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1, Faustinus Ycboah, declare as follows:

i. I am a Canadian citizen.
2. I am the Dircctor of KABS Laboratorics, Inc., a company that offers a broad range of

product development services to the bio-pharmaceutical industry worldwide. The services
offered include strategic planning, pre-clinical development, analytical testing, formulation
development, manufacturing of prototypes and clinical supplies, distribution of clinical supplies
to clinical sites, and chemistry, manufacturing and controls (CMC) aspects of regulatory affairs.

{am also the Founder and Principal Consultant of PDMC Pharma Cousulting.

]

3. I obtained my Ph.DD., concenirating on protein and carbohydrate chermstry, and wy
M.Sc., concentrating on food chemistry, from McGill University in Montréal, (Juébec. { was a
post-doctoral fellow at the Biotechnology Research Institute of the National Research Council in

{anada.
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Declaration of Dr. Faustinus Yeboah

4. I have authored twenty five papers, many of which concern mass spectrometry and
extraction of biomolecules, and | am an inventor of one U.S. patent and six patent applications. |
am a Faculty Lecturer at McGill University in the Department of Food Science, and 1 serve a5 a
Journal Reviewer for the Journal of Food Composition and Analvsis, the Journal of Agriculture
and Food Chemistrv, and the Jouwrnal of Environmental Toxicologv. 1 also serve as a Grant
Reviewer for the National Science and Engineering Research Council of Canada (NSERC). My

Curriculum Vitae is enclosed as Appendix A.

3. I am considered an expert in the arca of mass spectromeiry and extraction of
biomolecules.
6. I was engaged by counsel for Neptune Technologies and Bioressources, Tuc. (“Neptune”)

Y

of Québec, Canada to analyze the Corrected Reguest for Reexamination {US 95/001,774) filed
by Aker Biomarine ASA (“Aker”). I am being compensated at ray customary hourly rate for my
time spent on developing, forming, and expressing the facts and opinions in this declaration. [
have no personal interest i the ultimate outcome of the reexamination procecdings involving

U.S. Patent 8,030,348 (“the *348 patent”).

7. Specifically, T was asked to review the Declaration of Thomas Gundersen, which was
filed in support of the Request for Reexamination filed by Aker and the Declaration of Earl L.
White, Ph.Id., which was submitted by Neptune in the prosecution of the 348 patent, and to
opine on the validity of the results provided therein. Further, 1 was asked to express an opinion

on guantitative aspects of the data discussed herein.

Gundersen Presents Incomplete and Unreliable Bata

. I have read and reviewed the Declaration of Thomas Gundersen submitied by Aker, and
it is my opinion that it suffers from considerable technical deficiencies and crrors which render

its conclusions completely urwehable. 1 summarize these deficioncies and errors below.
Gundersen Presents Clearly Erroncous Data

9. My review of the Gundersen Declaration leads me to conclude that it contains incorplete

and unreliable data. Gundersen erroneously presents data as distinct when it is merely an exact
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copy of another chromatograrn. In my opinion, there 18 clear error in the Gundersen Declaration

and, whether reflective of a sloppy study marred by negligence or a fraudulent study submitted

with deceitful intent, one cannot rely on this data at all,

10. Specifically, referring to Appendix B of the Gundersen Declaration, the chromatograms
labeled “Sample P30R-8” and “Sample P30K-97 are identical (see Gundersen Declaration,
Appendix B, pp. 18-19). Similarly, the chromatograms labeled “Sample P308-10,” “Sample
P30K8-11.7 and “Sample P30R-12” are identical {see Gundersen Declaration, Appendix B, pp. 19-

20,

11, Gundersen provided Table 1, which states that “Sample P308-8,)" “Sample P308-9,"
“Sample P308-10,” “Saraple P308-11,7 and “Sarople P30K-127 are distinctly different samples
{see page 3 of the report appended to the Gundersen Declaration). Below, 1 reproduce, in part,

Table 1 {(emphasis added, note the “Marking of Saraple” Column):

Vitas ID | Fraction | Temperature Time Marking of sample
number treatment {min)
(°C)
P308-8 Iia 70 5 E.superba Fraction {ia 70 degr 5 min
P308-9 Iia 125 15 E.superba Fraction Ia 125 degr 1S
niin
P308-10 Iib - - E.superba Fraction {1b not heated
P30R-11 Iib 70 85 E.superba Fraction IIb 70 degr 8
miin
P308-12 Iib 125 15 E.superba Fraction Ilb 125 degr 18
min
12. I have also attached the incomplete and unrehable chromatograms as enumcrated above

as a series of figures to make this point clear {see Figures 1-5). By reviewing Figures 1 and 2
side by side (on pages 14-15 of this Declaration), it is apparent that the retention tiracs, arcas

under the curve, and sample identification information are gxactly the same. For convenience, |

have magnified the bottom peak of cach of the chromatograras labeled “Sample P308-8” and
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Declaration of Dr. Faustinus Yeboah

“Saraple P308-97 and displayed thero in Figures 1 and 2. The bottorn chromatograrns both have
arcas under the curve of 124384 and retention times of 3.758 minutes. It is my opinion that it
would be impossible for two distinct samples to provide the exact same data. Even if “Sample
P30R-K” and “Sample P30K-9” were merely repeats of each other, which they are pot according
to Gundersen’s Table 1 (above)}, the data would have af least some deviation. The unreliability
of this data s further underscored by the fact that the same sample identification nuraber appears
on the chromatograms labeled “Sample P308-8” and “Sample P308-9” and displayed in Figures
T and 2 {on pages 15-16 of this Declaration). Both chromatograms have the following sample
identifier: “MSD1 826, EIC=825.7.826.7 (C:\PADVAKER BIOMARIN\PIOK\AB TI0929\AB
1I0929AB 110929 2011-09-29 10-35-22\004-0401D) ES.” By providing the cxact same data
twice yet referring to the data as originating from two different experimental samples, Gundersen

himself firmly demonstrates that his data is not credible. This is summarized below:

Vitas iD Marking of scample Hetention Area Under
Time the Curve
P304-8 “E.superba Fraction Ha 70 degr § 3.758 124384
i
P308-9 “E.superba Fraction 1la 125 degr 15 3.758 124384
jestinyy

13, The chromatograms labeled “Sample P308-10,” “Sample P308-11.” and “Sample P30§-
127 also present identical data for allegedly distinct samples and therefore provide further
incomplete and unreliable data. By reviewing Figures 3, 4, and 5 (on pages 16-18 of this
Declaration) side by side, it is apparcot that the retention times, arcas under the curve, and

sample identification information arc gxactly the same. For convenience, | have magnified the

bottorn peak of each of the chromatograros labeled “Sample P308-10,” “Sample P308-11,” and
“Saraple P308-127 and displayed them in Figures 3, 4, and 5. The botiom chromatograms of ali
three have arcas under the curve of 58821.8 and retention times of 3.770 minutes. It is my
opinion that it would be tmpossible for three distinet samples to provide the exact same data.
Even if “Saruple P308-10,” “Sample P30E-11,” and “Saraple P308-12” were mcrely repeats of
least some deviation. The unreliability of this data is further underscored by the appearance of
the same sample ideotification number ou the chrowatograms labeled “Sample P30R-14.7
“Samaple P308-11,)7 and “Sample P308-127 and displayed in Figures 3-5. All three

chromatograms  carry  the following sample identificrr “MSD1 826, EIC=82578267
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Declaration of Dr. Faustinus Yeboah

(C\PADNAKER BIOMARIN'PIOR\AB 110929\AB 110929\AB 110929 2011-09-29 10-35-
22006-D601 B) ES.” As with the samples discassed in Paragraph 12 above, by providing the
exact same data three times yet referring to 1t as three different experimental samples, Gundersen

establishes that his data 1s not credible. This is surnmarized below:

Vitas ID Marking of sample Hetention | Arvea Under the
Time Curve
P30O8-10 “E.superba Fraction ITh 3.770 58821.8
not heated”
P308-11 | “E.superba Fraction Iib 7¢ 3.770 56821.8
degr 5 yow”
P308-12 “E.superba Fraction 1ib 3770 58821.8
125 degr 15 nun”

14, I note that I liraited my review in this section to data presented i Appendix A of the
Gundersen Declaration, as the data presented in Appendix B of the Gundersen Declaration 15 so
poorly reproduced that I cannot discern most of the alleged peaks that are presented. For
example, | cannot see any data on the chromatograms labeled “p308-47 to “p308-7” and can only
rake out faint images on the remainder of the figures presented in Appendix B of the Gundersen

Declaration.
Gundersen’s Results are Highly Variable and Reflective of a Rushed Experiment.

15. Besides the mcomplete and unreliable data presented, there is a puzzling complete
absence of data in the Gundersen Dieclaration for the ethyi acetate extract of £, superba krill lipid
samples {see Gundersen Declaration % 5).  The fact that no data was generated for these
experimental samples suggests that the experiment was not conducted carefully (see Gundersen
Declaration, Appendix B, pp. 16-17 for chromatograms labeled “Sample P308-4)” “Sample

have been repeated but there was not encugh time for this” {see Gundersen Declaration ¥ 5;

emiphasis added). Further, on page 2 of Exhibit 2 of the Gundersen Declaration, Gundersen
states that “the analysis of the samples took place between 28 September and 4 OGctober 20117
Theretore, all within the span of just five business days, the data was acquired, the data was

analyzed, a report was generated, and a declaration regarding analysis of the data was written. A
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comphicated experiracntal analysis such as this would require far more time if it were conducted

properly. These facts suggest a rushed experiment and data analysis.'
The Gundersen Data Suffers From the Memory Effect.

16. it is not only conventional but also necessary, when conducting mass spectrometry

expertments, to run solvent-only (a/k/a “blank” or “negative”} controls at the beginning of an

experiment and between runs which involve different experimental species. Gundersen does not

provide these crucial controls.

17.  These omitted conirols are crucial because they correct for a technical difficulty in mass

352

spectrometry known as the “memory effect” or “carry-over effect.” For instance, contaroinant

species from a preceding experimental run skews the subsequent profiles.

18, This deficiency of the Gundersen Declaration is amplified because Gundersen employs
multiple reaction monitoring (MRM), a highly sensitive technique used to detect very small
quantities of signal’ As the detection is very sensitive, any cross-contamination of species may
completely blur actual data. Therefore, the failure of Gundersen fo run solvent-only controls,
a very sensitive mass spectrometry method, casts significant doubt upon the data presented in the

Declaration.

19, Gundersen’s fatlure to control and correct for the memory offect, in my opinion, probably
resulted 1o incorrect conclusions regarding the identification of species. One caunot, therefore,
exclude with any confidence that signals from the positive or reference standards were not
carried-over to sequential sample runs, which would result 1o false positive data. For instance, in
the data presented in the chromatograms of “Sample P308-15" and “Sample P308-16” {same
experimental conditions, see Gundersen Declaration, Appendix B, p. 22) there are considerable

differences in the peak intensities observed where one would expect essentially similar

* It is respectfully noted that some of the samples did not arcive in the laboratory where the Gundersen Declaration

experiments were undertaken until Septernber 30, 2011, This would leave a maximum of three business days to

generate data, analyze data, write a report, and write a declaration regarding analysis of these samples.

2 g Tyt e oot PR o .
See, eg, Hughes ef af, "Determunation of Carryover and Coniamination for Mass Spectrometry-Based

g, Hug ; 3 3

Chrornatographic Assays.” The AAPS Journal 2007, 9 (3) Article 42, Appendix B.

* See, e.g., Blbott ef ol , Current Trends in Quantitative Proteomics. J. Mass. Spectrom., 44 (12} 16371660 (2009},

Appeadix C.
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mtensttics. However, in the former, the peak intensity is in the tens of thousands, while in the
latter, the peak intensity is in the low hundreds (compare, for example, the bottom
chromatograrms of both). Given this highly diminished intensity, I cannot reasonably exclude the
possibility that the higher signals bled into the subsequent run’s results via the memory effect. A

solvent-only control, which Gundersen failed to run, would have excluded the memory effect.

20.  Further, another potential manifestation of the “memory effect” 1s scen in the highly
variable retention times presented in the Gundersen Declaration for what s alleged to be the
same compound. For instance, sclecting a random pair of chromatograms, the bottom ftraces of
“Sarople P308-17 and “Sample P30R-7.” are purported to be the same chemical species, yet have
disparate retention times of 4.181 and 3.747 minutes, respectively. This is a retention time
deviation of close to 26 scconds. Therefore, in one run (“Sample P308-17) the same compound
is about 10% slower than in another (“Sample P308-77). In my opinion, this should not be.
Because of Gundersen’s fatlure to run the solvent control, T cannot exclude the memory cifect.
In fact, these data are also wdicative of two differcnt chemical species incorrectly labeled by

Gundersen as the same chemical species.
The Gundersen Data Suffers From Poor Resolution.

2L Gundersen also presents experimental data peaks that are not the sharp and clearly
defined peaks that are reflective of clean chromatography. Ouw the contrary, the peaks show a

poor resolution that suggests that multiple species may be present.

22 For instance, the experimental runs labeled “Sample P308-1,” “Sample P30K-2,” “Sample
P308-3,” “Sample P308-14,” and “Saraple P308-16" are particularly broad and asymmetrical,
which is indicative of a population of unknown species in a “peak” as opposed to a single
specics. In contrast, a single specics 15 expected to give a sharp peak in the forrn of a tight

Gausstan-shaped curve.

23. In sumoary, i is miy opinion that the Gundersen Declaration suffers from a nurober of
deficiencies, including incorrect and unreliable data, rushed execution, and experimental errors
which render its conclusions coropletely voreliable and not credible. As an expert 1 cannot give

the results presented in the Gundersen declaration any weight.
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The White Declaration of Mav 31, 2811 Presents Sound Raw Data and a Reasonable

Overall Conclusion,

24, I have also read the Declaration of Earl L. White, Ph.I3. that was submitted in the
prosccution of the “348 patent on May 31, 2011 and I have been asked to provide an mmdependent
evaluation of the correctness of i#s conclusions. Unlike the Gundersen Declaration, the White

Declaration provides data that is experimentally sound and has a reliable conclusion.

25, I understand Dr. White's conclusion to be that it is his “opinion that the Beaudom Gil
Fractions received and tested by [him] do not contain PLs {phospholipids] which have attached
to them DHA and DHA, EPA and EPA, DHA and EPA, or EPA and DHA, at the detection lmits
described [LO/MS and MS/MS techniques]” Therefore, Dr. White could not find any species
that could be definitively identified as those disclosed and claimed in the *348 patent. Thisisa

reasonable conclusion based on the experimental data.

26. Some cormmentary on the White Declaration of May 31, 2010 1s helpful for

understanding it.

27, First, it is my cxpert opinton that the raw data collected by Dr. White is correct and does

not suffer from the many flaws seen in Gundersen’s data.

28. Second, Dr. White’s Declaration of May 31, 2010 does have a couple of minor
that Dr. White could not, within the Hmits of detection, find any species that could be

definitively identified as those disclosed and claimed in the *348 patent).

29, A first mivor ervor hies in Figure 10 of the Declaration of Div. White of May 31, 2010, 1
understand that this figure was included because the 2011 Beaudoin ot did not produce product
ions such that Dr. White could not identify specics that might have been those disclosed and
claimed in the ‘34R patent. DPr. White inchuded Figures 9 and 11 in support of this conclusion.
However, it appears that because Dr. White did not detect characteristic product ions that are
needed to defimtively wdentify the fatty acids attached to the phospholipids at the molecular
weights of 826 and 852 he included, for comparisen, Figure 10, “from a previous Beaudoin oil,”

as a “representative MS/MS spectrum for a [phosphatidyicholine] with a miolecular ion at m/z
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8267 See White Declaration of May 31, 2011, Figure 10 logend and % 12, This figure shows
what a species at the weight of a phospholipid of EPA/EPA would look like if it could be
fragmented such that product tons could be detected. This explains why Dr. White separated this
figure from the others in % 12 of the White Declaration, which states: “MS/MS specira for a

representative Beaudoin Ot Fraction sample are shown in Figures 4-9, and 11, Figwre 1015 a

representative MS/MS spectrurm for a [phosphatidyicholine] with a molecular 1on at m/z 826,57

{emphasis added). This, to me, 18 a clear indication that Dr. White did not intend to present
Figure 10 as part of the experimental set upon which he was opining in May, 2011, This 13
bolstered by a statement in the figure legend of Figure 10, tn which it is stated that the analyzed
sample 15 “from a previcus Beaudoin o1l In fact, Dr. White also included the date of the
expertment in the upper left corners of each of the spectra included 1n the figure set. Figure 10 of
the White Declaration of May 31, 2011 has the label “09Dec07” indicating that it is from a
Diecember, 2009 experitaent while all of the other figures (1-9, 11) have date labels of April or
May, 2011, indicating that they are from the cxperiments commissioned for prosecution of the

‘34K patent.

30. I have reviewed an experimental report from the 2009 extraction (Appendix D) and
conclude that, because of the experimental errors in reproducing Beaudoin, the 2009 samples of
Figure 10 are not “Beaudoin o1l.” Thus, Dr. White’s staternent that Figure 10 is “from a previous
Beaudoin oil” is erroneous.  As described in the experimental report, the procedure removed the
water from the otl and did not adequately heat. Therefore it would be cxpected that the oil of

Figure 10 shows enough m/z 826 species to aliow product ion detection (See Appendix D).

31 Specificaily, I note that the 2009 extraction did not replicate Beaudoin because a series of
changes to the Beaudoin protoco! were inadvertently made {see Appendix D).
= In the acctone cxtraction (“step 17), extensive cvaporation of the solvent and warer was
undertaken, in contrast to what was described in Beaudoin.  Specifically, the
experimacnter “[elvaporate[d] the acctone;” “{sleparatfed] the fat from the water by
decantation after addition of 1 volume of acctone,” “[riecover{ed thel oily” and

“le}vaporated under vacuum.” In contrast, Beaudoin’s extraction includes only rotary
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cvaporation to romove acetone and leaves 10.0% rootsture and volatiles (Beaudoin 1,

Table 13). Such water content causes hydrolysis of the phospholipid upon heating.*

= Further, the experimeunter failed to heat the acetone extract ar 125°C for 15 minutes, in
contradistinction from the step taught by Beaudoin. Heat was not applied at all to

Fraction L.

s The experimenter undertook an ethanol evaporation to yield Fraction I as in Beaudoin
{(“step 27"y but did not heat Fraction {f ar 125°C for 15 minutes. Instead, Fractions I and
I were mierged to create a fraction vot taught by Beandowm: a fraction having much less
water than the Beaudoin fractions. This non-Beaudoin oil was then treated by

“Telvaporat[ing] under vacuum” and “Thjeat{ing] at 125 °C.”
jvaporaying| Ojeatimg

As Beandoin doces not teach the experimental features cnumerated above, the 2009 experiment
did not correctly replicate the Beaudoin extraction and thus resulted in an oil that is not Beaudoin
oil. 1 understand that it was oil from this incorrectly-executed krill oil extraction that was sent to
Dr. White for mass spectrometric analysis. Dr. White characterized this non-Beaudoin oil in

2009 and included Figure 10 from this analysis in his Declaration of May 31, 2011

32 For completeness, I also note that there is a slight mathematical ervor in Figure 10, as Dr.
White presented it in his Declaration of May 31, 2011, While his point was to simply show how
a detectable 1on fragmentation looks, Dr. White mistakenly indentified the two product ion peaks
at m/z 524 and 542 as C20:5 (EPA) and C18:0, respectively. See White Declaration of May 31,
2011, Figure 10. My review of this figure shows that these two species caunot result from the
fragmentation of a peak at m/z 826. On the contrary, this fragmentation pattern is reflective of a
species bearing two EPA molecules. The fragment at m/z 524 represents a neutral loss of the
free acid of EPA from the parent phospholipid {(m/z 826), and the fragment at m/z 542 represents
a neutral loss of a ketene form of EPA from the parent phospholipid. However, as the 2009
expertment was an incorrect reproduction of Beaudoin, in that water was removed and heat was,

for the most part, not used, this species should contain measurable levels of a phospholipid with

4 - - . ~ - L ; N ! L g I
See, e.g.. Herman and Groves “The Influence of Free Fatty Acid Formation on the pH of Phospholipid-Stabilized
% 1

Triglyoeride Emnilsions” Pharmaceutical Research 10(5). 774-776 {1993}, Appendix E,
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EPA and EPA. This nustake, being in a figure that does not even retflect Beaudoin, has no

bearing on Dr. White's conclusions.

33, Therefore, it is my opinion that Figure 10 is a fatled attemipt at providing a comparative
example between the extract produced i Beaudoin and the composition of the ‘348 patent. This
figure, in my opinion, has no bearing on the conclusions of Dr. White’s study and therefore |

view the May 31, 2011 White Declaration as experimentally sound despite it.

34, A second minor crror lies in Tables T and 2 of Dr. White's Declaration of May 31, 2011;
particalarly in Dr. White’s identifications of the potential fatty acids that could represent
different m/z signals. It is apparent that Dr. White made his calculations without the knowledge
that krill do not possess fatty acids shorter than C14. As the m/z values of the corposition of
the ‘348 patent are unambiguous, this has no bearing on Dr. White's overall conclusion as it does

not at all alter the soundness of the raw experimental data that he gencerated.

Comments op Quantification of White and Gundersen Data

35. I have reviewed both the Gundersen and White raw data and have been asked to express

an opnion on guantitative aspects of both.

The Beaudoin Oif Contains, If Any, a De Minimis Amount of the Phospholipids Carvying

Two of EP4 and DHA

36.  The conclusion of the White Declaration, that Dr. White could not find any species of
phospholipids carrying two of EPA and DHA within the detection limits of the experiment
conducted, 18 sound. The species detected at m/z values of 826 and 852 represent amounts in a
range on the order of only 0.1 to 2.8% of the phospholipids of the 0il® 1 understand that
phospholipids represent about 40% of the total lipids in kxill oil” and thercfore, the raw data of

Tables 1 and 2 of the White Declaration shows that the aroount of phospholipids carrying two of

* See, e.g. Winther ef ¢, Elucidation of Phosphatidyicholine Composition in Krill Oil Extracted from Euphavsia
superba Lipids 46 (13 25-36 (201 1), Appendix F.

® This is based on the raw data presented in Tables 1 and 2 of the White Declaration of May 31, 2011,

7 See, Winther ef al, Elcidation of Phosphatidylcholine Composition in Krill Ol Extracted from Fuphausia
superba Lipids 46 (1) 25-36, page 29 {Appendix F, an Aker paper that stated: “the PtdCho content of the undiluted
krill oil was determined 1o be 34 & 5% {(w/w)y’); see also Beaudoin I, Table 14; ‘348 patent, Columm 15, bines 32-35.
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EPA and DHA in the total Beaudoin oil is only about 0.05 to 1.1%. This 18 a de minimis amount

of phospholipids carrying two of EPA or DHA.

37.  Unfortunately, due to the myriad expenimental errors of the Gundersen Declaration, |
cannot quantify its data.  Given this, it is my opinion that cven if there is any of the
phospholipids carrying two of EPA or DHA, it 1s hikely a very small amount. Specifically, i is
noted that Gundersen needed to turn to LO-MRM detection to allegedly find the species. LC-
MRM is a tandem mass spectrometric technique that is several orders of magnitude more
sensitive than standard LC-MS or LC-MS™" LC-MRM is usually used when the detection and

quantification of extremely low or trace levels of analyte is desired.

38.  Having cstablished that there is, at most, a de minimis amount of phospholipids carrying
two of EPA or DHA in Beaudom, I have also ascertained what percentage of infact
phospholipids, regardless of the identitv of the fattv acid chains, in the Beaudoin phospholipid
sample 15 intact. Based ou Tables 1 and 2 of the White Declaration of May 31, 2011, and the
fact that a C14/C14 phospholipid is the lowest intact molecular weight species possible in krill, 1
calculate this value to be at about 35% of the phospholipids.” Therefore, only about 15% of the

total Beaudoin oil, regardiess of the identity of the fatty acid chains, i3 intact.

{remainder of page left intentionally blank]

¥ See Elliott ef al., “Current Trends in Quantitative Proleomics.” J. Mass. Specirom., 44 {(12): 1637-1660 (2009),
Appendix C.

? {used Dr. White's raw data to do this calenlation. In making my assignments, 1 utilized the fact that krill does not
contain fatty acids longer than C14 and therefore, a phosphatidylcheline bearing two C14 moieties would be the
lowest molecular weight intact phosphatidylcholine possible. Such a species would be expected to have a molecular
weight of about 677 (this is the sum of two C14 chains, glycerol, and choline). Therefore, any sz value of 677 or
higher was classified as mtact. The same would apply if phosphatidylethanolamine is considered (molecular weight
cutoft would be about 635- the sum of two C14 chains, glycerol, and ethanolamine).
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39, I further declare that all statements made herein of my own knowledge are frue, and that
2ll statements made on information and belief are believed to be true, and Auther, that these
statements were made with the knowledge that willful false statements and the like so made are
punishable by fine or unprisonment, or both, under Section 1001 of Title 18 of the Urited States

Code, and that such willful false statements may jeopardize the vahdity of U.S. Patent 8,030,348,

LT P /7
B:\f. e;/ = e ‘r-w""’g’iuu)’wi kS

Faustinus Yeboah, Ph.D.

Dated: March 16, 2012

GRT02 vI/BN
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Faustinus (Kobi) Yeboah CV

CURRICUL UM VITALD

Faustinus Kwabena Yeboah
1154 Rue Des Hirondelles, Longueuil
J4G 4C6. Guebec.
Tel.: (4503-928-0162

F-mail.: viausting

SUMMARY:

I currently provide cousultation

»  Bio-process development and optimization {Recombinant proteins production and
purification, Protein folding, and Natural products characterization),

»  Bio-Process scale-up

¢  Bio-analytical method development and validation (Protein and Peptide drugs, small
molecule drugs)

e Impurity identification and characterization

¢  Natural products drug discovery and characterization (Traditional African Medicinal
Plants),

¢  Pharmaceutical Developroent (Chemistry Manufacturing and Conirol)

»  Protein chenustry (Extraction, purification Structure and functional characterization)

EDUCATION:

e Ph.. (Protein/Carbohydrate Chem). MeGill University Montreal, Canada (1999}
e MSc. (Foed Chem).  McGill University Montreal, Canada (1994)
e BSc (Hon's) Chem.  University of Science & Technology (UST), Ghana (1986)

RESEARCH TRAINING:

s  Post Doctoral Fellow (Medicinal Chemistry) Chemical Bislogy Group, BRI-NRC,
Montreal (2000-02)

e Research Fellow (Natural Product Chem.) UST, Ghana (1989-91}

EMPLOYMENT HISTORY:

Birector (Bioprocess), KABS Pharroaceutical Inc. (Jul, 2011 to Present)
Leading the development of bioprocess R&D and cGMP manufacturing at KABS.

Founder & Principal Consultant PDMC Pharma Consulting, (Dec, 2009 to Present)
¢ Pharmaccutical Development,
o Bio-Process Development and Validation, cGMP Manufacturing
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o Purification process scale-up (Recorabinant proteins, Protein folding)

o Bioanalytical Method Development and Validation {protein and peptide drugs)
o  Drug product Characterization and Release

o Iopurity Identification and Characterization

Natural Product Drug Discovery and Development.

Associate Director (CMC, Drug Development) Thallion Pharmaceuticals Inc., Montreal (Nov,

2004 -

L]

Major

®

Nov, 2009}

Led the development and implementation of the manufacturing and control strategics for
clinical candidates

Dhrected APT and drug product manufacturing and release, and the supply chain management
of clivical candidates.

Contributed cxtensively to the development and implementation of CMC regulatory
strategies and submissions (IND, CTA), and served as CMC representative at meetings with
regulatory agencies (FDA, Health Canada).

Managed local and imternational collaborations relating to outsourcing of production and
research activitics, including process development, optimization and validation, and tech-
transfer.

Contributed extensively to the development of rescarch tools for drug profiling and provided
technical oversight for preclinical and chmcal ADME studies.

Achievements:

Developed a novel, scalable production and purification process from laboratory-scale
{milligram scale) to pilot production-scale (kilogram scale) of ¢GMP material of API, and
successfully oversaw the transfer of the process technologies to external and international
partners.

Developed a production department and developed and led the production of clinical
roaterials.

Reduced the cost of drug production by over 83% over a & mounth period through tnnovative
improverments to the production process and production scale-up, while at the same time
reducing the environmental impact of the production process.

Developed drug product fornmlations and a validated process for the sterile production of
injectables, as well as IV infusion delivery systems.

Developed and implemented a quality systems approach to the ¢GMP production process
that incorporated rigorous risk management, and controls, at all stages of production and
supply of AP and drug product.

Developed and managed a network of internal, external and international resources to ensure
the dehvery of high quality, safe and consistent drug supply for phases-f and I clinical trials
of two cancer drug candidates.

Co-authored 4 patents and helped develop a portfolio of Inteliectual Property (IP) around the
company’s clinical assets.

Manager {Process Development and Manufacturing) Thallion, Montreal (Apr, 2604 — Nov,

20043
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Established a production department and lead the development of processes, protocols, and
control systerns for the production and profiling of drug candidates for clinical development.
Develop and roanage external collaborations and outsourcing of pilot scale ¢GMP production of
clinical candidates.

Developed quality systeros to ensure quality assurance and control in process development,
production and documentation.

Managed the transfer process technologies, protocols and controls to CROs and CMOs

Associate Research Officer (Chemical Biology Group) Biotechuology Rescarch Institute

(BRINRC), Montreal {Aug, 2002 — Apr, 2004}

Managed the Mass spectrometry facility (Q-TOF Micromass; Sciex API HI) for the Research
centre,

Developed High-Throughput Screening methods and systerns for natural products drug
discovery

Establish a natural product library from African medicinal plants to cnable high throughput
discovery of leads from vatural products.

Developed an integrated technology using a combined analytical LC-MSMS, chemotaxonomy
and bio~-informatics for the discovery of novel bicactives fromn medicinal plants and the
identification of active principles i nutraceuticals, as a means of controiling the medicinal
ctficacy of “‘natural medicines”.

Developed High-Throughput protocols for the discovery of novel antiglycation agents, and
wethods to study glycation induced protein-cross-links that lead to the formation of advanced
glycation-end-products and the development of diabetes related heath complications.

Produced a patent on antiglycation agents and their application in preventing smoking and
diabetes related health complications. Patent is currently being developed for Eye drops for the
delivery of an anti-glycation agent that prevents and treats diabetes- and age-related
ophthalmologic pathologies.

Developed a successtul spin-off business case for the application of LCMSMS/chemotaxonomy
for the characterization Natural Health Products and nutraceutical products..

Post Doctoral Research Fellow Chemical Biology Group, BRI/NRC, Monireal. (Nov, 1999-Aug,

2002)

Research Activities:

Protein Glycation Research:

&

Development of high throughput assay to screen drug libraries for anti-glycation agents as
potential drugs for the treatment of age and diabetes related health complications.

Study of the mechanism of inhibition of anti-glycation agents.

Elucidation of protein-carbohydrate inferactions i biological systems, that leads to the
formation protein cross-links and protein fragmentation.

Mechanistic based design and synthesis of anti-glycation agents.

(a2
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MNatural Product Drug Discovery:

¢ Developed a natural products library from tropical medicinal plants that 13 ameunable to high
throughput screening.

e Development of a natural product drug discovery platform that combine chemotaxonomy, mass
spectrometry {dereplication) of medicinal plant cxtracts, and informatics (natural product
databases).

= Development and optimization of a ligh-load displacement chromatographic procedure for
obtaining pure minor bicactive components from medicinal plant extracts for the development of
high-value natural product libraries.

Mass Spectrometry:

¢ Development of multi-stage mass spectrometric methods for the identification, characterisation,
and the structure clucidation of natural products (alkaloids, terpenoids, and steroids).

¢ Protein mass spectrometry (Structure/function relationship, post-transiational modification,
Proteonics).

¢ Development of Mass spectrometric methods for the analysis of drug metabolites

Research Associate / Lab Manager: Centre for the Natrition and Environment of the Indigenous
Peoples (CINE}, Macdonald Campus of MeGiil. (1993-96).

¢ Qversaw the sctup of a food and environmuental rescarch laboratory for the analysis of
environmental poliutants in food systems.

¢ Managed the lab and provided analytical service to First Nations Peoples in Canada.

¢ Developed novel analytical methods for the analysis of pesticides, PCB, and polyaromatic
hydrocarbous in food produects used by the Native Peoples of Canada.

# Provided training to graduate students and laboratory staff on instrumental technigues, lab
safety, and GLP standards.

TEACHING EXPERIEMNCE

Faculty Lecturer:  McGill University, Departruent of Food Science. (1999- Present).
Chemistry Teacher: Teoma Secondary School, Ghana (1986-89).

Awards:

~Max Stern Recnuitment Fellowship, (A McGill University major fellowship: $14,000 per vear).
1996-1999

-National Science and Engineering Research Council of Canada, (339000 per year). 19992002

Charity Work:

Founding Member of Ghana International Health Foundation (GIHF): A Registered Canadian
Charttable Organization.

Involved in the raising of funds and providing medical equipment and supplies to Chinics and health
service centres in Ghana (West Africa)

Haobbies: Chess, Basketball, Table Tennis, Soccer.
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PUBLICATIONS:

Refereed Publications

Jean Watchueng, Pierre Kamnaing, Jin-Ming Gao, Taira Kiyota, Faustinus Yebeah, Yasuo
Korishia,. Efficient purification of paclitaxel fromn yews using high-performance displacement
chromatography techrigue. J. Chromatogr. A 1218 (2011) 2929-2935.

Gao, H. Y., Yaylayan, V., Yeboah, F. Oxalic acid-induced modifications of post-glycation activity
of lysozyme and its glycoforms. /. dgric. Food Chem., 2010, 58, 6219,-6225.

Alaoua Achouri, Joyee Irene Boye , Denis Belanger, Tiphaine Chiron, Varoujan A. Yaylayan,
Faustinus K, Yeboah. Functional and molecular properties of calcium precipitated soy glycinin
and the effect of glycation with j-carrageenan. Food Research International 43 (2010) 1494
1504

S.-J. Cho, . Roman, F. Yeboah and Y. Konshi. The Road to Advanced Glycation End Products: A
Mechanistic Perspective. Current Medicinal Cheristry, 2007, 14, 103-112.

Y Konishi, T Kiyota, C Draghici, JM Gao, ¥ Yebsah, Molecular Formmila Analysis by an
MS/MSE/MS Technique To Expedite Dereplication of Natural Products. dnal Chem. 2007 Feb
179G n1187.07

Charles P. Zuta, Benyamin K. Simpson and Faustinus K. Yeboah. Synthesis of acyiglycerols from
w-3 fatty acids and conjugated linoleic acid isomers. Biotechnol. Appl. Biochem. (2006} 43, (25—
323

Kebba Sabally; Salwa Karboune; Faustinus K. Yebaoh;, Sclim Kermasha, Enzymatic
esterification of dihydrocafteic acid with hinoley] alcohol in organic solvent media. Siocatalysis
and Biotransformation, January 2005, vol. 23, no. 1, p. 37-44.

BM Lue, S Karbounc, FK Yeboah, S Kermasha, Lipasc-catalyzed esterification of cinmamic acid
and oleyl alcohol 1n organic solvent media Journal of Chemical Technology & Biotechnology, J
Chem Technol Biotechnol | 2805 - 8(3:462-468.

Karboune 8, Safart M, Luc BM, Yeboah ¥FK, Kermasha S. Lipase-catalyzed biosynthesis of
cinnarsoylated hipids in a selected organic solvent medivm. J Biotechnol 2005 Sep
29119328190,

Sabally K, Karboune S, Yeboah FK, Kermasha S. Lipasc-catalyzed esterification of sclected
pheoolic acids with linoleny! alcobols in organic solvent media. Appl Biochem Biotechnol 2068
Qe 127(1017-27

A Achour, JI Boye, VA Yaylayan, FK Yeboak, Functional Propertics of Glycated Soy 118
Glycinin, Jowrnal of Food Science. 2008, Volume 70 Issue 4, Pages C269 - (274

Yeboah FK., Alli, L, Yaylayan, VA., Yasuo K., Chowdhury SF., Purisima EQO. Effect of
Limited Solid State Glycation on the Conformation of Lysozyme by ESI-MSMS Peptide
Mapping and Molecular Modcelling. Bioconjug Chem. 28064, 15(1), 27-34.

Yeboah FK, Alli I, Yaviayan VA, Yasuo K, Chowdhury SF, Purisima EQO. Effect of limited
solid-state glycation on the conformation of lysozyme by ESI-MSMS peptide mapping and
molecular modehing, Bioconjug Chem. 20084 Jan-Feb; 15(11:27-34

Yeboah, FK., and Yasuo, K. Mass Spectrometry of Biomolecules: Fuonctional foods,
Nutraceuticals and Natural Health Products. dnal. Les 2883, 36(15), 3271-3347.

Skopp S, Ochme M, Chu FL, Yeboah F, Chan HM. Analysis of "total toxaphene” and selected single
congencrs n biota by ion trap HRGC-EL-MS/MS using congever-optimized parcot 1ov
dissociations. Environ Sci Technol. 2082, 36(12): 2729-35.

L
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Yeboah FK., Yaylayan VA. Anpalysis of glycated proteins by mass spectrometric techniques:
gualitative and quantitative aspects. Nahrung/Food. 2081, 45 (3) 164-171

Stefanowicz P., Prasain, JK, Yeboah, FK., Konishi, Y Deciection and Partial Structure
Ehacidation of Basic Taxcids from Taxus wallichiana by Electrospray lonization Tandem
Mass Spectrometry. Anal. Chem. 2001, 73, 3583-3589.

Yeboah, FK., All, 1, Yaylayan, V.A.,, Yasuo K., Stefanowicz P. Monitoring glycation of
Lysozyme by electrospray ionization mass spectrometry. J. dgric Food Chem. 2080, 48,
2766-2774.

Chan, HM., Yeboah, FK. Total toxaphene and specific congeners mn fish from the Yukon,
Canada, Chemosphere, 2008, 41(4). 507-515.

Yebeah, FK., Ally, 1., Yaylayan, VA. Reactivities of D-glucose and b-fructose during glycation
of bovine serum albumin. J. Agric. Food Chem. 1999, 47, 3164-3172.

Yeboah, FK., Alli, I Simpson, BK., Yasuo, K., Gibbs, FB.. Tryptic fragmeuts of Phaseolin fromw
hydrolysates of protein isolates of Phaseolus Beans. Food Chem. 1999, 67, 105-112.

Chan, M., Zhy, 1, Yeboah, FK., Determination of toxaphene in biological samples using high
resolution GC coupled with 1on trap MS/MS. Chemosphere. 1998, 36(9), 2139-2148%

Kuhnlein, HV., Yeboah, FK., Sedgemore, M., Sedgemore, 5., Chan, HM. Nutnitional gualities
of ooligan grease: A traditional food fat of British Columbia First Nations. J. Food Compos.
Anal. 1996, 9. 18-31.

Belinsky, Db, Kuhnlewn, HV., Yebeah, FK., Chan, HM. Composition of fish consumed by the
James Bay Cree. J. Food Compos. Anal. 1996, 9, 148-162,

Patents:

P Morns, F Yeboah, ] McAlpine, M Ranger, E Roux, Crystalline Forms of a Farnesyl
Dibenzodiazepinene. HPO  Application EPI983997, Filed: 01/26/2007, Published:
10/29/2008. U8, Application Pub No. US20090186878, Filed: 01/26/2007, Published:
Y7/23/2009.

Faustinus Yeboah, Mustapha Aowidate, James B. McAlpine, Ashraf Ibrahim, Arjun H.
Banskota, Maxime Ranger, Gregory L. White. Phosphate Prodrugs of a Famesyl
Dibenzodiazepinone: Processes for their production and their use as Pharmaceuticals. U8,
Patent US7384935, Filed: 09/27/2006, Issued: 06/10/2008

Faustinus Yeboah, Mahmood Pirace, Process for producing farmesylated dibenzodiazepinone by
fermentation. U.S. Patent App. 11/785,226, 2887, US 2007/0254346 Al.

Faustinus Yebeah, Yasuo Konishi, Sung Ju Cho, Jittiwad Lertvorachon, Taira Kiyota, Popek
Tornasz, Anti-Glycation Agents for Preventing Age-, Diabetes-, and Smoking Related
Complications. U.S. Application Pub No. US200R0139664, Filed: 02/11/2008, Published:
06/12/2008.

Lee Soo Young Stanford; Wong Tin Kam Kathy: Jardin Barbara, Yeboah Faustinus; Kamen
Amine; Konishi Yasuo. Preparation, characterization and quantification of active fractions
that promote cell growth and recombinant-protein expression. U.S. Application Pub No.
US200350250177, Filed: 08/07/2003, Published: 11/10/2005

Conference Presentations:
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My-Anh Wioland, Ashraf Tbrahim, Francis Beaudry, Faustinus Yeboah, Maxime Ranger, James
McAlpine and Henriette Gourdea. Pharmacokinetic and ADME studies of the antitumor
compound ECO-4601. Amer Assoc Cancer Res, Volume 47, 2006,

El-Ramaht R, Ally, L, Konisht, Y., Kermasha, S, and Yeboah, ¥. Characterization of a High
Molecular Weight Flaxseed Protein. Institute of Food Technologists, Annual Conference,
(IFT) 2663.

Achourt A., Boye JL, Yaylayan VA, and. Yebeah FK, Functional Propertics of 118 Glycinin
Glycated Through the Maillard Reaction with Ghlucose. American Gl Chemist Society
Annual Conference (20662).

Boye JI., Li, P. Lenay J., Yaylayan VA., Yeboah FK., and Achourt A. Soy Protein Isclate
Glycation and Its Effect on Protein Functionality, American O Chemist Society Annual
Conference (20662).

Yeboakh FK., Stetanowicz P, Kounishi Y. Analysis of Steroids by ESI-Tandem Mass
Spectrometry: Based on the Fragmentation of the Steroid Scaffold ion. American Socicty of
Mass Spectrometry 49 Conference, (2061).

Yeboah FEK,, Alli 1, Tryptic Fragments of Phascolin. CIFST Conference (Montreal) June.
{1997}

Yeboah, FK., Ally, 1., Simpson BK., Isolation and Characterisation of Proteins from Phaseolus
Beans: Poster Presented at the CIFST Conference (Toronto) une 1993,

Invited Lectures:

Grand Mavnan Counference (Lyceurn Rescarch Company, Business New Brapswick) Title:
{nnovative Research — From Biomass to Bioactives. 2003, October. Subject: Value of
Research in Natural Health Products Development,

Lyceam Rescarch Company. 2002, October. Subject: Enhancing Matural Products Drug
Discovery: Application of Modern Technologies.

McGill University (Dept. of Food Science) Lecture Scrics: Application of Mass spectrometry
in food and environmental analysis (2000 to present)

Joumal Reviewer:

Journal of Food Composition and Analysis.
Journal of Agriculture and Food Chemistry.
Journal of Environmental Toxicology.

(rant reviewer:

National Science and Engincering Rescarch Council of Canada (NSERC).
Fonds zur Férderung der Wissenschaftlichen Forschung (Austria).
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Appendix B

Hughes et al., “Determination of Carryover
and Contamination for Mass Spectrometry-
Based Chromatographic Assays.” The
AAPS Journal 2007; 9 (3) Article 42
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Themed {ssue: Bioanalytical Method Validation and Implemeniation: Best Practices for Chromatographic and
- Mavio L. Bocel Jr, Vinod P Shah, Mavrk J. Rose, Jeffrey M Sailsiad
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Ligand Binding Assavs

Determination of Carrvover and Contamination for Mass Spectrometry—Based

Chromatographic Assays

Received: August 21, 2007, Final Revision Received: September 27, 2007 Accepred: Qctober 15, 2007, Published: November 2, 2007

Nicola €.

Biovail Contract Research, Toronto, ON ML 484

Hughes,! Ernest Y.K. Wong,! Juan Fan,! and Navgeet Bajaj!

ABSTRACT

The Third American Association of Pharmacecutical
Scientists/Food and Drug Administration Bioanalytical
Workshop, beld in 2006, reviewed and evaluated current
practices and proposed that carryover and contamination be
assessed not only during the validation of an assay but also
during the application of the method in a study. In this arti-
cle, the potential risks of carrvover and countamination in
each stage of a bicanalytical method are discussed, to explain
to the industry why this recommendation is being made.

KEywOrDps: Carrvover, contamination, extraction, chro-
matography, detection, bicanalysis, accuracy, precision, mem-
ory effect

INTRODUCTION

Sample carryover is a roajor problem that can fnfluence the
accuracy and precision of high performance hguid chroma-
tography (HPLC), Hquid chromatography-mass spectrome-
try (LC-MS), and liqud chromatography-tandem mass
spectrometry (LC-MS/MS) bicanalysis, with the conse-
quences being more pronounced at lower concentrations, !
The continuous increase in sensitivity of new-generation
LO-MS/MS msinmments, with detection hmits in the low
pg/mal range and the possibility of using wider calibration
ranges (>10%), has also drastically increased the risk of car-
ryover during bioanalysis.? Reduction of carrvover during
assay development consumes fime and resources and can
lead to reduced productivity and delays in the drug discov-
ery and development process

Carryover in general is serial 1o nature and is caused by resid-
ual analyte from a sample analyzed carlier in the run. it does
not necessarily involve only the next sarople in the sequence
and can affect several samples in a sequence, if many samples
above the calibration ranges are analyzed. Carryover can also

Corresponding Author: Nicola €. Hughes, Biovail
Contract Research, Toronto, ON M1L 454, Tel: 416-752-
3636; Fax: 416-752-7610; E-mail: Nicki. Hughes@biovail,
com

be random, where carryover from late-eluting residues on
chromatographic columng may affect chromatograms several
samples later. Carryover from analyte residues can also occur
via dislodgment from a sample’s flow path through a chru--
matographic system and mass spectrometric detection syste

Contamination, conversely, tends to be more random, and
precautions should be taken to avoid contamination during
sample preparation techivigues (extraction) using both man-
ual and autoroated procedures. The potential for contamine-
Hon and carryover is highly dependent on the calibration
range selected for a given assay.

Carryover and contaroination can affect both the accuracy

and precision of a method and should be investigated and
minimized or eliminated during method development,
assessed during method validation, and monitored rou-
tinely in study samples analysis. It is critical that unex-
pected or random carryover and contamination not go
unchecked. Unless this random carryover and contamina-
tion occurs in samples with known analyte concentrations,
such as calibration standards, quality control samples, or
placebo/predose samples, the contamination will go unde-
tected and potentially erroncous results will be reported
for individual samples, or an entire bioanalytical batch.
When blanks or low-concentration samples follow, or are
in close proximity to, high-concentration samples, there
is a potential nisk of contamination and carryover. This
article will review the potential risks of carryover and
contamination during 3 stages of & bioanalytical method
{extraction, chromatography, and detection) and provide
some mportant considerations that should be used to
assess and prevent then.

CARRYOVER AND CONTAMINATION: SAMPLE
PREPARATION (EXTRACTION}

For a bicanalytical assay, the major sources of cross-
contamination during sample preparation {extraction) are
spills, aerosols, and drips during the liquid transfer
steps.” Table 1 lists the steps required to perform 3 con-
mon bicanalytical sample preparation techniques for
small molecules and the potential risk of carryover and
cross-contamination.” For solid phase extraction there is 8

oderate risk of carryover during the sample aliquoting,

0dodb2s
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Table 1. Degree of Risk of Carrvover and Cross-Contamination Dunng Sample Preparation®

Preparation Steps Carryover Cross-Contamination 5PE LLE PPT
Aligoot sample, addition of Medium Medium NE NE 4
internal standard and reagent, mixing
SPE elution Low High 4 N
Vigorous mixing High High — N N
Transfer of supernatant/extract Medium High e N 4
Evaporation of extract Medazm High Na 4 4
Dilute extraction and mixing Medim Medium G — N

*SPE indicates
in SPE, LLE, or PPTS

evaporation, and reconstitution steps. However, the chances
of cross-contamination are quite high during the clution and
evaporation steps. The risk of cross-contamination is also
very high during the vigorous mixing of organic solvents,
supematant transfer, and evaporation steps for Hauid-hiquid
extraction {LLE) and protein precipitation (PPT).°

Marnnal Extractions

Since the carly 1990s there has been a shift toward the use
of automated Hguid handlers to carry out extractions.* Some
bicanalytical laboratories, however, still camry out these
extractions manually. Speed and throughpuot are compro-
mised in extractions done manually, but problems due to
carryover and contamination are generally Jess pronounced.
It follows that it is easier to limit, or avoid, these mitigating
effects when the sample preparation and extractions are
done manually.

There are several ways to overcome these problems during
manial extractions. For instance, to reduce or ehmnate
carryover, the glassware in which analyte stock sohutions
are prepared should not be reused for preparing other solu-
tions, such as buffers, working internal standard solutions,
and dilute analvte schutions (spiking solutions). Those
flasks should be cleaned separately (not with the other
glassware) to prevent carryover of analytes. Workbenches,
pipettes, vacuum manfolds, evaporation needles, and other
items should be cleaned with appropriate reagents before
cach extraction. Moreover, when performing extractions
for HPL{C assays, bioanalytical scientists need to be exira
vigilant if they share equipment or glassware with others.
The poorer selectivity of HPLC detection techniques means
that if reagents/solvents or commmon glassware are contami-
nated with analytes, albeit from a different assay, they may
be detectable by HPLC and influence the selectivity and
accuracy of the assay. Cross-contamination between assays
may also affect quantitation for MS-based assays, if the
cross-contamination analyte co-clates with the analyte of

sohid phase exteactiony LLE, lguid-liquid extraction; PP, protein precipitation. Check marks (v )} indicate the at-nsk steps invoived

mterest, potentially causing sequential or random ioniza-
tion suppression/enhancement.

Pipetting using bandheld devices should be done slowly to
minimize foaming and acrosol formation. Pipettes with
acrosol barrier tips are coramercially available and may be
used. The airflow through these tips reduces the flow of
acrosols or Hguid 1ot the pipetie barrel, which helps to pre-
/ent carryover and contamination.©

The sclection of appropriately sized test tubes is imperative
to avoid splashing during the vortexing steps of sample
preparatiﬂn Contamination from extraction solutions can

¢ avoided by using separate refillable botties for extraction
soivents. These bottles should be emptied and refilled daly.
In some cases countamination or interfercuce could arise
from impurities in buffers/organic solvents, such as metha-
nol and acetomitrile, and the use of high-purity reagents is
recommended.

Antomated Extractions

When extractions are performed using automated hoqud
handlers, the potential of carryover and cross-contamination
mereases because the samples are clustered together in &
96- or 384-weil format. This ph ssical characteristic, with
cach sample being in close proximity, feads more readily to
cross-contarmination. Using fixed tips is less expensive than
using disposable tips, but fixed tips are more Hkely to lead
to carryover problems. This effect is more pronounced when
the analyte is “sticky” and prone to adsorption to the surface
of the tip. Appropriate methodology involving washing and
rinsing solutions can be used for fixed tips to lower the risk
of carryover considerably m most cases, but the require-
ment for extensive washes between steps will ultimately
fect sample throughput.
Currently, there are several automated Hauid handlers that
can control the dispensing height, dispensing speed, posi-
tion of tips, and adjustment of air gap to prevent dripping
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and therehy limit contamination, Nevertheless, transfer of

organic solvents is a potential source of contamination due
to dripping. During PPT or LLE, the mixing step may gen-
crate aerosols or allow organic solvents to climb over the
barriers between wells because of capillary action. For
example, the capillary action in polypropylenc microuter
plates is highest for heptane > ethyl acetate > 75% methanol

T acetonitrile > water > $0% dimethyl sulfoxade. Capillary
action thus reduces the usable volume of the wells, thereby
affecting accuracy and precision.”

To avoid cross-contamination during the mixing steps in a
PPT oran LLE, he'lt-seaiino films can be used. Heat-sealing
films are also available with pierceable sealing foil, which
further hmits contamination. Caution should be exercised
while rernoving the films because of the potential for con-
tamination from the droplets on the film. An additional step
of centrifugation could be performed to remove the droplets.

Some automated Hquid handlers can mix the sampie using
disposable tips, which helps climinate the risk of contamina-
tion from sealing films. The bioanalytical scientist should
consider these factors in designing the analytical method and
determining when it is appropriate to use 96-well plates with
larger volume, fixed tips or disposable tips, or square well or

round well plates, and should also consider displacement of

solution from tips when tips are used for sample mixing.’

The use of suwrrogate markers or contamination markers for
LC-MS/MS s becoming very popular in tracking the cross-
contamination when extraction is performed in a 96- or a
384-well format. A surrogate marker, often an analog of the
analyte, is ionizable at the MS interface, extracted with the
analyte, and eluted in the HPLC method but not co-eluted
with the analyte or the internal standard. The method i§
developed for the analyte and the extraction recoveries, and
chromatography is determined for the surrogate marker. To
monttor the cross-contamination, high
markers are spiked in a checkerboard pattern as shown in
Figure 1. The markers are added to a clean 96-well plate and

I 8 4 W2

Figure 1. Usc of 2 additional analyvtes (A and B} as surrogate
markers®

concentrations of
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evaporated (if required}; then the spiked plate 18 used for
saraple preparation.® The presence of both markers in any
well indicates cross-contamination has occurred. The
response of an unspiked marker in the well is subsequently
measured, with the result indicating the degree of contamina-
tion.* Routine application of this technigue does add to the
time and expenses required to develop a bioanalytical method,
as extraction and chromatographic condifions for the surro-
gate as well as the analyte of mterest will need to be devel-
oped. Despite this Hmitation, the most notable advantage of
the application of this techmique is that cross-contamination
can be assessed for all samples mdividually. I significant
cross-contamination is observed, only those affected sam-
ples, rather than the whole batch, would be failed (deac-
tivated).

In cases when exiraction contamination and carryover are
not observed in control samples but are suspected {eg, upon
random sample repeat), additional investigational analysis
may be required. This will allow the cause to be identified
and appropriate and corrective action fo be performed, to
ensure the integrity of the results of other samples in the
batch, and subsequent analysis of batches.

CARRYOVER AND CONTAMINATION:
CHROMATOGRAPHY

Carryover and contamination from a chromatographic sys-
tern can be caused by residues of a previously injected sam-
ple that are absorbed on, or trapped within, the autosampler.
Carryover can also be caused by residues on columns that
may randomly affect chromatograms several samples later.
There are any publications that describe measures to deal
with autosampler carryover, but only a few discuss column
carryover. This section discusses autosampler carryover, the
origing of carryover, and the means to overcome issues asso-
ciated with column carryover.

Types and Features of HPLC Carryover

The primary causes of HPLC carryover can be divided into
2 categories: autosampler carryover and column carryover.
Autosaropler carryover results from the residue of a previ-
ousiy injected sample absorbed on and/or trapped in the
autosampler needle, injection port, transfer tube, sample
loop, or injector valve. Typical autosampler carryover has a
similar retention time to that of the analyte, This often intro-
duces a positive bias (% relative error} and conseguently
has a major impact on the accuracy of guantitation, most
significantly at lower analyte concentrations, Column car-
ryover, however, can be caused by the residue of a previ-
ously injected sample on the colummu, both in its original
form and occasionally in different forras of the analyie
{eg, analyterreagent adducts and analyte dimers)® that can
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decompose in the ion source back to the original form of the
analyte. Typical column carryover has uncertain analyte
retention thmes and often generates random error that affects
mainly the method precision.

Interaction Mechanisms and Solutions Used to Reduce
HPLE Carvyover

Autosampier carryover is largely associated with the
mteraction of an analyte with the flow path components of
the system; it has a close relationship with the chemical/
physical characteristics of both the analyte and the analysis
system. Analysis of extremely basic and hydrophobic com-
pounds can be particularly problematic, because of their
tendency to be present in a charged form and to adsorb to
the sample path of an autosampler through tonic interaction
with metallic surfaces and through hydrophobic interaction
with plastic maaeriaisﬁ Great efforts have been made by
scientists and engineers to redice carryover in 2 ways: by
removing it by rinsing, and by preventing it in the first
place.”# Rinsing can be effective, but selection of the
most effective rinsing solution, optimized for time, is no
trivial matter. Rinse solution chemistry can have a huge
tmpact and should be carefully considered to best counter-
act carryover. “Like dissolves like” is the primary rule to
follow. Generally speaking, acetonitrile or 0% acetoni-
trile 18 an acceptable choice for vinsing/rernoving analytes
adsorbed by hydrophobic interaction (eg, lipophilic com-
pounds). A more protic solvent, such as methanol or 0%
methanol, is an alternative for more polar lipophilic com-
pounds. Acidified acetonitrile, alkalized acetonitrile,

methanol/isopropanol/water solution is quite efficient
&nd universally used to dissociate analyte adsorption
caused by dipole-dipole and ionic interaction (hydrophilic
compounds).

Matching the pH to the organic/water or buffer ratio of the
rinsing solution can dramatically redace carrvover since the
pH of the rinsing sohition influences the analyte charge
state. For example, a basic compound exists m a positively
charged state ander acidic and neutral conditions and is
uncharged in alkaline conditions. An acidificd organic/water
or an alkalized organic needle/valve wash solution is usefud
n remaoving it, but selection of an acidified organic or alka-
lized organic/‘vvater solution will greatly compromise the
rinsing effectiveness. This effect occurs because when
charged (mmzad) a basic compound casily dissolves in
organic/water or acidified organic/water sohutions. How-
ever, in an uncharged state, it has more affinity toward pure
organic or alkalized organic needie/valve wash solutions.

The pK, of an analyte i a good indicator that should be
considered when making pH adjustments to the needie/
valve wash solutions. For an analyte that is bard to dissolve
in common solvents (methanol, acetonitrile, or agueous

mixtures thereof), strong solvents such as tetrahydrofuran,
dimethyvisulfoxide, or a halohydrocarhon {(eg, methylene
chioride} can be used. Use of such strong solvents can, how-
cver, cause nonmetallic wbing to swell, which greatly
reduces the rupture pressure of the tubing and should be
avoided under ultra performance chromatography (LUPLC)
conditions. An ion pair reagent such as perchloric acid can
be used as a rinsing solution, to reduce sample adsorption
caused by iomc or coordination nteractions, but the possible
effect of the counterion should be considered in MS-based
a8says, as it may suppress ionization. Also, the introduction
of any nonvolatile ion pair reagents into the MS system
must be avoided.

Most modern autosaroplers are equipped with 2 or more
negdle- and valve-wash Hines, allowing multiple rinses to be
performed. The fivst rinsing sohition removes analyte resid-
ues and involves a weaker solution or mobile phase. The
last rinsing selution has better compatibility with the detec-
ton system. If only | needle- or valve-wash for the autos-
ampler is available, the options for selecting suitable rinsing
solutions are more hmited, and the compatibility of the rins-
ing schution with the roobile phase mwust be considered.

Autosampler Design

Many improvements have been made in autosaropler design,
materials, and technigues to prevent or Hmit carryover. The
first is the “push-to-fill” design, which is an automated ver-
ston of a manual injection. In this design, a needie attached
to a motor-driven syringe s mooved to the sample vial, is
filled, and then transfers the sample fo the injection loop.
The valve rotor is moved, and the sample is injected. Any
sample residue left inside the needle, the syringe, or the
connecting tubing can be flushed out with a wash solvent or
rinsing solution. Another sctup mvolves the “necdic-in-
loop” design, which combines the needle and loop as |
component, so that both the needle and the loop are flushed
with the mobile phase during the sample clution and no
additional internal rinsing of the needle is required. As ring-
ing takes place during the chromatographic run, it is best to
lcave the loop n the inject position during the entire tun for
maximum Hoshing, especially during gradient elution chro-
matographic methods. An alternative design is the “load-
ahead” autosampler, in which the loop is removed from the
inject position before the run is complete. This may have
the potential for less thorough flushing of the inside of the
loop

Carryover can also resull from sample residue left on the
outside of the sample needle. The vial septum is the first
fine of defense to remove any residue on the outside of the
needle. A well-chosen septum will act as a “squeegee” and
wipe the outside of the needle. Polymeric septa, such as sili-
cone or polytetrafluoroethylene-faced silicone, work well
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i this regard. In the “needle-in-loop” design, there 18 nor-
mally no valve wash but there is an external needle wash to
avoid injection seal contamination. There are 2 common
techniques for external needle wash. The first technique is
“dip only,” which is a static dip approach used to wash the
external needle by dipping it into a vial of wash solvent, The
second technigue s the “active rinse,” in which the needle
is dipped into a wash station with wash solvent flowing on
the outside of the needle. This approach is slower but more
effective than a static dip technigue, but the static dip is bet-
or than no rinsing at all,

Over the vears, mjection needle coatings have been devel-
oped to prevent carryover caused by basic or ionic com-
pounds adsorbed to metallic needle surfaces (eg, stainless
steel alloy) by ionic or coordination interaction. Three kinds
of conumon needle coatings are comumercially available:
Teflon, polyetherctherketones (PEEK), and platinum. Teft
lon coating is mechanically weak {coating lavers can peel
off after ~300 injections). PEEK is a thin-layer coating {of a
few dozen microroeters) that is technically complex, is
chemically stable, and has utility across a broad pH range.
Platinum coating is afso a thin layer (of a fow micrometers)
and due to a special coating process is very durable and can
last more than 20 000 injections.

Adsorption of lipophilic analytes, via hydrophobic interac-
tion, with resinous materials on rotor seals can be a signifi-
cant cause of carryover. Vespel is common material
eroployed in rotor seals with excellent durability, but unfor-
tunately it has a strong affinity for lipophilic molecules.
Delrin is another common material that can be used with an
alkaline mobile phase with Hitle adsorption of hydrophobic
compounds. PEEK scals are also available and can be used
with the mobile phase across the entire pH range with little
adsorption of Hipophilic compounds.

Column Carryover

Column carryover is very compound-dependent and is
related mainly to analvterreagent mteraction. The so-called
sticky analytes often have umique chemical and physical
characteristics. Compounds having active positive carbon
atorns in the molecule, or strong electron withdrawing
groups (eg, fluoride ions), bave a strong tendency to form
adducts with commeon organic, acid, salt, and solvent ions.
Compounds that contain dipolar ions or are rich in hvdroxy
groups can form low-molecular-weight polymers {typically
dimers) at high concentrations, The different adduct or
polymer forms of an analyte can then decompose in the ion
source {by in source collision-induced dissociation} back to
the original analyte form and cause random carryover- and
contamination-hike eiffects that can affect the quantitation of
the assay. These 2 cases may be thought of as late-cluting
interference effects but should also be considered as a spe-

cial case of carrvover due to analyte iteraction with the
mobile phase, exitending analyie retention on the column.
This type of carryover can be observed as a highly variable
analyte response, particularly at low analyte concentrations.
The potential for this type of analyte-adduct formation or
polymerization should be taken into account during the
method development process. Precautions should be taken
to avoid adduet formation or analyte polymerization during
extraction, chromatography, and detection. Gradient clution
could be considered an option for removing such effects
when adduction or polymerization cannot be minimized
effectively. The extended interaction of basic compounds,
caused by ionic interaction with active acidic sites on
sibicone-based stationary phases, is well known. Careful
sclection of column chemistry wili provide many good
options to overcome this kind of problem.

Assessment and Accepted Criterion for Autosampler
Carryover

Carryover can be assessed by injecting 1 or more blank
samples after a high-concentration sample or standard.! The
commonly accepted criterion for carryover is that the peak
arca of the analyte in a blank samplc that follows a standard
prepared at the upper bt of quantitation (ULOQ) must be
less than 20% of the peak area of the lower limit of quantita-
tion (LLOQ) sample. This eriterion is closely correlated to
the dynamic range of a bioanalytical assay. Considering that
carryover is proportional to the concentration of analyte m
the preceding sample, the higher the concentration of the
preceding sample, the higher the peak arca will be i the
sample that follows. Therefore, the selection of the LLOQ
of an assay is directly related to the ULOQ and any subse-
quent carryover. In addition, because the peak response
from carryover in the blank sample 15 also directly related to
the sensitivity of the detector, the absolute peak response
may vary from day to day or from system to system for the
same analyte. Therefore, autosampler carrvover evaluation
should be performed for cach analytical run to ensure that it
does not affect the accuracy of quantitation. An assessment
of autosampler carryover may be challenging when the
response of an analyte at the LOGQ is close to the bt of
detection, where it may be difficult to accurately differents-
ate carryover from background noise. ko such cases, addi-
tional experiments may be required when considering the
wapact of any carryover on the integrity of the data.

CARRYOVER AND CONTAMINATION: MASS
SPECTROMETRY BETECTION

Artifaciual Contamination Caused by Cross-Tulk

“Cross-taik”™ 15 caused by the slow removal of ions from
the collision cell.! This can become a problem if different

0dobb52



The AAPS Journad 2807; 9 (3) Article 42 (hitp://www.aapsj.org.

analytes of interest have the same monitored fragment ions.
For example, cross-talk occurs when fragment ions from
the first mass transition scan event of an analyte have not
cleared the collision cell before a second mass transition
scan event of another analyte takes place. The impact of this
cross-talk leads to signal/response artifacts in the next mass
transition, so 1t has an impact on the quantitation of the ana-
tvtes of interest. Modern triple-guadrupole mass spectrom-
eters have been redesigned so that collision cells evacuate
the ions quickly before the next mass transition scan event
takes place.!® For the old mass spectrometers, this problem
still remains, but it can be resclved by adding a “durnmy ton
transition” scan event between the 2 avalytes of interest,
and thereby allowing time for the collision cell to empty of
the common fragment ton, which eliminates the “artifactual
contamination” caused by cross-talk.

Intersprayer cross-talk!”18 has also been reported using
multiplexed electrospray technology. Aun evaluation of the
cross-talk effect using this type of mass spectrometer plat-
form should be considered in the development and applica-
tion of methods that use this technigue,

Memory Effect §: Column Carryover

Memory effect 1 1s observed as an elevated, downward-
drifting basecline in a biank sample analyzed after a high-
concentration sample.’? This suggests that the analyte from
the previous mjection was still eloting off the cohumn at the
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cak tatling:
{a) ULOQ sample magnified to show peak tailing; (b) peak
tathing from ULOQ () causes mernory effect in blank saraple
that follows; {c) modification of chromatographic conditions for
ULOQ; (&) no memory effect in blank that follows ULOQ (o).
ULOQ indicates upper himit of quantitation.

time when the blank injection was made. The elevated base-
Huoe 18 in fact the tail of the peak from the previous injection
(Figure 2). This 15 commmon for analytes that exhibit strong
mteractions with sifanol groups on the chromatographic
cohumn, and that have a very short run time, such that the
anaiyte peak has had insufficient time to fully chute from the
columu. This raised baseline in the subsequent samples may
affect the analyte if present at low concentrations—that is,
the peak becomes hard to accurately differentiate from the
background noise. This problem can be improved by selec-
tion of end-capped columus to minimize the residual silanol
effects, careful selection of the mobile phase pH, and adjust-
raent of the chromatographic run time.

Memory Effect 11: Additives Such As Triedhylamine

If triecthylamine (TEA) has been used in the mobile phase for
1 assay, anv residual THA that remains in the systen may
carry over and have a negative impact on the guantitation of
an analyte of interest for subsequent analysis 20 TEA strongly
adsorbs on the surfaces of the mass spectrorpeter and can
produce ion suppression of other analytes, particularly for
those present in low concentrations with low detection lim-
its. Henee an evaluation of the impact on the quantitation of
these analytes is required and if necessary a thorough clean-
ing of the system may be imdicated to remove or reduce the
impact of carrvover and contaraination froro residual TEA.

Chip-Based Technology

In chip-based technology, electrospray ionization (EST) is
mtegrated into a chip format to form an array of ESI noz-
#les.?! This technology is similag, in principle, to flow mjec-
tion analysis in that cach sampic has its own unigue spray
(ESI nozrle) and no chromatography. This MS-based
approach has the advantage of directly introducing each
sample wto the mass spectrometer without the mobile phase
or any common sample flow path. The possibility of injec-
tion and chromatographic carryover is therefore completely
chminated, and extended cahibration ranges can be used.
The major disadvantage of this chip-based analysis format
1s that the analyte may co-elute with its metabolites or there

1ay be endogenous matrix interferences, because of the
absence of chromatographic separation. lon suppression
can be significant, and if if is not consistent from matrix to
matrix, quantitation of the analyte can be affected. This type
of approach 18 also not suitable for the differential quantita-
tion of isomers (structural or enantiomers), because without
chromatographic separation, the isomers cannot be differ-
entiated by the mass specirometer alone. This approach has
significant Hmitations for quantitative application of bican-
alytical methods to support human chinical trals. Con-
versely, the lack of carryover, and hence the time required to
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minimize i, is particelarly advantageous during drug devel-
opment. Using this technigue, high-throughput screening of
a large number of samples over wide calibration ranges is
achicvable, with no risk of an iropact from carryover and
contarnination.

Purity of Stable fsotopic-Labeled Internal Standards

The purity of stable isotopic-labeled internal standards,
which are commonly used in bicanalytical assays, is an
impcr‘c;mt consideration. For example, if the D, of a deuter-
ted jnternal standard 1s present in a significant amount,
appa;ent contamination” from the infernal standard can
affect the quantitation of an analyte, and in such cases the
concentration of the internal standard used needs to be care-
fislly selected relative to the LOQ of a given assay.

CONCLUSION

it 18 clear that cach stage of bioanalysis {extraction, chro-
matography, and detection} is susceptible to risk from car-
ryover and contamination. These effects can be both serial
and randorm. During method development and vahidation,
these risks should be understood, and steps need be
taken to ensure they are eliminated or minirnized. While
there is no standard acceptable magnitude of carryover
and contamination for a passing bioanalytical run, it is
most typically assessed in blanks analyzed after the high-
est calibration standard. During the routine application of
bicanalytical methods in support of preclinical and chini-
cal trials, this type of assessment must be performed for
each batch of analysis. It is imperative to ensure that car-
ryover and comtamination do not affect the fn-process
accuracy and precision of the method and thereby guaran-
tee the integrity of the results gencrated for all samples
analyzed. When unexpected/unplanned occurrences of
carryover and contamination do occuy, the bicanalytical sci-
entist youst interpret the impact on the results and carry out
the appropriate corrective action to climinate further
occuIrences.
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Current trends in guantitative proteomics

Monica H. Elliott,® Derek 5. Smith,® Carol E. Parker® and Christoph
Borchers®b*

it was inevitable that as soon as mass spectrometrists were able to tell bislogists which proteins were in their samples, the next
guestion would be how much of these proteins were present. This has turned out to be a much more challenging question.
in this review, we describe the multiple ways that mass spectrometry has attempted to address this issue, both for relative
guantitation and for absolute quantitation of proteins. There is no single method that will work for every problem or for every
sample. What we present here is a variety of techniques, with guidelines that we hope will assist the researcher in selecting the
most appropriate technique for the particular biclogical problem that needs to be addressed. We need to emphasize that this
is a very active area of proteomics research — new guantitative methods are continuously being introduced and some ‘pitfails’
of slder methods are just being discovered, However, even though there is no perfect technigue ~ and a better technigue may
be developed tomorrow - valuable information on biomarkers and pathways can be obtained using these currently available
methods. Copyright © 3009 John Wiley & Sons, Lid,

Supporting information may be found in the online version of this article,
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introduction

The ability to accurately quantitate changas in protein expression
in response to a variety of changes is one of the most important
goals of prateomics.!”! The development of mathods for accurate
protein quantitation is currently one of the mest challeng-
ing -and rapidly changing - areas of proteomics. Whether
ohbserving protein expression during stem cell differentiation,!”
or investigating changes in host protein concentrations during
a viral infection, researchers need accurate and guantitative
protaomics techniques in order to answer bielogical and
biomedical questions. The currently available methods which are
kst suited for a particular projact depend on multiple factors
including the source of the samples, the number of samples, the
number of treatments being compared, the type of equipment
available, and, of course, the expense and time required.

Quantitative proteomics can be categorized into two types:
absolute and relative. Absclute gquantitation determines changes
in protein expression interms of an exactamount or concentration
{e.g. ng or nmoles per gram of tissue, or ng or nmoles/ml of
plasma) of each protein present, whereas relative quantitation
determines the up- or down-regulation of a protein relative
to the contrel sample, and the results are expressed as ‘fold’
incraases or decreasas. The decision to use absolute or relative
quaniitation will depend on whether it is necessary to find the
exact concentration values or just the ‘differences’ between
the various treatments. it should be noted, of course, that
even ‘absolute’ quantitation is relative - relative to an internal
standard.

From a practical point of view, to determine ‘differences’,
one sample can simply be compared to another. For absolute
quantitation, however, the absolute amount of material in the
reference sample must be known. This means thai standard
known amounts of the target proteins or peptides must be
available for all of the targeted analytes. This is not a trivial
requirament, as will be clear from the discussions below.

Targeted Absolute Quantitation
Multiple reaction monitoring

In its simplest form, guantitation can be done by comparing
kev characteristic ions from the labeled and uniabeled standard
with respect to the peak heights or peak areas of labeled versus
unlabeled analytes. Online separation can be added to increase
the specificity of the assay. Targeted quantitation of analytes
based on isctopicaily labelad internal standards has been used
for GO/MS since 198180 and for LC/MS since 1987 or sarlier 4%
To improve the sensitivity of the assay, instead of scanning all
of the possible m/z values, only selected ions can be measured.
This selected ion monitering (SIM} technique can improve the
limits of detection for an analyte by several orders of magnitude.
Monitoring selected parent or fragment ions comparad with
corresponding lons fron isctopically laheled standards has been
used forat least 40 years. In 1996, Barr et of. measured the amount
of apolipeprotein A-1in, a purified protein reference standard by
synthesizing deuterium-labeled peptides corresponding to their
native counterparts formed by proteclysis.® An example of a
gquantitation study based on SIM with labeled internal standards
is shown in Fig. 1 below.

The development of tandem mass spactrometry greatly
enhanced the accuracy and specificity of analyte guantitation
through the use of selected reaction monitoring (SRM). In this
form of guantitation, precursor/fragment ion pairs are monitored.

S

= Correspondence ro: Chiistoph Borchers, University of Victoria, Biochemistry &

Microbiology, 4464 Markham Street, Suite 3101, Victoria, British Columbia,
VBZ7X8, Canada. E-mail: christoph@proteincentre.com

a University of Victoria Genome BU Proteomics Centre, British Columbia, V87 7X8,
'y
Canada

fnd
O

University of Victoria, Department of Biochemistiy & Microbiology, British
Columbia, VBZ7XE, Canada

WWWMWWWWW

J. Mass. Spectrom. 2009, 44, 1637 - 1660

Copyright © 2009 John Wiley & Sons, Lid.

o
i

.




s ]
SR TRGMNETRY

M. H. Elliott et al.

S

WSS A%
Intenxdty (ooumtsis) intensity {eounteis)

p40

Intansity (e x 185

Ehiatine S jming

a2
Efution e (ming

Figure 1. M5, MS/MS and extracted ion chromatograms (XIC) for labeled and uniabeled peptides from flotillin 1 and B-tubulin. Reprinted from Ref. [71,

with permission.

This type of analysis has been performed on triple-quadrupole
instruments formore than 30 yearsand has become commonpdace
in both clinical and industrial settings. [t is now routinely used for
protecmics and metabolomics,

In a triple-quadrupole mass spectrometer {(Fig. 2}, high sensi-
tivity and specificity are achieved by only allowing a selected
peptide to pass through the first quadrupole and enter the colli-
sion cell {Q2). Inside the collision call, the peptide dissociates into
fragmentis specific fc the amino acid segquence of the precursor
peptide. A second stage of specificity is added in the second MS
{03}, and only a specific fragment is aliowed to pass through and
strike the detector. By repeatedly cycling through a list of SRM
ion pairs associated with a set of specific retention times, muitiple
peptides can be targeted in a single multiple reaction monitoring
{MRM) experiment.

MRM gquantitation is ideal for proteomics because the MRM
scan type allows for targeted detection of analytes from a complex
background.®! Typically, in an MRM experimant, a stable isotope
labeled analog tothe targetanalyteis spikedinto the sample matrix
and the mass specirometer is set {o scan only for the diagnostic
fragment ions of both the analvte and the spiked compound,
Quantitation is determined using the relative response of the
spiked compound to the target analyte.

The application of the MRM technigue for the absolute
guantitation {AQUA) of proteins was first introduced by Steven
Gygi in 2003.% Gygi et of. proposed that protein concentrations
could he determined by quantitating their componant tryptic
peptides. This means that instead of protein quantitation, one
is actually performing peptide guantitation. A known amount of
isotopically labeled tryptic peptides is added to a tryptic digest of
a complex protein mixture in order to monitor changas in protein
exprassion, Now protein guantitation can be performed in the
same way that small molecules have been guantitated for decades,
A general appreach 1o this technique can be found in Ref. [11].

Absclute quantitation workflows include stable isotope labeled
78, 77¢, or PN) versions of the targeted peptides. The endogenous
and isctopically labeled peptides co-elute (or nearly co-elute in
the case of deuterated standards) from reversed-phase high-

performance liquid chromatography (HPLC) columns, and will
hehave identically in the mass spectrometer with the exception
of the introduced mass shift. Both versions are monitored and
quantified, and their concentrations are determined from the
relative responses {peak heights or peak areas} of the spiked-in
compound to the target analyte.

This approach is usually limited o a small number of
presalected proteins because suitable internal standards need to
be identified and synthesized.!? However, a method has recently
bean devaloped in our laboratory for the MRM-based guantitation
of 45 proteins in human plasma Fig. 3311

There are three steps to designing an MRM assay for proteomics
hiomarker studies: First, the farget proteins have 1o be selected,
2.g. from the set of differentially exprassed proteins found in the
biomarker ‘discovery’ experimants.

Second, peptides have to be selected which have good MS
responses and uniguely identify the target protein. Finally, the
fragment ions for each peptide that provide the best signal
intensity and discriminata the targeted peptide from other species
presant in the sample have to be selected. Even after the targeted
proteins have been selected, developing an MRM methed for
quantifying their peptides in a plasma digest, which may contain
hundreds of thousands of proteing, is a daunting task. This process
is described in Ref. {12 and is diagrammed in Fig. 4.

As mass spectrometry-based proteomics moves from the
‘discovery’ stage to the verification and validation stages, new
bicinformatics software packages are being developed 1o assist
in MRM-based assay development. There are already ‘libraries’
of MRM transitions currently in use for the targeted analysis
of drugs and small molecules'® Thare i new software for
predicting proteotypic peptides’{Le. peptidesthatare consistently
observed from a given protein),' ! calculation of unigue peptide
sequences for target proteins,!'® predicting peptide intensities in
MALDIY? and ESIP®T and new libraries of MBRM pairs for target
proteins {cancer biomarker peptide libraries,"™ yeast®™ and
other hibraries generated from data in the literature or the Global
Protecme Machine Databasel?™). There are several new software
packages that have been developed to calculate MRM transitions.
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These software packages include Skyline SRIM/MRM builder 22 -24]
AB's MRMpilot,*™! Agilent’s Peptide Optimizer and Dynamic MRM
software?® and MaRiMba, 2} MRMaidi®® and MRMer.**  There are
also several fibraries of MRM ion pairs currently being devaloped
from literature data. These include new libraries of MRM pairs for
target proteins {cancer kiomarker peptide Hbraries,'” yeast,®% a5
well as other libraries generated from data in the literature or the
Global Proteome Machine Database 2!

Once the transitions have been selected, there are software
packages designed to streamiine the tuning process. PROMS was
developed in 2001 for a PE Sciex APl 2000 and automatically tunes
the instrument to optimize the instrument conditions for each
selected precursor/production pair.®™ Although this software was
designed for small-molecule analvsis, with each MRM optimization

taking 2-3 min per compeound, it should be possikle to use this
software for peptides as well. One instrument company (PE Sciex)
has similar software for the ABl 2000 and ABRI 3000 ion fraps
1o select and optimize tuning conditions for MRM transitions
(Automatoni®! Waters Corporation’s QuanQCptimize software
performs a similarfunction for the Micromass triple quadrupela 3%
We have found, however, that empirically determining the
optimum instrument conditions can resultinafactor of 10 increase
in sensitivity compared to using literature-based settings.

Advantages and disadvantages

Because the internal standard is always present in the sample, its
presence provides a useful confirmation that the instrument is
functioning properly. The internal standard, bacause it is present
in every sample, means that more accurate expression ratios
can be calculated. It is not possible 1o calculate an accurate
Treated/control” exprassion ratio if there is no peptide detectad
in the control sample. With an internal standard, i no signal is
detected in the sample, and the internal standard IS5 detected, then
you can be cerfain that the lavel of that peptide in the sample is
below the detection limit.

For an expariment with multiple treatments, the use of an
internal standard ensures that all of the treatments can be
comparad with each other {e.g. treatment 1/control, treatment
2/control, allows the calculation of treatmentl/treatment 2). in
labei-free guantitation, the control peptide may not always be
present or may not be detected. The internal standard also
corrects for suppression effects or imeproducibility in sample
processing ~ at least when these problems occur after the point
where the standard is added to the sample.

We have found that if isotopically labeled peptides are addad
prioy to digestion, this sometimes produces elevated and unpre-
dictable results. Therefore, stable isotope standard (SI5) peptides
should be added post-digestion'¥ Because the internal standard
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tions, Reprinted from Ref. [12] with permission.

is added after the digestion step, this method of quantitation can-
not carract for variable and unpradictable [osses that occur during
the sampie digestion/processing steps that occur prior to the ad-
dition of the reference standards. Y However despite this flaw, 'this
highly accurate methed of guantification has hecome the geold
standard of MS-based proteomic quantification'!! Applications
of this rapid and selective form of quantitative mass specirom-
etry include the analysis and validation of potential biomarkers
in a large number of clinical samples or for measuring the levels
of particular peptide modifications, such as ubiguitination[113%
A multi-labaoratory study has recently been completed evaluat-
ing the reproducibility of MRM-based guantitation of proteins in
plasma ¥

MRM analysis with labeled internal standards is capable of
sensitive {attomole) and absolute determination of peptide
concentrations across a wide dynamic range of 103104 11134-39
One of the strengths of this quantitation method is the low

coefficients of variation (CVs) which can be obtained. The
amount of internal standard added for esach peptide can bhe
optimized to obtain low CVs (5-10%).1"% This amount will be
different for different proteins, and is a function of the protein’s
individual relative abundances within the sample, This precision
and accuracy makes this method attractive to researchers inclinical
or pharmacological laboratories.

Bacause ofthe use of alabeledinternal standard, ion suppression
and matrix effects are less of a problem than in the label-
free methods described later, because the standard and the
native forms will be suppressed to the same extent. However,
sample complexity can limif the sensitivity of the MRM assay
for the detection of low-abundance proteins in the presence
of high-abundance proteins. Using online HPLC coupled to a
mass spectrometer further complicates the detection of low-
abundance proteins, because an HPLC column can only be loadad
with a fixed amount {typically 1 129 on 75 i Ld. nanoflow column}
of protein. Thus, the amount injactad may not contain encugh
peptide from a low-abundance protein for it to be detected by
the mass spectrameter, Plasma, for example, may contain more
than 10 000 protein species!*™ which can have a dynamic range
in concentration that spans 10 orders of magnitude, with 20
proteins making up 95% of the total protein mass.* ! The most
abundant proteins in serum and plasma can be depleted using
an immuncaffinity column, usually the 8,12 or 14 most-abundant
proteins, depending on the manufacturer of the column. Depletion
suffers from two problems, however, The first prokblem is that
the columns only remove 80~-90% of the targeted proteins ~ it
is possible, therefore, to stiif have 107 excess of the abundant
proteins. Tha second problem is that non-targeted proteins which
bind to the targeted proteins can be removed as well. This can
intreduce an unwanied scurce of variation, The third problem,
especially for tissue samples, is that the antibody columns
recognize the proteins in their native conformations, while the
protocols to extract the proteins from the sample may denature the
proteins. To date, immuncaffinity depleticn is unable 1o provide
the sensitivity required to discover novel proteins found at the
lowest levels in plasmal?

MRM combined with immunoenrichment

An alternative to immunodepletion is to use antibodies to envich
the sample in target proteins or peptides. Two methodelogies that
have shown promise in improving the sensitivity of the MBM assay
by enriching the target from a complex background are Stable
isotope Capture by Anti-Peptide antibodies (SISCAPAN* and
immuno-MALD] iMALDH.F34% Roth methods use similar sample
preparation steps, in that isciopically labeled peptides are added
to the tryptic digest of the sample, followed by the addition of
anti-peptide antibodies covalently bound to beads (magnetic or
non-magnetic). The background, unkound peptides are washad
away and the guantitation is performed by mass spectrometry.
SISCAPA: In SISCAPA, the sampile is eluted from the beads prior
1o MRM analysis using electrospray ionization (ES) on a triple-
quadrupole mass spectrometer? SISCAPA has been shown to
increase the sensitivity of MRM by 3-4 orders of magnitude.™’]
IMALDE: In IMALD, the beads with the affinity-bound peptides
still attached are placed directly on a MALDH mass spectrometar,
and the MALDI matrix solvent elutes the peptides from the beads.
The presence of the peptide, and its peak height or peak area,
is then determined from an MS spectrum.t®* in IMALDI, the
peptides are confirmed with MS/MS, but the guantitation is
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normally performed in the MS moda, (SISCAPA, in contrast, is
based on MRM.} This means that, in principle, you could do IMALDI
even with only a MALDEMS instrument. IMALDI can also be used
in the MRM mode on MALDI-MS/MS mode ~ this is calied iMALDIT,

Advantages and disadvantages

An advantage of SISCAPA over IMALDI is that the dynamic
range of a triple quadrupole mass spectrometer is higher than
that of a MALDI-TOF/TOF. In addition, 3 ‘screening’ experiment
for determining sensitive peptides (i.e. potential SISCAPA target
peptides) from a complex mixture can be carried out with LL/ESH
MS/MS. This screening could, of course, be performed by LC-MALDI
for potential IMALDI target peptides, but LC-MALDE is still less
commoniy available than LC-ESYMS/MS. An advantage of iIMALDI
i that it requires less sample handling and is more rebust and
faster {because SISCAPA inveolves the use of L), Because SISCAPA
is LC-MS based, itis also susceptible to cross-contamination during
the analysis; IMALDH s not.

iIMALDI s also somewhat less targeted than SISCAPA. We have
recently demanstrated that IMALDH is able to detect variants of
the target peptide which can still be captured by the antibody B9
However, the design of a few MALDH instruments {e.g. the AB
4760 MALDETOF/TOF) makes them more susceptible to possible
contamination by dislodged beads, so this should be checked with
the manufacturer before performing IMALDI experiments.

Relative Quantitation

Relative guantitation is based on the introduction of a chemically
equivalent differential mass tag that allows the comparative
guantitation of proteins in one sample to another. The lakels
change the mass of a protein or peptide without affecting the
analytical or biochemical properties.[?”! Differential isotopic labels
can be introduced metabolically, enzymatically or chemically
and - depending on the method used ~at either the peptide
or the protein level A strategy involving reversing the labeled
and unlabeled sample to assist in detection of changes between
treatments was developed by Wang et o, for 20 labeling ¥ and
then was extended to other labeling technigues, including N
labeling!™ and iICAT.BY

Metabolic labeling

Metabolic or invivo labeling involves the incorporation of stable
isotepes during protein biosynthesis. During cell culture, cells are
provided with madia containing isotopically labeled amino acids
which will be incorporated into the proteome during normal cell
growth and division. The advantage is that samples grown with
different labeled amino acids can be pooled prior to the sample
preparation and analysis steps. This technique, however, is not
applicable to ali sample types but is limited to situations where the
cells are metabolically active. As aresult, metaboliclabeling cannot
be used on tissue samples or biofluids ¥ Metabolic labeling has
been usad for relative protein expression studies since at least the
early 1980s, but this work usually involved '4C, 3H, 32P or ¥S with
separation by isoelectric focusing (IEF) and polvacrylamide gel
electrophoresis {PAGE) gels, and guantitation by autoradiography
or radioactivity detection. An early application of stable isotopic
labeling with mass spectrometric detection for protein analysis
was done by Raap et al., In 1990, using GC/MS detection, B!

15N

The firsttype of metaboelic labeling appliad to MS-based proteomic
analysis was N labeling. Metabolic labeling of veast using
BN-labeled growth medium, followed by in-gal digestion and
LC-ESI-MS/MS identification of the proteins and determination of
the ratios was performed by the Chait group in 1999.52 This study
involved bakar's yeast grown in medium that was more than $6%
enriched in "ON, which resuits in the replacement of sach "N
with 5N. In 2000, metabalic "N labeling of yeast was done by
the Srith group using LC-FTICR,53 with peptide identification
and expression ratios determined by using the accurate molecular
waight's {mw) of the paptides as ‘accurate mass tags' >4

Advantages and disadvantages

N labeling can be a good choice for autotrophic organisms such
as plants and bacteria. Because these organisms can synthesize
their own amine acids, the incorporation of isotopically labeled
amine acids from the medium {as in Stable Isotope Labeling by
Amino Acids ISILACH would not be complete, in Argbidopsis
thaliona, 75% incorporation was reported using isotopically
labelad amino acids, whereas »95% incorporation was reporied
for NP Therefore, N labeling is often used for autetrophic
organisms. One drawbacktothisapproachisthatonly two samples
can be compared within a single experiment.

This method of guantitation is complicated by the fact that
the numbear of replaced nitrogen atoms can vary from peptide
to peptide making the exact mass shift unpredictable®® in
addition, finding software that can deal with this may alse prove
to be dificult®’! Mascot {through the Mascot Distiller software
package) has recently included the searching and quaniitation
of *N-labeled samples as one of their supported quantitation
methods.F"

Media enriched with "°N has been used for quantitative pro-
teomics in yeast5Y Caenorhabditis elegans and melanogaster 58
and Arabidopsis thafiana. " Yates and collaborators also showed
that metabolic labeling of an entire organism was possible in
marmmals (in this case, a rat®¥}, but this is usuaily prohibitively
expensive,i?

SILAC

There appear to be many patents for varicus aspects of SILAC, but
the earliest patentfor the method using isotopically labeled amino
acids seemsto be held by Franza and Rochon, and was filed in 2001
{Ref, [30]issued 2003). In any event, this method was pepularized
by Mann and co-workers in 200215 The SILAC technigue relies
on the incorperation of isctopically labeled aminc acids into
proteins formed by the growing organism. Isotopically labeled
amino acids are usually added to the growth medium, %% or the
labelad amino acids can be generated by the crganism through
the addition of isotopically labeled sajts to the growth medium P2
Lysine and arginine are the two most commonly used labelad
amino acids which are added 1o the medium, because each tryptic
peptide from proteing synthesized from these amino acids will
contain an isctopically labeled lysine or arginine, which increases
the quantitative coverage of the experiment.

Arginine, however, can be converted inte proline during cell
division, leading to potential inaccuracies and complicafing
the final guantitation. One strategy has been fo reduce the
concentration of arginine in the madia to a level where conversion
to proline would be unfavorable [ However, although this does
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act to reduce the convarsion, it does not completely prevent
it[*" Lzjoie’s group has recently reported that arginine to proline
conversion can be eliminated by adding sufficient amounts of
proline to the media as well as ensuring that sufficient arginine is
present to prevant the back-conversion of proline to arginine [5%

Advantages and disadvantages

Unlike °N, SILAC allows for more comparisons within a single
experiment due to the availability of several labels. In addition,
SILAC has the advantage of a predictable mass shift. However,
complate incorporation of isotopic aming acids is not the same for
all cell lines ! SILAC cannot be used on cell types that are unable
to incorporate certain amine acids, For example, SHAC works well
for mammalian cell lines because of their inability to synthesize ali
of their amino acids, but does not work as well for plants, due to
their autctrophic nature, In addition to this, some cells are harder
to grow in the dialyzed serum required for SILAC due to the loss of
essential growth factors.t™

The isotope distributions resulting from the combination of
3¢ and '°N can be difficult to interpret. However, software for
calculating theoratical isotope distributions is available to assist in
the interpratation of the complex isotope distributions that can
be produced. 78

Proteshytic labeling (%)

83 is 3 technique where proteolytic labeling and stable isotope
incorporation occurs simultaneously during digestion®97% Sam-
pies are digested, usually with trypsin, in the presence of H,'%0
resulting in a 2—-4 Da mass shift from the incorporation of one
or two 0 atoms on the carboxy terminus of each peptide. The
prasence of the label on the carboxyl termini of peptides is ad-
vaniageous hecause it facilitates the assignment of 'Y ions in
the spectra.”® In order to prevent contamination with '°0 water,
samples must be completely dry prior to labeling.

Advantages and disadvantages

Labeled and uniabeled samples are combinad post-digestion, so
protein lossas that occur during sample preparation would not
be compensated for and would affect experiment reproducibility.
Another problem with sample pooling is that trypsin-mediated
back exchange (the replacement of 20 with %0}, can occur
in solvents containing natural water”" The use of immobilized
trypsin may prevent this type of back exchange because the
enzyme would no jonger be present at the time of pooling.l’?
There are also only two forms of this label.

One, two, or even three carboad oxygens can be incorporated
{(Fig. 3}, and this can lead to variability in the gquantitation. If
one oxygen is exchanged, the mass shiftis only 2 Da, and a mass
difference of less than 4 Da can complicate guantitation, espeacially
when low resolution mass spactrometers are used, bacausea there
may be an overiap of isotopic envelopes, 737 although software
is under develepment to help address this problem.”™! Another
drawback is that different peptides incorporate the label at
differant rates.%72! for example, the exchange seems to be
slow and incomplete for highly acidic peptides.”" immohilized
trypsin may increase the efficiency of this exchange due to a
higher concentration of enzyme at the time of labeling, although
complete labeling is rarely achieved '8

. Hntabaiad
§
Urdxhaled
!
H
S8
.
{ N
!
R § %. ]
8 &
83 & {
IR <y 3
R ]
d3iES
E§ § X i3 1SN
v e
SLERNT i
RIS S I R L O TEE:
o st WA LAY SR s

&

RSERTRGY

e

B
2

Figure 5. Spectrum of 180 double- and triple-labeled peptides. Reprinted

frorn Ref. [72] with permission.

Chemical Labeling

Most protein-based labeling strategies are hinderad by the
conditions needed to solubilize proteins which may interfere
with the labeling process. However, guanidine can be used as a
denaturant, which should solubifize mostproteins prior telabeling.
Because labeling is done prior to digestion, variations in protein
losses are also minimized; however, incomplete denaturation
could lead to errors in quantitation,

iCPL

The isotope-coded protein label (ICPL) technique is based on
isotopic labeling of all of the free amino groups on the proteins.
N-terminal nicotinylation was first introduced by Peter James in
2000771 who developed a method for protein quantitation by
labeling the N-terminus of peptides using D4 or Hy forms of
Nicotinyl-N-Hydroxysuccinimide (Nic-NHS). Hy or Dy-labeled N-
nicotinoyloxy-succinimide was used 1o label free amine groups on
peptides for relative quantitation by Lottspeich and co-workers
{Fig. 6% and produced a mass difference of 4 Da per label. The
ICPL reagent is now marketed by Bruker Daltonics. The original
Bruker reagent produced a mass difference of 6 Da; in December
2008, Bruker introduced a 4-plex version of this reagent, the Serva
ICPL 4plex it. This means that there are actually 4 closely related
labels: (1} all natural isotopes, (2} X = D, shift of 4 Da to relative to
ali naturalisotopes, (3} X == H, 6x">C, shift of & Da relative to natural,
{4} X = D, 6x °C, shift of 10 Da relative to all natural isotopes.

H1/D; Acetylation or Hg /D5 propionylation

This is prohably the ocldest and least expensive method of
differentially labeling two sets of proteins. it is similar in concept
to the ICPL technique, except that the proteins are iabeled with
He- or Dg-acetic anhydride or Hio- or Dyg-propionic anhydride 7%
if the prateins are not denatured prior to labeling, this technique
can be used to probe surface-accessible residues. B! An example
of a comparisen of two samples differentially labeled with Hyo/D1g
propionic anhydride is shown below (Fig. 7). Difficulties can arise
due to protein precipitation, and only two treatments can be
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Figure 7. Exampile of 5H/50-labeled MAPK peptides. Reprinted from Ref. {79]

compared. For complex samples, such as plasma, the resolution
of an FTICR-MS may be needed to separate overlapping isctope
clusters {Fig. 8.

ICAY

ICAT (isctope Coded Affinity Tag), introduced by Gygi and
Aebersold in 1999, is one of the earliest chemical reagenis
introduced for quantitative proteomics.®¥ The ariginal ICAT label
included a thiol-specific reactive group {iodoacetamide}, biotin,
and either 0 or 8 deuterium atoms, leading to a difference in mw of
8 Da batween the two different forms of the tag (Fig. 9). The kiotin
group aliowed for avidin affinity purification before the proteins
are eluted. A new cleavable version of this reagent was daveloped
in 2003.18%8% This ciCAT reagent contained nine 3C instead of
eight deuteriums, and an acid-cleavable biotin moiety. This new
form removed the potential confusion of a double ICAT label and
axidation, both of which would have led to a +4-16 Da mass shift.
Deuterium causes a slight shiftin retention time in reversed-phase
HPLC, with the heavy form eluting slightly earlier than the light
form. % The use of the "*C stable label removed this retention
time shift. Cleavage of the bictin molety after affinity purification

with permission.

and before the MS analysis also improvad the quality of the CID
spectra,® leading to the identification of a larger number of
proteins.

Proteins are laheled using a thiclspecific reagent {lodoac-
etamide} containing a biotin molety (Fig. 9). The biotin group
aliows for affinity purification with avidin or streptavidin beads
following tryptic digestion. Labeling is done prior to diges-
ticn decreasing the chance of differential protein losses and
therefore, increasing the chance of experiment reproducibil-
ity. However, high amounts of detergent interfere with the
labeling process, so 6 M urea is used fo solubilize samples. How-
aver, this may not be sufficient for insoluble samples, such as
membrane proteins, and also increases the chances of protein
carbamylation.

One advantage of ICAT is the reduction in sample complexity
because the label specifically targets cysteines, a relatively rare
amine acid making up only 1.42% of ali aminc acids.”* However,
this simultanecusly reduces the reliability of the quantification
as the experiment is based on a limited number of peptides
per protein. {t also makes it impossible to detect changes
in the ~10-~13% of proteins that do not contain cysteine
residues, 08687
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ing Hg versus Dg acetic anhydride. (&) Heat map of the LO/MS analysis {the

inset shows doublets due to the differential Iabeling), (B) FTICR MS spectra demonstrating the resclution required for accurate determination of the

overlapping isotopically labeled doublets,
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Figure 9. Chemical structure of the original 1CAT label. Reprinted from
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mTRAQ

This is a new amine-reactive isotope-coded reagent recently
intreduced by Applied Biosystems. It comes in three forms, and
is not an isobaric tag like iTRAQ (see below). It is dasigned to be
used after the biomarker discovery stage, during the validation
stage of blomarker project as an alternative to having to synthesize
deuterated standard peptides for MRM-based quantitation.®® The

precursor-ion mass shifts of these *C and ""N-labeled reagents
are 0, 4 and 8 Da for arginine and 0, 8 and 16 Da for lysine -
terminated peptides (Fig. 10}. The reagent is designed to be used
in MRM assays, using a ‘Global Internal Standard” methodology,
whare refative exprassion ratics refative to a ‘pooled’ sample
are obtained. Thus, this is a refative guantitation method, in
contrast to the standard MRM assay based on known amaounts of
isotopically labeled internal standard peptides which is an gbsoiute
guantitation method. However, the use of this label is aliows the
muitiplexing of MRM assays ~ ‘the triplex [version of the label]
will double sampie throughput’[®¥ The two-label form of this new
mTRAG technique has already been successfully appliad by the Siu
laboratory to the quaniitation of endogenous levels of a potential
cancer biomarker in endometrial tissues.®? Interestingly, in this
study, the expression ratios found by mTRAQ were significantly
higher than those found in the iITRAQ-based discovery phase. This
provides more evidence of the ‘compression’of iTRAQ-determined

expression rati
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Figure 10. Structures of the mTRAG reagents.

ITRAG {isobaric tags for relative and absolute quantification)

Onelimitation of ICATIsthat there are only twolabels available. This
could result in multiple experiments if more than two treatments
need to be compared, and would increase the cost accordingly.
The nead for comparisons of larger numbers of treatments led to
the developmentofthe 2- or 4-plexiCPL, the 4- or 8-plexiTRAQ, and
the 2- oré-plex Tandem Mass Tag {TMT) labeling techniques, which
can compare up to four, eight, or six sampiles in a single analysis,
respectively. Unlike the previously described labeling techniques,
which use the parent fon peak heights or peak areas from the MS
spectra, the iTRAQ labels from AR and the TMT labels from Thermo
Fisher®" are currently the only tagging technologies commarcially
available where guantitation is carried out in the MS/MS mode.
A similar reagent, also relying on reporter ion abundances in
the MS/MS spectrum was PerlinElmer's Exactag reagent, which
allowed up to ten multiplexed assays in a singie analysis.?? At this
time, however, this reagent is not being marketad.

The iITRAC technique was firstdescribed by Ross et af. in 2004,5%]
and was subsequently commercialized by Applied Biosystems.
Since then, ITRAQ has been used to examine 3 variety of cell
systems and biological fluids and to analyze proteins expression
changes related to cancer, Alzheimear's disease and other diseases.

The iTRAG label is an isobaric tagging compound consisting of
a reporter group {variable mass of 114-117Da or 113-121 Da),
a balance group and an aminc-reactive group that introduces a
highly basic group at lysine side chains and at peptide N-termini
{(Fig. 11). During the initial MS scan, labeled peptides appear as
a single peak due to the isobaric masses. The ischaric nature
of iTRAQ-labeled peptides allews the signal from all peptides
to be sunmmed in both MS and MS/MS modes thus enhancing
the sensitivity of detection. During M5/MS, the label releases the
reparter group asasingly chargedion of massesat m/z 114117 {4-
plax)orm/z 113,114, 115,116,117, 118,119and 121 (8-plex).iTRAQ
can be used toanalyze up o four different samples using the 4-plex

Lot

Ragion {0a}

Figure 1. (a) Schemsatic representation of the mass-balanced iTRAQ 8-
plex reagent, (b) an MS/MS spectrum showing the reporter region of an
iTRACHakbeled peptide.

kit, ar up to eight samples using the new 8-plex kit. The TMTs are
hased on a similar principle, with up to six possible labels (Fig. 12).
These isobaric tagging techniques <an also be manipulated to
perform absolute guantitation by adding SIS peptides. This then
involves comparing peptides from a target protein t© a known
amount of labeled standard peptide spiked into the sample 7*

Advantages and disadvantages

In ITRAQ and similar labels, the labeling is done at the peptide
level, and, because every tryptic peptide should be labeled,
multiple peptides can be detected for the same protein, thus
giving muitiple quantitation measuremeants per protein and
increasing the confidence of protein identification. This potential
benefit - to identify and quantify low-abundance proteins in
complex samples ~ coupled with the ability to muitiplex up to
2ight samples in paraliel suggests that iITRAQ and similar mass-
palanced labels holds the most promise for quantitative biomarker
discovery V8 Initially, only AB's ProteinPilot software could be

0
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Figure 12.(a) Structures of the Thermo Fisher TMT family of Iabels.
(b} MS/MS spectrum of TMT-labeled peptide, showing reporter region.
Reprinted from Ref. [91] with permission {rom Thermo Fisher.

used to analyze the data from iTRAG-labeled samples. Now, other
commercially available scftware packages (Mascet,® Thermo
Fisher's Protein Discoverer, etc.) can be used to analyze ITRAQ and
TMT data, which opens up this technique o analyses performed
on other manufacturers’ instruments.

Disadvantages of the technique are the variability in labeling
efficiencies, the variability in the initial protein digestion and the
expense of the reagents. This is not an easy technique - these
isobaric-tagging protecols involve multiple steps. In our labora-
tory, more than 40 standard operating proiocols (SOPs) had to be
developed in order toc achieve reproducible and reliable results
with ITRAQ.PS! Current studies afso indicate that there is an inher-
ent dynamic range limitation in ITRAQ results, so that the cbserved
expression ratics are compressed.®5?7! The maximum expression
ratios that can be observed in the discovery experiments using
iTRAQ seem to be only approximately 3-5, whereas larger
differences are obsarved in the validation experiments using
mTRAQ or isotopically labeled standard peptides.™ This most
likely affects the other mass-balanced labeling methods as well.

Bacause of the expense of these labeling reagents, as well as
the difficuities of the labeling protocols, these technigues are

better suited for biomarkear discovary rather than for biomarker
verification or validation, or for clinical studies.

Label-Free Quantitation

Because of the expense and effort required for use of some of the
labeling techniques, there now seemstoatrend away from isotopic
labeling, toward methods of label-free quantitation. Several types
of lakeel-fres quantitation methods are currently in use.

Label-free quantitation is exciting because it holds the promise
of ‘shotgun’ quantitation. Label-free quantitation seems at fust
1o be ‘easy’, requiring no labeling steps, only ‘standard” LO/MS or
LO/MS/MS as is typically dene for the identification of mixtures of
proteins, It has the advantage of eliminating the nead for costly
labeling reagents, and does not require the multi-step labeling
protecols which can lead to irreproducibility and loss of target
peptides. italso eliminates the need for the synthesis of expensive
isotopically labeled reference peptides.

However, on closer examination, we find that label-free
guantitation i not so easy. There is a greater need for
raducing potential interferences that could lead to suppression
effects ~ effects that could have been compensated for by using
isotopically labeled peptide standards. This leads to an increased
need for high-resolution or multidimensional chromatography
to reduce suppression affects and to allow the detaction of
low-abundance proteins. There is a useful empirically derivad
determination of the number of MudPIT fractions needed,
depending on the expected number of proteins in the sample %
However, sometimes peptides do not behave as anticipated, for
axampie in a study by Old et al,, where 90% of the peptides eluted
in a single SCX fraction ¥

in addition, there is the challenge of normalizing the data so
that accurate guantitation can be done across muitiple samples
and multiple analyses. Two approaches are being used to compare
samples: normalizing and aligning the chromatograms {and using
the peptide MS data), or using the MS and/or MS/MS spectro
normalize the data.

Normalization based on chromatograms and
retention time

One probdem in normalizing basad on chromatograms that may
affect guantitation more than identification based on MudPIT
data is need for high reproducibility in the fractionation (ie.
the first dimension in a MudPiT experimant) as well as high
reproducibility in the online chromategraphy. in a standard
MudPIT analysis, the data from all of the fractions are usually
combined and searched together, and even then, there have
bean questions about the reproducibility in MudPIT separations
for protein identification./"™ Quantitation based on alignment of
chromatograms could potentially be even more adversely affected
if a peptide is ‘split’ between fractions, because the fractions will
be aligned separately. This problem has been noted by Wolters
etal,l'9" and by Old etal. who reported that variability in 5CX
fractionation may resultin peptides not always eluting in the same
SCX fraction in replicate analyses.??

Even in a 1D LI/MS experiment, it has been reported that only
&6% of peptides which were present in one analysis were also
present in the second LO/MS run, and that ten replicate analyses
were needed bafore no new peptides were detected V%% A similar
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Figure 13. Example of the normalized elution time (NET) window approach for aligning and assigning peptides, based on data in the AMT database. The
boxes show where a peptide is expected to elute, assuming a 1060 ppm mass accuracy. Reprinted from Ref. [115] with permission.

number was found in & study that compared the number of
reacquired and non-reacguired MS/MS spectra {i.e. the number
of MS/MS spactra that were found again) when the analysis was
repeated®™ In this study, twice as many reacquired spectra were
obtained in replicate LO/MS/MS-based MudP{T experiments than
non-reacquired MS/MS spectra.® Unfortunately, a large number
of replicate analyses is too costly in terms of expense and time
{and even of sample} 1o be done for most projects. However, the
ProQuant software package was specifically dasigned to address
the problem of ‘missing peptides’ %% in many software packages,
including ABI's ProteinPilot and GE Healthcare's DecyderMS, and
Thermo Fisher's Proteome Discoverer, the user can select the
number of replicates where a peptide has 1o appear in order for it
te be considered significant, and can manually decide whether to
include a particular peptide in the guantitation results.

Several software packages are available for normalizing anc
aligning the chromatograms,/ ™~ 1%! and can be used for stable
isotope labeled experimentsaswell as lakbel-free quantitation. Ata-
kila showing more than 20 software packages for chromatographic
alignment is given in a recent review of label-free quantitation.' %%
Two of these are the commercially available DecyderMs from GE
Healthecare, and the accurate mass tag {AMT) approach, which
are described below. Label-free quantitation has also led 1o a
renewad interest in LO/FTICR-MS methods where the high mass-
accuracy and high resclution can be used te help ensure that one
is comparing the same paptide in different samples 110510917131

AMY

The original AMT was developed in 2000 for protein identification
and metabelic labeling studies, taking advantage of the high
resolution of the FTICRPY By 2003, this had evolvad into the AMT
{'accurate mass and {refention) time'l tag method, and was being
applied, not only for label-free quantitation on FT-MS instruments,
hut alse for a study of microbial digests using a Micromass
QO-tof with 10 ppm mass accuracy. Figure 13 shows the expected
elution time window, normalized elution tima (NETUHD, for the
peptides ™ A software package, called Visual Inspection of
Peak/Flution Relationships (VIPER} is available as a free download,
and can be used to assist in managing large amounis of accurate
mass and retention time data from high-throughput proteomics
experiments.’ % An interesting approach being the creation of
a set of '80-labelad reference peptides for plasma proteins for
use with LOFT-M5517 A combination of the AMT approach,
Bo-labeling, and VIPER coftware was used to guantitate 312
proteins from 18 depleted plasma samples, where an '20-labeled
reference digest was added to sach sample to provide a set of
labelad internal standards.t

DecyderMs

This software is marketed by GE Healthcare, and turns an LO/MS/MS
analysis into a virtual 2D gel, with retention time on the x-axis, m/z
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Figure 14. A sareen-cagture of the PepMatch module of DeCyder MS. Reprinted from Ref. [119], with permission.

on the y axis, and abundance on the z-axis {Fig. 14). The software
allows the alignment of pairs of LU/MS/MS chromatograms, and
determines the expression ratios of the two samples by comparing
the peak volumes of the corresponding ‘spots’. The DecyderMS
output shows the ratios of the peptides or proteins detecied. The
software exports the data to database search engines and imports
the results to give relative peptide and protein abundance ratios
of identified proteins {and unidentifiad peptides),

Advantages and disadvantages.  There is no question that label-
free gquantitation is easier and less expensive than using the
isotopic labeling tachnigues. it also allows the comparison of an
uniimited number of experiments and can be used on any type of
biclogical material, and does not appear to have artificial limits on
exprassion ratios.

One disadvantage is that label-free approaches do notallow for
sample multiplexing - each sample hasto be analyzed individualiy.
Moreover, there are still controversies on the reliability of label-
free guantitative analysis.V¥ In particular, there are concerns over
the possibility of suppression effects which might be different
betwean the samples being compared. We have observed that
if the biological matrix is very similar - for example, for tissues
from inbred mice -~ then the ‘noise’ is very similar and guantitation
is quite accurate. However, suppression effects can be a serious
problem if vou are analyzing human plasma samples, and might
adversely affect the results. For this reason, label-free techniques
are generally considered inferior in their quantification accuracy

when compared 1o methods relying on stable isotopes, and the
accuracy and linearity of label-free techniques is still in quastion.®!

Normalization based only on spectra {(no
retention time considerations)

{t seems intuitively cbvious that the more abundant proteins will
produce a larger number of spectra. This should be reflected both
in increased sequence coverage and in the number redundant
scans per peptide. Certainly, the extrems case is trus: if there is
no protein in the sample, then one should not be able to detect
any peptides from that protein. The correlation of abundance with
the number of spectra observed, the % seguence coverage, and
the number of peptides identified per protein was experimentally
validated by the Yates group in 200418

Several commonly used methods of quantitation based on
features in the spactra are describad below:

Empal score

This method to determing the protein abundance was originally
developed as the protein abundance index (PA) method"7 it
is based on the number of peptides obsarved from a particular
protein, compared to the number of peptides that it would be
possible to observe, taking inte account the mass range of the
instrument, and the hydrophobicities of the peptides. Peptides too
large, too small, too hydrophaobic, or too hydrophilic are excluded.
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When it was observed that the PAl score varied as a function
of concentration in LUMS/MS experiment, the Exponentially
Modified Protein Abundance Index (emPAl) method for absolute
quantitation was developed by converting the PAI value to
exponentially modified PAI (emPAl), equal to 10" minus one,
and by determining the total amount of protein in the sampiel'?"
Inthisreport, the emPAl scorewas found to be accurate within 63%
of the results from protein staining. The emPAl score is reported
as part of the standard Mascot search result.

Peptide ion intensity counting

In this techniqgue, the peak height or the area of a peak at a
selectad mass to charge ratio is cbtained by counting the number
ofions. Fora complex digested mixture, peptides are separated by
a chromatographic gradient followed with 2 mass spec analysis. 4
One disadvantage to the peptide jon intensity method is that the
counting of the peptide ion chromatograms is a tedious process
and, in the absence of adequate internal controls, it is usually
regarded as unreliable, espacially for small molecules.B%

fon accounting

This technique is based on the observation that the average MS
signal response for the three most intense tryptic peptides per
mole of protein is constant within a coefficient of variation of
fess than 109124 This means that intensities of the three most
sensitive peptides from each protein can be usad as 2 measure
of the protein abundance. A universal signal factor {(counts/mol)
was determined to be the same for all proteins within a factor
of 15%, and in a dilution study, the linearity of the peptide
response vs. concentration curve was linear with R? == .99
Quantitation software based on this aigorithm is marketed by
Waters Corporation for use on MSE instruments, as part of their
Proteinbynx Giobal Server software package.

Spectral counting method

This label-free guantitation method is based on counting the
number of MS/MS obtained from a specific protein. [t assumes that
the more abundant the protein, the more abundant the peptide,
and the more fikely it wili be selected for MS/MS analysis!’™
Spectral counting has been shown to have a finear dynamic range
of 2 orders of magnitude in yeast P8

One disadvantage to spectral counting is that high-abundance
proteins can mask low-abundarice proteins,”/ and it assumes that
the finearity of response Is the same for every protein. Saturation
of the detector can occur at higher spectral counts, and at different
levels for different proteins, which may lead to poteniial problems
with dynamic rangel Current software packages featuring
spectral counting-based quantitation are Scaffeld and Proteci.
Other scftware packages that have been developed 1o determine
tha significance of spectral-counting data include QSpecti?3! and
the Spectrat index.[124]

Speactra TIC method

are averaged and used for quantitationt'?% The Thermo Fisher
software, for example, can perform this summation for each
protein. The average TiC for each peptide MS/MS spectrum from
a particular protein is then calculated. Using the average, rather
than the sum of the TiC values, helps normalize for proteins of
different sizes. The authors report that this method suffers less
from ‘compression’ than the spectral counting methed.

in this metheod, the TiCs of the MS/MS spectra from each protein
;

Absolute protein expression (APEX)

APEX is an open-source software program that uses a ‘leaming
machine’ approach, and combines some of the features of spectral
counting and EmPA} in that the observed peptide counts are
modified by the expectation of cbserving each peptide in the
experiment {which includes the number of unigue peptides i
the protein}, the total sampling depth and the confidence in the
protein identification.!'?%'271 in a study on yeast and Escherichia
cofi, the dynamic range was 2-4 orders of magnitude, and the
resuits were found to agree with Western blot, and 2D gel
studies.'¥7) In a more recent study on Shigefig, the APEX modified
spectral counting method was found to have a low false-positive
rate (965), and alinear dynamic range 10x widerthan density-based
Coomassie 2D gel quantitation.['#%!

Other methods

The peptide ion current area (PICA} method of label-free quantita-
tion is based on the area under reconstructed fon chromatograms.
This method was able 1o detect spiked-in standard proteins at a
90% confidence level, and the PICA analysis results agreed with
ICAT and spectral counting on a mixture of known proteins of
varying concentrations with a mean squared error of 6.00.1%% The
Serac software,® developed by the Ahn group, is designiad to nor
malize and background subtract the peak intensity and spectral
count data, as well as to compensate for cases where the spectral
countisverylow orzero in one of the samplas being compared, The
ProteinQuant Suite, B’ developed by the Novotny group, filters
the MS/MS datafiles for Mascot searching using ProtParser, and
calculates the relative concentration based on the peak area under
the RIC traces for each peptide in the MS mode, correcting for the
‘gaps’ due 1o the data-dependent acquisition of MS/MS data, The
false-positive rate of this tachnique was reported 1o be <4.9%.

Fluorescent Labeling with Mass-Spectrometric identification
Differential gel electrophoresis (DIGE)

This is a relative protein quantitation technique devaioped by GE
Healthcare that does not quite fit the above categories. This
quantifation tachnigue is done on intact proteins, not their
peptides, and the differential expression determination is not
based on mass spactrometry, but is based on fluorescence. in
this technigue, three different fluorescent labels with different
absorbance and emission characteristics, are used to label a smal
portion of the proteins in each of three different samples. These
samples are then combined and separated on a 2D gel. The relative
expression ratios are determined from the fluorascence specira
by GE Healthcare’s DeCyder software, or another image analysis
software package such as ProGenesis, or on a per-gal basis from
Ludeasi. if DeCyder is used, the output resembiles the Decyder MS
output shown in Fig. 14. Only those spots which show differential
axpression are excised (based on their x-y coordinates), and
identified using standard in-gel protein identification techniques.
The small percentage of the protein that is labeled doss not affect
the protein identification part of the experiment,

Advaniages and disadvantages

This is a fairly expensive technique because of the fluorescen
labels which have a limited sheif-life. However, because it is
a multiplex tachnique it may be only slightly more axpensive
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Figure 15. DIGE gel showing differential expression of mortalin isoforms. 2D-DIGE and phosphostain analysis of mouse hippocampus. Spots ¢, b, ¢
and d are mortalin. {B) Three-dimensional visualization of protein spots @, b, ¢ and d, indicated in the rectangle in panel A {C} Phosphostaining of
phosphorytated mortalin, The arrows show mortalin. Protein isoform b is highly phosphorylated, while protein isoforms ¢, and ¢ are slightly stained,
{soform d is not detected with the Pro-( phosphostain. Reprinted from Ref. [131] with permission.

than the cost of three separate label-free analyses. Whether it is
more of fess expensive than ITRAQ depends on the number of
samples being compared. Cne chalienge for mass spectrometry
is that fluorescence detection is very sensitive - sometimes the
differentially expressed protein in the spot cannot be detected by
rnass spectrometry. in this case, a ‘prep gel’ with a higher sample
loading must be run.

This technigue is probably more sensitive to protein degradation
in the sample than are the techniques based on peptide detection,
because truncated proteins would show up as separate spots
on the 2D gal. Conversely, this technique is probably better
at detecting isoforms than iTRAQ or the other peptide-based
technigues, because these would probably ke reported as a single
protein {see Fig. 15}

Discussion

Assumptions in all peptide-based protein guantitation
methods

In all peptide-based quantitation technigues, we are making the
assumption that the protein can be digested into peptides, and
that these peptides are detectible by the mass spectrometric
technique used for the analysis. These assumptions are not
unigue to labelfree gquantitation, but are also made in ‘shotgun’
protecmics in general. in other words, for ‘shotgun’ proteomics to
be abile to detect every protein present in the sample, every protein
rnust be able to be digested by the enzyme used, and every protein
must produce peptides that are detectible by mass spectrometry,
in terms of sensitivity and size. Some of these assumptions were
validated by a study by Liu et al ¥ where factors including the
size of the protein and the production of detectible ions affected

the mass-spectrometry-based quantitation results. Howeaver, even
if detacting every protein is not actually achievable, it is a ‘goal,
and we need to keep in mind the assumptions that are being
made.

Any technique that assumes that peptide guantitation reflects
protein concentration is alse making several additional assump-
tions. These are (1} that the digestion is complete and (2} that it is
raproducible {one peptide = one protein}. Actually, completeness
of the digestion is less critical than the reproducibility, because
reproducibly incomplete digestion can be empirically correctad
for, but reproducibility is essential for accurate peptide-based
protein quantitation. Optimizing protein digestion conditions for
reproducibility and completenass is stili an active area of research.

One peptide == one proteinis cbviously not true for proteins with
rapeat units, Mew software packages are being developed to assist
in peptide-based quantitation and dealing with problems relating
1o these assumptions. For example, software has been designed
1o address the problem of redundant peptides (i.e. peptides that
appear in mors than one protein).l132

Additional challenges of label-free quantitation

in bath the slignment and the spectra-based labei-free ap-
proaches, it is necessary to compare several different runs. One
issue that has to be considered is the reproducibility of replicate
iabel-free guantitation experiments P8HUSARITLIIIMT Ona way
would be to compare methods using a ‘standard’ set of proteins.
This standard set of proteing has been developed and has been
proposed as a way 1o evaluate reproducibifity [1#5

As part of the reproducibility guestion, one also has to congider
the amount of each sample to inject, and the effect of sample
loading on protein identification and quantitation. This led o the
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ohservation that matrix effects are the dominant factor in peptide
detectibility, and that there is a linear range for good peptide
guantitation.!'2%

Usually, one tries to inject the same total amount of protein.
Conceptually, this would worl if there were only small changes be-
tween samples, buthow wellwould it workif there were changesin
abundant proteins? One solution is to use internal reference stan-
dards for alignment or for normalizing the different runs 171381

Mass-spectrometry based quantitation poses significant statisti-
cal challenges. Because of the high cost per analysis, and the often
fimited amounts of sample, there are very few studies that have ad-
dressed the issues of biclogical variability (samples from different
patients or animals), and technical variability {the same binlogical
sample, split and processed independently), and experimental
variability (different analyses of the same processed sample}. No-
table exceptions are the papers by Gan eral. for iITRAQY® and
a recent paper by U etafll™ on label-free quantitation, where
the authors developed 3 method to determine statistical signifi-
cance and false positives using AMT-based label-free data. A faise
positive’ is defined as a misassignment of differential exprassion.
These authors also discuss the challenges of performing statistics
on label-free analysis, as well as the added difficulties of per-
forming statistical analysis on peptide-based quantitation data in
general, because different numbers of measurements are made
on different proteins, which is not the case for microarray data. A
fold-change cutoff was not found 1o be sufficient - an additional
statistical test, performed at the peptide level, was found to be
necessary " This method, however, was still not sufficient to de-
termine the false discovery rate (FDR} and statistical significance
of relative expression data from label-free experiments. Although
the authors recognize that often only one analysis per bislogical
sampie is normally performed, they found that the minimum num-
ber of analyses required obtaining these statistics was two LL/MS
analyses {i.e. two experimental replicates), spiked with the same
level of ¥ N-labeled internal standard. By quantitating the labeled
and unlabeled sample separately, they were able to preduce four
possible pairings. Three parameters were used to determine differ-
ential expression: fold-change, the -test orWilcoxon ranksum test,
and a minimum number of permuted statistical pairings (MPSPs).
Using the internal standard as the control, an unlabeled protein
found to be differentially labeled was considered to be a posi-
tive, while the labeled internal standard found to be differentially
labeled, was considered to be a false positive. interestingly, at a
confidence leval of 95%, a critical fold-change was found below
which there was a drop in the number of positives, while the
number of false positives stayed constant which was dependent
on the number of analyses (MPSPs). This critical fold-change was
2.75,2.5, 2.5 and 2.0 for MPSPs of 1, 2, 3 and 4, respectively, which
corresponded to FDRs of 22, 15, 8.7 and 4.29%.140

Metabolic versus non-metabolic labeling

Chemical labeling can be applied to any source of biclogical
material. Metabolic labeling using SILAC can be used for cell
cufture, but it is not effective for autotrophic organisms such
as plants or bacteria. For these autctrophic organisms, N
labeling is preferred. SILAC typically works well for mammalian
cell lines, which do not synthesize all of the amino acdids, and
so incorporation of the labeled aminc acids from the growth
medium is more comprehensive.’!

SILAC has been used for one study involving plant cell culture (A.
thaliana), and although the average incorporation of 1*Cs-arginine

was anly 75%, it allowad the study of differential expression of
glutathione S-transferase in response to sialic acid treatment ¥
To our knowledge, this is the only report about the use of SILACH
plant proteomics. In contrast, virtually complete labeling (95%an
higher) of proteins in both suspension cultures and entire plant
of A. thaliana has been attained using N isotopes.!

There have been a few reporis on stable isotope labeled
protein quantitation in ‘unusual’ organisms. Drosophila was also
the first multicellular model organism subjected to labeling
with "°N - Heck and collaborators labeled D. melancgaster and
C.efegans with "*N.® Froteomic studies in Drosophila are rare, anc
only a few gquantitative protecomics studies have been performed.
Aebersold and co-workers have used 4-plex ITRAG and protein
phosphatase treatment for spacific substrates in Drosophils ceil
finect'¥ Our laboratory was invoived in an iTRAQ study on
Leishmania, in which 219% of the proteome was identified and
quantified cver seven timepoints.!'* Siuzdak and co-workers
used stable isctopea labeling to monitor the expression kinetics of
viral proteins, changes in the expression levels of celiular proteins,
and fluctuations in metabolites in response to Flock House Virus
{(FHV) viral infection./ 44!

Yates and ccilaborators applied the N metabolic labeling
technigue to Ratius norvegicus by feeding them a "N-enrichad
diet. The strategy was employed to generate internal standards to
quantify proteins in mammalian tissues. This work provided the
proof-of-principle that metabelic labeling of whole organisms is
feasible in mammals, as had already been demonstrated for worms
and flies, and opened up new possibilities for similar applications,

Mann and co-waorkers have established protocols for the SILAC-
labeling of mice." Labeling of whole animalsis based on a special
diet containing either the natural or the 3 (g-substituted version
of lysine, Labeling was carried out over four generations, with no
effect on development, growth or behavior. Full incorporation of
SHAC aminoe acids was achieved for all organs in the F2 generation
animals. However, metabolic labeling strategies for animals are
often impractical, due to the high cost of the diet and the long time
required for labeling (full incorporation is typically not achieved in
the first or even the second generation of animals).

Recause of the high cost of isctopically labeled materials,
metaboliclabeling studies tend to be used for pathway determina-
tion. iTRAQ and other chemical-based isctopic-labeling methods
are used for biomarker discovery, and MRM methods are used for
biomarker verification or validation.

Label-free methods for blomarker discovery are currently receiv-
ing alot of attention, because of their simplicity and low cost. How-
aver, the lack of labeled internal standards makes them susceptible
to suppression effects from othar compaonents in the sample, Of
course, at the “discovery stage’ one cannot add internal standards
because one does not yet know what standards you will nead. This
conundrum reflacts the current status of protein quantitation.

Alsg, at this point, there is no single method thatwill identify and
quantitate all of the proteins in the sampile - different techniques
will find different proteins. Several studies illustrate this point. in
the first example, a study of insect salivary gland extracts, the
iTRAQ technigue identified 43 proteins not abserved using in the
LC/MS/MS analysis of salivary gland extracts from insects of the
same age, This result is consistent with the previous obsarvations
that betterfragmentation is obtained using this technology, giving
more peptides per protein and allowing the identification of less-
abundant proteins. iITRAQ labeling led o the identification of 78
proteins, 39 of which were notidentified byinastandard LO/MS/MS
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Figure 16. A). The correlation between the ITRAQ results and the label-free results, B). Venn diagram of proteins identified by the three techniques. ().
Venn diagram of proteins identified by the three techniques, requiring at least 2 peptides for an identification. Reprinted from [146], with permission.
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Figure 17. The total number of high-confidence proteins identified by MASCOT in each of the five labeling experiments. MS/MS data were searched
against an £ cofi database. The 1:25 ratio gave anomalous results for the ICPL Iabeling, so the 1:25 ratio is not included.

analysis, iliustrating the value of using both two technologies in
paraliel for maximum protecme coverage.

Comparison of methods

In a very recent comparison of iTRAQ, label-free {ion accounting),
and geLC by the Patel et af /" the exprescion ratics were higher
for the label-free analyses than for iTRAQ, as had been noted
in other studies {note the slope of the ling), The Venn diagram
in Fig. 16 shows the number of proteins identified by the three
technigues (including identifications based on a single peptide),
It is clear from these studies that, at this point, there is no one
technique that can guantitate - or even detect ~ every protein.

In a recent study in our laboratory, five of the most common
labeling technigues - ICPL, cICAT (cleavable ICAT), iTRAQ, 0,
and acetylation - were compared on an £ coff typtic digest to
determine the method that identifies the highest number of
proteins and provides the most accurate quantitation. in this
study, the highest number of proteins was identified with the
iTRAQ labeling system, followed by ICPL. The peptides in these
two methods, however, were separated by 2D-LC unlike the other
experiments which were done using 10-LC, thus demonstrating
the advantages for prefractionation of peptides in complex
samples. The three other labeling systems (130, acetylation and

cICAT) resulted in approximately the same number of protein
identifications (Fig. 17).

Peptides labeled at 1:1 and 1:3 ratios with cICAT, iTRAQ and
acetylation were quantified with reasonable accuracy. However,
only the highest-confidence proteins in iTRAQ-labeled samples
resulted in an acceptable amount of variation when labeled at a
ratio of 1:10 (Fig. 18). We were unable to analyze the '°C and
ICPL data as we could not find or modify any of our software
to accept these labels with the GStar data fles, The variation
observed in these expariments clearly demonstrates the need for
both technical and biclogical replicates.

The advantages and disadvantages of each procedure, as found
in cur study, are compared in Table 1.

There have been several other comparisons of different label
and label-free methods, where the same samples were analyzed
through various quantitation techniques. The results of these
comparisons are shown in given in the table in the Supporting
Information, In iTRAQ, where the protein identification is done
on the same set of labeled peptides as the quantitation,
there is an inverse relationship betwean the confidence of the
identification and the number of proteins on which guantitative
data can be obtained. In a set of ten experiments on the
reproducibility of ITRAQ analyses, Gan etal. found that allowing
a +50% change in expression ratio between biological replicates
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Figure 18. The experimental average ratio of ciCAT (A), ITRAQ (B}, and acetvl (C) Iabeled £ cofi proteins at 1: 1 ratios were calculated by FroteinPilot (ICAT,
TRAG) and MSQUANT (acetyl}. The experimental average ratic of clCAT (D), ITRAQ (B} and acetyl (F} labeled E. cofi proteins at 1: 2 ratios were calculated
by ProteinPilot (CAT, iITRAD) and MSQUANT {acetvi). The experimental average ratio of ciCAT G}, iTRAQ (H} and acety! {1} labeled E. coif proteins at 1:10

ratios were calculated by ProteinPilot (CAT, iTRAQ) and MSQUANT {(acetyi).

resulted in 88% protein coverage, allowing a £30% change in
expression ratio between technical replicates resulted in 95%
protain coverage, with only a 30.1% variance coming from the
MSI3E iy et ol P8 found that the correlation of abundance
with the number of spectra observed, was better than that
based on % sequence coverage or the number of peptides
identified per protein. in a comparisen of spectral counting
versus peptide ion intensities, Xia etal™! found that speciral
counting gave better agreement with the true protein ratios.
A recent comparison of studies using the spectral counting
and ion intensity-based methods of label-free quantitation, with
respect to dynamic range of quantitation and dynamic range of
protein detection was done by Wong etal'* Both methods
were able to detect changes in protein levels of approximately
2.5. However, machine learning methods and methods using
peptide ion intensity were computationally more difficuit. This
study concluded, however, that these label-free approaches were
complementary, and recommendad using both for increased
confidence in the results.

Some label-free methods, however, were found to underes-
timate axpression ratios if the true ratios were 2.5 One
reason that has been proposed for the lower range of ratios

produced by peak area intensity measurements compared to
spectral counting is the restriction by different software pack-
ages on the number of peptides requirad for a protein to he
considered 'detected 9 A reguirement for a larger number
of peptides per protein discriminates against lower-abundance
proteins, thus removing the larger expression differences. The
larger the difference in abundance ratios, the more reliably
this difference could be detected through label-free techniques.
The study by Liu etal reported that the number of spectra
produced was a reliable indication of expression ratio if the
concentration difference was 5% Other factors include the
size of the protein, the number of typtic cleavage sites and
the amount of protein that can be loaded onto a capillary LC
column.l1#]

The challenge of comparing quantitation methods is shown in
Fig, 12.112% n thic study, three different methods were compared,
and all three gave different expression rations -~ which one
is corract? In this particular study, the authors were able to
experimentally confirm that the spectral TiC method {(using the
avarage MS/MS TiC) was correct, and they attributed the lower
ratios obtainad from SILAC and spectral counting to compression.
However, most studies are performad without this validation

i

e

.

g wl

i

D 0 0 0
£ Mass. Specirom. 2009, 44, 1637 - 1660 Copyright © 2009 John Wiley & Sons, Lid, www.interscienceawiley.com/journalfjms




\
\ﬁ“\“‘\%@%&% IRY M. H. Elliott et al.
ey

Relatve Cuanitative Ratio of pTyr Blnding Froteie

2Ty spad

Figure 18, Relative expression ratios of pivrosine-binding proteins using three different quantitation methods. Reprinted from Ref. {125] with permission.
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of true protein concentrations. Clearly, more work needs to be
done to validate different quantitation methods using mixtures of
proteins with known concentration ratios.

Although there is general agreement that comparison with
a labeled standard peptide is still the ‘gold standard’ 9812 it s
not a global technigue. However, many studies have conciuded

that the trends observed in label-free experiments are valid

Software Considerations

Before you start a project, it is important fo be certain that the
software ‘'matches’ the lakel you are trying to use. Certain software
packages, for example, can only handle certain types of labeled
amino acids for SILAC. Cartain companies make propristary labels,
which may only be able to be analyzed using their own software.
However, there seems to be a welcome change toward ‘openness’

{i.e. overexpression versus underexprassion} even if the actual

sion ratios may be comprassed (1%

now, and ITRAG-based guantitation, for example, can be analyzed
using an incraasing number of instruments and software.

observad axpres
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Figure 20. Trends in mass-spectrometry-based guantitation. Publications

. . c e ;
per year, based on a keyword search in SciFinder Scholar™ Note that
comparisons over time are probably more accurate than comparisons
between techniques, due to the difficulties in finding keywords o catch
every reference. The number of 2009 publications was extrapolated from
the number published by August 2009.

MascotPY for example, can perform guantitation of a variety of
‘pracursor’ meathods (where the quantitation based on shifts in the
molecular weight), as well as TMT and ITRAQ-type labels where the
quantitation is based on MS/MS reporter ions.!"> However, addi-
tional software packages, such as Mascot Distiller may be required.
They specifically note that for AR MALDETOF/TOF data, there is
a special software available (TS2Mascot) that should be used be-
cause the standard GP5 explerer Mascot data is de-isotoped. ¥N-
labeling may pose a particular problem because every amino acid
will get labeled, but new software (QuantiSpec) has recently been
written to enable interpretation and gquantitation of "N-labeled
mass spectral®l in general, itis still prudent to make certain to
sefect a label that vour data-processing software can handle.
Multifunctional software packages are being developed to han-
die data from label-free and stable-labeled samples, and from a
vartety of instrument platforms. These include the ProteinQuant
Suite, 3% developed by tha Novotny group, Census softwarel'>?
devaloped by the Yates group, the PatternLab softwarel’™ also

developad by the Yates group for normalizing spectral count data,
and the Corra software developed by the Aebersold group, which
in addition, produces protein interaction networks from the differ-
entiaily expression data."*#*%% MS-Biomarker Discovery Platform
{MS-BIDYP from the Aeberscld group, Is designed for determin-
ing peptidas that discriminate between treatment groups. Mark-
erview scftware (Applied Biosystems) is also designed to facilitate
detection of biomarker peptides that correlate with treatment 57!

Conclusions

it would have been nice to be able to end this article with a
recommendation for a single method. However, as is clear from
the above data and discussion, there isreally nc one single method
that will solve all of the analytical problems associated with protein
guantitation. This is partly because ‘quantitation” means so many
different things - global or targetad, absolute or relative.

The ICPL and ITRAQ methods {from our study) and the ion-
accounting label-free method (from the Patel study} sesmed
to identify and quantify significantly more proteins than the
other methods in these studies. it should be remembered,
however, that the variability of the enzymatic digestion stap
can affect all of the chemical lakeling techniques and the label
free methods by leading to analytical variability. We and others
are actively exploring solutions 1o this problem, induding the
use of micrewave digestion, detergents, pressure, and a variety of
solvents, chaotropic agents and denaturants.!>¥ We are confident,
therefore, that this problem will be able to ke sclved {or at least
reduced} inthe near future. Another significant source of variability
comes from depletion steps. This variability, however, can be
reduced by the stringent use of well-devaloped SOPs.

Label-free methods are based on less-rigorous mass spec-
trometry, with more reliance on hicinformatics and separation
techniques. Factors that have to be considered when selecting a
method are the number of treatments, the cost of the experiment,
the complexity of the sample, the biological source of the sample
and whether the experiment will be done in cell culture. These ulti-
mately will be the determining factors in choosing the appropriate
quantifation method.

For this review, we used SciFinder Scholart™ to count the
number of publications per year using these varicus types of
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Figure 21. Distribution of proteins predicted from the Shigefla dysenteriae genome (501, blue), and found by either 20 gel electrophoresis (2-DE, yeliow)

or LO/MS/MS (blue), Reprinted from Ref. [128] with permission.
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quantitative proteomics (Fig. 201 Although it was impossible to
selact 'key words  te include every relevant publication, it was clear
that all of the methods described above are still in use. Moreover,

At 3 i woapti 15 o i labeli dI1CAT.¢ g . e : o ;
with the poss:k}ie excaption of .N. metab.oh“ labeling an_a,. ICAT, the dilution-mass spectrometric quantification of spedific proteins:
use of most of these metheds is increasing each year. in fact, the model application with apolipoprotein A-1L1676-82. Clinical
numbers of publications using DIGE, ITRAQ, label-free methods Chemistry 1896, 42, 1676.

. . . . i Fast e i A A 1 iy ki o Antitats
are all increasing at approximately the same rate - on the order of L).Foster, C.l.de Hoog, M.Mann. Unblased quantitative
.y groteomics of lipid rafts reveals high specificity for signaling
50% pervyear.

: . s factors. Proceedings of the National Academy of Sciences of the
in conclusion, even though there is, 23 yet, no ‘one perfect United States of America 2003, 100, 5813,

method’, this does not mean that there are no usable methods. itis (8] N. R Kitteringham, R.E.Jenkins, C. 5. Lane, V.L.E

51 A L. Yergey, N. V. Esteban, D. J. Liberato. Metabolic kinetics and
quantitative analysis by isotope dilution thermospray LC/MS.
Biomedical and Environimental Mass Spectrometry 1987, 14, 623,

51 LR Barr,  V.L. Maggio, D.G. LPatterson, ergl.  isotope

o

fiott, B.K. Park.

still possible 1o obtain useful relative and/or absolute guantitative
data by matching the biclogical problem to the proper quantitative
protecmics approach, Furthermore, mass spectrometers continue

Multiple reaction monitoring for quantitative biomarker analysis
in proteomics and metabolomics. Jfeurnal of Chromatography
B-Analytical Technologies in the Biomedical and Life Sciences 2008,
877, 1229,

to be improved with respect to sensitivity, dynamic range, mass
accuracy and scan rate. We are also certain that new multiplex
labeling technigues will continue to be developed, and that better
SOPs will bring improvements in reproducibility. This will certainly
lead to changes and significant improvements in the field of
quantitative proteomics.

We shouid remember, too, that mass spectrometric coverage [
of the proteome still neads 1o be improved. As can be seen from
Fig. 21, mass spectrometry is still not ‘catching’ large numbers

91 V.Lange, P. Picotti, B, Domon, R Asbersold. Selected monitoring
monitoring for guantitative proteomics: a tutorial. Molecular
Systems Biology 2008, 4, 1.

[10] S A.Gerber, J.Rush, O.Stemman, M. W. Kirschner, S P.Gygi.

Absolute guantification of proteins and phosphoproteins from

cedl lysates by tandem MS. Proceedings of the National Academy of

Sciences of the United States of America 2003, 100, 6940.

3. S Kirkpatricl, S. A. Gerber, S P. Gygi. The absolute quantifica-

tion strategy: a general procedura for the quantification of proteins

and post-translational modifications. Methods 2085, 35, 265.

) ) . ) _ [12] M.Kuzvk, D.Smith, j.Yang, efol. MRM-based, Multiplexed,
of lower-molecular weight proteins which are predicted from Abselute Quantitation of 45 proteins in human plasma. Molecular
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Made by: Picrre St-Jean

Kriil oil production according to the Beaudein patent

Methodolegy
Exiraction according to the Beaudoin patent

Step 1

3 kg of krill sphit into 6 X 500¢g
Add 6 volumes of acetone
Grind for 20 min.
Extract for 120 min. without agitation
Filter

Wash solid with 2 volumes of acetone

Combine the two filtrates
Evaporate the acetone
Separate the fat from the water by decantation atter addition of 1 volume of acetone
Recover oil
Evaporate under vacuum
Put aside

Step 2

Extract from solid with 2 volumes of ethanol 30 min at 4°C
Filter
Combine with the filtrate to the first oil extraction
Evaporate under vacuum
Heat at 125°C

Resulis

The yield of oil production was more than 260g. The oil s reddish brown and it is very odorous.
Extraction of krill in the first extraction gave a stable emulsion that we had to break by adding
acetone to reduce the volume of water associated with the fat.
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Rapport d’activités R&D noverabre 09
Projet : Nouvelle biomasse marine & autres produits

Fait par : Pierre St-Jean
Production d’huile de krill selon ie brevet de Beaundoin

Méthodologie
Extraction scion brovet Beaudoin
Etape 1

3 kg de krill K RI fractionnés en 6 X 500g

Ajouter 6 volumes d’acétone

Broyer pendant 20 min.
Extraire pendant 120 min. sans agitation
Filtrer
Laver 'aquatéine avec 2 volumes d’acétone

Corobiner les deux filtrats

Evaporer I"acétone
Séparer le gras de ’eau par décantation apres ajout de 1 volume d’acétone
Récupérer huaile
Evaporer sous vide
Réserver

Etape 2

Filtrer

Jotudre le filtrat & Phuile de la premiére extraction
Evaporer sous vide
Chautfer 8 125°C

Extraire aquatéine avee 2 volumes ¢’ ¢thanol 30 min a 4°C

Résultats
Le rendement de production d’huile a &t de plas de 260g. Lhuile est de couleur brun-rouge et
elle est trés odorante. Lextraction du K1 R1 a donnd en premidre extraction une énulsion stable

qu’on a db briser par ajout d’acétone pour réduire le volume d'cau associé au gras.
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INTRODUCTION

The intravenous administration of trigiyceride emal-
sions stabiitzed with phosphaolipid emulsifiors bas been env-
ployed {or pareateral notrition for over 38 years {1 Termi-
nally heat sterifized, these systems are required to be phys-
ically and chemically stable in order {6 avoid harming the
patient {2}, Nevertheless, slow hydrolysis of the phospho-
lipids is known 1o oocur after the initial steribization-induced
degradation (3},

it is implicitly sssumed that the subsequent fall of prod-
ant pH {5 due o the formation of frec fatty acids (4.3}, We
have recently demonsirated that the initial hvdrolysis of the
phospholipids during the heat sterilization process paradox-
ically promotes physical stabilization of the cmulsion sys-
tem, most probably because of the formation of Hauid crys:
tailine structures af the oilfwater interface (3,8). The princi-
pal degradation process i3 due to the hydrolysis of the
gimcyiphosphatidvicholines and diacyviphosphatidylethanola-
mings o their comrssponding monoacyl (yse-) derivaiives
and free fatty acid (FFA) modeties. In turn, the lyso denva-
tives can degrade to the corresponding glycerophosphoryl
compounds, with the formation of additional FFA. FFA can
also be formed by the hydrolysis of enndsified triglycerides
to the corresponding reone- aad diglycerides, although this
reaction iz believed 1o be relatively slow compared to the
breakdown of the diacyiphosphatidyi dedvatives (3}

The emulsion systems are unbuffered and the formation
of FFA will inevitably lower the pH from the initial value of
8.0 (1) over a period of time poststerilization. Hikansson (2)
demonsirated that the degradation rate decreases sniil pH
6.5 is reached, after which theve is again an acceleration of
the degradaton process. This effect has been confirmed by
Grit e al. (7). Stabilization may, therefore, be improved by
the addition of extraseous FFA, a suggestion rmade by
Washington and Davis {4), who evaluated the effect induced
by the addition of oleic acid to their emulsion systems. How-
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ever, the value of this suggestion is unclear since, during the
phospholipid hvdroivsis process, s componnds are pro-
duced in addition to FFA and these materials also contribute
to the emulsion siabilizaBion process (3.6},

Measurement of pH could, therefore, provide an indi-
rect method of determining the FFA content of phospho-
tipid-stabilized emulsions. This concept was evaluated mea.
suring the FFA content directly by potassiun Byvdroxide ti-
traiion of the degrading emulsion at the same time as taking
the pH of the system with 2 glass electrode.

MATERIALS AND METHODS

Materiaks

Farified ege phospholipid, Asahi Injectable grade ot
S00-801), was reccived as a gift from Austin Chemiead,
Chicago, .. Dipalmitoyl phosphatidylethanolamine (Lot 1
GOPE-431 {DPPE} and hydrogenated egg phosphatidyicholine
{Lot HEPC - 44) (HEPC) were purchased from Avanti Polar
Lipids, Birmingham, AL, Pharmaceutical-grade and “super-
refined” -grade soybean oils USF were received as gifts from
Croda Joc., BEdison, NI Glycerol, sodium hydroxide, potas-
stom hvdroxide, and potassivm hydrogen phithalate were all
used as received from Fisher Scientific, liasca, L., A M-
ion-exchangs waier svsiem was used.

Model Emulsion

The madel emulsion was made to the following formula;
sovbean oil, 20 g; ege phospholipid, 1.2 g; plycerol, 225 g;

and water to 100 mL.

3

The egg phospholipid was dispersed in the glyveerol and
about 95% of the water at 70°C, the off mixed in, and the
coarse emulsion passed through a Microfluidics Model 1107
homogemzer ot 4 pressure of 18,008 psig for 2 total of 10
times to ensure minimal particle size {(8). The systern was
washed throvgh the homogenizer and made up o volume
with water, and the pH adinsied to 8.0 with §.01 N sodium
hvdroxide and packed and sealed in 2-mi. vohumes in 2-mL
glass amponies. Oas sparging with gitrogen of oxygen was
carried out for 15 min when reguired. Hydrogenated phos-
phohpid-siabilized orouisions were prepared by the same
methed, using 0.24 g DPPE and .96 g HEFPC instead of the
1.2 g egp phospholipids,

Samples were stressed and saslyzed inreplicate; s = 4,

i Measurement

An Onon Madel 811 glass electrode pH meter was used.
Potassium chloride was added to counteract the lon adsorb-
ing effects of charged droplets (93, a process also used in the
L8P XX11 for the measurement of the pl of BDextrose so-
ntions. After experimentation to determine conditions re-
quired 16 give reproducible resulfs, measuremenis wers
made following the addition of 30 pl of & saturated aqueous
potassium chioride solution to 2 mL of emulsion sample.

Free Faty Acid Measurement

FFA measurement of a solution of the emulsion sampie

774
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was by divect Gtration 1o nentralily with 801 N potassium
wydroxide sobution standardized using potassium hyvdrogen
phihalate, with phenolphthalein as indicator (ISP XXI).
The IUPAC method {10} specifies ethanolidiethy! ether (85
5} as the solvent of choice, However, for safety reasons, the
solvent was changed to ethanobchioroform (2:1), cach tifra-
tion being preceded by bringing the solvent to neutrality with
.01 N potassium hydroxide solulion.

Thermal Stress

Thermal stress was applied by filling heating block
chambers {Drv Baths, Fisher Scientific, tasca, 11 68 charm-
bers per block, cach 12 mm diameter and 50 mm deep) with
o and tamerstug the 2-mi ampoules containing the emui-
sion at the desived temperature, covering the blocks with
aluonum foil to minimize thermal fluctuation. Tempera-
tures were determined with calibrated mercury-in-glass ther-
mometers placed at random in the block chambers.

in general, all ampouled emulsion samples were initially
sterilized at 12100 &, = 18) using a Getinge BioF OF au-
toclave. Unautoclaved controls were stored at 5°C prior to
evaluation.

RESULTS AND DISCUSSION

The rate of pH change and the rate of FFA formation
are compared in Fig. 1 for & model sumdsion prepared with
the pharmaceutical grade of soy oil. Resulis obtained using
the “superrefined”” grade of oil were similar, It 1s evident
that the rate of formation of FFA is slower than the rate at
which the pH drops, suggesting that some other factors are
mvolved. As shows in Fig. 2, cmulsions prepared with ns-
saturated or saturated acyl groups on the phospholipid mot-
eties and sparged with nitrogen prior {o sterilization and stor-
age changed pH at almost identical rates. However, & should
be noted that these {wo emulsions had markedly different
hydrolvsis rates, (3}, which suggested that the fowenag of

-4
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5 2 e
2 Y
£ T »
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) \ °
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238 275 3 325 XY
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Fig. 1. The rate of FFA formation {by KOH titration) and the fail of
pH (glass slectrode) in a 209 soy oil emulsion stabilized with egg
iecithin after sterilization and storage over the range 23-86°C. pH
{slope = — 342}~ B  FRA (slope = ~ 147}, @ &, rate
of formation (slope of change against ime); T, absolule temperature
{kelvins).
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.
®
7 < \\

4+

24 28 28 3 3.2
T x 1000

Fig. 2. The rate of pH change in 3 207 soy oil emulsion stabilized
with egg lecithin or saturated phospholipids and spacged with aitro-
gen or envgen before stenlization and stopage over the range 25~
40, Controd: egg phospholipids, nitrogen sparged {estimated slope
m= = § 93, ) saturated phospholipids, nitrogen sparged
{estimated slope = —5.30), B; cgg phospholipids, oxygen sparged
(estimated siope = — 6,31}, &

pH was due to some other factor not necessarily associated
with phospholipid bydrolysis. As noted carlicr, free fatty
acids can also arise by hydrolysis of triglycerides but the
total (titratable) FFA in the system, irrespective of s
sonece, is clearly noable to accoust for the relatively rapid
lowering of pH.

When sparged with oxvgen, the pH change in the con-
trol emulsion was considerably imoreased (Fig. ), and this
observation suggests that the effect of oxygen on the erand-
sion pH was more propounnced than that produced by the
heat-induced hydrolvtic degradation reaction.

The solubility of gases in Hauids is described by Henry’s
law {11%

£u= X, K,

where £, is the vapor pressuare of a sclution condaining sal-
ute A, X, is the mole fraction of A, and X, is Henry's law
constant, Thus, intuitively, since the K, for gases in nore
agueous solvends is generally higher than the corresponding
value in water, i would appear that the oxygen is likely to
preferentially dissolve in the ol phase of the emulsion. At-
kins {11} discussed this issue in relation o benzene at stan-
dard temperature and pressure zod observed that, in all
cases, the gas was more soluble in the benzene than in the
waler.

Based on this consideration, i seems feasible 1o suggest
that residual oxygen may remain dissolved in the triglveeride
oil phase after preparation and manipulation of the emulsion.
Some of the triglyeerides contain unsaturated acyl centers,
which could, thersfore, become partially oxidized, although
not necessarily (o the peint where they would be titratable
with alkali and estimated as FFA. These moicties would
affect the pH of the anbuffered system, 10 addition to the
effects produced by the FFA resulting from hydrolysis of
phospholipid and tnglvoenide eniities. The cvident complex-
ity of the physical and chemical stouctore of phospholipid-
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stabilized emnisions makes this suggestion difficult to con-
firm at present.
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Abstract High Hquid chromatography-
electrospray tandem mass spectrometry was usad {0
elucidate the phospholipids o krill oit extracted fHrom

p@},’f()l'}”ﬂ BRI

Fuphausia superba, ap emerging source for human autri-
tional supplercenis. The study was carried out in order to
raap the species of the choline-containing phospholipid
classes: phosphatidylcholine and lyso-phosphatidylcholine.
In addition, the prevalent phosphatidyicholine class was
quantified and the results compared with prior abalysis.
The gqualification was performed with separation on a
reverse phase chromatography column, while the guanti-
fication was obtained with class separation on a noomal
phase chromatography columa. An Orbitrap systern was
used for the detection, and pulsed-Q dissociation frag-
mentation was utilized for the identification of the species.
Ap asymmetrical exclusion list was applied for detection of
phospholipid species of lower concentration, significantly
improving the number of species observed. A total of 69
choline-containing phospholipids were detected, whereof
60 phosphatidylcholine substances, among others seven
with probable omega-3 fatty acids in both su-1 and sn-2.
The phosphatidylcholine concentration was estimated to be
34 £ 5g/100 g oil (n = 5). These results confirm the
coraplexity of the phospholipid composition of krill oil,
and the presence of long chained, heavily unsaturated fatty
acids.
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Abbreviations

EPA Ficosapentaenoic acid

DHA Docosahexaenoic acid

{yso-PtdChe  Lyso-phosphatidylcholine

NPLC Normal phase liguid chromatography
PtdCho Phosphatidylcholine

PedEtn Phosphatidylethanolamine

Ptdins Phosphatidylinositol

PrdSer Phosphatidylserine

PL Phospholipid
RPLC Reverse phase liguid chromatography

Introduction

Krill oil has emerged as an important source of omega-3
fatty acids for human consumption during the last decade,
and the amount sold on the world market is rapidly
increasing. In contrast to traditional omega-3 supplements
on today’s market, which are based on omega-3 fatty acids
bound to triglycerides (such as cod liver cil and fsh oil)
or bound as ethyl esters (Omacor/Lovaza), kil oil containg
a high proportion of omega-3 fatty acids bound to
phospholipids.

Kirill oil bas heen investigated in several preclinical and
clinical studies {14}, and there is growing evidence that
the molecular form of the omega-3 fatty acids (.. -
glycerides, ethyl-esters, phospbolipids) might be of
importance for their biological effect as well as distribution
of the omega-3 fatty acids in the body. In one animal study,
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it was demonstrated that when kxill oif and fish il were
administrated to Zucker rats with an equimolar dose eico-
sapentaenoic acid (EPA) + docoszhexaenoic acid (DHA),
krill oil had stronger and in some instances different effects
than fish oil on specific parameters related to the metabolic
syndrome [1}]. The lipid level in both heart and liver was
significantly lower in rats treated with krill oil, when
compared to rats fed the fish oil diet. The authors suggest
that this difference may be finked to differences in the
incorporation of omega-3 fatty acids into membranes. and
consequently a reduction of wmflammatory molecules and
endocannabinotds, which might be relevant for the differ-
ences ohserved between fish oil and krifl oil. Forther, in the
same study, it was demonstrated that the level of DHA in
the brain increased significantly after krill oil administra-
tion, but not after fish oil administration, when compared to
control animals [2]. Thus, omega-3 fatty acids linked to
phospholipids may be differently distributed in the body
compared to omega-3 fatty acids 1o other molecular forms.
Moreover, in a clinical safety study, the presence of EPA
and DHA in the blood plasma was determined after daily
adraigistration of 2 g krill ol or 2 ¢ menhaden ol for
4 weeks [3]. The authors conchided that EPA and DHA
frorn krill oif are absotbed at least as well as that from
menhaden oil.

The airn of the current study was to characterize the
phospbolipids 18 kxill ol in more detad w evaluate the
coraposition of the faity aclds present o the phospholipids.
The cornposition was determined using LC/ESI-MS{U/MS),
a technigue which has lately played an imporiant role in
characterization of the lipidome in tissues and organisms
[31 An inberent limitation in the use of ESI for the ioni-
zation of long chained fatty acids has been described by
Koivusalo et al. [¢]. The study showed that the instrument
response is affected by the acyl chain length. This is a
consideration which is important particularly in the guan-
tification of the lpids.

The elucidation of the phospholipid species is often
performed either by doing a precursor ion scan or a neutral
loss scan with triple quadrupole instrumentation {7-9, or
with MS® fragmentation with systems based on ion traps
(18 . Normal phase liguid chromatography (NPLC) and
reverse phase liquid chromatography (RPLC) are both
fr’%quenﬂy used for the separation of the components [,
14171 Of these two separation technigues, RPLC has
b@en shown to be more suitable for species separation and
charactenzation {8

Different ionization and fragmentation technigues can

be used for the evaluation of phospholipids. Ionization of

the phospholipids may be performed in negative- and

positive-ionization mode. In general, fragmentation of

phospholipids in the positive mede provides information
about the phospholipid head group, while fragmentation in
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the negative mode is the source of structural information.
For phospholipids containing choline-headgroups, the
choline-specific fragment m/z 184 has been used in pre-
cursor ion scanning operating in the positive ionization
mode for class determination |7, 18], Also in the negative
mode, class-specific fragments may be used in the char-
acterization. All phospholipid classes, except those con-
taining choline, yield molecular ions [M—H]™ when a
formate-based mobile phase is used. On the other hand, the
choline-containing classes form stable adducts with formic
acid in the mobile phase, yielding [M + FA--H]™ ions
(miz = M -+ 45) [19, 20]. With fragrentation, this adduct
dissociates with the loss of (HCOO -+ CHy) into the frag-
ment fon [M-—CH,]7. This is in particularly useful in
methods utilizing RPLC for separation. Although the
chromatographic class information is lost in such setups,
the class-specific fragments may be used in the character-
ization of the species [11].

Two ion activation technigues may be used for MS
analysis utilizing ion traps: collision-induced dissociation
{CID) and pulsed-Q dissoclation (POD) technigues. While
CID has a low mass cut off below 28% of the sz Tor the
precursor ion, the novel POD technique eliminates the
potential loss of low mass fragments {21, 22]. This dif-
ference could be crucial in the fragmentation of larger
molecules to bow mass, specific fragrments, as shown with
detection of {TRAQ fragruents with a linear ion trap {23].

The faity acid composition of phosphatidyicholine
{(PtdCho} from krill o1l has previously been investigated by
Le Grandois et al. [24]. This study was performed with a
method based on the EST operated in the positive mode
with triple quadiupole detection of lithium adduct jons, and
showed the presence of a higher number of PtdCho species
with long chained unsaturated fatty acids, than seen in egg
volk, ox liver and soy.

We believe the current study verifies previcusly pre-
sented findings and offer new insights into the composition
of krill oil. In addition; it shows the advantage of per-
forming an additional fragmentation using an exclusion list
in the identification of low prevalent species.

fu—

Experimental Procedures
Chemicals

Phospholipid standards of lyso-phosphatidylcholine (fyso-
PtdCho), PtdCho, phosphatidylethanolamine {PtdEm),
phosphatidylinositol  (Ptdins)  and  phosphatidylserine
{PtdSer) were purchased from Sigma-Aldrich (8t Louis,
M@, USA). Lyso-PtdChe, PidCho and PtdEin
{yophilized powders obtained from egg yolk, whereas the
Ptdins source was glycine max and the PtdSer source was

wWere
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bovine brain. EPAX 6000 TG fish ol was donated by
EPAX (Alesund, Norway), and Superba'™ krill oil was

obtained from Aker BioMarine (Oslo, Norway). All other
chemicals were of MS grade.

Instrumentation

The chromatography was carried out on a Dionex system
consisting of an Ultimate 3000 purap, an Ultimate 3000 RS
autosampler, and an Ultimate 3000 flow manager. Detec-
tion was obtained using a linear ion trap LTQ XL coupled
to an Orbitrap Discovery, LC-operation, data acquisition
and processing were carried out using Chromehon 3DK
6.80 BP2 Build 2327 and Xcalibur version 2.0.7 coupled
with DOMSYS 2.5 (all Instrument-Teknikk AS, {sterds,
Norway}.

Muass Spectrometry

The LT Crbitrap system was operated with a spray voltage
of 5.00 kV, nitrogen as the sheath gas with flow rate set to
3G arbiary usits, and hellum as the collision gas. The
quantification of the PtdCho class was performed with 2
scan from mfy = 400 to mfz = 1,000 operated in negative
opization mode. MS" experiments for identification of the
choline-containing phospholipids were performed using
data dependent PQD for the first fragmentation step. The
raolecular ion selected for each fragmentation i this step,
was the most intense ion detected by the Orbitrap analyzer
with target mass resolution of 30,600 and a scan window
from miz = 400 to mfz = 1,000, The normalized collision
energy was 200 and the isolation width 2.00 Da. Subse-
quently, the most intense fragment ion detected was further
fragmented using CID, with the normalized collision energy
at 35 and an isolation width of 2.00 Da (MS”). The LTQ
was utilized for the detection of the fragments and the
mifz vange was relative to the m/z of the molecular ion. An
alternative method was used in order to be able to observe
species that were not selected for fragmentation in this way.
The overall setup of this method was as described above,
with the distinction of adding an asymmetric exclusion list.
The exchusion list was generated with the purpose of the
LTQ to ignore already identified substances. The list was
based on the m/z of the molecular ions, with an exchiusion
window from this mass-to-charge ratio, up to m/z + 1. The
width of the exclusion window was selected in order to
diminish the detection of isotopes of the molecular ious.

Chromatographic Conditions RPLC
Chromatographic separation was performed on a ZORBAX

Eclipse Phis C18 colump with particle diameter of S pm
and the colomn dimensions were 150 x 2.1 mm i.d.

The mobile phase A consisted of 90 parts {% TEA and
0.2% formic acid in water, and 10 parts mobile phase B (v/v).
Mobile phase B consisted of 1% TEA and 0.2% formic acid
in 60 parts methanel and 40 parts acetonitrile (v/v).

A linear gradient was used for the separation. The sys-
tem was first kept isocratic at 65% mobile phase B for
5 min after injection of sample. The gradient was then run
from 65 to 100% mobile phase B in 5 min and was kept
isocratic at 100% mobile phase B for 20 min, before it was
returned to the initial condition in 0.1 min. The column
was regenerated with 65% mobile phase B for 16 min. The
mobile phase flow was set to 0.2 mi/min and the injection
volume was 20 pl throughout the study.

Chromatographic Conditions NPLC

NPLC was performed on a HICHROM LiChrospher 100
DIOL column with a particle diameter of 5 yom and column
dimensions of 250 x 2 mm 1.d. Mobile phase C was 100%
chloroforrn, and the mobile phase D consisted of 0.05%
TEA, 0.05% ammonia and 0.1% formic acid ia meethancl
(v/v}. For the class separation of the phospholipids, a linear
gradient was used. The gradient was rug from 5 10 27.5%
mobile phase D in 15 rain, followed by a rise to 80% in
2 min to fush the column. This concendration was kept
isgoratic for 4 min, before it was returned to the initial
condition in 2 rain. The coluran was regenerated with §%
mobile phase D for 12 min. The mobile phase flow was set
to 0.3 ml/min, and the injection volume was 20 ul
throughout the study.

Sample Preparation

Samples of krill oif and stock solutions of standards were
prepared by dissolving the lipids in 2 mixture of chioro-
form and methanol at a rafio of 2:1. These solutions were
stored at —32°C and excessive heating cycles were avoi-
ded. Samples were prepared by further dilution with sol-
vents compatible with the mobile phases used. For NFLC,
this was achieved with chloroform:MeOH 93:5, while it
was attained by dilution in mobile phase A for RFLC.

Calibration Curve

For the quantification, a calibration curve was established
with samples of PL free fish oil (EPAX™) spiked with a
PtdCho standard purified from egg yolk to concentrations
of 100 pg/mb. The spiking of PL free fish cil was per-
formed in order to produce corpparable matrixes in the
standards and the keill oil samples. Stock schitions were
made by dissolving PtdCho standard, PL free fish oil and
kyill oil separately in mixtures of chloroform:Me(OH 2:1.
The concentration of krill cil and PtwdCho standard was

@ Springer

0000071



28

Lipids (2011} 46:25-36

 mg/mb. and for PL free fish oil 10 mg/mb. for these
solutions. Respectively, 100 ul of PtdCho standards and of
krill oil was added to 900 pl of the PL free fish oil, pro-
ducing saniples with concentrations of 100 pg/ml. For the
calibration curve, the PtdCho standard samples were con-
secutively diluted to the desired concentrations of 10.0,
5.00, 2.50, 1.00, 0.50, 0.25, and 0.10 pg/ml (n = 5) with a
niixture of chloroform:MeOH 95:5. The krill oil samples
were diluted in the same way to a concentration of 1.00 pg/
mb in order to measure the PtdCho content within the
linear area of response of the calibration curve.

Selection of MS-Mode for PidCho-Clagsification

Ininal experimments with standards of PudBtn, Pidins,
PtdSer, PtdCho and tyso-PtdCho, were perforrned in hoth

Fig‘ 1 Base pe;ﬂ-{ RY: S00-15.00 S OB
chromatogram and three
dimensional (3D} map of
phospholipid class separation of
krill o, performed with a linear
gradient NPLC/ESI-MS on a
HiCHROM LiChrospher 100
DIOL column (250 x 2 mm

Felative Abundance

positive- and negative- ion mode using the LTQ Orbitrap
as a detector. Separation of these substances on a NPLC
column yielded class-specific baseline separation (data not
shown). The results of these tests indicated a minor dif-
ference in the signal intensities obtained between the two
settings, with a slightly higher response in negative mode.

Identification of Choline-Containing Phospholipids
in Krill Oil

Since krill oil, as established in Fig. 1, 1s predominantly
composed  of phospholipids,  the
emphasis of the work was focused on the elucidation of the
species in the PidCho and lyso-PtdCho classes. In NPLC,
ciass separation of the phospholipids is achieved. A clear
tendency of the elution order from the column was seen
from high m/z to lower m/z. PtdCho class species ehuted
from 6.5 to 8 min, and the elution of the lyse-PtdCho class
occcurred between 10.5 and 12 min. Some species separation

choline-containing
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was seen within the PtdCho class, however, this was not
adequate for identification of the diverse species within the
classes.

As the identification of the components is performed
with data dependent fragmentation, chromatographic sep-
arations of the substances are critical for detection of the
less prominent species. Hence, the separation for charac-
terization of the species was performed mﬂ izing a RPLC
C18 column as described under “Experimen
res”. This improved the chromatogr dphlc performance
for species separation compared to NPLC (fag. 2). As lyso-
PudCho only carry one fatty acyl group, these components
ehite earlier in the chromatogram than the PtdCho species.
Lyso-PtdCho dorminate the region between 12.0 min and
14.5 min in the chromatogram, while the heavier PudCho
components dominate the chromatogram after 14.5 min.

The identification of the species was performed utihizing
a M5 data dependent fragmentation method, with an initial
PQD fragmentation resulting in the loss of methyl formate,
followed by a CID fragruentation. Analysis of the frag-

mentation spactra obtained typically revealed the ideatity of
the substances without ambiguity. However, co-ehution of
isobaric comapounds could potentially coraplicate the
interpretation of the spectra. This challenge is miniraized by
applying a set of criteria for reliable identification. The

following criteria were applied for reliable interpretation of
a choline-containing phospholipid: based on the ma
charge ratio of the molecular ion, 1t s Hkely fo be a choline-
containing phospholipid {i.e. m/z being an even number).
FPollowing the first CID with PQD, 2 daughter ion should be
produced by the loss of (HCOO + CH;) as 60 Da. Further
fragmentation with CID of the resulting product should
produce specific fragments revealing the nature of the fatty
acyl groups in both the su-1 and the sn-2 position, either by
the occurrence of the fragment for the fatty acvi group itself,
or by the presence of the corresponding fragments of the
Iyso-compound. The surn of the fatty acyi groups elucidated
in this matter should yield a mass matching the initial
molecular mass. This is illustrated in Fig. 3, showing the
chicidated fragment identity for the fragmentation of the
20:5-22:6 diacyl PtdCho.

The spectra were generally dominated by fatty acyl
fragments from both the sn-1 and the sn-2 positions in
addition to their comresponding fragments of the lyso-
compound, ensuring identification of the species. The fyso-
PtdChoand PtdCho substances identified by applying this
method are presented in Tables | and 2. The relative
intensity of the molecular ions is also presented.

As described earlier, the use of signal intensities in MS,
for concentration comparison of the different substances, 1s
only semi-quantitative. However, it provides a valoable
indication of the composition of the PtdCho and lyso-
PudChoclasses. Chromatograms and fragmentation patterns

EG-

are presented in Figs. 4 and § for the 10 foremost sub-
stances characterized from the PtdCho class.

As data dependent fragmentation methods are, by nat-
ure, biased in the selection of the most prevalent sub-
stances, the experiments where repeated with the use of an
asymmetric exclusion list added to the MS-method. The
exclusion list was based on the data sets obtained with the
initial settings (ie. Tables 1, 2). This method allowed
the detection and identification of the additional substances
presented in Table 3.

Quantification of PtdCho-Class in Krifl Gil

Krill oil predominantly contains phospholipids from the
PedCho class (Fig. 1). It was therefore attempted to quan-
tify the absolute concentration of this class by use of class
separation with NPLC. Quantification of the PtdCho class
was performed with a method developed “in-house” with a
L1 Orbitrap mass spectrometer for the detection.

o the constructicon of the calibration curve, PtdCho
concentrations above [.00 ug/ml resulted in a relative
decrease 1n the MS sigaal respome, yielding a quadratic
poivnomiai curve (y = ax? + bx -+ ¢) where g = —9,766,

= 330,360 and ¢ == 47638 with = 0.9995. Pmm
0. 0 pe/ol to 1.00 up/mi., the calibration curve showed a
high degree of hoearity (+F == 0.9995) with a linear
regre%%ion curve (y == bx -+ ¢} where & = 368737 and
------ = —16,547.

Tht, latier area was chosen for quantification purpose.
From this, the PtdCho content of the undiluted keill oil was
determined to be 34 &£ 5% (wiw) (n = 5). Comparisons of
the maass spectrumn of the sample with the spectrum of the
PtdCho standard indicated a difference in PidCho class
compostition (Fig. ©). From the results, the average acyl
chain lengths appear o be higher in krill oil than in egg
volk. This has also previously been shown by others [24].
As mentioned above, instrument response is affected by the
acyl chain length of the PtdCho. These differences in chain
lengths could therefore influence the guantification of the
PtdCho class as discussed later. The quantitative results
were compared with an earlier analysis of the krifl oil,
performed by the accredited analytical company Nofima
{Bergen, Norway). They reported the PtdCho concentration
in the krill oil sample to be 35 g/100 g oil

Discussion

The fact that fatty acyl chain lengths of the PtdCho species
are relatively long, affects both the choice of fragmentatio

techaique and the effect of standards used for quantifica-
tion purposes. Due to the low mass cot-off Hmit at 28% of
the molecolar fon mass with CID fragmentation in ion
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traps, fragmentation utilizing POD in the positive ioniza-
tion mode was chosen as the first fragmentation step. In
addition, utilizing PQD in the first fragmentation step of a
MS* method, operating with negative mode ionization, also
yields class elucidation of phospholipids with choline head
groups. This is achieved by the detection of the {M—CH;] ™
fragment formed after (HCOO + CH.) loss from formate-
molecular ion adducts. Consequently, performing a mode
shift from the positive to the negative ionization mode is
not necessary for the overall identification of lyso-PtdCho
and PtdCho class phospholipids, PQD with a4 normalized
colision energy at 200 produced the {M-—CHil™ frag-
ments, without extensive fragmentation to secondary

AT 10.00-38.00 SM: 9B
100 =

80 :
80 -

N
o

N
o
TR TR H R HYH I T

Relative Abundance

fragment ions. Higher collision energies produced sec-
ondary fragments that could be used as a source of struc-
tural information; however, this was better achieved with
CID as a second fragmentation step. The CID was operated
with a normalized collision energy of 35, for further
fragmentation of the [M—CH;]™ ion. This value was not
optimized for the individual species, and additional struc-
tural information could potentially have been achieved by
specie specific optimization of this setting.

With the described method for separation and frag-
mentation of the phospholipids, typical fragmentation
patterns were cbtained, as shown in fig. 3. The spectra
were dominated by fatty acyl fragment ions originating

(@]

L;}'so—
P Chio

m/z

10 i2 i4 1‘6 18 20 22 24 26 28 30 32 34
Time {min)
Fig. 2 Base peak chromatogram and three dimensional (35) map of scan from m/z 400 to m/z 1,000, Only the most relevant part of the
g P g P Y 1%

phospholipid specie separatton of knll oil, performed with RPLC/
ESI-MS on a ZORBAX Eclipse Plus C18 column (150 x 2.1 mm
id., S pmy. MBS was run tn negative the ionization mode and set to
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Fig. 3 MS® product ion RT:17.42-17.61 AV: 11 NL 4.42E1
spectrur of 22:6-2(0:5 diacyl ag1 2
1 1 P 100 - -
PtdCho obtained in negative 100 -
ionization mode. The molecular ] miz Fragment identity
ion of mfz 896.6 was sefected S E 5363 [M-GHaT"
for POQD fragmentation; this 1
vielded a fragment ion of 80 4 5522 [(LPC 22:6) - CH3]"
fz 836.3 which was further ] . -
miz 836.3 which was further 70 3 5343 [(LPC 22:6) - CH3 - H20)]
fragmented with CID resuiting @ B
in the presented spectrum. g 1 ) 526.2 [(LPC 20:8} - CH3]"
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ertaintv in the characteriza 2 3 nan 526.
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Tabie 1 Ideniified lyso-phospholipid species with choline head

group in knll ot

Class Mass mfz®  Molecular specie  Relative intensity
Lyso-PedCho 4934 35384 161 6.01
Lyso-PudCho 4954 35404 16:0 32.42
Lyso-PidCho 5094 5544 170 406
Lyso-PedCho 5214 5664 18:1 2321
Lyso-PrdCho 5414 3864 20:5 3131
Lyso-PtdCho 5634 6086 21U 16.70
Lyso-PedCho 5674 6124 226 1219

Drat2 were obtained with RPLOVESE-MS operated in negative ioni-
zation mode and with data dependent fragmentation without excha-
ston st

& mlz for M + FA-H]™ adduct

from both sa-1 and su-2, except in the fragreentation of
alkyl-acyl species, where only 2 single fatty acyl fragment
ion was observed. In addition, the corresponding fragment
iong of the lyso-PtdCho compound were prevalent, con-
ﬁrming the characterization of the species. The fragments
associated with the Ivso-PtdCho compounds were either in
the form of {lyso-PidCho-CHsi™ or [lvso-PtdCho-{CHz-
H-O]™. Furthermore, fragments specific for phospholipids
registered. These
dissociation products were miz 257, mi/z 242 and m/iz 223,
representing |Glycero phospho choline]™, [Glycero phos-
pho choline—CH;]™ and {Glycero phospho choline—CHa—
H,O]7, respectively. The identification of the phospholipid
class was made based on the loss of 60 Da in the
POQD fragmentation step. However, fragments specific for

cagrying a choline head group were often v

phospholipids carrying a choline head group affirmis this
interpretation. In spectra obtained from the dissociation of
species carrying a 20:5 fatty acyl group, an ambiguous
{20:5-H20|T fragment lon with m/z 283 can often be
detected. This lon can potentially be misinterpreted as the

fatty acyl fragmeot [I8:0]7, but meeting the criteria
for reliable identification will rule out this erropecus

conclusion.

In some incidences, a molecular ion could be explained
by either being a diacyl-, or an alkyvi-acyl-compound. In
these the possible identificavon of alkyl-acyt
PtdCho species was based on the presence of a relatively
bigh MS-signal for a single fatty acyl fragment ios and the
corresponding lyso-PidCho compound. In addition, there
should be a total absence of signals (i. e. both faity acyl-,
and lyso-PtdCho-ions) potentially explained by fragmen-
tation of ap ester bond in the opposite sn-position. An
example of this is m/fz 764.6 (spectrum shown in Fig. 5)
which could originate from both 016:0-20:5 alkyl-acyl
PtdCho and 15:0-20:5 diacyl PidCho. The presence
miz 466 [(yso-PtdCho Ol6Wi5:00-CHsi™, 448 [lyso-
PtdCho GH1:0-15:00-CH;-H,01 and 301 [40 517 indi-
cate a fatty acyl group of 20:5, while there is no Iragment
indicating a fatty acyl group of 15:0 in the opposite
su-position. This is therefore assumed to be a PtdCho-
specie with an alkyl-acyl composition of O16:0-20:5.
Altogether, seven different potential alkyi-acyl PtdCho
species were characterized. For all these species, the fatty
alkyl chains were either hexadecanoic or octadecanoic, and
either saturated or with a single double bond.

No further attempt was made to clarify the stereospec-
ificity of the species. It is important to keep in mind that

Cases,
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Table 2 Identified phospholipid species with choline head group in
kil oil

Classg Mas w7 Molecular specie Relative intensity
PtdChe 7036 7486 14:0-161 533
PudChe 7177 7627 15:0-16:1 0.93
wdCho 7177 7627 13:0-18:1 21.08
PedChe 7316 7706 14:0-18:1 1375
PdCho 7316 77646 16:0-i61 2748
PuiChe  737.6 784 12:0-20:5 17.38
PidChe 7456 7906 15:0-18:1 6.71
WdCho 7456 7006 16:0-171 680
PedChe 7496 7946 14:1-20:5 6.94
PidChe 7516 7906 14:0-20:5 17.62
WdCho 7536 7986 14:.0-2004 0.26
PedChe 7536 7986 16:0-184 14.88
PtdChe 75546 8006 16:0-18:3 13.30
wdCho 7576 8027 16:1-18:1 1.41
PedChe 7576 8027 1o0-18:2 3242
PidCho 7597 B04T7  16:1-18:0 0.10
WdCho 7597 8047 16:0-18:1 106100
PedChe 7617 8067 16:0-18:0 15.83

PrdCho 7636 8086 13:0-22:6 0.30
PudCho 7636 8086  0O16:1-23:5 20017
FidChe 76546 8107 Qioi3-20:5 28.24

dCho 776 B22.6  18:3-18:3 <<0.01
PedChe 7776 8226  12:4-24:2 .03
PudChe 77746 822.6 18:1-18:5 0.07

dCho 7776 8226 16:11-2005 4.85
PedChe 7776 8226 14:0-22:6 12.25
PudChe 77946 8246 18:1-18:4 0.13

WdCho 7796 8246 16:0-2005 96.57
PdChe 7816 82066  16:0-2014 24.23
PraCho 7837 B28T 1R:1-182 7.69
PedCho 7856 8337 18:11-18:1 14.69
PidChe 7896 8347  (loi1-22:6 3.50
PudCho 7896 B34 172205 3.85
PedCho 7917 8367 17:1-2005 15.64
FidChe 7917 8367  (Gioe-22:6 22.97

WdCho 7936 8386 OI80-20:5 15.01
PedChe 7996 8446 18:4-20:5 8.7
PidChe 80346 8487 18:2-20:5 9.28

dCho 8056 8506 181-2005 3.51
FedChe 80546 8506  16:0-22:6 78.34
PidChe 80676 852.6 18:0-20:5 23.92

«dCho 8256 8706 184-22:6 3.15
FedChe 82546 8706 20:5-20:5 30.31
PrdCho 8276 8726 20:4-20:3 16.18
PedCho 8317 8767 18:1-22:6 17.10
FidChe 8337 8787  20:1-22:6 <(.01
PrdCho 8516 8966 20:5-22:6 24.80
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Table 2 continued

Class Mass i Molecular specie Relative intensity
PedCho 8617 9067 20:5-22:1 20.80
PuiChe 8676 9127 20:5-23:5 <0.01
PedCho 8757 Q20,7 2(n5-23:1 575
PtdCho 87706 92206 22:6-22:6 749

B - ‘ I o ) . . . .
Data were obtained with RPLC/ESE-MS” operated in negative ioni-
zation mode and with data dependent fragmentation without exclu-
sion fist

a ‘

miz for M + FA-H} adduct

sterecisomers would be difficult to separate and specifi-
cally identify. Therefore, the relative intensity values pre-
sented in Table 2 will in many cases be the sum of the
signal intensities of the two sterecisomers. The ratio
between the sterecisomers will vary among the different
species. However, an interesting observation was that
several of the n-3 acylated species appear to carry the n-3
fatty acyl group in the sn-1 position, based on the fragment
ratios in the fragmentation spectra (e.g. 22:6-18:1 diacyl
PtdCho).

In total, 5% species were characterized without the use of
the exclusion lst, whereof seven were from the lyso-
PtdCho class and 51 from the PtdCho class. An additional
11 species were detected by applying the asymmetric
exclusion list. Of these latter, two were identified as lyso-
PtdCho and nine as PtdCho compounds, yielding an overall
total of nine lyso-PtdCho class species and 60 PtdCho class
species ehucidated. Seven species yielded signals for highly
probable fatty acvl #-3 groups in both the sn-1 and sn-2
positions (ie. the diacyl PwdCho species 18:4-20:5,
18:4-22:6, 20:5-20:5, 2005-22:6, 20:5-23:5, 22:6-220:6
and 2(0:5-22:5). Those species and the detection of more
exofic species such as 22:6-23:5 and 20:5-26:4 diacyl
PedCho, show the complexity of krill oil.

Prior to analysis of the krill oil, the total fatty acid
composition, wherein information oo the concentration of
individual fatty acids and their #-3 cootent was obtained
and provided by Nofima, with the method AOCS Ce 16-89
(data not shown). The sum of polyunsaturated (u-3) faity
acids was reported to be 8.5 g/100 g oil. The assumed
homologous distribution of the fatty acid composition
between triacviglycerols, free fatty acids, and the lyso-
PtdCho- and PtdCho-classes, combined with the described
relative intensities of the known species (Tables 1, 2},
makes it possible to estinwate the prevalence of #-3 faity
acids in one or both sn positions of the PtdCho species. For
the PtdCho class, approximately 58% of the components
contained a single n-3 fatty acid. and 10% held an »-3 fatty
acid in both sn-1 and sn-2 positions. Of the species in the
lyso-PtdCho class, approximately 35% contained an #-3
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fatty acid. The phospholipid composition might potentially
give better insight into the mechanism and distribution of
krill oil in the body.

In the analysis performed by Nofima, the PtdCho con-
centration of the same kril oil as was used in the current
study was reported to be 35 g/100 g oil (Nofima internal
method N A8E, based on , 261). With the method
developed for this work, the PtdCho concentration was
estimated to be 34 4 5 g/100 g cil. This shows that, in
spite of the difference between the methods, the correlation

Time {rmin)

of the values obtained with the two methods is relatively
high. Dissimilarity between the standards used for cali-
bration and the actual composition of the phospholipid
classes in the sample could influence the quantification. In
this work, we utilized a PtdCho standard originating from
egg volk. The difference in the PtdCho profile between this
standard and the krill oil (Fig. ) could potentially result in
an underestimation of the PtdCho content of the sample.
This is a result of kyill oil containing long chained faity
acids in the phospholipid components, which are less prone
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Table 3 Identified lyso-phospholipid and phospholiptd species with
choline head group in kel oil

Classg Mass il Molecular specie
Lyso-PidCho 549.4 594.4 201
Lyso-PrdCho 5694 614.4 22:5

dCho 7713 816.3 01&:1-18:1
FtdCho 7956 840.6 16:0-21:4
PidCho 8187 864.7 018:0-22:6
PedCho 2295 874.5
PidCho 845.6 89006

dCho 853.2 982 22:6-23:5
PedCho 8532 898.2 20:5-22:5
PidCho 893.6 938.6 204-22:0

dCho 911.6 856.0 20:5-26:4

Data were obiained with RPLO/ESI-MS? operared in nepative iom-
zation maode and with data dependent fragmentation with asymimetric
exclusion list. Relative intensities for the two ditferent methods
cannot be compared

& mfz for DM+ FA-H]™ adduct

to 1omization with ESI as described earlier. Hence, the use
of a PtdCho standard originating from krill oif would have
been preferred. However, this type of standaxd was not
corareercially available when the study was performed.
Kril oil has been analyzed by a novel method and
nurpercus molecular species were found that were previ-
ously not known to be present in kall oil. To our knowl-
edge, there bas previously only been one report showing

Fig. & 1 Mass spectrum of
PtdCho class standard used as 100 -

the fatty acid composition in PtdCho from krill i}
method used in that study was comparable to the platform
used in the cumrent study, however, their detection was
based on the formation of lithium adducts, detected with a
triple guadrupole. The krill oil used in that study was
delivered by Nestec SA {(Lausanne, Switrerland), and the
composition of the two kil oils might therefore not be
directly comparable in respect to composition. However, in
both studies the following three PtdCho species were
among the five most prevalent: (16:0-20:5) (16:0-22:9),
and {16:0-18:1). On the other hand, they detected high
levels of other PtdCho species that are low or absent in our
study, such as: (18:1-20:5) and (18:0-18:2). Le Grandois
et al, detected neither fatty acids longer than 22 carbons nor
ether-linked fatty acids. Moreover, in our study, a higher
pumber of PtdCho species was detected. Whether these
differences are due to a different coraposition of the two
knll oils, or the methodology is not known, but might
indicate that the detection method used in the current study
is roore sensifive.

The method used for guastification purposes in this
study was opiimized for specific quastification of the
PtdCho class, and guantification of other PL classes was
not attempted. However, it would be of great interests and
in the field of lipidomics, to develop standardized
and validated LOC-MS methods that meet the need for
guaptification of all phospholipid classes in complex
matrixes ke krill oil. One of the potential challenges in the
development of such strategies would be the choice of
siitable standards for the calibration curves.

an aid
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