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Abstract

The ubiquity of mass spectrometry-based bottom-up proteomic analyses as a component of 

biological investigation mandates the validation of methodologies that increase acquisition 

efficiency, improve sample coverage, and enhance profiling depth. Chromatographic separation 

is often ignored as an area of potential improvement with most analyses relying on 

traditional reversed-phase liquid chromatography (RPLC); this consistent reliance on a single 

chromatographic paradigm fundamentally limits our view of the observable proteome. Herein, 

we build upon early reports and validate porous graphitic carbon chromatography (PGC) 

as a facile means to substantially enhance proteomic coverage without changes to sample 

preparation, instrument configuration, or acquisition method. Analysis of offline fractionated 

cell line digests using both separations revealed increase peptide and protein identifications by 

43% and 24%, respectively. Increased identifications provided more comprehensive coverage of 
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cellular components and biological processes independent of protein abundance, highlighting the 

substantial quantity of proteomic information that may go undetected in standard analyses. We 

further utilize these data to reveal that label-free quantitative analyses using RPLC separations 

alone may not be reflective of actual protein constituency. Together, these data highlight the value 

and comprehension offered through PGC-MS proteomic analyses. RAW proteomic data have been 

uploaded to the MassIVE repository with primary accession code MSV000091495.
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Introduction

The long-standing need for human health- and disease-related biomolecular investigation 

has promoted the widespread development of numerous analytical disciplines. Among 

others, proteomic analyses remain a vital component of biological investigations, as 

these studies provide a more robust representation of functioning cells and living 

systems. Holistic proteomic investigations require analysis of protein expression1, 

modification2, structure3, and function4, each presenting unique instrumental, preparatory 

and bioinformatic requirements. Mass spectrometry (MS) is now the tool-of-choice in 

contemporary proteomics, as this modality facilitates the breadth of measurements required 

and remains the only high-throughput strategy for peptide sequencing and high-resolution 

mass measurements5. The current acceptance, ubiquity, and ever-increasing expertise of 

MS-based proteomic analyses continues to expand the conduit towards rapid investigation 

of biomolecular alteration in response to external stress, disease, and treatment. However, 

this analytical pursuit demands continual method development and optimization. While 

the improvements desired in MS-based proteomics are diverse and may be discussed 

separately6–9, the most fundamental need is for methodologies that enhance acquisition 

efficiency10, increase sample coverage11, and enhance profiling depth12. Efforts seeking to 

provide such improvements target either the sample preparation or instrumentation levels 
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while chromatographic separation is relatively constant and potential improvements are 

underexplored12.

By in large, high-throughput bottom-up proteomic investigations utilize reversed-phase 

liquid chromatography (RPLC) due to its reliability, availability, relatively low cost, 

and extensive innovation13–15. This modality is preferred in bottom-up experiments as 

the hydrophobicity-based retention mechanism retains and separates a large portion of 

the average proteolytic mixture. RPLC does not, however, effectively retain hydrophilic 

peptides, a shortcoming exacerbated in various analyses such as post-translational 

modification (PTM) discovery16, 17. Additionally, any hydrophilic peptides that do not 

elute in the void volume may be poorly resolved and suffer from significant ionization 

suppression in the presence of more hydrophobic, basic peptides18. Within RPLC-MS 

analyses, the willful disposal of these peptides and their potential insight into protein 

structure and function is considered an acceptable loss in favor of high identification rates 

and simpler experimental setups. For this reason, there is a critical need to implement 

facile, flexible experimental components that allow for these often-discarded analytes to be 

effectively retained, separated, and identified.

Traditionally, there have been few options when in search of chromatographic paradigms 

capable of retaining hydrophilic peptides. Hydrophilic interaction chromatography (HILIC) 

is the most common and widely reported19–21 modality but may be considered 

disadvantageous as it requires mixtures to undergo phase change into organic buffers prior to 

analysis – an obvious limitation for hydrophilic analytes. Electrostatic repulsion-hydrophilic 

interaction chromatography (ERLIC)22–25 is a recent addition to the chromatographic 

toolbox, reporting greater retention of hydrophilic peptides26 and polar analytes27–29. A 

limitation of both HILIC and ERLIC is the requirement of salt-containing buffers to 

mitigate charge effects23, 30 or to maintain and improve separation capacity31, which can 

hinder mass spectrometry detection. Porous graphitic carbon (PGC) chromatography is an 

emerging chromatographic regime that has gained popularity for its ability to retain polar, 

hydrophilic analytes32–34 with particular favor in the analysis of released glycans35–45. This 

separation strategy was shown to be suitable for the analysis of tryptic glycopeptides46, 47, 

suggesting the utility of PGC may extend beyond metabolomic and glycomic analyses. 

With growing understanding of the retention mechanism, it was recently hypothesized 

that chromatography of this nature may be a suitable complement to traditional RPLC 

in untargeted, high-throughput analyses. Early reports validated this hypothesis as PGC 

revealed a substantial improvement in peptide and protein identification, with additional 

benefits seen when column temperature is optimized48. Stating broadly the advantages that 

may be seen when PGC separations are included, these initial studies did not acutely detail 

to what extent this additional information serves to increase sample coverage, improve 

profiling depth, and affect our understanding of sample constituency.

Herein, we expand on the benefits of PGC chromatography within discovery proteomics 

experiments. Utilizing offline fractionation to partition prostate cancer cell line lysate, 

sequential analyses revealed a 43% increase in peptide identification when PGC separations 

are included, with almost all fractions revealing competitive identification rates between 

RPLC and PGC. Confident protein identifications were also increased by 23% when 
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including PGC separations, providing greater coverage of numerous cellular compartments 

and biological process pathways. Interestingly, there was no significant difference in the 

known abundances of proteins identified through each separation, suggesting proteomic 

profiling can be significantly improved without the need to explore deeper into a given 

mixture. Finally, we compiled these data into spectral libraries that were deployed in data-

independent label-free quantitative analyses. These evaluations reveal highly reproducible 

quantitation between PGC and RPLC separations when using the same collection of 

peptide precursors for quantitation. However, including the additional, complementary 

peptide identifications provided through PGC during quantitation produces significantly 

different protein expression levels than those found through RPLC alone. Overall, our work 

demonstrates the level of information that may go undiscovered in traditional proteomic 

analyses and how a narrow view of the observable proteome can impact qualitative and 

quantitative measurements. Despite the incalculable number of experimental optimizations 

intended to improve analytical throughput, each will be fundamentally hindered by a limited, 

chromatography-specific view of the proteome. For this reason, future development of PGC 

that increases retention capacity and reduces time needed to perform sequential RPLC and 

PGC will play a pivotal role in comprehensive proteome profiling.

Experimental

Materials

Water (H2O, 223623) acetonitrile (ACN, A955), methanol (MeOH, A456), chloroform 

(C298), formic acid (FA, A117), tris base (BP152), urea (U15), and hydrochloric acid 

(HCl, A144SI) were purchased from Thermo Scientific. Acetone (179124), sodium dodecyl 

sulfate (SDS, 7173C), dithiothreitol (DTT, D9779), and iodoacetamide (IAA, I6125) were 

purchased from Millipore Sigma. Trypisn (V5113) was purchased from Promega (Madison, 

WI). RPLC packing materials (4451IP, 4472IP) were purchased from Osaka Soda Co 

(Osaka, Japan). PGC packing material was harvested from ThermoFisher PGC guard 

columns (35003-014001). Capillary tubing (1068150019) was purchased from PolyMicro. 

All other sources are listed.

Cell Growth

Benign prostate hyperplasia to prostate cancer (BCaP) cell lines were generated and 

described previously49. A tumorigenic cell line (BCaP-T10) and an aggressive, metastatic, 

tumorigenic cell line (BCaP-MT10) are used throughout these analyses. Growth conditions 

are listed in the Supporting Information.

Protein Extraction and Digestion

Cell pellets were resuspended in 4 volumes 50mM Tris-HCl, 4% SDS prior to lysis via 

ultrasonication. Lysates were centrifuged to remove cell debris and protein concentration 

was estimated via bicinchoninic acid (BCA) assay (ThermoFisher Scientific, 23225). 

Disulfide bonds were reduced with 450mM DTT for 30 minutes at 55°C followed by 

alkylation with 10mM IAA at room temperature for 15 minutes. Protein was extracted 

through repeated additions of cold 80% acetone and incubation at −20°C. Protein was 

reconstituted in 8M urea with 1x protease inhibitor cocktail (Roche, 05892791001 and 
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04906837001). Aliquots of crude protein were diluted 1:10 with 50mM Tris-HCl to reduce 

urea concentration to <1 M followed by two additions of trypsin for digestion. Trypsin 

was added 1:100 w:w and incubated for four hours at 37°C followed by a second addition 

of trypsin 1:50 that was left to incubate overnight at 37°C. Proteolytic mixtures were 

desalted, dried under vacuum, and peptide concentration was estimated via peptide assay 

(ThermoFisher Scientific, 23275).

HPLC Fractionation

Samples were fractionated using a Waters e2695 separation module equipped with a Waters 

2489 UV-Vis detector operating in acquiring at 214 and 280nm. A Phenomenex Kinetex 

2.6um PS C18 100Å column (150mm x 4.6mm) was used for separation. Buffers A and B 

were H2O+0.1% FA and ACN+0.1%FA, respectively. 100ug each of T10 and MT10 lysate 

digest were combined, dried, and reconstituted in buffer A prior to separation. Samples were 

separated using a 94 min gradient of the following composition: 1% buffer B from minute 

0-5, 40% buffer B at minute 50, 60% buffer B at minute 54, 70% buffer B at minute 58, 

100% buffer B from minutes 59-74, 1% buffer B from minutes 74.5-94. Flow rate was set 

to 0.2 mL/min. Fractions were collected in 1.5-minute intervals between minutes 10-70 and 

were combined as described below (see Results and Discussion).

LC-MS/MS

Samples were analyzed using a Dionex nanoUltimate 3000 chromatography stack coupled 

to a ThermoFisher Scientific Orbitrap Fusion Lumos. Separation was performed on 15cm 

custom-packed capillary columns, which were prepared as described in the Supporting 

Information. Buffers A and B were H2O+0.1% FA and ACN+0.1%FA, respectively. A 

flow rate of 350 nL/min and the following 110 gradient were used for all analyses: 3% 

buffer B from minutes 0-18.3, 35% buffer B at minute 90, 95% buffer B from minutes 

90.5-100, 3% buffer B from minutes 101-110. The following MS1 parameters were used for 

DDA analyses: resolution, 120,000; scan range, 400-1250m/z; AGC target, 2e5; maximum 

injection time, 50ms; intensity threshold, 2e4; charge state, 2-6; dynamic exclusion, after 

1 occurrence for 45s. The MS2 parameters were as follows: resolution, 60,000; isolation 

width 1 m/z; activation, HCD 30; AGC target, 1e4; fixed first mass, 100m/z. For DIA 

analyses, MS1 settings were resolution, 120,000; scan range, 400-1250m/z; AGC target, 

1e6; maximum injection time, 50ms. DIA MS2 parameters were resolution, 60,000; scan 

range, 200-2000m/z; isolation window 24m/z; activation, HCD 30; AGC target, 1e5; 

maximum injection time, 45ms; loop control N=9. All fractions and all samples were 

analyzed in technical duplicate.

Database Searching

DDA data were processed using FragPipe 18.0 with MSFragger50 3.5. An open-source 

Python library, easypqp, was used to generate spectral libraries from processed DDA 

runs; RPLC and PGC libraries were generated separately. These spectral libraries were 

imported to DIA-NN51 for analysis of data-independent analyses. All parameters used 

within MSFragger and DIA-NN may be found in the Supporting Information.
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Data and Code Availability

RAW proteomic data have been uploaded to the MassIVE repository with primary 

accession code MSV000091495. All code and files required to reproduce the analyses and 

figures presented within can be found at https://github.com/lingjunli-research/pgc-rplc-frac-

profiling.

Results and Discussion

Profiling Fractionated Prostate Cancer Cell Lysate

Within mass spectrometry-based proteomic analyses, the profiling depth that may be 

achieved is directly tied to the efficiency with which biological mixtures are simplified 

during separation. Often, a single chromatographic modality does not provide the requisite 

simplicity for deep profiling, leading many to employ offline fractionation. As previous 

analyses have directly compared RPLC and PGC in shotgun analyses48, we chose to 

employ offline fractionation both to further profile the level of information gained through 

the addition of PGC separations, as well as mimic common decomplexation techniques 

within bottom-up proteomics. Pooling tumorigenic and metastatic prostate cancer cell 

lysate, reversed phase offline fractionation was performed to partition the complex mixture 

and each fraction was analyzed sequentially via RPLC- and PGC-MS analysis (Figure 

1a). After fractionation (see Experimental), the 280nm absorbance trace was integrated 

across the fractionation window (minutes 10-70). The integrated area was divided into 

8 approximately equal segments, all fractions within a segment were pooled for LC-MS 

analysis (Figure 1b). As previous studies have reiterated the capacity of PGC to separate 

polar, hydrophilic analytes, we elected to combine fractions sequentially, keeping peptides 

of similar hydrophobicity together.

We hypothesized the sequential combination would result in the greatest contrast between 

RPLC and PGC analyses. Theoretically, the early fractions containing predominantly 

hydrophilic analytes should be poorly retained and elute early in subsequent RPLC-MS, 

whereas PGC should retain these analytes far longer and have elution profiles inversely 

correlated with fraction number (i.e., peptides in early fractions elute late and vice versa). 

Examining the time points of all confidently identified peptides, we see this theoretical 

expectation largely holds true in RPLC analyses but not for PGC separations (Figure 2a, 

Table S1). Rather, PGC separations demonstrate a progressive trend in peptide retention 

times, similar to that of RPLC analyses, suggesting that peptide hydrophobicity is not solely 

responsible for PGC retention. As well, we had anticipated PGC elution profiles to be more 

broadly distributed than those in RPLC separations, which was only marginally observed. 

This observation indicates the LC gradient used within our analyses – one modeled from 

typical RPLC experiments – is not the most appropriate for PGC separations and later 

optimizations will result in more effective PGC peptide separation (Supplemental Figure 

S1).

Examining the overall peptide identifications within each fraction, initial comparisons 

show RPLC outpaces PGC across all fractions (Figure 2b), mirroring those observations 

seen elsewhere48. However, given the anticipated redundancy in identifications, removing 
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peptides detected through both separation modalities reveals PGC separations are 

competitive, especially for those early, predominantly hydrophilic fractions (Figure 2b). 

Furthermore, the number of peptides specific to a single separation paradigm serves 

to highlight how much proteomic information may be lost during typical RPLC-MS 

analyses. Overall, RPLC analysis of offline fractions revealed 34,261 peptides with 21,266 

unique to this separation. The inclusion of PGC separations revealed an additional 14,783 

peptides, a 43% increase compared to RPLC alone, culminating in 49,044 total peptide 

sequences (Figure 2c). As anticipated, PGC provided greater access to those hydrophilic 

peptides across all fractions (Figure 2d) in addition to selectively retaining shorter analytes 

compared to RPLC (Figure 2e). While these high-level results are encouraging at face 

value, they should be further contextualized within this experiment. Here, we utilized offline 

fractionation, which empirically improves profiling capability of RPLC analyses. As we 

compare the analysis of eight separate fractions between two independent, complementary 

separation paradigms may be questioned whether the strategy used here is more beneficial 

than analyzing 16 less complex fractions through RPLC alone. This question should be 

investigated independently. We hypothesize implementing a more extensive fractionation 

strategy would improve the number of peptide identifications but would not recover the 

entirety those peptides found only in PGC analyses; the characteristics of those PGC-

compatible peptides is incongruent with RPLC separations. Nevertheless, given that we 

are still able to extract such an extensive quantity of additional information through PGC 

analyses even when modest fractionation is performed, it is even more clear the level of 

information that is lost in single-separation, RPLC shotgun proteomics.

One consideration in PGC analyses, however, is the software and parameters used during 

peptide identification. Within this study we utilized MSFragger, a well-recognized suite 

of tools with demonstrated merit50. A highly beneficial component of this software is the 

ability generate in silico tandem MS spectra and theoretical retention times that may be used 

as a scoring mechanism for identified peptides. Within our analyses, peptides identified in 

RPLC separations regularly scored higher and may be considered more confident matches 

than those in PGC separations (Figure 2f). Certainly, it is possible that all RPLC-retained 

peptides produced better spectra; however, peptides identified in PGC analyses also fell 

behind in score of the next-best peptide sequence identification, match to theoretical 

retention time, and PeptideProphet expectation52 (Supplemental Figure S2). Given the 

consistency with which PGC peptides score below RPLC peptides, this is most likely a 

reflection of how database searching tools, statistical models, and predicted expectations 

are largely trained upon datasets that utilize RPLC separations. We do not argue that the 

retention and separation capacity of RPLC is superior to that of PGC, as demonstrated 

here and previously48, but given these observations and further discussion provided below, 

we posit that the heavy emphasis on RPLC separations in the construction and utilization 

of bioinformatic tools presents a fundamental limitation in the ability to correctly and 

confidently identify peptides in PGC-MS experiments.

Finally, we must consider the peak capacity of each separation paradigm. A limitation of 

this experimental design is inconsistent particle diameter between RPLC and PGC columns 

(RPLC d.p.=1.7um, PGC d.p.=3.0um). For this reason, the theoretical peak capacity and 

plate heights is substantially different between the two. If we assume all factors are 
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consistent between the two separations, plate height should be approximately three-fold 

shorter in the RPLC column. This discrepancy in plate height, and therefore peak capacity, 

does provide a substantial benefit to RPLC separations and may help explain the higher 

identification rates in RPLC analyses. Though, if we look at the empirical differences in 

peak capacity, the two separations are comparable. Peak width and height are not reported 

directly in our analysis pipeline making analysis of thousands of peptides untenable. 

Examining, however, a collection of peptides identified in every sample and every replicate 

of our DIA analyses (read below), we binned peptides according to their RPLC retention 

time and selected the most abundant peptide within each 10-minute bin. Extracting the 

signal for each of the 10 representative peptides and determining FWHM allows us to 

calculate plate number at a given time using the formula N = 5.545 tr
wℎ

2
. As shown in 

Supplemental Figure S3 and Table S2, plate number is generally higher in PGC columns 

for all eligible time points until the later portions of the gradient. Though these peptides are 

only a subset of the overall data, we can infer that it is not peak capacity or plate height 

that significantly drives differences in analyte recognition, instead it is the compatibility 

of peptides with the retention mechanism of each column. These data demonstrate PGC 

separations do not yield limitations in analyte resolution, peak capacity or plate heights and 

is a performant separation modality when compatible analytes are presented.

Enhanced Protein Identification, Compartment Coverage and Pathway Completeness

Encouraged by the improved peptide recognition provided when PGC separations are used 

in addition to RPLC, we anticipated the number of peptides identified would directly 

correlate to the number of proteins identified through both separations. Considering all 

proteotypic peptides identified in a given fraction, PGC and RPLC yielded virtually identical 

numbers of proteins except for those later fractions where RPLC excelled (Figure 3a). 

However, knowing the redundancy in peptide identifications between the two separations 

(Figure 2c), removing these redundant identifications reveals notable improvements in 

protein recognition enabled through PGC separations. Though both separations provided 

access to different collections of proteins, PGC outpaces RPLC in the number of 

unique protein identifications, especially within the inner-most fractions (Figure 3a). This 

observation is particularly valuable when considered alongside the differences in peptide 

identifications shown in Figure 2. RPLC identified more peptides overall and in all fractions 

except for one; however, those peptides do not map to a larger collection of proteins. This 

likely speaks to the known limitations in typical RPLC-MS analyses where data-dependent 

acquisition experiments bias towards identification of those highly abundant, hydrophobic 

peptides that ionize well and can cause signal suppression of unique, low-abundance 

analytes. PGC, which provided a greater number of unique protein species, likely benefits 

from the smaller number of peptides within each protein that are compatible with the 

separation modality, reducing overall number of peptides but increasing number of proteins 

being identified.

In total, 3,868 proteins were identified through both separations with PGC and RPLC 

revealing 1,130 and 752 separation-specific proteins, respectively (Figure 3b). Increased 

identification rates alone are notable, though we hypothesized the significant increase in 
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protein identification rates likely signaled greater profiling depth across the experiment. 

Organizing all identified proteins into their known subcellular compartments (as listed in the 

UniProt knowledgebase) reveals the improved compartment coverage when PGC separations 

are used (Figure 3c). While we anticipated PGC would enable more comprehensive 

coverage of the cytoplasm, nucleus and other compartments with predominantly cytosolic 

proteins, our data also revealed PGC was able to improve the detection of membrane 

and membrane-associated proteins. These observations are encouraging as it demonstrates 

that PGC broadly provides more effective protein recognition and is not biased towards 

compartments dominated by hydrophilic species.

As PGC separations noticeably augmented the proteome coverage achieved through 

traditional RPLC-MS analyses, we allowed ourselves to consider the possibility that PGC 

was sampling deeper into the biological matrix, identifying species lower in abundance. To 

evaluate this possibility, we referenced the proteins in our dataset against the anticipated 

expression of all proteins within the human proteome, as provided by Pax-DB53 (see 

Supplemental Information, Table S3). As shown in Figure 3d–e, the proteins identified 

through both separations were those known to be highest in abundance. However, proteins 

unique to a single separation were not significantly different in abundance (p-value=8.68e-2, 

Mann-Whitney U test), with PGC separations showing only a slightly greater density of 

lower abundance species. This observation alone would lead us to believe PGC does not 

significantly enhance profiling depth, rather it provides greater breadth. However, comparing 

the global protein populations provides an obtuse conclusion, as there is no information 

as to protein relatedness or activity. As such, we further categorized proteins according 

to their biological processes to determine whether PGC separations provide any better 

coverage of physiological pathways or protein communities. Of those biological processes 

represented by at least 50 members, many were enhanced through the inclusion of PGC 

separations, providing detection of lower abundance proteins (Figure 3f, Table S4). For 

example, PGC provided greater coverage of mRNA splicing, translation, lipid metabolic 

process, and protein localization by identifying species lower in abundance than those seen 

in RPLC analyses. Noting there are other pathways where RPLC provides identification of 

lower abundance species (Figure 3f), PGC does still provide benefit in amplifying pathway 

coverage and revealing information that may be otherwise lost.

Overall, the peptide- and protein-level results presented here serve to illustrate the breadth 

and depth of information reclaimed when utilizing PGC analyses in addition to RPLC. 

Within this experiment, we utilized offline fractionation to reduce matrix complexity and 

enable greater sample coverage, anticipating PGC separations would benefit analyses of 

those predominantly hydrophilic fractions but would provide negligible enhancement of 

others. However, these expectations were largely subverted as PGC separations provided 

substantial increases to peptide and protein recognition in almost all cases. More 

interestingly, the additional proteins identified in PGC experiments showed virtually no 

difference in known abundance as those seen in RPLC analyses. These observations indicate 

current proteomics should not only focus on exploring deeper into the proteome but 

should also consider exploring broader coverage. Our data shows within all analyses – 

not just shotgun experiments – using a single separation will most likely provide a limited, 
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biased view of the proteome. By utilizing and optimizing facile, complementary separation 

strategies, these limitations may be systematically addressed and overcome.

PGC Analyses Enable More Representative Label-Free Protein Quantitation

Data-independent acquisition (DIA) MS is rapidly gaining favor in analysis of biological 

mixtures as it provides higher throughput and greater profiling depth54. Critically, the 

comprehensive and reproducible nature of DIA-MS has promoted its widespread use 

in label-free protein quantitation54–56. After confident precursor assignment, protein 

quantitation in DIA analyses is enabled through summating peptide or transition ion 

abundances or peak area, though variations to this workflow have been described57. 

As we have established the vast, complementary proteomic information provided when 

PGC separations are used to augment RPLC-MS analyses, our ability to quantify 

proteins is similarly enhanced. However, while PGC enables identification, and therefore 

quantitation, of proteins previously unseen in RPLC-MS, PGC also enabled the retention 

and identification of additional peptides from protein sequences already identified. Knowing 

common label-free protein quantitation in DIA analyses utilizes summated precursor 

abundances, the additional peptides identified through PGC are likely to significantly impact 

quantitative estimations.

To investigate this claim, we compiled the data-dependent analyses of the offline fractions 

into two spectral libraries, one for each separation regime. After DIA analyses of 

tumorigenic (T10) and metastatic (MT10) prostate cancer cell line digests, these libraries 

were deployed for precursor assignment. Peptide identification rates resembled the trend 

observed in DDA analyses of fractions, though fewer were identified overall (Figure 4a, 

Table S5). The number of identified proteins, however, was comparable between the two 

separations. This observation, which does not coincide with our DDA analyses, is likely 

a result of the compressed elution profile observed through PGC separations (Figure 4b), 

rearticulating the need to investigate the optimal gradient composition for this paradigm. 

During manual interrogation of these identifications, we noted an additional aspect of 

chromatographic behavior that may present limitation. Focusing on peptides identified 

in both separations, these peptides were almost unanimously retained longer in PGC 

separations (Figure 4c), 11.68 minutes longer on average. Expectedly, those with greatest 

retention time difference were generally those with highest hydrophilicity and polarity 

(Supplemental Figure S4). These differences in retention time do not impact our DIA 

analyses as we are using empirical spectral libraries where the experimental MS spectra 

and retention time are known and used for identification. However, library-free analyses are 

gaining popularity as they are efficient and can expand profiling capacity while eliminating 

the need to generate extensive libraries. We posit library-free analysis built into current 

software is not suitable for PGC-DIA-MS analyses.

Library-free analyses, such as that offered through DIA-NN, work by using machine 

learning approaches to generate theoretical tandem-MS spectra and peptide retention times. 

These tools are constructed on the extensive body of RPLC-MS proteomics data, making 

them accurate, reliable tools when RPLC is the separation regime. However, the significant 

difference in peptide retention time observed in our PGC analyses means that library-
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free tools such as DIA-NN would struggle to make accurate retention time predictions 

and would provide limited peptide and protein identifications. We briefly investigated 

this claim by performing library-free analyses of our DIA datasets (see Supplemental 

Information). Agreeing with previous literature, library-free data processing resulted in 

significant improvements in the number of precursors and proteins identified in RPLC 

analyses (Supplemental Figure S5). These improvements are largely due to the rigorous, 

well-aligned in silico spectra and retention times predicted for our RPLC separations. 

Nevertheless, library-free results for our PGC datasets were rather poor, as expected, 

identifying only marginally more peptides but far fewer proteins compared to our chosen 

spectral-library approach (Supplemental Figure S5). As we are confident these deficiencies 

stem from the inability to correctly predict precursor retention time, users must either rely 

on empirical spectral libraries or develop custom machine learning approaches that provide 

rigorous, accurate retention time predictions for PGC-DIA-MS analyses.

These limitations notwithstanding, we turned our attention to ensuring technical 

reproducibility and quantitative accuracy. DIA-NN implements strict requirements for 

precursor assignment, offers matching between runs, and has a built-in FDR estimation. 

These features, alongside the implementation of the MaxLFQ algorithm58, allow for highly 

reproducible protein-level estimations. Within our analyses, both separation paradigms 

provided excellent intra-sample reproducibility (Pearson R2>0.99, Figure 3d) and low 

variance (Figure 3e) in protein abundance estimations, indicating both separations are 

suitable for high-throughput quantitative DIA-MS analyses. To directly compare protein 

abundance estimations between PGC and RPLC experiments, all proteotypic peptides 

identified in both separations were compiled, grouped by protein precursor, and peptide 

MS1 areas were summed and then averaged across technical duplicates. For each of the 

two prostate cancer samples analyzed, approximately 2,100 proteins could be directly 

compared between each separation paradigm, demonstrating excellent correlation (R2≈0.95, 

Figure 4f). This observation indicates that extracted precursor area is conserved regardless 

of the separation modality employed and that protein-level estimations made through 

one separation modality will largely hold true in the other. Knowing this, we may 

reliably combine extracted precursor areas of separation-specific peptides to achieve more 

representative protein abundances.

To evaluate how protein quantity estimations change when PGC separations are used in 

tandem with RPLC, we compiled all proteotypic peptides regardless of their identifying 

separation, summated peptide areas and averaged technical replicates as above. We observed 

poor correlation (Pearson R2≤0.5, Figure 4g) of these new, adjusted protein abundances to 

those calculated using peptides from RPLC experiments alone. As well, protein quantities 

were significantly different between the two calculations, 963 proteins having notably 

greater calculated abundance (≥0.25-fold increase) with 465 and 133 proteins shown to 

be at least 1- and 2-fold greater, respectively (Figure 4h). These substantial differences in 

protein level estimations further evidence the swath of information lost or left undiscovered 

in routine RPLC analyses. Even if our quantitative approach was altered to utilize averaged 

peptide abundances or only the N-most abundant peptides from each protein, our data 

suggest the resulting protein abundance estimations could be significantly impacted.
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Within this single experiment, PGC separations enable the retention and identification of 

topical peptide precursors that not only enhance proteomic coverage but also present the 

possibility of significantly impacting our perception of protein regulation, pathway activity, 

and sample constituency. As such, we hold the position that RPLC separations may never be 

replaced or supplanted but we can, and should, turn our attention to developing facile, high-

throughput strategies that enable complementary proteomic investigations. Our data validate 

PGC not as the single solution to these endeavors but as one suitable strategy that enables 

more comprehensive, representative analyses. We are confident PGC can gain purchase 

within the ever-changing analytical landscape and that engineering developments, targeted 

optimization, and increased utilization will help drive the future proteomic investigations.

Conclusions

Validated methodologies that increase efficiency and enable more comprehensive sample 

coverage are an ever-present need in mass spectrometry-based proteomics. Whereas high-

throughput measurements continue to rely on RPLC as the principal separation strategy, this 

report details to what extent the incorporation of PGC chromatography may enhance routine 

analyses. Without changes to sample preparation, gradient composition, or acquisition 

parameters, the inclusion of porous graphitic carbon provided a significant increase in 

peptide and protein identifications and resulted in greater coverage of cellular compartments 

and biological pathways. Our report also demonstrates how these additional peptide 

identifications significantly impact downstream protein quantitation when compared against 

RPLC-MS based measurements. These data further highlight the utility of PGC separations 

within broad proteome profiling and the effort to provide more comprehensive analyses.

Though our data suggests PGC is not biased towards any cellular compartment or towards 

proteins at higher abundance, the retention mechanism of PGC make it naturally adept 

for the retention and identification of shorter, more hydrophilic peptides and those with 

a high proportion of aromatic residues. Furthermore, the analyses presented here do not 

target or take into consideration protein post-translational modification. Empirical evidence 

suggests there is benefit in utilizing PGC separations in the analysis of glycopeptides – 

where the relative hydrophilicity of analytes will shift higher – though other modifications 

have yet to be explored. It may very well be the case that other classes of modified 

peptides see a similar augmentation in retention and identification when PGC separations are 

employed. We are confident that the results presented here, alongside our previous works 

and others in the field, provide readers with sufficient evidence to make rational decisions 

over experimental design, and to determine when PGC separations will significantly 

support analytical objectives. In all, this report should serve to highlight the emerging 

potential of this separation paradigm in discovery analyses. Upon development of tailored 

chromatographic and MS acquisition parameters, it is clear PGC separations present a valid, 

worthwhile avenue towards comprehensive analysis across a range of applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Analytical workflow and offline fractionation. a) Graphical representation of proposed 

analytical workflow whereby pooled prostate cancer cell line digests are fractionated offline 

and analyzed through both RPLC- and PGC-MS. b) Absorbance (280nm) trace collected 

during fractionation of pooled BCaP-T10 and BCaP-MT10; vertical lines represent the 

1.5 minute divisions of each fraction collected. The trace was integrated between minutes 

10-70 and divided into 8 approximately equal components. All fractions within these 8 

components (depicted by the gray boxes) were combined to make 8 final fractions used for 

analysis.
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Figure 2. 
Peptide-level differences between PGC (orange) and RPLC (blue) analyses. a) Density plots 

displaying the time points during which peptides were identified. b) Total peptides (left) and 

number of column-specific peptides (right) identified in each fraction. “Column-specific” 

refers to peptides identified only through that single separation modality. c) Overlap of 

all peptides identified in all fractions. d) Relative hydrophilicity of all peptides identified 

within a given separation method. Grand average of hydropathy (GRAVY) calculations 

are grouped by retention time and averaged across fractions. e) Jitter plots displaying 

the length of peptides identified through both separations. f) Line plots displaying the 

average hyperscore, an MSFragger metric of confidence, for all peptides in a single fraction, 

partitioned according to the separation that retained them.
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Figure 3. 
PGC analyses (orange) provide enhanced protein identification compared to RPLC (blue) 

alone. a) Quantities of total (top) and column-specific (bottom) proteins identified in each 

fraction. “Column-specific” refers to peptides identified only through that single separation 

modality. b) Overlap of proteins identified across all fractions. c) Six representative cellular 

compartments displaying the number of proteins localized within those compartments 

and through what separations they were identified; PGC (orange), RPLC (blue), both 

columns (gray). d) Proteins identified across all fractions sorted and ranked according to 

expected protein abundance within the human proteome of ~20,000 proteins. Expected 

abundances are normalized according to quantities estimated in the protein abundance 

database, Pax-DB (see Supporting Information). e) Boxplots displaying the distribution 

of protein abundances identified in either separation. Statistical differences noted in text 

or in available. f) Representative biological processes identified across all fractions with 

boxplots displaying the distribution of protein abundances identified within those pathways. 

Statistical significance may be generated from supplementary Table S3.
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Figure 4. 
Spectral library-based DIA-MS analysis of prostate cell lines. a) Overlap of peptides and 

proteins identified through both separations. Results are combined across the two cell 

lines analyzed. b) Density plots representing the elution profiles of peptides identified in 

both PGC and RPLC experiments. c) Retention times of representative peptides identified 

through both separation paradigms displaying the significantly later times associated 

with PGC analysis. d) Intrasample reproducibility of protein-level abundance calculated 

after DIA-MS analyses. e) Violin plots displaying the percent difference in protein 

abundance between technical replicates. f) Scatter plot displaying the agreement of protein 

abundances when using peptide precursors identified in both separation regimes. g) Protein 

abundances calculated using all proteotypic peptide precursors plotted against protein 

abundances estimated using only precursors found in RPLC analyses. h) The count of 

proteins showing increased abundance estimations after PGC peptides are included. Vertical 

bars represent count and horizontal axis is the binned fold increase as calculated by 

FoldIncrease = log2 RPLC + PGCabundance − log2 RPLCabundance .
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