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Abstract

Prolyl hydroxylation is a post-translational modification (PTM) that plays an important role in the 

formation of collagen fibrils and in the oxygen-dependent regulation of Hypoxia Inducible Factor-

α (HIF-α). While this modification has been well characterized in the context of these proteins, it 

remains unclear to what extent it occurs in the remaining mammalian proteome. We explored this 

question using mass spectrometry to analyze cellular extracts subjected to various fractionation 

strategies. In one strategy, we employed the von Hippel Lindau tumor suppressor protein (VHL), 

which recognizes prolyl hydroxylated HIF-α, as a scaffold for generating hydroxyproline capture 

reagents. We report novel sites of prolyl hydroxylation within five proteins: FK506-binding 

protein 10 (FKBP10), Myosin heavy chain 10 (MYH10), Hexokinase 2 (HK2), Pyruvate Kinase 

(PKM), and C-1 Tetrahydrofolate synthase (MTHFD1). Furthermore, we show that identification 

of prolyl hydroxylation presents a significant technical challenge owing to widespread isobaric 

methionine oxidation, and that manual inspection of spectra of modified peptides in this context is 

critical for validation.
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1 Introduction

Prolyl hydroxylation is a well-recognized PTM, but the extent of its occurrence in 

mammalian cells has not been well characterized. In collagen, upwards of 30% of prolines 

may be hydroxylated, and subsequent studies have shown that additional secreted or 

membrane bound proteins possess this modification including elastin, complement C1q, 

acetylcholinesterase, and others [1–8]. Importantly, prolyl hydroxylation has been found to 
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be the critical PTM that regulates the protein turnover of Hypoxia Inducible Factor-α (HIF-

α), the master transcriptional regulator of the hypoxic response [9]. Prolyl Hydroxylase 

Domain protein (PHD) site-specifically prolyl hydroxylates HIF-α in an oxygen-dependent 

manner. This modification provides a binding platform for the von Hippel Lindau protein 

(VHL)-containing E3 ubiquitin ligase complex that specifically targets hydroxylated HIF-α 

for degradation.

The discovery of regulatory prolyl hydroxylation on HIF-α raises the question of whether 

this distinctive modification may exist on other proteins. To date, little systematic research 

has been performed to determine the extent of this modification in the proteome. To address 

this, we employed high-resolution MS in combination with a number of fractionation 

strategies.

As a PTM, prolyl hydroxylation has a number of features that would be predicted to 

facilitate its identification, namely its relative stability and the absence of known 

dehydroxylases that could reverse this modification. However, at the same time, its 

identification presents considerable technical challenges, not the least of which is the 

presence of abundant methionine oxidation which yields a mass shift isobaric to proline 

hydroxylation. Isobaric modifications lessen the degree to which high mass accuracy (>1 

ppm) spectrometers and associated bioinformatics tools can effectively differentiate between 

these types of modification in the absence of high quality fragmentation spectra. These 

factors can make the identification of hydroxylation particularly difficult.

Despite these considerable challenges, through a careful systematic search in conjunction 

with novel confirmation strategies, we describe the occurrence of site-specific prolyl 

hydroxylations on several proteins, none of which, to our knowledge, have been previously 

reported. We also identify limitations and discuss critical considerations in large-scale 

interrogation of protein oxidation events. We examine the differences in identifications 

made between two alternate analysis algorithms and contend that manual inspection of 

individual spectra is essential to proper interpretation of data.

2 Materials and Methods

2.1 Cell lines

Hela S3 cells were obtained from the ATCC and were maintained in spinner flasks in 

Joklik's modified Eagle's medium supplemented with 5% FCS, 100 units/ml penicillin, and 

100 μg/ml streptomycin. The source of the HEK293FT cells has been described [10], and 

the cells were maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin, 

and 100 μg/ml streptomycin.

2.2 Cell extract preparation

Cells were treated with the proteasome inhibitor MG132 (10 μM, Sigma) for 4 hr, washed 

with PBS, and then lysed. Cells were lysed in one of two ways. In one, they were lysed with 

RIPA buffer (20 mM Tris, pH 8, 150 mM NaCl, 1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate) supplemented with protease inhibitor cocktail 

(Sigma). Alternatively, cells were lysed directly in ST (100 mM Tris, pH 7.6, 4% SDS), and 
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sonicated. In the latter case, following protein concentration measurements, DTT was added 

to a final concentration of 100 mM. Protein concentrations were determined using the DC 

Protein Assay kit (Bio-Rad).

2.3 Tryptic peptide preparation

Samples were dissolved in SDT (4% SDS, 100 mM DTT, 100 mM Tris-Cl, pH 7.6), and 

then subjected to alkylation and trypsin digestion using Filter Aided Sample Preparation 

(FASP) and Microcon YM-30 filtration units [11,12]. The sample was acidified by adding 

TFA to a final concentration of 0.1% to inhibit any further trypsin activity.

2.4 Isoelectric focusing (IEF)

Tryptic peptides obtained by FASP were fractionated on an Agilent 3100 OFFGEL IEF 

apparatus according the manufacturer's instructions.

2.5 Gel filtration

Hela S3 cells were pelleted, washed in buffer A (10 mM Hepes, pH 7.9, 10 mM KCl), 

resuspended in three packed cell volumes of buffer A supplemented with mammalian 

protease inhibitor cocktail, allowed to swell on ice for 10 min, and then lysed by Dounce 

homogenization. The cytoplasmic extract was obtained following centrifugation at 15,800 × 

g for 15 min at 4 °C. The extract was loaded onto a Superdex 200 HR 10/30 gel filtration 

column equilibrated with PBS on an Akta FPLC system consisting of a P-920 pump, a 

UPC-900 monitor, and a Frac-950 fraction collector. The flow rate was 0.25 ml/min. 

Fractions of 2 ml volume were collected, and proteins precipitated by the addition of 1/10 

volume of trichloroacetic acid. Gel filtration standards (1.35 kDa to 670 kDa) were from 

Bio-Rad.

2.6 Mass spectrometry

Samples were desalted and concentrated using C18 StageTips [13]. Peptides were separated 

on 50 cm × 75 μM Picofrit column that was packed with 4 μM C12 Jupiter Proteo beads 

(Phenomenex) that was maintained at 50 °C (Phoenix S&T). Nanoflow chromatography was 

performed at 300 nL/min using a 90 minute linear gradient from 2% to 42% ACN in 0.5% 

acetic acid. ESI was done at 2.2 kV with a Phoenix S&T μAutoNano spray source coupled 

to a Thermo Scientific LTQ-Orbitrap hybrid mass spectrometer. Full mass range of m/z 

370-2000 was acquired in the Orbitrap at 60,000 resolution at 400 m/z, and the five most 

intense ions were selected for MS/MS fragmentation in the linear ion trap with a normalized 

collision energy of 35%. The Orbitrap had a target fill count of 3×106 ions, and the ion trap 

had a target fill count of 1×104 ions.

2.7 Protein identification and data analysis

Data analysis was performed using two software packages. One was the Tide software 

package [14], which provides a highly optimized algorithm for generating SEQUEST Xcorr 

scores [15]. Briefly, normalized spectra sorted by precursor mass were compared against a 

pre-compiled in silico digestion of the human proteome based on the Uniref100 database 

(downloaded August 14, 2012) using a 0.05 Th precursor mass window. 
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Carbamidomethylation of cysteine was specified as a fixed modification. Additionally, we 

specified up to 2 variable modifications/peptide allowing potential single oxidations at any 

of the sites previously reported in Unimod [16], along with single or double oxidation of 

methionine or tryptophan. Filtering on a q-value of 0.01 was performed using the Q-ranker 

software package [17] and a scrambled protein database.

Data was also analyzed using MaxQuant software v. 1.3.0.5 [18], and spectra were searched 

using the MaxQuant search engine, Andromeda, against the human proteome in the Uniref 

100 database. Fixed and variable modifications were set as described for Tide based 

analyses above. Filtering of both protein and peptide identification and PTM site localization 

were set at 1% false discovery rate (FDR). Search space was limited to a maximum of 3 

modifications per peptide. All PTM identifications, from both Tide and MaxQuant, were 

post-hoc filtered based on deviation from the predicted precursor mass to those within 1 

ppm. Visual analysis of identified fragmentation spectra, obtained from either Tide or 

MaxQuant analysis, was performed using the Molecular Weight Calculator software 

package (v. 6.49, PNNL, US DOE) or the Viewer component of the MaxQuant software 

package, respectively.

2.8 Peptide Synthesis and Identification

Synthetic peptides containing 4-hydroxyproline were obtained from GenScript (Piscataway, 

NJ). On account of a cysteine residue, the synthetic peptide corresponding to the PKM 

fragment was alkylated with iodoacetamide as described above. All peptides were dissolved 

in LC running buffer, and 30-300 ng was subjected to LC-MS/MS analysis as described. 

Fragmentation spectra were assessed manually as described above.

3 Results

3.1 Overall strategy

First, whole cell extracts were prepared, subjected to trypsin digestion, and analyzed using 

LC/MS/MS (Figure 1A). Next, we undertook a number of fractionation approaches in an 

effort to allow deeper coverage of the proteome. These included tryptic digestion of extracts 

followed by isoelectric focusing (Figure 1B), or alternatively, gel filtration of extracts 

followed by tryptic digestion (Figure 1C).

3.2 Initial Results

We identified peptide spectral matches obtained from these various approaches using two 

different strategies, Tide and Maxquant/Andromeda. The initial characterization of the 

dataset showed abundant oxidation events (2,302 events, Figure 2A), including that of 

methionine, which is known to readily oxidize during sample handling. Specifically, we 

observed that within the set of modified peptides identified by Tide, 64% had oxidation 

localized to methionine residues. Confounding cases of cysteine and tryptophan oxidation 

were also observed and were similarly excluded from further analysis, leaving 185 putative 

oxidation events. Further analysis revealed that many of the peptides identified with putative 

hydroxylated proline residues can be accounted for by proximal methionine oxidation and 

incidental, non-diagnostic intervening ions. In particular, within the called proline 
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hydroxylation events identified by the Tide package, about 20% have a methionine in either 

the +1 or -1 position relative to the proline oxidation site (Figure 2B). In no instance were 

we able to identify a proline residue with an adjacent methionine in which the fragmentation 

spectra unambiguously indicated proline hydroxylation. Furthermore, since methionine 

oxidation is quite common, it is probable that the true oxidation was on the neighboring 

methionine residue rather than on the assigned proline. Exclusion of these oxidation events 

left 147 putative hydroxyproline containing peptides (Figure 2A).

3.3 Hydroxyproline Identification

Despite the prevalence of methionine oxidation, we identified a significant number of 

peptides with potential prolyl hydroxylation events. The MS2s of these peptides (124 unique 

non-collagen identifications, Figure 2A) were each then examined manually for spectral 

quality and accuracy of PTM localization. Many identified peptides suffered from MS2 

spectra in which low intensity product ions, critical for PTM localization, were just barely 

above a reasonable signal to noise threshold.

It is likely that we have excluded true positives on account of low-abundance ions that did 

not meet our stringent criteria for unambiguous identification for prolyl hydroxylation. In 

this regard, it has been observed that charge-induced dissociation of precursor ions to 

generate product ions is somewhat less effective towards the C-terminal as opposed to N-

terminal side of proline residues [19]. We observed this phenomenon when examining 

collagen peptides, which are known to be prolyl hydroxylated, wherein the intensity of y-

ions generated on the N-terminal side of proline were regularly 2-3 fold higher than the y-

ion generated on the C-terminal side (for example, compare ions y13 to y12, and y7 to y6 in 

Figure 3). This phenomenon would tend to produce spectra with weak diagnostic product 

ions on the C-terminal side of prolyl residues.

3.4 Results Filtering and Refinement

These stringent criteria eliminate the majority of PTM IDs despite initial search parameters 

and filtering on q-values <1%. Peptides thus identified were next queried, where 

appropriate, against the NCBI protein database of known polymorphisms to exclude 

possible misidentifications resulting from naturally occurring Ala > Ser and Phe > Tyr 

substitutions, both of which are inherently indistinguishable from post-translational 

hydroxylation events. Indeed, by including Ala and Phe oxidation as a variable modification 

on our initial screens, a number of known Ala > Ser and Phe > Tyr polymorphisms were 

identified (data not shown), confirming the ability of our approach to accurately identify the 

hydroxylation mass shift and to correctly identify MS2 spectra of modified peptides. With 

this in mind, we examined the peptides containing putative hydroxyproline residues, and 

identified a number of assigned hydroxylation events that appear more likely to be isobaric 

Ala > Ser or Phe > Tyr substitutions rather than true prolyl hydroxylation events, due to lack 

of intervening diagnostic ions (∼10-15% of the 124 putative non-collagen hydroxylation 

events from the Tide analysis). In pursuing the approach outlined above, we identified a 

number of collagen peptides, including ones from collagen I (Figure 3) as well as numerous 

other collagen II and collagen IV peptides (data not shown), validating the overall 

methodology.

Arsenault et al. Page 5

Proteomics. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.5 FDR Rate Estimations

Our data also highlight an important general consideration regarding the reporting of PTMs. 

While we computationally filtered all of our identifications to a 1% FDR rate based on 

accepted methodologies [20], we observed that in the end, only a small fraction of these 

peptides (<10% of the 185 original Tide derived identifications) actually appear to surpass 

reasonable levels of scrutiny as to either peptide identity and/or localization of 

hydroxylation. This suggests that calculation of FDR or q-values for post-translational 

modifications based on precursor mass shifts that turn out to be identical to confounding 

mass shifts (i.e. methionine, cysteine, or tryptophan oxidation), in conjunction with 

incomplete fragmentation spectra, may lead to significant underestimations of FDR.

3.6 MaxQuant and Tide Analysis Comparison

A number of different strategies exist to parse and identify peptide spectra from LC/MS/MS 

experiments. Within these, we have explored different software packages for the analysis of 

our data. The expansion of our search space to include such a large variety of possible sites 

of modifications poses a significant computational challenge, but the pre-compiled in silico 

digests associated with the Tide software package reduced the computional time needed to 

complete the analysis. We also subjected our data set to a parallel analysis by Maxquant/

Andromeda and found that there was only a small intersection between the two data sets 

with regard to identification of hydroxylation events (Figure 4A). This was unexpected, 

since the overall overlap in identifications between the two methods was actually quite high, 

with greater than 90% of unmodified peptides identified by Tide also being identified by 

MaxQuant, and other studies of parallel analysis have showed similar levels of concordance 

[21]. As noted in Table 1 and Figure 4A, a subset of putatively prolyl hydroxylated peptides 

were identified in both analyses, but most were unique to one or the other. Maxquant yielded 

over twice the total number of identifications relative to Tide, although in the end it had a 

lower proportion of high confidence PTM identification. In general, Maxquant-specific 

candidate modified peptides were longer and more heavily modified (often containing 3-4 

low confidence oxidation events on a single peptide) than those unique to the Tide ouput 

(Figure 4B and C). Peptides that were identified by both analysis packages were derived 

from high confidence fragmentation patterns and contained low numbers of modifications. 

While the majority of unmodified peptides are likely to be identified correctly by both 

search engines, modified peptides had a small degree of overlap between search engines 

decreasing confidence in the accuracy of these identifications. The discrepancy in this regard 

is likely due to the fundamental differences in the assumptions being made in regard to the 

two software packages, most notably the relative focus on precursor mass accuracy by 

MaxQuant relative to Tide. Conversely, the somewhat wider tolerance to precursor mass by 

Tide and reliance on initial identification by spectral cross-correlation with in silico 

predictions would likely yield more robust PTM localization in the presence of isobaric 

mass shifts.

3.7 VHL Capture

In an attempt to confirm the presence of prolyl hydroxylated peptides, we used a novel VHL 

capture reagent-based approach (Figure 1D, detailed in Supplementary Information). 
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Briefly, VHL recognizes only prolyl hydroxylated HIF, so we generated point mutants of 

VHL with the intent of potentially broadening hydroxyproline recognition (Supplemental 

Figure 1), and then used cocktails of these mutants in pulldowns of tryptic peptide digests. 

Hydroxylated peptides were identified using VHL-based capture probes, and they were 

significantly enriched when controlling for the proportion of total peptide identifications that 

were derived from these experiments. Specifically, even though VHL-based capture probes 

yielded only 10% (1,121 vs 11,281) of total peptide spectral matches and 30% of putative 

hydroxylated peptides (60 vs. 185), 80% of the hydroxylated peptides that we identified and 

confirmed as hydroxylated from traditional fractionation experiments (excluding collagen) 

were also obtained independently with VHL-capture based approaches. This represents a 

highly significant increase in prevalence of true hydroxylated peptides relative to the total 

peptides for VHL-capture experiments (Z-test, p<0.001). Importantly, this particular 

enrichment for hydroxylated peptides serves as independent evidence that these peptides 

identified by manual inspection from conventionally fractionated samples are likely to 

contain genuine prolyl hydroxylation events. Conversely, we did not observe any 

hydroxylated peptides using a negative control S111A VHL-based probe, which does not 

recognize hydroxyproline owing to a lack of a critical hydrogen bond.

3.8 Synthetic Peptide Confirmation

Guided by the considerations detailed above, manual inspection of MS2 spectra lead to the 

elimination of the vast majority of putative hydroxyproline identifications, resulting in a 

small number (7) of peptides with convincing MS2 spectra. To examine whether the peptide 

spectra that we observed were in fact reflective of actual hydroxylation, we obtained 

synthetic peptides corresponding to these peptides. The peptides, containing hydroxyproline 

at the relevant sites, were subjected to MS/MS analysis and experimental spectra were 

compared to those obtained from in vivo sources. Fragmentation spectra for five of the seven 

of these synthetic peptides were similar to experimental spectra (Compare panel A to B in 

Supplemental Figures 2-6).

While the total number of convincingly hydroxylated peptides is relatively small, we found 

that the proteins containing them are involved in diverse functions (Table 1). We identified 

the hydroxylation modification in a protein, FKBP10 (Supplemental Figure 2), that 

possesses peptidyl prolyl cis-trans isomerase activity and is critical to collagen processing in 

the endoplasmic reticulum; mutations in this protein can lead to osteogeneis imperfecta [22]. 

Our analysis identified prolyl hydroxylation of three proteins—hexokinase 2, pyruvate 

kinase (muscle isozyme), and C-1 tetrahydrofolate synthase—which are enzymes that 

participate in key metabolic pathways (Supplemental Figures 3, 4, and 5). Hexokinase 2 and 

pyruvate kinase catalyze the first and last steps of glycolysis, namely, the phosphorylation of 

glucose to glucose-6-phosphate and the terminal dephosphorylation of phosphoenolpyruvate 

to pyruvate, respectively. Additionally, hexokinase and pyruvate kinase are both 

overexpressed in many cancers [23,24]. C-1 tetrahydrofolate synthase catalyzes the 

interconversion of tetrahydrofolate derivatives, and as such, plays an important role in 

nucleotide and methionine synthesis [25]. Finally, we identified prolyl hydroxylation of 

myosin heavy chain 10 (Supplemental Figure 6), a non-muscle myosin that is essential for 

normal development of the central nervous system and heart [26].
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4 Discussion

Hydroxylation is a PTM that is known to occur on proline, aspartic acid, asparagine, 

histidine, and lysine residues, among others. Prolyl hydroxylation plays important roles in 

protein structural stability as in collagen, and in protein turnover as in HIF-α. The present 

data extends the known occurrence of prolyl hydroxylation in the proteome. While the total 

number of prolyl hydroxylation events identified in this study was relatively small, there are 

a number of factors that could account for this. First, a finite number of cell lines and 

conditions were examined, so it is conceivable that there are additional cell-type specific 

prolyl hydroxylation events that occur. Second, we were conservative in our identification 

criteria, thus potentially leading us to exclude authentic prolyl hydroxylation events.

Initial studies of HIF prolyl hydroxylation drew attention to an LXXLAP motif, raising the 

possibility that there might be a readily identifiable consensus motif among prolyl 

hydroxylated proteins. However, such a consensus was not found. In this regard, it is 

conceivable that the PHDs do not abide by a strict consensus, and indeed, in vitro studies 

indicate that amino acid substitutions can be tolerated at the -1, -2, and -5 positions of this 

motif without adversely affecting hydroxylation [27,28]. In addition, it is possible that these 

hydroxylation events might, in fact, reflect modification by non-PHD prolyl hydroxylases, 

or depend on higher order structures beyond the primary sequence.

The data emphasizes the importance of significant proteomic depth for analysis, 

necessitating additional dimensions of separation in order to detect Hyp-containing peptides. 

Indeed, only a few of the Hyp-containing peptides were identified in single dimension 

separations, despite the fact that many of the hydroxylated peptides are components of 

relatively high-abundance proteins. Pre-HPLC fractionation yielded a significant increase in 

the number of identified hydroxylation events.

Also important, we observed a large number of assigned calls relative to what appear to be 

high confidence hydroxylation events, despite the FDR based pre-screening. This suggests 

that when using common search algorithms, there may be significant false positives that 

become apparent only on post-hoc screening, and that existing scoring paradigms are 

underestimating FDR for modifications of this nature. These factors, in conjunction with the 

stochastic nature of whole proteome MS, may account for us not observing a number of 

prolyl hydroxylation events that have previously been reported [2–7]. Also differing from 

previous reports, we used no specific enrichment strategy to target particular proteins or 

protein families.

The data also demonstrate other challenges in identifying prolyl hydroxylated peptides. 

Several points are worth noting. First, different detection algorithms can yield dramatically 

different results. The use of Tide, for example, yielded a Hyp dataset that showed little 

overlap with that obtained with MaxQuant. The differences that we observe between 

alternate search algorithms highlight both the richness of the underlying data and the 

inability of any single given search strategy to comprehensively identify all hydroxylation 

events. Second, even with a high quality MS2 spectrum, it is still possible and seemingly 

common that hydroxylation may be erroneously assigned to proline, especially when the b- 
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and y-ions flanking the prolyl residue of interest are not particularly abundant. We contend 

that it is essential to manually inspect MS2 spectra to confirm their authenticity. In addition, 

it is potentially risky to rely on a single MS2 to infer the presence of a hydroxylation event 

(“one hit wonder”). This risk is exacerbated if inspection of a potential modification is 

conducted without considering other potential sources of an isobaric mass shift, such as a 

confounding oxidation (i.e., of Met, Cys, and Trp). Taken together, this emphasizes the need 

for caution in interpreting MS2 spectra that putatively identify prolyl hydroxylation. We 

believe that the critical bar for establishing genuine proline hydroxylation, in light of these 

factors, should be set high. Our VHL-IP capture strategy yielded identification of prolyl 

hydroxylation events far in excess of the proportion of total peptide identifications obtained 

with non-capture samples, supporting the utility of the VHL-based capture probe approach.

These results highlight the need for caution when conducting large-scale identification of 

any given post-translational modification in the absence of alternate verification either by 

multiple search and identification algorithms, manual MS2 inspection, or alternative 

experimental approaches. This study suggests that the number of prolyl hydroxylated 

proteins is larger than was previously identified, although it may also be restricted in terms 

of scope and abundance. Lastly, it remains to be determined what the functional roles of 

these hydroxylation events are.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ABC Ammonium bicarbonate

FDR false discovery rate

HIF Hypoxia Inducible Factor

Hyp Hydroxyproline

MQ MaxQuant

PHD Prolyl Hydroxylase Domain protein

VBC von Hippel Lindau tumor suppressor protein: Elongin B:Elongin C complex

VHL Von Hippel Lindau tumor suppressor protein
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Figure 1. 
Outline of sample preparation and enrichment strategies. (A) Direct analysis of 

unfractionated tryptic digests. (B) Following tryptic digests but prior to LC injection, 

peptides are fractionated by isoelectric focusing (IEF). (C) Fractionation of intact proteins 

by gel filtration chromatography, followed by tryptic digest prior to LC injection (GF). (D) 

VHL capture probe-based enrichment of hydroxylated peptides.
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Figure 2. 
(A) Outline of results of computational analyses. Diagram shows results of Tide-based 

hydroxyproline search. Largest circle indicates the set of unique peptides that are called with 

at least one oxidation event (i.e. Proline, Methionine, etc.) as either the most likely, or when 

applicable, the second most likely candidate for a given spectra (i.e. first and second ranked 

peptide by XCorr score). Successive filtering steps are indicated. (B) Patterns of enrichment 

for amino acids immediately adjacent to primary site of assigned prolyl hydroxylation. 

Values presented are derived from the set of 185 unique peptides identified by Tide analyses 

as being likely prolyl hydroxylated.

Arsenault et al. Page 13

Proteomics. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Representative fragmentation spectra (MS2) for Collagen type I, α1 chain. The b and y ions 

are indicated only when ions appeared above a 2-fold signal to noise ratio. Ions appearing in 

+2 charge states are indicated with “++”; all others are singly charged species.
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Figure 4. 
(A) Comparison of overall peptide and putative hydroxyproline peptide identification rates 

between Tide- and MaxQuant-based analyses platforms at the 1% FDR level. All values 

refer to numbers of unique peptides. “Putative Hydroxyproline Peptides” refers to the total 

set of peptides identified as being prolyl hydroxylated by the given analysis package prior to 

subtraction of likely confounding methionine oxidation and/or manual inspection of 

fragment spectra. Comparison of (B) average number of oxidations per unique modified 

peptide and (C) average length of both modified and unmodified peptides, as identified by 

MaxQuant and Tide analyses respectively. Bars indicate +/- 1 SD, and * indicates p < 0.05 

by Student's t-Test.
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