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ABSTRACT

Rationale: Human hair shafts have received increased research interest owing to their easy accessibility and potential as a win-
dow for human health. Because the most abundant component in hair is protein, proteomics is a promising tool for studying the
molecular composition of hair shafts. As one of the most sophisticated biomaterials, hair shafts also possess unique structures,
particularly keratin intermediate filaments, posing challenges for proteomic sample processing. Previously, we discovered that
incomplete trypsin proteolysis increased keratin sequence coverage but resulted in an abnormal stoichiometry between types I
and II cuticular keratins (PMCID: 12130615).

Methods: In the present study, we explored the potential to re-examine the human hair proteome through pepsin proteolysis
and evaluate whether the previously observed type II to type I keratin ratio was due to enzyme biases introduced particularly by
trypsin digestion.

Results: After optimizing the pepsin digestion conditions, we not only confirmed that previous bias was indeed contributed by
trypsin but also discovered that pepsin was more effective at identifying keratin-associated proteins, another main protein com-
ponent than keratins in human hair shafts.

Conclusions: Spectral counting on trypsin-based proteomics has been widely used to study the stoichiometry of protein com-
plexes. For the first time, we confirmed a large bias caused by the trypsin enzyme in spectral counting. We further demonstrated
that the use of pepsin can effectively correct such bias. In addition, we discovered that pepsin digestion can better identify
keratin-associated proteins than trypsin proteolysis, which offers another effective tool for studying the hair proteome.

| Introduction omic approaches, proteomics is the most promising method, as

proteins are the major component of the hair shaft [5].

Hair shafts have attracted unique research interest with a his-
torical focus on wools, which are of great economic importance
in the textile industry [1-4] and more recently a growing focus
on human hair shafts in cosmetics, dermatology, and forensics
[5-8]. Holistic interrogation of the structure and composition of
human hair has been deployed for studies of metabolomics, lipi-
domics, genomics, proteomics, and phenomics [5]. Among these

The ability to identify proteins in the hair shaft and detect
changes in the hair proteome is anticipated opening many
channels for health assessment and analysis, with possibilities
to view the health history of individuals and even to determine
the biological relationships between two people [9, 10]. In the
past, hair follicles were intensively studied, in part owing to
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their presence of stem cells, and less light has been shed on the
hair shaft [11-14]. Unlike most human tissue samples, which are
metabolically active and heavily influenced by the diurnal cycle
and daily diet, the hair shaft is a stable reservoir of dead cells
that have accumulated in the past and can be used to retrieve
the health history of individuals [6]. With no active metabolism,
the hair shaft preserves metabolites and proteins as it grows out
of the follicle [6]. This information has been used to determine
the influence of substances and for toxicology studies [15, 16].
The high quantity of keratins in the hair shaft has aided in the
forensic identification of individuals [17].

Some difficulties that arise in the study of hair proteomes
stem from the intrinsic properties of the hair shaft, such as the
tough outer sheath of cuticular keratinocytes, which protects
the internal cortex from solubilization and degradation and
thus serves as an obstacle to protein extraction in proteomic
studies [18-21]. The outer cuticle of hair consists of four sub-
layers (the epicuticle, A layer, exocuticle, and endocuticle),
which present an armor plate of flat overlapping dead cells
that are 160-714 nm thick [22] and protect the hair fiber from
chemical and physiological weathering. Molecularly, the cu-
ticle is known to contain a high abundance of cysteine resi-
dues compared with other layers of hair, which form dense
cross links in addition to isopeptide bonds for the toughness
of cuticles [23, 24]. The largest and most prominent layer of
hair is the cortex, which contains melanin that gives the hair
its color [15]. The cortex is made up of a collection of kerati-
nocytes that are different in shape from keratinocytes in the
cuticle. Cortical keratinocytes are long, spindle-shaped, and
oriented along the axis of the hair. The medulla is a region at
the center of the hair fibre that may be discontinuous or not
present at all [25].

Each hair cortex cell contains 500-800 keratin intermediate
filaments (KIFs) [26] which are organized into two families,
i.e., the acidic keratin I family (K31-40) and the neutral or
basic keratin IT family (K81-86) [27]. Keratins are a-helical
in shape, and a helix from each family will coil around each
other to form a coiled-coil structure, which will then coil
around another keratin coiled-coil in an antiparallel fashion
to form a tetramer [28, 29] as shown in Figure 1. These te-
tramers are believed to then arrange head-to-tail (C-terminus
to N-terminus) to form intermediate chains, which give hair
the characteristic strength and durability [22, 30]. Keratin-
associated proteins (KAPs) surround KIFs, forming an inter-
filamentous cross-linked matrix [31, 32] as shown in Figure 1
chiefly through disulfide linkages among other interactions,
which create a strong hair shaft that is resistant to chemical
treatment, UV exposure, environmental weathering, micro-
bial attacks, and pollutants [18-21]. There are 23 KAP fami-
lies [32], and certain KAPs are also thought to be responsible
for assisting the assembly of KIFs, namely KAPS, which is a
high glycine-tyrosine protein, and KAP11, a high-sulfur pro-
tein [32].

A better characterization of the hair shaft proteome directly
affects its versatile and promising applications in human
health and forensics. Previously, we reported that basic cutic-
ular keratins possess dense trypsin cleavage sites, and com-
plete digestion resulted in many short undetectable peptides,
fewer detected peptides, and low sequence coverage [33]. This
problem was overcome by incomplete digestion, which is typ-
ically unfavorable in proteomics sample preparation. Our
study, however, demonstrated that incomplete trypsin diges-
tion generated relatively longer peptides and achieved better
sequence coverage of hair keratins [33]. In addition, both our
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FIGURE1 | Illustration of keratin intermediate filaments in human hair shafts.
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identified hair proteome and previously published hair pro-
teomes ubiquitously suggested that the ratio between acidic
and basic keratins was not 1:1 as the literature has indicated,
but rather was more than 2:1 [33]. Because acidic and basic
keratins carry drastically different amounts of K and R, which
are trypsin cleavage sites, we hypothesize that the observed
ratio from a semi-quantitative spectral counting approach in
proteomics may be influenced by the bias of trypsin cleavage
sites among these proteins.

In addition to trypsin, many enzymes are capable of digesting
proteins. In particular, pepsin has been used to digest keratins
[34, 35] and has been widely used in the hide industry [36].
Unlike trypsin, which cleaves basic residues, pepsin cleaves
hydrophobic and aromatic residues [37]. In the present study,
we investigated how the proteomic quantitation generated by
pepsin digestion can help clarify the discrepancy in the ratios
of basic and acidic keratins between those obtained by tryp-
tic proteomics and those obtained in the literature as men-
tioned above.

2 | Materials and Methods
2.1 | Materials

The mini-PROTEAN SDS-PAGE gel system was purchased
from Bio-Rad Laboratories Inc. (Hercules, California,
United States). Tris(2-carboxyethyl)phosphine (TCEP), beta-
mercaptoethanol, dithiothreitol (DTT), sodium dodecyl
sulfate (SDS), ethylenediaminetetraacetic acid (EDTA), io-
doacetamide (IAA), and bovine serum albumin (BSA) were
obtained from Sigma-Aldrich (St. Louis, Missouri, United
States). Porcine pepsin was purchased from Promega Co.
(Madison, Wisconsin, United States). The MCX cartridges
were purchased from Waters Co. (Milford, Massachusetts,
United States). LC-MS/MS instruments including an Easy
nLC1000, a Q-Exactive HF Orbitrap, and a nano-EASY spray
source were all purchased from Thermo Fisher Scientific
(Mississauga, Ontario, Canada), and the other chemicals were
also purchased from Thermo Fisher Scientific (Mississauga,
Ontario, Canada).

2.2 | Protein Extraction

The sampling protocol followed a published procedure [33] that
was approved by the Simon Fraser Ethics Board (application
number: 30001840). Scalp hair samples were taken from vari-
ous parts of the donor and trimmed 1cm from the end to mini-
mize potential contamination by the hair roots. Typically, 3mg
of the collected hair shaft was first sterilized with ethanol and
homogenized using the Precelly 24, a lysis and homogenization
device, in a lysis buffer consisting of 0.2M NaOH, 1% SDS, 2%
beta-mercaptoethanol, and 0.01M EDTA in ddH,O as detailed
previously [33].

The obtained hair lysate was centrifuged at 12k rpm for
10min (Microcentrifuge Sorvall Legend Micro 21, Thermo
Fisher Scientific, Mississauga, Ontario, Canada), and the su-
pernatant was subjected to acetone precipitation. Specifically

chilled acetone at —20°C was applied to the hair lysate super-
natant at a ratio of 4:1, mixed well, and stored at —20°C over-
night. The sample was subsequently centrifuged at 12k rpm
for 10 min on the second day. The protein pellet was collected
and re-dissolved in 300 uL of 0.2% SDS, and the resolved con-
centration of proteins was measured via a bicinchoninic acid
(BCA) assay (Thermo Fisher Scientific, Mississauga, Ontario,
Canada).

2.3 | Pepsin Digestion

The pepsin digestion conditions were optimized on BSA first
and then on hair shaft proteins. BSA of 0.1 mg in 10uL was
dissolved in 46.5uL of 10mM Tris-HCI at pH 7.5 with 0.01M
TCEP and 0.5% SDS to form the denaturation solution. The
BSA sample was boiled for 10min in a water bath, TAA was
added to the sample solution at a final concentration of 0.01 M,
and the sample was incubated in the dark at room tempera-
ture for 30 min with end-to-end rotation. DTT of 10mM was
subsequently added to the BSA solution to quench the excess
TIAA at room temperature for 15min with rotation. HCI of 1M
was added to the final BSA solution to acidify the solution to
pH 1-2. Pepsin was added to the BSA sample at a 1:50 pepsin-
to-protein ratio, and the mixture was incubated at 37°C for
overnight. The reaction was terminated by heating the sam-
ple to 95°C for 10 min. Aliquots of the sample before and after
digestion were taken for SDS-PAGE evaluation, and the re-
maining proteolysis product was subjected to a mixed mode
solid-phase extraction using MCX columns from Waters Co.
(cat. 186000252) for cleaning, which can effectively remove
SDS. In particular, a 1-cc MCX column was primed with 1 mL
of methanol (MeOH) followed by 1 mL of 0.1% trifluoroace-
tic acid (TFA) before loading the acidified sample (pH 2-3)
by gravity. The column was subsequently washed with 1 mL
of 0.1% TFA and then 1 mL of 80% acetonitrile in 0.1% TFA
to remove residual SDS and other non-peptide chemicals.
Finally, the peptides were eluted from the column by 1 mL of
5% NH,OH in MeOH by gravity.

A similar protocol with minor modifications was applied to
0.1mg of hair shaft proteins in 10uL of 0.2% SDS, and this
sample was mixed with 10mM Tris-HCl at pH7.5 and TCEP
for a final volume of ~60uL and 0.01 M TCEP. The hair sample
was first boiled at 100°C for 15min, and then cooled to room
temperature before 48 mg of urea powder was introduced. The
sample was incubated at 37°C for 30 min before 96 uL of 0.5M
IAA was added, after which the sample was incubated in the
dark at room temperature for 30 min with end-to-end rotation.
Subsequently, 48 uL of 1M DTT was added to quench the IAA
by incubating at room temperature for 15min with end-to-end
rotation. The sample was diluted 10 times with ddH,0, and 1M
HCI was used to acidify the hair sample to pH 1-2 before pepsin
was added at 1:50 pepsin-to-protein ratio and incubated at 37°C
for overnight. The digestion was terminated the next day by
boiling the sample in the water bath for 15min. Aliquots before
and after pepsin digestion were taken for SDS-PAGE to evaluate
the digestion efficiency. The remaining sample was subjected to
MCX clean up as described above. The cleaned peptides were
dried with a Thermo Fisher SpeedVac (model SPD121P-230,
Mississauga, Ontario, Canada) and stored at —20°C.
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2.4 | SDS-PAGE Evaluation of Digestion Efficiency

SDS-PAGE was employed to evaluate the initial digestion effi-
ciency before LC-MS/MS proteomic analysis. Silver staining
[38] was implemented for potential trace undigested proteins.
ImageJ was used to qualitatively measure the stain intensities
from images taken of the stained gels.

2.5 | LC-MS/MS Analysis

LC-MS/MS analysis was performed following a previously
published procedure [33]. Specifically, the MCX cleaned sam-
ples were reconstituted in 0.1% formic acid (FA) prior to LC-
MS/MS analysis. Separation by nanoLC was achieved using
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reversed-phase C18 trapping and analytical columns with 75 um
ID and 3 um resin with 100 A pores at lengths of 20 and 150 mm,
respectively. A 60min gradient of 2%-35% buffer B (0.1% FA in
acetonitrile), as detailed previously [33], and a voltage of 2.3kV
was used for electrospray, and the ion transfer tube that guided
ions into the MS was heated to 320°C. Data-dependent acquisi-
tion (DDA) mode was used for MS/MS analysis, and the top 10
most abundant precursor signals with charges greater than 1+
and fewer than 5+ in the MS1 scan were selected for higher en-
ergy collisional dissociation (HCD) under a dynamic exclusion
of 10s. The scan range for MS1 was set between 400-2000 m/z at
a mass resolution of 120000, and the resolution for the MS/MS
scan was set at 30000. The automatic gain control (AGC) values
for the MS1 and MS2 scans were 1 X 10% and 2 X 10°, respectively.
The default charge for the MS1 scans was 2+.
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FIGURE2 | SDS-PAGE results of pepsin digestion of bovine serum protein (BSA) under different incubation times.
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FIGURE 3 | Comparison of peptide length and cleavage sites after pepsin digestion with incubation for 10min and overnight. (A) Boxplot of de-
tected peptide length with the p value of the ¢ test for 6E—6. (B) IceLogo results of the cleavage sites of the compared pepsin digests.
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2.6 | Data Analysis

The raw files acquired by Xcalibur (Thermo Fisher Scientific,
Mississauga, Ontario, Canada) from Q-Exactive HF were
searched by Proteome Discoverer 2.1 (Thermo Fisher Scientific,
Mississauga, Ontario, Canada) using Sequest HT. The human-
reviewed UniProt entries were combined with a customized
common contamination protein list that was used as the search
database. The mass tolerance was 10ppm for the monoiso-
topic precursors, and a mass tolerance of 0.02Da was set for
the monoisotopic fragments. No enzyme and a minimum of 6
amino acids were set as the search parameters. Modifications
included a static modification of Cys by carbamidomethyla-
tion (+57.051 Da) and dynamic modifications of Met oxidation
(+15.995Da), Asp and Glu deamidation (+0.984 Da), and protein
N-terminal acetylation (+42.011Da). The false discovery rate
(FDR) was obtained from the reversed sequences of the search
database. A strict FDR cutoff of 0.01 and Percolator validation
were used to obtain the final confident identifications.

A t test was performed using Microsoft Excel to evaluate the sta-
tistically significant differences among the means obtained for
the compared values, in which the parameters were unpaired,

two tails, and unequal variance.

Enzymatic cleavage site sequence analysis was performed by
IceLogo [39]. In particular, 2-4 amino acid sequences up- and
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FIGURE4 |

downstream of the C-termini of the detected peptides were sub-
jected to analysis. The protein databases of Homo sapiens and
Bos taurus were chosen as the background for the analysis of
human hair proteins and BSA, respectively. A percentage dif-
ference and p value of 0.05 were chosen as the parameters for
analysis.

3 | Results and Discussion
3.1 | Optimization of Pepsin Digestion

The incubation time of pepsin digestion was evaluated using
BSA. Digestion was first evaluated by overnight incubation
at 37°C, and complete digestion was observed as shown in
Figure 2A. We then further evaluated the shorter duration of
the digestion by dividing the overnight incubation into another

TABLE 1 |
pepsin digestions.

Comparison of peptides detected between trypsin and

Trypsin Pepsin
digestion digestion t test (p)
Peptide length 13.72 13.00 0.03
GRAVY score —0.28 -0.39 0.03
A
50+

w

o S Rl | —
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% difference
W
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o
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Comparison of the hair proteome derived from pepsin digestion after different incubation times. (A) Comparison of detected proteins

among the three timepoints. (B) Comparison of detected peptides among the three tested timepoints. (C) IceLogo analysis of commonly detected

peptides across the three timepoints.
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5 time points, i.e., 10min, 30 min, 1 h, 4h, and overnight incuba-
tion as shown in Figure 2B. All SDS-PAGE results revealed that
pepsin rapidly digested BSA. We further used nano-LC-MS/MS
to evaluate the detected BSA peptides after 10min and overnight
incubation as summarized in Table S1. The LC-MS/MS results
revealed a decrease in peptide length with increasing incubation
time as shown in Figure 3A, which was statistically significant
with a p value of 6E—6. We also used IceLogo [39] to examine
the cleavage specificity between the 10 min and overnight incu-
bations as shown in Figure 3B. Both time points showed similar
preferences for C-terminal Leu, Glu, and Phe, suggesting rapid
action of the enzyme.

3.2 | Pepsin Digestion of Hair Proteins

We therefore evaluated the effects of pepsin digestion on hair
proteins. Because hair proteins are notoriously resistant to
proteolysis, we examined three relatively long digestion dura-
tions, i.e., 8, 12, and overnight. The results are summarized in
Table S2, and in total, 114 human proteins were detected. We
first compared the identified proteins in all three incubations,
as shown in Figure 4A. Good agreement was observed among
the three conditions, with overnight incubation resulting in
the detection of most proteins, as anticipated. We further com-
pared the peptides detected under these conditions, as shown
in Figure 4B. The results resembled the protein results. A fur-
ther Icelogo [39] analysis of the cleavage sites on the commonly
detected peptides, as shown in Figure 4C resembled those ob-
tained from BSA, with cleavage sites preferentially for Leu, Glu,
and Phe. This preference is consistent with recent statistical
modeling of the specificity of pepsin digestion [37].

3.3 | Comparison of the Hair Proteomes Obtained
by Pepsin and Trypsin Digestion

To understand the difference in the impact on the detected
human hair proteome, we compared the current pepsin hair pro-
teome to the published trypsin hair proteome [33]. A minor in-
crease of only 46 additional proteins was uniquely detected from
pepsin digestion, which accounted for less than 10% increase
from the hair proteome identified by trypsin digestion. A further

>

2.5 -

1.5 -

0.5 -

Type lI/Type | keratin ratio

Trypsin Pepsin

comparison of their detected peptides is summarized in Table 1.
The results revealed slightly but significantly shorter peptic pep-
tides (average length: 13.01 amino acids) than tryptic peptides
(average length: 13.72 amino acids) and slightly but significantly
more hydrophilic peptic peptides (average GRAVY: —0.39) than
tryptic peptides (average GRAVY: —0.28). Previously, a similar
comparison between trypsin and pepsin digestion methods was
carried out for pressurized online digestion, and the reported
results also revealed a shorter peptide length and a shift to early
retention time on a reversed-phase C18 column [40], which
agreed with our observations in terms of both the peptide length
and the GRAVY score. The accordance in results obtained from
in-solution and online pressurized digestions suggests that both
enzymes are robust with respect to their digestive conditions.

With the good agreement with previous studies, we further
examined the stoichiometry between types I and II cuticular
keratins based on the label-free quantitation offered by spec-
tral counting [33, 41, 42]. Although far fewer proteins were
detected by pepsin digestion than by trypsin digestion, all the
hair keratin proteins were detected. Compared with the ~1:2.5
ratios between acid and basic cuticular keratins obtained by
trypsin digestion [33], pepsin digestion resulted in a nearly 1:1
ratio between the same protein groups (Figure 5A), which is
consistent with the known biological knowledge introduced in
the Introduction section [28, 29]. Previously, the abnormal stoi-
chiometry between the types I and II keratins observed in the
hair proteome acquired from trypsin digestion was explained

TABLE 2 | Comparison of identified keratin-associated proteins via
trypsin and pepsin digestion.

Uniquely
detected
Commonly by pepsin
detected digestion
Keratin-associated KAP3-1, KAP3-3, KAP1-1,
proteins KAP11-1, KAP19-5 KAP1-3,
KAP1-5,
KAP3-2,
KAP19-8
140 - H Trypsin m Pepsin
120 -
("]
,":’ 100 -
o 80 -
o0
S 60 -
(5]
2 40 -
(6]
20 -
o 4

Type | keratin Type Il keratin

FIGURES5 | Comparison of types I and II cuticular keratins. (A) Comparison of the ratios between types II and I keratins detected by trypsin and

pepsin digestion. The error bars represent the standard deviation of the measured ratios. (B) Comparison of the theoretical cleavage sites of trypsin

and pepsin among types I and II keratins. The error bars represent the standard deviation of the number of cleavage sites.
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by the differential distribution of the basic trypsin cleavage sites
(i.e., K and R) that are biased towards basic type II keratin de-
tection [33]. We further analyzed the amino acid distribution of
pepsin cleavage sites: L, F, and E obtained from Figures 3B and
4C among hair keratins and compared the results with those
from trypsin cleavage sites. Figure 5B shows the results. Indeed,
pepsin cleavage sites are less biased than trypsin cleavage sites
between types I and II hair keratins, partially explaining the
discrepancy in proteomic quantitation and biological values and
further confirming the previous hypothesis that trypsin was
likely the culprit of the observed biases in the quantitative pro-
teomic results. Our study is also the first to demonstrate that
spectral counting biases can be effectively corrected by using
alternative enzymes such as pepsin when quantifying proteins
with large differences in plI values.

In addition, among the unique proteins identified by pepsin diges-
tion, several KAPs that were absent from the proteome derived
by trypsin digestion were identified. As mentioned above, only
a small fraction of proteins (<10%) were uniquely contributed
by pepsin digestion; however, pepsin digestion was able to re-
sult in all KAPs detected by trypsin with an additional five more
KAPs, i.e,, KAP1-1, KAP1-3, KAP1-5, KAP3-2, and KAP19-8
(Table 2). KAPs are known to form complexes with keratins ac-
cording to 2D-PAGE proteomics [43], through interactions of di-
sulfide bonds and isopeptide bonds among others; therefore, these
proteins are difficult to identify. Among the five additionally iden-
tified KAPs,all of them carry twice the number of pepsin cleavage
sites than the number of trypsin sites, which is likely to explain
why pepsin can detect these KAPs more effectively. Even though
trypsin proteolysis allowed the identification of a much larger
hair proteome, pepsin proteolysis generated a much more com-
prehensive KAP identification. In proteomics, pepsin has been
frequently implemented in proteomics and often in conjunction
with trypsin to achieve optimal sequence coverage [44, 45]; here,
we highlight another advantage of pepsin in proteomic analysis,
i.e., its effectiveness in identifying KAPs.

4 | Conclusions

Here, we explored the use of pepsin to digest human hair for
proteomic analysis. Our results showed that pepsin can digest
model protein rapidly within minutes, but for hair samples,
overnight digestion was more effective, with most protein and
peptide identifications shown in Figure 4. In addition, our stud-
ies showed that pepsin digestion can effectively correct quanti-
tation biases in acidic and basic cuticular keratins generated by
commonly used trypsin digestion. The stoichiometry between
types I and IT hair keratins shown in Figure 5A from pepsin pro-
teolysis is more adhered to the 1:1 biological knowledge than
those from trypsin proteolysis. Finally, our results also indi-
cated that pepsin is more effective than trypsin in identifying
keratin-associated proteins in hair shafts, potentially because
of its recognition of hydrophobic amino acids that are different
from basic residues by trypsin. Although our results support the
existing knowledge that a combination of trypsin and pepsin
can generate a more comprehensive proteome, the effectiveness
of pepsin in identifying keratin-associated proteins is novel to
our study. We hope that our findings can promote future hair
proteomics studies.
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