














































































































































































































































































































_ PROTEOMIC COMPARISON OF WILDTYPE AND GENOME DEPLETED ESCHERICHIA COLI
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Figure 3.22. Relative label free quantitative comparison of instrument acquisition methods, gas phase
fractionation or none.

Whole proteome in solution proteolysis. Samples were diluted to 1000ng/pl, for analysis 1l was injected,
desalted over a trapping column and eluted from the analytical column with a 90min linear gradient of 0-
40% organic buffer. The LTQ Orbitrap Velos was in DDA, top 20 mode, the top 20 most intense ions from
the MS1 scan in the Orbitrap going forward for CID fragmentation in the ion trap for MS/MS. For the gas
phase fractionation method varying ion isolation window m/z ranges were applied for MS2 precursor
selection. In both cases continual lock mass calibration and a 20sec exclusion list were used. Data was
processed using and quantified using Progenesis LC-MS and a MASCOT search for protein identification.

A) Number of protein identifications with each analysis method, plus number of proteins exclusive to either
the WT or GD strain. Also where the A proteins were found.

B) Unique and overlapping proteins identified using both methods.
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A comparison of the label free methodologies performed on both the Synapt™ G2 (HDMS® mode,
processed with PLGS, quantified with ISOQuant) and the LTQ Orbitrap Velos (top 20 DDA, MS1 and
MS2 scans over 350-2000m/z, processed and gquantified with Progenesis LC-MS, identifications
gained through MASCOT) indicates analysis using the LTQ Orbitrap Velos gives a large increase in the
overall number of proteins identified and quantified, plus the number of A proteins identified and
quantified exclusively in the WT strain (Figure 3.23A). The amount of pleiotropic effects identified
has also risen, as the number of proteins identified exclusively in the GD strain has also increased.
This increase in identifications is due to the high resolution (30,000), high mass accuracy (<1ppm),
high sensitivity (50fg/pl, 100:1 signal to noise ratio), plus the short duty cycle time (1x MS1 plus 20x
MS2 in 1sec) of the LTQ Orbitrap Velos.

The identifications added by the LTQ Orbitrap Velos cover the entire quantification range and
correlations of copies per cell abundances from the HDMSF analysis on the Synapt™ G2 and from the
LTQ Orbitrap Velos for each protein identified, from both the WT and GD strain, is good with R-
squared values of 0.6 and 0.66 respectively (Figure 3.23B). This correlation is not as good as previous
comparisons, probably because of the noise that Progenesis LC-MS isolates from the quantitation
channels, leading to limited ratios of 0.0 or 1.0 which is expected for a protein when it is exclusive to
one of the strains. This means that a Progenesis LC-MS ratio of 0.0-0.2 or 0.8-1.0 can mean a protein
has been deleted in a strain, where 1ISOQuant will give a ratio of 0.0 and 1.0. Progenesis LC-MS works
in a similar way to ISOQuant in that it aligns the LTQ Orbitrap Velos raw data and finds features
throughout, but the software has not been set up to allow either of the quantitation channels to be
empty and so this is not a setting that could be manipulated. Of the 717 proteins identified and
quantified using the Synapt™ G2, only 28 were not identified in analysis using the LTQ Orbitrap Velos
(Figure 3.24A) and the Synapt™ G2 only identified a single A protein ‘gatY’ exclusively in the WT
strain that is not observed with the LTQ Orbitrap Velos analysis. The non A proteins identified
exclusively to the GD and the WT by the Synapt™ G2 are all identified with the same results in the
analysis with the LTQ Orbitrap Velos. When the 689 proteins quantified in both are examined only
4% of the proteins have a ratio that differs by more than 0.2 (Figure 3.24B), which is due to the slight
skew because of the noise Progenesis LC-MS isolates. Taking all of this into account, the results from

both instruments correlate well.

A comparison between the integrated average abundance value from PaxDb and this data set is
interesting to see if the values returned by this study are in any way comparable to results from
other studies. When the integrated average from PaxDb was compared to the data from both the

Synapt™ G2 and LTQ Orbitrap Velos neither give any correlation (Figure 3.25). The main source of
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Figure 3.23. Label free quantitative comparison of instruments, Synapt™ G2 and LTQ Orbitrap Velos.
In both cases proteolysed samples were diluted to 1000ng/pl, for Synapt™ G2 analysis this was mixed with
50fmol/ul standard protein and 2pl injected, for LTQ Orbitrap Velos analysis 1pl was injected. Both
instruments used a trapping column to desalt samples, followed by elution from the analytical column with
a 90min linear gradient of 0-40% organic buffer. The Synapt™ G2was in V mode using HDMSE, the ion
mobility cell adds an extra mobility separation step before MSE, where the instrument scans alternately in
low energy (trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration
using MSE. Data was processed using PLGS 2.5 then quantified using ISOQuant, relative to a 50fmol rabbit
glucose phosphorylase b standard. The LTQ Orbitrap Velos was in DDA, top 20 mode, the top 20 most
intense ions from the MS1 scan in the Orbitrap going forward for CID fragmentation in the ion trap for
MS/MS. Continual lock mass calibration and a 20sec exclusion list were used. Data was processed using and
quantified using Progenesis LC-MS and a MASCOT search for protein identification.
A) Number of protein identifications with each analysis method, plus number of proteins exclusive to
either the WT or GD strain. Also where the A proteins were found.
B) Abundance values for all proteins identified and quantified using both methods.

Chapter 3 90



_ PROTEOMIC COMPARISON OF WILDTYPE AND GENOME DEPLETED ESCHERICHIA COLI

A)

Synapt™ G2 Orbitrap Velos

T 517

B
) 500

400 -

w

o

o
|

Number of proteins
N
8
| N

100 -

20 6 3 1

T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Difference in ratio obtained between instruments

Figure 3.24. Label free quantitative comparison of instruments, Synapt™ G2 and LTQ Orbitrap Velos.
Proteolysed samples were diluted to 1000ng/pl. For LTQ Orbitrap Velos analysis, 1ul was injected, for analysis
using the Synapt™, each sample was mixed with 50fmol/pl standard protein and 2l injected. Proteins were
separated by RP-UPLC over a 90min linear gradient of 0-40% organic buffer. The Synapt™ G2 was operated in
V mode with an extra ion mobility separation step (HDMSE). Data was processed using PLGS 2.5 then
quantified using 1ISOQuant, relative to a 50fmol rabbit glucose phosphorylase b standard. The LTQ Orbitrap
Velos was operated in DDA mode, with the top 20 most intense ions from the MS1 scan in the Orbitrap going
forward for CID fragmentation in the ion trap for MS/MS. Continual lock mass calibration and a 20sec
exclusion list were used. Data was processed using and quantified using Progenesis LC-MS and a MASCOT
search for protein identification.

A) Total number of proteins and number of unique proteins identified with both instruments.

B) Comparison of ratio obtained for all 689 proteins (WT/(WT+DEP) that were identified and quantified with
both instruments.
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Figure 3.25. Comparison of abundance of all proteins.

In both cases proteolysed samples were diluted to a 1000ng/ul, for Synapt™ analysis this was mixed with

50fmol/pl standard protein and 2ul injected, for LTQ Orbitrap Velos analysis 1pl was injected. Both

instruments used a trapping column to desalt samples, followed by elution from the analytical column with a

90min linear gradient of 0-40% organic buffer. The Synapt™ G2 was in V mode using HDMSE, the ion mobility

cell adds an extra mobility separation step before MSE, where the instrument scans alternately in low energy

(trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE.

Data was processed using PLGS 2.5 then quantified using ISOQuant, relative to a 50fmol rabbit glucose

phosphorylase b standard. The LTQ Orbitrap Velos was in DDA, top 20 mode, the top 20 most intense ions

from the MS1 scan in the Orbitrap going forward for CID fragmentation in the ion trap for MS/MS. Continual
lock mass calibration and a 20sec exclusion list were used. Data was processed using and quantified using

Progenesis LC-MS and a MASCOT search for protein identification.

A) Abundance value of all proteins present in PaxDb compared to Synapt™ G2 data. PaxDb ppm values
converted to copies/cell by multiplying the ppm value by 2.4 (2.4million is the average value for number
molecules of each protein in an E.coli cell)

B) Abundance value of all proteins present in PaxDb compared to LTQ Orbitrap Velos data, PaxDb values
remain as ppm as the LTQ Orbitrap Velos data cannot be converted into copies/cell.
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the difference was the methodologies used in each study, as one study used a yellow fluorescent
protein fusion library, while the other two use spectral counting as opposed to the LC-MS" as used in
this study. Spectral counting relies on the observation that abundant proteins will be represented by
a large number of peptides which will return a greater number of spectra than a less abundant
protein with fewer peptides. This observation is not always correct, leading to the under or over-
estimation of protein abundances. Tagging proteins can affect their natural expression and cause

unknown changes to the proteome [184].

Deletion of proteins through the deletion of their coding genes

Final data analysis confirming protein deletion and investigating the consequential changes to the
proteome due to their deletions was performed using data from both the LTQ Orbitrap Velos
(Appendix 1) and the Synapt™ G2 in HDMS® mode (Appendix 2).

With both mass spectrometers, 88 A proteins were identified in the WT strain of E.coli, of these 31
were identified in both methodologies, an extra two A proteins were identified using only the
Synapt™ G2 and a further 55 A proteins were only identified using the LTQ Orbitrap Velos (Figure
3.26A). The data analysis could not confirm that all of these proteins have had their coding genes
deleted, as some of these proteins had abundance values in both the WT and GD strains. Of the 31 A
proteins identified in both methodologies, 25 were confirmed as deleted in both analyses through
identification exclusively in the WT strain. There were two A proteins that were identified in both
the WT and GD strain using both methodologies, and a further four proteins identified exclusively in
the WT strain when analysed with the LTQ Orbitrap Velos, but identified in both the WT and GD
strain when analysed using the Synapt™ G2. This means the deletion of their protein coding genes
could not be confirmed, either because the gene has not been deleted, or because more than one
gene codes for these proteins. The two A proteins unique to the Synapt™ G2 analysis were present
in both the WT and GD strain, so their protein coding genes cannot be confirmed as deleted. There
were 55 A proteins unique to the LTQ Orbitrap Velos analysis, of which 48 were exclusive to the WT
strain, so their protein coding genes can be confirmed as deleted, but seven were identified in both
the WT and GD strain, so the deletion of their protein coding genes could not be confirmed (Figure
3.26B).

This data in total leads to the confirmation that 73 A proteins (Table 3.1) have successfully had their
protein coding genes deleted, but the deletion of genes relating to a further 15 A proteins (Table
3.2) could not be confirmed. The presence of these 15 A proteins in the GD strain is unlikely to be
caused by carry-over of analyte from previous samples separated on the same chromatography

column as there were two blank (water) injections onto the column and eluted over a 15min
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Figure 3.26. Identification of A proteins.
In both cases samples were diluted to a 1000ng/ul, for Synapt™ analysis this was mixed with 50fmol/pl
standard protein and 2ul injected for LTQ Orbitrap Velos analysis 1pl was injected. Both instruments used a
trapping column to desalt samples, followed by elution from the analytical column with a 90min linear
gradient of 0-40% organic buffer. The Synapt™ G2was in V mode using HDMSE, the ion mobility cell adds an
extra mobility separation step before MSE, where the instrument scans alternately in low energy (trap 4V)
and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE. Data was
processed using PLGS 2.5 then quantified using ISOQuant, relative to a 50fmol rabbit glucose phosphorylase b
standard. The LTQ Orbitrap Velos was in DDA, top 20 mode, the top 20 most intense ions from the MS1 scan
in the Orbitrap going forward for CID fragmentation in the ion trap for MS/MS. Continual lock mass
calibration and a 20sec exclusion list were used. Data was processed using and quantified using Progenesis
LC-MS and a MASCOT search for protein identification.
A) Total number of A proteins and number of unique A proteins identified with both instruments
B) Confirmation of the deletion of the protein coding genes
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Orbitrap | Synapt G2

Entry Accession |Description Ratio Ratio
GALF ECOLI |POAAB6 JUTP glucose 1 phosphate uridylyltransferase GN galF 1.0 1.0
FLIC_ECOLI  [P04949  [Flagellin GN fliC 1.0 1.0
DACC ECOLI |P08506 |D alanyl D alanine carboxypeptidase dacC GN dacC 1.0 1.0
MASZ_ECOLI |P37330 |Malate synthase G GN glcB 0.9 1.0
TNAA_ECOLI [POA853  [Tryptophanase GN tnaA 0.9 1.0
CHEZ ECOLI |POA9H9 |Protein phosphatase CheZ GN cheZ 0.9 1.0
MCP2 ECOLI |P07017 |Methyl accepting chemotaxis protein Il GN tar 0.9 1.0
FLGE ECOLI |P75937 |Flagellar hook protein flgE GN flgE 0.9 1.0
CHEA ECOLI [P07363 |Chemotaxis protein CheA GN cheA 0.9 1.0
FLIM ECOLI |P06974  |Flagellar motor switch protein FIiM GN fliM 0.9 1.0
RMLA1 ECOLI [P37744  |Glucose 1 phosphate thymidylyltransferase 1 GN rmIAl 0.9 1.0
OMPT ECOLI |P09169 |Protease 7 GN ompT 0.9 1.0
CHEW _ECOLI [POA964 |Chemotaxis protein CheW GN cheW 0.9 1.0
MCP1 ECOLI [P02942 |Methyl accepting chemotaxis protein | GN tsr 0.9 1.0
YEFG ECOLI |P37749 |Uncharacterized protein yefG GN yefGPE 4 SV 1 0.9 1.0
MCP4 ECOLI |P07018 |Methyl accepting chemotaxis protein IV GN tap 0.9 1.0
GLF ECOLI P37747  |UDP galactopyranose mutase GN glf 0.9 1.0
MOTA_ECOLI [P09348 |Motility protein A GN motA 0.9 1.0
FLGK ECOLI |P33235 |Flagellar hook associated protein 1 GN flgK 0.8 1.0
CODA_ECOLI |P25524  [Cytosine deaminase GN codA 0.8 1.0
USPE ECOLI |POAACO |Universal stress protein E GN uspE 0.8 1.0
DEGP ECOLI |POCOVO |Protease do GN degP 0.8 1.0
USPF ECOLI |P37903 |Universal stress protein F GN uspF 0.8 1.0
TIMK ECOLI |P08957  |Type I restriction enzyme EcoKl M protein GN hsdM 0.7 1.0
RMLB1 ECOLI [P37759  |dTDP glucose 4 6 dehydratase 1 GN rfbB 0.7 1.0
FLGM ECOLI [|POAEM4 |Negative regulator of flagellin synthesis GN=flgM 1.0

CHEY ECOLI |POAE67 |Chemotaxis protein CheY GN=cheY 1.0

YAIL_ ECOLI  [P51024  |Uncharacterized protein yail GN=yailL 1.0

YEDE ECOLI |P31064 |UPF0394 inner membrane protein yedE GN=yedE 1.0

YIEF ECOLI POAGE6 |Uncharacterized protein yieF GN=yieF 1.0

NMPC ECOLI |P21420 |Putative outer membrane porin protein nmpC GN=nmpC 1.0
MOTB_ECOLI |POAF06 |Motility protein B GN=motB 1.0

PTKA ECOLI |P69828 |Galactitol-specific phosphotransferase enzyme IIA component GN=gatA 0.9

FLGG _ECOLI [POABX5 |Flagellar basal-body rod protein flgG GN=flgG 0.9

FLID ECOLI  [P24216 |Flagellar hook-associated protein 2 GN=fliD PE=1 SV=5 0.9

DCYD ECOLI |P76316 |D-cysteine desulfhydrase GN=dcyD 0.9

FLII_ECOLI P52612  |Flagellum-specific ATP synthase GN=flil 0.9

FIME ECOLI  [POADH7 |Type 1 fimbriae regulatory protein fime GN=fimE 0.9

NIFJ ECOLI P52647  |Probable pyruvate-flavodoxin oxidoreductase GN=ydbK 0.9

ACFD ECOLI Q46837 |Putative lipoprotein AcfD homolog GN=yghJ 0.9

YQIC ECOLI ]Q46868 |Uncharacterized protein ygiC GN=yqiC 0.9

FLIL ECOLI POABX8 |Flagellar protein FliL GN=fliL 0.9

RMLC ECOLI [P37745  |dTDP-4-dehydrorhamnose 3,5-epimerase GN=rfbC 0.9

Bactoprenol glucosyl transferase homolog from prophage CPS-53

GTRB_ECOLI |P77293  |GN=yfdH 0.9

YFDI_ECOLI  [P76507 |Uncharacterized protein yfdl GN=yfdI 0.9

YJHU ECOLI |P39356 |Uncharacterized transcriptional regulator yjhU GN=yjhU 0.9

YFFS ECOLI  |P76550 |Uncharacterized protein yffS GN=yffS 0.9

FLHA ECOLI |P76298 [Flagellar biosynthesis protein flnA GN=flhA 0.9

YAGU ECOLI [POAAAL |Inner membrane protein yagu GN=yagU 0.9

YEGQ ECOLI |P76403 |Uncharacterized protease yegQ GN=yegQ 0.9

GATZ ECOLI [POC8J8 D-tagatose-1,6-bisphosphate aldolase subunit gatZ GN=gatZ 0.9

FLGA_ECOLI |P75933 |Flagella basal body P-ring formation protein flgA GN=flgA 0.9

FLIS ECOLI P26608 |Flagellar protein fliS GN=fliS 0.9

YEDD ECOLI |P31063 |Uncharacterized lipoprotein yedD GN=yedD 0.8
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Table continued from previous page

Orbitrap | Synapt G2
Entry Accession |Description Ratio Ratio
Putative lipopolysaccharide biosynthesis O-acetyl transferase wbb)J
\WBBJ_ECOLI |P37750  |GN=wbbJ 0.8
TTCA ECOLI |P76055  |tRNA 2-thiocytidine biosynthesis protein TtcA GN=ttcA 0.8
FLIA ECOLI  |[POAEM6 |RNA polymerase sigma factor for flagellar operon GN=fliA 0.8
FLGC ECOLI [POABX2 |Flagellar basal-body rod protein flgC GN=flgC 0.8
FLIN_ECOLI  |P15070 |Flagellar motor switch protein FIiN GN=fliN 0.8
FLGL ECOLI [P29744  |Flagellar hook-associated protein 3 GN=flgL 0.8
RMLD ECOLI [P37760 |dTDP-4-dehydrorhamnose reductase GN=rfbD 0.8
IADA ECOLI |P39377 [Isoaspartyl dipeptidase GN=iadA 0.8
NFNB ECOLI |P38489  |Oxygen-insensitive NAD(P)H nitroreductase GN=nfnB 0.8
FLIY ECOLI POAEM9 |Cystine-binding periplasmic protein GN=fliY 0.8
YJIY ECOLI P39396 |Inner membrane protein YjiY GN=yjiY 0.8
YEGP ECOLI |P76402  |UPF0339 protein yegP GN=yegP 0.8
CODB _ECOLI [POAA82  |Cytosine permease GN=codB 0.8
YJIM ECOLI  |P39384  |Uncharacterized protein yjiM GN=yjiM 0.7
BFR_ECOLI POABD3 _|Bacterioferritin GN=bfr 0.7
TIRK ECOLI |P08956  [Type I restriction enzyme EcoKI R protein GN=hsdR 0.7
YJJM _ECOLI |P39399 |Probable HTH-type transcriptional regulator YjjM GN=yjjM PE=2 SV=2 0.7
Inner membrane amino-acid ABC transporter permease protein yecS
YECS ECOLI  |POAFT2  |GN=yecS 0.7
FLGD ECOLI [P75936 |Basal-body rod modification protein flgD GN=flgD 0.7

Table 3.1. Confirmed A proteins.

In both cases samples were diluted to a 1000ng/ul, for Synapt™ analysis this was mixed with 50fmol/pl
standard protein and 2l injected, for LTQ Orbitrap Velos analysis 1pl was injected. Both instruments used a
trapping column to desalted samples, and they were eluted from the analytical column with a 90min linear
gradient of 0-40% organic buffer. The Synapt™ G2was in V mode either using HDMSE, the ion mobility cell
adds an extra mobility separation step before MSE, where the instrument scans alternately in low energy
(trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE.
Data was processed using PLGS 2.5 then quantified using ISOQuant, relative to a 50fmol rabbit glucose
phosphorylase b standard. The LTQ Orbitrap Velos was in DDA, top 20S mode, the top 20 most intense ions
from the MS1 scan in the Orbitrap going forward for CID fragmentation in the ion trap for MS/MS. Gas phase
fractionation was performed using varying ion isolation window m/z ranges for MS2 precursor selection.
Continual lock mass calibration and a 20sec exclusion list were used. Data was processed using and quantified
using Progenesis and a MASCOT search used for protein identification.

The table contains proteins that are known A proteins where the deletion of these proteins can be confirmed
through identification exclusively in the WT strain. Analysis performed using the Synapt™ G2 and ISOQuant a
ratio (WT/WT+DEP) of 1.0 indicates a protein is deleted, with LTQ Orbitrap Velos and Progenesis LC-MS
analysis a ratio of 0.7 or over indicates a protein is deleted. Ratios between analysis indicate a good
correlation between instruments.
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Orbitrap | Synapt G2

Entry Accession |Description Ratio Ratio
FLIG ECOLI |POABZ1 |Flagellar motor switch protein FliG GN fliG 0.9 0.5
FLGH ECOLI [POA6SO [Flagellar L ring protein GN flgH 0.9 0.5
FLIF ECOLI |P25798 |Flagellar M ring protein GN fliF P 0.8 0.4
AG43 _ECOLI |P39180 [Antigen 43 GN flu 0.8 0.5
CSPA_ECOLI |POA9X9 |Cold shock protein CspA GN cspA 0.6 0.6
FRMA_ECOLI [P25437 |S hydroxymethyl glutathione dehydrogenase GN frmA 0.5 0.3
RHSC_ECOLI [P16918 [Protein rhsC GN rhsC 0.6
RHSD_ECOLI |P16919 |Protein rhsD GN rhsD 0.2
YEFI_ECOLI |P37751 [Uncharacterized protein yefl GN yefl 0.6

AVTA _ECOLI [P09053 |Valine--pyruvate aminotransferase GN avtA 0.6

YBBN _ECOLI |P77395 |Uncharacterized protein ybbN GN ybbN 0.6

YJJK ECOLI  |POA9W3 |Uncharacterized ABC transporter ATP-binding protein YjjK GN yjjK 0.6

YAHK ECOLI |P75691 |Uncharacterized zinc-type alcohol dehydrogenase-like protein YahK GN yahK 0.6

YBBO ECOLI |POAFP4 |Uncharacterized oxidoreductase ybbO GN ybbO 0.5
FRMR_ECOLI [POAAP3 |Transcriptional repressor frmR GN frmR 0.4

Table 3.2. A proteins that cannot be confirmed as deleted.

In both cases samples were diluted to a 1000ng/pl, for Synapt™ analysis this was mixed with 50fmol/pl
standard protein and 2pl injected, for LTQ Orbitrap Velos analysis 1pl was injected. Both instruments used a
trapping column to desalted samples, and they were eluted from the analytical column with a 90min linear
gradient of 0-40% organic buffer. The Synapt™ G2was in V mode either using HDMSE, the ion mobility cell
adds an extra mobility separation step before MSE, where the instrument scans alternately in low energy
(trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE.
Data was processed using PLGS 2.5 then quantified using ISOQuant, relative to a 50fmol rabbit glucose
phosphorylase b standard. The LTQ Orbitrap Velos was in DDA, top 20S mode, the top 20 most intense ions
from the MS1 scan in the Orbitrap going forward for CID fragmentation in the ion trap for MS/MS. Gas phase
fractionation was performed using varying ion isolation window m/z ranges for MS2 precursor selection.
Continual lock mass calibration and a 20sec exclusion list were used. Data was processed using and quantified
using Progenesis and a MASCOT search used for protein identification.

Table contains proteins that are known A proteins where the deletion of these proteins can not be confirmed
as the proteins were identified in both the WT and GD strain, either with one analysis or both. Analysis
performed using the Synapt™ G2 and ISOQuant a ratio (WT/WT+DEP) of 1.0 indicates a protein is deleted,
with LTQ Orbitrap Velos and Progenesis LC-MS analysis a ratio of 0.7 or over indicates a protein is deleted.
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gradient in between each analytical run. This was a very small number of proteins to be identified
only in the WT considering over 800 protein coding genes have been deleted. The lack of A proteins
detected by this study may be due to the A proteins being present in the WT cells at low abundance,
which would mean they are below the detectable range for these mass spectrometers. Another
explanation for the lack of A proteins detected may be that the protein coding genes are not turned
on in the WT strain. An example of this is the flagella complex; when E.coli is cultured in the
presence of glucose the cells do not need any flagellar, the cultures in this study contained 0.1%
glucose, which could explain the lack of flagella proteins in the analysis. This applies to both strains
of E.coli and may explain why of the 51 flagellar proteins expected, only 30 are identified in either
strain. Other A proteins may be similar with expression of their protein coding genes only activated

during times of adaptation.

Of the 88 A proteins identified and quantified in both analyses only 46 had abundance values in the
PaxDb database. A comparison between the WT strain data generated in the study and the PaxDb
abundance values gives a poor correlation (Figure 3.27). This is the same as the data set as a whole

mainly due to the varying methodologies that were performed with each study.

Pleiotropic effects of the gene deletions

Analysis of the WT and GD strains of E.coli, using both the LTQ Orbitrap Velos and Synapt™ G2,
identified five proteins exclusively in the WT strain that were not A proteins (Table 3.3). Using the
STRING database (http://string-db.org/), information can be gained on protein-protein interactions
involving those proteins with altered expression due to the gene deletions. Two of these proteins
are involved in pyrimidine biosynthesis (pyrl and pyrB) and function together in a heterododecamer
with six pyrB molecules in two trimers connected to six pyrl molecules in three dimers. Both
proteins function to catalyse the chemical reactions and pathways that results in the formation of
pyrimidine bases [185]. Pyrimidine bases include the DNA nucleobases cytosine and thymine plus
the RNA nucleobase uracil. Information from EcoCyc (http://ecocyc.org/), a database of E.coli
MG1655 genes, transcription, protein and pathways, established that both the pyrB and pyrl genes

are controlled by the same operon pyrL (Figure 3.28).

Another protein that was not seen in the GD strain, although it is not a A protein, is the flagellar
break protein ycgR, which functions as a molecular break to stop the flagellar complex. It interacts
with the A proteins fliA, fliC, fliD and fliG, during the early stages of flagella complex assembly
(Figure 3.29A), explaining the down regulation of the ycgR protein in the GD strain. An ATP binding
protein, modC that forms part of a complex of proteins including modC, modB and modA, functions

to transport molybdenum into cells is also exclusive to the WT strain. This modC protein may be

Chapter 3 98



_ PROTEOMIC COMPARISON OF WILDTYPE AND GENOME DEPLETED ESCHERICHIA COLI

100000
] | ]
A) ] L]
10000
= E n" .
3 n m . n
D 1 " g
[ ] | |
2 1000 . .. ol
é ] L
E ] |
~ 100
R) E
e
(U 4
S 104
2 E
1 L | T L | L | T T
1 10 100 1000 10000 100000
PaxDb (integrated) (Copies/cell)
1E9
|
B) s
,a |
8 1E7
u [
é 1000000 " 5
[ L W .
E 100000 - ".-| - .
|
< - (] m N "
Q [ Hy
©
£ 10000 s " .
£
o
1000
|
100 +———rrr e —
0.01 0.1 1 10 100 1000 10000

PaxDb (integrated) (ppm)

Figure 3.27. Comparison of abundance of A proteins in WT strain.

In both cases samples were diluted to a 1000ng/ul, for Synapt™ analysis this was mixed with 50fmol/pl
standard protein and 2l injected, for LTQ Orbitrap Velos analysis 1l was injected. Both instruments used a
trapping column to desalt samples, followed by elution from the analytical column with a 90min linear
gradient of 0-40% organic buffer. The Synapt™ G2 was in V mode either using HDMSE, the ion mobility cell
adds an extra mobility separation step before MSE, where the instrument scans alternately in low energy
(trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE.
Data was processed using PLGS 2.5 then quantified using ISOQuant, relative to a 50fmol rabbit glucose
phosphorylase b standard. The LTQ Orbitrap Velos was in DDA, top 20 mode, the top 20 most intense ions
from the MS1 scan in the Orbitrap going forward for CID fragmentation in the ion trap for MS/MS. Continual
lock mass calibration and a 20sec exclusion list were used. Data was processed using and quantified using
Progenesis LC-MS and a MASCOT search for protein identification.

A) Abundance value of A proteins compared to Synapt™ G2 data

B) Abundance value of A proteins compared to LTQ Orbitrap Velos data
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Entry Accession [Description Orbitrap Ratio | Synapt G2 Ratio
MODC ECOLI |P09833  |Molybdenum import ATP-binding protein ModC GN=modC 0.9

YLAC ECOLI |POAASO  |inner membrane protein ylaC GN=ylaC 0.9

PYRB ECOLI [POA786  [Aspartate carbamoyltransferase catalytic chain GN pyrB 0.9 0.9

PYRI ECOLI [POA7F3  |Aspartate carbamoyltransferase regulatory chain GN pyrl 0.9 0.9

YCGR _ECOLI |P76010  |Flagellar brake protein YcgR GN ycgR 1.0 1.0

Table 3.3. Proteins exclusive to the WT strain.

In both cases samples were diluted to a 1000ng/ul, for Synapt™ analysis this was mixed with 50fmol/pl
standard protein and 2l injected, for LTQ Orbitrap Velos analysis 1pl was injected. Both instruments used a
trapping column to desalted samples, and they were eluted from the analytical column with a 90min linear
gradient of 0-40% organic buffer. The Synapt™ G2was in V mode either using HDMSE, the ion mobility cell
adds an extra mobility separation step before MSE, where the instrument scans alternately in low energy
(trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE.
Data was processed using PLGS 2.5 then quantified using ISOQuant, relative to a 50fmol rabbit glucose
phosphorylase b standard. The LTQ Orbitrap Velos was in DDA, top 20S mode, the top 20 most intense ions
from the MS1 scan in the Orbitrap going forward for CID fragmentation in the ion trap for MS/MS. Gas phase
fractionation was performed using varying ion isolation window m/z ranges for MS2 precursor selection.
Continual lock mass calibration and a 20sec exclusion list were used. Data was processed using and quantified
using Progenesis and a MASCOT search used for protein identification.

The table contains proteins that are not known A proteins but analysis indicates they are exclusive to the WT

strain. The ratio with both instruments corresponds indicating the deletion is not a false positive result.

Entry Accession |Description Orbitrap Ratio | Synapt G2 Ratio
K6PF2_ECOLI |P06999 |6 phosphofructokinase isozyme 2 GN pfkB 0.0
EBGR ECOLI [P06846  |HTH-type transcriptional regulator ebgR GN=ebgR 0.0

CRL ECOLI P24251 |Sigma factor-binding protein crl GN=crl 0.0

INAA_ECOLI _ [P27294  |Protein inaA GN=inaA 0.1

SRA_ECOLI P68191  |Stationary-phase-induced ribosome-associated protein GN=sra 0.1

SPY ECOLI P77754  |Spheroplast protein Y GN=spy 0.1

PYRE ECOLI [POA7E3  |Orotate phosphoribosyltransferase GN=pyrE 0.1

RL30 ECOLI  |POAG51  |50S ribosomal protein L30 GN rpmD 0.0 0.0
RL34 ECOLI  |POA7P5  |50S ribosomal protein L34 GN rpmH 0.1 0.0
RL22 ECOLI [P61175 |50S ribosomal protein L22 GN rplV 0.1 0.0
RL25 ECOLI  [P68919  |50S ribosomal protein L25 GN=rplY 0.1

RL33 ECOLI  [POA7N9  |50S ribosomal protein L33 GN=rpmG 0.1

RL32_ECOLI  |[POA7N4  |50S ribosomal protein L32 GN=rpmF 0.1

RL16 ECOLI |POADY7  |50S ribosomal protein L16 GN=rplP 0.1

RL31 ECOLI  |[POA7M9 |50S ribosomal protein L31 GN=rpmE 0.1

RL28 ECOLI  |POA7M2  [50S ribosomal protein L28 GN=rpmB 0.1

RS20 _ECOLI  |POA7U7  |30S ribosomal protein S20 GN=rpsT 0.1

YIHI ECOLI POABH6  |Der GTPase-activating protein Yihl GN=yihl 0.1

Table 3.4. Proteins exclusive to the GD strain.

In both cases samples were diluted to a 1000ng/ul, for Synapt™ analysis this was mixed with 50fmol/pl
standard protein and 2l injected, for LTQ Orbitrap Velos analysis 1l was injected. Both instruments used a
trapping column to desalted samples, and they were eluted from the analytical column with a 90min linear
gradient of 0-40% organic buffer. The Synapt™ G2was in V mode either using HDMSE, the ion mobility cell
adds an extra mobility separation step before MSE, where the instrument scans alternately in low energy
(trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE.
Data was processed using PLGS 2.5 then quantified using I1SOQuant, relative to a 50fmol rabbit glucose
phosphorylase b standard. The LTQ Orbitrap Velos was in DDA, top 20S mode, the top 20 most intense ions
from the MS1 scan in the Orbitrap going forward for CID fragmentation in the ion trap for MS/MS. Gas phase
fractionation was performed using varying ion isolation window m/z ranges for MS2 precursor selection.
Continual lock mass calibration and a 20sec exclusion list were used. Data was processed using and quantified
using Progenesis and a MASCOT search used for protein identification.

The table contains proteins that were identified exclusively in the GD strain. Ratios between analysis indicate
a good correlation between instruments, so these pleiotropic effects are genuine and not false positive
results.
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Pyrimidine biosynthesis proteins pyrB and pyrl
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Figure 3.28. Pleiotropic down regulation of pyrimidine biosynthesis proteins in GD strain.

Proteins pyrB and pryl were both found to be present exclusively in the WT strain, but are not known A
proteins. Protein transcription data from EcoCyc (http://ecocyc.org) indicating both pyrB and pryl are
controlled by the same operon ‘pyrL’ (circled in red) which is why they are simultaneously down regulated in

the GD strain.
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Figure 3.29. Network interaction data for pleiotropic down regulated proteins in GD strain.

Proteins ylaC and ycgR were both identified exclusively in the WT strain, but are not known A proteins, so
they have been down regulated (arrows next to proteins indicate direction of regulation) in the GD strain
through pleiotropic effects. Protein network data from the STRING database (http://string-db.org/) indicates
that they both interact with known A proteins (X over protein indicates it is a known A protein) which is
possibly the cause of their down regulation.
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down regulated in the GD strain due to the known deletion of the gene coding for the molybdenum
binding protein yagR. No information can be found on the functional role of the last protein
exclusive to the WT strain, ylaC, but it does interact with proteins ybcN, b1556 and b0554 all of

which are which are A proteins involved in cell wall lysis (Figure 3.29B).

In total, 18 proteins have been identified exclusively in the GD strain of E.coli (Table 3.4). Of these,
13 proteins are either part of, or interact with, the prokaryotic ribosome. Nine are part of the 50S
ribosomal subunit (rpmD, rpmH, rplV, rplY, rpmG, rpmF, rplP, rpmE, rpmB) and the majority of these
interact with a 50S ribosomal subunit protein rpmJ which is a A protein (Figure 3.30A). One of these
proteins, when overexpressed, inhibits cells growth through the disruption of the 50S ribosomal
subunit formation (yihl). Two ribosome proteins (rpmE2 and rpmJ2) are known A proteins, and as a
consequence of these deletions the GD strain has adapted by increasing production of other
ribosomal proteins. The inhibitor (yihl) may have been up regulated to try to negatively regulate this
increased production of 50S proteins. It was noted by Scarab Genomics LLC that the GD strain has an
enhanced capacity for protein production, which may be due to the increase in ribosomal proteins.
Another protein exclusive to the GD strain is part of the 30S ribosomal subunit (rpsT) and is involved
in translation initiation. During stationary phase, the 30S ribosomal subunit protein S22 ‘sra’ binds to
the 30S subunit, and which interacts with known A proteins hokA, yeet and b4548 (Figure 3.30B). A
transcriptional regulator ‘crl’ binds to the sigma factor S and so controls activation of RNA

polymerase and therefore RNA synthesis.

Another protein exclusive to the GD strain is a pyrimidine biosynthesis protein pyrE, this protein also
catalyses the formation of pyrimidine nucleotides. The WT strain is known to have a frame shift
mutation in the promoter rph which controls the pyrE gene [186] (http://ecocyc.org/) (Figure 3.31)
so the pyrE protein is not expressed, but in the GD strain a deletion has removed the rph gene
entirely, which is why the pyrE protein is identified exclusively to the GD strain. This is also the
reason behind the identification of the other pyrimidine biosynthesis proteins pyrB and pyrl
exclusively in the WT strain, because the pyrE gene is expressed in the GD strain, levels of pyrimidine
nucleotides will rise and so the downstream enzymes (pyrB and pyrl ) in the pyrimidine biosynthetic

pathway have decreased.

The remaining four proteins only identified in the GD strain were a 6-phosphofructokinase enzyme
‘pfkB’ which is involved in the glycolysis pathway and interacts with a known A protein gatY (Figure
3.30C). Also a DNA-binding transcriptional repressor protein that negatively regulates f3
galactosidase, ebgR, has been up regulated in the GD strain due to the known deletion of the 8

galactosidase protein lacZ, and so provides the cells with another pathway for lactose utilisation.
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Figure 3.30. Network interaction data for pleiotropic up regulated proteins in GD strain.

Proteins rmpD, sra, pfkB and inaA were all identified exclusively in the GD strain, so they have been up
regulated (arrows next to proteins indicate direction of regulation) in the GD strain through pleiotropic
effects. Protein network data from the STRING database (http://string-db.org/) indicates that they all interact
with known A proteins (X over protein indicates it is a known A protein) which is possibly the cause of their
up regulation.
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Figure 3.31. Pleiotropic up regulation of pyrimidine biosynthesis proteins in GD strain.

Protein transcription data from EcoCyc (http://ecocyc.org) indicating pyrE is controlled by the operon ‘rph’
(circled in red). The WT strain has a frame shift mutation in the rph operon so pyrE is not expressed. In the GD
strain an unrelated deletion has removed this frame shift so pyrE is expressed, explaining why the pyrE
protein was identified exclusively in the GD strain.
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Also exclusive to the GD strain is a pH-inducible protein involved in stress response, inaA, that
senses the external environment such as the pH or temperature and interacts with a known A
protein ybcH (Figure 3.30D). The final protein is an ATP independent periplasmic chaperone ‘spy’,
involved in zinc metabolism and protein aggregation/folding, which may be depleted due to deletion
of the zinc transport protein ‘znt’. It is also possible the proteins involved with metabolism
(pyrimidine, glycolysis or zinc) could have been up regulated due to the cells attempting to adapt to

their environment.

3.4. CONCLUSIONS

A comparison of the first and second generation QuanTof Synapt™ instruments led to the obvious
conclusion that the changes leading to a higher resolution, as well as a modified detector have
improved the dynamic range capabilities of the Synapt™ G2. Plus the addition of the ISOQuant
software to the methodology for quantification has led to improved accuracy of quantification and
an in increase in the number of proteins quantified. The correlation between results gained from a
Synapt™ G2, a quadrupole ToF, and the LTQ Orbitrap Velos, which is a linear ion trap coupled to an
Orbitrap, is very high. Both label free quantification methodologies are at early stages of
development, with new processing parameters and software being released regularly. Software that
can utilise all the raw data from the LTQ Orbitrap Velos in a label free study is very important for
high-throughput analyses and this study shows that software is progressing in the right direction.
This study indicates the potential of using the LTQ Orbitrap Velos in combination with Progenesis LC-
MS software for relative label free quantification, especially due to its high correlation with the
absolute copies per cell values from the Synapt™ G2. Methods for experimentation can now be
chosen depending on the quantification values required, absolute or relative, and with high

confidence in the results.

This study has also led to the identification, quantification and comparison of the expression of 1228
proteins in WT and GD strains of E.coli. This has confirmed the deletion of genes coding for 73 of the
800 A proteins; this is so low because the majority of these deleted proteins are not being expressed
during optimal growth conditions or they are so low in abundance they cannot be detected on the
mass spectrometers investigated, without further proteome separation and sample enrichment.
Changes to the E.coli proteome because of the known protein deletions have also been detected,
with five proteins exclusive to the WT strain and 18 proteins exclusive to the GD strain showing
changes in expression. These proteins up regulated in the GD strain are consequences of A proteins

coding genes deletions as the cells attempt to adapt to their environment.
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4. GLOBAL PROFILING OF BOVINE AND PORCINE SEMINAL PLASMA

AIM

To characterise the proteins present in bovine seminal plasma; leading to an investigation into
variation in seminal plasma proteins between individual bulls along and under different conditions,
plus the identification of any quantitative intraspecies variation between Holstein and Belgian Blue
seminal plasma. To also complete an interspecies comparison of bull and boar seminal plasma, to

investigate the qualitative and quantitative differences between the proteins present.

OBJECTIVES

¢ To identify the proteins present in bovine seminal plasma
o To compare the seminal plasma profile of bulls from different conditions

e To make a quantitative comparison between seminal plasma from Holstein and Belgian Blue
bulls

¢ Toidentify the proteins present in porcine seminal plasma
e To make a quantitative comparison between bovine and porcine seminal plasma

4.1. INTRODUCTION
Seminal plasma

Seminal plasma is the term given to the fluid surrounding spermatozoa. It contains a complex mix of
secretions from the male accessory glands, which in the bull are the seminal vesicle, prostate and
bulbourethral glands plus secretions from the epididymis [187]. Seminal plasma functions to
transport the sperm to the female reproductive tract and also directly influences sperm function
[57]. Sperm complete their maturation during epididymal transit, where they acquire their motility
and ability to fertilise an oocyte through interactions with epididymal proteins [31]. On ejaculation,
seminal plasma proteins from the accessory glands are added to the sperm [188], many of these
have direct roles in sperm quiescence (where sperm reduce their metabolic output and shut down
to reserve energy for later use), the formation of the oviductal reservoir [76], capacitation and
sperm-egg binding [77]. Along with proteins there are several other components of seminal plasma,
such as sorbitol and fructose which are energy reserves for the spermatozoa, plus other compounds
such as lipids, hormones, cytokines and nitrogenous compounds [58]. Much research has focused on

discovering how these seminal plasma proteins interact with the sperm and identifying the
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individual roles of the proteins added to the sperm, either while in the epididymis or from the

accessory gland secretion added at ejaculation.

The epididymis has three main sections, the anterior caput (head), median corpus and posterior
cauda (tail); fertility of the sperm increases dramatically once they reach the end of the corpus and
enter the cauda, as maturation has come to an end and the sperm are now fully motile [31].
Achieving this end mature state is dependent on proteins synthesised and secreted from the
epididymal epithelial cells, which varies from one section to another [42]. These secreted proteins
can interact with the sperm in one of many ways. They can bind the sperm loosely and potentially be
involved in maintaining quiescence, they can bind tightly, if needed for fertilisation in the female
tract, or they can insert into the sperm membrane modifying the membrane proteome [46]. The
main modifications caused by epididymal secretions are addition, removal or redistribution of sperm

surface proteins [189].

Epididymal proteins are hypothesised to be transferred to the sperm in different ways depending on
their final destination (Figure 4.1). Proteins that bind to the sperm are transferred via secreted apical
blebs that disintegrate in the epididymal lumen leaving the proteins free to bind the sperm [46].
Proteins that are inserted into the plasma membrane are transferred via a more complex method,
thought to occur via epididymosomes (high or low density membrane bound vesicles [47]). The full
method of this transfer is unknown [46], but the transfer probably starts with the epididymosomes
docking to the sperm using the interaction between SNARE proteins present in the epididymosomes
and on the sperm [42]. SNARE proteins are soluble N-ethylmaleimide sensitive fusion attachment
protein receptors that occur in two categories; v-SNARE (vesicle bound) and t-SNARE (target
membrane bound), which facilitate vesicle fusion and exocytosis [190]. Changes in the plasma
membrane proteins occur through changes in glycosylation, by glycotransferases and
glycohydrolases in the epididymosomes [42], allowing proteins to become either masked or
unmasked [46]. An example of an epididymal protein known to be inserted into the bovine sperm
plasma membrane is P25b, which is GPI anchored to cauda epididymal sperm and can only be
removed from the sperm through disruption of the membrane and not by a high concentration of

salt which would remove associated proteins [191].

Roles of seminal plasma proteins

A proteomic study identified proteins present in bovine epididymosomes that are involved in sperm-
egg interactions (e.g. HK1), motility (e.g. SORD) and membrane remodelling (e.g. VASAP-60) [42].
The study also identified a number of ubiquitin and ubiquitin related enzymes in the

epididymosomes [42]. Ubiquitin from the epididymis coats the surface of defective cells, as a study
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Figure 4.1. Interaction of epididymal and seminal vesicle proteins with sperm membrane.
Epididymal proteins are secreted from the epididymal epithelia either in apical blebs or epididymosomes. The apical blebs breakdown and the epididymal proteins are

released into the epididymal lumen, free to bind to the sperm membranes. The epididymosomes facilitate the transfer of epididymal proteins into the sperm membrane.
Glycoenzymes such as glycotransferases and glycohydrolases modify the sperm membrane glycosylation state, which can mask or unmask proteins.
After ejaculation seminal vesicle proteins are added to the sperm which also bind to the sperm membrane.
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by Stuovsky et al. showed, through immunofluorescence, that ubiquitin was bound to sperm with
visually obvious defects such as sperm with two heads. After density gradient separation Western
blots showed higher ubiquitin cross reactivity in the immotile sperm fraction over the motile sperm
fraction [192]. The ubiquitin coated sperm are then phagocytosed by the epididymal epithelial cells
and possibly destroyed by proteolysis [192]. In humans protein P34H has use as a biomarker for
epididymal function. This protein is added to sperm during epididymal maturation and aids sperm
binding to the oocyte zona pellucida. Western blots and laser densitometry identified P34H on the

sperm of all fertile donors, indicating its essential nature for fertility [193].

Many of the bovine accessory gland proteins have known roles in the fertilisation process. An
important group of proteins known as the bovine seminal plasma proteins or binder of sperm
proteins (BSP), specifically A1, A2, A3 and 30, are the major components of bovine seminal plasma
[194]. They are heparin binding [195] and have a known role in sperm capacitation, along with
interactions with components of the female reproductive tract [87]. BSP Al, A2 and A3 have
molecular masses 15-16.5kDa, while BSP 30 has a mass of 30kDa. All the family members are
glycosylated apart from BSP A3, with BSP Al and A2 having different degrees of glycosylation but
identical amino acid sequences (bound in the homodimer PDC-109) [194]. They also contain two
disulphide bonds plus two tandem fibronectin type Il domains [196]. These proteins bind to the
sperm membrane on ejaculation (Figure 4.2) [197], specifically interacting with the membrane
phospholipid phosphorylcholine head groups [194]. Their method of binding is facilitated by PDC-
109 being a 90-120kDa homo-oligomer, which dissociates to a homodimer on interaction with

phosphorylcholine head groups [198].

Once in the female tract, the sperm are sequestered in a reservoir in the isthmus of the oviduct until
a few of the sperm are released at ovulation to go forward in an attempt to fertilise the oocyte
[199]. The sperm plasma membrane interacts with the cilia of the oviductal epithelia [80] and while
bound the sperm are quiescent and motility is maintained for their release [83]. PDC-109 [82], BSP
A3 and BSP 30 [76] are all proteins that anchor the sperm to the oviductal epithelia though binding
oviductal fucose (Figure 4.2) [82]. This interaction is lost on capacitation, when disulphide reductants
reduce the BSP protein disulphides to free thiols, breaking the sperm-carbohydrate bond and

allowing the sperm to be released [86].

BSP proteins then interact with oviductal heparin and high density lipoproteins to facilitate the
removal of sperm membrane cholesterol, to acceptors such as oviductal bovine serum albumin [87].

This causes the sperm membrane phospholipid and cholesterol composition to change (Figure 4.2)
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Figure 4.2. Function of the BSP seminal vesicle proteins.
BSP proteins are secreted from the seminal vesicles and added to sperm on ejaculation. They facilitate the creation of the oviductal reservoir through interactions with
oviductal fucose and assist in sperm capacitation through the removal of membrane cholesterol to oviductal receptors such as high density lipoproteins (HDL), which

destabilises the sperm membrane.
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and therefore destabilise the membrane, as cholesterol stabilises membranes [88]. This membrane

destabilisation is a crucial step in sperm capacitation [85].

The bovine seminal plasma protein seminal plasmin or caltrin, [200] plays role in the acrosome
reaction and sperm motility through binding to the acrosomal membrane and tail of the sperm on
ejaculation [201]. The main function of seminal plasmin is to regulate uptake of calcium ions to the
sperm cells. Immediately after ejaculation seminal plasmin inhibits calcium uptake, while after
capacitation seminal plasmin facilitates a calcium influx that is required for the acrosome reaction
and sperm hyperactivation [201]. Seminal plasmin also increases the fluidity of the membrane,
which in turn facilitates the acrosome reaction [202]. Phospholipase A2 is another seminal plasma
protein [203] involved in the acrosome reaction. The hydrolysis products of phospholipase A2
interact with membrane phospholipids such as arachidonic acid [204], converting the arachidonic
acid to prostaglandins, enhancing the calcium uptake of the sperm and thus stimulating the

acrosome reaction [205].

Osteopontin is a bovine seminal plasma protein thought to have a role in sperm-oocyte binding,
facilitated through the binding of osteopontin to integrin receptors and CD44 on the oocyte [206].
Bovine seminal plasma also includes two members of the spermadhesin protein family [207, 208]
that contain four cysteine residues, creating two disulphide bridges and a CUB domain with a
parallel-antiparallel beta sandwich fold, thought to be a scaffold for modelling domains in other
proteins [208, 209]. High concentrations of bovine spermadhesins reduce motility and metabolism
of the sperm, but these effects are reversed on dilution in the female tract [210], indicating the
function of spermadhesins in sperm quiescence. Spermadhesins can reduced lipid peroxidation, so
protecting sperm from free oxygen radicals through redox reactions occurring with the multiple
disulphide bridges present in the folded protein [210]. They may also play a role in modulating the

female immune response to sperm through stimulation of lymphocyte division [209].

Global proteomic profiling of bovine seminal plasma has been previously performed [77, 211, 212],
all three papers are based on 2D SDS PAGE, followed by spot excision and trypsin proteolysis, which
led to a small number of identifications from the seminal plasma. A different methodological
approach, coupled with the ever continuing advances in mass spectrometric instruments, could lead
to a more comprehensive seminal plasma analysis. Identifications could be increased plus
quantification of the proteins present in the seminal plasma can now be performed in a label free
workflow that is suited to large animal proteomics. This would facilitate the identification and

quantitation of more proteins that correlate with specific traits.
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Proteomic markers of fertility

Some of the bovine seminal plasma proteins correlate with certain fertility traits. One of the
spermadhesin proteins, spermadhesin Z13 (SPADH2), correlates with infertility. Using densitometry
performed with PDQuest (BioRad, New York, USA) a more intense spot was reported on 2D SDS
PAGE of animals with lower fertility (calculated using non-return rates) [211]. Osteopontin and
phospholipase A2 also correlate with fertility, as the 2D SDS PAGE spot was more intense in the
more fertile bulls. Protein identifications in that study were made through CapLC MS/MS and a NCBI
NR database search using MASCOT [211]. Osteopontin correlates with fertility in stallions as 2D SDS
PAGE and densitometry using PDQuest showed a positive correlation between stallion fertility
(calculated by conception rate) and a 55kDa protein, that through Western blot analysis using an
antibody to bovine osteopontin, was identified as equine osteopontin [213]. Prostaglandin D
synthase correlates with fertility [214], as densitometry confirmed it occurs in a higher frequency in

bulls with known high fertility [215].

Seminal plasma protein comparisons

In this study a functional comparison will be performed on the seminal plasma of Holstein and
Belgian Blue breeds of cattle. There are large phenotypic differences between these two breeds,
with the Belgian Blue bulls having a mutation of the myostatin gene, which is an 11 nucleotide
deletion that inactivates the gene and leads to a condition known as double muscling [216]. The
percentage of total and progressively motile Holstein sperm is greater than that of Belgian Blue
sperm. The Belgian Blue sperm also move less fluently resulting in them having a lower propelling
force. It was also noted that the Belgian Blue sperm had slightly larger heads, which could be
responsible for differences in wave velocity [217]. The same study found that abnormalities of
sperm, such as cytoplasmic droplets, knobbed heads and midpiece defects are more common in
Belgian Blue bulls than Holstein [217] and these abnormalities have a negative effect on sperm
function, therefore fertility [218-220]. A global guantitative comparison of seminal plasma from
these two breeds of bull, would allow investigation into the effects of seminal plasma on bulls with

such differing phenotypes and fertilities.

Global proteomic profiling of porcine seminal plasma has been performed [221, 222], but the
advanced methodology and instrumentation being used in this study will also allow a quantitative
comparison between bovine and porcine seminal plasma. Bovine and porcine species share a large
amount of their scientific classification; they are both in the animalia kingdom, chordate phylum,
Mammalia class, theria subclass, eutheria infra class and artiodactyla order (hooved ungulates that

bear weight on either two of four toes [223]). Bulls are then classified, suborder Cetruminantia,
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family Bovinae [224] while the pigs are in suborder Suina, family Suidae [225]). A study of the
mitochondrial DNA of the pig and cow showed that there is a close relationship between these two
species, with the mean value of nucleotide differences in individual genes at only 11.8%, and amino
acid differences at 12.6% [226]. A quantitative comparison study of both bovine and porcine seminal
plasma would allow investigation into the evolution of the seminal plasma proteins of these close
relatives. Quantitative proteomic studies will be performed using MS® on a Synapt™ G2. With the
addition of a known protein at a known concentration spiked into the seminal plasma tryptic digest,
the process of MS® can be used to perform absolute quantification of all the proteins it identifies,

with no need for stable isotope labelling.

A number of visual seminal plasma protein profile comparisons can be performed to investigate any
areas where further research can be undertaken. Azoospermia is the condition where an animal is
no longer producing any sperm through spermatogenesis. Comparing a bull when it is producing and
not producing sperm would allow investigation of whether the composition of seminal plasma
changes with sperm production. Total protein content of the seminal plasma in an ejaculate can be
calculated by multiplying the volume of the ejaculate (ml) by the seminal plasma protein
concentration (mg/ml). Comparison of samples with high and low total protein would allow

investigation of whether reduced total protein is due to the loss of specific seminal plasma proteins.

Two further comparisons could be performed due to other research being performed at Genus PLC
in Ruthin on sperm motility and sperm critical osmolarity. Motility of the semen sample is measured
in two ways. Firstly undiluted semen is placed on a microscope slide, examined under a 10x
microscope lens and the wave motion (general movement) of the sample graded 1-5 with 1 being no
movement and 5 being a large amount of movement (only samples graded 3 or over are processed
for Al). Secondly, semen diluted in saline solution is placed on the microscope slide with a cover slip
so the individual sperm cells are visible under x100 and the percentage of live sperm swimming in a
straight line, known as progressively motile, is estimated (only samples 60% or over are processed).
Comparing seminal plasma from bulls with high and low motility will allow investigation of the
impact of seminal plasma proteins on motility. Critical osmolarity is the osmolarity of the solution
that sperm are suspended in when 50% of the original live sperm are dead, was obtained in Ruthin
using an osmometer, measured in milli-osmole per kilogram (mOsm/kg). Note that an isotonic
solution is 300mOsm/kg. If the sperm have a low critical osmolarity this mean the sperm are stable,
if the critical osmolarity is high the sperm are weaker and more susceptible to lysis. Comparing
sperm that have low and high critical osmolarity is a way to explore the effect of seminal plasma

proteins on the sperm membranes, and how they relate to the critical osmolarity of the sperm cells.
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4.2. OVERVIEW OF EXPERIMENTAL WORKFLOW

As described in Chapter 2, the semen was collected from either the bull stud in Ruthin or the boar
stud in Shropshire. The sperm was pelleted through centrifugation and the seminal plasma
supernatant removed. Protein concentration was determined using a Coomassie protein assay and

known concentrations of bovine serum albumin as the standard.

Protein profiles were separated using 1D SDS PAGE and the protein composition was identified
following in-gel trypsin proteolysis including DTT reduction and IAA alkylation step. MALDI-ToF PMF
analysis, facilitated by an AXIMA or Ultraflex mass spectrometer with a MASCOT database search,
was performed originally, followed by analysis with an ESI LTQ, to increase the number of protein
identifications. The ESI LTQ was coupled to a RP-HPLC with a 1h gradient followed by database
searching using the MASCOT search engine and the IPI bovine or Mammalian database. To further
reduce complexity, protein profiles were then separated by 2D SDS PAGE and the protein
composition of individual protein spots was identified following in-gel trypsin proteolysis and
MASCOT searching as for 1D SDS PAGE analysis. In-solution trypsin proteolysis was performed on the
whole seminal plasma proteome, including a detergent inactivation, DTT reduction and IAA
alkylation step. In some cases sample simplification was achieved through the use of Equaliser beads
(ProSpectrum™ Libraries) which aim to normalise protein abundances within a sample. Proteins
were proteolysed from the beads and identification analysis again performed using an ESI LTQ
coupled to a RP-HPLC with a 1h gradient and then an ESI LTQ Orbitrap Velos, coupled to a RP-UPLC
with a 2h gradient, followed by database searching using the MASCOT search engine and the IPI

bovine or Mammalian database.

Quantification analysis was performed on whole proteomes after in-solution trypsin proteolysis, in
triplicate technical replication using a Synapt™ G2, following elution from a RP-UPLC over a 2h
gradient, followed by data processing using Protein Lynx Global Server (PLGS) with a UniProt bovine
or porcine database, and quantification performed using ISOQuant. Statistical analysis was

performed using Mayday (http://www-ps.informatik.uni-tuebingen.de/mayday/wp/), an open

source data analysis package usually used to visualise and statistically analyse microarray data,

manipulated to perform cluster analysis on proteomic data (Figure 4.3).
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Figure 4.3. Proteomics workflow.
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4.3. RESULTS AND DISCUSSION
Bovine seminal plasma protein profile

1D SDS PAGE: To visualise the seminal plasma protein profile of individual bulls 1D SDS PAGE was
used (Figure 4.4). This analysis clearly shows individual variation in the proteins present in the
seminal plasma of different bulls, with the majority of the variation being a difference in density of
protein bands (as indicated by arrows), opposed to a complete lack of proteins in some animals. An
attempt was made to load 40ug of protein from all animals, but a protein assay can be inaccurate, as
you can see with bull FH2134 lane, which obviously has a lower protein loading. Gel spots were
excised from protein bands in a number of bull profiles, and subject to trypsin proteolysis to release

the peptides for mass spectrometric analysis,

These peptides were originally analysed using MALDI-ToF with PMF using an AXIMA ToF? (Shimadzu),
which led to the identification of 9 proteins (Figure 4.5) (Table 4.1). MOWSE scores over 59 were
deemed significant (p<0.05). Proteins are identified in more than one band because as they travel
down the gel, proteins may be retained by the acrylamide matrix as they interact with molecules of
the same protein and/or other proteins to create varying tertiary structures that travel slower

through the matrix.

Analysis of the digested gel spots was performed on an ESI linear ion trap coupled to a RP-HPLC
system to increase the number of identifications compared to MALDI-ToOF analysis. After peptide
elution over a 1h gradient raw data files were converted into a mascot generic format (.mgf) file
which was used to perform a database search facilitated by the MASCOT search engine against the
IPI bovine database. This led to the identification of 116 proteins, of which 48 were unique to this
method (Appendix 3). MOWSE scores over 34 were regarded as significant with p<0.05. The proteins
in bands with the most inter animal variation were identified as albumin (~66kDa) clusterin
(~40kDa), metalloproteinase inhibitor 2 (~25kDa), spermadhesin 2 (~20kDa) and protein S100 A8
(~10kDa).

2D SDS PAGE: To gain further insight into the individual variation 2D SDS PAGE was performed
(Figure 4.6), which allowed the discovery of the main areas of individual variation (Figure 4.7)
(Appendix 4). This method of visualisation, with the extra separation step of isoelectric focusing, led
to the identification of more areas of individual variation that was not visible with 1D SDS PAGE. Gel
spots were excised from a number of bull profiles and subject to trypsin proteolysis to release the
peptides for mass spectrometric analysis, using an ESI linear ion trap coupled to a RP-HPLC system.
Database searching using the MASCOT search engine and the IPI bovine database, identified 109

proteins, of which 49 were unique to this method (Appendix 5). MOWSE scores over 36 were

Chapter 4 117



_ GLOBAL PROFILING OF BOVINE AND PORCINE SEMINAL PLASMA

L
g
= Holstein
£ \
T
= {m ™ o © <t O M N o l\\
o [e)] [ee] N~ (o)} o™ (o)} (9N o Lo o
(3] N~ < LN — — <t Lo N~ < Y]
- (V] o o AN (9V] [92] o (9N (9N] o
kDa =} T r I T T I T IT T T
> e C C e C e [ C C [
200— - : —
116.3— R
99— .
66.2— = o— <
45—
S e — -
31— -
e d— PR—— L
- e - <
21—
14—
6.5 —

Figure 4.4. Protein profile of bovine seminal plasma.

Ejaculates were collected through artificial vaginas. Semen was spun for 15min at 1000xg, supernatant
removed and filtered through a 0.2um syringe filter. Protein concentration of the seminal plasma was
determined using Coomassie plus protein assay reagent and known concentrations of BSA as standards.
Separation by 1D SDS PAGE. Proteins (40ug in 50-70ul volume) were mixed with an equal volume of SDS
sample buffer and loaded onto a 15% (w/v) acrylamide large format gel, run at 30mA for 30min to stack
followed by 60mA for 5.5h. This analysis shows individual variation in the proteins present in the seminal
plasma of different bulls, the main bands with variation are indicated by the arrows.
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Figure 4.5. MALDI-ToF PMF protein identifications in bovine seminal plasma.

The main protein identifications from MALDI-ToF analysis indicated on 1D SDS PAGE. Protein (10ug) was
mixed with an equal volume of SDS sample buffer and loaded onto a 15% (w/v) acrylamide large format
gel, run at 30mA for 30min to stack followed by 60mA for 5h 30min. Gels are then stained with Coomassie
R250 and destained in 10% (v/v) methanol, 10% (v/v) acetic acid. All samples were subject to gel band spot
excisions and trypsin proteolysis, including reduction and alkylation, then analysed using PMF with MALDI-
ToF on the AXIMA ToF?2 (Shimadzu). Database searches were performed using MASCOT and the Mammalia
database, MOWSE scores are in parentheses, scores over 59 were regarded as significant (p<0.05).
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Labelled |Swiss Prot MOWSE | Matched
band |Accession [Description Mass (Da) | Score peptides | % Coverage

1

2 P02769 Albumin 69248 131 17 27

3

4 P17697 Clusterin 51081 103 15 27

5

6

7 P16368 Metalloproteinase inhibitor 2 24339 62 7 24
P81019 Seminal plasma protein BSP-30 21255 88 6 30

8 P16368 Metalloproteinase inhibitor 2 24339 39 4 16

9

10 P02784 Seminal plasma protein PDC-109 15470 50 6 44
P04557 Seminal plasma protein A3 16130 36 6 47

11 P02784 Seminal plasma protein PDC-109 15470 54 7 45
P04557 Seminal plasma protein A3 16130 32 7 45

12 P02784 Seminal plasma protein PDC-109 15470 43 7 41

13 P02784 Seminal plasma protein PDC-109 15470 48 4 48
P82292 Spermadhesin Z13 133375 26 3 26

14 P29392 Spermadhesin-1 15026 81 10 71

15 P29392 Spermadhesin-1 15026 46 8 58

16 P29392 Spermadhesin-1 15026 43 6 58

17 P06833 Caltrin 8971 46 4 36

Table 4.1. Bovine 1D SDS PAGE MALDI-ToF protein identifications.

Protein (10ug) was mixed with an equal volume of SDS sample buffer and loaded onto a 15% (w/v)
acrylamide large format gel, run at 30mA for 30min to stack followed by 60mA for 5h 30min. Gels are then
stained with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid. All samples were
subject to gel band spot excisions and trypsin proteolysis, including reduction and alkylation, then analysed
using PMF with MALDI-ToF on the AXIMA ToF? (Shimadzu). Database searches were performed using
MASCOT and the Mammalia database, MOWSE scores over 59 were regarded as significant (p<0.05).
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Figure 4.6. 2D SDS PAGE protein profile of bovine seminal plasma.

Separation by 2D SDS PAGE. Protein (300pg) was added to IPG strips, separated by isoelectric focusing then
loaded onto a 15% (w/v) large format acrylamide gel. Gels were run at 30mA for 30min followed by 60mA
for 4h. Gels were stained with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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Figure 4.7. Individual bull seminal plasma protein variation.

Protein (300pg) for 2D SDS PAGE was added to IPG strips, separated by isoelectric focusing then loaded
onto a 15% (w/v) large format acrylamide gel. Gels are run for at 30mA for 30mins and 60mA for 4h. For 1D
SDS PAGE protein (40ug) was mixed with an equal volume of SDS sample buffer and loaded onto a 15%
(w/v) acrylamide large format gel, run at 30mA for 30min to stack followed by 60mA for 5.5h. All gels are
then stained with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid. Main areas
of variation between individual bulls are highlighted on 2D SDS PAGE using bull BB1022. Examples of the
variation from one area (clusterin, box number 1) is shown from 2D SDS PAGE of six other bulls. The same
clusterin area is also shown from the same bulls using 1D SDS PAGE.
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regarded as significant with p<0.05. This analysis confirmed the presence of individual variation in
the areas of clusterin, epididymal secretory protein and C-type natriuretic peptide, and also showed
variation in the metalloproteinase inhibitor 2, spermadhesin 2, bovine seminal plasma proteins (A1,
A2, A3 and 30) and nucleobindin (Figure 4.8).

ProSpectrum™ ‘Equaliser’ beads: The protein profile of the bovine seminal plasma is dominated by
a number of proteins around 14kDa (Figure 4.4), which may be dominating the ion signal during
mass spectrometry and reducing the signal from the other seminal plasma proteins. To try and
overcome this, Equaliser beads from ProSpectrum™ were used on the whole seminal plasma sample
(now available as ProteoMiner™ protein enrichment kits, Bio-Rad, UK). The ProSpectrum™ beads are
coated with millions of different ligand binding sites, so when a sample is added to the beads all the
proteins in the sample should bind equally, thus increasing the amount of low concentration
proteins and decreasing the amount of abundant proteins and so ‘normalising’ the protein profile
(Figure 4.9) [227]. Approximately 70mg of seminal plasma and a control proteome (chicken muscle)
was added to the beads (as described in chapter 2), the chicken muscle was ‘equalised’ while the
seminal plasma proteome remained unchanged (Figure 4.10). The lack of equalisation of the seminal
plasma proteins may be due to the extreme ‘sticky’ nature of these proteins. The main function of
the majority of the seminal plasma proteins is to bind to the sperm and perform fertilisation related
roles, so they may contain a large number of binding sites, allowing them to bind to more ligands on
the library beads than a normal set of proteins in a regular proteome. Also the seminal plasma
protein complex PDC-109 is naturally present in seminal plasma as a 90-120-kDa homo-oligomer so
this mass aggregation of proteins would disrupt equalisation. Regardless of this, excision of gel spots
and trypsin proteolysis led to the identification of 184 proteins, of which 123 were unigue to this
method (Appendix 6) with analysis again performed with an ESI linear ion trap coupled to a RP-HPLC
system, followed by a MASCOT database search using the IPI bovine database. MOWSE scores over

34 were regarded as significant, with p<0.05.

Whole proteome analysis: Due to the low level of complexity in the seminal plasma protein profile,
a whole proteome in-solution trypsin proteolysis method was used to try and increase the protein
identifications. This however only gained 41 protein identification of which seven were unique to
this method (Appendix 7) when analysis was again performed with a ESI linear ion trap coupled to a
RP-HPLC system, followed by a MASCOT generated database search using the IPI bovine database.
MOWSE scores over 37 were regarded as significant, with p<0.05. The low number of identifications
was mainly due to the low sampling capabilities of the mass spectrometer. The ESI linear ion trap

used (LTQ, Thermo) only performs ‘high resolution’ zoom scans (4000 resolution), leading to collision
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Figure 4.8. 2D SDS PAGE protein identifications.

The main protein spots are indicated on the 2D SDS PAGE, excision of black spots led to protein identifications, excision of red spots did not. Protein (300ug) was added to
IPG strips, separated by isoelectric focusing then loaded onto a 15% (w/v) large format acrylamide gel. Gels are run for at 30mA for 30minsand 60mA for 4h. Gels were
then stained with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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Figure 4.9. ProSpectrum™ beads mechanism.

The mechanism of equalisation performed by the ProSpectrum-2™ beads. Whole sample is added to beads
with equal amounts of millions of unique binding ligands, the proteins should bind their ligands equally, non
bound material is removed. Now available as ProteoMiner™ protein enrichment kits, Bio-Rad, UK.
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Figure 4.10. ProSpectrum™ bead analysis.

ProSpectrum™ beads with 70mg protein loading. Starting material, unbound and wash fractions along with
ProSpectrum™ beads analysed by 1D SDS-PAGE. Approximately 10upg (in 5-10ul volume) of starting
material, unbound and washes was mixed with an equal volume of SDS reducing sample buffer and loaded
onto a 15% (w/v) acrylamide gel, along with 2-10ul protein mixed with beads mixed with 10ul of SDS
reducing sample buffer. Gels were run at 200V for 45min then stained with Coomassie R250 then
destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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induced dissociation fragmentation data used for protein identification, on the top three most
intense ions in every full MS1 scan, meaning a lot of protein ions are lost and so the information is
not included in searches. The linear ion trap also has a relatively low sensitivity (125fg/ul reserpine
with a signal:noise of 50:1), plus a slow sequencing speed with 1xMS1 scan, 1x zoom scan and

1xMS2 scan being performed in 750msec.

Comparing these four methods of identification (Figure 4.11 and 4.12), led to the conclusion that pre
simplification using equaliser beads coupled with 1D SDS PAGE gel spot excision and trypsin
proteolysis is the better method when using an ESI linear ion trap coupled to a RP-HPLC system for
the mass spectrometric analysis. The in-solution digestion method is not practical with an ESI linear
ion trap as the sample is too crowded by a small number of highly abundant proteins and the
instrument is not sensitive enough or nor has a fast enough duty cycle to make use of all the
information. The 2D SDS PAGE identified less proteins than the 1D SDS PAGE because the single spot
excision from a 1D SDS PAGE gel band identified multiple (10+) proteins, where a single spot excision
from a 2D SDS PAGE gel led to only a few (2-3) protein identifications due to the extra step of
separation. However any in-gel method is time consuming as each gel spot requires a 1h LC-MS
method and identification of a whole proteome requires a large number of gel spot excisions. The in-
solution method is the most time efficient, as it requires only one digestion with one 1 or 2h LC-MS
method, and even with technical replication (often three analysis runs), it is still less time consuming

for whole proteome analysis.

For these reasons, whole proteome in-solution trypsin proteolysis method was used for profiling the
bovine seminal plasma with analysis performed using an ESI LTQ Orbitrap Velos coupled to a RP-
UPLC system. This mass spectrometer has very high resolution (up to 60,000 although usually
operated at 30,000 resolution), does not need to perform extra zoom scans and it can take forward
the top 20 most intense ions from each full MS1 scan for fragmentation. Due to this being a tandem
instrument the MS1 and MS2 scans are performed in different analysers (Orbitrap and LTQ
respectively) and the duty cycle is very fast at 1sec, therefore very little ion information is lost. This
methodology allowed the identification of 1344 seminal plasma proteins (Appendix 8) from a
combined analysis of the 16 individual bulls. A MASCOT database search using the IPI bovine
database was used for all, MOWSE scores over 19 were regarded as significant, with p<0.05 and the

FDR was 6%.

Individual bull analyses from the LTQ Orbitrap Velos were compared to investigate the overlap of
protein identifications between individual seminal plasma samples. Less than 6% of the

identifications were made in all 16 individuals, with over 38% of identifications made in only a single
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Figure 4.11. Total number of seminal plasma proteins identified by each method.

Comparison of total protein identifications using varying methods. Either 1D or 2D SDS PAGE separation of
seminal plasma proteins, followed by individual protein band gel excisions and proteolysis. Simplification of
the seminal plasma proteome via equaliser beads, followed by 1D SDS PAGE and gel band excisions and
proteolysis, and in-solution proteolysis of the whole seminal plasma with no pre treatment. All samples
were analysed using a ESI LTQ coupled to a RP-HPLC system. Database searches were performed using
MASCOT and the bovine IPI database.

Number of unique proteins identified

1D SDS PAGE Equaliser beads 2D SDS PAGE In-solution
plus 1D SDS PAGE

Method

Figure 4.12. Number of unique seminal plasma proteins identified by each method.
Comparison of unique protein identifications using varying methods. Method as above.
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animal (Figure 4.13A). The percentage of identified proteins present in all the other bulls ranges
from 17-31% of the total identifications made for each bull, while the percentage of proteins unique
to each bull ranges from 3-19%, depending on the overall total number of identifications (Figure
4.13B). This is most likely due to the variation in sampling of the ions by the mass spectrometer as

there does not seem to be much individual bull variation.

Comparison of bovine seminal plasma proteins

The initial comparisons 1D SDS PAGE to visually identify differences in the seminal plasma from
specific groups of bulls were all performed as preliminary experiments with a very small number of

animals. Therefore no firm conclusions can be made from these comparisons.

Examined first was seminal plasma from a bull that had become azoospermic (no sperm present). A
semen sample when sperm was present under microscopic examination as well as a further sample
when there was no sperm present were compared to determine if the lack of sperm corresponds
with any changes in seminal plasma protein composition. This sample would also allow investigation
of sperm uptake of seminal plasma proteins, as the seminal plasma proteins become bound to the
sperm on ejaculation. After centrifugation, protein assay and 1D SDS PAGE analysis there are no
major differences in the seminal plasma of this individual when producing and not producing sperm
(Figure 4.14). This is indicated by the lack of change in the seminal plasma protein concentration in
both samples and the protein profiles being the same with 1D SDS PAGE analysis. Seminal plasma
proteins are not affected by sperm production and the lack of differences also shows that although
seminal plasma proteins bind to the sperm, this only occurs with a very small proportion of the
seminal plasma proteins, as the protein concentration of centrifuged seminal plasma is only slightly

higher than seminal plasma without sperm.

A comparison was made of the four highest and four lowest total protein amounts from all the
samples available at this point, to investigate if the total protein amounts vary due to specific
seminal plasma protein variation. Total protein = volume of ejaculate (ml) x protein concentration
(mg/ml). After centrifugation, protein assay and 1D SDS PAGE analysis it can be said there are no
major differences in the seminal plasma of individuals with high and low total protein content in an
ejaculate (Figure 4.15). Both the volume of ejaculate and protein concentration has an effect on the
total protein content, but the protein concentration does not differ due to an obvious lack of any
specific protein(s). Any differences in the protein profiles can be attributed to individual variation

between the animals plus in some cases protein assay inaccuracies.
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Figure 4.13. Comparison of bovine MASCOT identifications after LTQ Orbitrap Velos analysis.

In-solution trypsin proteolysis of seminal plasma proteins, followed by analysis using an ESI LTQ Orbitrap
Velos coupled to a RP-UPLC system. Samples were diluted to 500ng/ul and 1 ul injected, desalted over a
trapping column and eluted from the analytical column with a 90min linear gradient of 0-40% organic
buffer. The LTQ Orbitrap Velos analysed in top 20 mode, where the 20 most intense ions from each MS1
scan in the Orbitrap were taken forward for CID fragmentation in the ion trap, with a dynamic exclusion list
over a 20sec window and continual lock mass calibration. Database searching was performed using the
MASCOT search engine and the bovine IPI database. Samples were compared to investigate the overlap of
protein identifications in the seminal plasma, by studying A) in how many bulls each protein identification
was made and B) the number of identifications made in each bull that was made in all other bulls or unique
to that bull.
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A)

Sperm Ejaculation [Protein]
Date Bull production number (mg/ml)
04/09/2008 BB0402 YES 1 34.9
09/03/2009 BB0402 NO 1 36.1
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Figure 4.14. Bull producing and not producing sperm; seminal plasma protein concentration and profile.
A) Concentrations of protein in seminal plasma when bull was producing sperm and not producing sperm
determined using Coomassie plus protein assay reagent and known concentrations of BSA.

B) Whole seminal plasma proteins (10ug and 20ug in 5-10ul volume) was mixed with an equal volume of
SDS sample buffer and loaded onto a 15% (w/V) acrylamide gel and run at 200V for 45min, prior to staining
with Coomassie R250, before destaining with 10% (v/v) methanol, 10% (v/v) acetic acid.
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A) Volume of | Seminal plasma Total Total
Date Bull gjaculate (ml) [[protein] (mg/ml){Protein (mg)| Protein
21/11/2008 [ FH2196 6.6 63.8 421.08 High
09/10/2008 | FH2134 8.3 43.1 357.73 High
04/12/2008 | FH2732 8.3 39.5 327.85 High
14/10/2008 | FH2208 8.1 37.1 300.51 High
28/11/2008 | FH3490 3.37 15.8 53.25 Low
14/10/2008 | FH3484 1.8 24.9 44.82 Low
28/11/2008 | FH3485 2.9 12.1 35.09 Low
14/10/2008 | FH3483 1.6 18.7 29.92 Low
% High total protein Low total protein
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Figure 4.15. Bulls with high and low total protein; seminal plasma protein concentration and profile.

A) Total protein = volume of ejaculate (ml) x protein concentration (mg/ml). Volume of ejaculate is equal to

weight. Protein concentration is determined using Coomassie plus protein assay reagent and known

concentrations of BSA.

B) Whole seminal plasma (10ug in 5-10ul volume) mixed with an equal volume of SDS sample buffer and

loaded onto a 15% (w/v) acrylamide gel, run at 200V for 45min, prior to staining with Coomassie R250 then

destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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Semen samples from four bulls with a high (3-60%) sperm motility and four bulls with with a low (1-
5%) sperm motility were made available for proteomic analysis to determine whether motility is
related to seminal plasma protein content. After pelleting the sperm, performing a protein assay to
determine protein concentration and 1D SDS PAGE analysis of the seminal plasma supernatant
(Figure 4.16), it can again be seen that there are no major differences in the seminal plasma profile
that correspond to high or low motility sperm, with any protein variation being due to individual bull

differences.

Three semen samples where the critical osmolarity of the sperm cells decreased post thaw and two
where the critical osmolarity increased post thaw were used to investigate whether the differences
in critical osmolarity can be related to seminal plasma composition. The post thaw sperm from the
bulls that had decreased post thaw critical osmolarity were less susceptible to lysis than the raw
sperm, while the bulls in which the critical osmolarity had increased had post thaw sperm more
susceptible to lysis than the raw sperm. After centrifugation of the sperm and 1D SDS PAGE analysis
of the seminal plasma supernatant (Figure 4.17), there are no major differences in the seminal
plasma profile that correlates to samples in which the critical osmolarity has increased or decreased
post cryopreservation process, again any variation present is due to individual variation between

animals.

These comparisons all indicate that overall individual variation can be seen, but none indicate
differences due to a specific condition. Obviously these are small studies with a very small number of
samples (>5) which means no definitive conclusions can be drawn. It was decided that as none of
these studies showed any condition specific variation, no further research would be conducted. It
was hypothesised that the seminal plasma plays no part in sperm production, as whatever
circumstances caused the bull in this study to become azoospermic had no effect on the ability of
this individual to synthesise seminal plasma as normal. It was also hypothesised that the general
motility of sperm is not controlled by seminal plasma proteins, and that while some of the proteins
in the seminal plasma may affect sperm cells critical osmolarity, through interactions with the sperm
cell membrane, the effect they have is not enough to be responsible for the differences in critical
osmolarity. Due to these results it was determined that if there were any identifiable differences in
seminal plasma proteins from different condition groups they would be subtle and most probably

quantitative as opposed to qualitative.

With this in mind, a quantitative comparative study of bovine seminal plasma was undertaken, to

identify if there are quantitative differences in groups of bulls seminal plasma. Due to the availability
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A)

B)

Figure 4.16. Bulls with high and low sperm motility; seminal plasma protein concentration and profile.

A) Sperm motility scores. Wave motion (general movement) of the semen sample measured using 10x
magnification. Motile percentage assessed through mixing semen with saline solution and measured using
100x magnification. Seminal plasma protein concentration determined using Coomassie plus protein assay

l

Seminal plasma
Date Bull Wave motion | % Motile | [Protein] (mg/ml)
03/12/2008 | FH2799 3 60 36.6
08/12/2008 | FH2799 3 60 24.8
08/12/2008 | FH2208 3 60 41.5
28/11/2008 | FH3486 3 60 28.2
28/11/2008 | FH3489 1 5 12.1
02/12/2008 | FH3485 1 5 35.1
08/12/2008 | AA0881 1 5 34.2
15/12/2008 | BB0374 1 5 34.6
HIGH LOW
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reagent and known concentrations of BSA.

B) Whole seminal plasma proteins (10ug in 5-10ul volume) mixed with an equal volume of SDS sample buffer
and loaded onto a 15% (w/v) acrylamide gel, run at 200V for 45min, prior to staining with Coomassie R250
then destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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Raw CO, | Postthaw CO;,
A) Date Bull (mOsm/kg) (mOsm/kg) Change
08/12/08 FH2799 159 128 Decrease
06/04/09 FH2203 138 124 Decrease
11/12/08 FH3550 133 111 Decrease
11/12/08 FH2451 87 125 Increase
31/03/09 FH2491 99 113 Increase
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Figure 4.17. Bulls with increased and decreased critical osmolarity post thaw; seminal plasma protein
concentration and profile.

A) Critical osmolarity values, measured pre and post thaw plus overall change in osmolarity.

B) Whole seminal plasma proteins (10 and 20ug in 5-10ul volume) mixed with an equal volume of SDS
sample buffer and loaded onto a 15% (w/v) acrylamide gel, run at 200V for 45min, prior to staining with
Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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of samples and previously mentioned physiological reasons it was decided to compare the Holstein

and Belgian Blue breeds of cattle.

From 1D SDS PAGE analysis (Figure 4.18) there are no obvious differences in the seminal plasma
protein profile of the two breeds. In total 16 bulls (eight Holstein and eight Belgian Blue animals)
were subjected to whole seminal plasma proteome in-solution trypsin proteolysis followed by
triplicate analysis performed using MSF on a Synapt™ G2 coupled to a RP-UPLC system, with yeast
alcohol dehydrogenase (ADH), as the internal standard (50fmol). Processing and database searching
was performed by Protein Lynx Global Server (PLGS), with a database created using the UniProt
protein database to export a FASTA file containing the sequence of all bovine proteins. To this FASTA
file sequence information for ADH was added, allowing label free quantification of the identified
proteins relative to the post proteolysis spiked in 50fmol of ADH. This analysis identified and
quantified the fmol on column value for 95 proteins, which allowed the calculation of the fmol/nl of
each protein in the seminal plasma of both breeds (Appendix 9) (Figure 4.19). The fmol/nl was
calculated by dividing the fmol value for each protein by the nl of seminal plasma injected onto the
column. Validation of the identified proteins was performed manually; firstly the protein had to be
present in at least four individual animals, in any of the triplicate runs. Secondly, if the protein was
present in less than four animals it was accepted if the protein was in at least two triplicate runs of
the same animal and the false positive rate was zero. Following this, some of the proteins indicated
breed differences, which were further validated using extracted ion chromatograms of two peptides
from each protein (examples Figure 4.20). If the data was deemed incorrect, the protein was either
discarded (if the peptide assigned was wrong) or values were recalculated using peptide intensity
values and known fmol/column (where proteins were present in more samples than the data

suggested).

As quantification using 1ISOQuant has previously shown to improve the quality of label free
quantification (Chapter 3), quantification of the bovine seminal plasma proteins was performed
using 1ISOQuant. Through this methodology 190 proteins were identified and the fmol/nl calculated
(same calculation as previously mentioned) in seminal plasma from both breeds (Appendix 10)
(Figure 4.21). This has increased the number of identifications in both breeds, so was used to look

for breed generated variation.

This data suggests that the large phenotypic difference in the two breeds of bull has little or no
effect on the seminal plasma composition, with any differences that can be seen between the two
breeds attributable to an individual animal rather than the breed. Cluster analysis proved unable to

separate the samples into the two species using k means clustering with k=2. Artificial selection for
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Figure 4.18. Visualisation of the seminal plasma profile of different bovine breeds.

Separation through 1D SDS PAGE of the seminal plasma of three Belgian Blue bulls (lanes 1-3) and three
Holstein bulls (lanes 4-6). Ejaculates were collected through artificial vaginas. Protein concentration of the
seminal plasma was determined using Coomassie plus protein assay reagent and known concentrations of
BSA. Proteins (40ug in 50-70ul volume) were mixed with an equal volume of SDS sample buffer and loaded
onto a 15% (w/v) acrylamide large format gel, run at 30mA for 30min to stack followed by 60mA for 5h
30min, prior to staining with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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Figure 4.19. Comparison of Holstein and Belgian Blue bull seminal plasma protein composition,
quantitation performed with PLGS.

In-solution whole proteome trypsin proteolysis was performed, with absolute fmol/nl values obtained
through analysis using the ESI Synapt™ G2 coupled to a RP-UPLC system. Samples were diluted to 500ng/pl
and mixed with 50fmol/pl ADH standard followed by a 2pl injection. Samples were desalted over a trapping
column and eluted from the analytical column with a 90min linear gradient of 0-40% organic buffer. The
Synapt™ G2 analysed in V mode using MSE, where the instrument scans alternately in low energy (trap 4V)
and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration. PLGS was used for
data processing followed by quantification relative to the 50fmol ADH of each protein identified. Average
fmol/nl for each bull was calculated and then averaged by breed, then ranked by average protein
concentration throughout all 16 bulls.
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Figure 4.20. Verification of bovine proteins found in one breed.

Example of verification of proteins of interest using data from the Synapt™ G2, processed with PLGS 2.5 and quantified using ISOQuant A) Cytochrome ¢ present only in
bull number 15, a Belgian Blue, confirmed by extracted ion chromatograms of the 390.21m/z peptide ion (circled). Extracted ion chromatograms for 390.21m/z peptide
ion from each bull in technical replicate number one also shown, confirming the lack of this peptide in other seminal plasma samples.
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Figure 4.20. Verification of bovine proteins found in one breed

B) Alpha 1 acid glycoprotein, data indicated only present in bull number 11, a Holstein, confirmed by extracted ion chromatograms (circled). Analysed using Synapt G2,
processed with PLGS 2.5 and quantified using ISOQuant, relative to yeast ADH standard. Extracted ion chromatograms made for 680.34m/z peptide ion from each bull in
technical replicate number one.
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Figure 4.21. Comparison of Holstein and Belgian blue bull seminal plasma protein composition,
guantitation performed with ISOQuant.

In-solution whole proteome trypsin proteolysis was performed, with absolute fmol/nl value obtained
through analysis using the ESI Synapt™ G2 coupled to a RP-UPLC system. Samples were diluted to a to
500ng/ul and mixed with 50fmol/pl standard followed by a 2pl injection Sample were desalted over a
trapping column and eluted from the analytical column with a 90min linear gradient of 0-40% organic
buffer. The Synapt™ G2 analysed in V mode using MSe, where the instrument scans alternately in low
energy (trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration. PLGS
was used for data processing and ISOQuant for quantification of each protein identified. Average fmol/nl for
each bull was calculated and then averaged by breed, then ranked by average protein concentration
throughout all 16 bulls. ISOQuant has increased the number of bovine identifications and circled with labels
are the proteins showing breed variation in their abundance.
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large muscling and low fat deposition created the Belgian Blue breed, somehow during this
selection, increased morphological defects and low fertility has occurred, but this data indicates that

the seminal plasma protein genes have not been affected by this selection.

Looking at the proteins individually there are a seven proteins where the fmol/nl value differs
between the breeds (labelled on Figure 4.21). Of these proteins the differences in four can be
attributed to increased fmol/nl values in one or two Holstein individuals, proteasome subunit beta
type 8 (bulls 14 and 16), calcium binding spermatid specific protein 1 (bull 11), osteopontin K (bulls 4
and 11) and tubulin alpha 3 (bulls 11 and 14). The protein ‘mediator of RNA polymerase II' has a
breed difference which is due to an increased fmol/nl values in two Belgian Blue bulls (bulls 1 and
12). The remaining two proteins have genuine quantitative variations between the breeds. These are
‘14 3 3 protein epsilon’ which has lower values throughout the Belgain Blue animals compared to the
Holsteins, and "four and a half LIM domains protein 5’ which has higher values throughout the
Belgian Blue animals compared to the Holsteins. The function of 14 3 3 protein epsilon is to regulate
a large number of signalling pathways, the four and a half LIM domains protein 5 is involved in the
regulation of spermatogenesis. When this data is analysed using the Progenesis LC-MS software no

proteins show any species variation, as no proteins have a p value of <0.05.

Porcine seminal plasma protein profile

An interspecies study of seminal plasma composition would make an interesting evolution study,
due to the close relationship between boars and bulls and differences in the complexity of the
seminal plasma composition. As the bovine breeds showed little variation, all data from the 16
animals were combined together and treated as 16 biological replicates. There were only seven boar

biological replicates, purely due to the number of samples available.

1D SDS PAGE: To visualise the seminal plasma protein profile of individual boars, 1D SDS PAGE was
used (Figure 4.22), which indicated there is also very little variation in the profiles of the different
boars, apart from one animal (R1065) who had a much reduced protein content. MALDI-ToF analysis
of gel spots excised from the 1D SDS PAGE and subject to in gel proteolysis, followed by a database
search facilitated by MASCOT, against the Mammalia database led to the identification of the main
10 proteins present in the porcine seminal plasma (Figure 4.23) (Table 4.2). MOWSE scores over 61
are significant, p<0.05. The problem with MALDI-ToF analysis of peptides from gel spots is that you
can identify a low mass protein in numerous places on gel due to the fact the proteins have travelled
down the gel. In this case, this led to the over sampling and identification of the two main porcine
seminal plasma glycoproteins, PSP-I and PSP-1I, which may be masking other less abundant proteins

so hampering their identification.
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Figure 4.22. Protein profile of porcine seminal plasma.

Ejaculates were collected through artificial vaginas. Semen was spun for 15mins at 19000xg, and seminal
plasma supernatant removed. Protein concentration determined using Coomassie plus protein assay
reagent and known concentrations of BSA. Proteins (10ul containing 2-12ug) were mixed with an equal
volume of SDS sample buffer and loaded onto a 12% (w/v) acrylamide gel and run at 200V for 45min, prior
to staining with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid.

Chapter 4 143



_ GLOBAL PROFILING OF BOVINE AND PORCINE SEMINAL PLASMA

2
[}
=<
<
S
8
>
(&]
i)
[=}
=
kDa —_—— 1. Fibronectin (predicted)
200 ———— 2. Tubulin beta (61)
—_ e—
116.3 — w——
99 — =—
/1 3. Lactotransferrin (210)
662 — m— [ 4.Betahexosaminidase subunit beta (141)
45 — .
31 — —
21 — 5. Major seminal plasma glycoprotein PSP-I (86)
6. Seminal ribonuclease (predicted)
7. Major seminal plasma glycoprotein PSP-| 5753
8. Major seminal plasma glycoprotein PSP-I (67
14— 9. Major seminal plasma glycoprotein PSP-1 (67)
—

xlo. Major seminal plasma glycoprotein PSP-I (90)
\11. Carbohydrate-binding protein AQN-1 (48)

12. Major seminal plasma glycoprotein PSP-1 (103)

Figure 4.23. MALDI-ToF PMF identifications of proteins in porcine seminal plasma.

Protein identifications are indicated on 1D SDS PAGE. Proteins (10pl containing 2-12ug) were mixed with an
equal volume of SDS sample buffer and loaded onto a 12% (w/v) acrylamide gel and run at 200V for 45min,
prior to staining with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid. All
samples were subject to gel band excisions and trypsin proteolysis, including reduction and alkylation,
followed by analysis using PMF with MALDI-ToF on the Ultraflex (Bruker). Database searches were
performed using MASCOT and the Mammalia database, MOWSE scores are in the parentheses, scores over
61 were regarded as significant, p<0.05.
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Labelled Matched| %
Band [Accession |Description Mass (Da)| Score |peptides|Coverage
1 Fibronectin (BLAST) 275519 | 131 37
2 P02554 Tubulin beta chain 50285 61 9 26.7
3 P14632 Lactotransferrin 79514 210 56 47.4
4 029548 Beta-hexosaminidase subunit beta 61524 141 16 30.7
5 P35495 Major seminal plasma glycoprotein PSP-I 14719 86 8 51.9
6 Seminal ribonuclease (BLAST) 16936 28 3
7 P35495 Major seminal plasma glycoprotein PSP-I 14719 75 6 49.6
P35496 Major seminal plasma glycoprotein PSP-I| 15035 60 8 61.3
8 P35495 Major seminal plasma glycoprotein PSP-| 14719 67 7 51.9
P26776 Carbohydrate-binding protein AWN 14993 50 8 75.2
P35496 Major seminal plasma glycoprotein PSP-I| 15035 52 7 67.9
9 P35495 Major seminal plasma glycoprotein PSP-| 14719 67 7 51.9
P26776 Carbohydrate-binding protein AWN 14993 69 8 75.2
10 P35495 Major seminal plasma glycoprotein PSP-I 14719 90 7 57.1
P26322 Carbohydrate-binding protein AQN-1 14993 66 5 63.1
P80964 Seminal plasma protein pB1 15819 58 6 43.1
11 P26322 Carbohydrate-binding protein AQN-1 12103 48 4 60.4
12 P35495 Major seminal plasma glycoprotein PSP-I 14719 103 9 63.2

Table 4.2. MALDI-ToF PMF identifications of proteins in porcine seminal plasma.
Protein identifications from PMF analysis. Proteins (10ul containing 2-12ug) were mixed with an equal
volume of SDS sample buffer and loaded onto a 12% (w/v) acrylamide gel and run at 200V for 45min, prior
to staining with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid. All samples
were subject to gel band excisions and trypsin proteolysis, including reduction and alkylation, followed by
analysis using PMF with MALDI-ToF on the Ultraflex (Bruker). Database searches were performed using
MASCOT and the Mammalia database, scores over 61 were regarded as significant, p<0.05. Protein
identifications are more significant if there is a large number of peptides identified for that protein, and if
the percentage coverage is high.
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Whole proteome analysis: Due to the limitation of the MALDI-ToF in gel proteolysis method, whole
proteome in-solution trypsin proteolysis was used with analysis performed using an ESI LTQ Orbitrap
Velos coupled to a RP-UPLC system, to aid the identification of more proteins. The database search
was performed using the MASCOT search engine and the Mammalia database. MOWSE scores over
24 were significant with p<0.05, and the FDR was 2%. This allowed the identification of 52 seminal
plasma proteins (Appendix 11). Some of these proteins were identified using BLAST searches to
compare the porcine predicted sequence with the identification made from the Mammalia
database. If the percentage homology was high, the identification was added to the known porcine

proteins, this is indicated in the table of results.

To assess variation between the animals, the proteins identified by each individual was studied. Over
50% of the proteins are identified in all seven animals, with 22% identified in only one animal (Figure
4.24A). In each boar the percentage of the proteins identified that have also been identified in all the
six other boars ranges from 56-85%, and some boars have no unique proteins. Again this is due to
the sampling of ions within the LTQ Orbitrap Velos. When compared to the bovine seminal plasma it
is obvious that the boars have a much greater overlap of protein identification between different
animals, this is due to the reduced complexity of the porcine seminal plasma meaning there is a

higher chance of all the ions present in the analyte being detected by the mass spectrometer.

Visualisation of the bull and boar seminal plasma (Figure 4.25) indicates both variation and
similarities between the seminal plasma of both species. The porcine seminal plasma is far less
complex than the bovine seminal plasma, however both species have a large proportion of their

seminal plasma protein content around 20kDa.

Seminal plasma from the 23 animals (16 bovine and 7 porcine) were subjected to whole proteome
in-solution trypsin proteolysis followed by triplicate analysis performed using MS® on a Synapt™ G2
coupled to a RP-UPLC system, with yeast ADH used as the internal standard (50fmol) for both
species. Processing and database searching was performed by PLGS, with the creation of a database
using the UniProt protein database to export a FASTA file containing the sequences of either all
bovine proteins, or all porcine proteins plus the ADH, followed by quantification relative to the
50fmol ADH. With this method 18 seminal plasma proteins were identified in the boar (Appendix
12) allowing the calculation of the fmol/nl concentration of each protein in the seminal plasma. The
fmol/nl was calculated by dividing the fmol value for each protein by the nl of seminal plasma
injected onto the column. Validation of the porcine proteins identified was performed manually in a

similar manner to the bovine; the protein had to be present in at least two individual animals, in any
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Figure 4.24. Comparison of bovine MASCOT identifications after LTQ Orbitrap Velos analysis.

In-solution trypsin proteolysis of seminal plasma proteins, followed by analysis on an ESI LTQ Orbitrap Velos
coupled to a RP-UPLC system. Samples were diluted to a to 500ng/pl and 1 pl injected, desalted over a
trapping column and eluted from the analytical column with a 90min linear gradient of 0-40% organic
buffer. The LTQ Orbitrap Velos analysed in top 20 mode, where the 20 most intense ions from each MS1
scan in the Orbitrap were taken forward for CID fragmentation in the ion trap with a dynamic exclusion list
over a 20sec window and continual lock mass calibration. Database searching was performed using the
MASCOT search engine and the Mammalian database. Samples were compared to investigate the overlap
of protein identifications, by studying A) in the seminal plasma of how many boars each protein
identification was made, and B) the number of identifications made in each boar that was made in all other
boars or unique to that boar.
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Figure 4.25. Visualisation of different breed and species seminal plasma.

Separation through 1D SDS PAGE of 40ug of protein from the seminal plasma of three Belgian Blue bulls
(lanes 1-3), three Holstein bulls (lanes 4-6) and six boars (lanes 7-12).

Ejaculates were collected through artificial vaginas. Protein concentration of the seminal plasma was
determined using Coomassie plus protein assay reagent and known concentrations of BSA. Proteins (diluted
to 40ug in 50-70ul volume) were mixed with an equal volume of SDS sample buffer and loaded onto a 15%
(w/v) acrylamide large format gel, run at 30mA for 30min to stack followed by 60mA for 5.5h, prior to
staining with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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of the triplicate runs. If the protein was only present in only one animal it was accepted if the protein

was in at least two of the triplicate runs from that animal and the false positive rate was zero.

Comparison of bovine and porcine seminal plasma proteins

As with the bovine seminal plasma, label free quantification was then performed using ISOQuant.
Through this methodology the same 18 porcine proteins were identified and the fmol/nl calculated
in the boar seminal plasma (Appendix 13). These were then compared to the 190 bovine proteins
already identified and quantified (Figure 4.26). When the cumulative fmol on column amount is
assessed this indicates the porcine seminal plasma has a higher concentration of protein (1215 fmol)
than the bovine (926 fmol), which does not correlate with the protein assay performed on these
samples, where the average bovine protein concentration is 33+3mg/ml and the average porcine
protein concentration is 14+2mg/ml. When both species seminal plasma is analysed using a box and
whisker plot it is obvious that the bovine seminal plasma has a higher protein concentration than the
porcine and that their protein concentrations only overlap slightly (Figure 4.27). The protein assay
results were used to generate the volume of each individual sample to be analysed with the 1D SDS
PAGE analysis of both species seminal plasma (Figure 4.25), and the 1D SDS PAGE indicates that the
protein assays are correct, as visually it can be seen that 40ug was loaded for each individual, and
also shows that the bovine seminal plasma is more complex than the porcine. This all indicates that

ISOQuant is not performing the quantification as well as expected.

Because of this, the original quantification of both the bovine and porcine seminal plasma from PLGS
was compared to the ISOQuant performed analysis to investigate which results reflect the higher
protein concentration of seminal plasma in the bulls and why the ISOQuant values do not reflect
this. The values obtained with PLGS returned the expected result, with the bovine seminal plasma
(1506 fmol) being more concentrated than the porcine (1143 fmol) (Figure 4.28). The main
difference with the quantification performed is that ISOQuant gives a reduced cumulative fmol/nl
value for the bovine seminal plasma, with the majority of the protein loss found related to a single
bovine protein; seminal plasma protein PDC-109. With PLGS analysis this value is 481fmol/nl, with
ISOQuant analysis this value is 35fmol/nl. PDC-109 and seminal plasma protein A3 have a high
degree of similarity, with only a few amino acid changes. It could be that this high degree of
homology creating few unique peptides is making quantification difficult for ISOQuant. PLGS uses all
peptides to quantify a protein, the quantification of any homologous peptides is split between each

protein, depending on signal strength.

The comparison of bovine and porcine seminal plasma was therefore continued with the PLGS

quantification values. This comparison led to two interesting points: the amount of the two main
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Figure 4.26. Comparison of bull and boar seminal plasma protein composition, quantitation performed
with ISOQuant.
In-solution whole proteome trypsin proteolysis was performed, with absolute fmol/nl values obtained
through analysis using the ESI Synapt™ G2 coupled to a RP-UPLC system. Samples were diluted to a to
500ng/ul and mixed with 50fmol/ul standard followed by a 2l injection Sample were desalted over a
trapping column and eluted from the analytical column with a 90min linear gradient of 0-40% organic
buffer. The Synapt™ G2 analysed in V mode using MSE, where the instrument scans alternately in low
energy (trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration.
Samples were processed with PLGS and quantified using ISOQuant. Average fmol/nl was calculated for all
individual animals then averaged by species.
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Figure 4.27. Comparison of bull and boar seminal plasma protein concentration.

Protein concentration of the seminal plasma was determined using Coomassie plus protein assay reagent
and known concentrations of BSA. Showing the bovine seminal plasma contains a higher amount of protein
than the porcine, and that the range of the bovine seminal plasma protein concentration is much higher

than the porcine.
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Figure 4.28. Comparison of bull and boar seminal plasma protein composition, quantitation performed
with PLGS.

In-solution whole proteome trypsin proteolysis was performed, with absolute fmol/nl values obtained
through analysis using the ESI Synapt™ G2 coupled to a RP-UPLC system. Samples were diluted to a to
500ng/pl and mixed with 50fmol/pl standard followed by a 2pl injection Sample were desalted over a
trapping column and eluted from the analytical column with a 90min linear gradient of 0-40% organic
buffer. The Synapt™ G2 analysed in V mode using MSE, where the instrument scans alternately in low
energy (trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration.
Samples were processed and quantified using PLGS. Average fmol/nl was calculated for all animals then
averaged by species.
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functional groups of proteins, bovine seminal plasma proteins (BSP proteins) and spermadhesins,
vary greatly (Figure 4.29), and there is a huge difference in the number of proteins present in the
seminal plasma of both species (Figure 4.28). These results confirm other studies showing that the
BSP proteins constitute the majority of the bull seminal plasma protein content [194], where the
boars have a much smaller amount of homologous BSP proteins [228]. The porcine BSP protein
homologue is pB1 [229] and like the BSP proteins, it is glycosylated, contains two disulphide bonds,
two tandem fibronectin type Il domains and also binds to heparin and phosphorylcholine in sperm
membranes [229]. Purified pB1 can induce capacitation, like BSP proteins, but the specific
mechanism for this is unknown [230]. The pB1 interacts with another porcine protein AQN-1 to
facilitate binding to the phosphorylcholine head groups of the sperm membrane. So it seems that
the BSP proteins of both species bind the phosphorylcholine head groups through a similar
mechanism, creating a large oligomer complex, either through PCD-109 in the bovine or pB1 plus
AQN-1 in the porcine [229]. However the porcine BSP protein has no known function in the oviductal

reservoir formation, unlike the bovine BSP proteins.

Also supported by results from other studies is that the spermadhesin proteins make up over 90% of
the seminal plasma proteins in the porcine seminal plasma [231] [232]. As with the bovine
spermadhesins (1 and Z13), the porcine spermadhesins (AQN-1, AQN-3, AWN, PSP-1, and PSP-II) also
contain four cysteine residues which create two disulphide bridges and have a CUB domain [233].
The bovine and porcine spermadhesins are not structurally related, but they have an identical
overall fold structure [209]. The porcine spermadhesins can be split into two groups; heparin binding
(AQN-1, AQN-3 and AWN) [234] and non-heparin binding (PSP-1, PSP-1I heterodimer), although the
individual subunits do possess heparin binding abilities [235]. Unlike the bovine spermadhesins, the
porcine spermadhesins have functions in capacitation, modulation of an immune response and
oocyte zona pellucida binding [231]. All five spermadhesins bind to the sperm on ejaculation [236]
through interactions with the phosphorylcholine lipids in the sperm membrane [237], AQN-1
especially interacts with oviductal epithelia, suggesting a role in the formation of the oviductal
reservoir [238]. It has been discovered that the PSP-1, PSP-II heterodimer, in a similar function to the
bovine spermadhesin, can modulate the invasion of leukocytes into the uterus, through activation of
mast cells [239]. The dimer also binds immunoglobulin which may facilitate immune suppression
[240]. After capacitation the spermadhesin proteins are lost, apart from AWN and AQN-3 which then
facilitate zona pellucida binding, through the binding of zona pellucida glycoprotein ligands [236].
Research suggests that glycosylation/degylcosylation is the mechanism with which they switch
between functioning to aid capacitation and to zona pellucida binding, through the exposure/use of

different domains of the protein [241].
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Figure 4.29. Functional groups of seminal plasma proteins.

In-solution whole proteome trypsin proteolysis was performed, with absolute fmol/nl value obtained
through analysis using the ESI Synapt™ G2 coupled to a RP-UPLC system. Samples were diluted to a to
500ng/pl and 1 pl injected and mixed with 50fmol/ul standard followed by a 2ul injection Sample were
desalted over a trapping column and eluted from the analytical column with a 90min linear gradient of O-
40% organic buffer. The Synapt™ G2 analysed in V mode using MSE, where the instrument scans alternately
in low energy (trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass
calibration. Samples were processed and quantified using PLGS. Average fmol/nl for each functional group
was calculated and converted to percentage of total fmol/nl for both species.
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The BSP proteins, either bovine BSP proteins or the porcine pBl protein, with two tandem
fibronectin type Il domains has not been isolated in seminal plasma outside of ungulates, although a
similar protein group with four tandem fibronectin type Il domains has been isolated in ungulates in
humans and canine seminal plasma [242]. Spermadhesins have also only been isolated in ungulates
and not in human, canine or mouse seminal plasma [243]. It appears that in humans the
spermadhesin gene has been functionally inactivated through mutations that disrupt the coding
sequence, while in the chimp and dog inactive copies of the spermadhesin gene have been
identified, and in the mouse and rat it seems the ancestral gene has been deleted [244]. The porcine
spermadhesins contain both highly conserved and highly diverged genes [243], with research
indicating that one copy of the spermadhesin genes existed in the ancestor of the bulls and boars. It
is possible there was an increase in copy humber in the boar along with genetic exchange between

the spermadhesin genes to generate the spermadhesins currently present in the boar [245].

Genes that are involved in reproductive processes are not conserved well and evolve rapidly [246]. It
seems that both these ungulate unique proteins have evolved to perform the functions needed in
reproduction, with both species seminal plasma proteins performing roles in capacitation and both
species spermadhesins performing roles in immune response regulation. Evolution and selection of
genes has then allowed two functional groups of proteins to evolve, the spermadhesins in the boar
and seminal plasma proteins in bulls that perform similar functions in the creation of an oviductal
reservoir, through carbohydrate mediated binding the oviductal epithelium, and in the zona

pellucida binding of the oocyte.

The bovine seminal plasma contains a large number of blood plasma proteins, which accounts for
the large difference in the number of proteins present in the seminal plasma between both species.
This is not unusual for reproductive organs as the oviduct is known to contain a large number of
plasma proteins [247]. The differences in the protein content could be due to the different mating
systems of the two species. Bulls produce a small concentrated ejaculate of around 8ml, while boars
produce a large ejaculate averaging around 300ml [248]. Bulls deposit the semen in the vagina [249],
while the boars deposit semen in the uterus [248]. These variations could explain the differences in
seminal plasma proteins as the bull sperm has much further to travel to reach the site of fertilisation

and the large number of proteins deposited with the sperm may assist in this transit.

The differences in protein content could be caused by differences in the permeability of the blood-
testes and blood-epididymal barriers (BTB, BEB). The BTB separates the testes blood vessels and the
lumen of the seminiferous tubules, in the seminiferous epithelium [250], between adjacent Sertoli

cells [251]. It is formed by a combination of tight junctions, adherin junctions, gap junctions and
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desmosomes and functions to separate the events of spermatogenesis into stages occurring in the
basal and apical compartments of the seminiferous tubule [252]. The BEB is present between blood
vessels and the epididymal lumen [250] and is formed in the epididymal epithelium [253]. The main
function of both the BTB and BEB is to protect the sperm from an autoimmune response, through
preventing antigens from escaping and contacting immune cells, thus allowing the final steps of
spermatogenesis to occur in an immunologically privileged site [250]. The BTB and BEB also regulate
the access of blood and lymph contents to the testes/epididymis [254], with the BEB known to be
more permeable than the BTB [255]. The BTB either transports proteins into the testes [256, 257] or
proteins are leaked into the testes [256]. There is very little research on the BTB or BEB in bulls and
boars, especially with comparative elements, however there may be species differences in the
permeability of the BTB or BEB that is causing the differences in plasma protein content of the
seminal plasma. Further investigations would be needed to draw any conclusions about the

permeability of the BTB.

4.4. CONCLUSIONS

The protein composition of bovine and porcine seminal plasma has been identified and quantified.
Comparisons have been made between varying groups of bulls, which led to no further research
questions and a quantitative comparison of Holstein and Belgian Blue seminal plasma resulted in no
noticeable breed protein variation. A quantitative comparison of bovine and porcine seminal plasma
was also undertaken, leading to the conclusion that bovine seminal plasma contains many more
proteins than the porcine seminal plasma, which may be caused by differences in the mating
systems of the two species or blood-testes/blood-epididymal barrier permeability, but further work
would need to be performed to validate these theories. The percentage of seminal plasma proteins
from the two main functional groups, spermadhesins and seminal plasma proteins, in the bovine and
porcine seminal plasma is very different, but these two functional groups have evolved over time to

perform the same reproductive functions.

These results have not been verified using other forms of protein quantitation such as; QconCAT,
iTRAQ or densitometry. It is becoming increasingly apparent, that protein quantification performed
using different quantitative methodologies do not always show strong correlations. Therefore,
conclusions drawn from the data presented in this study are correct only for this method (mass
spectrometric label free, data dependent MSE) with these specific samples. It cannot be definitively
concluded that bovine seminal plasma has more proteins than porcine seminal plasma or that

Belgian Blue and Holstein bulls have no variation in seminal plasma as a different quantitative
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method may generate a different set of results, however, using this method, the data acquired

would seem to suggest that this is the case.

The seminal plasma samples utilised throughout this study did not undergo ultracentrifugation to
remove sperm or dead sperm particles from the seminal plasma, although a syringe filter was used
to remove sperm cells. This meant that the seminal plasma samples will have contained some
contamination from with particles from any dead sperm. | believe proteomic methodologies that
contain minimal separation/filtration/removal steps are preferential to prevent unnecessary loses of
analytical material. During any steps to separate/remove/filter contaminants, the proteins that are
being analysed could also be removed, either through the method itself or through their association
with contaminants. This would have a large effect on a quantitative study, as it is likely that analyte
proteins would be removed with contaminants in varying amounts, introducing sample variation,
which would render the quantitative values of each protein invalid. Rather than generate analyte
losses, the contaminants were removed post mass spectrometry analysis, through the filtering of

any identifications of known sperm proteins.
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5. SPERMATOZOA MEMBRANE PROTEOMICS

AIMS

To generate a method for enrichment or isolation of spermatozoa membrane proteins. The method
will use detergents to release membrane proteins but will not require a clean-up step before mass
spectrometric analysis. Once created, this methodology will be utilised to analyse the proteins
present in the spermatozoa membranes and investigate differences in membrane protein

composition between X and Y DNA bearing spermatozoa.

OBJECTIVES

e To determine the most effective method to remove extender egg yolk from sperm cells
e To determine the most effective method of sperm lysis

e To determine the most effective method of isolating sperm membrane proteins

e To create a candidate list of sperm membrane proteins

e To use SRM methodology to study the expression of candidate proteins by X and Y bearing

sperm

5.1. INTRODUCTION
Sperm plasma membrane structure

The plasma membrane is a barrier between the extracellular space and the cytoplasm [258]. It is
selectively permeable, so controls the movement of substances such as ions and organic molecules
in and out of the cell. Water and gases such as carbon dioxide can pass through the cell membrane
by diffusion, larger molecules such as sugars or amino acids move in and out of the cell via
transportation channel proteins [259]. Sperm membranes contain phospholipids, glycolipids, sterols
and proteins [260]. The membrane is composed of a phospholipid bilayer created by the
amphipathic phospholipids and glycolipids, the hydrophilic phosphate (polar) head groups interact
with water, and the hydrophobic saturated or unsaturated fatty acid tails repel water. The bilayer is
created as the tails turn in to face each other, leaving the hydrophilic head groups facing out into the
cell and surrounding fluid [261]. Phospholipids are composed of a phosphate group plus a choline
cation which creates the phosphocholine head of the phospholipid, and a diglyceride which contains
two fatty acid chains and a glycerol molecule forming the phospholipid tail. The main phospholipids

in a membrane are phosphatidylcholine, phosphatidalcholine, phosphatidylethanoline and
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sphingomyelin; which is composed of a phosphocholine head group with sphingosine and a fatty
acid (ceramide) instead of the diglyceride. Minor phospholipids are phosphatidylserine,
phosphatidylinositol, phosphatidic acid, diphosphatidylglycerol (cardiolipin) and
lysophosphatidylcholine. The major saturated fatty acids (no double bonds between carbon
molecules) that create the phospholipids are palmitic and stearic acid, while the major unsaturated
fatty acids (varying numbers of double bonds between carbon molecules) are arachidonic,
docosapentaenoic and docosahexaenoic acid [260]. Another component of sperm membranes is
glycolipids; lipids with a bound carbohydrate group. Practically all glycolipids are composed of a lipid
containing a ceramide group as opposed to a phosphate group, so the carbohydrate usually binds a
sphingomyelin lipid in membranes (full name glycosphingolipids). The two glycolipids that have
been characterised in sperm membranes are 1-O-alkyl-2-O-acyl-3-b-D-galactosyl-sn-glycerol and 1-
O-alkyl-2-O-acyl-3-b-D-(38-sulfo)-galactosyl-sn-glycerol (SGalAAG), the latter is unique to sperm
membranes so is also known as seminolipid [260].

Membranes contain a large amount of cholesterol [260] and proteins, either intrinsic,
transmembrane proteins or peripheral proteins [261] such as glycosylphosphatidylinositol (GPI)
anchored proteins which are randomly arranged throughout the membrane and function to attach
proteins to the sperm membrane through the phosphatidylinositol fatty acid chains [261] (Figure
5.1). Sperm membranes contain detergent insoluble lipid rafts, that are enriched in cholesterol,
sphingomyelin, glycosphingolipids, glycosylphosphatidylinositol-anchored proteins and protein
kinases [262]. These rafts may perform roles in sperm capacitation and can influence the quantity
and stabilise the orientation of the transmembrane protein Na* K™ ATPase, which has a role in cell

signalling during capacitation [263].

The fluid mosaic model for membrane lipid and protein arrangement put forward by S. J. Singer
[261] states that the membrane is in a fluid state, where the lipids, cholesterol and proteins can
move around the bilayer, possibly so they can be redistributed to areas of the membrane where
they are needed to perform a function. It is now known however that the membrane components
cannot travel as freely around the lipid bilayer as first thought, and that in fact membranes are

heterogeneous with both lateral [264] and transmembrane asymmetry present [258].

The sperm plasma membrane has a very complex asymmetric structure that is differentiated across
five different regions; the acrosome, equatorial region, post acrosome, mid piece (mitochondria) and
principal piece (tail). Each region has a specialised function, with a specific homogeneous lipid and
protein composition that tailors the region to that specific function [265], so each region has

different physiochemical properties, due to the asymmetry in the polar head groups and the fatty
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Figure 5.1. Sperm membrane components.
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Membranes contain phospholipids that are made up of a phosphocholine head and diglyceride fatty acid
tails, also glycolipids, made of a phosphocholine head and a ceramide fatty acid tail with carbohydrates
bound to the lipid, cholesterol and many varieties of protein. Proteins can be transmembrane channels,

intrinsic or peripheral. There are also carbohydrate moieties covalently to the membrane proteins.
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acid chains [258]. There are functional barriers present between the regions which prevent the
whole membrane becoming homogeneous and also maintain the specific membrane composition
associated with each functional area [260]. These barriers are determined by the underlying

cytoskeleton [266].

Bull sperm has high amounts of unsaturated fatty acid chains [267], meaning the phospholipids have
a diminished fatty acid chain length, increasing the phospholipid cross sectional area. They are also
relatively inflexible due to the double bonds, so they can restrict the movement of other nearby
fatty acids [268]. The combination of these factors makes the interaction of the fatty acids with
cholesterol weaker, which reduces the cholesterol in the membrane thus reducing membrane
rigidity, making the membrane more fluid. It is thought that the outer layer of the bilayer is more
rigid due to the presence of more saturated fatty acids, and the inner layer of the bilayer contains

more unsaturated fatty acids, making it more fluid [260].

Roles of the membrane in fertilisation

The acrosome is an area between the nucleus and the plasma membrane at the anterior head of the
sperm. It contains the enzymes that are released during the acrosome reaction, which facilitate the
sperm binding to the oocyte zona pellucida. For the enzymes to be released, the acrosomal
membrane must fuse with the plasma membrane that lies above it, the hybrid membrane is then
removed allowing the enzyme release [260]. The acrosomal membrane has a highest density of
cholesterol molecules of all the membrane regions, with the cholesterol highest after epididymal
maturation, making the membrane very rigid [269]. The membrane needs to stay rigid to prevent a
premature acrosome reaction during travel in the female reproductive tract, however, cholesterol is
then removed from the membrane during capacitation increasing membrane fluidity. This may assist

the fusion of the acrosomal and plasma membrane and therefore the acrosome reaction.

The four remaining membrane regions are also important in the fertilisation process. The equatorial
and post acrosomal membrane regions adhere and fuse to the oocyte plasma membrane [269]. The
sperm generate energy from the mitochondria which are located in the mid piece [260] and the

principal piece, or tail, provides the sperm with the ability to move [269].

Sex sorting semen

The bovine genome contains 60 chromosomes, in 29 autologous pairs plus the pair of sex
chromosomes. As with all mammals the male cells contain XY sex chromosome and the females
contain XX. Within the bovine genome (including the X chromosome) there are 2,857,605,192 base

pairs, of which 2,612,820,649 are found on the chromosomes, and 245 are found in unplaced
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contiguous sequences (contigs) [270]. The X chromosome contains around 138,000,000 base pairs

and the Y chromosome has around 30,000,000 base pairs [271].

Sorting the sperm into X and Y chromosome bearing populations would lead to the generation of sex
selected offspring. In the agricultural industry this would be beneficial as it can direct genetic
improvement with a herd or breed, influence farm management and allow farmers to generate
offspring specific to their economic need, for example, to replenish cattle on a milk generating farm
farmers predominantly utilise female offspring, while the beef industry favours male calves for their
meat production traits. Sex selecting offspring can also help eradicate sex linked diseases in the case
of recessive traits such as anhidrotic ectodermal dysplasia (or hypohidrotic ectodermal dysplasia), an
X linked recessive hairlessness disorder, where all males expressing this gene are born with no hair,
few sweat glands and no incisor teeth. Females would need two recessive genes to show the
disorder [272], so only female offspring from a bull expressing this gene would be of value to a

farmer. Selecting X or Y bearing sperm would lead to a more efficient sustainable farming economy.

Different methods have been generated to sort the sperm into two distinct populations of X and Y
bearing sperm, for example by using differences in the progressive motility of the X and Y bearing
sperm [273]. Ericsson et al. (1973) suggested that when a mixed population of sperm is overlaid on a
high density albumin gradient, Y bearing sperm have a greater ability to penetrate an interface
between a discontinuous gradient and also swim faster than X bearing sperm [273]. Through this
method a fraction of Y containing sperm can be generated by collecting the first 22% of sperm to
swim to the bottom of the gradient and it was reported that this method of sex sorting sperm can
generate 70-80% male offspring. However, this method has never withstood any vigorous testing
and does not work with any mammal other than humans. It was also discovered that in cases where
women have their ovulation induced before fertilisation with sperm sorted by this method, the sex
ratio is reversed and 73% of the resulting offspring were female [274]. Electrophoretic separation of
X and Y bearing sperm has also been attempted. This method assumes that the electric charge on
the surface of the X and Y will be different, so an electric field will separate them. Introducing mixed
sperm populations into a free-flow electrophoresis apparatus revealed that the electrophoretic
mobility of X bearing sperm was faster, as their negative charge was higher, than that of Y-bearing
sperm. This indicated that the X bearing sperm have a higher net negative charge on the cell surface
than the Y bearing sperm. Further research into this separation revealed that sialidase treatment of
sperm caused a reduction in the electrophoretic mobilities of the two types of cells, until they finally
merged into a single peak. This observation suggests that the difference in net negative charge

between X and Y bearing sperm is due mainly to sialic acid content on the cell surface [275].
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Immunological methods have also been tested, such as targeting the male histocompatibility (H-Y)
antigen, which failed as it was found on both X and Y bearing sperm [276]. Antibodies to sex specific
proteins (SSP) have been generated through injection of whole sperm into rabbits and used to
distinguish between X and Y bearing sperm [277] , but as yet no sex selected offspring have been
produced through this method [274]. Sex selecting has also been attempted with ram sperm
through centrifugal counter current distribution using a two phase system with an upper (mobile)
aqueous polyethylene glycol (PEG) phase and a lower (stationary) aqueous dextran phase. This
counter current chromatographic process separates the cells between the phases and is repeated
numerous times. Centrifugation speeds the separation so this process can be repeated once a
minute for 1h. This research claims to generate 75% Y sperm at certain salt concentrations but gives

no data on the fertility of these sperm or offspring generated [278].

As the female chromosome contains more DNA than the male, the X and Y bearing sperm have a
different DNA content. This slight difference, an average of 4% in cattle [279], allows the sperm to be
differentiated through flow cytometry. Sexing sperm using flow cytometry is the only known method
for sorting sperm into populations of X and Y bearing sperm at accuracy levels of over 90%. This
method has been commercially available since 1991 [280], sub-licensed for use on non-human
mammals to the company XY Inc., through Colorado State University. Flow cytometry sorting
requires the fluorescent staining of DNA using the fluorochrome Hoechst 33342. Hoechst 33342
excites at 364nm and emits light at 350-460nm higher, which is a shift large enough to be
detectable, making it useful for DNA quantitation analysis [274]. When food dye is added to the
sperm, dead or damaged sperm absorb the food dye, quenching the Hoechst 33342 dye and
allowing these cells to be removed from the sorting process. This improves the efficiency of the

sorting as only living sperm with an intact membrane are sorted [274].

Once sperm are stained, sorting media is added before they are passed through a flow cytometer.
The sperm fluid enters the flow cytometer through a nozzle and as it leaves, droplets form due to
high frequency vibrations in the nozzle column, such that each droplet contains an individual sperm
cell. The droplets are then subject to light from a laser, preferably an argon light source as argon
light does not contain any damaging ultraviolet wavelengths, but an ultraviolet laser can be used.
The sperm then pass through two fluorescence detectors that are at 90° to each other, which
measures the intensity of the fluorescence emitted the sperm droplet. The strength of the
fluorescence depends on the amount of DNA present for the dye to bind, and so corresponds to
whether the sperm contains the X or Y chromosome. It is important the sperm heads orientate

correctly, or they cannot be sorted. Sperm with flattened, oval heads are more readily orientated
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correctly, making bull sperm ideal for this process [279]. This step of the process has been improved
so now an elliptical nozzle is used to ensure 60-70% of the sperm are in the correct orientation
[281]. Once the sperm DNA has been determined, the sperm are given an electric charge; the X
bearing sperm are given a positive charge, the Y bearing sperm a negative charge. They are then
sorted into collecting tubes through electrostatic deflection, so using electromagnets, the positive

cells are attracted to a negative magnet and vice versa.
A brief method for sorting sperm, from [274]:

a) Collect fresh semen

b) Store undiluted at 20-23°C until staining (quickly as possible)

c) Dilute in staining medium 200 x 10°sperm/ml

d) Stain with Hoechst 33342 for 45 min at 34°C.

e) Dilute in sorting medium 100 x 10° sperm/ml, add food colouring
f)  Sort batch through flow cytometer (90 min)

g) Repeat steps c-f

h) Concentrate sample to approximately 40 x 10° sperm/ml by centrifugation at 850xg for 20
min

i) Dilute to 2 x 10°sperm/ml in egg yolk extender
J) Pool batches of sorted sperm

This method of sorting the sperm has some problems. Only a third of the stained sperm can be
sorted with over 90% accuracy, and it takes 9h to sort one ejaculate. Another large problem is that
the sorting process is very inefficient as sperm losses are incurred at each step. General losses are
made during staining and sorting, dead cells are not sorted at all, while some sperm are not sorted
due to incorrect orientation. Sometimes sperm are not in a droplet of liquid, or there is more than
one sperm in a drop, meaning they cannot be sorted. A proportion of sperm are also lost (20%)
during concentration and packaging. However, lower doses of sperm are used per insemination,
than with fresh diluted unsorted sperm, meaning the inefficiency in the sorting process is not too

detrimental [274].

Sperm subject to the sorting process have to withstand the addition of stains, many media changes,
exposure to a laser and high volumes of dilution, which can result in damage to the sperm cell or
damage to the DNA. When tested, sperm sorted using the dye and argon laser had 1.5% more DNA
damage than unstained, unsorted controls, and the sperm cells were around one fifth more likely to

be damaged or dead after the sorting and centrifugation process [279]. Problems with sperm loss,
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damage and death, correct orientation and therefore correct shaped sperm, plus the essential need
for a large difference in the DNA content, all contribute to the indication that a more efficient

method of sorting sperm would be beneficial to increase the use of sorted sperm.

Proteomic markers indicating whether the sperm has an X or Y chromosome

Identification of an X or Y chromosome bearing sperm specific marker protein that is present on the
sperm membrane, and therefore easily accessible, would be an ideal solution to the current
problems with sperm sorting technologies. If such a protein could be identified, an X or Y antigen
could then be produced and used to separate the two populations of sperm. There have been
multiple attempts to find such a marker in both boar sperm [282] and bull sperm [283, 284]. These
studies have used 1D or 2D SDS PAGE, where they solubilise the sperm membranes using CHAPS and
EDTA [282] or SDS [283] before adding sample buffer and performing SDS PAGE. The study of boar
sperm isolated 568 protein spots present in six X and six Y sperm 2D SDS PAGE profiles, and 643
proteins present in eight or more. Computer assisted gel analysis was utilised to identify proteins
with either a five or two fold quantitative difference in the X and Y populations. SDS PAGE samples
were corrected for varying overall intensity, but no quantitative differences were found between the
X and Y protein profiles [282]. The bull sperm study also showed no differences in the X and Y

protein profiles [283].

Immunogenic techniques have also been utilised [283, 284], where antisera for both X and Y sperm
are created through injection of whole X or Y sperm suspended in PBS into rats. After a period of
incubation, blood is taken from the rats which now contains X and Y antibodies. These antibodies
were used to probe Western blots of bull X or Y sperm, separated by non-reducing and reducing SDS
PAGE, but no antigenic differences were detected [283]. Another study injected whole sperm into
rabbits using ELISA, the X and Y sex specific antigens were isolated. These sex specific antigens were
incubated with unsorted and sorted sperm, then detected using a fluorescent anti-rabbit polyclonal
antibody. In both cases the antibodies failed, as they did not bind half of the unsorted sperm or bind
their respective sorted sperm [284]. It has been shown that modifications to the membrane proteins
occur during the sorting process [285, 286], this could mean that potential markers are being lost

during the sorting process.

A major issue with finding a proteomic marker of X or Y bearing sperm is that during
spermatogenesis the germ cells that originate from the same spermatogonium remain connected to
each other through intercellular bridges, this can happen with every replication until there is a large
number, up to 50, connected spermatids [12]. These bridges first occur in the initial stage of mitosis

and remain until late in spermatogenesis [13]. Studies have proved that spermatids share transcripts
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and gene products across these cytoplasmic bridges [14]. This transfer of molecules between cells is
thought to be a mechanism for the cells to synchronise and maintain homogeneity, in an effort to

gain a large number of high quality functionally equivalent gametes [13].

During meiosis the sperm sex chromosomes become transcriptionally silenced and migrate to a
peripheral location in the nucleus [287]. After meiosis this repression is partially maintained [288]
and many studies have reported the transcription of sex linked genes post meiosis [289]. Proteins
will only differ between X and Y bearing sperm if the gene coding for them is expressed after the
transcriptional silencing during meiosis or if the protein products cannot be transported between

sperm cells by intercellular bridges [290].

Searches for differentially expressed proteins in X and Y bearing sperm have been performed
through single transcript experiments, where the expression of a single sex linked gene has been
examined for specificity to X or Y bearing sperm. This is achieved by proteomic screening for
differentially expressed proteins or immunological experiments, where antibodies are raised to X
and Y sperm then tested for specificity [291], but so far none have found any differential expression
of proteins. Advances made in the field of proteomics since these studies (late 1990s), in both
instrument capability when analysing complex mixtures and in membrane methodology, mean a
more in-depth study of the sperm membrane proteome can now be performed, which will lead to

the targeting of individual proteins of interest.

Methods for membrane proteomics

As membranes have hydrophilic and hydrophobic regions they are difficult to solubilise. To
overcome this, various methods of membrane solubilisation have been attempted such as;
chaotropes, detergents, organic solvents and organic acids, plus the use of salts and high pH
solutions to remove membrane associated proteins. The removal of lipids through methanol/
chloroform delipidation has also been used (Table 5.1). Chaotropes, such as urea and guanidinium
chloride, are strong denaturing agents that act to maintain the stability of proteins when they are
unfolded. Urea will not extract all membrane proteins but does facilitate trypsin digestion of
exposed membrane domains. Chaotropes, unlike detergents, will not bind to an LC column so are LC
MS compatible [292]. Detergents contain both hydrophobic and hydrophilic moieties, and in
aqueous solution they form micelles (small spherical aggregates) when over a certain concentration;
their unique critical micelle concentration (cmc). The detergent interacts with the membranes lipids,
disrupting the membrane, removing the protein contents and solubilising them within a micelle.
Conventionally the membrane proteins are retained in the soluble fraction after ultracentrifugation

at 100,000xg for 1h [293]. Organic-aqueous solvents such as methanol aid in the denaturing and
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Method to isolate membranes Facilitator Reagent Characteristics Digest compatibility MS compatibility
Solubilisation and denaturation Chaotropes Urea Strong denaturant Generally compatible Removed by LC
Guanidinium chloride [Strong denaturant Generally compatible Removed by LC
lonic detergent SDS Very strong denaturant Compatible at 0.1% Severe ion suppression
Non ionic detergent Trition X-100 Mild denaturant Generally compatible Low/moderate ion suppression
NP-40 Mild denaturant Generally compatible Low/moderate ion suppression
Bile acid salts Sodium cholate Mild denaturant Generally compatible Removed by acidification
Zwitterionic detergent | CHAPS Mild denaturant Generally compatible Low/moderate ion suppression
MS compatible Rapidest Mild denaturant Compatible at 0.1% Removed by acidification
Organic solvents Methanol Strong denaturant Reduces enzyme activity | Compatible or removed by evaporation
Organic acids FA Strong denaturant Reduces enzyme activity | Compatible
TFA Strong denaturant Reduces enzyme activity | Compatible
Removal of membrane associated proteins | High ionic strength wash | Sodium chloride Removes many associated proteins | Generally compatible lon suppression
High pH wash Sodium carbonate Removes many associated proteins | Reduces enzyme activity | Compatible

Removal of lipids

Methanol/Chloroform

Removes lipids

Reduces enzyme activity

Compatible or removed by evaporation

Table 5.1. Membrane protein extraction and solubilisation methods.
Varying methods for solubilisation of sperm membrane proteins plus removal of associated proteins and lipids.
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solubilisation of membrane proteins as the membranes are hydrophobic. Methanol can also
solubilise the detergent resistant membrane rafts. A solvent such as methanol is LC MS compatible
or can be evaporated from the analytical sample prior to MS analysis [292]. Organic acids such as
formic acid (FA) or trifluoroacetic acid (TFA) are capable of membrane disruption plus solubilisation
and are compatible with LC MS analysis [292]. High concentrations of salt (eg:sodium chloride) or a
solution with a high pH (eg:sodium carbonate) can be used to remove peripheral proteins from the
membrane [293]. Salt uses ionic dissociation to break the bonds between the associated proteins
and the polar head groups of the lipid bilayer, plus the alkalinity of the solution can open membrane
vesicles releasing any trapped soluble or membrane proteins [292]. The most common method of
delipidation involves precipitation of the proteins through the addition of a methanol/chloroform
mix. Lipids will separate into the chloroform layers while proteins will precipitate in the agueous-

organic interface [292].

All these methods generate problems for proteomic workflows as the methods are not directly
compatible with mass spectrometric analysis. The presence of a detergent will affect the
chromatographic separation performance and lead to signal suppression in mass spectrometry, as
do high amounts of salt. Trypsin is not capable of proteolysis in the presence of organic acids (TFA,
FA) due to the low pH conditions, plus trypsin activity is also reduced in the presence of methanol.
Also for proteolysis at extremes of pH proteinase K must be used which cleaves non-specifically at
random amino acid sequences, making data analysis complicated. Another problem for mass
spectrometry is often the lipid bilayers that the proteins are embedded in are also extracted through
these methods [294]. The more experimental steps used to remove detergents from analytical
samples, the more sample loss there will be. Often after membranes have been denatured and
solubilised or enriched, the membrane protein preparation is resolved through 2D SDS PAGE, with
spots then excised for trypsin proteolysis, but many membrane proteins are not solubilised in
isoelectric focusing sample buffers, and those that are tend to precipitate at their isoelectric point
[294].

In this study methods will be assessed that minimise the use of detergents and buffers that are not
compatible with proteomic workflows, and therefore make use of acid labile detergents that can be

precipitated out of the sample solution with minimal analytical sample loss.

Egg yolk extender

Egg yolk extender is a fluid most commonly used to dilute a bovine ejaculate to the required dose of
sperm, and protect the sperm from cryoinjury during freeze thawing [295]. Sperm are frozen in pre

dosed straws so they can be used for artificial insemination, allowing sperm to be distributed
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worldwide to huge numbers of farms and cows. The active component of the egg yolk extender is
low density lipoprotein (LDL), consisting of a hydrophobic sphere core of fatty acids and cholesterol,
surrounded by a layer of polypeptides and phospholipids, with hydrophilic residues on the outside
making the LDL soluble in agueous solutions [296]. These can vary in lipid content but always contain
an apolipoprotein B-100 molecule and have a role in cholesterol transport [297]. These LDLs bind
bovine seminal plasma (BSP) proteins creating stable complexes, preventing the BSP proteins from
binding to the sperm and thus preventing a lipid efflux (capacitation) [295]. The LDL also protects the
sperm from plasma membrane and acrosomal membrane damage, plus it reduces the number of
sperm with reduced motility [298]. The egg yolk protects sperm against cold shock, when the
membrane turns from a liquid phase to a solid phase due to the temperature change (lipid phase
transition) [299]. In rams, egg yolk extender abolished the presence of mid piece 180° bending
during the process of freezing [300]. As the extender contains proteins known to interact with the
seminal plasma and sperm membrane proteins, it is important for this research to assess the extent

to which the extender was removed before proceeding with analysis of sperm proteins.

Selected reaction monitoring (SRM) mass spectrometry

Selected reaction monitoring is a targeted analytical approach in quantitative proteomics. Proteins
of interest are either in silico proteolysed to generate predicted peptides and their fragmentation
products or the proteins are subject to standard mass spectrometric analysis to determine their
peptides and the peptide fragmentation products. The predetermined precursor peptides with
known fragmentation properties are entered into a transition list of candidate peptide ions, which
are detected and then quantified, usually by peak area or intensity. This leads to greater specificity
as both the precursor and fragment ions are selected for detection, and improved sensitivity due to
a greater signal to noise ratio, as background ions are filtered out. The speed of analysis is also high
as no time is expended detecting ions not in the transition list. During an SRM experiment a specific
peptide ion is monitored, fragmented by CID and the either one or many of the fragment ions are
also monitored. Each peptide/fragment ion pair is known as a transition, several transitions are
monitored over time for each peptide, and ideally multiple peptides are monitored for each protein.
This method involves no full MS scans which increases the sensitivity, when compared to
conventional full MS scan techniques giving the instrument a dynamic range of five orders of
magnitude and allowing detection of ions at very low abundance in a complex mixture [155]. The
targeted nature of this analysis means prior information about the peptides of interest is needed to
establish an SRM method. In this case samples are analysed by a Q-ToF instrument (Synapt™ G2) and

the processed data generated by PLGS was used to create transition lists.
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SRM can be performed on any mass spectrometer that is capable of precursor ion selection,
fragmentation and fragment ion selection. The most common instrument that is utilised for SRM
studies is a triple quadrupole. The first quadrupole specifically selects a peptide ion m/z, the second
quadrupole acts as a collision cell to fragment the selected peptide, the third quadrupole then
specifically selects a fragment ion m/z to be detected (Figure 5.2) [155]. The Xevo® TQ tandem
quadrupole mass spectrometer was used in this study. The Xevo® TQ has high sensitivity (1pg of
sulphadimemethoxine, transition 311>156m/z, gives a signal:noise greater than 500:1), along with a
novel collision cell which is constantly filled with gas, allowing simultaneous collection of SRM and
MS or MS/MS data, corresponding to both qualitative and quantitative data. The collision cell also
contains a travelling wave ion guide which minimises the time of transit for the ions between source

and the detector [301].

5.2. OVERVIEW OF EXPERIMENTAL WORK

As described in chapter 2, fresh semen was collected from the bull stud in Ruthin, Wales. The sperm
were pelleted through centrifugation and the seminal plasma supernatant fraction removed. Straws
of cryopreserved semen (both unsorted and sorted into X and Y DNA bearing) in egg yolk extender
were also collected. To wash the egg yolk extender from the sperm, the sperm pellet was
resuspended in a further 10ml of PBS, vortexed and centrifuged for 10min at 1000xg, the
supernatant was removed and the pellet was resuspended in 10ml PBS. This was repeated as many
times as necessary, until the supernatant fraction no longer visibly contained egg yolk. Another
method to remove the extender was to place the sperm on a gradient made with an iso-osmotic salt
solution containing colloidal silica particles coated with silane (BoviPure™) and then centrifuge the
sperm though the gradient at 1000xg for 20min. Protein concentration was determined using a

Coomassie protein assay and known concentrations of bovine serum albumin.

Sperm cells were counted using a NucleoCounter® SP-100™ (ChemoMetec, Denmark). The
NucleoCounter® is an integrated fluorescence microscope that detects signal from the fluorescent
dye propidium iodide (PI) that binds to the sperm DNA. The sperm sample (25ul) is mixed with
Reagent S100 (10ml) to disrupt the cell membranes and 50pl is taken up by a NucleoCassette™. The
NucleoCassette™ contains 2.8ug of immobilised PI, which mixes with the disrupted cells to bind the
cell nuclei and travels to a measurement chamber within the cassette. Green light is emitted by the
NucleoCounter® SP-100™ through the measurement chamber and a red fluorescence is detected,
corresponding to the number of cell nuclei, and therefore the number of cells. Due to the high

concentration of sperm cells, the sperm may require dilution prior to analysis [302].
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Figure 5.2. Selected reaction monitoring.
Selected reaction monitoring is a targeted approach to quantitative proteomics, leading to high specificity,

sensitivity, speed and quantitation for proteins of interest. Facilitated by a triple quadrupole, the first
quadrupole specifically selects a peptide ion m/z, the second quadrupole acts as a collision cell to fragment
the selected peptide, the third quadrupole then specifically selects a fragment ion m/z to be detected
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This chapter is focused on method development, so different methods for cell lysis and generation
of a predominantly membrane protein sample are discussed, with the aim of identifying an optimal
method. Different methods of physical cell lysis are discussed, including sonication, homogenisation
and bead beating. The addition of lysis buffers to the sperm cells is also discussed, covering multiple
detergents and hypotonic buffers. Membrane isolation or enrichment methods are also discussed,

covering cell lysis and ultracentrifugation.

Protein profiles were obtained using 1D SDS PAGE and the protein composition was identified
following in-gel trypsin proteolysis including a DTT reduction and IAA alkylation step. This was then
analysed using an ESI LTQ (Thermo), coupled to a RP-HPLC with 1h gradients followed by database
searching using the MASCOT search engine and either the IPI bovine database or a database
generated from UniProt containing mammalian proteins only or all UniProt proteins. In-solution
trypsin proteolysis was performed on the whole proteome, including a detergent inactivation, DTT
reduction and IAA alkylation step. This was followed by identification analysis performed using ESI
LTQ Orbitrap Velos, coupled to a RP-UPLC over 2h acetonitrile (ACN) gradients, followed by database

searching using the MASCOT search engine and the IPI bovine database.

To provide functional analysis, DAVID (http://david.abcc.ncifcrf.gov/) was used to determine if the
proteins identified were membrane derived. The accession numbers of identified proteins were
imported into the analysis software to acquire information about their location. Functional analysis
was combined with transmembrane helix predictions, facilitated by the TMHMM server
(http://www.cbs.dtu.dk/services/TMHMMY/), this was used to predict which proteins within the
bovine IPI database contained transmembrane helices. The list of predicted transmembrane proteins
was then used to determine which of the proteins identified in the studies were predicted

transmembrane.

Relative quantification was performed using a combination of the MASCOT search engine to perform
the database search and Progenesis LC-MS to isolate features and quantify. Absolute quantification
analysis was performed following initial data processing using PLGS, with a UniProt bovine database
for identification, and then label-free quantification, relative to the chosen standard, using

ISOQuant.

To perform SRM analysis using the triple quadrupole (Xevo® TQ) mass spectrometer samples were
injected (1pl) onto a UP-HPCL and eluted over a 10min ACN gradient, capillary volts and cone volts
stayed constant at 3.2kV and 35V respectively, with collision energy optimised for each peptide. The

dwell time varies between peptides but was no larger than 0.08sec, required points over a peak was
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set to 9 with a peak width of 15sec. The retention time window was originally set to 10min, but once

the exact retention time for each peptide was known, it was reduced to 5min.

Sorted X Y sperm samples were collected, subject to a BoviPure™ gradient to remove the egg yolk
extender, homogenised and taken forward for trypsin proteolysis including reduction, alkylation and
RapiGest denaturation steps. The digests were then analysed using the Xevo® TQ MS to generate

relative quantitative information for each candidate protein.

5.3. RESULTS AND DISCUSSION

Extender removal

All cryopreserved and sex sorted sperm available for analysis had been mixed with egg yolk extender
in straws; before these samples could be analysed the egg yolk extender was investigated to
determine any detrimental effects on analysis, as it is important to make sure the extender does not
interfere with the sperm protein analysis. A sample of extender was subject to a Coomassie protein
assay and the concentration of protein was determined to be 19mg/ml. The extender was then
studied by 1D SDS PAGE (Figure 5.3) to visualise the total protein profile. Gel spots were excised and
subject to an in-gel digestion protocol, including reduction and alkylation steps prior to tryptic
proteolysis. Following analysis with an ESI LTQ, the raw data was turned into MASCOT generic
format (.mgf) files which were then searched against the Swiss Prot database using the MASCOT
search engine. This identified 12 proteins present in the extender (main identifications on Figure
5.3), with MOWSE scores over 44 as significant (p<0.05) (Table 5.2).

This analysis indicated the extender contains a small number of proteins at high concentration and
that the proteins vitellogenin | and Il were present throughout the protein profile. There are three
vitellogenin proteins present in egg yolk, with vitellogenin Il being the most abundant. The presence
of vitellogenin | and Il throughout the profile is due to the fact they are precursor proteins that are
cleaved into new protein products/fragments in the yolk. Vitellogenin Il is the protein precursor of
four major egg yolk proteins, lipovitellin 1, lipovitellin 2, phosvitin and YGP40, while vitellogenin 1 is
also a precursor to lipovitellin 1, lipovitellin 2, phosvitin and YGP42. Vitellogenin Ill is observed less
through the profile as it is only cleaved only into phosvitin. All these protein products also have

numerous glycosylation sites [303].

The large concentration of these few proteins in the extender could mask the sperm proteins and
make analysis more difficult, especially with data dependent mass spectrometry as the peptide
products will be seen repeatedly, and even with a 30sec exclusion window may be selected as
precursors multiple times, reducing the number of sperm proteins selected for fragmentation.

Methods were tested to determine the most efficient method possible to remove the extender from
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Figure 5.3. Protein profile of egg yolk extender.
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1. Vitellogenin-2 (791)

2. Vitellogenin-1 (164)

3. Vitellogenin-2 (1428)

4. Ovotransferrin (693)

5. Apolipoprotein B (249)

6. Serum albumin (581)

7. Vitellogenin-2 (561)

8. Ovalbumin (67)

9. Ovalbumin related protein Y (380)
10. Ovalbumin (439)

11. Vitellogenin-1 (441)

12. Vitellogenin-2 (787)

13. Vitellogenin-2 (641)

14. Ig lambda chain C region (114)
15. Apolipoprotein B (88)

16. Vitellogenin-1 (55)

17. Apovitellenin-1 (119)

18. Lysozyme C (391)

Protein identifications connected back to the band on 1D SDS PAGE. Protein concentration of the extender
was determined using Coomassie plus protein assay reagent and known concentrations of BSA. Proteins
(20pg in 5-10pl volume) were mixed with an equal volume of SDS sample buffer and loaded onto a 15%
(w/v) acrylamide gel, run at 200V for 45min, prior to staining with Coomassie R250 then destained in 10%
(v/v) methanol, 10% (v/v) acetic acid. All samples were subject to gel band spot excisions and trypsin
proteolysis, including reduction and alkylation steps before analysis using an ESI LTQ coupled to a RP-HPLC
system. Samples desalted over a trapping column, then eluted from the analytical column with a 30min
linear gradient of 0-50% organic buffer. The LTQ analysed in top 3 mode, where the 3 most intense ions
from each MS1 scan were taken forward for CID fragmentation in the ion trap with a dynamic exclusion list
over a 30sec window. Database searches were performed using MASCOT and a database made of all
UniProt proteins, MOWSE scores are in parentheses, scores over 44 were considered significant (p<0.05).
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0,
LaBbaerlllgd Accession Entry Description I\/ISCc);/\rlgE Mass (Da) ';Aeeg;r&ig Cove/orage
1 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 791 206732 15 9.2
P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 147 212608 4 2
P01012 OVAL_CHICK | Ovalbumin (Plakalbumin) 59 43196 1 41
P11682 APOB_CHICK | Apolipoprotein B 52 50873 1 3.2
2 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 1252 206732 59 221
P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 164 212608 8 3.8
3 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 1428 206732 54 28.3
P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 72 212608 3 1.6
4 P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 904 212608 19 9.7
P02789 TRFE_CHICK Ovotransferrin precursor (Serum transferrin) 693 79551 16 211
P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 359 206732 6 3.8
P11682 APOB_CHICK | Apolipoprotein B 343 50873 5 12.7
5 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 1218 206732 24 15
P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 274 212608 5 35
P11682 APOB_CHICK | Apolipoprotein B 249 50873 3 9
Q91025 |VIT3 CHICK Vitellogenin-3 precursor (Minor vitellogenin) 48 38412 1 3.2
6 pP19121 ALBU_CHICK Serum albumin precursor 581 71868 34 37.2
P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 324 206732 11 7.2
7 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 561 206732 12 7.1
8 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 438 206732 7 4.8
P19121 ALBU_CHICK Serum albumin precursor 195 71868 6 10.6
P01012 OVAL CHICK  |Ovalbumin (Plakalbumin) 67 43196 1 4.1
9 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 900 206732 18 9.4
P01014 OVALY_CHICK |Ovalbumin-related protein Y (Gene Y protein) 380 44029 9 22.7
P01012 OVAL CHICK  |Ovalbumin (Plakalbumin) 73 43196 1 4.1
10 P01012 OVAL CHICK  |Ovalbumin (Plakalbumin) 439 43196 7 25.9
11 P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 441 212608 22 9.4
P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 198 206732 10 5.6
P01012 OVAL_CHICK | Ovalbumin (Plakalbumin) 181 43196 5 15
P11682 APOB_CHICK | Apolipoprotein B 57 50873 2 5.3
12 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 787 206732 23 10.5
P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 196 212608 4 2.6
13 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 641 206732 25 5
14 P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 530 206732 11 6.2
P19121 ALBU_CHICK Serum albumin precursor 124 71868 3 34
P20763 LAC_CHICK Ig lambda chain C region 114 11525 3 19.4
P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 104 212608 2 13
P01012 OVAL_CHICK | Ovalbumin (Plakalbumin) 62 43196 1 4.1
15 P11682 APOB_CHICK | Apolipoprotein B 88 50873 1 3.2
P01012 OVAL_CHICK | Ovalbumin (Plakalbumin) 74 43196 1 4.1
16 P87498 VIT1_CHICK Vitellogenin-1 precursor (Minor vitellogenin) 55 212608 1 0.6
17 P02659 APOV1_CHICK |Apovitellenin-1 precursor 119 12016 8 16
P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 66 206732 1 0.6
18 P00698 LYSC_CHICK Lysozyme C precursor 391 16741 9 41.2
P02845 VIT2_CHICK Vitellogenin-2 precursor (Major vitellogenin) 153 206732 3 53.1
P02659 APOV1_CHICK |Apovitellenin-1 precursor 49 12016 1 1.8

Table 5.2. Protein identifications in the egg yolk extender.
Protein concentration of the extender was determined using Coomassie plus protein assay reagent and
known concentrations of BSA. Proteins (20ug in 5-10ul volume) were mixed with an equal volume of SDS
sample buffer and loaded onto a 15% (w/v) acrylamide gel, run at 200V for 45min, prior to staining with
Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid. All samples were subject to
gel band spot excisions and trypsin proteolysis, including reduction and alkylation steps before analysis
using an ESI LTQ coupled to a RP-HPLC system. Samples were desalted over a trapping column, then eluted
from the analytical column with a 30min linear gradient of 0-50% organic buffer. The LTQ analysed in top 3
mode, where the 3 most intense ions from each MS1 scan were taken forward for CID fragmentation in
the ion trap with a dynamic exclusion list over a 30sec window. Database searches were performed using
MASCOT and the Swiss Prot database, scores over 44 were considered significant (p<0.05).
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the sperm sample so that the sperm were ‘clean’ but not damaged. Alternatively, an exclusion list
could be used with data dependent analysis, where the egg yolk peptide masses can be excluded

from precursor selection.

The first method tested for extender removal was simple washing of the sperm using PBS. The
sperm were resuspended in 10ml of PBS, vortexed and pelleted repeatedly until the egg yolk was
removed. Approximately three washes gave a clear supernatant, but the washing was continued
until 15 washes had been performed. The wash supernatants were analysed through 1D SDS PAGE
(Figure 5.4), they were stained using a silver stain, as it is more sensitive than Coomassie stain. This
analysis showed that after the first two washes, no more extender was removed from the sperm
cells. To investigate this more thoroughly sperm at washes 5, 10 and 15 were lysed through
sonication and in solution digests were preformed, including reduction and alkylation steps. The
samples were analysed using an ESI LTQ, 2ng of sample was loaded onto the column, and after a
30min linear ACN gradient five extender proteins were identified in the sperm digests, three of
which were identified in each digest (Table 5.3; Figure 5.5). MOWSE scores over 42 were significant
(p>0.05) with the FDR at 5%. Even with a large amount of washing and such a low protein loading on
the mass spectrometer the extender proteins were still present in the sperm sample, indicating they

are highly abundant.

The progressively motile sperm can be removed from a sperm-extender-seminal plasma mix by a
BoviPure™ gradient. This method is usually performed by centrifuging the gradient at a low speed
(300xg). If the speed is increased to 1000xg the sperm pellet no longer contains only the
progressively motile sperm, but a pellet of all sperm while the extender is left at the top and bottom
layer interface. This extender removal method was analysed for effectiveness. A sperm sample from
cryopreserved straws was added to the BoviPure™ gradient, the gradient was centrifuged for 20min
at 1000xg, and the pellet from this step was then placed on top of another BoviPure™ gradient and
centrifuged for 20min at 1000xg. Sperm were taken forward after the first and second BoviPure™
gradient for lysis through sonication followed by in solution proteolysis, including a reduction and
alkylation step. Samples were diluted to 3.2ng/ul, with 1ul injected onto the column and after a
30min linear ACN gradient five extender proteins were identified after one BoviPure™ gradient, and
four after two BoviPure™ gradients (Table 5.4; Figure 5.6). MOWSE scores over 32 were significant
(p>0.05) with the FDR at 5%. Therefore, after the BoviPure™ gradient and low protein loading onto

the mass spectrometer some extender proteins were still present.

When comparing these methods of extender protein removal, the BoviPure™ gradient method is the

most successful as the analysis indicates the sperm samples after BoviPure™ contain a lower
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Figure 5.4. Protein profile of egg yolk extender and subsequent PBS washes of sperm.

Straws of semen mixed with extender were emptied into a glass centrifuge tube. Semen was centrifuged
for 10min at 1000xg, the supernatant was removed (extender), sperm pellet was then washed 15 times
with 10ml PBS and supernatant removed. Protein concentration of the extender was determined using
Coomassie plus protein assay reagent and known concentrations of BSA. Proteins (10ug of first extender
supernatant in 5-10ul volume, all other washes run relative to this concentration) were mixed with an
equal volume of SDS sample buffer and loaded onto a 15% (w/v) acrylamide gel, run at 200V for 45min,
prior to fixing in 50:5:45 MeOH:CH,COOH:milliQ H,0, sensitising in a 0.2% Na,S,0; solution and staining
using a 0.1% AgNO, solution in the dark. The gel was developed in a 0.04% CH,O, 2% Na,CO, solution and
1% (v/v) acetic acid was used to stop the reaction.
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Wash 5 Wash 10 Wash 15

Accession |Entry Description Mass (Da) MOSWE % Peptide MOWSE % coverage Peptide MOWSE % Peptide

Score |coverage| matches Score matches Score |coverage| matches
P02845 VIT2 CHICK | Vitellogenin-2 precursor(Major vitellogenin) 206732 680 15.7 29 926 20.5 44 640 16.2 27
P87498 VIT1 CHICK |Vitellogenin-1 precursor (Minor vitellogenin) | 212608 257 8.1 10 243 7.7 11 147 3.8 5
P01012 OVAL_CHICK |Ovalbumin (Plakalbumin) 43196 129 23.8 5 193 19.2 5 168 13.2 5
P00698 LYSC CHICK |Lysozyme C precursor 16741 105 19 2 104 19 2
P41366 MO1 CHICK |Vitelline membrane outer layer protein 1 20677 44 9.3 2

Table 5.3. Sperm washes to remove extender.
Sperm from washes 5, 10 and 15 were subject to in solution trypsin proteolysis including reduction and alkylation. Followed by analysis using a ESI LTQ coupled to a RP-
HPLC system. Samples were diluted to 2ng/10pl digests and 10 pl was desalted over a trapping column, then eluted from the analytical column with a 30min linear
gradient of 0-50% organic buffer. The LTQ analysed in top 3 mode, where the 3 most intense ions from each MS1 scan were taken forward for CID fragmentation in the
ion trap with a dynamic exclusion list over a 30sec window. Database searches were performed using MASCOT and a database containing all proteins in the UniProt
database, MOWSE scores over 42 were considered significant (p<0.05).

1x BoviPure™ 2x BoviPure™
Accession |Entry Description Mass (kDa) MSS(\)ASE % Coverage quaag::g lVIS((?c\JAr/:E % Coverage ;eaﬂgggj
P00698 LYSC CHICK Lysozyme C GN=LYZ 16.23 125.1 25.2 3 130.8 25.2 3
P02845 VIT2 CHICK Vitellogenin-2 GN=VTG2 204.68 253.6 115 24 515.4 15.8 31
P20136 GSTM2 CHICK |Glutathione S-transferase 2 GN=GSTM2 25.88 76.5 6.8 2
P41366 VMO1 CHICK [Vitelline membrane outer layer protein 1 GN=VMO1 20.22 35.8 49 1 33.7 49 1
pP87498 VIT1 CHICK Vitellogenin-1 GN=VTG1 210.50 178.3 5.6 11 142.1 6.5 12

Table 5.4. Bovipure gradient to remove extender.
Sperm after 1 and 2 BoviPure™ gradients were subject to in solution trypsin proteolysis including reduction and alkylation. Followed by analysis using a ESI LTQ Orbitrap
Velos coupled to a RP-UPLC system. Samples were diluted to 3.2ng/ul injections and 1pl was desalted over a trapping column, then eluted from the analytical column with
a 30min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos analysed in top 20 mode, where the 20 most intense ions from each MS1 scan in the Orbitrap
were taken forward for CID fragmentation in the ion trap with a dynamic exclusion list over a 20sec window. Database searches were performed using MASCOT and a
database containing all proteins in the UniProt database , MOWSE scores over 42 were considered significant (p<0.05).
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Figure 5.5. Total proteins identified following extender removal from sperm with sequential washes.
Semen was emptied from processed straws into a glass centrifuge tube, centrifuged at 1000xg for 10min
and the sperm pellet washed 15 times with 10ml PBS, each time sperm were centrifuged (1000xg for
10min) and the supernatant removed. Sperm (100ul) was removed at washes 5, 10 and 15 for analysis.
Sperm were sonicated, protein concentration was determined using Coomassie plus protein assay reagent
and known concentrations of BSA, and 100ug was subject to in solution trypsin proteolysis including
reduction and alkylation before analysis. The washed samples were analysed using an LTQ where they
were diluted to 2ng/10ul digests and 10ul desalted over a trapping column, then eluted from the analytical
column with a 30min linear gradient of 0-50% organic buffer. The LTQ was in top 3 mode, where the 3
most intense ions from each MS1 scan are taken forward for CID fragmentation in the ion trap with a
dynamic exclusion list over a 30sec window. Data analysis was facilitated by MASCOT and a database
containing all proteins in the UniProt database .
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Figure 5.6. Total proteins identified following extender removal from sperm with a BoviPure™ gradient
Total proteins identified that originate from the egg yolk extender. Cryopreserved semen was loaded onto
a BoviPure™ gradient, centrifuged at 1000xg for 20min and the sperm pellet removed and placed on a
second BoviPure™ gradient, centrifuged again at 1000xg for 20min. Sperm (100ul) was removed from the
first and second pellet for analysis. Sperm were sonicated and the protein concentration was determined
using Coomassie plus protein assay reagent and known concentrations of BSA. Samples were subject to in
solution trypsin proteolysis including reduction and alkylation, followed by analysis using a ESI LTQ
Orbitrap Velos coupled to a RP-HPLC system. Samples were diluted to 3.2ng/ul injections and desalted
over a trapping column, then eluted from the analytical column with a 30min linear gradient of 0-40%
organic buffer. The LTQ Orbitrap Velos took the top 20 most intense ions from each MS1 scan in the
Orbitrap forward for CID fragmentation in the ion trap with a dynamic exclusion list over a 30sec window.
Data analysis was facilitated by MASCOT and a database containing all proteins in the UniProt database
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percentage of egg yolk derived proteins than the sperm that have only been washed, and if possible
two BoviPure™ gradients provide greater extender removal than one. This meant that when frozen
sperm were used for experimental purposes in the reminder of this thesis, they were subject to a

BoviPure™ step prior to any further experiments or analysis.

Membrane enrichment method development

One of the main problems with proteomic membrane research, as outlined in the introduction to
this chapter, is the isolation of the membrane proteins. The incompatibility of detergents with mass
spectrometric analysis and the need for steps in the methodology to remove these detergents, led
to methodological development to ascertain the optimum method for membrane isolation without

the use of these detergents. Rather than membrane isolation, enrichment was the goal.

The enrichment method investigated was lysis through sonication (Figure 5.7A). Fresh sperm were
separated from the seminal plasma through centrifugation and washed five times with PBS. The
sperm pellet was then resuspended in PBS and subject to sonication at 10% amplitude for 10sec with
a 30sec rest. This was repeated until the sperm had been subjected to a total energy of 120Joules.
The lysed sperm were centrifuged at 19000xg for 15min and the first supernatant was removed. This
was repeated two more times before the sperm pellet was resuspended in 1% RapiGest™ and
heated for 10min at 80°C (RapiGest™ is an acid labile detergent that can be removed from the digest
solution by the addition of TFA after proteolysis). After heating the lysed sperm in RapiGest™ they
were centrifuged (19000xg for 15min), the fourth supernatant was then removed and the sperm
were resuspended again in 1% RapiGest™. The final sperm pellet plus supernatants one and four
were taken forward for independent analysis. After confirmation that the RapiGest™ had no effect
on the protein assay (data not shown), the pellet and selected supernatants were subject to a
Coomassie protein assay to determine the protein concentration of each sample and analysed
through 1D SDS PAGE (Figure 5.7B). Supernatant one should contain the majority of the cytosolic
proteins and supernatant four should be membrane enriched. The 1D SDS PAGE analysis shows the
supernatants and pellet have very different protein profiles and also indicates that the three samples
were not of equal loading, so, it is possible the protein assay is incorrect for the final pellet fraction.
To analyse the differences, samples were subject to in solution digestion, including a reduction and
alkylation step, plus RapiGest™ denaturation, followed by mass spectrometric analysis performed on
an ESI LTQ Orbitrap Velos. Samples were diluted to 500ng/pl, 1l was injected and resolved over a
90min linear gradient of ACN. Raw data was then turned into a MASCOT generic format (.mgf) file
and searched via MASCOT against the Bovine IPI database. MOWSE scores over 20 were considered

significant (P<0.05) and the FDR was <3.9%.
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A) Workflow B) 1D SDS PAGE analysis
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Fraction BPI material on |identified| proteins abundance of | membrane | Membrane
column proteins | identified proteins proteins abundance
Supernatant 1 | 6.38E8 0.004 927 211 7.4E9 1.3E9 18.4
Supernatant 4 | 4.28E8 0.00015 710 154 5.4E9 1.9E9 36.1
Sperm pellet | 1.43E9 0.0003 419 98 9.3E9 2.0E9 22.2

Figure 5.7. Multiple sonication steps to enrich for membrane proteins.

A) Workflow for multiple sonications steps after ejaculates were collected through artificial vaginas. Protein
concentration was determined using Coomassie plus protein assay reagent and known concentrations of
BSA. B) Proteins (10pg in 5-10pl volume) were mixed with an equal volume of SDS sample buffer and loaded
onto a 15% (w/v) acrylamide gel, run at 200V for 45min, prior to staining with Coomassie R250 then de-
stained in 10% (v/v) methanol, 10% (v/v) acetic acid. The percentage of the starting total protein loaded
onto the SDS PAGE for each sample is indicated under the corresponding SDS PAGE lanes. Protein (100pg)
was subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™ denaturation,
followed by analysis using a ESI LTQ Orbitrap Velos coupled to a RP-UPLC system. Samples were diluted to
500ng/1ul injections and desalted over a trapping column, then eluted from the analytical column with a
90min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos took the top 20 most intense ions
from each MS1 scan in the Orbitrap forward for CID fragmentation in the ion trap with a dynamic exclusion
list over a 30sec window. Samples were then analysed using a MASCOT facilitated database search followed
by DAVID and TMHMM functional analysis and quantitation using Progenesis LC-MS. C) Number of protein
identifications that are functionally membrane or not membrane and their relative abundance, plus the
percentage of the total abundance generated by membrane proteins.
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A) Membrane proteins
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Figure 5.8. Functional analysis of proteins from multiple sonication steps.
Analyte samples have been subjected to a sonication enrichment method (see Figure 5.7A for workflow)
with protein (100ug) subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™
denaturation, followed by analysis using a ESI LTQ Orbitrap Velos coupled to a RP-UPLC system. Samples
were diluted to 500ng/1ul injections and desalted over a trapping column, then eluted from the analytical
column with a 90min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos took the top 20 most
intense ions from each MS1 scan in the Orbitrap forward for CID fragmentation in the ion trap with a
dynamic exclusion list over a 30sec window. Samples were then analysed using a MASCOT facilitated
database search followed by DAVID and TMHMM functional analysis and quantitation using Progenesis LC-
MS. Individual proteins were analysed to determine the percentage of their total abundance in each
fraction of the workflow, to determine if supernatant 4 is membrane enriched.
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Once proteins were identified they were subject to functional analysis to determine if the pellet was
enriched for membrane proteins. This was done via the DAVID functional analysis tool, which
annotates the location of the proteins identified using their accession numbers, and the TMHMM
server that predicts which proteins from the Bovine IPI database contain transmembrane helices.
Combining these two tools increases the likelihood of discovering the true intrinsic membrane
proteins from the sperm membrane. The samples were then analysed using Progenesis LC-MS to
establish abundance values for the membrane and non-membrane proteins, the percentage of the
total abundance attributable to membrane proteins was calculated and each sample was compared.
The abundance values for each fraction per 1pl on column were multiplied by the fraction size to
give an abundance value for the whole fraction (Figure 5.7C; Full table of results in Appendix 14).
This indicated that although the total number of proteins identified was reducing with increasing
numbers of sonication steps, the percentage of membrane proteins was increasing and so the
preparation is becoming membrane enriched. To confirm this enrichment of membrane proteins,
the abundance of individual membrane and cytosolic proteins in final supernatant was examined
(Figure 5.8). This indicted that the membrane proteins have a similar percentage of their signal in
supernatant one and four, but over 90% of the signal generated by the cytosolic proteins is in

supernatant one, therefore the final supernatant is enriched for membrane proteins.

Although sonication can be used to detach sperm heads and tails, it may not be a forceful enough
method of disruption to fully lyse the sperm and release the membranes. Homogenisation was the
next method of lysis investigated for sperm membrane protein enrichment (Figure 5.9A). As with the
previous method, fresh sperm were separated from the seminal plasma through centrifugation and
washed five times with PBS. The sperm pellet was then resuspended in PBS and homogenised using
a tissue homogeniser probe (power 5 for 20sec with a 30sec rest, performed five times), followed by
centrifugation at 19000xg for 10min, then the first supernatant was removed and the sperm pellet
resuspended in PBS. This process was repeated twice more with the final pellet resuspended in 1%
RapiGest™. Samples were taken from the first homogenate (all proteins), the first supernatant
(mostly cytosolic proteins) and the final sperm pellet (membrane enriched) to determine if this
method had generated a membrane enriched pellet. These samples were subject to a Coomassie
protein assay to determine the protein concentration of each sample, and analysed through 1D SDS
PAGE (Figure 5.9B). From this 1D SDS PAGE analysis the supernatants and pellet have very different
protein profiles, supporting the theory that the supernatant is mostly cytosolic proteins and the
pellet is membrane enriched. To further analyse this, samples were subject to in solution digestion,
including a reduction and alkylation step, plus RapiGest™ denaturation, followed by mass

spectrometric analysis performed on an ESI LTQ Orbitrap Velos. Samples were diluted to 500ng/pl
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and 1ul was injected and subject to a 90min linear gradient. Raw data was then turned into a
MASCOT generic format (.mgf) file and searched via MASCOT against the Bovine IPI database.
MOWSE scores over 22 were considered significant (p<0.05) and the FDR was <2.7%.

The identified proteins were subject to functional analysis to determine if the pellet was enriched for
membrane proteins, performed via the DAVID functional analysis tool and the TMHMM server, then
the proteins present in the samples were relatively quantified using Progenesis LC-MS to determine
the abundance of the membrane and non-membrane proteins. The percentage of the total
abundance that was generated by membrane proteins was calculated for each fraction then the
abundance values were multiplied by the fraction size to give a value for the whole fraction (Figure
5.9C; Full table of results in Appendix 15). Individual membrane and cytosolic proteins abundance
were examined to confirm if the homogenisation steps were enriching for membrane proteins
(Figure 5.10). This analysis indicated that although the percentage of total signal generated by
membrane proteins is not greatly different between supernatant one and the final sperm pellet
(pellet 3), but the multiple homogenisation steps were removing cytosolic proteins, as over 80% of
the signal generated by the cytosolic proteins was found in supernatant one, so the sample was

becoming enriched for membrane proteins.

Sodium deoxycholate (DOC) is the sodium salt of the bile acid deoxycholic acid and can be used as an
ionic detergent to lyse cells and solubilise cell membranes. DOC is an ionic detergent, which has a
cmc of 3mM and forms micelles that contain 22 detergent molecules. DOC can disrupt all protein
interactions as it can associate with water soluble proteins as well as the membrane lipids [304]. This
detergent is mass spectrometer friendly as it is acid labile, so can be precipitated out of solution
though the addition of acid (in this case TFA). As with the previous homogenisation method, fresh
sperm were separated from the seminal plasma through centrifugation and washed five times with
PBS. The sperm pellet was then resuspended in PBS and homogenised (power 5 for 20sec with a
30sec rest, performed five times), followed by centrifugation at 19000xg for 10min, this first
supernatant was removed and the sperm pellet was resuspended in PBS. This process was repeated
and the pellet resuspended in 10% DOC followed by homogenisation (Figure 5.11A). Samples were
taken from all homogenates and the first supernatant to determine if this method had generated a
membrane enriched final homogenate. These samples were subject to a Coomassie protein assay to
determine the protein concentration of each sample and then analysed through 1D SDS PAGE
(Figure 5.11B), which indicated the supernatant and homogenates have very different protein
profiles. Homogenate three was analysed at varying dilutions as DOC may have an unknown effect

on the proteins during the electrophoresis or on the protein assay. To analyse the enrichment,
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A) Workflow B) 1D SDS PAGE analysis
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Sperm pellet 6.48E8 0.0035 640 141 1.3E10 5.1E9 38.7

Figure 5.9. Multiple homogenisation steps to enrich for membrane proteins.

A) Workflow for multiple homogenisation steps after ejaculates were collected through artificial vaginas.
Protein concentration was determined using Coomassie plus protein assay reagent and known
concentrations of BSA. B) Proteins (10ug in 5-10pl volume) were mixed with an equal volume of SDS sample
buffer and loaded onto a 15% (w/v) acrylamide gel, run at 200V for 45min, prior to staining with Coomassie
R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid. The percentage of the starting total
protein loaded onto the SDS PAGE for each sample is indicated under the corresponding SDS PAGE lanes.
Protein (100ug) was subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™
denaturation, followed by analysis using a ESI LTQ Orbitrap Velos coupled to a RP-UPLC system. Samples
were diluted to 500ng/1ul injections and desalted over a trapping column, then eluted from the analytical
column with a 90min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos took the top 20 most
intense ions from each MS1 scan in the Orbitrap forward for CID fragmentation in the ion trap with a
dynamic exclusion list over a 30sec window. Samples were then analysed using a MASCOT facilitated
database search followed by DAVID and TMHMM functional analysis and quantitation using Progenesis LC-
MS. C) Number of protein identifications that are functionally membrane or not membrane and their
relative abundance, plus the percentage of the total abundance generated by membrane proteins.
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Figure 5.10. Functional analysis of multiple homogenisation steps to enrich for membrane proteins.
Analyte samples have been subjected to a homogenisation enrichment method (see Figure 5.9A for
workflow) with protein (100pg) subject to in solution trypsin proteolysis including reduction, alkylation and
RapiGest™ denaturation, followed by analysis using a ESI LTQ Orbitrap Velos coupled to a RP-UPLC system.
Samples were diluted to 500ng/1pl injections and desalted over a trapping column, then eluted from the
analytical column with a 90min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos took the
top 20 most intense ions from each MS1 scan in the Orbitrap forward for CID fragmentation in the ion trap
with a dynamic exclusion list over a 30sec window. Samples were then analysed using a MASCOT facilitated
database search followed by DAVID and TMHMM functional analysis and quantitation using Progenesis LC-
MS. Individual proteins were analysed to determine the percentage of their total abundance in each
fraction of the workflow, to determine if the pellet is membrane enriched.
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samples were subject to in solution digestion, including a reduction and alkylation step, plus
RapiGest™ denaturation. Homogenate three was diluted to 1% DOC using 25mM ammonium
bicarbonate prior to proteolysis. Proteolysis was followed by mass spectrometric analysis of all
samples, performed on an ESI LTQ Orbitrap Velos. Homogenates one, two and the supernatant were
diluted to a 500ng/ul injection, while homogenate three was diluted to a 20ng/pl injection through
fear of coating the chromatographic trap and column with any remaining DOC, these were all subject
to a 90min linear gradient. Raw data was then turned into a MASCOT generic format (.mgf) file and
searched via MASCOT against the Bovine IPI database. MOWSE scores over 21 were considered

significant (p<0.05) and the FDR was <3.5%.

The same functional analysis was performed to determine if the pellet was enriched for membrane
proteins and quantitation was performed using Progenesis LC-MS. The percentage of the total
abundance of proteins generated by membrane proteins was calculated, this was multiplied by the
fraction size to generate a signal for the whole fraction and each fraction was compared (Figure
5.11C; Full table of results in Appendix 16). This analysis indicated that the percentage of membrane
proteins was not changing with increasing homogenisation steps. Individual membrane and non-
membrane proteins abundance values were examined to determine if the homogenisation steps or
DOC enriched the sample for membrane proteins (Figure 5.12), this indicated that homogenate
three contained the greatest amount of the total signal generated by the membrane proteins and
that over 70% of the signal relating to cytosolic proteins was in supernatant one. Therefore the
signal generated by cytosolic proteins is reducing over the homogenisation steps and so enriching

the membrane proteins in the final homogenate.

The method was still not leading to the identification of many membrane proteins, so
ultracentrifugation was investigated for its potential to improve the enrichment of membrane
proteins. As mentioned in the introduction, ultracentrifugation to create a membrane enriched
pellet had been used in previous studies, with varying lysis buffers. Two types of lysis buffers were
taken forward for investigation; a detergent and a hypotonic buffer (Figure 5.13A). Triton X-100 is a
non-ionic detergent, with a cmc of 0.3mM that forms micelles containing 150 detergent molecules
forming a mass of around 90kDa, it cannot disrupt native protein interactions or water soluble
proteins [305]. A hypotonic buffer has a lower osmotic pressure than the cells, meaning the
concentration of solutes is lower outside the cells. This causes water to be drawn into the cells
through osmosis, in an attempt to balance the solute concentrations. Hypotonic solutions can be

used in cell lysis because they cause the cells to swell and rupture.
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Homogenate 3 | 4.16E7 0.0004 638 126 8.7E9 3.3E9 38.1

Figure 5.11. Multiple homogenisation plus deoxycholate detergent solubilisation to enrich for membrane
proteins.

A) Workflow for multiple sonications steps after ejaculates were collected through artificial vaginas. Protein
concentration was determined using Coomassie plus protein assay reagent and known concentrations of
BSA. B) Proteins (10pg in 5-10ul volume) were mixed with an equal volume of SDS sample buffer,
homogenate 3 was diluted varying amounts to dilute the deoxycholate, before loading onto a 15% (w/v)
acrylamide gel, run at 200V for 45min, prior to staining with Coomassie R250 then destained in 10% (v/v)
methanol, 10% (v/v) acetic acid. Percentage of starting material is indicated at the bottom of the SDS PAGE
lanes. Protein (100ug) was subject to in solution trypsin proteolysis including reduction, alkylation and
RapiGest™ denaturation, followed by analysis using a ESI LTQ Orbitrap Velos coupled to a RP-UPLC system.
Samples were diluted to 500ng/1ul injections and desalted over a trapping column, then eluted from the
analytical column with a 90min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos took the top
20 most intense ions from each MS1 scan in the Orbitrap forward for CID fragmentation in the ion trap with
a dynamic exclusion list over a 30sec window. Samples were then analysed using a MASCOT facilitated
database search followed by DAVID and TMHMM functional analysis and quantitation using Progenesis LC-
MS. C) Number of protein identifications that are functionally membrane or not membrane and their
relative abundance, plus the percentage of the total abundance generated by membrane proteins.
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Figure 5.12. Functional analysis of multiple homogenisation steps plus deoxycholate solubilisation, to
enrich for membrane proteins.

Analyte samples have been subjected to a homogenisation and DOC enrichment method (see Figure 5.11A
for workflow) with protein (100ug) subject to in solution trypsin proteolysis including reduction, alkylation
and RapiGest™ denaturation, followed by analysis using a ESI LTQ Orbitrap Velos coupled to a RP-UPLC
system. Samples were diluted to 500ng/1pl injections and desalted over a trapping column, then eluted
from the analytical column with a 90min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos
took the top 20 most intense ions from each MS1 scan in the Orbitrap forward for CID fragmentation in the
ion trap with a dynamic exclusion list over a 30sec window. Samples were then analysed using a MASCOT
facilitated database search followed by DAVID and TMHMM functional analysis and quantitation using
Progenesis LC-MS. Individual proteins were analysed to determine the percentage of their total abundance
in each fraction of the workflow, to determine if the final homogenate is membrane enriched.
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Fresh sperm was separated from the seminal plasma and washed as before with PBS. The sperm
pellet was then split into two equal amounts. To one half a hypotonic buffer was added (2mM Tris,
12mM NaCl), to the other a detergent buffer (25mM Tris-HCL, 0.5% Triton, 5mM EDTA). Samples
were then sonicated (to over 120Joules), then homogenised (3 bursts of 20sec on power 6), followed
by centrifugation for 15min at 2500xg. The supernatant was removed into an ultracentrifuge tube
and samples were placed in the ultracentrifuge at 100,000xg for 1h. Then the sperm pellets were
then resuspended in 100mM Na,CO; (high salt), and incubated for 1h at 4°C to remove any
membrane associated proteins. This high salt wash was performed by a very alkaline solution (pH
11), which uses high ionic strength to disrupt the electrostatic and hydrogen bond interactions
between membranes and membrane associated proteins [293]. The samples were then centrifuged
and the supernatant placed in the ultracentrifuge for 1h at 100,000xg. After the second
ultracentrifugation, the supernatant was removed and the membrane pellet re-suspended in 25mM
ammonium bicarbonate. The pellets were difficult to re-suspend in 25mM ammonium bicarbonate,

so they were placed at 4°C shaking overnight.

The sonicated sperm, homogenised sperm and first supernatant (supernatant that was subject to
ultracentrifugation) were subject to a Coomassie protein assay to determine the protein
concentration of each sample. They were then analysed using 1D SDS PAGE to determine if
homogenisation released any sperm proteins that sonication failed to, and to determine if the
different buffers caused different cell lysis (Figure 5.13B and C). The large volume of sample for the
supernatant meant that StrataClean bead treatment was needed to concentrate the proteins the
beads were therefore used on all samples for consistency. The 1D SDS PAGE analysis indicates the
hypotonic buffer released less protein from the sperm than the detergent buffer, but attempts were
made to analyse the same amount of protein, 10ug, from each sample, so either the hypotonic
buffer affected the protein assay, or affected the proteins binding to the StrataClean beads as the
gel should be normalised to 10ug of protein in all lanes. Both buffers show similar profiles with a

small number of intensely stained protein bands creating the same pattern along the gel.

The final sperm pellets were subject to in solution digestion, including a reduction and alkylation
step, plus RapiGest™ denaturation. Proteolysis was followed by mass spectrometric analysis
performed on an ESI LTQ Orbitrap Velos, with samples diluted to 160ng/ul with 1pl injected onto the
chromatographic column and eluted over a 90min linear gradient. Raw data was then turned into a
MASCOT generic format (.mgf) file and searched via MASCOT against the Bovine IPI database.
MOWSE scores over 20 were considered significant (p<0.05) and the FDR was <2.4%. Functional and

guantitation analysis was performed as with previous samples. The hypotonic buffer generated a
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Figure 5.13. Multiple lysis steps and buffers, plus ultracentrifugation and a high concentration salt wash
to enrich for membrane proteins.

A) Workflow shown for ultracentrifugation of sperm after ejaculates were collected through artificial
vaginas. The final pellet was re-suspended in 25mM ammonium bicarbonate. Protein concentration was
determined using Coomassie plus protein assay reagent and known concentrations of BSA. B&C) Proteins
(10pg in 5-100pl volume) were first concentrated using strataclean beads then mixed with an 10pl of SDS
sample buffer, before loading onto a 15% (w/v) acrylamide gel, run at 200V for 45min, prior to staining with
Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid. Final membrane pellets were
subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™ denaturation,
followed by analysis using a ESI LTQ Orbitrap Velos coupled to a RP-UPLC system. Samples were diluted to
160ng/ul injections and desalted over a trapping column, then eluted from the analytical column with a
90min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos analysed in top 20 mode, where the
20 most intense ions from each MS1 scan in the orbitrap were taken forward for CID fragmentation in the
ion trap with a dynamic exclusion list over a 30sec window. Samples were then analysed using a MASCOT
facilitated database search followed by DAVID and TMHMM functional analysis plus Progenesis LC-M
quantification. D) Number of protein identifications that are functionally membrane or not membrane and
their relative abundance, plus the percentage of the total abundance generated by membrane proteins.
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lower total number of identified proteins, but both samples showed similar percentages of
membrane proteins (Figure 5.13D; Full results table in Appendix 17). The ultracentrifugation method
including lysis in both the hypotonic and detergent buffer was taken forward as a membrane

enrichment method as it was a proven membrane method.

With all these developments in methodology, it was interesting to compare the membrane proteins
identified using each method. Over the five methods, 634 membrane proteins were identified, with
more than 50% only identified in a single method. Less than 10% of the identified proteins were
observed in all five methods, but none of the methods show a large increase in the number of
unique membrane proteins identified. The method with the highest percentage of unique
membrane proteins was the multiple sonication steps (Figure 5.14). It is important to note that all
these methods rely on the functional analysis programmes to determine the location of the proteins,

so if the functional analysis software generates incorrect results this analysis becomes incorrect.

As the X Y sorted sperm were already cryopreserved with extender in straws, the membrane
enrichment method needed to be tested on sperm samples that were also frozen in straws.
Unosrted frozen sperm was centrifuged through a BoviPure™ gradient to remove the egg yolk
extender, the sperm pellet was washed with PBS and the method was continued as before. The final
sperm pellets were re-suspended in 25mM ammonium bicarbonate through overnight shaking at
4°C with 1% RapiGest™ added to aid the re-suspension. The lysed cells were subject to a Coomassie
protein assay to determine their protein concentration and analysed using 1D SDS PAGE (Figure
5.15A). As the supernatants had a low concentration of protein, due to their large volume, they were
concentrated with StrataClean beads. This concentration step was repeated with all samples. The
cell lysates from the frozen sperm straws had a different profile to the fresh sperm previously lysed
through the same method (Figure 5.15B) with the profile looking similar to that of egg yolk extender
(Figure 5.15C).

The cryopreserved sorted sperm lysed in detergent buffer was subject to in solution digestion,
including a reduction and alkylation step, plus RapiGest™ denaturation, followed by mass
spectrometric analysis performed on an ESI LTQ Orbitrap Velos. The sample was diluted to 2.5ng/ul
and 2ul injected onto the chromatographic column and eluted over a 90min linear gradient. Raw
data was then turned into MASCOT generic files (.mgf) file and searched via MASCOT against the full
Uni-Prot database, with no species specification. MOWSE scores over 32 were significant (p<0.05)
and the FDR was <3.5%. This analysis identified 104 proteins the sperm pellet digest, of these about

10% were identified as chicken proteins (Table 5.5).
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Multiple Multiple Homoaenisation + Homogenisation with | Homogenisation with
Method sonication |homogenisation 9 detergent buffer and 2x| hypotonic buffer and
DOC . -
steps steps ultracentrifuge 2x ultracentrifuge
Total membrane proteins 167 141 127 134 156
Unigue membrane proteins 69 29 30 20 43
% Unigue 41 21 24 15 28
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Figure 5.14. Comparison of membrane proteins identified with different methodologies.
Final membrane fractions were subject to in solution trypsin proteolysis including reduction, alkylation and
RapiGest™ denaturation, followed by analysis using a ESI LTQ Orbitrap Velos coupled to a RP-UPLC system.
Samples were desalted over a trapping column and eluted from the analytical column with a 90min linear
gradient of 0-40% organic buffer. The LTQ Orbitrap Velos analysed in top 20 mode, where the 20 most
intense ions from each MS1 scan in the orbitrap were taken forward for CID fragmentation in the ion trap
with a dynamic exclusion list over a 30sec window. Samples were then analysed using a MASCOT facilitated
database search followed by DAVID and TMHMM functional analysis. The number of membrane proteins
identified in each method was compared and the number of unique proteins analysed.

Chapter 5

194




_ SPERMATOZOA MEMBRANE PROTEOMICS

A) 0.5% Triton buffer-straws B) 0.5% Triton buffer-fresh sperm C) Egg yolk extender
g % %
R e £
F— — CU
£ 3 £ 2 £
T 2 5 = 'c 3
E - s £ 2 2
@ g é’ 3 3 2 8
o = [=) c s
a = S k= kDa = 3 T kDa = 10ug
- .- - - -
116.3 — s 116.3 —  cmm— 1163 — ——
C— ——— e ——
o ——
66.2 — wm— 662 — M— 62— 4@ —
45 — - r—
45 — — 45 —
—
31—/ — 31 — 31—
21—
21 01—}
. B
14— o
 ————

Figure 5.15. Ultracentrifugation of cryopreserved semen to enrich for membrane proteins.

Ejaculates were collected through artificial vaginas. Semen was spun for 10min at 1000xg, supernatant
removed. The sperm pellet was washed with PBS then resuspended in either a Triton detergent buffer or a
hypotonic buffer to aid lysis. The sperm were then subjected to sonication and homogenisation followed by
centrifugation at 2500xg for 15min with the supernatant removed into a ultracentrifuge tube, before
ultracentrifugation at 100,000xg for 1h. The sperm pellet was incubated in a high salt (100mM Na,CO,)
wash for 1h at 4°C, centrifuged again at 2500xg for 15min, and the supernatant ultracentrifuged again for
1h at 100,000xg. The final pellet was re-suspended in 25mM ammonium bicarbonate. Protein concentration
was determined using Coomassie plus protein assay reagent and known concentrations of BSA. Proteins
(10pg in 5-100pl volume) were first concentrated using strataclean beads then mixed with an 10pl of SDS
sample buffer, before loading onto a 15% (w/v) acrylamide gel, run at 200V for 45min, prior to staining with
Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v) acetic acid.
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Entry Description Mass | MOWSE Numb_er of %
(Da) Score | peptides |Coverage
K2C8 BOVIN Keratin, type |l cytoskeletal 8 OS=Bos taurus GN=KRT8 53594 571 45 45
K220 HUMAN |Keratin, type Il cytoskeletal 2 oral 0S=Homo sapiens GN=KRT76 66400 362 28 45
K220 MOUSE |Keratin, type Il cytoskeletal 2 oral OS=Mus musculus GN=Krt76 63319 358 28 37
K2C7 HUMAN |Keratin, type Il cytoskeletal 7 OS=Homo sapiens GN=KRT7 51430 298 29 44
K2C3 RABIT Keratin, type Il cytoskeletal 3 OS=Oryctolagus cuniculus GN=KRT3 64530 239 19 25
K2CO CHICK Keratin, type Il cytoskeletal cochleal 0S=Gallus gallus 53770 237 19 37
TBB_PARLI Tubulin beta chain OS=Paracentrotus lividus 50475 211 18 23
AKAP3 BOVIN |A-kinase anchor protein 3 0S=Bos taurus GN=AKAP3 95638 204 20 39
OVAL CHICK Ovalbumin 0S=Gallus gallus GN=SERPINB14 43196 198 24 37
K1C27 _CAPHI  |Keratin, type | cytoskeletal 27 OS=Capra hircus GN=KRT27 50501 189 25 38
LYSC AIXSP Lysozyme C OS=Aix sponsa GN=LYZ 14923 186 12 13
K1C15 SHEEP |Keratin, type | cytoskeletal 15 OS=Ovis aries GN=KRT15 48740 182 21 27
ROP1_BOVIN Ropporin-1 0S=Bos taurus GN=ROPN1 24125 182 14 17
K1C13 MOUSE |Keratin, type | cytoskeletal 13 OS=Mus musculus GN=Krt13 48066 181 25 37
K1C15 MOUSE |Keratin, type | cytoskeletal 15 OS=Mus musculus GN=Krt15 49278 175 18 19
TBAT ONCMY | Tubulin alpha chain, testis-specific 0S=Oncorhynchus mykiss 50646 164 9 12
ZPBP1 PIG Zona pellucida-binding protein 1 0S=Sus scrofa GN=ZPBP 40454 154 34 19
OVALY CHICK |Ovalbumin-related protein Y OS=Gallus gallus GN=SERPINB14B 44029 142 11 18
ODFP1 BOVIN |Outer dense fiber protein 1 OS=Bos taurus GN=ODF1 31752 132 8 69
ACRO SHEEP Acrosin (Fragment) OS=Ovis aries GN=ACR 36780 129 9 9
GFAP_BOVIN Glial fibrillary acidic protein OS=Bos taurus GN=GFAP 49538 128 17 16
TBB2C BOVIN | Tubulin beta-2C chain OS=Bos taurus GN=TUBB2C 50255 120 12 11
K22E HUMAN |Keratin, type Il cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 65678 112 13 13
CO2A1 HUMAN |Collagen alpha-1(ll) chain OS=Homo sapiens GN=COL2A1 142782 110 10 11
K1C13 HUMAN [Keratin, type | cytoskeletal 13 OS=Homo sapiens GN=KRT13 49900 107 11 9
K1C17 BOVIN |Keratin, type | cytoskeletal 17 OS=Bos taurus GN=KRT17 48967 105 8 16
DCD HUMAN  |Dermcidin OS=Homo sapiens GN=DCD 11391 102 11 13
TBAL PNECA Tubulin alpha chain OS=Pneumocystis carinii GN=TUB1 51035 99 10 8
K1C3 XENLA Keratin, type | cytoskeletal 47 kDa OS=Xenopus laevis GN=xk81b1 29888 99 7 7
K1C15 HUMAN |Keratin, type | cytoskeletal 15 OS=Homo sapiens GN=KRT15 49395 94 12 9
AKAP3 MOUSE |A-kinase anchor protein 3 0S=Mus musculus GN=Akap3 96780 94 5 5
K2C1 HUMAN |Keratin, type Il cytoskeletal 1 OS=Homo sapiens GN=KRT1 66170 91 2 8
K2C4 HUMAN _|Keratin, type Il cytoskeletal 4 0S=Homo sapiens GN=KRT4 57649 91 7 9
VMO1 CHICK [Vitelline membrane outer layer protein 1 OS=Gallus gallus GN=VMO1 20677 91 27 33
K2C5 BOVIN Keratin, type Il cytoskeletal 5 OS=Bos taurus GN=KRT5 63069 90 5 7
GSTM3_MACFU |Glutathione S-transferase Mu 3 OS=Macaca fuscata fuscata GN=GSTM3 | 26985 90 7 7
TBA ONCKE Tubulin alpha chain 0S=Oncorhynchus keta 49967 89 5 8
K1C25 RAT Keratin, type | cytoskeletal 25 OS=Rattus norvegicus GN=Krt25 49483 88 8 10
K1C42 MOUSE |Keratin, type | cytoskeletal 42 OS=Mus musculus GN=Krt42 50444 85 8 7
PRDX5 BOVIN | Peroxiredoxin-5, mitochondrial OS=Bos taurus GN=PRDX5 23523 85 8 5
K2C1_MOUSE  |Keratin, type Il cytoskeletal 1 0S=Mus musculus GN=Krt1 66079 81 7 15
K2C6A MOUSE |Keratin, type Il cytoskeletal 6A OS=Mus musculus GN=Krt6a 59641 80 8 28
K2C73 MOUSE |Keratin, type Il cytoskeletal 73 OS=Mus musculus GN=Krt73 59502 77 7 14
K1C10 HUMAN |Keratin, type | cytoskeletal 10 OS=Homo sapiens GN=KRT10 59020 74 13 18
K1C9 HUMAN |Keratin, type | cytoskeletal 9 OS=Homo sapiens GN=KRT9 62255 73 6 7
K2C8 DANRE Keratin, type Il cytoskeletal 8 OS=Danio rerio GN=krt8 57780 71 6 12
Sperm acrosome membrane-associated protein 1 OS=Bos taurus
SACA1_BOVIN GN=SPACAL 31433 69 5 34
TRFE_CHICK Ovotransferrin 0S=Gallus gallus 79551 68 6 20
GSTM5 MOUSE | Glutathione S-transferase Mu 5 OS=Mus musculus GN=Gstm5 27016 67 10 7
K2C8 RAT Keratin, type Il cytoskeletal 8 OS=Rattus norvegicus GN=Krt8 53985 63 7 13
LYSC CHICK Lysozyme C OS=Gallus gallus GN=LYZ 16741 62 7 11
K1C14 HUMAN |Keratin, type | cytoskeletal 14 OS=Homo sapiens GN=KRT14 51872 61 2 20
K1C9 CANFA Keratin, type | cytoskeletal 9 OS=Canis familiaris GN=KRT9 76992 59 2 4
K2C1 RAT Keratin, type Il cytoskeletal 1 OS=Rattus norvegicus GN=Krt1 65190 56 6 11
K2C7 BOVIN Keratin, type Il cytoskeletal 7 0S=Bos taurus GN=KRT7 51603 52 1 2
K2C75 BOVIN |Keratin, type Il cytoskeletal 75 OS=Bos taurus GN=KRT75 59399 51 4 18
ODFP2 BOVIN |Outer dense fiber protein 2 0S=Bos taurus GN=ODF2 76249 51 1 4
GSTMU CAVPO |Glutathione S-transferase B OS=Cavia porcellus GN=GSTM1 25873 50 8 22
K2C1_CANFA Keratin, type |l cytoskeletal 1 OS=Canis familiaris GN=KRT1 63922 49 9 39
K2C8 XENLA Keratin, type |l cytoskeletal 8 OS=Xenopus laevis 55645 49 3 4
TBB HORVU Tubulin beta chain OS=Hordeum vulgare GN=TUBB 50846 49 9 25
K22E MOUSE |Keratin, type Il cytoskeletal 2 epidermal OS=Mus musculus GN=Krt2 71336 48 5 8
ODFP2_CHICK | Outer dense fiber protein 2 OS=Gallus gallus GN=ODF2 96467 48 2 2
K2C79 HUMAN |Keratin, type Il cytoskeletal 79 OS=Homo sapiens GN=KRT79 58059 47 2 4
Glyceraldehyde-3-phosphate dehydrogenase, testis-specific OS=Bos
G3PT_BOVIN aurus GN=GAPDHS 43659 43 2 2
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Continued from previous page

Entry Description Mass | MOWSE Numbgr of %
(Da) Score | peptides |Coverage
K2C78 HUMAN |Keratin, type Il cytoskeletal 78 OS=Homo sapiens GN=KRT78 57629 42 4 40
VIT2_ CHICK Vitellogenin-2 OS=Gallus gallus GN=VTG2 206732 41 2 6
K2C6B_ HUMAN |Keratin, type Il cytoskeletal 6B OS=Homo sapiens GN=KRT6B 60315 41 2 4
VIT1 CHICK Vitellogenin-1 OS=Gallus gallus GN=VTG1 212608 41 3 10
APOV1 CHICK |Apovitellenin-1 OS=Gallus gallus 12016 40 2 11
TBB1 DAUCA | Tubulin beta-1 chain (Fragment) OS=Daucus carota GN=TUBB1 36130 40 4 19
K2C6A RAT Keratin, type Il cytoskeletal 6A OS=Rattus norvegicus GN=Krt6a 59555 39 5 28
TBA1 PELFA Tubulin alpha-1 chain OS=Pelvetia fastigiata GN=TUBA1 50704 39 1 8
FGR1A DANRE |Basic fibroblast growth factor receptor 1-A OS=Danio rerio GN=fgfrla 91952 39 1 5
GPX4_BOVIN g:lc:)zrgﬂipid hydroperoxide glutathione peroxidase OS=Bos taurus 29739 37 3 5
TPIS BOVIN Triosephosphate isomerase OS=Bos taurus GN=TPI1 26901 37 3 4
VIM1 XENLA Vimentin-1/2 0S=Xenopus laevis GN=vim1 52869 36 2 6
LDH6A HUMAN |L-lactate dehydrogenase A-like 6A OS=Homo sapiens GN=LDHAL6A 36826 36 4 16
LDHA ALLMI L-lactate dehydrogenase A chain OS=Alligator mississippiensis GN=LDHA | 37045 36 3 8
ATPA BOVIN ATP synthase subunit alpha, mitochondrial 0S=Bos taurus GN=ATP5A1 59797 36 4 11
TBB ACRCO Tubulin beta chain OS=Acremonium coenophialum GN=TUB2 50497 36 3 7
VDAC3_BOVIN Vol_tage—dependent anion-selective channel protein 3 OS=Bos taurus 31062 36 6 18
GN=VDAC3
K1C20 MOUSE |Keratin, type | cytoskeletal 20 0S=Mus musculus GN=Krt20 49061 35 3 8
RAB2A CANFA |Ras-related protein Rab-2A OS=Canis familiaris GN=RAB2A 23702 34 2 4
K1C10 CANFA |Keratin, type | cytoskeletal 10 OS=Canis familiaris GN=KRT10 57847 32 4 2
OXLA_MOUSE _|L-amino-acid oxidase OS=Mus musculus GN=1I4i1 70375 32 2 6
K2C73_HUMAN |Keratin, type Il cytoskeletal 73 OS=Homo sapiens GN=KRT73 59457 32 2 6
LYZL4 BOVIN Lysozyme-like protein 4 OS=Bos taurus GN=LYZL4 16738 32 3 5
K2C6C HUMAN |Keratin, type Il cytoskeletal 6C OS=Homo sapiens GN=KRT6C 60273 29 2 5
FILA2 HUMAN | Filaggrin-2 OS=Homo sapiens GN=FLG2 249296 29 2 6
SYC_CLOAB Cysteinyl-tRNA synthetase OS=Clostridium acetobutylicum GN=cysS 53545 28 2 8
K2C5 HUMAN |Keratin, type Il cytoskeletal 5 OS=Homo sapiens GN=KRT5 62568 27 2 1
TBAD PHYPO | Tubulin alpha-1A chain OS=Physarum polycephalum GN=ALTA 50563 27 4 15
TRYP PIG Trypsin OS=Sus scrofa 25078 25 2 11
K2C6A_HUMAN |Keratin, type Il cytoskeletal 6A OS=Homo sapiens GN=KRT6A 60293 24 3 43
GTR3_BOVIN Solute car_rier family 2, facilitated glucose transporter member 3 OS=Bos 54498 23 2 6
taurus GN=SLC2A3

GPX4_HYLLA (F;rlll(lsg;l;llipid hydroperoxide glutathione peroxidase OS=Hylobates lar 29600 23 2 8
CYLCL1 BOVIN [Cylicin-1 OS=Bos taurus GN=CYLC1 75114 22 1 7
ALDOA HUMAN | Fructose-bisphosphate aldolase A OS=Homo sapiens GN=ALDOA 39851 21 1 5
ICAL_MOUSE Calpastatin OS=Mus musculus GN=Cast 85099 21 1 3
TBA ENCHE Tubulin alpha chain (Fragment) OS=Encephalitozoon hellem GN=TUB1 43023 18 2 2
K1C16 HUMAN |Keratin, type | cytoskeletal 16 OS=Homo sapiens GN=KRT16 51578 14 1 1
AKAP4 RAT A-kinase anchor protein 4 OS=Rattus norvegicus GN=Akap4 94916 14 1 1

Table 5.5. Ultracentrifugation of cryopreserved semen in straws to enrich for membrane proteins.
Ejaculates were collected through artificial vaginas. Semen was spun for 10min at 1000xg, supernatant
removed. The sperm pellet was washed with PBS then resuspended in either a Triton detergent buffer or a
hypotonic buffer to aid lysis. The sperm were then subjected to sonication and homogenisation followed by
centrifugation at 2500xg for 15min with the supernatant removed into a ultracentrifuge tube, before
ultracentrifugation at 100,000xg for 1h. The sperm pellet was incubated in a high salt (100mM Na,CO,)
wash for 1h at 4°C, centrifuged again at 2500xg for 15min, and the supernatant ultracentrifuged again for
1h at 100,000xg. The final pellet was re-suspended in 25mM ammonium bicarbonate. Protein concentration
was determined using Coomassie plus protein assay reagent and known concentrations of BSA. The sample
was subject to in-solution trypsin proteolysis, including RapiGest™ denaturation plus reduction and
alkylation steps. After digestion the analyte was diluted to 2.5ng/pl and 2ul was injected onto a RP-UPLC
system coupled to an ESI LTQ Orbitrap Velos. The analyte was desalted over a trapping column, then eluted
from the analytical column with a 90min linear gradient of 0-40% organic buffer. The LTQ Orbitrap Velos
analysed in top 20 mode, where the 20 most intense ions from each MS1 scan in the orbitrap were taken
forward for CID fragmentation in the ion trap with a dynamic exclusion list over a 30sec window. Samples
were then analysed against a whole Uni-Prot database search facilitated by MASCOT. Egg yolk proteins are
highlighted in yellow.
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The reduction in number of identified sperm proteins from frozen straws is a problem that is
generated by the reduced number of sperm cells at the beginning of the method. When the method
involving two ultracentrifugation steps was performed on fresh sperm, the starting sperm count was
17billion sperm/experiment, but when the frozen sperm were analysed, 400 straws were used
(frozen at 18million sperm/straw) containing 7billion sperm. After the BoviPure™ egg yolk removal
step however there was only 20million sperm remaining (return of 0.1% of the starting sperm), as
the BoviPure™ removes all the dead and poor motility sperm, so the experiment started with over

100 times less sperm than the fresh sperm analysis.

The lack of sperm cells is a problem, access to more than 400 straws is an option, but empting 400
straws takes around 180min, and every 4ml of semen/extender mix needs an individual BoviPure™
gradient so 400 individual 0.5ml straws utilises 50 gradients. When the BoviPure™ gradient is used
on fresh sperm the reduction in number is not so extreme, as 37% of the starting sperm are found in
the progressively motile pellet. The BoviPure™ gradient is usually used to separate only the
progressively motile sperm and even when the frozen sperm were centrifuged through the gradient
at a higher g force, the sperm pellet still did not contain a large percentage of the starting sperm.
The sperm undergo significant damage during the cryopreservation process which will be causing
fewer sperm have sufficient motility to move through the BoviPure™ gradient. At least 50% of the
original sperm are dead post cryopreservation [306] as they have undergone changes similar to
apoptosis [307]. The remaining live sperm may have impaired motility so they cannot swim correctly

through the gradient [306].

Candidate list generation and SRM quantification of sperm membrane proteins

Due to the extreme loss of sperm when frozen sperm samples were centrifuged through a
BoviPure™ gradient it was decided that the ultracentrifugation enrichment method would also be
ineffective as too much loss would occur during the many steps of the method. Instead results from
the previous ultracentrifugation method performed with fresh sperm cells, which led to the most
effective membrane enrichment, would be used to create a candidate list of sperm membrane
proteins. Once these candidate proteins had been selected, the X Y sorted cells would be separated
from the extender using BoviPure™, then lysed and analysed for the presence of the candidate
proteins. The final analysis of candidate proteins would be performed on a triple quadrupole mass
spectrometer, in this case a Xevo® TQ MS (Waters) as the instrument can selectively monitor the

peptides from proteins of interest and ignore any interference from the egg yolk extender.

The proteins from functional location analysis performed on the results from the membrane

enriched pellet generated by two ultracentrifugation steps were taken forward as candidate
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membrane proteins. The digests generated by the hypotonic and detergent lysed sperm followed by
two rounds of ultracentrifugation were quantitatively analysed using the Synapt™ G2 in HDMS®
mode to investigate the concentration of the membrane proteins in the sample, and to examine
how the samples perform on this instrument. HDMS® mode was chosen over MSF due to the large
dynamic range present in the sample. The samples here were diluted to 54ng/ul, with 2ul injected
onto the chromatographic column and eluted over a 90min linear gradient. The raw data was
processed using PLGS, with identifications made against a Uni-Prot generated Bovine database
followed by quantification relative to the 50fmol ADH standard using ISOQuant (FDR <5%) (Appendix
19). Quantitative data from the Synapt™ G2 allowed the exact calculation of the amount of protein
per injection onto the column; this could then be used to decide on the dilution factor to be applied

to the samples before injection onto the triple quadrupole instrument (Xevo® TQ).

The results of this study were examined through the same functional analysis as previous samples to
determine which of the proteins identified were located in the sperm membrane (Table 5.6). As this
was preliminary work, 18 of these membrane proteins were selected to be targeted for SRM analysis
(Table 5.7). To create the SRM method for the triple quadrupole MS (Xevo® TQ), Skyline software
(MacCoss Lab, University of Washington, USA) [308] was used. Fragment data generated by the
PLGS processing of the HDMS* samples (.csv file) was imported into Skyline, along with the protein
sequences (FASTA file). Skyline generated a list of peptides for each protein and listed the predicted
highest performing or ‘top’ y ions for each peptide. These y ions became the transitions for each
peptide, and were exported from the software. Using the peptide data generated from the PLGS
processing, the retention times of the peptides were added to the transition data. This transition list
was converted into a method using Waters Verify® software on the Xevo® TQ, and the samples that
generated the candidate list were analysed using this method to confirm the transitions were
correct. Samples were diluted so the concentration of the most abundant protein in the sample
would be around 50fmol and 1ul was injected, cone volts stayed constant at 35V, with collision
energy optimised for each peptide. The dwell time varied between peptides but was no larger than
0.08sec and the required points over a peak was set to 9 with a peak width of 15sec. The retention
time window was originally set to 10min, but once the exact retention time for each peptide was

known, it was reduced to 5min.

To generate the best possible results the method must include transitions for as many peptides as
possible for each protein, and as many transitions as possible for each peptide. It was recommended
to use at least three peptides per protein, however the data generated by the Synapt™ G2 provided

suitable transitions for only 1-2 peptides for the majority of proteins. CONSeQuence software [309]
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fmol in fmol in
Entry Accession Description Detergent | Hypotonic
sample sample
A2VDL2 BOVIN [A2VDL2 |Solute carrier family 2 facilitated glucose transporter member 3 GN SLC2A3 80.0 91.6
AKAP3 BOVIN 077797 | Akinase anchor protein 3 GN AKAP3 69.6
RHCG BOVIN Q27956 Ammonium transporter Rh type C GN RHCG 51.2 40.8
GTR5 BOVIN P58353 Solute carrier family 2 facilitated glucose transporter member 5 GN SLC2A5 36.7
VDAC2_BOVIN | P68002 Voltage dependent anion selective channel protein 2 GN VDAC2 33.5
TSN8 _BOVIN Q2KIS9 Tetraspanin 8 GN TSPAN8 31.2
VDAC3 BOVIN |Q9MZ13 |Voltage dependent anion selective channel protein 3 GN VDAC3 26.5
SACAL BOVIN |Q2YDG7 |Sperm acrosome membrane associated protein 1 GN SPACA1 25.2 12.5
Q32LC5 BOVIN |Q32LC5 CKLF like MARVEL transmembrane domain containing 2 GN CMTM?2 19.2 16.6
TM190 BOVIN |E1BJD3 Transmembrane protein 190 GN TMEM190 19.2 26.4
Q2KII2 BOVIN [Q2KII2 Membrane spanning 4 domains subfamily A member 5 GN MS4A5 16.1
MOT1 BOVIN Q3MHW6 | Monocarboxylate transporter 1 GN SLC16A1 13.9 46.4
ADT4_BOVIN Q2YDD9  [ADP ATP translocase 4 GN SLC25A31 13.6
E1B991 BOVIN [E1B991 Uncharacterized protein GN Bt 46127 11.6 6.6
NB5R1 BOVIN |Q3MHW9 | NADH cytochrome b5 reductase 1 GN CYB5R1 8.9
COX41 BOVIN |P00423 Cytochrome ¢ oxidase subunit 4 isoform 1 mitochondrial GN COX4I1 7.0
S26A8 BOVIN | A6QNWS6 | Testis anion transporter 1 GN SLC26A8 7.0 5.7
F1MZZ0 BOVIN |F1MZZ0 [Transporter GN Bt 61939 6.0 16.4
E1BG77 BOVIN [E1BG77 Uncharacterized protein GN ADAM32 5.4 77.1
M4A13 BOVIN [Q2YDM3 | Membrane spanning 4 domains subfamily A member 13 GN MS4A13 5.2
Q08DQ8 BOVIN [|Q08DQ8 | Solute carrier family 26 member 6 GN SLC26A6 5.1
ATPA BOVIN P19483 ATP synthase subunit alpha mitochondrial GN ATP5A1 3.8
TCPA BOVIN Q32L40 T complex protein 1 subunit alpha GN TCP1 2.4
ADAM2 BOVIN |077780 Disintegrin and metalloproteinase domain containing protein 2 GN ADAM?2 48.4
VAMP3 BOVIN [Q2KJD2 | Vesicle associated membrane protein 3 GN VAMP3 29.5
CD9_BOVIN P30932 CD9 antigen GN CD9 19.8
E1B8QO BOVIN [E1B8QO [Uncharacterized protein GN Bt 104715 18.7
FIMFB9 BOVIN [F1IMFB9 |Transporter Fragment GN SLC6A16 10.0
SNG4_BOVIN Q2YDD6 [ Synaptogyrin 4 GN SYNGR4 8.5
AT1A1 BOVIN |QO8DALl |Sodium potassium transporting ATPase subunit alpha 1 GN ATP1A1
E1BDU3 BOVIN [E1BDU3 [Uncharacterized protein GN Bt 4224
E1BGU1 BOVIN [E1BGU1 [Uncharacterized protein GN Bt 104797
E1BIL2 BOVIN [E1BIL2 Uncharacterized protein GN Bt 13162
TEKT5 BOVIN  [Q2YDI7 Tektin 5 GN TEKTS
AT1A2 BOVIN |A2VDL6 |Sodium potassium transporting ATPase subunit alpha 2 GN ATP1A2

Table 5.6. Membrane proteins generated by Synapt™ G2 HDMSE analysis of an ultracentrifuged
membrane preparation.

Ejaculates were collected through artificial vaginas. Semen was spun for 10min at 1000xg, supernatant
removed. The sperm pellet was washed with PBS then resuspended in either a Triton detergent buffer or a
hypotonic buffer to aid lysis. The sperm were then subjected to sonication and homogenisation followed by
centrifugation at 2500xg for 15min with the supernatant removed into a ultracentrifuge tube, before
ultracentrifugation at 100,000xg for 1h. The sperm pellet was incubated in a high salt (100mM NA,CO,)
wash for 1h at 4°C, centrifuged again at 2500xg for 15min, and the supernatant ultracentrifuged again for
1h at 100,000xg. The final pellet was re-suspended in 25mM ammonium bicarbonate. Final membrane
pellets were subject in-solution trypsin proteolysis including reduction, alkylation and RapiGest™
denaturation, followed by analysis using a ESI Synapt G2 coupled to a RP-UPLC system. Samples were
diluted to 54ng/ul, with 2l injected and desalted over a trapping column, then eluted from the analytical
column with a 90min linear gradient of 0-40% organic buffer. The Synapt G2 was analysed in V mode using
the ion mobility cell (HD) to add an extra mobility separation step before MSE, where the instrument scans
alternately in low energy (trap 4V) and high energy (trap ramps 15-40V) ever 1sec, with continual lock mass
calibration using MSE. Data processing was performed using PLGS, then searched against a database
containing all bovine proteins and yeast ADH, created using Uni-Prot, quantification was performed relative
to the 50fmol of ADH using ISOQuant. Samples were then analysed using a MASCOT facilitated database
search followed by DAVID and TMHMM functional analysis.
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Accession Entry Description Peptide sequence Precursor N“m.ber of
m/z yions
A2VDL2 |A2VDL2_BOVIN | Solute carrier family 2 facilitated AFEGQTQTGTR 598.29 5
glucose transporter member 3 GN FLLINR 388.24 5
SLC2A3 GPIMEMNSIQPTK 723.36 5
QVTVLELFR 552.82 5
TFEEITR 448.23 5
A2VDL6 |AT1A2_BOVIN Sodium potassium transporting ATPase | LIIVEGCQR 544.30 4
subunit alpha 2 GN ATP1A2 V AEIPFNSTNK 610.32 1
A4IFH2 | A4IFH2_BOVIN Transporter GN SLC6A9 PE 2 SV 1 TDGDTLLQR 509.76 5
FPYLCYR 509.74 3
077780 |ADAM2_BOVIN Disintegrin and metalloproteinase ACDALPDTCCVADTCR 942.87 5
domain containing protein 2 GN LLCTYDK 456.73 5
ADAM?2 LNSMNDLSGNCGVTPTGFTPCTSENVR 976.77 5
P30932 |CD9_BOVIN CD9 antigen GN CD9 AIHIALDCCGLTGVPEQFLTDTCPPK 971.80 12
TRPCPEAIDEIFR 802.40 7
FYEDTYNK 540.24 5
P58353 |GTR5_BOVIN Solute carrier family 2 facilitated TFIEINR 446.75 5
glucose transporter member 5 GN
SLC2A5 YLLIQK 389.25 5
P63026 |VAMP3_BOVIN Vesicle associated membrane protein 3|LSELDDR 424.21 5
GN VAMP3 MSATAATAPPAAPAGEGGPPAPPPNLTSNR 923.79 18
P68002 |VDAC2_BOVIN Voltage dependent anion selective NNFAVGYR 470.74 5
channel protein 2 GN VDAC2 VTGTLETK 424.74 5
YQLDPTASISAK 647.34 5
QO08DA1 |AT1A1_BOVIN Sodium potassium transporting ATPase | AAVPDAVGK 414.23 5
subunit alpha 1 GN ATP1A1 NMVPQQALVIR 634.86 2
Q2KlI2 Q2KII2_BOVIN Membrane spanning 4 domains AAHSPVFLVFPPDITMPEFQSGDITGTTYDSSMPFPK| 1343.31 7
subfamily A member 5 GN MS4A5 TTETLVTLSR 560.81 5
Q2KIS9  |TSN8_BOVIN Tetraspanin 8 GN TSPAN8 AFSELQEELK 597.31 5
LLSSTDENER 582.28 5
TCECPSESDSSCTK 824.30 3
TLLINAR 400.75 2
Q2KJD2 |VAMP3 BOVIN Vesicle associated membrane protein 3| ADALQAGASQFETSAAK 833.41 5
GN VAMP3 MTTNAPAGSSAAAGSSR 768.86 17
Q2YDD6 |SNG4_BOVIN Synaptogyrin 4 GN SYNGR4 NDAPVPYK 452.23 5
YFLLGSNSAK 550.29 4
IFAGVFSLIVFSSLLTDGYQNK 1210.15 3
Q2YDD9 |ADT4_BOVIN ADP ATP translocase 4 GN SLC25A31 | GNLANVIR 428.75 5
ASYFGAYDTVK 611.29 4
TTVAPIER 443.75 3
Q2YDG7 |SACALl BOVIN Sperm acrosome membrane associated| EPQAEAEDDSEGIGIR 572.60 10
protein 1 GN SPACAL EVILTSGCPGGESK 717.35 5
LACVHTSPENR 428.54 5
Q3MHW6 | MOT1_BOVIN Monocarboxylate transporter 1 GN DEETNVDVAEKPK 491.91 5
SLC16A1 EVIDAAESPEHK 442.22 5
LNDIYGDYK 550.77 5
Q3MHW9 |NB5R1_BOVIN NADH cytochrome b5 reductase 1 GN  |EDLEELQAR 551.77 5
CYB5R1 IGDVVEFR 467.75 5
Q9MZ13 |VDAC3_BOVIN Voltage dependent anion selective ICNYGLTFTQK 672.83 5
channel protein 3 GN VDAC3 LSQNNFALGYK 627.83 5
LAEGLK 315.69 3

Table 5.7. Selected candidate membrane proteins.
These proteins with their peptide transitions were taken forward for MRM targeted analysis within the X
and Y sorted sperm.
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was utilised to increase the number of peptides per protein monitored during the SRM experiment.
CONSeQuence software simulated a digestion of the proteins to generate peptides and ranked these
peptides based on a prediction of how well the peptides will ionise and ‘fly’ through the mass
spectrometer. Candidate proteins were inputted into CONSeQuence and the highest ranked
peptides were added to the transition method for those proteins without three peptides. Skyline
was then used to generate the y ions for these new peptides, and the retention time prediction
equation was used to predict their retention times. This new transition list was then used to analyse
the membrane enriched sample created through ultracentrifugation to confirm the newly generated
transitions were correct and to reduce the retention time window, as a large retention time window
was initially used for the newly added peptides. The final proteins with their selected peptides and

transition number are in Table 5.7.

Analysis of X Y sorted sperm

Straws were collected on two separate occasions (7/12/11 and 20/12/11), biological replicates one
and two respectively. Straws were emptied into BoviPure™ gradients and centrifuged for 20min at
1000xg. The sperm pellet was then placed on another BoviPure™ gradient and centrifuged at 1000xg
for 20min. The final sperm pellet was washed twice with 10ml PBS, centrifuging each time at 1000xg
for 10min to pellet the sperm. Sperm were then resuspended in both hypotonic and detergent
buffer, and subject to lysis through bead beating with a MINILYS bench top homogeniser (PEQLAB).
Samples were beaten with steal beads in bursts of 10sec followed by 1min on ice, repeated ten

times.

Samples were then subject to a Coomassie protein assay to determine their protein concentration
and to check for any problems with the lysing method. The lysed cells were analysed using 1D SDS
PAGE (Figure 5.16) which indicated no major differences in the profile of the X and Y sperm cells. To
analyse the sperm proteins using the SRM method an equal number of cells from both the X and Y
samples (counted prior to lysis with a NucleoCounter® SP-100™) were taken forward for proteolysis,
including reduction, alkylation and RapiGest™ denaturation steps. Samples were first analysed using
the Synapt™ G2, where they were then diluted to around 7000 sperm/pl injection onto the
chromatographic column and eluted over a 90min linear gradient. The raw data was processed using
PLGS, with identifications made against a Uni-Prot created Bovine database followed by
quantification relative to the 50fmol ADH standard using ISOQuant (FDR <5%) (Full results from this
can be seen in Appendix 19). The quantitative data from the Synapt™ G2 was used to decide on the

dilution factor to be applied to the samples before injection onto the Xevo® TQ.
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Figure 5.16. 1D SDS PAGE of lysed X and Y sorted cells.

Samples were emptied out of pre frozen straws and passed through a bovipure gradient through 20min
centrifugation at 1000xg to remove extender. The pellet was placed on a second gradient and centrifuged
again for 20min at 1000xg. The final pellet was washed twice with PBS, each time being centrifuged at
1000xg for 10min to pellet the sperm. Samples were then lysed through bead beating, 10 short bursts of
10sec followed by 1min on ice with steal beads. Protein concentration was determined using Coomassie
plus protein assay reagent and known concentrations of BSA. Proteins (5ug in 5-10pl volume and 10pl) were
mixed with an equal volume of SDS sample buffer, before loading onto a 15% (w/v) acrylamide gel, run at
200V for 45min, prior to staining with Coomassie R250 then destained in 10% (v/v) methanol, 10% (v/v)
acetic acid.
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When this data was studied it was noted that the BPI of the chromatogram belonging to the X
sample from the 7/12/12 had a much lower value than the Y sample, but that both the X and Y
samples collected on 20/12/12 had similar BPI (Figure 5.17). Also the total ngram on column
calculated after processing with PLGS and quantification using ISOQuant, was lower in the X sample
from 7/12/12 (Table 5.8), which could be the result of an incorrect cell count. To remove the
incorrect cell count from the data, the samples were normalised to the top 10 most abundant
proteins from the Synapt™ G2 analysis before loading onto the Xevo® TQ. The samples were still
diluted so the concentration of the most abundant protein in the sample would be around 50fmol,
which meant 1400 sperm cells were loaded onto the instrument. When normalised to the top 10
proteins both samples from 20/12/12 required 1pl injections, indicating no issues with the original
cell counts, the samples from 7/12/12 required a 1yl injection for the Y sperm but a 1.65ul injection

for the X sperm, confirming the problem with the original cell count for the X bearing sample.

After data collection using the already created SRM method facilitated by the Xevo® TQ, the proteins
were analysed by creation of extracted ion chromatograms for each transition from each peptide
and the intensity of each transition peak determined (examples Figure 5.18 and 5.19). For each
peptide the average intensity for all the transitions was then calculated, and a ratio determined for
the peptide (X/Y). The peptide ratio was averaged to create a ratio for each protein, and the two
biological replicates were then also averaged (Figure 5.20). Analysis of the 18 proteins determined
that one protein (Q2KII2) was not identified in either analysis and only two proteins had a ratio
outside two standard deviations from the mean (Q3MHW6 and A4IFH2) which may indicate
differential expression. When the two proteins were interrogated, protein Q3MHW6 had a large
standard error so it is unlikely that this protein has significantly different expression in the X and Y
bearing sperm and A4IFH2 was only identified by a single peptide. This highlighted the need for
more biological replicates to be able to conclude that these proteins had significantly differential

expression between X and Y bearing sperm.
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Figure 5.17. Sperm lysate X and Y base peak chromatograms.

Samples were emptied out of pre frozen straws and passed through a BoviPure™ gradient through 20min centrifugation at 1000xg to remove extender. The pellet was
placed on a second gradient and centrifuged again for 20min at 1000xg. The final pellet was washed twice with PBS, each time being centrifuged at 1000xg for 10min to
pellet the sperm. Sperm cells were counted using a NucleoCounter® SP-100™. Samples were then lysed through bead beating, 10 short bursts of 10sec followed by 1min
on ice with steel beads, then subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™ denaturation steps. Samples were diluted to a
7000sperm/1pl injection and mixed with 50fmol/pl standard followed by a 2pl injection, desalted over a trapping column and eluted from the analytical column with a
90min linear gradient of 0-40% organic buffer. The Synapt™ G2 was in V mode using the ion mobility cell (HD) to add an extra mobility separation step before MSE, where
the instrument scans alternately in low energy (trap 4V) and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE. Data was
processed using PLGS 2.5 and quantified using ISOQuant, relative to a 50fmol ADH standard.
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Collection date |DNA Sperm in.GZ 1yl ngram in 1pl injection
injection calculated from G2
07/12/2012 X 6890 485
Y 6890 830
20/12/2012 X 7020 931
Y 7015 860

Table 5.8. Cell count and relative Synapt G2 analysis of X and Y sorted cells.

Samples were emptied out of pre frozen straws and passed through a bovipure gradient through 20min
centrifugation at 1000xg to remove extender. The pellet was placed on a second gradient and centrifuged
again for 20min at 1000xg. The final pellet was washed twice with PBS, each time being centrifuged at
1000xg for 10min to pellet the sperm. Sperm cells were counted using a NucleoCounter® SP-100™. Samples
were then lysed through bead beating, 10 short bursts of 10sec followed by 1min on ice with steal beads,
then subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™ denaturation
steps. Samples were diluted to a 7000sperm/1pl injection and mixed with 50fmol/pul standard followed by a
2ul injection, desalted over a trapping column and eluted from the analytical column with a 90min linear
gradient of 0-40% organic buffer. The Synapt™ G2 was in V mode using the ion mobility cell (HD) to add an
extra mobility separation step before MSE, where the instrument scans alternately in low energy (trap 4V)
and high energy (trap ramps 15-40V) every 1sec, with continual lock mass calibration using MSE. Data was
processed using PLGS and quantified using ISOQuant, relative to a 50fmol ADH standard.
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Figure 5.18. Sperm membrane X and Y analysis with a triple quadrupole MS in SRM mode, examples of
transition extracted ion chromatograms.

Samples were emptied out of pre frozen straws and passed through a BoviPure™ gradient through 20min
centrifugation at 1000xg to remove extender. The pellet was placed on a second gradient and centrifuged
again for 20min at 1000xg. The final pellet was washed twice with PBS, each time being centrifuged at
1000xg for 10min to pellet the sperm. Sperm cells were counted using a NucleoCounter® SP-100™.
Samples were then lysed through bead beating, 10 short bursts of 10sec followed by 1min on ice with steal
beads, then subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™
denaturation steps. Samples were diluted to a 1400sperm/1pl injection, desalted over a trapping column
and eluted from the analytical column with a 15min linear gradient of 0-40% organic buffer. The Xevo® TQ
MS was used in MRM mode, 19 proteins were examined using as many transitions as possible for each
protein. Where possible three peptides were used per protein. Data was analysed using the XIC for each
transition and recording the intensity of the transition.
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Figure 5.19. Sperm membrane X and Y analysis with a triple quadrupole MS in SRM mode, examples of
transition extracted ion chromatograms.

Samples were emptied out of pre frozen straws and passed through a BoviPure™ gradient through 20min
centrifugation at 1000xg to remove extender. The pellet was placed on a second gradient and centrifuged
again for 20min at 1000xg. The final pellet was washed twice with PBS, each time being centrifuged at
1000xg for 10min to pellet the sperm. Sperm cells were counted using a NucleoCounter® SP-100™.
Samples were then lysed through bead beating, 10 short bursts of 10sec followed by 1min on ice with steal
beads, then subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™
denaturation steps. Samples were diluted to a 1400sperm/1pl injection, desalted over a trapping column
and eluted from the analytical column with a 15min linear gradient of 0-40% organic buffer. The Xevo® TQ
MS was used in MRM mode, 19 proteins were examined using as many transitions as possible for each
protein. Where possible three peptides were used per protein. Data was analysed using the XIC for each
transition and recording the intensity of the transition.
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Figure 5.20. SRM analysis of proteins found in the sperm membrane

Samples were emptied out of pre frozen straws and passed through a BoviPure™ gradient through 20min
centrifugation at 1000xg to remove extender. The pellet was placed on a second gradient and centrifuged
again for 20min at 1000xg. The final pellet was washed twice with PBS, each time being centrifuged at
1000xg for 10min to pellet the sperm. Sperm cells were counted using a NucleoCounter® SP-100™.
Samples were then lysed through bead beating in 10 short bursts of 10sec followed by 1min on ice with
steal beads, then subject to in solution trypsin proteolysis including reduction, alkylation and RapiGest™
denaturation steps. Samples were diluted to a 1400 sperm/1pl injection, desalted over a trapping column
and eluted from the analytical column with a 15min linear gradient of 0-40% organic buffer. The Xevo® TQ
MS was used in MRM mode, 17 proteins were examined using as many transitions as possible for each
protein. Where possible three peptides were used per protein. Data was analysed using the XIC for each
transition and recording the intensity of the transition, transitions were averaged to generate an intensity
value for each peptide, then peptides were averaged to generate a value for each protein. A ratio was then
calculated for each protein (X/Y) and the two biological replicates were averaged.
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5.4. CONCLUSIONS

This study has developed a method for isolation of membrane proteins that uses acid labile
detergent and a high salt wash, but the final sperm pellet contains neither the detergent nor the
salt, resulting in no reduction of chromatographic performance and no interference with ion
detection in the mass spectrometer. Due to the large number of experimental steps, it is important
that a large number of cells/amount of starting material is used, as the method does not perform

well when the starting material is reduced.

A challenge experienced with this study was the removal of the egg yolk extender proteins from the
sperm. Unfortunately due to the patent and legislation surrounding the flow cytometric sorting
process, it is not possible to sort sperm for research purposes and send them for analysis without
storage in extender and cryopreservation. Other problems include the membrane modifications that
are undergone during the sorting and cryopreservation process, possibly removing any X Y
membrane markers before analysis. In addition, the limited number of protein candidates available,
as the proteins will only differ between the X and Y bearing sperm if specific proteins cannot be
transferred through the intracellular bridges during spermatogenesis, or if the protein is only

expressed after transcriptional silencing during meiosis.

A problem | faced through this research was defining a sperm membrane protein. | do not believe
that a sperm cell can be treated in the same manner as other eukaryotic cells due to a sperm cells
unigue ability to perform its biological role while transcriptionally silent. This means that at the start
of the sperm cells journey to the site of fertilisation thee sperm cell contains all the proteins it will
need to perform a variety of functions in a large number of different environments. It is a well-
known fact that sperm cells undergo a huge amount of remodelling during maturation, the majority
of which involves the redistribution of proteins in the sperm membrane. Proteins are also added to
the sperm by the epididymis and seminal plasma that become intrinsic sperm membrane proteins,
as they cannot be removed through salt washing (removes membrane associated proteins). The
sperm membrane also has many functional domains, each slightly different to one another and able
to carry out different roles in fertilisation. The sperm membrane undergoes further remodelling
during its passage through a female tract. | believe because of the nature of the sperm cell and its
ability to remodel and move proteins to different locations to perform a specific function, that you
cannot determine a membrane protein through the normal criteria, such as prediction of
transmembrane domains. | believe that many proteins that would not usually be categorised as
membrane proteins could at some point during the sperm cells journey to the site of fertilisation

become a membrane or membrane associated protein. | think this explains why during this study |
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found with a number of different previously used, published and proven membrane protein
enrichment/purification/isolation methods, the number of traditionally non-membrane proteins
identified was always larger than the number of traditional membrane proteins. The first method |
utilised to isolate membrane proteins was biotinylation of the sperm followed by disruption and
streptavidin capture of the biotinylated membrane proteins (data not shown). This led to the
identification of 206 proteins, of which 20% (42 proteins) were traditional membrane proteins. The
final method for enrichment gained 527 protein identifications, of which 39% (134 proteins) were
traditional membrane proteins. Those proteins that were not traditional membrane proteins in both
analyses are predominantly the same. | believe the proteins that were identified in the biotinylation
method that were not traditional membrane proteins were in some way associated to the
membrane and the membrane proteins, and so would be in the correct location for an assay to be
performed if they were found to be differentially expressed. The final method is a superior method
as more protein identifications are made including more traditional membrane proteins, which
indicates the sperm were more thoroughly disrupted and so a greater insight into the sperm
proteome was gained. In retrospect it was wrong to discard proteins from further investigation

because they are not traditionally membrane.

If | was to continue research into differential sperm membrane proteins, | would begin by
determining what protein coding genes are present on the X and Y chromosomes and what their
protein products are. | would then use transcriptomics to study the X and Y chromosome and
determine when the protein products are expressed, to identify those proteins that are
transcriptionally expressed after the cytoplasmic bridges have been removed. | would then use the
SRM method | developed to target those specific proteins, using sperm cells that were extender free
and not cryopreserved. | would also use immunoassays to determine the location of these proteins
in the sperm. Through this method | think it would be possible to find X Y differences in the sperm,
potentially even in the membrane, providing that the processes of sorting itself is not removing all

chances of finding differences.
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6. GENERAL DISCUSSION

Many proteomic workflows have been utilised throughout this research project, encompassing a
wide range of mass spectrometers and bioinformatics software. This research programme has
generated a quantitative comparative study of the proteins present in seminal plasma from bulls of
two breeds of cattle; Belgian Blue and Holsteins, which demonstrated there were no quantitative
differences in seminal plasma proteins from two breeds, and a quantitative comparative study of the
proteins present in the seminal plasma from two farm animal species, bovine and porcine. The
interspecies comparative study of bovine and porcine seminal plasma led to large differences in the
two species seminal plasma composition both qualitative and quantitative to be determined and led
to further research into the function of the main seminal plasma proteins and their differences
between species due to evolutionary divergence. During this research programme a quantitative
comparison of two strains of E.coli, a wild type and a genome depleted strain, was also performed.
Quantitation of the proteins present in both strains allowed gene deletions to be confirmed through
the lack their protein products in mass spectrometric analysis and also any pleiotropic effects of the
deletions to be observed. Discovery of pleiotropic effects led to further investigation into the
function of the proteins with variable expression to determine why these proteins showed
differential expression due to the deletions. During this research project a large amount of effort
went into generating an optimal membrane protein enrichment workflow that was compatible with
mass spectrometry. Through these methods a large number of membrane proteins have been
identified, of which some were taken forward for more targeted quantitative analysis to investigate
differential expression in the membranes of sperm expressing the X or Y chromosome. The proteins
that were taken forward showed no differential expression, but as only a small number were taken
forward this does not prove there are no differentially expressed proteins in the sperm membrane.
Quantitative proteomic workflows during this research programme have also led to the comparison
of many different types of analyser in mass spectrometers and a comparison and critical analysis of a
large number of different software packages. This has allowed optimal workflows to be generated

and software to be thoroughly tested to find the best software for each workflow.

6.1. ANALYTICAL CHALLENGES
Mass Spectrometry
During the time period of this research project major improvements were made in the mass

spectrometric instrumentation that was available for the work described in this thesis. The early

phase of the research was performed using MALDI ToF MS analysis of peptide digests extracted from
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1D or 2D SDS PAGE to identify single proteins or a small number of proteins from a band or spot.
High intensity bands/spots on a gel led to the identification of the proteins responsible, but weaker
stained bands/spots would often generate a spectrum with a high signal to noise ratio that impaired
the subsequent identification. The AXIMA ToF? had a high mass accuracy (Da) for that time, but this
would now be considered unacceptably large. There will have been instances when peptides could

not be identified or would be miss-identified by the database searches.

Peptides extracted from SDS PAGE or in-solution proteolysis of complex mixtures of proteins were
also analysed using a linear ion trap (LTQ) which allows MSMS analysis and had a HPLC system
attached which added a separation step to the analyte before mass spectrometry. The sample
separation using HPLC did increase the number of identifications, and the use of MSMS plus MS for
analysis meant that identifications were obtained at higher confidence levels. However, the linear
ion trap used in the early phase of this study had a relatively low mass accuracy and low resolution
(3000), which is now 10-100x lower than the resolution found on newer mass spectrometers. The
‘sequencing speed’ of the LTQ meant that it was only capable of performing tandem mass
spectrometry on the top three most abundant precursor peptides and thus only the most intense
peptide ions were analysed, generally leading to the identification of only the most abundant

proteins in the sample.

Since the early phase of this work, the laboratory has seen the arrival of multiple high resolution and
high mass accuracy instruments, those used most prominently in this thesis being the LTQ Orbitrap
Velos (resolution 30,000, mass accuracy <lppm) and the Synapt™ G2 (resolution 20,000, mass
accuracy <1ppm). Both of these instruments have a very high duty cycle and little ion information is
lost during analysis, generating hundreds of protein identifications during a single chromatographic
separation of a complex mixture of peptides. The hybrid nature of the LTQ Orbitrap Velos enables a
high duty cycle through simultaneous analysis in the linear ion trap (MSMS) analyser and an Orbitrap
(MS) analyser. The Synapt™ G2 generates a high duty cycle through the use of a novel sampling
method known as MSF, where high (MSMS) and low (MS) energy scans are performed
simultaneously. Increased mass accuracy and resolution also mean that all identifications are
generated with high confidence, even those with only a single peptide. The Synapt™ G2 can also
generate quantitative information about a sample through a novel Hi3 methodology, where the
intensity of the top three most intense peptides have been shown to be linearly correlated to the
protein concentration. Analytes can be absolutely quantified relative to a protein standard spiked in

to the analyte at a known concentration.
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Quantitation Software

Major advances have been made during this research programme in the way the data generated by
mass spectrometers can be utilised to quantify the proteins within an analyte. Data analysis is still a
significant bottleneck in proteomic studies. Manual generation of extracted ion chromatograms for
all proteins, or even just proteins of interest, to determine intensity values for each peptide can be
particularly time consuming. Many companies and research groups have generated software to
overcome this problem and try to reduce the bottleneck. Many in-house software packages are
either complicated or not fully tested so manual validation of results shows flaws, and some
company based software also shows errors on manual validation. During this research programme,
analysis of data generated by the LTQ Orbitrap velos was analysed using MASCOT Distiller (Matrix
Science) to generate quantitative values for proteins present in two strains of E.coli (wild type and
genome depleted). When the abundance ratio for these two analytes was determined, manual
validation indicated this software could not generate a ratio when the protein was not present in
one of the strains, unfortunately the proteins of interest in the study were those missing in either
strain. Protein Lynx Global Server (PLGS, Waters) has dramatically reduced analysis time for data
generated by the Synapt™ G2 but often manual validation has shown the results to be inaccurate.
Fortunately this was also discovered by a group in Germany (The Mass Spectrometry Core Facility at
the Johannes Gutenberg University in Mainz) by Stefen Tenzer and colleagues, who developed a
piece of software called ISOQuant that takes data processed by PLGS and generates quantification
that withstands manual validation. Software generated by a single company for their instruments
does not allow a multiple instruments to be used and compared within a study with ease, Progenesis
LC-MS software (Nonlinear Dynamics) can be utilised to quantitate label free data from any of the
main mass spectrometer vendors which allows samples to be analysed by multiple mass
spectrometers and quantified consistently. Both Progenesis LC-MS software and 1ISOQuant utilise
alignment of raw data to increase identifications across biological replicates. Progenesis LC-MS
quantitates independently of the identification process and uses intensity based quantification

measures in the same way PLGS and ISOQuant use intensity measures for quantitation.

The main challenge with quantitation software is generating software that is not so complicated that
a bioinformatition is required to analyse all data, but also not so minimal that the lab scientist has no
idea of what the software has actually done to the data. ‘Processing’ the data is all well and good but
this needs to be monitored so the data are not subject to bias. The most important aspect of
quantitation software is that it withstands manual validation, to a point where manual validation is
no longer necessary as the user has such confidence in the software that only proteins of interest

are studied in depth.
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Functional Analysis Software

Functional analysis software is not something that was utilised throughout this research programme
but Chapter 5 relies heavily on results generated by functional analysis. The software utilised (DAVID
and TMHMM) has been developed in other laboratories and in retrospect more effort should have
been devoted to understanding the assignments made by such software. Initially the Uni-Prot
database was utilised and all proteins with the location “membrane” were exported and used as a
reference set of membrane proteins, this under represented the membrane proteins within an
organism. However, as the proteins exported were from only the reviewed database entries, high
confidence could be placed on their location being correct. This under representation of membrane
proteins using Uni-Prot was a problem, as the main purpose of this research was to identify

membrane proteins, which is why the DAVID and TMHMM functional analysis software was utilised.

6.2. EXPERIMENTAL CHALLENGES

Membrane proteomics that is mass spectrometer compatible is a complicated field. It has been
suggested that membrane analysis using acid labile mass spectrometer-friendly detergents is
unachievable (HUPO 2011, membrane proteomics session). The original method tested for sperm
membrane extraction was through the biotinylation of the sperm membrane proteins, sperm
disruption with Triton X-100 and streptavidin capture of the membrane proteins, but this did not
generate any significant number of membrane proteins. When attempting lysis with different
detergents and ultracentrifugation, the number of proteins identified as membrane and non-
membrane was the original criteria used to determine how effective the method was. With the
advances in label free quantitation this data has now been analysed using Progenesis LC-MS and the
membrane enrichment method that was thought to be the most effective may actually be no more

effective than the other methods used previously to it.

The discovery of membrane proteins with differential expression in X and Y bearing sperm cells was
always going to be a challenge. The only proteins that would show a difference would have to be
either expressed after meiotic silencing during spermatogenesis and/or not be transferable between
sperm cells via the intracellular bridges. Gene expression and transcription data could potentially be
utilised to identify any proteins fitting these criteria. These proteins could then be specifically
targeted, including analysis to determine their location in the sperm cell and if any are located in the
sperm membrane. Targeted methods could be generated to quantify these proteins in X and Y

sorted sperm.
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6.3. FURTHER WORK

Continuing the research in this thesis, a deeper investigation needs to be performed to identify the
function of the proteins that show pleiotropic changes between the wild type and genome depleted
strains of E.coli, which would then allow the reasons for their change in expression and the gene
depletion responsible to be determined. Once the changes are understood the gene deletion could
be either continued with, or the gene could be put back into the minimal genome strain depending
on how deleterious the effects of the deletion are. This will aid in the creation of a minimal genome

strain where unessential genes have been removed but it functions the same as a wild type strain.

The full set of seminal plasma samples (two bovine breeds and porcine) could be re-analysed using
the LTQ Orbitrap Velos which would increase the number of protein identifications and allow
guantification of each protein using Progenesis LC-MS. The novel identifications will mostly be low
abundance proteins; these may show a differential expression in Holstein and Belgian Blue bulls. The
interspecies study could be continued through investigation into the function of the remaining
seminal plasma proteins, as especially in the bulls, many proteins have an unknown role in
fertilisation. Once the roles are established this could help to explain either why proteins are present

in the bovine seminal plasma, or why the proteins are not present in the porcine seminal plasma.

To continue the membrane investigation in a proteomic based way firstly the data in this thesis
needs to be re-examined and analysed without disregarding any proteins due to the results of
functional analysis. A much more detailed study into the location of all proteins from these analyses
needs to be undertaken to establish if any proteins can be removed from the analysis (such as
known mitochondrial proteins or axial filament proteins etc that would struggle to move and
become membrane or membrane associated proteins). Proteins could then be chosen for analysis
utilising the SRM methodology which could lead to differential protein expression in X and Y bearing

sperm being identified.

As specified in Chapter 5.4, | personally would take a different approach to the analysis and start
with genomics to identify proteins coded by the X and Y chromosome, use transcriptomics to
establish when these proteins are expressed. | would then investigate the location of these proteins
to determine on ejaculation if they are in the membrane and so could be used in an assay. | would

then target those specific proteins using the SRM methodology.

6.4. FINAL CONCLUSIONS

Overall the strategies utilised through this thesis illustrate the successful use of high throughput

label free quantitation on complex proteomes to perform global proteomic studies. Through this
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research programme multiple quantitative comparative studies have been performed and answers
to biological questions have been generated. The use of complex methodology to generate
membrane enriched samples has also been shown, although further work is necessary here to
establish an optimal method. Many mass spectrometers and software packages have also been

investigated to generate the most accurate and reliable results possible.
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