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Abstract

Just like many other protein therapeutics recombinant human granulocyte-colony stimulating
factor (rhG-CSF) tends to form soluble and insoluble aggregates during storage. Aggregation
massively impairs a drug’s shelf life and therefore represents probably the most troubling man-
ifestation of protein instability. Little is known about harsh process conditions as mechanical
stress and surface effects and their impact on protein aggregation. In this study we investigated
the influence of such process conditions on aggregation kinetics and the underlying mecha-
nisms. Process kinetic analysis and fluorescence spectroscopy revealed that conformational
perturbance is an essential factor for rhG-CSF aggregation. The formation of new, partially in-
termolecular disulfide bonds was shown with mass spectrometry. The single free cysteine in
native rthG-CSF was found to be highly involved in disulfide rearrangement. Confocal laser
scanning microscopy facilitated comparison of size and shape of insoluble aggregate particles.
The exposure of rhG-CSF to air-liquid interfaces induced both aggregation and structural ex-
pansion more effectively than agitation under the investigated conditions. Minimization of
surface exposure during storage and production would very likely lead to a reduction of ag-

gregate formation.
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Kurzfassung

So wie viele andere pharmazeutische Proteine neigt rekombinanter humaner Granulozyten-
Kolonie stimulierender Faktor (rhG-CSF) zur Bildung von 16slichen und unloslichen Aggre-
gaten wahrend langerfristiger Lagerung. Aggregation beeintrachtigt die Haltbarkeit solcher
Therapeutika massiv und stellt daher besondere Herausforderungen an die Formulierung.
Uber die Auswirkungen von rauen Prozessbedingungen wie mechanischem Stress und Ober-
flacheneffekten auf Proteinaggregation, sowie deren zugrunde liegende Mechanismen ist we-
nig bekannt. Mithilfe von prozesskinetischer Analytik und Fluoreszenzspektroskopie konn-
te in dieser Arbeit gezeigt werden, dass strukturelle Konformationsdnderungen elementarer
Bestandteil der Aggregation von rhG-CSF sind. Massenspektrometrie bestdtigte die Neufor-
mierung von teils intermolekularen Disulfidbriicken. Konfokale Laser Scanning Mikroskopie
ermoglichte den Vergleich von Grofse und Form unloslicher Aggregatpartikel. Gas-fliissig-
Oberfldcheneffekte bewirkten stiarkere strukturelle Konformationsanderungen sowie erhchte
Aggregation als Riithren unter den untersuchten Bedingungen. Die Minimierung von Ober-
flacheneffekten wahrend Lagerung und Produktion wiirde mit hoher Wahrscheinlichkeit zu

einer Verminderung der Proteinaggregation fiihren.
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Chapter 1

Introduction

Protein aggregates are known to be responsible for numerous neurological disorders, such as
Alzheimer’s, Parkinson’s and Huntington’s disease. Researchers worldwide are trying to elu-
cidate mechanisms involved in protein aggregation to enable treatment and prophylaxis [1].
Besides that field, protein aggregation is a matter of big concern in pharmaceutical industry
[2]. As a major factor determining a drug’s shelf life protein aggregation is target of enormous
efforts in order to optimize drug formulations [3][4]. If administered parenterally, protein ag-
gregates can cause reduced pharmaceutical effectiveness but also severe immunological reac-
tions up to anaphylactic shock [5][6]. Minimizing protein aggregation in formulations today is
an empiric optimization process which is individual for every protein and thus time consum-
ing and expensive. There are several in silico-approaches to predict a protein’s aggregation
tendency, e.g. depending on its primary structure [7][8]. Most of them focus primarily on
amyloid B-aggregation which is the predominant form in neurodegenerative human diseases.
Other types of aggregation, for instance formation of disulfide bonds, remain disregarded .
Moreover, the respective proteins, e.g. amyloid B-peptide, are usually shorter than many ther-

apeutic proteins, such as cytokines or antibodies.

To provide a basis for the establishment of innovative in-silico approaches a detailed under-
standing of aggregation mechanisms and process kinetics is crucial. Protein aggregation can
occur in virtually any step of biopharmaceutical production. It can be induced by temperature,
freezing/thawing, shaking, stirring, pumping and other mechanical stress. Also surface effects
are known to promote aggregation, both on liquid-solid and liquid-gas interfaces [3]. Only

little is known about aggregation mechanisms and process kinetics under these conditions.
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Figure 1.1: NMR structure of human G-CSF [11]

We chose recombinant human granulocyte-colony stimulating factor (rhG-CSF) from E.coli
(Filgrastim) as a model protein to study aggregation under process conditions. rhG-CSF is a
cytokine produced mainly in macrophages and shows high sequence similarity with members
of the interleukin-6 superfamily. It induces proliferation of neutrophil colonies and differen-
tiation of precursor cells to neutrophils, and it stimulates the activity of mature neutrophils
[9].

As Filgrastim and Lenograstim it is therapeutically applied in oncology and hematology
[10]. rhG-CSFs crystal structure has been determined in 1993 [9]. It exhibits a four-a-helix
bundle motif with up-up-down-down connectivity, which is rather common among cytokines
(Figure 1.1). In contrast to natural human G-CSF, Filgrastim exhibits methionine as primary
amino acid and lacks three residues at respective positions 37-39. If not otherwise indicated,

we are referring to that isoform whenever rhG-CSF is mentioned.

rhG-CSF is known to aggregate easily upon stressing and storage. Optimization of rhG-
CSF stability in pharmaceutical formulations is of utmost interest for the producers. Within
interleukin-6 superfamily, members exhibit very different aggregation behaviors. Preliminary
experiments proved sizable differences in sensitivity for stressing factors and aggregation ki-

netics compared to rhG-CSF, despite the high structural similarity. Characterization of rhG-CSF
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aggregation behavior under process conditions would be a first step towards understanding

the observed differences.

rhG-CSF exhibits five cysteine residues. Only C!® does not form a disulfide bond in native
state and is thus potentially susceptible to reduction. In fact, mutation to alanine decreased
aggregation kinetics but did not inhibit it [12]. A partial involvement of disulfide bridges is
thus likely and has even been investigated using SDS-PAGE [13]. However, there is no evidence

so far that C!8 is actually responsible for disulfide aggregation in thG-CSF.

Filgrastim is produced in E.coli as inclusion bodies and lacks glycosylation at T!34. This
seems to promote aggregation compared to the glycosylated Lenograstim, produced in CHO
cells [14] [10]. Speculations on interference of the glycosylated loop region with C!® were
largely disproved by a NMR study on the effects of glycosylation in rhG-CSF [15]. A con-
formational stabilization through the glycosylation seems more likely from the results [16].
This supports the hypothesis that a certain structural perturbation is prerequisite for rhG-CSF
aggregation.

Chi and coworkers have proposed a general reaction mechanism for rhG-CSF [17]. It sug-
gests that aggregation occurred via a structurally expanded transition state species of the monomer,
which forms due to increased energy. Irreversible dimerization was only possible with two of
the activated monomer species. Based on that model we tried to mimic process conditions to

apply the activation free energy and hence induce rhG-CSF aggregation.

As mentioned above, production processes consist of numerous complex unit processes.
Each of them is a result of several biophysical phenomena. For instance, it is impossible to ap-
ply mechanical stress without the comprehension of any surface effects or vice versa. Minimal
variations of temperature due to stressing cannot be prevented, either. It has been reported
before that shear stress and air-liquid interfaces promote protein denaturation and aggregation
[18]. However, to look at the effects of those stressing factors separately is hardly feasible. Our
approach for that problem was to create conditions where one stressing factor is clearly domi-
nating over the others. We decided to apply mechanical stress by stirring, to expose the protein

to air-liquid-interfaces by bubble aeration and to simply incubate rhG-CSF at 37°C.

We chose stirring speed and aeration rate in a way that considerable aggregation was ob-

servable through loss of protein and turbidity increment. As stirring occurred with a magnetic
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stir bar a hydrodynamic description of the system or determination of energy input was not
possible. Exposure to air-liquid-interfaces occurred via bubble aeration. Due to foam forma-
tion, the exact interface area could not be defined, either. Thus, we did not pursue quantifica-
tion of the dependence of aggregation on distinct stressing factors. We rather tried to emphasize

the differences in kinetics and aggregation mechanism between the stressing methods.

For monitoring of protein aggregation we observed the concentration of soluble thG-CSE.
Intrinsic fluorescence and fluorescence with 8-anilino-1-naphthalenesulfonic acid (ANS) should
report structural changes during aggregation processes indirectly. ANS exhibits increased flu-
orescence activity in apolar environments [19]. Interaction with hydrophobic protein patches
would lead to increased fluorescence. Quantification of soluble aggregates was accomplished
with size exclusion high performance liquid chromatography (SEC). Confocal laser scanning
microscopy (CLSM) enabled studying the changes in size and shape of insoluble protein ag-
gregates. Size measurements of soluble aggregates, e.g. with dynamic light scattering, was
not employed. The very broad size distribution of aggregate particles would have necessi-
tated the operation of several different devices. Molecular forces involved in aggregation, es-
pecially disulfide bridges, were investigated with sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and protein sequence analysis with mass spectrometry (MS).
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Materials and Methods

2.1 Stressing Methods

Agitation and aeration were performed in double walled miniature bioreactors with a diameter
of 32 mm. Temperature control occurred with a Julabo F25 Refrigerated /Heating Circulator.
For stirring a magnetic stir bar (30x6 mm) was agitated at 400 rpm for 47 hours in 15 ml rhG-
CSF solution. Six stirring experiments were carried out. For twelve hours of bubble aeration
compressed air was fed into 10 ml rhG-CSF solution via a Stasto pressure reducer (R-M14-08-R)
followed by a flow gauge to allow a constant flow rate of 3 liters per hour. The air flow was
piped directly into solution with an autoclavable plastic tube LAB/FDA /USP grade VI with
3.2 mm inner diameter. The aeration experiment was repeated five times. Considerable solvent
evaporation was observed during aeration which was minimized through pre-humidification

of the air stream.

Protein concentration was adjusted to 1.39 & 0.03 mg/ml. After centrifugation at 18,400 g
to remove the precipitate, protein concentration in the supernatant was in all cases determined
by measurement of spectroscopic absorbance at 280 nm with a molar extinction coefficient of
15,720 M~ cm ™! (Beckman Coulter DU 800 spectrophotometer).

Turbidity was inspected visually.

All stressing experiments were performed in 10 mM glutamate buffer, pH 4.4, containing
5 % (w/v) sorbitol. Removal of sorbitol from the rhG-CSF bulk solution, as obtained from
Sandoz, was accomplished with microdialysis through a Spectra/Por 4 membrane, MWCO 12-
14,000. Dialysis performance was checked with thin layer chromatography on silica gel F254
aluminum sheets from Merck, and KMnQO,/NaOH stained.
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2.2 Fluorescence Spectroscopy

Fluorescence measurements were performed on a Hitachi F-4500 fluorescence spectrophotome-
ter equipped with a Julabo F25 refrigerated /heating circulator at 25°C, consistently. Intrinsic
fluorescence was read at 340 nm from excitation wavelength of 280 and 295 nm, respectively.
rhG-CSF concentration was adjusted to 92 pg/ml. ANS fluorescence was induced at 388 nm
and read at 470 nm. 10 ul of 1 mM ANS was added to 500 ul thG-CSF (92 pug/ml). Molecular

ANS/rhG-CSF ratio was 4:1. Slit width was 5 nm in all fluorescence measurements.

2.3 Size Exclusion HPLC

SEC was carried out on a Merck Hitachi LaChrom system with an L-7480 fluorescence detec-
tor. Excitation occurred at 280 nm, emission at 345 nm. As mobile phase we used 50 mM
(NH4)HCO;3, pH 7.0 for chromatography over a TSK-GEL G3000SWXL column with precol-

umn from Tosoh Bioscience.

2.4 Mass Spectrometry

Samples for mass spectrometry were stirred for 22.5 hours or aerated for 15.5 hours, respec-
tively. Precipitate from 5 ml remaining solution was concentrated by one minute centrifugation
at 1,500 g and decanting of the supernatant. After resuspension in the remaining supernatant 10
ul were incubated for 30 minutes with 10 ul of 20 mM dithiothreitol (DTT) at 56°C for reduction
of disulfide bonds. For alkylation of the free cysteines, 10 ul of 165 mM iodoacetamide (IAA)
were added prior to incubation for 30 minutes at 37°C. Another 10 ul of rhG-CSF precipitate so-
lution were treated only with 10 1 IAA and 10 ul highly pure water instead of DTT. Estimated
30 ug stirred thG-CSF was applied for SDS-PAGE per lane. Only a fractional amount actually

entered the gel due to the high amount of high molecular weight aggregates and precipitates.

Sample excision from the gel, enzymatic digestion, sample preparation and MS analysis
were performed at the Center for Medical Research, Medical University Graz. Protein iden-
tification and internal sequence information was received from LC-MS/MS. Protein bands
stained with Coomassie Brillant Blue R350 were excised from SDS gels and digested with

Promega modified trypsin according to the method of Shevchenko et al. [20], or with 0,5 ug
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chymotrypsin (Roche) in 50 mM ammonium bicarbonate and 10 mM CaCl,. Digests were sep-
arated by nano-HPLC (Agilent 1200 system, Vienna, Austria) equipped with a Zorbax 300SB-
C18 enrichment column (5 ym, 5 x 0.3 mm) and a Zorbax 300SB-C18 nanocolumn (3.5 ym, 150 x
0.075 mm). 40 ul of sample were injected and concentrated on the enrichment column for 6 min
using 0.1 % formic acid as isocratic solvent at a flow rate of 20 u1/min. The column was then
switched in the nanoflow circuit, and the sample was loaded on the nanocolumn at a flow rate
of 300 nl/min. Separation was carried out using the following gradient, where solvent A is 0.3
% formic acid in water and solvent B is a mixture of acetonitrile and water (4:1, v/v) containing
0.3 % formic acid: 0-6 min: 13 % B; 6-35 min: 13-28 % B; 35-47 min: 28-50 % B, 47-48 min: 50-100
% B; 48-58 min: 100 % B; 58-59 min: 100-13 % B; 59-70 min: re-equilibration at 13 % B. The
sample was ionized in the nanospray source equipped with nanospray tips (PicoTipTM Stock
# FS360-75-15-D-20, Coating: 1P-4P, 15 + 1 ym Emitter, New Objective, Woburn, MA, USA). It
was analyzed in a Thermo LTQ-FT mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) operated in positive ion mode, applying alternating full scan MS (m/z 400 to 2000) in the
ion cyclotron and MS/MS by collision induced dissociation of the 5 most intense peaks in the
ion trap with dynamic exclusion enabled. The LC-MS/MS data were analyzed by searching
the SwissProt public database downloaded on May 26th, 2010, and the amino acid sequence
of the cloned rhG-CSF for detailed modification analysis, with Mascot 2.2 (MatrixScience, Lon-
don, UK). Search criteria were charge 2+ or 3+, precursor mass error 0.05 Da and product mass
error 0.7 Da, carbamidomethylation, oxidation on methionine, -2H on cysteine (disulfide) as
variable modifications. A maximum false discovery rate of 0.05 using decoy database search,
an ion score cut off of 20 and a minimum of 2 identified peptides were chosen as identification
criteria. For detection of disulfide crosslinks the respective database of crosslinked linearized
peptides of rhG-CSF was generated by xComb [21] for trypsin and for chymotrypsin digests, al-
lowing inter- and intramolecular crosslinks and up to three missed cleavage sites, and searched

with Mascot as described above.

For SDS-PAGE basic equipment and gels derived from Biorad (Mini-PROTEAN TGX 4-
20 % resolving gels). Novex® sharp unstained protein standard by Invitrogen was used as
molecular weight marker. Gels were stained with Phast Gel Blue R Coomassie R350 stain from

GE Healthcare or Bio-Rad silver staining kit (161-0443), following the manufacturer’s protocol.



2. Materials and Methods 2.5. Confocal Laser Scanning Microscopy

2.5 Confocal Laser Scanning Microscopy

CLSM images were generated with a Leica TCS SPE DM5500 Q microscope at 630-fold mag-
nification. Images were generated by projection of the single z-level images from the particle
layer in the preparation. We used ANS as fluorescent dye at 405 nm excitation and 450 to 470
nm emission wavelength. 1 ul of 1 mM ANS was added to 10 u1 thG-CSF solution (1.4 mg/ml).
Molecular ANS/rhG-CSF ratio was 13.4:1. For image processing Image] by Wayne Rasband,
NIH, was used.

2.6 Kinetics and Statistics

Origin 7.5 by OriginLab Corporation was applied for fitting experimental data to the F-W 2-
step model and statistical analysis as shown by Morris et al. 2008 [22]. Significance was checked
using a two-sample t-test after verification of normal distribution of the data with the Shapiro-

Wilk normality test. Significance level was 0.95.

2.7 Materials

rhG-CSF (Filgrastim) was obtained by Sandoz, Austria. All chemicals and reagents were pur-
chased at Carl Roth GmbH + Co. KG, Germany except: glutamic acid, 8-anilino-1-naphthalenesulfonic
acid, iodoacetamide, dithiothreitol, ethyl acetate, toluene (Sigma-Aldrich), potassium perman-

ganate, potassium carbonate (Merck).
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Results

3.1 Protein Loss

The exposure of thG-CSF to elevated temperature over a period of seven days led to no de-
crease of soluble protein. In SDS-PAGE we found no additional aggregate bands in comparison
to the unstressed control (Figure 3.1). Intrinsic fluorescence spectra remained unchanged and
no dimer or aggregate peaks were identified in SEC. Even after removal of sorbitol from the

bulk solution with dialysis we found the same negative results. (Data not shown)

In agitated samples protein concentration decreased linearly with 21.8 + 3.8 uyg ml~! h™1
(Figure 3.2). Solutions became turbid already within two hours of stirring. Loading 30 ug
precipitated protein on SDS-PAGE delivered discrete bands over the whole gel with a distance
to each other resembling the molecular weight of thG-CSE. Reduction with 10 mM DTT only
partially led to a disintegration of the aggregate bands. Low molecular weight bands remained
visible which left the actual involvement of disulfide bridges unclear up to that moment (Figure
3.1).

Bubble aerated samples displayed faster loss of soluble rhG-CSF compared to agitated ones
(Figure 3.2). Concentration decreased with a rate of 42.1 + 11.3 ug ml~! h~!. However, aer-
ated protein solutions only became slightly turbid after six hours of stressing. Turbidity never
reached the high levels obtained with stirring. SDS-PAGE delivered the same results as for
stirred samples (Figure 3.1). However, the amount of precipitated protein to be loaded on the
gel was lower. Due to foam formation a considerable part of precipitate remained attached to
the bioreactor wall and was therefore not found in solution. Rinsing of the reactor wall was not

performed.
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Figure 3.2: Loss of soluble rhG-CSF over stressing time (Mean + SD). Agitation: -21.8 &
3.8 ugml~! h™1; Aeration: -42.1 & 11.3 ug ml~! h~!; the rate of protein loss

was twice as high in aerated samples as in stirred samples
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Figure 3.3: ANS fluorescence intensity (arbitrary units) over stressing time (Mean =+ SD).
Rapid increase with aeration denotes sizeable structural disruption in

rhG-CSF

3.2 Conformational distortion probed by fluorescence spectroscopy

With both stressing conditions, aeration and agitation, we found an increase in ANS fluores-
cence intensity over time (Figure 3.3). Agitated samples displayed a significant increase after
twelve hours of stressing. For aerated samples this was the case already after 2 hours. Through-
out the duration of the experiments, rhG-CSF showed significantly elevated ANS fluorescence

in aeration experiments compared to stirred ones.

In intrinsic fluorescence assays at 280 nm excitation wavelength we also detected a signif-
icant increase in intensity for aerated samples from 6 hours of stressing on (Figure 3.4). No
increase within 47 hours was found for agitated samples. Excitation at 295 nm led to the same
results except for the overall lower fluorescence intensity. Tryptophane is thus mainly respon-
sible for those intrinsic fluorescence effects. No wavelength shift of emission maximum was

observed.

3.3 Determination of soluble aggregate fractions

With SEC we were able to quantify the amount of soluble aggregates compared to that of

monomer in solution by determination of the respective peak areas (Figure 3.5). Aggregate

11
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Figure 3.4: Intrinsic fluorescence intensity (arbitrary units) over stressing time (Mean +
SD). A significant increase was only observed with aeration, most likely due

to loss of structural flexibility or loss of tryptophane quenching effects

content immediately increased exponentially in aerated samples, whereas in agitated samples
a significant rise could only be detected after 22 hours (Figure 3.6). Aerated samples displayed
higher contents of soluble aggregates than stirred ones at any time of the experiments. Dimer
peaks were only observed in highly aeration-stressed samples. For kinetic analysis dimer frac-

tions were included in aggregate fractions.

3.4 Involvement of disulfide bridges

MS revealed massive rearrangement of disulfide bridges during the aggregation process of
rhG-CSF. Table 3.1 features all disulfide bonds that were discovered in MS. Throughout the
aggregate bands in SDS-PAGE we found the native disulfide bridges C*-C* and C®-C” as
well as the free cysteine C!®. We also found free forms of natively bound cysteines in all stirred
samples (Table 3.2). In dimer and pentamer bands we found disulfide bridges between C® and
C”. Aerated samples also exhibited newly formed disulfide bridges in addition to the native
ones. We found C!¥-C18, C18-C37 and C!8-C”> bonds from dimer to octamer bands. In addition
to C!8 we only found C* to be reduced in aerated samples. All mentioned fragments exhibited
a mascot ion score above 15, based on a random probability of 0.05 or below. False discovery
rate was in all cases 0.00. The MS spectra of four samples can be found in Supplementary

Information A-D.

12
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Figure 3.5: SEC-chromatogram examples from aeration and stirring experiments. The
area under aggregate peaks was compared with monomer peaks to determine
aggregate fraction. Dimer peaks only appeared in very highly

aeration-stressed samples
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samples (Mean + SD). Dimer peaks are not included
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3. Results 3.5. Size and shape of insoluble aggregates

3.5 Size and shape of insoluble aggregates

Insoluble ANS stained aggregates could be depicted successfully with confocal laser scanning
microscopy. Particles did not become visible earlier than after four hours of stressing. We
therefore analyzed images from samples taken after four, six and twelve hours of stressing.
Three to five images were taken from randomly chosen spots of the preparation. The total
particle areas and particle counts were all normalized to a total observation area of 1 mm?. For

both stressing conditions total area and total particle count increased with stressing time.

Due to the high skewness of the particle size distribution towards small particles a com-
parison of arithmetic means of particle areas would be inappropriate. We therefore present the
particle size distributions, as well as the shape distribution in the analyzed samples graphically
(Figure 3.7). Looking at the frame between 0 and 1 ym? we found between 92.3 and 97.6 % of
the total number aggregate particles. While the particle number clearly increased over time,
size distribution did not change dramatically. After four hours of aeration most particles had
an area between 0.1 and 0.2 ],tmz. After that, the maximum shifted back to below 0.1 ymz. Com-
paring the stressing conditions we can say that there is a tendency towards smaller particles in
aerated samples, where 64.4 % of the particles have an area below 0.2 ym?2. In stirred samples
only 56.7 % are smaller than 0.2 yum?. As shape descriptor for thG-CSF aggregate particles we
chose circularity, as defined in Equation 3.1. A value of 1.0 indicates a perfect circle. As the
value approaches 0.0 it indicates an increasingly elongated shape. Under both stressing con-
ditions there was an obvious trend towards non-circular particles over time, although the vast
majority of particles remained circular. Additionally, we found higher amounts of non-circular

particles in aerated samples, compared to stirred ones.

47T * area

— 3.1
perimeter? 3.1)

Circularity =
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Figure 3.7: A: Distribution of rhG-CSF aggregate particles from stirring and aeration; 1 =
perfect circle, 0 = stick-shape. B: Area distribution of rhG-CSF aggregate

particles from stirring and aeration
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Chapter 4

Discussion

4.1 Aggregation and Precipitation

Incubation at 37°C did not lead to any detectable aggregation of rhG-CSE. As shown before a
lower pH value greatly stabilizes thG-CSF against aggregation [23]. The used pH of 4.4 might
therefore obstruct aggregation under these conditions. A reason for this might be the high
intrinsic pKa value of the free C!8. With H++ it has been calculated to be 9.15 [24]. According
to this, at ph 4.4 a considerable higher fraction of free thiols is protonated compared to pH 7.
The reduced state is therefore clearly favored at pH 4.4. As we are able to prove the impact
of C'® on rhG-CSF aggregation in this work, an increased tendency to oxidation is likely to

increase stability at lower pH.

The contribution of elevated temperature to aggregation during pharmaceutical processing
and storage can thus be considered minimal under optimized pH conditions. Our efforts to
induce aggregation by means of stirring and bubble aeration were more successful. With both
types of treatment we achieved considerable loss of soluble rhG-CSEF, though aeration turned

out to be the more effective way.

Quantification of soluble aggregates with SEC confirmed these findings. Aggregate frac-
tions in aerated samples increased exponentially from the beginning, whereas in stirred ones a
significant increase could only be detected after 22 hours. Kiese and coworkers reported sim-
ilar findings for an IgG1 antibody. Shaking, comparable with aeration due to the headspace
in shaker flasks, induced more soluble aggregates. Stirring resulted in higher turbidity and
insoluble particle amounts [25].

Even after 47 hours, when rhG-CSF concentration reached a level comparable with concentra-
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4. Discussion 4.2. Exposure of hydrophobic domains

tion in highly aeration stressed samples, we only detected very little amounts of soluble aggre-

gates compared to aeration. In SEC as well as in silver stained SDS-PAGE (data not shown).

It seems very likely that surface effects cause severe structural perturbance in thG-CSF in a
way that hydrophobic protein sections are translocated from the protein’s core to the surface.
Therefore, exposure of rhG-CSF to air-liquid-interfaces might be a more powerful trigger for
aggregation. Stirring on the other hand seems to greatly favor protein precipitation and forma-
tion of insoluble aggregates. Fundamentally different pathways might be involved aggregation

caused by stirring and aeration.

4.2 Exposure of hydrophobic domains

The hypothesis of different aggregation pathways in stirring and aeration is supported by our
results in ANS fluorescence. They indicate a considerable increase of hydrophobic amino acids
accessible for ANS, especially in aerated samples. Our results from intrinsic fluorescence cor-
respond well with ANS fluorescence. The increase in fluorescence intensity over aeration time
reports conformational modifications. The effect could be explained by loss of structural flexi-
bility or tryptophane quenching effects of neighboring amino acids. The negative intrinsic flu-
orescence results in stirred samples must therefore demonstrate that only comparatively little
conformational changes occur under these conditions. No wavelength shift in emission max-
imum was observed, since both tryptophane residues are already solvent exposed in native

state.

4.3 Disulfide Rearrangement

Mass spectrometry enabled detailed insight into the relevance of disulfide bond breakup and
formation in thG-CSF aggregation. In stirred and in aerated samples we found free cysteine
residues from low to high molecular weight aggregates. Not only C'8, also C** could be de-
tected unbound throughout the samples. In stirred ones we additionally found free C*” and
C” thiols. Free C® was only detected in stirred trimer bands. The only new disulfide bridge
in stirred samples was C!8-C”°. Lying on opposite helices there is a distance of 13.9 to 22.5 A
between the two sulfur atoms. Provided sizeable structural disturbance one could consider it
as an intramolecular disulfide bond as well as an intermolecular one. Solely from MS results

we cannot deduce if those fragments were part of a single protein molecule or not.

The same newly formed disulfide bond could be detected in aerated samples, just like C'8-
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4. Discussion 4.4. Insoluble Particle Distributions

C% and C!8-C!8. For C'8-C%¥ being an intramolecular disulfide bond is actually very unlikely,
as the two residues are located on the same helix in a distance of 27.5 to 31.0 A. And C!8-C!8
can of course only derive from different molecules. Therefore, we can prove that intermolec-
ular disulfide bridges are at least involved in surface induced rhG-CSF aggregation process.
But the fact that we found those newly formed bonds particularly in higher molecular weight
aggregate bands and not one of them in monomer bands clearly suggests that also the other

disulfide bonds contribute to aggregation.

Furthermore, we can conclude that different types of stressing cause different disulfide
bond patterns. Stirring produced more free cysteine residues, whereas more new disulfide
bridges were found in aerated samples. Our fluorescence results confirm that aeration causes
more conformational perturbance than stirring under the investigated conditions. A certain
level of conformational change is certainly necessary for the formation of new disulfide bridges.

Thus, it is likely that more structural rearrangement increases the chance to produce them.

4.4 Insoluble Particle Distributions

CLSM images revealed size and shape distributions of insoluble rhG-CSF aggregates. Com-
parison and evaluation of total particle areas and particle counts cannot be presented. Foam
formation during bubble aeration led to substantial attachment of protein on the bioreactor
wall. This was not the case in stirred reactors. Nevertheless, a comparison of particle size
and shape was possible, though especially large aeration derived particles could have been

excluded from the investigation by that.

We did not observe the formation of protein fibrils or particles of comparable elongated
shape as they could have been expected from earlier CLSM images and electron microscopy
[26][27][28] [29]. Neither in aerated nor in stirred samples. The particle majority was compact
and circularly shaped. An amorphous rather than a fibrillary aggregation behavior is most
probable. We only found a slight tendency towards elongated shapes in aerated samples, which

was more pronounced in six hours and twelve hours-samples.

The distribution of particle size in stirred samples did not change exceptionally over time.
For aeration, the maximum of observed particles shifted from between one and two um? to
below one um? after four hours. Higher soluble protein concentrations seem to favor the for-

mation of larger aggregate particles, at least in aerated samples.
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Figure 4.1: Mass fractions obtained during stressing experiments

4.5 Aggregation Kinetics

A kinetic description of soluble protein concentration could easily be accomplished with linear
fits (R? > 0.95). Protein loss occurred twice as fast in aerated samples compared to stirred ones
(Figure 3.2). However, the formation of soluble aggregates was not a linear process. Compared
to the total amount of protein, soluble aggregates comprised only small fractions (Figure 4.1).
But removal of the precipitate and thus looking only at the soluble protein provided an alter-
nate view on kinetics. Normalizing the remaining soluble rhG-CSF to 100 % we consistently

observed a lag phase prior to an exponential rise of aggregate fraction in SEC (Figure 3.6).

For the kinetic comparison of these processes we employed the Finke-Watzky mechanism
of nucleation followed by autocatalytic surface growth (F-W 2-step, Scheme 4.1) [30]. It proved
to be applicable to a wide range of aggregation data from non-prion research literature [22].
It describes aggregation only with two pseudoelementary steps, namely slow continuous nu-
cleation (k1) and typically fast autocatalytic surface growth (k2). Despite this simplification it
was possible to fit aggregation data obtained from SEC yielding excellent coefficients of de-
termination (R? > 0.995). We employed the sums of dimer and aggregate fractions for fitting
the species B and presumed an endpoint of 100 % aggregation (Figure 4.2). As A is defined as
complementary species to B, and as monomer and aggregate fractions are also normalized to
100 %, the fitting of monomer data from SEC to A was successful as well and yielded the same

rate constants.

We determined k1 =1.5*10"2 h~! and k2 = 4.0*10 73 % h ! for aerated samples. Stirring pro-
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Scheme 4.1: Finke-Watzky mechanism of nucleation followed by autocatalytic surface growth (F-W

2-step); k1 represents nucleation rate, k2 represents autocatalytic surface growth
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Figure 4.2: Fit of the F-W 2-step mechanism to SEC aggregation data; excellent
coefficients of determination > 0.995 were obtained; aggregation endpoint

was assumed at 100 %.
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vided k1 =1.0*10° h~! and k2 = 1.2*10~% % h~!. The putative nucleation rate under the given
surface induced stress conditions is thus 150 times higher than under mechanical stirring stress.
Aggregate growth rate is only about three times higher. If we assume that nucleation rate repre-
sented monomer activation in the applied model, we see that the two types of stressing mainly
differ in that first aggregation step. Using the F-W 2-step model we can thus deduce that ini-
tiation of rhG-CSF aggregate formation in solution is massively accelerated through bubble

aeration.

A striking limitation of the F-W 2-step mechanism is its simplicity. Numerous elementary
steps during aggregation are condensed to only two steps leading to a very fuzzy separation
of the proposed species [31]. As the nucleus-state is not further characterized in this model we
can only state that the initial pseudoelementary step in aggregation, which certainly contains
partial protein unfolding, is substantially accelerated under aeration.

Furthermore, this model does not describe or implicate precipitation in any kind. As we ob-
serve constant loss of soluble protein from the beginning of our experiments, the obtained nu-
cleation and growth rate cannot be considered accurate. They ougth to be considerably higher
to yield such amounts of precipitate. Ignoring precipitation in our kinetic models would pre-
sume the existence of entirely different mechanisms for soluble and insoluble aggregate forma-
tion. However, we did not succeed in incorporating precipitation into the F-W 2-step mech-
anism. The introduction of a third rate constant representing precipitation only led to very
poor fits to our data. Therefore, we have to emphasize that the employed model only describes

formation of soluble aggregates, irrespective of precipitation effects.

Numerous other models try to describe protein aggregation kinetically, also with respect to
unfolding, condensation and precipitation [31]. An expanded Lumry-Eyring nucleated poly-
merization model would combine all of those effects and deliver profound information about
native and non-native aggregation mechanisms [32]. Measuring monomer loss and weight-
average molecular weight one could distinguish if soluble aggregate growth occurred via chain
polymerization, aggregate-aggregate condensation, or a combination of both. Up to that mo-
ment we were not able to determine weight distributions in our stressed samples. But this

might be accomplished using light scattering techniques.

4.6 Conclusions

In line with the results from fluorescence spectroscopy and MS we can conclude that struc-

tural expansion of the native protein is a central point in thG-CSF aggregation under process
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conditions. ANS and intrinsic fluorescence confirmed conformational perturbance, especially
through bubble aeration. Massive disulfide bond rearrangement was detected in aeration and
stirring, which must be associated with a certain level of structural change. Process kinetic
analysis suggested that structural transition is the key factor for rhG-CSF aggregation under
the tested conditions, from which bubble aeration turned out to be most effective in both, in-
ducing structural perturbance and triggering aggregate formation. Exposure of rhG-CSF to

air-liquid boundaries shall therefore be avoided during storage and production.
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Chapter 5

Appendix

In addition to the publication part, the Appendix features detailed information about experi-
mental setup and methodical backgrounds of my research. For SEC we consistently acted in

accordance with the SOP provided by Sandoz [33].

5.1 Stirring

The most convenient and reproducible setup we tried for stirring was using a magnetic stir bar
in a miniature bioreactor (Figure 5.1). The reactor had an inner diameter of 32 mm. The stir
bar had a length of 30 mm and a diameter of 6 mm. Temperature was adjusted to 25°C with
a Julabo F25 refrigerated/ heating circulator. Temperature was checked repeatedly with the

temperature sensor connected to the IKA RCT Basic magnetic stirrer.

It was not possible to provide fluid dynamic parameters, such as energy input or stirrer
power number for that system. The effects of magnetic stir bars have hardly been characterized,
most probably due to their limited use in process technology and their unfavorable friction
properties. Thus, we can only describe fluid dynamics within our system using the stirring

velocity.

A better description would have been possible using a top-mounted magnetic stirrer (Fig-
ure 5.2). With that system we observed extreme fluctuation in aggregation velocities at the
same stirring speeds. The rotational speed of the IKA RCT Basic magnetic stirrers was checked
using a laser tachometer (Voltcraft DT-10L). The reactors and stirrers needed to be cleaned man-
ually. Residues of the cleaning agent (Hellmanex III, Hellma Analytics), which was necessary

to remove precipitated protein, or residues of the rhG-CSF itself might have influenced aggre-
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Figure 5.1: A magnetic stir bar in a miniature bioreactor was used for stirring
experiments. 15 ml of 1.39 £ 0.03 mg/ml rhG-CSF solution was stressed for
47 hours at 25°C

gation behavior in an irreproducible way. Nevertheless, even extensive cleaning followed by

thorough water rinsing and drying did not improve reproducibility.

Up to that moment we were not able to determine the reason for the poor reproducibility of
these experiments. One could think of an uneven stirring behavior of the top mounted stirrers.
Actually, we observed small horizontal jiggling movements during stirring. Since we were not
able to fix that error, we cannot clarify the significance of our finding. Thus, the only remaining

opportunity was to switch to the stir bar system, despite its disadvantages.

5.2 Aeration

We aerated the thG-CSF solution with compressed air from our in-house system. Pressure
there is held around 8*10° Pa. To ensure a constant air flow of up to 5 liters per hour a pressure
reducer (Stasto R-M14-08-R) was installed. Without that device a massive drop of flow rate
over a period of several hours could not be prevented.

In spite of pre-humidification of the air stream, solvent evaporation during bubble aeration
could not be prevented completely. We still observed a loss of up to 10 % (v/v) over a period
of twelve hours. Longer aeration experiments would inevitably lead to substantial bias in the

aggregation results. We considered dosed addition of buffer or water during the experiment.
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Figure 5.2: Alternative stirring setup using a top-mounted stirrer

But due to unclear interference with the stressing method, such as putative osmotic changes,

this was not implemented yet.

5.3 UV Spectrophotometry

Concentration of soluble rhG-CSF was determined spectrophotometrically at 280 nm. A molar

extinction coefficient of 15,720 M~ cm ™!

was obtained from ProtParam tool on the ExPASy
Server [34] on the basis of Filgrastim sequence. Molecular weight was 18.8 kDa. We received
rhG-CSF from Sandoz in a concentration of 1.9 mg/ml. This was checked using the Bradford
method [35]. A calibration of the method was performed in six steps between 1.9 and 0.475
mg/ml. The mean deviation from the expected values accounted for &+ 0.84 %. A volume of 80
ul was analyzed in Plastibrand micro UV-cuvettes. As blank we used 10 mM glutamate buffer,
pH 4.4, containing 5 % (w/v) sorbitol. Glutamic acid and sorbitol were dissolved in HPLC-
grade water and pH was adjusted with 5 M NaOH. The buffer was filtered through syringe
filters with a pore size of 45 ym to reduce light scattering. We are referring to that prepara-

tion whenever glutamate buffer is mentioned in that work. Every sample was measured in

duplicates.
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5.4 Fluorescence Spectroscopy

Fluorescence signals are very sensitive to temperature changes. Therefore, we aimed at keep-
ing the temperature constant at 25°C throughout the flourescence analysis and before. We also
scheduled all fluorescence measurements on the day after sampling. This guaranteed constant
conditions concerning potential continuing aggregation and aggregate dissociation. thG-CSF
concentration was adjusted to 92 ug/ml by dilution with glutamate buffer. This concentration
provided low fluorescence for unstressed samples together with acceptable noise. The appro-
priate volume of glutamate buffer was placed into a 1.5 ml tube and kept for at least 20 min at
25°C. Then, 20 minutes before measurement, the respective volume of cooled rhG-CSF solution
was added in order to allow warming. 500 pul of that solution were placed in an appropriate

quartz fluorescence cuvette and employed for measurement.

Excitation occurred at 280 and 295 nm respectively. Excitation and emission slits were set
to 5 ym. Emission spectra were recorded between 300 and 500 nm. Photomultiplier voltage
was adjusted to 950 V. Three spectra were recorded per sample and smoothed three times to 50
points with the Savitsky-Golay method, smoothing order 3. The average of emission at 340 nm

was regarded as result.

Immediately after measurement of intrinsic fluorescence 10 ul of 1 mM ANS were added to
obtain a molecular ANS/rhG-CSF ratio of 4:1. After mixing by repeated up-and-down-pipeting

and five minutes of incubation the measurement was started.

ANS fluorescence was induced at 388 nm. Emission spectra were recorded from 400 to 500
nm. Other settings and the smoothing method remained unchanged. Results were obtained
by the average of the three fluorescence emission values at 470 nm. In case of very highly
stressed samples, fluorescence exceeded the maximal detection limit. In that case photomulti-
plier voltage was reduced to 700 V. Comparison of eleven samples revealed a factor of signal
amplification of 7.5 & 0.9. 700 V signals were therefore multiplied with 7.5. A dilution of the
samples in order to reduce the fluorescence emission signal was considered inappropriate due

to dissociation effects of reversible thG-CSF aggregates, repeatedly observed before [36][23].

For immediate reuse of the quartz cuvette it was flushed with deionized water and 70 %

(v/v) ethanol followed by drying in a compressed air stream.
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5.5 Size exclusion HPLC

SEC was carried out following the standard operating procedure provided by Sandoz which
cannot be presented here [33]. The analysis was performed strictly in the same week as the
stressing experiments in order to avoid result corruption during storage. Only a relative quan-
tification of aggregate peak area compared to monomer peak area could be performed due to

the lack of reference values for calibration.

5.6 Dialysis and thin layer chromatography (TLC)

For the removal of sorbitol from the Sandoz bulk solution we employed micro-dialysis through
a Spectra/Por 4 membrane, MWCO 12-14,000. 15 ml of the bulk solution were placed into
the sealed micro-dialysis tube. At 4°C it was put into a stirred beaker glass with sorbitol-free
glutamate buffer. Dialysis took place over a period of approximately 40 hours with three to

four times repeated exchange of sorbitol-free dialysis buffer.

Preliminary comparison of buffer exchange methods was carried out with recombinant
human growth hormone (hGH). Dialysis was compared with NAP-10 sephadex gravity flow
columns (GE Healthcare) and Vivaspin 6 ml centrifugal concentrators (MWCO = 10,000, Sarto-
rius). Dialysis showed highest yields of protein concentration compared with the other meth-
ods. Only 4 % of hGH were lost during dialysis , compared to 13 % with NAP-columns and
22 % with Vivaspin. We considered the rather gentle conditions during dialysis to be another

advantage of the method.

Dialysis performance was checked with TLC for sorbitol. Using glass capillarys 3 ul of the
analyzed sample were applied on Merck silica gel F254 aluminum sheets. After drying the
mobile phase was allowed to infiltrate the silica sheets for 30 minutes. Mobile phase contained
51 % (v/v) isopropyl alcohol, 26 % (v/v) ethyl acetate, 13 % (v/v) toluene and 10 % (v/v)
deionized water. The sheets were dried and sprayed with staining solution, containing 3 g
KMnQy, 20 g K,COs, 5 ml 5 % (w/v) NaOH and 300 ml deionized water. Negative staining
developed after short heating on a heat plate. Figure 5.3 shows a stained TLC sheet after micro-

dialysis.
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Figure 5.3: Thin layer chromatography to check dialysis performance; lane 1: 5 % (w/v)
sorbitol positive control; lane 2: undialyzed rhG-CSF bulk solution containing

5 % (w/v) sorbitol; lane 3: dialyzed rhG-CSF solution

5.7 SDS-PAGE

To gain impressions of aggregate content in stressed samples and to prepare samples for MS
SDS-PAGE was employed. For these purposes we did not remove rthG-CSF precipitates from
the solution. By centrifugation a considerable amount of soluble aggregates or aggregates re-
versible upon addition of SDS are removed with the precipitate. After 1+1 addition of loading
dye (20 mM K;HPO,, 6 mM EDTA, 6 % (w/v) SDS, 10 % (w/v) Glycerol, 0.05 % (w/v) Bro-
mophenol blue, pH 8.0) and application of 20 ul to the gel an amount of 14 ug stressed rhG-CSF

was analyzed per lane.

For preparative SDS-PAGE prior to MS high protein amounts were desired. So unlike the
other aeration experiments, bioreactor wall was rinsed with the sample solution to accumulate
precipitated rhG-CSF before sampling. After one minute centrifugation of the stressed sam-
ples at 1,500 g only the precipitate was employed for SDS-PAGE. The protein amount applied
in SDS-PAGE could only be estimated indirectly from the soluble protein concentration. For
stirred and aerated samples we reached approximately 30 pg per lane. These amounts might
seem quite high, but due to the high content of insoluble aggregates only a small fraction could

actually penetrate the gel.

For maximizing the range of visible aggregates we used precast gradient gels (Mini-PROTEAN
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TGX 4-20 % Resolving Gels). Tenfold concentrated electrode was prepared with 30.3 g Tris base,
144.0 g Glycine and 10.0 g SDS on one liter deionized water. Gels were run at 180 V for approx-
imately 40 minutes. That is until stain bands had almost run out of the gel. By default we used
Phast Gel Blue R Coomassie R350 stain from GE Healthcare. For one hour the gels were left
in staining solution, prepared following the manufacturer’s instructions. Destaining occurred
over night or by repeated exchange of destaining solution until desired level of contrast was
reached. Destaining solution contained 30 % (v/v) ethanol and 10 % (v/v) acetic acid in deion-
ized water. Preserve solution for short term storage of the gel consisted of 10 % (v/v) acetic

acid and 13 % (v/v) glycerol.

In the case of removal of the precipitate from stressed samples, aggregate bands could only
be visualized with silver staining. Best results were obtained using the Bio-Rad Silver Staining
Kit (161-0443). Gels were treated as suggested in the ‘Modified Silver Stain Protocol” from the
manufacturer’s guide. Protein amounts loaded on the respective gels ranged from 14 to 4 ug

per lane depending on the degree of stressing.

5.8 Mass spectrometry

For reduction of disulfide bonds rhG-CSF precipitate was subjected to 10 mM DTT. After
preparative SDS-PAGE we often noticed incomplete disintegration of aggregate bands. Con-
centration of DTT might be too low to reduce all disulfide bridges. rhG-CSF concentration
accounted for approximately 27 yM. With the protein amounts we obtained from 5 ml bub-
ble aerated solution we would at least recommend three times the concentration of DTT for

following experiments. The same measure appears reasonable for IAA.

5.9 Confocal Laser Scanning Microscopy

With CLSM we were able to visualize particles down to a diameter of 0.33 yum. A 630fold
magnification could be reached with the used Leica TCS SPE DM5500 Q. Stressed samples
were employed for microscopy without further purification. 10 pl of rhG-CSF sample were
mixed with 1 u1 1 mM ANS solution and incubated for five minutes. Molecular ANS/rhG-CSF
ratio was 13.4:1. This solution was applied on a glass slide. To prevent leakage, evaporation or

further disturbance the used cover glass was sealed with simple nail polish.

With CLSM images from multiple z-levels can be generated. We took scans from the whole

fluid layer in the preparation. In Leica LAS AF software these images were then projected into
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a single one, containing the collected information of the stacked images.

With Image] software (Wayne Rasband, NIH) we were able to describe quantity, area and
shape of the aggregate particles. For that purpose binary images were generated. A black-
white-threshold had to be adjusted manually. Compared to actual particle measures, slight
discrepancies, especially with small particles, had to be accepted. Distributions could then be

generated with Image].

5.10 Materials

If not indicated otherwise, all chemicals derived from Roth GmbH + Co. KG, Germany except:

ethyl acetate (Sigma-Aldrich), EDTA (Serva). hGH was provided by Sandoz
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Mascot Search Results: Peptide View Page 1 of 3

Scivert Mascot Search Results
Peptide View

MS/MS Fragmentation of CATYKLCHPEELVLL
Found in P09919 ab 25 7, a=CATYKL (37-42) cx b=CHPEELVLL (43-51) Granulocyte colony-stimulating factor OS=Homo sapiens GN=CSF3
PE=1Sv=1

Match to Query 401: 1728.862148 from(865.438350,2+) intensity(30208668.0000)
Title: 335: Sum of 9 scansin range 1540 (rt=30.245) to 1643 (rt=31.7574) [E:\DataA RCPEI\RCPE1_|I_20100917\Chymotr_01.RAW]
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Mascot Search Results: Peptide View Page 2 of 3

Vari abl e nodi fications:

c7 : Disulfide bridge (O

lons Score: 53 Expect: 4.6e-007

Mat ches (Bold Red): 21/132 fragnent ions using 24 nost intense peaks
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Mascot Search Results: Peptide View Page 3 of 3

NCBI BLAST search of CATYKLCHPEELVLL
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways

All matchesto thisquery

Score| Mr(calc): | Delta Sequence
53.3 |1728.8579|0.0043| CATYKLCHPEELVLL
49.9 |1728.8579|0.0043|CATYKLCHPEELVLL

|| Mascot: http://www.matrixscience.com/ I
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Mascot Search Results: Peptide View

Scivert Mascot Search Results

Peptide View

MS/MS Fragmentation of CLEQVRCLEQVR
Found in P09919 aa 3 0, a=CLEQVR (18-23) cx a=CLEQVR (18-23) Granulocyte colony-stimulating factor OS=Homo sapiens GN=CSF3 PE=1

Sv=1

Match to Query 343: 1472.725228 from(737.369890,2+) intensity(23721.1970)
Title: 149: Sum of 2 scansin range 883 (rt=21.692) to 890 (rt=21.8054) [E:\Data RCPEI\RCPE1_II_20100917\Trypsin_17.RAW]
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Mascot Search Results: Peptide View Page 2 of 3
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Mascot Search Results: Peptide View Page 3 of 3

All matchesto thisquery

Score|Mr(calc): | Delta Sequence
52.4 |1472.7228|0.0024|CLEQVRCLEQVR
41.1 |1472.7228|0.0024|CLEQVRCLEQVR

|| Mascot: http://www.matrixscience.com/ I
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Mascot Search Results: Peptide View Page 1 of 3

Scivert Mascot Search Results
Peptide View

MS/MS Fragmentation of SSCPSQALQLAGCL SQLHSGL
Found in P09919 ab 49 7, a=SSCPSQALQL (63-72) cx b=AGCL SQLHSGL (73-83) Granulocyte colony-stimulating factor OS=Homo sapiens
GN=CSF3 PE=1 SV=1

Match to Query 461: 2097.009848 from(1049.512200,2+) intensity(575969.3200)
Title: 556: Sum of 4 scans in range 3060 (rt=55.2769) to 3096 (rt=55.8466) [E:\Data\RCPE1\RCPEL_|l_20100917\Chymotr_02.RAW]
Datafile E\DataRCPE1\RCPEL_Il_20100917\Chymotr_02.RAW

Click mouse within plot areato zoom in by factor of two about that point

Or, Plotfrom | {300 to 1800 Da Full range

Error: try setting browser cache to automatic,

Monoi sot opi ¢ mass of neutral peptide M (calc): 2096.9983
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Vari abl e nodifications:
c3 : Disulfide bridge (O
lons Score: 43 Expect: 5e-006
Mat ches (Bold Red): 16/210 fragnent ions using 17 nost intense peaks
# a at a* ac b b+t b* p**+ Seq. y y++ y* y* ++ #
1| 60.0444] 30.5258 88.0393| 44.5233 S 21
2| 147.0764| 74.0418 175.0713| 88.0393 S ]2010.9736|1005.9904(1993.9470{997.4771| 20
3| 248.0700|124.5386 276.0649(138.5361 C [1923.9415| 962.4744|1906.9150|953.9611{19
4| 345.1227]|173.0650 373.1176]187.0625 P 11822.9480| 911.9776(1805.9214{903.4644|18
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7| 631.2504316.1289| 614.2239|307.6156| 659.2454]|330.1263| 642.2188]|321.6130f A |1510.8046| 755.9060|1493.7781|747.3927|15
8| 744.3345|372.6709| 727.3080]|364.1576| 772.3294]|386.6684| 755.3029|378.1551) L |1439.7675| 720.3874|1422.7410]711.8741|14
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14]1329.6290|665.3181]1312.6024|656.8049]1357.6239]679.3156|1340.5973|670.8023] L | 854.4730| 427.7402| 837.4465|419.2269| 8
15]1416.6610| 708.8341]|1399.6345| 700.3209]1444.6559] 722.8316|1427.6294|714.3183] S | 741.3890| 371.1981| 724.3624]|362.6849| 7
16]1544.7196|772.8634]|1527.6930| 764.3502|1572.7145] 786.8609]|1555.6880| 778.3476] Q | 654.3570| 327.6821| 637.3304|319.1688| 6
1711657.8036|829.4055|1640.7771|820.8922]|1685.7986|843.4029|1668.7720|834.8896] L | 526.2984| 263.6528 5
18|1794.8626|897.9349]|1777.8360|889.4216]|1822.8575|911.9324|1805.8309|903.4191| H | 413.2143]| 207.1108 4
19|1881.8946|941.4509]1864.8680|932.9377]1909.8895|955.4484]|1892.8630|946.9351| S | 276.1554| 138.5813 3
20(1938.9161{969.9617|1921.8895(961.4484|1966.9110|983.9591|1949.8844|975.4458] G | 189.1234| 95.0653 2
21 L | 1321019 66.5546 1
http://sw52zmf004/mascot/cgi/peptide_view.pl ?ile=../data/20100920/F002981.dat& query=461& hit=1& index=P09919 ab 49 7&px=1&... 9/21/2010
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Error: try setting browser cache to automatic. Error: try setting browser cache to automatic.

NCBI BLAST search of SSCPSQAL QLAGCL SQLHSGL
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways

All matchesto thisquery

Score| Mr(calc): | Delta Sequence
43.0 |2096.9983|0.0115|SSCPSQALQLAGCL SQLHSGL
33.1 [2096.9983]0.0115|SSCPSQALQLAGCL SQLHSGL

|| Mascot: http://www.matrixscience.com/ I

http://sw52zmf004/mascot/cgi/peptide_view.pl ?ile=../data/20100920/F002981.dat& query=461& hit=1& index=P09919 ab 49 7&px=1&... 9/21/2010
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Scivert Mascot Search Results

Peptide View

MS/MS Fragmentation of LLKCLQLAGCL

Found in P09919 ab 11 41, a=LLKCL (15-19) cx b=QLAGCL (71-76) Granulocyte colony-stimulating factor OS=Homo sapiens GN=CSF3 PE=1
sv=1

Match to Query 162: 1171.648268 from(586.831410,2+) intensity(542379.3300)
Title: 516: Sum of 4 scansin range 2882 (rt=53.1124) to 2916 (rt=53.628) [E:\DataA RCPE1\RCPE1_|I_20100917\Chymotr_08.RAW]
Datafile E\DataRCPE1\RCPEL_Il_20100917\Chymotr_08.RAW

Click mouse within plot areato zoom in by factor of two about that point

Or, Plotfrom | [150 to 1100 Da Full range
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Monoi sot opi ¢ mass of neutral peptide M (calc): 1171.6457

http://sw52zmf004/mascot/cgi/peptide_view.pl ile=../data’20100920/F002987.dat& query=162& hit=1& index=P09919 _ab 11 41&px=1... 9/21/2010
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Vari abl e nodi fications:

c4 : Disulfide bridge (O

lons Score: 20 Expect: 0.0011

Mat ches (Bold Red): 20/102 fragnent ions using 42 nost intense peaks

# a at a* artt b b+t b* b**++ |Seq. y y++ y* y* ++ |y
1| 86.0964| 43.5519 114.0913| 57.5493 L 11
2| 199.1805|100.0939 227.1754]114.0913 L ]1059.5689|530.2881|1042.5424]521.7748|10
3| 327.2755|164.1414|310.2489|155.6281| 355.2704|178.1388| 338.2438|169.6255| K | 946.4849|473.7461| 929.4583]|465.2328| 9
4| 428.2690]|214.6381|411.2424|206.1249| 456.2639|228.6356| 439.2374{220.1223| C | 818.3899|409.6986| 801.3634|401.1853| 8
5| 541.3531|271.1802|524.3265|262.6669| 569.3480|285.1776] 552.3214|276.6644| L | 717.3964|359.2018| 700.3698|350.6886| 7
6] 669.4116|335.2095|652.3851|326.6962| 697.4066|349.2069| 680.3800[340.6936] Q | 604.3123|302.6598| 587.2858|294.1465| 6
7| 782.4957)391.7515|765.4692|383.2382| 810.4906|405.7489] 793.4641|397.2357| L | 476.2537|238.6305 5
8| 853.5328|427.2700|836.5063|418.7568| 881.5277|441.2675| 864.5012|432.7542| A | 363.1697|182.0885 4
9| 910.5543|455.7808|893.5277]|447.2675| 938.5492|469.7782| 921.5226|461.2650] G | 292.1326|146.5699 3
10]1013.5635|507.2854|996.5369|498.7721|1041.5584]521.2828| 1024.5318|512.7696] C | 235.1111|118.0592 2
11 L | 132.1019] 66.5546 1
§ L e L e %
2 o0 dorooo- e o mm A oo
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B e e B N R e oL — T T T T T T T T — T
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NCBI BLAST search of LLKCLQLAGCL
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways

http://sw52zmf004/mascot/cgi/peptide_view.pl ile=../data’20100920/F002987.dat& query=162& hit=1& index=P09919 _ab 11 41&px=1... 9/21/2010
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All matchesto thisquery

Score|Mr(calc): | Delta Sequence

19.6 |1171.6457]0.0026|LLKCLQLAGCL
17.2 |1171.6457]0.0026|LLKCLQLAGCL
14.1 |1171.6457]0.0026|QLAGCLLLKCL
8.6 |1171.6457|0.0026]QLAGCLLLKCL

|| Mascot: _http://www.matrixscience.com/ I

http://sw52zmf004/mascot/cgi/peptide_view.pl ile=../data’20100920/F002987.dat& query=162& hit=1& index=P09919 _ab 11 41&px=1... 9/21/2010
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