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In-Depth Protein Characterization by Mass Spectrometry
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Abstract

Within this chapter, various techniques and instructions for characterizing primary structure of proteins
are presented, whereas the focus lies on obtaining as much complete sequence information of single
proteins as possible. Especially, in the area of protein production, mass spectrometry-based detailed pro-
tein characterization plays an increasing important role for quality control. In comparison to typical
proteomics applications, wherein it is mostly sufficient to identify proteins by few peptides, several com-
plementary techniques have to be applied to maximize primary structure information and analysis steps
have to be specifically adopted. Starting from sample preparation down to mass spectrometry analysis and
finally to data analysis, some of the techniques typically applied are outlined here in a summarizing
and introductory manner.

1. Introduction

The field of Proteomics has been very successful in identifying the
quantification of large sets of proteins (protein mixtures), for
example, from whole organelles or cell lysates. Nowadays, hun-
dreds of proteins within a complex sample can be easily identified
by mass spectrometry, whereas only few peptides per protein are
usually detected (1). This allows elucidating the name of the pro-
tein via searching protein sequence databases. In addition to ana-
lyzing complex protein mixtures, at least equally challenging is
the art of in-depth characterization of individual proteins, or in
other words, gaining as much primary structure information
(including posttranslational modifications) as possible from a pro-
tein of interest.

In-depth protein characterization is of great importance, as it
increases the chance to detect posttranslational modification
(PTM), which modulates the activity of most eukaryote proteins.
Also validating and distinguishing protein isoforms within a sample
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demands detailed elucidation of the protein sequence. Especially,
therapeutic protein products require thorough characterization,
for example, during protein engineering, protein production, and
for first in men studies throughout routine testing.

Mass spectrometry (MS) is an excellent tool for this purpose as it
allows deducing the primary structure of proteins, including PTM by
measuring mass per charge ratios (#/z) of peptide ions and corre-
sponding peptide fragment ions in a high-throughput manner (2).
Especially, the technology advances in recent years, including the
increase in accuracy (today at ppm for peptides and peptide frag-
ments), sensitivity (femtomol) and acquisition speed (more than
10,000 spectra/h) has turned MS into the most valuable analysis tool
for detailed characterization of complex molecules like proteins.

While high-throughput protein identification from peptide
fragmentation (MS/MS) has become a standard in modern
MS-based protein analytics, complete primary structure elucida-
tion, including PTM is still a challenge due to various reasons:

(a) Masses measured by MS are generally not unique, i.c., differ-
ent amino acid sequences, including PTM may have identical
or similar mass values, making them hard to distinguish.

(b) Protein and peptide modifications can be induced by sample
preparation and these must therefore be carefully distin-
guished from original in vivo PTM.

(c) Some protein sequence segments may be hard to monitor by
MS, e.g., some peptides are hard to ionize or show poor
fragmentation.

(d) Protein modifications may not be homogenous, and due to
numerous gene products caused by alternative splicing and
combinations of modifications the protein mixture can be
very complex.

(e) Sample preparation methods have to be individually devel-
oped as low protein concentration and interfering small mol-
ecules like salt, detergent, and stabilizers in formulation are
limiting or even preventing mass spectrometric analysis.

In this chapter, we explore various current methods for comple-
mentary primary structure elucidation via mass spectrometry.
We also focus on sample preparation as this is an essential prerequisite
to enable and improve primary structure discovery.

2. Methods

2.1. Sample
Preparation

Sample preparation methods for in-depth protein characteriza-
tion by MS have to be developed to fulfill two aspects. On the
one hand, sample preparation has to be performed to enable mass
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spectrometric analysis. On the other hand, it has to be designed
in a way to minimize the risk of primary structure change due to
the sample preparation.

Adjuvants and contaminants, such as salt, detergent, or stabilizers,
have the potential to prevent or reduce the results of mass spec-
trometric analysis. In case of liquid chromatography coupled to
electrospray ionization mass spectrometry, salts in millimolar con-
centrations and even low detergent concentrations can be removed
online within the HPLC setup (e.g., guard column or dedicated
trapping column). For higher concentrations and for MALDI-MS
applications, spinning columns (e.g., 3.5-kDa cutoff), dialysis
(also available as microdialysis) or precipitation are the methods
which are mostly applied. Additionally, separation techniques with
high resolving power, such as reverse phase-HPLC or the combi-
nation of SDS-PAGE (1D or 2D) with protein digestion, are also
well suited to move to an MS compatible bufter, with salts like
ammonia carbonate, solvents like water, acetonitril, methanol,
and acids like formic or triflouracetic acid.

Oxidation of, for example, Methionine, deamidation of Asparagine,
or truncation may occur under conditions of sample preparation.
Additionally existing modifications (e.g., phosphorylation) may
be removed (e.g., by contact to iron in not inert HPLC systems).

Therefore, the sample preparation steps have to be limited to
the minimum steps needed. Harsh conditions have to be avoided
(e.g., 4 h, 37°C protein digestion method instead of 24 h, 37°C
to avoid deamidation).

There are no universal protocols as the methods have to be
adopted and altered to meet several aspects:

(a) Aim of analysis and intended MS technique.

(b) Starting protein concentration and nature of buffer content.

(c) Final protein amount and concentration needed.
Additionally, protein specific aspects like hydrophobicity, tertiary

structure, or modification often result in a need for protein-

specific method development.
Some general rules provide a guideline to method development:

(a) Avoid any unnecessary step (e.g., multiple concentration, buf-
fer changes).

(b) Work at high protein concentrations so that only a minor frac-
tion of the analyzed proteins is lost due to unspecific adsorp-
tion and reduce unfavorable adjuvant to protein ratios.

(c) Minimize harsh stress conditions like high temperature or RT
for longer time, freeze/thaw cycle, extreme pH, lyophiliza-
tion steps; oxidative stress.

(d) Do not introduce any adjuvants where not needed.
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2.2. Primary Structure
Elucidation by Mass
Spectrometry

The primary structure of a biological molecule is the exact
specification of its atomic composition and the chemical bonds
connecting those atoms. For a high molecular weight protein like
an antibody with approximately 20,000 atoms, the information of
its primary structure is very complex. Fortunately, a good portion
of this information can be reduced to the amino acid sequence.

However, for proteins the primary structure is not only cov-
ering the exact amino acid sequence, but also cross-links like dis-
ulfide bridges and modifications. Microheterogeneity will add
another level of complexity into sample characterization as it is
present in many highly purified recombinant proteins as well.

During the last 20 years, a huge number of mass spectromet-
ric methods were developed to analyze the primary structure in
detail. A full molecular weight determination by MS can provide
a good insight for the verification of primary sequence and detec-
tion of modification. MALDI-TOF-MS is robust in sample prep-
aration and salt concentration and can give you accuracy with as
low as a few Daltons for midsized proteins. With this accuracy,
information on N-/C-terminal truncation or modifications like
glycosylation or phosphorylation can be obtained. However, for
modifications like deamidation, disulfid linkage, or even oxida-
tion a higher accuracy may be needed. The ability of Electro Spray
Tonization to measure the molecular weight of multiple highly
charged ions in parallel results in a much better accuracy. For ESI-
FT-MS measurement, these molecular weight determination can
be in a sub-Dalton range.

For a more detailed primary characterization, the protein has
to be cleaved into subunits or peptides which are then measured
by mass spectrometry.

The “MALDI In Source Decay” method fragments a full
intact protein within the mass spectrometer and enables here a
direct sequencing of the N- and C-terminal sequence area.

A sample preparation with a highly specific enzymatic diges-
tion (e.g., Trypsin, Glu-C, Asp-N, etc.) will result into peptides
which can be measured in a mixture (e.g., by MALDI-MS) or
separated and analyzed by online LC-ESI-MS. With today’s instru-
ments, these peptides can be measured with high sensitivity (fmol)
and with highest mass accuracy (low to even sub-ppm level). In
the same experiment, these peptides can be fragmented within the
mass spectrometer and the resulting peptide fragment pattern will
be recorded also with highest mass accuracy and sensitivity.

With this ability and lab automation, it is possible to resolve
also very complex primary structures and microheterogeneity of
low abundant sequence variants.

However, data analysis becomes increasingly important to
unravel the full potential and latest improvements of mass
spectrometry.
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Signal extraction and calibration are the most common first steps
in the MS data interpretation process. Most software tools for
MS-based protein analysis accept so-called peak lists, which are a
collection of signals of a mass spectrum. Peak extraction is a com-
plex task due to signal resolution, noise, signal overlapping, and
the need for deisotoping.

In case of ESI-MS, peptides and proteins are typically detected
in various charge states (z), e.g., with z=1-4 for peptides,
z=5-100 for proteins and complexes). In order to determine the
exact molecular weight of a peptide or protein, the spectrum has
to be deconvoluted (calculate M or MH + from m/z values). The
information of the charge state can be derived directly from the
given isotopic m/z signal pattern using software tools (3, 4).
However, one should be aware that the applied software may fail
to assign the correct charge state. In case of proteins, molecular
mass is derived from m/z mass peaks of multiple charge states of
the same protein. In case of time of flight (TOF) measurements
calibration of the spectra is essential to obtain sufficient mass
accuracy. Calibration can be done internally (e.g., using theoreti-
cal m/zvalues of known peptides within the dataset, or by inject-
ing substances in the MS instrument with each spectrum (“lock
mass”)), or externally (using the calibration constants of an earlier
run, which contains spectra of a known substance).

After calibration, modern MS instruments can achieve a mass
accuracy of few ppm.

Fragmentation mass spectra of peptides can be correlated to
protein sequences in a database in an automatic manner (5, 0).
This can be done by dedicated protein sequence database search
software (see Table 1). It is advantageous that this method does
not require any a-priori knowledge about the analyzed proteins,
and therefore it is often used as an initial step to identify all major
protein components in a sample.

Table 1
Overview on commonly used peptide fragmentation
fingerprinting software

Mascot http: //www.matrixscience.com,/

MS-Seq http: //prospector.ucst.edu/

Phenyx http: //www.genebio.com/products/phenyx/
Popitam http: //www.expasy.org/tools /popitam /
SEQUEST http: //fields.scripps.edu/sequest/
SpectrumMill http: //www.home.agilent.com/

X! Tandem http: //prowl.rockefeller.edu/prowl /
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Initially, the user has to define various input parameters carefully,
such as the specificity of the applied proteolysis enzyme, maxi-
mum allowed mass errors for peptide parent ion and fragment
masses and the protein sequence database to be searched. Then,
the software generates theoretical spectra by theoretical fragmen-
tation of peptides obtained from in silico digestion of the searched
database proteins. The obtained theoretical spectra are compared
to the measured spectra and the result is a list of matching pep-
tides and proteins. Commonly, the reported proteins and pep-
tides are sorted by a specific search score that relates to the
significance of the found database match.

Protein and peptide modifications can be elucidated with this
approach to some extent as typical database search engines that
allow searching up to three different variable modifications (each
amino acid in question is tested whether it is modified or not) and
also fixed modifications (every amino acids is treated to be modi-
fied). Also regarding enzyme nonspecificity, missed cleavage sites
and even peak picking errors (e.g., failure to detect the correct
monoisotopic peptide signal from overlapping isotopic distribu-
tions) can be searched but generally applying these search strategies
may lead to a drop in sensitivity. Therefore, it is advisable regarding
only experimentally induced modifications (e.g., methionine-oxida-
tion) and a maximum of one or two missed cleavages and no unspe-
cific cleavage. In case of in-depth protein characterization, primary
structure elucidation beyond this scope should be addressed by
dedicated second round search engines (see below).

Mass accuracy is crucial to obtain unambiguous results. The
maximum allowed mass error parameters within the search should
be set to at least two standard deviations (assuming a normal distri-
bution, about 95% of the measurement errors fall in two times
standard deviation). The standard deviation for mass measurements
can be determined within routine MS-instrument calibration.

Peptide masses determined by MS are generally not unique
and each measured mass can randomly match a peptide from a
sequence database. Therefore, a certain risk to obtain false posi-
tive results remains. Assessing the correctness of a possible identi-
fication is a challenging task. In fact, the probability that the
match in question is correct cannot be calculated; however, most
reported search scores relate to the probability that the observed
peptide match is a pure random event (7, 8). In case of in-depth
protein characterization, evaluation of sequence database search
results is frequently not done automatically, but remains the task
of an expert who manually inspects spectra matching to the pro-
tein of interest.

Usually, the primary structure detectable by a single database
search is limited and must be extended by further experiments
such as using a different cleavage enzyme, or using dedicated
second round search engines.



2.5. Second Round
Searches

2.6. De Novo
Sequencing

In-Depth Protein Characterization by Mass Spectrometry 33

Standard database searches which can be seen as “first round”
searches are limited in the elucidation of posttranslational modifi-
cations, unspecific, and missed cleavages products, sequence
errors, amino acid substitutions, and unsuspected mass shifts. For
example, taking more than 200 described posttranslational modi-
fications for all protein sequences of an organism into account
would lead to an amount of peptides to be tested that impedes a
brute force approach. Apart from the huge time exposure, simply
the huge number of possible combinations leads to randomly
matching sequences. To overcome this problem, second round
searches have been developed, which work similar to peptide
fragmentation fingerprinting described above but instead of
searching a complete protein sequence database, only few selected
protein sequences are regarded (9).

Typically, protein identification is done in the first step using
standard search algorithms. Second round searches are then used
in the second step to elucidate previously unexplained spectra. In
case of the software tools Mascot and Phenyx, the second round
search feature is directly integrated, and can be triggered after the
first round search. There is also a dedicated second round search
tool named Modiro™ (http: /www.modiro.com) available. In
case of Modiro™, the user can enter own protein sequences,
which is of, for example, special interest in case of therapeutic
protein products from biotechnology. During the second round,
search batches of unidentified spectra (e.g., whole LC-MS/MS
runs) are screened in a sequential manner for various different
posttranslational modifications, unknown mass shifts, unspecific
cleavages, and sequence errors in one single step. A typical search
result obtained by using Modiro™ is shown in Fig. 1.

As genome sequencing capabilities have increased dramatically
during the last decades, many organisms are sequenced today and
sequences are available to the public community. However,
genome sequence information is still lacking for many organisms
at the same time while some of them are of interest in industrial
or biochemical research.

As MS/MS spectra of peptides are generated by fragmentation
within the backbone of the peptide, the mass difference between
two fragment ions directly provide information on the amino acid at
a given peptide position. As a result, de novo sequencing is feasible
for a peptide and partly also for proteins. However, each fragmenta-
tion is highly sequence dependent, and the intensity of the difterent
ions differs a lot for each fragment ion. Therefore, some positions
may not be resolved. Additionally, a mass difference may be explained
by more than one amino acid combination leading to inconclusive
sequences. As additional fragmentation (e.g., from internal frag-
ments, side cleavage, doubly charged ions) may occure and overlay
the ion series, the manual interpretation is quite laborious.
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Search parameter input form

General options
User |DC

Name of run :_Crystallin__Gelsp_otUZ
Basic search options
Cleavage enzyme | Trypsin [KR]

Max. missed cleavages 2 |

Peptide mass tol. 10 ] :“me v
Fragment mass tol. [10 || ppm v/

Mass type (5) Mono O Avg.
Modification 1 | Oxidation (M) v
Modification 2 | Propicnamide (C) v/

MS/MS data
Spectrum type _CID L

PR a4l Mascot aeneric (.MGF) v:

Advanced PTM-Explorer search strategies

Check dataset for
Acetylation (K)

Select all Unselect all Select common

[“] search for unknown mass shifts
[¥] search for amino acid substitution
Calculate significance

Known proteins
File upload (FASTA format)
|
User sequence(s) (FASTA format)

>gi|117369|sp|PO2490| CRAA_MOUSE Alpha crystallin 4|
| A chain, major component |
MDVTIQHPWFKRALGPFYPSRLFDQFFGEGLFEYDLLPFLSSTI

SPYYRQSLFRTYLDSGISEVRSDRDKFVIFLDVKHFSPEDLTY ¥ |

MS/MS data file Insert Trypsin

|__Durchsuchen...
DTA folder Note: You can get context sensitive help by clickling on
the descripton of input fields.
Protein ReSUItS  protein view Peptide view  Spectra view
gil11735% ™ ety Daemo
View limit Results for protein gi[117369
Min. significance 50
Min. Quat |0 10 20 0 40 50
MDVTIGHPWE KRALGEFYFS RLFDQFFGEG LFEYDLLEFL SSTISPYYRQ
Show 2 best only &0 70 20 100
O all candidates SLFRIVLDSG ISEVRSDRDK FVIFLDVKHF SPEDLIVKVL EDEVEIHGKH
110 120 130 14 150
it s NERGDDHGYI SREFHRRAYRL FNVDQSALS CSLSADGMLT FSGERVOEGL
1 170 180 150 200
C N-terminal acetylation (1) DAGHEERAIF VSREEKPSSA PSS
O Oxidation (M) (1)
() Phosphorylation (ST} (3)
Propionarmade () (1) on n protel
o Al results for 12210 in gil117369
mfz meas. m/ztheor. Error 5 Applied search
{oa) {oa) foa] 5 et Lok Qst Score S strateoy
1313.5600 13139738  -0.4138 2 3":[",."5’5‘ RLPSNVDGSALSCSLSADGMLTFSGRILY 30.1 359 100.0
1349.5650 1349.5129  ooserz ™o S | RLPSNVDQSALSCP*™SLSADGHLTFSGRILY 9.4 308 1000
#13.3300 #129025 oaz7sz ™ SR | YRLPSNVOQSALSCTI™.S 36.6 419 100.0 No enzyme (ane end)
£53.3950 6532226 oarmaz " 3“":'"53 RLPSNVDGSALSCT '™ 5 72.6 553 959 Mo enzyme (one end)
1389.2000  1389.5028 021282 " SPEANT o HEOlINynoca) SCPANS|SADGHUTFSGRKY 19.7 288 99.7  Phasphorylation (STY)
#76.3100 876.3184 -0.0084 3 5°“":',."5‘S RLPSNVDQSALSCSLSADGHLTFSGRILY 228 436 99.4

Fig. 1. Screenshots of the Modiro™ Software showing search parameter input and the obtained result page, including
detected protein modifications in MS/MS datasets.

Several software solutions were developed to perform an
automated de novo sequencing (e.g., PEAKS (10), PepNovo
(11), Lutefisk (12)). They provide the best guess of the sequence,
at least a sequence tag. The accuracy of this prediction highly
depends on the quality of the fragmentation spectra. Resulting
peptide candidates can be easily searched for homology against
sequence databases. MS-BLAST (13) is a dedicated alignment
tool for this purpose.
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Additionally, MS instrument providers deliver software packages
where either a full de novo algorithm is incorporated or sequence tag
generation is supported by interactive annotation of a resulting MS/
MS spectrum (e.g., BioTools, Bruker Daltonik GmbH).

Although knowing that a given protein is derived from a non-
sequenced organism, its MS/MS data should be analyzed in the
first round by a search engine (see Subheading 2.4) with no or
broad taxonomy restriction. For some peptides, the homology
might be sufficient to pick up the homolog protein from another
already sequenced organism, which reduces the workload for
de novo sequencing.

For isolated unknown proteins from an unsequenced organ-
ism internal protein sequence parts are needed, in order to con-
struct nucleotidic degenerative primers for PCR and subsequent
DNA sequencing. For this purpose, high quality sequence infor-
mation ideally form the C-terminal region and long (minimum 7,
best 15 amino acids) stretches are best suited.

2.7. Combination of In-depth characterization of protein requires the identification of
Results (see Fig. 2) the complete protein sequence. Usually, within a single MS analy-
sis, some sequence areas are not identified or confirmed, as some
peptides are outside the mass range detectable with a specific MS
instrument, or have poor fragmentation. Therefore, it is advisable
to make several MS runs, using different enzymes (or enzyme com-
binations) for proteolysis, or to apply other sample preparation
techniques. Ideally, missing sequence areas will be different for
the different runs and applied techniques, yielding more com-
plete sequence coverage after the combination of the found

10 20 30 40 50 &0 70 80 S0 100 |

STKGPSVFPL APCSRSTSES TAALGCLVED YFPEDVT

HNESGALTSGVH 358G LYSLSSVWTV PSSSLGTETY TCR i  TEVDERVESEK

E-_t

—— I
110 120 130 140 150 160 170 180 150 200 ]

GPPCPSCPA PEFLGGPSVF LFPPEPEDTL MISRTPEVTC VVVDVSQEDF EVQFNWYVDG VEVHNAKTEF REEQFNSTYR VVSVLTVLHQ DWLNGEEYKC

=8

230 240 250 260 270 280 290 300

'\'VQ\F{I;LI?SW IEKTISKAKG QFREPQVYTL FPPSQEEMTEN QVSLTCLVKG FYPSDIAVEW ESNGQPERNY KTTFPVLDSD GSFFLYSRLT VDESRWQEGH

i == =T O E

310 320

a’ SCSVMHEA LHNHYTQESL SLSLGK

Fig. 2. Combining search results of MS/MS runs with several cleavage enzymes to get nearly complete sequence

coverage.
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2.8. Differential EIC

peptides. Equally, analyzing the sample with differing MS
instrumentation (e.g., MALDI-MS and LC-ESI-MS/MS) will
give a complementary dataset.

Dedicated software is required to combine the outcome of
the database searches, as a combined search with, e.g., different
cleavage rules or mass spectrometric methods is not possible
using currently available sequence database search software. In
ProteinScape (Bruker Daltonik GmbH and Protagen AG), which
is a Proteomics Bioinformatics Platform (14, 15), an algorithm
for this task is integrated. Within ProteinScape, a new protein list
is built, combining all peptides from all searches. Additionally,
only the best matching sequence for each spectrum is annotated.

For complete protein characterization of therapeutic proteins, it
is necessary to show that the amino acid sequence, including
modifications such as glycosylation meets the expected patterns.
Second round searches with tools like Modiro™ can help to
analyze existing modifications.

In case of LC-ESI data, the level of a specific modification can
be validated by the visualization of Extracted Ion Chromatograms
(EIC) of the modified and unmodified peptide. An EIC shows
the mass spectrometric signal intensity of a specific m/z value
over the retention time. With an overlay of two EICs, showing
the m/z of the modified and the unmodified peptide, the level of
modification can be detected (Figs. 3 and 4). If both signals are
visible, there should be a retention time shift between them.
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Fig. 3. Overlay of the extracted ion chromatograms of the unmodified and deamidated
peptide W.LNGKEY.K. The peak at 42.0 min is the unmodified peptide (m/z=723.3672),
the peak at 44.5 min the deamidated peptide (m/z=724.3512). By comparing the peak
intensities or areas a medium deamidation can be estimated. The lower signal at
42.0 min is the second isotope of the unmodified peptide which has nearly the same m/z
as the deamidated peptide.
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Fig. 4. MS spectra of the deamidation of Fig. 3. The first spectrum is the unmodified peptide at 42.0 min, the second
spectrum the deamidated peptide at 44.5 min.

400000

350000 -

300000 -

250000 -

200000 -

150000

100000

50000 |

0 A a~
0 20 40 60 80 100 120 140

Fig. 5. Base peak chromatogram with identified peaks colored. Most of the MS run is
explained. The remaining peak at 42 min was assigned to a peptide containing glycan,
but the MS/MS fragmentation was not sufficient for identification.

Another way of assuring that there are no major signals left
unexplained can be done by coloring identified peptides in a base
peak chromatogram (Fig. 5). Ideally, there should be no peaks
left unexplained. If major signals are still unexplained, the corre-
sponding MS and MS/MS spectra must be analyzed further.

3. Gonclusions

In-depth protein characterization by MS is significantly different
from the task to identify proteins from simple or complex mixtures.
The whole analysis process from sample preparation to MS acquisition
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and data interpretation has to be specifically adopted to the
analyzed protein samples in order to increase the amount of elu-
cidatable primary structure information. Therefore, in-depth
protein characterization is not standardized and remains an expert
task. The major keys to successful primary structure characterization
are firstly, sample preparation for the isolation and enrichment of
the proteins to be analyzed, and secondly, the combination of sev-
eral analysis methods to maximize the protein sequence coverage.

Significantly, more material is needed compared to protein
identification approaches which require mapping of only a few
peptides of each identified protein. The focus lies more on the
enrichment or isolation of structural variants, including product
impurities which are in low concentration. Chromatographic,
electrophoretic separations or immunoaffinity purification are
usable methods to isolate suitable amounts of the protein to be
analyzed. Often milligrams of proteins are isolated to enable in-
depth protein characterization.

Applying different complementary analysis methods is
required. An example is increasing sequence coverage by using
different proteolysis enzymes or combinations to make more pro-
tein sequence segments accessible to the MS measurement. Also
the combination of various software tools for analyzing mass
spectrometric data maximizes the primary structure yield con-
tained in the acquired data.

As much as possible MS data has to be collected and must be
evaluated in a combinatorial approach. However, MS data inter-
pretation can only be partly automated by software. Laborious
manual evaluation of mass spectra and primary structure assign-
ment is still required.

4. Notes

1. Due to computational reasons, MS spectrum identification
via software (Peptide Fragmentation Fingerprinting, De
Novo Sequencing) works on peak lists rather than the origi-
nally acquired raw spectra. The preceding automatic peak pick-
ing procedures are not flawless and not lossless. Deconvolution
and deisotoping is not always correct. Additionally, signals with
low signal to noise ratio may be missed. For that purpose, it can
be very helpful to validate a critical peptide match in question
manually, using raw spectra. MS instrument providers usually
deliver suitable software for manual raw spectrum annotation.

2. Especially, in the area of quality control for protein produc-
tion, it is very important to elucidate sample preparation and
MS-induced artifacts which are not related to the production
process itself. Examples are Na* adducts, nonspecific proteolysis,
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skimmer nozzle fragmentation, keratin contaminations,
pyroglutamate formation from N-Term of internal peptides,
etc. As long as these spectra remain unexplained, one cannot
be sure about the purity of the product. Here, second round
search engines are very helpful as they allow screening a
wealth of possible modification in parallel, including also
artificially induced ones.

3. Characterizing a protein via peptide fragmentation finger-
printing relies on the correctness of the protein sequence
which is matched to the spectra. In case of, for example,
sequencing errors, elucidation of corresponding fragmenta-
tion spectra fails. Sequence errors from single amino acid
exchanges can be elucidated by second round searches. Other
sequence errors must be elucidated via de novo sequencing.

4. In case of analyzing a specific peptide via an EIC, there may
be unrelated signals and other peptides visible in the chro-
matogram with nearly the same m/z. Therefore, correspond-
ing MS and MS/MS spectra have to be checked, too. The
MS spectrum must show that the signal is a monoisotopic
peak, and has the correct charge state, the MS/MS spectra
must match to the peptide sequence.

5. To cover the whole amino acid sequence of a protein, LC-MS /
MS runs from digests with several enzymes and enzyme com-
binations are necessary. To minimize the laboratory work, use
software tools and theoretical digests to predict which
enzymes or enzyme combinations are optimal to get peptides
within the m/z acquisition range of a mass spectrometer.
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