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Abstract

Two-dimensional reversed-phase capillary liquid chromatography (2D RPLC) separations have 

enabled comprehensive proteome profiling of biological systems. However, milligram sample 

quantities of proteins are typically required due to significant losses during offline fractionation. 

Such a large sample requirement generally precludes the application samples in the nanogram to 

low-microgram range. To achieve in-depth proteomic analysis of such small-sized samples, we 

have developed the nanoFAC (nanoflow Fractionation and Automated Concatenation) 2D RPLC 

platform, in which the first dimension high-pH fractionation was performed on a 75-μm i.d. 

capillary column at a 300 nL/min flow rate with automated fraction concatenation, instead of on a 

typically used 2.1 mm column at a 200 μL/min flow rate with manual concatenation. Each fraction 

was then fully transferred to the second-dimension low-pH nanoLC separation using an 

autosampler equipped with a custom-machined syringe. We have found that using a polypropylene 

96-well plate as collection device as well as the addition of n-Dodecyl β-D-maltoside (0.01%) in 

the collection buffer can significantly improve sample recovery. We have demonstrated the 

nanoFAC 2D RPLC platform can achieve confident identifications of ~49,000–94,000 unique 

peptides, corresponding to ~6,700–8,300 protein groups using only 100–1000 ng of HeLa tryptic 
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digest (equivalent to ~500–5,000 cells). Furthermore, by integrating with phosphopeptide 

enrichment, the nanoFAC 2D RPLC platform can identify ~20,000 phosphopeptides from 100 μg 

of MCF-7 cell lysate.

Graphical abstract

Many functional significant proteins altered in different human diseases are often expressed 

at low-abundance.1,2 Unfortunately, low-abundance proteins are often not detectable in mass 

spectrometry (MS)-based proteomic analysis due to insufficient detection sensitivity and 

limited MS sequencing speed. While one-dimensional liquid chromatography (LC)-MS/MS 

analyses exhibit a high degree of reproducibility, short analysis times, and low sample 

requirements,3–5 the proteome coverage is usually below 3000–4000 proteins due to limited 

peak capacities even with increased column lengths and gradient times.6–9 Using the latest-

generation MS instrumentation, such as Bruker timsTOF Pro and Thermo-Fisher FAIMS-

Lumos, proteome coverage could increase to 6000–7000 proteins10,11 by injecting 

microgram-scale protein digest. However, these advanced mass spectrometers are not always 

available in the majority of proteomics laboratories. Thus, there is a great need to develop 

high-resolution separation systems to improve proteome coverage and to enable the 

detection of low-abundance proteins.12

Multidimensional LC separations provide increased overall peak capacity that results in 

decreased sample complexity in each fraction, thus enabling dramatically increased 

proteome coverage.12,13 The combination of the first-dimension strong cation exchange 

(SCX) or high-pH reversed-phase (RP)LC fractionation followed by the second-dimension 

nanoRPLC separation are the most commonly used multidimensional separation modes for 

in-depth proteomics.14,15 Compared to SCX fractionation, high-pH RPLC provides broader 

peptide applicability as well as greater peak capacities and resolving power.15–18 The 

integration of high-pH RPLC with fraction concatenation techniques has further improved 

the orthogonality and reduced the analysis time with two-dimensional (2D) LC-MS.19 
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Because of these advantages, 2D separation methods with high-pH RPLC fractionation have 

been extensively adopted by the proteomics community, such as large-scale proteomic 

analyses, bottom-up global profiling, analysis of protein post-translational modifications 

(phosphoproteomics and glycoproteomics), and top-down proteomics.12,17 In addition, the 

incorporation of 2D-RPLC with an isobaric labeling (tandem mass tags, TMT)-based 

quantification method significantly improved the quantification accuracy by minimizing the 

ratio compression effect.20

However, these 2D RPLC-MS approaches have typically required milligrams of protein 

samples, precluding their application to studies involving low microgram down to nanogram 

samples. Such minute samples include clinical specimens obtained via fine needle aspiration 

biopsy, tissue substructures, miniorgans, or specific cell populations isolated by laser capture 

microdissections and rare cells isolated by fluorescence-activated cell sorting.21 The large 

sample requirements are of consequence to compensate significant sample losses during 

offline fractionation procedures, where high-pH separation is typically performed at high 

flow rates (~1 mL/min for 4.6 mm columns and ~200 μL/min for 2.1 mm columns) and 

collected fractions have milliliter scale volumes. Nonspecific adsorption of peptides to, for 

example, vessel surfaces is a significant component of such sample losses, and these losses 

are further exacerbated by cleanup or buffer exchange, for example, SpeedVac 

concentration. To improve the sample recovery, Mann and co-workers22 demonstrated a 

microflow fractionation system in which a 250-μm-i.d. column operating at 2 μL/min was 

used for high-pH separation and fractions were collected into the bottom of 200-μL PCR 

tube strips. The low-flow fractionation reduced interactive surface losses and enabled deep 

proteomic profiling of ~20,000 peptides using 500 ng of HeLa digest. To further reduce 

sample loss and improve the proteome coverage of low-nanogram samples, we recently 

developed a nanowell-mediated 2D nanoLC platform, in which the high-pH RPLC was 

performed at 300 nL/min and the fractions were collected in microfabricated nanowells.23 

Using only 50 ng of HeLa digest, ~50,000 peptides corresponding to ~6,000 proteins could 

be confidently identified from 12 fractions. In combination with a nanowell-based proteomic 

sample processing method,24 >6,000 proteins were identified from both 650 cultured HeLa 

cells and islet sections equivalent to <1 pancreatic islet (equivalent to ~1,000 cells) isolated 

by laser microdissection. However, despite such a significant advance, the nanowell-

mediated 2D LC platform required in-house-developed nanowell devices and robotic 

nanoliter sample handling systems, as well as tedious manual fraction transfer to the second-

dimension LC separation, which inhibits the broader use of this technology.

To address these challenges, herein we describe a fully automated and highly sensitive 2D 

RPLC separation system based on the nanoFAC (nanoflow Fractionation and Automated 

Concatenation) strategy. Inspired by previous studies,22,23 we performed high-pH 

fractionation at 300 nL/min using a 75-μm i.d. LC column and then collected fractions into 

96-well plates in which each well was preloaded with 25 μL of collection buffer. We 

performed comprehensive optimization of collection devices and buffer systems to reduce 

peptide losses. To maximize protein identifications, each fraction was fully transferred to the 

second-dimension nanoLC separation using a modified sample injection system. This 

provides deep proteomic coverage of ~49,000 unique peptides corresponding to ~6,700 

protein groups from only 100 ng of HeLa tryptic digest (equivalent to ~500 cells). To further 
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evaluate its performance for phosphoproteomics analysis, we demonstrated phosphopeptide 

enrichment using immobilized metal affinity chromatography (IMAC) from 100 μg of 

MCF-7 digest (equivalent to 0.5 million cells) and enabling the confident identification of 

~20,000 phosphopeptides.

EXPERIMENTAL SECTION

Reagents and Chemicals.

Pierce HeLa Protein Digest Standard was purchased from ThermoFisher Scientific 

(Waltham, MA). N-Dodecyl-β-D-maltoside (DDM) and Mastoparan peptide (CAS 72093–

21-1, a cell-permeable synthetic peptide with a sequence identical to Vespula lewisii), were 

purchased from Sigma-Aldrich (St. Louis, MO). Dithiothreitol (DTT) and iodoacetamide 

(IAA) were purchased from ThermoFisher Scientific and were freshly prepared in 50 mM 

ammonium bicarbonate buffer before use. MS-grade trypsin was purchased from Promega 

(Madison, WI). All aqueous solutions were prepared using 18.2 MΩ deionized water 

produced from a Barnstead Nanopure Infinity system (Los Angeles, CA). Unless otherwise 

noted, all other unmentioned reagents were obtained from Sigma-Aldrich (St. Louis, MO).

Cell Culture and Proteomic Sample Preparation.

Culture of the bacterium Shewanella oneidensis MR-1 was under fed-batch mode using a 

Bioflow 3000 fermentor (New Brunswick Scientific, Enfield, NC). Culture media contained 

HBa MR-1 with 0.5 mL/L of 100 mM ferric NTA, 1 mL/L of 1 mM Na2SeO4, and 1 mL/L 

of 3 M MgCl2∙6H2O as well as vitamins and amino acids. Bacterial cells were lysed by 

homogenization with 0.1 mm zirconia/silica beads in the Bullet Blender (Next Advance, 

Averill Park, NY) at speed 8,000 rpm for 3 min. Protein was extracted using 8 M urea, and 

the concentration was measured by BCA assay.

Breast cancer cell line MCF-7 was obtained from ATCC (Manassas, VA) and was grown as 

previously described.25 In brief, MCF-7 cells were maintained in Dulbecco’s Modified 

Eagle Medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL 

penicillin, and 100 μg/mL streptomycin, all of which were obtained from ThermoFisher 

Scientific. Cells were seeded into 15 cm culture plates and grown until near confluence at 

37 °C with 5% CO2. MCF-7 cells were harvested and washed three times with ice-cold 

phosphate-buffered saline (PBS), lysed in lysis buffer (100 mM NH4HCO3, pH 8.0, 8 M 

urea, and 1% phosphatase inhibitor), and then sonicated in an ice bath for 3 min. The protein 

concentrations were determined via BCA protein assay.

Following protein extraction and denaturation, 500 mM of DTT solution was added to 

obtain a 10 mM concentration, and the sample was incubated at 37 °C for 1 h. After that, 

400 mM of IAA solution was added to obtain a concentration of 40 mM in the sample, and 

the sample was incubated at 37 °C for 1 h in the dark. The sample was diluted 10-fold with 

50 mM ammonium bicarbonate to reduce the salt concentration. Then 1 M of CaCl2 solution 

was added to obtain a final concentration of 1 mM. Trypsin at a concentration of 1 μg 

trypsin/50 μg protein was added, and the sample was incubated at 37 °C for 3 h for 
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digestion. After trypsin incubation, we performed C18 solid-phase extraction cleanup to 

desalt the sample and the sample was aliquoted for long-term storage at −80 °C.

Phosphopeptide Enrichment.

Phosphopeptide enrichment was performed as previously described.25 In brief, peptide 

samples were incubated with 10 μL Fe3+NTA agarose beads at room temperature for 30 min 

with shaking and the supernatant was discarded. The beads were resuspended in 80% 

acetonitrile/0.1% trifluoroacetic acid and loaded on Empore C18 silica-packed Stage Tips 

(already activated by methanol, 50% acetonitrile/0.1% formic acid, and 1% formic acid). 

After washing the beads with 80% acetonitrile/0.1% trifluoroacetic acid and 1% formic acid, 

the phosphopeptides were eluted from the IMAC beads to the C18 membrane with 500 mM 

phosphate buffer (pH 7.0). The phosphopeptides were then washed with 1% formic acid and 

eluted into sample vials with or without the addition of DDM. Eluted phosphopeptides were 

dried down and stored at −80 °C until LC-MS/MS analysis.

Optimization of Offline Fractionation Conditions.

Shewanella oneidensis MR-1 digest was used for optimizing fractionation conditions by 

comparing the identifications of unique peptides and proteins under different conditions 

using a single-shot nanoLC-MS/MS system. The optimizations include collection buffer 

additives (DDM vs Mastoparan peptide), additive concentrations (0.005–0.1%), collection 

devices (glass vials vs 96-well PCR plate), and collection buffers (LC mobile phase A vs 

Tris). The glass vial (1 mL, Total Recovery Vial) was purchased from Waters (Milford, MA), 

and the 96-well plate (twin.tec PCR Plate 96, skirted, 150 μL) was purchased from 

Eppendorf (Hauppauge, NY).

A 50 cm-long, 50-μm-i.d. PicoFrit column was packed in-house using 3 μm C18 media 

(300-Å pore size, Phenomenex, Terrence, CA) and was used for peptide separation as 

described previously.26,27 Mobile phase (Buffer A: 0.1% formic acid in water; Buffer B: 

0.1% formic acid in acetonitrile) was delivered by a nanoUPLC pump (Dionex UltiMate 

NCP-3200RS, Thermo Scientific, Waltham, MI) at a flow rate of 150 nL/min. The LC 

column was heated to 50 °C using a flexible column heater (AgileSleeve Plus, Analytical 

Sales and Services, Inc., Flanders, NJ). The LC method was programmed as a 100 min 

linear gradient from 8% to 22% Buffer B followed by a 15 min linear gradient to 45% 

Buffer B. The column was then washed with 90% Buffer B for 5 min and re-equilibrated 

with 2% Buffer B for 20 min.

An LTQ Orbitrap XL mass spectrometer (ThermoFisher) was employed to optimize buffer 

additives (DDM and Mastoparan peptide) and DDM concentrations (0.005–0.1%). Briefly, a 

potential of 2.2 kV was applied at the ionization source and the ion collection capillary was 

heated to 250 °C for desolvation. The orbitrap was employed for MS1 at a resolution of 

60,000 (m/z 200), an MS range of 375–1575, an AGC level of 1 × 106, and a maximum ion 

injection time of 50 ms. Precursors with intensities >500 and charge states of 2 or greater 

were isolated at a 2-Da window for MS/MS sequencing in the ion trap. An AGC target of 3 

× 104 and an ion injection time of 100 ms were used. For CID fragmentation, the collision 
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energy was set at 35% and the activation time was 30 ms. Precursors with m/z tolerance of 

±50 ppm were excluded for sequencing during 90 s.

An Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (ThermoFisher) was used to 

optimize collection devices (glass vial and 96-well plate) and collection buffers (Buffer A 

and Tris). Data-dependent acquisition mode was used to trigger precursor isolation and 

sequencing. The precursor was scanned at a resolution of 35,000, a scan range of 300–1800, 

an AGC level of 3 × 106, and a maximum ion accumulation time of 50 ms. The top 12 

precursor ions having intensities >4 × 104 and charges between +2 and +8 were selected 

with an isolation window of 2 Da for MS/MS sequencing at an HCD energy of 30%. The 

AGC target was 2 × 105, and the maximum ion accumulation time was 120 ms. A dynamic 

exclusion with duration of 30 s was used to reduce repeated sequencing.

Nanoflow High-pH LC Fractionation.

LC columns (75 μm i.d., 360 o.d., 50 cm long) for first dimension high-pH nanoLC 

fractionation were packed in house with 3-μm C18 packing material (300-Å pore size, 

Phenomenex, Terrence, CA).26,27 A nanoACQUITY UPLC pump (Waters, Milford, MA) 

was used to deliver gradient flow to the LC column at a flow rate of 300 nL/min. Ten mM 

ammonium formate (pH 9.5) in water was used as Buffer A and 10 mM ammonium formate 

in 90% acetonitrile (pH 9.5) as Buffer B. The peptides were eluted using a gradient with a 

linear increase from 1% to 12% Buffer B in 20 min, followed by an increase to 30% Buffer 

B in 55 min, to 45% Buffer B in 22 min, and to 95% Buffer B in 3 min. The column was 

then washed with 95% Buffer B for 10 min and re-equilibrated with 1% Buffer B for 20 

min.

Peptides eluted from the high-pH nanoLC separation were fractionated into a 96-well plate 

using a PAL autosampler (CTC Analytics AG, Switzerland).16 The 96-well plate was 

preloaded with 25 μL of Buffer A (0.1% formic acid in water) containing 0.01% (m/v) 

DDM. To obtain 12 or 6 fractions, peptide fractions were concatenated into each of the 12 or 

6 wells at an interval of 1 min and then repeated 8 or 16 times during the 96 min LC 

separation (See Table S1 for concatenation detail). The PAL autosampler allowed us to 

automatically perform the concatenation by robotically moving the dispensing capillary 

among the collection wells. The 96-well plate with collected fractions was sealed with PCR 

sealing membrane and stored at −20 °C until the following low-pH nanoLC-MS/MS 

analysis.

Low-pH NanoLC-MS/MS Analysis.

A PAL autosampler (CTC Analytics AG, Switzerland) equipped with two six-port valves 

(Valco Instruments Co. Inc., Houston, TX) was used for sample injection. A Slimline model 

1702 25 μL syringe (Hamilton Company, Reno, NV) was notched on the needle end with a 

depth of 200 um using a Mitsubishi Model FA10S Submerged Machining High-Speed Wire 

EDM (Chiyoda, Tokyo, Japan) equipped with a 200-μm electrode. The notched needle 

allowed it to contact the bottom of each well without creating a seal and draw all that 

fraction into the syringe. After being injected into a 25-μL loop, the sample was 

concentrated into an SPE column (150 μm i.d., 360 μm o.d., 4 cm long) at a flow rate of 5 
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μL/min and separated by low-PH nanoLC. The nanoLC column (50 μm i.d., 360 μm o.d., 50 

cm length) was packed with 3-μm C18 packing material (300-Å pore size, Phenomenex, 

Terrence, CA).26 Mobile phases (Buffer A: 0.1% formic acid in water; Buffer B: 0.1% 

formic acid in acetonitrile) were delivered by a nanoUPLC pump (Dionex UltiMate 

NCP-3200RS, Thermo Scientific, Waltham, MA) at a flow rate of 150 nL/min. The LC 

method was programmed as a 100 min linear gradient from 8% to 22% Buffer B followed 

by a 15 min linear gradient to 45% Buffer B, after which the column was washed with 90% 

Buffer B for 5 min and re-equilibrated with 2% Buffer B for 20 min.

The separated peptides were analyzed using a Q Exactive plus hybrid quadrupole-Orbitrap 

mass spectrometer. The MS settings for HeLa digest were the same as those described above 

in Optimization of Offline Fractionation Conditions. For phosphopeptides, we raised the 

HCD level to 32% for efficient fragmentation and increased maximum ion accumulation 

time to 200 ms for improved sensitivity in MS/MS sequencing.

Data Analysis.

Raw data were analyzed using MS-GF plus and MaxQuant (software version 1.5.3.30)28 for 

database searching and protein/peptide quantification. For Shewanella oneidensis MR-1 

samples, the UniProtKB database (Downloaded in 2/23/2017 and containing 645 reviewed 

and 3426 unreviewed sequences) was used. The UniProtKB/Swiss-Prot human database 

containing 20,129 reviewed sequences (downloaded in 12/29/2016) was used for HeLa and 

MCF-7 samples. In the data analysis with MaxQuant, “match between runs” was disabled to 

show the absolute sensitivity of the present platform. For MSGF search, peptide length was 

limited to 6 to 50, and partially tryptic peptides were considered for identification. Both 

MaxQuant and MSGF plus were used for phosphopeptide search. For phosphopeptide 

identification, acetylation (protein N-terminus), oxidation (M), and phospho (STY) were set 

as variable modifications, and carbamidomethylation (C) was set as fixed modification. The 

false discovery rate (FDR) was set to 1% at the level of proteins, peptides, and 

modifications. Potential contaminants and reverse sequences were filtered out. Proteins 

identified by site only were filtered out. The evidence files and Phospho (STY) Site were 

used for identification of phosphopeptides and phosphorylation sites. Other unmentioned 

parameters were the same as our previous study.23 Data was analyzed by R studio 

environment and visualized by Microsoft Excel.

RESULTS AND DISCUSSION

Design of the nanoFAC 2D RPLC Platform.

The system design and workflow for the nanoFAC 2D RPLC platform are illustrated in 

Figure 1. Two commercially available PAL autosampler systems were employed to perform 

the first-dimension high-pH RPLC fractionation and the second-dimension low-pH RPLC 

separation, respectively. To greatly reduce sample losses with conventional offline 

fractionation systems, the high-pH RPLC separation was run at 300 nL/min on a 75-μm i.d. 

column. The 75-μm i.d. LC column typically has a loading capacity of ~2 μg, which is 

suitable for most small samples with the cell numbers below ~10,000. The PAL system 

provided automated fraction concatenation into either 6 or 12 wells at 1 min intervals during 
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a 96 min LC separation (Figure 1a). Each fraction had a volume of 300 nL, and thus, the 

total concatenated volume was only 4.8 μL for 6 fractions and 2.4 μL for 12 fractions. To 

increase the reliability of nanoliter-scale fraction collection, we preloaded each well of the 

96-well plate with 25 μL Buffer A (0.1% formic acid in water) as the collection buffer. 

When compared to a high-flow fractionation system with the fraction volumes over 1 mL,20 

the surface exposure area was reduced by >90%, greatly minimizing the peptide loss from 

surface absorption. More importantly, the surface losses can be further reduced by addition 

of additives into the collection buffer as described below, and the aqueous collection buffer 

reduced the acetonitrile content to <5% and acidified the fractions, enabling direct sample 

injection into the low-pH RPLC system without buffer exchange.

We have developed a lossless sample injection system by fabricating a line groove on the tip 

end of the syringe needle29 (Figure 1b). The grooved needle can be pressed down to the 

bottom of fraction wells without creating a seal that prevents sample withdrawal. Thus, all 

fractions can be fully transferred into the low-pH nanoLC-MS/MS system for proteomic 

analysis. To increase throughput and robustness, an online SPE trapping system was 

installed to enable high-flow (3–5 μL/min) sample loading and concentration. To maximize 

sensitivity, the low-pH nanoLC separation was performed at a lower flow rate of 150 nL/min 

using a 50-μm-i.d. LC column with an integrated emitter.26

Optimization of Collection Devices and Buffers.

In offline fractionation systems, peptide losses during fraction collection limit in-depth 

proteome profiling of low nanogram samples. To address this issue, we optimized the 

fractionation conditions for proteome coverage using 10 ng of protein digests from 

Shewanella oneidensis MR-1. Specifically, we evaluated the impact of collection devices 

(glass vials and 96-well plates), types and concentrations of additives, and buffers (Buffer A 

and Tris buffer) for fraction collection to reduce adsorptive surface losses.

We first tested the performance of two additives, DDM (0.01%) and Mastoparan peptide (1 

ng/μL), by spiking them into collection buffer. The surfactant DDM has been used for 

solubilizing membrane proteins and protein extraction,30,31 and Mastoparan peptide is a 

cell-permeable and hydrophobic peptide.32 Additives could potentially block active surfaces 

in collection devices so as to improve peptide recovery. Both additives were eluted at a high 

percentage of Buffer B (>50%) during LC separations, and thus they would not impact 

proteomic analysis (Figure 2a). We found that the addition of surfactant DDM can greatly 

increase the proteome coverage (Figure 2b and Figure S1a), while no significant difference 

was observed with the addition of Mastoparan peptide (Figure S1a), when compared with 

control samples without additives. We next optimized the concentrations of DDM from 

0.005% to 0.1% and found that 0.01% DDM provided the best performance in terms of 

proteome coverage and system robustness, as shown in Figure S1b. Higher concentrations of 

DDM (e.g., 0.1%) can saturate the LC column and degrade subsequent LC separations.

The surface properties of collection devices can significantly impact peptide recovery. Two 

commonly used autosampler vials were evaluated including glass vials and polypropylene 

96-well PCR plates. Surprisingly, the identified unique peptides and proteins using the 96-

well plates are 370% and 110% more than those using glass vials (Figure 2c), demonstrating 
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that 96-well plates have much less surface adsorption than glass vials. Besides exceptional 

performance in sample recovery, the polypropylene 96-well plates are much less expensive 

than glass vials, making them the most suitable devices for fraction collection.

We also investigated the performance of two buffer systems including Buffer A (0.1% 

formic acid in water, pH 3) and Tris buffer (50 mM Tris-Cl, pH 8), each with the addition of 

0.01% DDM. As shown in Figure 2d, greater proteome coverage was obtained when low-pH 

Buffer A was used. The number of peptide and protein identifications increased by 36% and 

28%, respectively, when compared to those with high-pH Tris buffer.

Based on the above systematic evaluation, we have concluded that the optimal fractionation 

conditions include the use of Buffer A (0.1% formic acid in water) as collection buffer, 

0.01% DDM as additive, and polypropylene 96-well plate as collection device.

Proteome Profiling of 100–1,000 ng of HeLa Digest.

Under optimized fractionation conditions, we evaluated the performance of the nanoFAC 2D 

RPLC platform for in-depth, low-input proteomic profiling with the use of 100 ng, 500 ng, 

and 1 μg of HeLa tryptic digest as model samples.

The nanoFAC strategy produced nearly uniform distribution of identified peptides and 

proteins across the pooled fractions (Figure S2). As shown in Figure 3a and 3b, the total 

identified unique peptides from 100 ng, 500 ng, and 1 μg of HeLa digest were 49,590, 

85,230, and 94,458, corresponding to 6,653, 7,980, and 8,260 protein groups, respectively, 

demonstrating decent proteome coverage for nanogram samples. Compared to single-shot 

nanoLC separation, the 12-fraction approach increased the identifications of peptides by 

324.8%–358.0% and proteins by 120.3%–141.9% for 100 to 1 μg of HeLa digests, 

demonstrating superior performance of the 2D RPLC platform. The slight improvement in 

peptide/protein identifications when the sample inputs increased from 500 ng to 1 μg 

indicates that MS/MS sequencing speed rather than sensitivity began to limit proteome 

coverage.33 More fractions could be generated to further improve proteome coverage. To the 

best of our knowledge, these results represented one of the highest proteome coverages 

using nanogram samples.22,23 Furthermore, the performance was also comparable to 

conventional multidimensional separation systems using much larger milligram-scale 

samples.12,15,18,34

As shown in Figure S3, the commonly identified proteins from 100 ng, 500 ng, and 1 μg of 

HeLa digests were 6233, accounting for 93.7% of the total proteins from 100 ng of HeLa 

digest. The common proteins from 500 ng and 1 μg of HeLa digests were 7,444, accounting 

for 93.3% and 90.1% of their respective total proteins. The large proportions of common 

proteins from varying amounts of starting material indicate a high degree of reproducibility 

for the present platform.

Figure 3c shows protein ranking according to their logarithmic-scale peptide spectral counts, 

which demonstrates broad dynamic ranges of the identified proteins for all three sample 

loadings. Over 5,210 proteins had ≥2 peptide spectra for 100 ng HeLa digest, indicating high 

confidence in protein identifications. The median sequence coverages for identified proteins 
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were as high as 11.3%, 17.5%, and 19.7% for 100 ng, 500 ng, and 1 μg of HeLa digests 

(Figure 3d), standing for the increases of 64.9%, 52.7%, and 77.8%, respectively, compared 

to single-shot nanoLC analysis.

Taken together, these results demonstrate that the nanoFAC 2D RPLC platform provided 

high sensitivity, high reproducibility, and deep proteome coverage for automated analysis of 

trace samples.

Phosphoproteome Profiling of 100 μg MCF-7 Digest.

Protein phosphorylation plays an important role in understanding biological regulation and 

activities.35 However, the phosphoproteomic analysis often suffers from low 

phosphorylation stoichiometry, inefficient ionization, and poor signal response when 

compared with their nonphosphopeptide counterparts, particularly for small biological 

samples.36 As a result, efficient phosphopeptide enrichment is typically required for 

phosphoproteomic analysis.37

Given that the protein phosphorylation presents at substoichiometric levels of the whole 

proteome in contrast to unmodified peptides, we also used DDM to prevent surface 

adsorption during phosphopeptide collection, which effectively increased peptide recovery. 

The number of identified phosphopeptides enriched from 20 μg of tryptic peptides of MCF-7 

was increased from 1,746 to 2,528 after using 0.01% DDM to reduce sample losses in a 

single-shot analysis (Figure S4).

Next, the phosphopeptides purified by IMAC from 100 μg of MCF-7 digest were further 

fractionated by using the nanoflow high-pH separation and automated concatenation 

strategy. Based on the previous results, the fractionated phosphopeptides were directly eluted 

into collection buffer containing 0.01% DDM solution in 0.1% FA to reduce sample losses. 

After fractionation, the number of identified phosphor-peptides was uniformly distributed in 

each fraction (Figure 4a). We identified on average ~ 5,050 phosphopeptides in each 

fraction. The selectivity for phosphopeptides after IMAC enrichment was >90%. The 

specificity of purified phosphopeptides after fractionation (93%) was slightly lower than 

single-shot analysis (95%) probably due to the increased number of low-abundance 

nonphosphopeptides after fractionation.

Compared to single-shot nanoLC analysis, the nanoflow fractionation approach (6 fractions) 

increased the number of identified unique phosphopeptides from 7,865 to 19,204 (Figure 

4b). Furthermore, the nanoflow fractionation results in detection of phosphopeptides at a 

much wider dynamic range. This can be reflected by observation of more low-abundance 

phosphopeptides when compared to single-shot analysis (Figure 4c). As shown in Figure 4d, 

most identified phosphopeptides in single-shot analysis can also be observed in the nanoFAC 

2D RPLC platform, but the new platform enables identification of an additional 62.8% of 

the total of 21,156 phosphopeptides.

In previous studies, robust approaches for single LC-MS/MS analysis such as using 

benzonase to digest DNA and RNA before IMAC enrichment or optimized IMAC protocol 

have enabled the identification of around 17,000 and more than 10,000 unique 
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phosphopeptides from 2-mg HEK 293 and 1-mg HeLa cell digests, respectively.38,39 

Coverage of the phosphoproteome can be increased to over 20,000 phospho-peptides by 

intergration of high-pH RP with TiO2
13 or IMAC.20 For submilligram samples, Chen et al.40 

combined optimized high-pH RP fractionation with Ti4+-IMAC enrichment strategy, which 

achieved the identification of 15,260 and 8,936 unique phosphopeptides from 500 μg and 

250 μg HEK 293T cell digests, respectively. Here, the optimized IMAC-nano2D-LC 

approach was able to identify 19,204 phospho-peptides including 10,222 class 1 

phosphorylation sites (local probability >0.75) by using only 100 μg MCF tryptic peptides, 

representing a >5-fold improvement in sensitivity.

Previous studies have shown that different search engines may not identify the same 

peptides, especially when the PSM scores were close to the identification threshold.41,42 The 

combination of the results from different search engines can often increase the identification 

coverage of peptides or proteins.41,43 To identify more phosphopeptides, besides MaxQuant, 

MS-GF+ was also tested. As shown in Figure 4e and 4f, ~21% more phosphopeptides can be 

identified by using MS-GF+ than MaxQuant, and ~42% of the phosphopeptides were 

identified by both search engines. In combination, the coverage of identified 

phosphopeptides in the MCF-7 phosphoproteome was increased to 31,434.

CONCLUSION

We have developed a nanoFAC 2D RPLC platform for indepth proteome and 

phosphoproteome profiling of nanoscale samples. We introduced multiple strategies to 

improve sample recovery in the intermediate interface of offline 2D RPLC separations, 

including the use of a nanoflow LC column (75-μm i.d. at 300 nL/min) for the first-

dimension separation, polypropylene 96-well plates for fraction collection, the addition of 

0.01% DDM in the collection buffer, and the full sample injection for the second-dimension 

RPLC separation. The nanoFAC 2D RPLC platform has enabled comprehensive proteome 

characterization of >6,600 proteins with only 100-ng HeLa digest, equivalent to ~500 HeLa 

cells. It also can identify ~20,000 phosphopeptides using a starting material of 100-μg 

MCF-7 digest. Recently, the proteome coverage of single-shot LC-MS analysis was greatly 

improved with the introduction of state-of-the-art MS instrumentation having enhanced 

sensitivity and scan speed, including FAIMS-Lumos,44 QE-HF-X,45 and PASEF-TIMS-

TOF.11 We anticipate the proteome coverage of the nanoFAC platform can be further 

improved when the latest-generation mass spectrometers are used.

Another significant advantage is that the nanoFAC 2D RPLC platform can be easily 

implemented in any standard proteomics laboratories because all the instrument components 

are commercially available. The notched syringe needle can be easily fabricated in a 

machine shop. In this paper, we mainly focused on improving the sensitivity of 2D RPLC 

for proteomics analysis. The analysis throughput can be readily increased by labeling each 

sample with an isobaric mass tag (TMT or iTRAQ). In addition to throughput, the nanoFAC 

2D RPLC platform is naturally fit to isobaric labeling-based quantitative proteomics.20 The 

2-dimensional RPLC separation can efficiently reduce peptide co-isolation and mitigate ratio 

compression problem.
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Besides bottom-up proteomics and phosphoproteomics analysis, the platform can be readily 

applied to other LC-MS-based omics studies, such as top-down proteomics, metabolomics, 

and lipidomics. We envision that it will have broad utilities in current biomedical and 

biological research including but not limited to the characterization of rare cell populations, 

the study of embryonic development, and spatial mapping of tissue microstructures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic diagram of the nanoFAC 2D RPLC separation platform. (a) Nanogram amounts 

of protein digest were first separated using nanoflow high-pH LC and then automatedly 

concatenated into multiple wells in a 96-well plate. Twenty-five μL of collection buffer was 

preloaded into each well. (b) Each fraction was fully injected into an online trapping system 

using an autosampler with a grooved syringe needle, (c) followed by low-pH nanoLC 

separation and MS/MS analysis.
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Figure 2. 
Optimization of nanoflow offline fractionation conditions. (a) Base-peak chromatogram of a 

typical fraction from 1 μg of HeLa digest. DDM (0.01%, w/v) was added in collection buffer 

as additive and eluted at the end of LC gradient. The right panel shows the mass spectrum of 

DDM. (b) Peptide and protein identifications with and without the addition of DDM 

(collection device: glass vial; collection buffer: Buffer A). (c) Comparison of peptide and 

protein identifications between the use of glass vials and 96-well plate as collection devices 

(additive: 0.01% DDM; collection buffer: Buffer A). (d) Comparison of peptide and protein 

identifications between the use of Buffer A and Tris as collection buffers (additive: 0.01% 

DDM; collection device: 96-well plate). Ten ng of protein digests from Shewanella 
oneidensis MR-1 was used for condition optimization from (b) to (d). Error bars indicate 

standard deviations (SDs) from 3 replicates.
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Figure 3. 
In-depth proteome analysis of 100 ng, 500 ng, and 1 μg HeLa digest samples using the 

nanoFAC 2D RPLC platform. In the first dimension, samples were separated by high-pH 

RPLC and concatenated into 12 fractions. Each fraction was transferred to the second 

dimension low-pH RPLC separation followed by MS/MS analysis. For comparison, the 

same set of samples were also directly analyzed by single-shot nanoLC MS without 

fractionation. (a) Comparison of peptide identifications and (b) protein identifications 

between 12-fractions and no fractionation. (c) Sequence coverages at different sample 

loadings. (d) Protein rank according to peptide spectral counts. Data were analyzed using 

MS-GF+.
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Figure 4. 
Performance of nanoflow 2D RPLC approach for the enriched phosphopeptides. (a) Number 

of identified phosphopeptides in each fraction by MaxQuant. (b) Numbers, (c) distribution 

of peak areas, and (d) overlaps of identified phosphopeptides with or without nanoflow 

fractionation by MaxQuant. (e) Numbers and (f) overlap of identified phosphopeptides by 

MaxQuant and MS-GF+.
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