intensity measurements and clinical measures in
response to IF, we calculated adjusted values that force all partici-
pants to have the same mean value for each measure. For all datasets
statistical analyses were performed using R (version 3.4.3) and pro-
cessed data was plotted using Tableau (version 10.0.2). Data are
shown as median 	 95% confidence interval, unless otherwise
stated. Significance was set at p � 0.05.

RESULTS

We aimed to adapt the latest developments in high-resolu-
tion size-exclusion chromatography (SEC) to solve the dy-
namic range problem for low abundance small-protein factors
in human plasma. We analyzed the mass distribution for all
protein chains derived from secreted human proteins in the
Uniprot database, versus the proportion of their chain mass
relative to their full-length intact protein mass (Fig. 1A). Im-
portantly, these protein chains represent the active forms of
the secreted proteins and not pro-peptides. This analysis
highlighted the large number of protein chains with mass �15
kDa, many of which are among the top 200 most abundant
proteins in plasma. It also showed many clinically relevant
small protein chains are present between 2–10 kDa, which
were significantly enriched for the gene ontology terms “reg-
ulation of signaling receptor activity” (i.e. hormones), “immune
response” (e.g. chemokines, anti-microbial peptides, comple-
ment cascade), “negative regulation of proteolysis” and “re-
sponse to stress” (supplemental Fig. S1). In addition, the
protein chains from several apolipoprotein C family members
(APOC2, APOC3, APOC4) that regulate lipid homeostasis
were highly enriched in this size range, with APOC4 being
known as a low abundance plasma protein (25). Therefore, we
decided to target the mass region less than �10 kDa, as this
would avoid purification of the many abundant high-mass
proteins and yield these factors of interest (Fig. 1A, green
zone). We also sought to avoid the purification of very low
molecular weight protein degradation products below �2kDa.

Before SEC-based separation for the isolation of small pro-
teins in our mass region of interest, we wanted to dissociate
small proteins from other protein binding partners. For exam-
ple, �99% of circulating insulin-like growth factor 1 (IGF-1) is
bound to insulin-like growth factor-binding proteins (IGFBPs)
(26). We noted that for the analysis of total plasma IGF-1 by
immunoassay, a combination of HCl and �80% ethanol pro-
vided an optimum for protein-protein dissociation and protein
removal by precipitation (27). Interestingly, almost identical
conditions were also observed by Best et al., to be optimal for
purification of insulin from mammalian pancreatic extracts
nearly 100 years ago (28). Lipids present in plasma samples
may compromise downstream separations by SEC and re-
versed-phase chromatography, therefore we used a chloro-
form extraction step to remove lipids before downstream
analysis.

We combined this dissociation-precipitation procedure be-
fore denaturing high-resolution UHPLC-based SEC analysis,
which enabled 25 min molecular weight-based separations
that were optimized for proteins �10 kDa, but also �2 kDa
(Fig. 1B). The UV absorbance profile from these denaturing
SEC separations highlighted the large amount of proteins �10
kDa remaining in the extract after the dissociation-precipita-
tion procedure and the comparatively low levels of proteins
below 10 kDa (Fig. 1C). We collected the fraction between
�10 kDa and �2 kDa for all subsequent experiments. To
determine the percentage recovery for a small protein factor
using SPEA, we quantified the metabolic hormone insulin,
which is within the mass range targeted by our SEC method,
using an ELISA of both raw plasma samples and their corre-
sponding SPEA SEC fractions. From this analysis we ob-
served a mean insulin recovery of 44.7% (standard deviation
of 4.3%, n � 3). Examining molecular weight standards run
before and after plasma samples, we observed only small
variations (�10% CV) in retention time, peak area, peak width
and theoretical plates, during the fractionation of many
plasma samples over several weeks (supplemental Fig. S2).
This confirmed that our sample preparation was adequate to
maintain column performance (i.e. lipid removal by chloroform
extraction) and the UHPLC system was working reproducibly.
This analysis also showed that the SEC resolution we
achieved was very high based upon the theoretical plate
values being �20,000.

For subsequent characterization of proteins in this fraction,
we used the standard bottom-up workflow with trypsin diges-
tion before LC-MS/MS. Although analysis of this fraction in
the undigested state would be preferred for the quantification
of certain hormones such as glucagon, which can yield many

chromatography (SEC) for a human plasma sample (red) and two molecular weight standards (green). The red highlighted zone between 6–8
min is collected as one fraction for subsequent digestion and LC-MS/MS analysis. D, Ranked abundance plot of plasma proteins detected in
either a high-pH reversed phase fractionated proteome from SPEA (red), or a high-pH reversed phase fractionated proteome from undepleted
plasma from (32) (blue). Protein abundance rank is derived from all previously detected plasma proteins from proteomics experiments in
PaxDB.
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potentially overlapping protein chains (proteoforms), we
wanted to achieve the best sensitivity possible for detection of
potential new factors and new modifications to known pro-
teins. Trypsin-digestion enabled us to achieve maximum sen-
sitivity in an untargeted method, because of the much higher
peak capacity in nanoflow reversed-phase chromatography
and efficient fragmentation of typical tryptic peptides. The
analysis of tryptic digests also greatly reduces the database
search space, thereby increasing sensitivity for the same
false-discovery rate cutoff, compared with “no enzyme” da-
tabase searches (29, 30).

Using only 2 h single-shot LC-MS/MS data-dependent ac-
quisitions from sample injections equivalent to 6 �l of plasma,
we could identify peptides from a wide variety of small pro-
teins including the known active chains from: APOC4,
SPINK1, defensins, IGF-1, insulin, hepcidin, RANTES, and
guanylin. (supplemental Table S1). The identification of pep-
tides derived from the active chains of each protein is an
important advance compared with previous methods when
using untargeted single shot LC-MS/MS acquisitions. We also
observed fragments of much larger proteins known to play a
physiological role including the C terminus of alpha1-antitryp-
sin (SERPINA1), or SPAAT, which regulates neutrophil extra-
cellular trap (NET) formation (31).

To fully characterize the components of this fraction, we
performed extensive fractionation of trypsin digested pep-
tides using offline high-pH reversed phase separation before
LC-MS/MS analysis. We identified �900 proteins (supple-
mental Table S2) derived from �6000 peptide precursors
(supplemental Table S3) (32). Importantly, these data were
compared with those proteins identified previously in raw
non-depleted human plasma, fractionated similarly (Fig. 1D).
This analysis highlighted the depth of protein detection we
were able to achieve based upon comparison with the
PaxDB-based abundance estimates for �4300 human
plasma proteins (33). This analysis also showed that although
extensive fractionation of either sample allows detection of
proteins over a wide dynamic range down to sub-ppb levels,
many small proteins were only detected in our SPEA ap-
proach. Alongside the �125 known small-protein factors de-
tected (Table I and supplemental Table S2, see supplemental
Fig. S2 for annotated MS/MS spectra of selected factors), we
observed peptides from uncharacterized proteins that may
function as important metabolic regulators. These include the
uncharacterized protein C5ORF46, which is a 7.2 kDa mam-
mal-specific protein that we can detect for the first time in
human plasma. The sequence coverage we have achieved is
sufficient to observe the N-terminal degradation products of
several hormones including hepcidin and insulin (Fig. 2A and
2B), and the dipeptidyl peptidase 4 catalyzed cleavage of
IGF-1 and CCL5/RANTES (Fig. 2C and 2D) (34). Our data also
demonstrated that the human APOC4 signal peptide cleavage
site is mis-annotated in the Uniprot database, which it defined
as between residues 29 and 30 (Fig. 2E). However, we con-

sistently detected the N-terminal peptide of the secreted pro-
tein beginning at position 28, indicating signal peptide cleav-
age between residues 27 and 28 as suggested previously (35).
To confirm this, we analyzed human APOC4 protein sequence
using the SignalP predictor (http://www.cbs.dtu.dk/services/
SignalP/) (36), which agreed with our data that the signal
peptide cleavage site is between position 27 and 28 in the
protein.

To determine if our small-protein hormone enrichment
workflow provides reproducible quantification, we employed
a stable isotope labeled protein standard of insulin. Using
stable-isotope (15N) labeled intact human insulin that is avail-
able commercially, we established a PRM method to quantify
a heavy and light insulin derived peptide in fractions from our
small-protein hormone enrichment workflow (supplemental
Fig. S3A). This PRM-based LC-MS/MS analysis method en-
abled combined quantification of the light and heavy insulin
beta chain peptide fragments in the same MS/MS (PRM)
spectrum (supplemental Fig. S3B). The peptide chosen for
PRM analysis is from the beta-chain of insulin. For quantifi-
cation, the intensities of multiple y and b fragment ions are
used to generate a total intensity value for either the light, or
heavy insulin. We subsequently analyzed the heavy insulin
dilution series across 2 biological replicates (2 different hu-
man plasma samples) with the targeted PRM acquisition
method. This demonstrated that our SPEA approach had low
percentage CV values (�10%) for the heavy insulin standard
down to 250 pM across the 3 technical replicates for each
spike-in and we were able to detect the heavy insulin down to
50 pM with much greater variability. Given that normal plasma
insulin abundance after a meal is �1 nM and in the fasted state
is �250 pM, our limit of quantification is at the high end of the
physiological range for insulin (37).

To further explore the utility of our method, we analyzed
plasma samples from humans that had undergone intermit-
tent fasting (IF), a dietary regimen that provides beneficial
metabolic and lifespan phenotypes across many model or-
ganisms. This trial employed 8-weeks of IF in 22 participants
with alternating feeding and fasting days, as described previ-
ously (38, 39) with plasma samples taken before and after the
8-week IF intervention. The small-protein hormones from
each of the participant plasma samples were quantified by 2 h
single-shot LC-MS/MS analysis using a data-independent ac-
quisition (DIA) approach (20). This analysis quantified �3400
peptide precursors, corresponding to �2000 unique peptides
across �500 proteins (supplemental Table S4). Using a paired
test statistic, we detected 235 peptide precursors that were
significantly changed (p � 0.05) because of the IF intervention
(Fig. 3A). The protein displaying the largest fold-change was
hepcidin-25, which was downregulated �3-fold after the IF
intervention (Fig. 3B). In addition, we observed significant
downregulation of the lipoprotein particle associated protein
APOC4 and upregulation and osteopontin and guanylin (Fig.
3B). To validate our findings, we correlated our MS-based
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FIG. 2. Characterization of SPEA-mediated small-protein sequence coverage. The sequence coverage of selected small proteins
identified using SPEA with downstream high-pH reversed phase fractionation and subsequent LC-MS/MS. Each green line represents an
individual peptide identified in this study with maroon areas representing a modification identified for that residue. Black boxes above each
sequence represent the Uniprot-derived canonical active-chains of each protein and red boxes represent discrepancies between our
observations and the Uniprot annotation. Selected proteins shown are: A, Hepcidin (HAMP); B, insulin; C, insulin-like growth factor 1 (IGF1);
D, C-C motif chemokine 5 or RANTES (CCL5); and E, apolipoprotein C-IV (APOC4).
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quantitative data with immunoassay-based analysis of the
same plasma samples, which were specific for either hepcidin
(ELISA), or insulin (RIA). This showed good agreement be-
tween our methods and more traditional measurement ap-
proaches (Fig. 3C).

DISCUSSION

In this study we detail the first method (SPEA) that enables
rapid, specific and sensitive quantitation of �100 low abun-
dance small protein factors in human plasma. Importantly, we
identified peptides from the active chains of hormones and
not just pro-peptides often characterized in previous studies.
We demonstrate the utility of our method by three applica-
tions. First, we identified a previously uncharacterized plasma
hormone (C5ORF46) through deep-proteome profiling. Sec-
ond, we demonstrated the capacity to perform reproducible
quantification using the low abundance hormone insulin,
which occurs in plasma at �10 ng/ml. Finally, we applied our
method to quantify changes in small proteins in human
plasma during intermittent fasting and unexpectedly identified
hepcidin-25 as being downregulated by the dietary interven-
tion. The SPEA method offers the ability to study numerous
important small proteins and hormones in a single rapid as-
say, greatly increasing feasibility while reducing cost. In ad-
dition, it provides opportunities for discovery of new biomark-
ers produced by a variety of tissues/conditions. We suggest
this approach will be key to the future of precision medicine
given the importance of these factors in metabolic homeosta-
sis and their functional disruption in diverse disease states.

One of the key strengths in the SPEA method is our em-
ployment of hydrochloric acid to dissociate protein-protein
interactions in the plasma protein precipitation step. HCl is a
relatively poor protein precipitant (40) when compared with
halogenated organic acids (trifluoroacetic acid or trichloro-
acetic acid) frequently used in proteomics studies. Haloge-
nated organic acids typically facilitate precipitation by several
mechanisms including depletion of the hydration shell around
proteins to increase hydrophobic interactions and disrupting
ionic interactions through pH changes. However, this is not
the case for HCl treatment, which mainly mediates pH-based
dissociation of ionic interactions. Likewise, ethanol is also a
poor protein precipitant (although it is commonly used for
albumin precipitation) when compared with acetonitrile (41).
The ability to dissociate but not precipitate small protein
hormones is likely the reason this reagent combination has
been established for the analysis of IGF-1 (7, 27) and for
insulin extraction from tissue (28). This also the likely reason
why a large amount of high MW protein remained in the

supernatant after the precipitation step and needs to be re-
moved during SEC (Fig. 1B).

In this study, we chose to use trypsin digestion of the
proteins in the SPEA fraction rather than undigested protein
analysis by LC-MS/MS to achieve maximum sensitivity for
protein identification (Fig. 1A). The chromatographic separa-
tion of tryptic peptides (average mass �1.5 kDa) in nanoflow
reversed-phase chromatography shows much higher peak
capacity than separation of intact small proteins up to �10
kDa in size. Likewise, tryptic peptides are fragmented (for
example by HCD) for MS/MS analysis much more efficiently
than small intact proteins. Another advantage of trypsin-
based bottom-up proteomics is at the database search step,
as it will lead to the generation of a much smaller theoretical
database for peptide spectral matching to the MS/MS data,
which will in turn provide for lower score thresholds and
higher sensitivity for a given false-discovery rate (29, 42).
Although tryptic digestion has provided an increase in sensi-
tivity for identification, it will come at the cost of specificity for
individual proteoforms (42). This is exemplified by examining
the polyprotein, glucagon. Within our data, we have detected
a peptide within the active peptide of glucagon (supplemental
Fig. S4), but this peptide is not unique as it is also a part of the
other glucagon-derived hormones, oxyntomodulin and gli-
centin. By digesting the peptide with trypsin, we lose the
ability to properly assign the peptide to its parent protein,
which may be incompatible with specific analysis of some. In
many ways, this puts SPEA at the discovery end of small
protein analysis from plasma, which would enable subse-
quent follow-up studies in larger sample cohorts using intact
(top-down) analysis. For example, this would be performed
using targeted methodologies on either triple-quadrupole in-
struments with SRM-based assays, or orbitrap instruments
with PRM-based assays, downstream of robust high flow-rate
LC (7, 8, 10, 11, 15). As such, SPEA exists in a semi-quanti-
tative area that allows for much greater discovery potential
with some quantitative potential that could inform further
studies in a two-pronged manner.

Using the SPEA method we were able to detect previously
uncharacterized proteins that may act as hormones such as
C5ORF46. Bioinformatic predictions have suggested that
C5ORF46 is a secreted small-protein hormone (43). C5ORF46
is conserved across mammalian evolution, with two regions of
the protein being highly conserved. The first is the canonical
signal peptide (Fig. 4A, red box, residues 1–23) and the sec-
ond is part of the secreted protein (Fig. 4A, green box, resi-
dues 45–70). This second region is also predicted to be the

line represents an individual patient. The gray line and surrounding ribbon represent the mean and the 95% confidence interval of the mean,
respectively. Peptides that had a significant p value (p � 0.05) are marked with an asterisk. C, Correlation analysis across all patient samples
of either the hepcidin-25 peptide MS intensity versus the hepcidin ELISA concentrations (left), or the insulin beta-chain peptide MS intensity
versus the insulin RIA concentrations (right). The Pearson correlation and the associated Benjamini-Hochberg corrected p value are shown
inside each plot. The dashed lines represent the fitted model and its 95% confidence interval.
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only ordered region in the secreted protein, which together
with high sequence conservation, suggest that it is the func-
tional element of the secreted C5ORF46 protein. This region
was also predicted to form an �-helix using Phyre2 (44). In
human populations, C5ORF46 has a high frequency coding
SNP within the signal peptide (S4L), with a minor allele fre-
quency of �0.5 across all human populations. This S4L var-
iant has not previously been associated with a disease phe-
notype, but this serine is very highly conserved (Fig. 4A), and
mutations within signal peptide regions have previously been
demonstrated to alter the protein’s secretion rate and con-
tribute to disease (45). Future studies should determine if this
occurs with this common human coding variant of C5ORF46.
Prior studies have identified links between C5ORF46 and
either heart disease, or heart development (46, 47). This
agrees with the expression profile in human tissues and cells,
where C5ORF46 is detectable at the RNA-level in major blood
vessels (aorta) and the heart, but also in skin and salivary
gland (Fig. 4B) (48, 49). Using a systems genetics approach
the mouse homologue of C5ORF46 (named Gm94) has been
demonstrated to be positively correlated with HDL particle
abundance and HDL-associated proteins (APOM, APOD,
PON1 and LCAT), which stimulate HDL particle function and
maturation (50). Combined with the arterial and heart expres-
sion profile, we hypothesize that C5ORF46 is secreted into
plasma by endothelial cells to stimulate reverse cholesterol
transport by HDL. The production of C5ORF46 at key blood
vessels may allow it to rapidly respond to changes in arterial
health. Fortuitously, data was available from mice that were
heterozygous for a null mutation in Gm94, which highlighted
that these animals had significantly increased fat mass and
reduced lean mass compared with wild type controls (Fig. 4C)
(51). These phenotypes are very similar to that observed in a
APOA1 (a core protein of HDL particles) deficient mouse
model (52), which suggests C5ORF46 may play a key role in
lipid homeostasis through regulation of HDL function. Our
data is the first to identify C5ORF46 in human plasma,
whereas the phenotypic data indicate an important role in
mammalian physiology, which should be explored in future
experiments including analysis of HDL particle structure/func-
tion in Gm94 null mutant animals.

Intermittent fasting (IF) is a dietary intervention that is of
significant interest because of the beneficial effects on met-
abolic health. However, very few studies have examined in an

unbiased way the physiological changes induced by IF. Using
SPEA, we observed that hepcidin-25 was significantly down-
regulated by �3-fold in humans undergoing IF for 8-weeks.
Hepcidin-25 is a liver-derived hormone that controls systemic
iron homeostasis by inhibiting iron absorption in the small
intestine and inhibiting iron release from the liver. Previous
studies have demonstrated an acute increase in hepcidin
mRNA and protein levels following a single fasting bout in
humans and mice (53, 54). These studies offer conflicting
reports on the effects of longer-term fasting on plasma hep-
cidin, where it has been demonstrated to either continuously
increase with extended fasting, or peak after a few hours of
fasting before returning to baseline. Previous studies have
also shown that fasting lowers blood iron levels after 6–10 h,
which is then rescued by hepcidin-25 activity (55). However,
no previous study has reported a change in hepcidin abun-
dance after IF. We propose the decrease we observe in hep-
cidin-25 after IF is triggered by activation of two proteases
upstream of the hepcidin transcriptional network in the liver
because of low blood iron levels. Production of hepcidin in the
liver is dependent on coordinated signaling from hemojuvelin
(HJV) and bone morphogenic protein 6 (BMP6) through ca-
nonical SMAD signal transduction pathways (56). However,
decreased blood iron levels both stabilizes the serine prote-
ase matripase-2 (TMPRSS6) (57–59), and simultaneously up-
regulates HIF1-� that increases the abundance of the serine
protease furin (60, 61). HJV is a direct target of both TM-
PRSS6 and furin proteolytic activity, which inhibits its down-
stream signaling (62, 63) and may act as a soluble decoy for
BMP6 (64). This ultimately causes downregulation of hepcidin
leading to greater intestinal iron uptake. The repeated fasting
bouts in the EODF regime used in this study may not allow
enough time for degradation of stabilized TMPRSS6, leading
to a long-term decrease in plasma hepcidin abundance. One
advantage to these decreased levels is that maximal iron
absorption is facilitated during subsequent feeding periods.
Future studies to verify this hypothesis and examine changes
in iron homeostasis in human participants undergoing IF will
be important to document their dietary iron intake and verify
that their blood iron levels are maintained in the normal range.

The SPEA method provides many opportunities for multi-
plexed small protein analysis of the vast number of human
plasma samples collected during clinical trials. By addressing
the dynamic range problem in the analysis of plasma, we have

FIG. 4. Conservation and expression of novel human plasma protein C5ORF46. A, Alignment of the C5ORF46 protein sequence for a
diverse cross-section of mammalian species using the tCoffee online resource (https://www.ebi.ac.uk/Tools/msa/tcoffee/) (66). Blue coloration
of an amino acid residue represents conservation across species, with darker blue representing higher conservation. Blue triangles at the top
of the alignment indicate hidden protein sequence information for species other than human. The red box highlights the canonical signal
peptide for C5ORF46, the green box highlights a highly conserved and ordered region of C5ORF46. The prediction of the glycosaminoglycan
site was performed using ELM (http://elm.eu.org/) (67) and protein secondary structure prediction was performed using Phyre2 (http://
www.sbg.bio.ic.ac.uk/phyre2/) (44). B, The previously observed RNA abundance measurements of C5ORF46 in various human tissues was
provided by the GTEx resource (https://gtexportal.org/home/) (49). C, Male and female adult wild-type (n�1600) and C5ORF46 mice (n � 10)
were measured for changes in lean and fat weight (measurements are relative) using dual-energy X-ray absorptiometry by the International
Mouse Phenotyping Consortium (IMPC, http://www.mousephenotype.org/) (68). *** Indicates p value less than 1 � 10�5.
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enabled an unbiased view of many low abundance small
plasma proteins in a short timescale. Clinically, our method
offers the ability to study numerous important proteins in a
single assay, greatly increasing feasibility while reducing cost.
Our workflow also provides opportunities for discovery of new
proteins and biomarkers produced by a variety of tissues/
conditions. The purified small proteins could also be exam-
ined by other methods including top-down mass spectrome-
try, structural analysis of individual components, and different
quantitative MS strategies to improve sample throughput
such as isobaric tagging. It may also be possible to apply our
method to analysis of small proteins from other body fluids
such as cerebrospinal fluid (CSF), where neuropeptides play a
key role (65). This methodology would also be applicable in
other organisms where blood plasma can be easily collected
including mice and rats. The small protein enrichment work-
flow detailed here will facilitate the quantification of global
changes during many key immunological, metabolic and de-
velopmental perturbations.
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