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Global proteomic analyses of complex protein samples in nanogram quantities require a fastidious
approach to achieve in-depth protein coverage and quantitative reproducibility. Biological sam-
ples are often severely mass limited and can preclude the application of more robust bulk sample
processing workflows. In this study, we present a system that minimizes sample handling by using
onlineimmobilized trypsin digestion and solid phase extractionto create asimple, sensitive, robust,
and reproducible platform for the analysis of nanogram-size proteomic samples. To demonstrate
the effectiveness of our simplified nanoproteomics platform, we used the system to analyze pre-
implantation blastocysts collected on day 4 of pregnancy by flushing the uterine horns with saline.
For each of our three sample groups, blastocysts were pooled from three mice resulting in 22, 22,
and 25 blastocysts, respectively. The resulting proteomic data provide novel insight into mouse
blastocyst protein expression on day 4 of normal pregnancy because we characterized 348 proteins
that were identified in at least two sample groups, including 59 enzymes and blastocyst specific
proteins (eg, zona pellucida proteins). This technology represents an important advance in which
future studies could perform global proteomic analyses of blastocysts obtained from an individual
mouse, thereby enabling researchers to investigate interindividual variation as well as increase the
statistical power withoutincreasing animal numbers. Thisapproach is also easily adaptable to other
mass-limited sample types. (Endocrinology 157: 1307-1314, 2016)

lobal proteomic analyses are now widely applied
G across biological research to study changes in an or-
ganism(s) proteome correlated with a perturbation, phe-
notype and/or time series of interest (1). Furthermore, it
has been broadly established that efficient and reproduc-
ible sample preparation workflows are crucial to success-
ful quantitative proteome comparisons, especially when
applying label free methods (2, 3). However, biological
samples are often severely limited in quantity, which pro-
hibits the application of more robust bulk sample process-
ing workflows due to, for example, contamination, car-
ryover, or sample losses (4). This has limited the effective
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application of global proteomics for many sample types of
great interest, eg, laser capture microdissection of single
cells from complex tissues, fluorescence-activated cell
sorting of unique cell populations from heterogeneous cell
mixtures, circulating tumor cells, and blastocysts. In a typ-
ical proteomics experiment, bulk homogenization is ap-
plied to generate sufficient protein for processing (>10 ug
protein) and can blend the proteomes from many different
cell types and disparate tissue regions. The resulting av-
erage proteome can effectively render unobservable pro-
teome changes of interest and prohibit important appli-
cations. Even standard isobaric labeling protocols require

Abbreviations: CV, coefficient of variance; IMER, immobilized enzyme reactor; MS/MS,
tandem mass spectrometry; SnaPP, simplified nanoproteomics platform; SPE, solid-phase
extraction.
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multiple manual sample handling steps, resulting in sig-
nificant protein losses and precludes their application to
samples less than 1 ug (5). Consequently, there is consid-
erable interest in the development of a simple, robust plat-
form for analyzing nanogram quantities of protein ob-
tained from cell type-specific samples.

Due to the desire for cell type-specific proteomic anal-
yses, a number of approaches have been developed and
applied to samples as small as 500 mammalian cells (~150
ng protein) (5-9). These protocols aim to reduce sample
losses incurred during handling through two main strat-
egies. The first is to replace the traditional detergents and
chaotropes with cleavable detergents or organic solvents
that are easily removed without solid-phase extraction
(SPE) (7, 9). However, without SPE, these methods suffer
from a lack of flexibility due to incompatibility with salts
and other reagents that many samples contain. The second
approach is the so-called proteomic reactor approach.
With this strategy all sample manipulations are carried out
in a single vessel and the necessary chemistry and sample
washing is facilitated by ultrafiltration devices or immo-
bilizing proteins and/or peptides on a solid-phase support
(5, 6, 8). These protocols offer far greater reagent flexi-
bility but presently require many manual sample handling
steps and long processing times, and results can vary con-
siderably (10, 11).

Immobilized enzyme reactors (IMERs) have also been
shown to be of potential use for the analysis of nanogram
quantities of protein, either in a single-pot method or in-
tegrated into online sample handling systems (12—14). The
advantages of the IMER approach include a larger enzyme
to substrate ratio, rapid digestions, long-term stability,
good reusability, and facile incorporation into integrated
handling systems (13, 15). We have found that high en-
zyme to substrate ratios are particularly advantageous
when handling nanogram sample quantities because they
provide favorable digestion kinetics in highly dilute solu-
tions without excess trypsin contamination of the result-
ing peptide solution. Although online handling systems
offer great potential for reproducible sample handling and
full automation, their inherent complexity makes robust
operation challenging and impedes application to biolog-
ical studies in which larger sample numbers are required.

Herein we designed a system that combines minimal
sample handling with the advantages of IMER digestion
and online solid phase extraction to create a simple (re-
quires only fluidic components commonly found in most
proteomic laboratories), sensitive, robust, and reproduc-
ible platform for the analysis of nanogram-size proteomic
samples. We used our system to analyze mouse blasto-
cysts; in this study, we were able to detect and quantify cell
type-specific proteins in addition to providing novel in-
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sight into mouse blastocyst protein expression on day 4 of
normal pregnancy.

Materials and Methods

Mice

All mice used in this investigation were housed in the Cin-
cinnati Children’s Hospital Medical Center Animal Care Facility
according to National Institutes of Health and institutional
guidelines for the use of laboratory animals. All protocols of the
present study were reviewed and approved by the Cincinnati
Children’s Hospital Research Foundation Institutional Animal
Care and Use Committee. Mice were provided with autoclaved
rodent LabDiet 5010 (Purina) and UV light-sterilized reverse
osmosis/deionization constant circulation water ad libitum and
were housed under a constant 12-hour light, 12-hour dark cycle.
Wild-type female mice were mated with wild-type males (d 1 of
pregnancy = vaginal plug) (16). Uteri were flushed with physi-
ological saline to recover blastocysts prior to their attachment
with the uterine lining; zona-encased blastocysts were collected
at 3:00 pM on day 4 of pregnancy. For each of our three samples
analyzed by simplified nanoproteomics platform (SNaPP), blas-
tocysts were pooled from three mice, resulting in 22,22, and 25
blastocysts, respectively.

Simplified nanoproteomics platform

Protein extraction, denaturation, and reduction is achieved
by adding 10 pL of homogenization buffer (8 M urea, 5 mM
dithiothreitol in 50 mM ammonium bicarbonate at pH 8) and
sonicating in a bath sonicator for 1 minute, followed by 30 min-
utes incubation at 37°C. The resulting extract is diluted with 50
mM ammonium bicarbonate to bring the final urea concentra-
tion below 3 M for injection on the SNaPP system. The SNaPP
is achieved using the configuration illustrated in Figure 1. The
system includes the following fluidic components: two Agilent
Nanoflow 1200 pumps (Agilent Technologies), one capillary
pump, a six-port injection valve with 25 pL sample loop, two
six-port valves (VICI Valco), and a PAL autosampler (Leap
Technologies). The trypsin-based immobilized enzyme reactor
consists of Poroszyme immobilized trypsin beads packed into a
10-cm long, 150-um inner diameter capillary. The IMER col-
umn is incubated in a butterfly portfolio heater set at 37°C. A
typical digestion time is 75 minutes, and the flow rate is set at 200
nL/min of 5% acetonitrile in 95% 50 mM Tris (pH 8) and 5 mM
CalCl, at pressure less than 70 bars (Figure 1; nanopump 1).
Each digestion is followed by 5 uL wash of the digestion column
with 50% acetonitrile and 50% 50 mM Tris. Prior to analysis,
the digestion column is conditioned with 15 injections of 250 ng
Shewanella oneidensis cell lysate to remove excess trypsin pep-
tides from autolysis and passivate nonspecific binding sites. After
online digestion, the peptides are trapped and desalted via on-
line SPE consisting of 4 cm, 150 wm inner diameter 5-um Jupiter
C18 minutes (Phenomenex).

Desalting is carried out by washing SPE with nanopure water
with 0.1% formic acid at 2.5 pL/min flow rate for 20 minutes.
Nanopump 2 (Figure 1) carries out the liquid chromatography
separation using a flow rate of 300 nL/min. Mobile phase A
consists of nanopure water with 0.1% formic acid. Mobile phase
B consists of acetonitrile with 0.1% formic acid. The analytical

2e0z ¥snbny 0z uo isenb Aq £20€Z12/L0€ L/E/LG L /BI01E/OpUS/WOD dNO"dlWapEeDE//:SdiY WOl PaPEOJUMOQ



doi: 10.1210/en.2015-1821

[T
-

e

Valve B

uwn(o) [eanAeuy

Figure 1. Schematic of the SNaPP for global proteomics of nanogram quantities. Autosampler
injects protein sample to 25 uL sample loop at valve A. After injection, valve A position is then
switched, and nanopump 1 carries out immobilized trypsin digestion at 200 nL/min with 5%
acetonitrile in 95% 50 mM Tris (pH 8) for 75 minutes at approximately 70 bars. Digested
peptides are loaded directly on SPE after immobilized trypsin digestion. Valve C then switches
position and the capillary pump carries out desalting with nanopure water with 0.1% formic acid
at 2.5 pul/min flow rate for 20 minutes. After desalting, valve C then switches position and
nanopump 2 carries out peptide separation with a 100-minute reversed-phase gradient from 8%
to 75% mobile phase B. Mobile phase A consists of nanopure water with 0.1% formic acid, and

mobile phase B consists of acetonitrile with 0.1% formic acid.

columnis40 cmlong 75 wm inner diameter packed in-house with
3-pm-diameter C18 bonded particles (PhenomenexA). A 100-
minute, reversed-phase gradient from 8% to 75% B is used to
elute the peptides. In this study, mass spectrometry analysis is
performed using either a LTQ-Orbitrap or Q-Exactive mass
spectrometer (Thermo Scientific) outfitted with a custom, elec-
trospray ionization interface. For the LTQ-Orbitrap, the heated
capillary temperature and spray voltage were 275°Cand 2.2 kV,
respectively. The LTQ-Orbitrap mass spectra were collected
from 400-2000 mass to charge ratio at a resolution of 60 000
followed by a data-dependent ion trap collision-induced disso-
ciation tandem mass spectrometry (MS/MS) of the six most
abundant ions. For Q-Exactive Plus, the heated capillary tem-
perature and spray voltage were 325°C and 2.3 kV, respectively.
Mass spectra were collected from 400-2000 mass to charge ratio
at a resolution of 70 000 followed by a data-dependent ion trap
higher-energy collisional dissociation MS/MS at a resolution of
17.5 000 of the 10 most abundant ions.

Results and Discussion

We characterized the performance of the SNaPP system by
coupling it to an LTQ-orbitrap XL (Thermo Scientific)
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and analyzing serially diluted ali-
quots of a Shewanella oneidensis
whole-cell lysate. Initial protein con-
centration was determined by Coo-
massie protein assay kit (Thermo
Scientific). To determine the perfor-
mance of SNaPP system handling
small sample loadings, three repli-
cate injections at total protein load-
ings of 100, 250, and 500 ng were
obtained. To limit the impact of col-
umn carryover on our measure-
ments, two full system blanks were
carried out immediately preceding
the 100-ng injections, and loading
masses were analyzed in ascending
order. The average number of pro-
tein identifications per replicate is
displayed in Figure 2A. The data
showed an essentially linear decrease
in identifications with decreases in
sample loading but still confidently
identified more than 2000 peptides
and 600 proteins for the 100-ng pro-
tein loadings. We observed very high
reproducibility in the proteins iden-
tified (Figure 2B) and a median pep-
tide intensity coefficient of variance
(CV) of less than 20% for all three
sample loadings (Figure 2C). This
high level of reproducibility for la-
bel-free quantification is very encouraging because pre-
cise handling is increasingly challenging as sample
amounts are reduced. Intriguingly, we saw no statistically
significant difference in reproducibility of peptide inten-
sities with decreased protein loading. We evaluated the
stability of our immobilized trypsin column by carrying
out 35 replicate injections of 500 ng of our cell lysate
sample. The digestion quality is illustrated in Figure 2D by
the percentage of identified peptides that contain a missed
cleavage and the percentage of fully tryptic peptide iden-
tifications. These data also demonstrate consistent col-
umn performance over the 35 digestions.

Toevaluate the capability to detect sample type-specific
protein signatures and novel biological insight from small
sample concentrations, we coupled our system to a Q-
Exactive mass spectrometer (Thermo Scientific) for the
analysis of mouse blastocysts. Based on the size and num-
ber of blastocysts in our samples, it was estimated that
each sample contained between 440 and 500 ng (~20
ng/blastocyst of total protein [17]; 22, 22, and 25 blasto-
cyst were collected from samples 1, 2, and 3, respectively).

Autosampler

Valve C
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Figure 2. A, Number of confident (FDR < 1%) protein and peptide identifications from three replicate analyses at each protein loading. Error bars
represent SD. B, Overlap of protein identifications at 500 ng protein loading. C, Box plot of peptide CV distributions at the different protein
loadings. D, Stability of immobilized trypsin column demonstrated by performing 35 replicate injections on the same column.

Before analyzing our blastocyst samples, we first vali-
dated the performance of our system in combination with
the Q-Exactive mass spectrometer (Thermo Scientific) by
running three replicates of our quality control sample at a
protein loading of 200 ng. As expected, protein coverage
was significantly increased, yielding an approximately
3-fold increase in both protein and peptide identifications
compared with the Orbitrap XL (Thermo Scientific). Fur-
thermore, median peptide CV decreased by 5%. We be-
lieve the increased sensitivity allows for more accurate
determination of peak areas, resulting in the observed im-
provement in reproducibility.

SNaPP characterization of our three blastocyst samples
identified 348 proteins (Supplemental Table 1), which
ranged in length from 44 (thymosin-B-10) to 1675 (clath-
rin heavy chain 1) amino acids. The Gene Ontology clas-
sification (18) of these proteins (networks and bar graphs
in Supplemental Figures 1-3) characterized them as
mainly localizing to the nucleus and cytoplasm and having
essential roles associated with ribosomes, RNA binding,
ATP binding, and DNA binding, all of which are essential
to blastocyst growth and survival. Protein identifications
were made using MS-GF+ scoring to generate a spectra
level confidence value (19), and the resulting spectral iden-
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tifications were filtered to less than a 1% peptide level false
discovery rate (based on decoy searches) using MS-GF +
MS/MS spectral scores and parent ion mass errors as de-
scribed previously (20). Each reported protein was iden-
tified by at least one unique peptide (peptides that are not
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shared between multiple proteins) and quantified in at
least two of our three blastocyst samples. Table 1 contains
22 proteins with both localization and biological func-
tions significant to blastocysts; the biological significance
of these proteins is detailed below and in Supplemental

Table 1.

Proteins Identified in Preimplantation Blastocysts

Abundance®/Sequence Coverage, %"

Blastocyst Blastocyst Blastocyst

Uniprot Gene Name Sample 1 Sample 2 Sample 3

UniProt Protein Protein Name (n =22) (n =22 (n = 25)

Astl Astacin-like metalloendopeptidase 2517 4% 25.04 6% 2641 2%
ASTL_MOUSE

Zp1 Zona pellucida sperm-binding protein 1 29.51 20% 29.01 22% 2835 20%
ZP1_MOUSE

Zp2 Zona pellucida sperm-binding protein 2 35.01 48% 35.08 46% 3492 43%
ZP2_MOUSE

Zp3 Zona pellucida sperm-binding protein 3 33.82 28% 33.24 25% 3251 28%
ZP3_MOUSE

Ovgp1 Oviduct-specific glycoprotein 2682 23% 27.06 27% 2743 27%
OVGP1_MOUSE

Cct8 T-complex protein 1 subunit theta 2370 2% 24.09 2%
TCPQ_MOUSE

Hmga2 High-mobility group protein HMGI-C 2723 21% 2200 21% 2614 21%
HMGA2_MOUSE

Mea Male-enhanced antigen 1 22.74 10% 23.84 10% 2361 10%
MEA1_MOUSE

Nasp Nuclear autoantigenic sperm protein 22.19 3% 2483 3% 21.63 3%
NASP_MOUSE

Nirp14 Germ cell specific leucine-rich repeat NTPase 26.13 13% 26.05 12% 2569 5%
NAL14_MOUSE

Cops8 COP9 signalosome complex subunit 8 23.62 17% 2344 17%
CSN8_MOUSE

Dppa5a Developmental pluripotency-associated protein 5A 2459 54% 2423 53% 23.08 54%
DPASA_MOUSE

Dppa3 Developmental pluripotency-associated protein 3 2575 8% 26.10 8% 2595 8%
DPPA3_MOUSE

Khdc3 KH domain-containing protein 3 26.38 16% 2594 17% 2675 22%
KHDC3_MOUSE

Nlrp5 Maternal antigen that embryos require 2536 11% 26.10 12% 2541 7%
NALP5_MOUSE

Npm?2 Nucleoplasmin-2 29.75 48% 30.59 48% 29.88 43%
NPM2_MOUSE

Oosp1 Oocyte-secreted protein 1 20.61 9% 22.05 9%
OOSP1_MOUSE

Padi6 Protein-arginine deiminase type-6 31.02 78% 3140 78% 3076 65%
PADI6_MOUSE

Alppl2 Alkaline phosphatase, placental-like 2548 5% 2421 7%
PPBN_MOUSE

Spin1 Spindlin-1 2549 23% 2544 18% 25.08 23%
SPINT_MOUSE

Psmc3 26S protease regulatory subunit 6A 2384 11% 2195 11% 2427 11%
PRS6A_MOUSE

Sftpd Pulmonary surfactant-associated protein D 2536 3% 2548 3%

SFTPD_MOUSE

Abbreviations: n, the number of blastocysts collected per mouse. Blank values indicate where unique peptides were not detected for that protein

in that blastocyst sample.

@ In DANTE software, the area under the curve for the unique peptide peaks detected in the MS1 scans were log2 scaled and central tendency
normalized and assessed at the protein level using Rrollup (reference peptide based scaling) (42).

b Percentage coverage values were calculated from unique and nonunique peptides.
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Table 1. Table 1 depicts the relative normalized log2 abun-
dance values of each protein and the percentage coverage
(number of peptides identified) across the three blastocyst
samples. The protein abundance values in Table 1 high-
light the high degree of correlation across the three sam-
ples; consequently, future studies could accurately quan-
titate significant blastocyst protein abundance changes in
perturbed systems (ie, on time vs delayed implantation),
even with variable numbers of peptides (percentage cov-
erage) identified in each analysis.

Our system characterized numerous proteins found in
the zona pellucida (ZP), which is a thick transparent mem-
brane surrounding mammalian ova before fertilization
and fertilized embryos before implantation. Zona pellu-
cida glycoproteins create a sperm-egg interface regulating
species-specific binding of sperm to unfertilized eggs and
preventing sperm from binding to fertilized eggs (blockade
of polyspermy) (21). The mouse zona pellucida is com-
posed of three glycoproteins (Zp1, Zp2, and Zp3), of
which Zp2 is proteolytically cleaved by ovastacin (Astl),
an oocyte-specific member of the astacin family of met-
alloendoproteases, after gamete fusion to prevent poly-
spermy (22). The molecular chaperone, Cct8, is involved
in mediating sperm-oocyte interactions (23). We also
characterized oviduct-specific glycoprotein (Ovgp1) (24),
sperm proteins (Hmga2, Meal, Nasp, Nlrp14), oocyte/
embryo proteins (Cops8, DppaSa, Khdc3, Nlrp5 [25, 26],
Npm2, Oospl [27], Padi6, Alppl2, Spinl [28]), protea-
somal ATPase Psmc3 and pulmonary surfactant-associ-
ated protein D (Sftpd). Previous studies have shown that
Psmc3-deficient mice died before implantation, displaying
defective blastocyst development (29), and fetal Sftpd
Met31Thr polymorphism plays a significant role in the
genetic predisposition to spontaneous preterm birth in hu-
mans (30).

Our system also characterized 59 enzymes classified as
oxidoreductases, transferases, hydrolases, lyases, isomer-
ases, and ligases (Supplemental Table 1). Identified oxi-
doreductases included dehydrogenases with diverse met-
abolic roles (Impdh2, Ldhb, Mdh2, Gapdh, Aldh2,
Aldh7a1,Pdhb, Paox), five peroxiredoxins (Prdx1, Prdx2,
Prdx3, Prdx4, and Prdx6), and superoxide dismutase
(Sod1). Peroxiredoxin and superoxide antioxidants per-
haps protect blastocysts from oxidative stress (31, 32).
The dehydrogenase Aldh7al also protects cells from ox-
idative stress by metabolizing a number of lipid peroxi-
dation-derived aldehydes (33). Subcategorization of iden-
tified transferases include a methyltransferase (Bhmt),
acetyltransferases (Acat1l and Ggct), a glycosyltransferase
(Gygl), and phosphotransferases (Pkm and Ckb [34]).
Identification of spermidine aminopropyltransferase
(Sms) and polyamine oxidase (Paox) supports the impor-
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tance of polyamines to preimplantation mouse embryos
(35). The 28 identified hydrolases include Astl (Table 1),
Alppl2 (Table 1), Hint1, Park7, Asnal, and hydrolases
acting on ester bonds (Rgn, Mtmr14, Acpl), peptide
bonds (Ctsa, Apeh, deubiquitinating enzymes [Eif3f,
Otubl, and ubiquitin carboxyl-terminal hydrolase
isozyme L1, Uchl1] [36, 37], Prss2, cathepsin [Ctsb and
Ctsd], proteasome subunits [Psma$ and Psmbé6]), carbon-
nitrogen bonds (Padi6 [Table 1], and Gda), and acid an-
hydrides (Dctppl, Nudt5, AtpSb, Atpévla, Ddx21,
Ddx$, FEif4al, and Vcp). We also identified diverse
isomerases (Rpe, Ppia, Bpgm, and intramolecular oxi-
doreductases [Mif, Pdia3, Pdia6, Ptges3]), a lyase (Ddt),
and ligases (Trim28 and Uhrf1).

To demonstrate the ability of SNaPP to detect post-
translational modifications in global digests, we searched
our blastocyst data for peptides containing diglycine ad-
ducted (114.04 Da) lysine residues, and these peptides are
referred to as ubiquitin remnant-containing peptides (38)
or ubiquitin signature peptides (39). If a peptide is mod-
ified by polyubiquitination, monoubiquitination, or an
ubiquitin-like modifier (eg, NEDDS8 or ISG15), trypsin
digestion results in a diglycine tag. We characterized six
modified proteins across all three blastocyst samples (Sup-
plemental Table 1) including ATP synthase-coupling fac-
tor 6 (Atp3j), calmodulin (Calm1), elongation factor 18
(Eef1d), 40S ribosomal protein S12 (Rps12), thymosin
B-10 (Tmsb10), and ubiquitin carboxyl-terminal hydro-
lase isozyme L1 (Uchl1) (37). A previous study suggested
that ubiquitin-dependent proteolysis occurs in the tropho-
blast (vs inner cell mass) of mouse blastocysts (40).

In summary, our online sample handling platform al-
lows for robust semiautomated proteomic analysis of con-
ventionally problematic samples containing between 100
and 500 ng protein content (5-235 blastocysts). The pro-
teomic results from this study provided novel insights into
the proteomic landscape of blastocysts that would likely
be obscured by bulk proteomic measurements. The ability
to do future global proteomic analyses on, for example,
blastocysts from a single mouse, represents an important
advance for developmental research because it allows for
the investigation of interindividual variation and greatly
increases the statistical power attainable while decreasing
the number of animals needed, as opposed to a large num-
ber of animals previously reported for blastocyst pro-
teomic analysis (41). This approach should be easily
adaptable to other cell-specific sample types.
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