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Abstract
Background and Objectives: Granulocyte-macrophage colony stimulating factor (GM-CSF) is a hematopoietic growth factors involved
in proliferation  and  differentiation  of  bone  marrow  precursor  cells  into  granulocytes,  monocyte  that  used  in treatment of patient
with cancer,  therefore,  it  was  decided  to  express  murine  GM-CSF  as  a  recombinant  protein  in  Pichia  pastoris  (P.  pastoris).
Materials and Methods: The protein sequence of mouse GM-CSF was obtained from Uniprot database and ordered for synthesis after
back translation and  optimization  of  coding  sequence.  It  was  subsequently  cloned  into  pPICZ"A expression vector expressed in
Pichia pastoris. Expression and activity of GM-CSF was confirmed by SDS-PAGE, dot blot, Western blotting in the culture supernatant.
Biological activity of the product was confirmed by promoting FDC-P1 cell growth. Non-linear regression analysis was used for fitting a
curve onto the cell proliferation data plotted against the growth factor dilutions and calculation of EC50  value. Results: Sequence
optimization improved CAI from 0.66 in the native to 0.86 in the optimized GM-CSF sequence through replacing 24% of the nucleotides.
In dot blot analysis, GM-CSF expression reached its peak on 5 days and started to decline after 7 days. The GM-CSF protein was appeared
as bands with apparent molecular mass nearly 16-17 kDa. It was estimated that 18.5 µg mLG1 of active murine GM-CSF was secreted into
the culture supernatant. Conclusion: The recombinant GM-CSF protein was expressed in Pichia  pastoris   yeast  and  was biologically
active in the FDC-P1 cell line proliferation.
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INTRODUCTION

Granulocyte    monocyte   colony    stimulating    factor
(GM-CSF) also known as colony stimulating factor 2 (CSF2), is
a monomeric glycoprotein. It is secreted by Tcell, endothelial
cells, fibroblasts and natural killer cells and stimulates stem
cells to produce granulocytes (eosinophil, basophils and
neutrophils). Human recombinant GM-CSF can be used to
induce  the  proliferation  of  neutrophils or monocytes1-3 in
the patients with suppression of bone marrow due to
chemotherapy or radiotherapy4. Patients treated with GM-CSF
showed a significant increase in number of WBCs and thus
decrease the use of antibiotics and duration of staying in
hospital  and  mitigating  the  treatment  costs5. Host's
immunological defect in number and function of lymphocytes,
monocytes and neutrophils is crucially associated with
opportunistic infections in AIDS patients.  A study evaluated 
the effects of GM-CSF in AIDS patients, a dose-dependent
increase in number of neutrophil, monocytes and eosinophils
was noted6,7.

Numerous    researches    were    done    on  recombinant
GM-CSF and its therapeutic applications.  The GM-CSF  was 
available in 3 forms of Molgramostim, Sargramostim and
Regramostim produced in bacteria, yeast and mammalian
cells, respectively8. Among eukaryotic systems used for
recombinant protein production, Pichia pastoris  was  very
popular  and  generally   regarded as a safe microorganism
and its recombinant protein products were  endotoxin-free
with proper folding and post-translational modifications.
Additionally, the ability to secret the proteins in culture
medium  allows  collection  of   the   products   from  the
culture   supernatant.   Therefore,   it was used for production
of many mammalian recombinant proteins, such as
Ecallantide, were  produced in large scales9. This study 
reported the production of recombinant murine GM-CSF
encoded by an optimized sequence in Pichia  pastoris 
expression system.

MATERIALS AND METHODS

Design and analysis of GM-CSF sequence: The GM-CSF
peptide sequence (P01587) was obtained from Uniprot
website (Fig. 1). The amino acids 18-141, required for its
biological activity, were selected for back-translation, codon
optimization and synthesis of the coding construct.

Gene optimization and synthesis: Coding sequence for
mouse  GM-CSF  was  optimized  by   GENEray  Biotechnology 

Fig. 1: Murine GM-CSF amino acid sequence. Residues 1-17
(shown in red) act as signal peptide. Residues which
are required for its biological activity are shown in
black

(Shanghai,  China).  Codon    adaptation   index    (CAI)   for  the
optimized sequence was determined using “rare codon
analysis tool” from GenScript which indicated the overall
correlation between codon frequencies in a given coding
sequence with highly frequent codons in the host. The CAI
values above 0.8 were favorable for optimum expression.
Additionally, it was believed that codons with less than 30%
frequencies in Pichia pastoris can hamper the expression.
Codon tables for the native and optimized coding sequences
for GM-CSF were created by Geneious software (Biomatters,
New  Zealand)  and   compared   with   the   codon   table  for
P.  pastoris.  Restriction  sites for XhoI and XbaI were also
added to the sequence, followed by adjusting the translation
frame for correct expression of GM-CSF with "-factor, c-Myc
and HIS tag in the expression vector. The final construct was
synthesized by Generay Biotech Co, Ltd.

Expression of GM-CSF: The synthetic DNA encoding GM-CSF
was subcloned using XhoI and XbaI restriction sites into
pPICZ"A vector (Invitrogen, Carlsbad, CA, USA) for expression
in P. pastoris. The pPICZ"A containing GM-CSF fragment
(pPICZ-GM-CSF) was propagated and linearized using SacI
enzyme before electroporation into competent P. pastoris
(both KM71H and GS115 strains) as recommended by the
supplier (Invitrogen). Transformed KM71H and GS115 cells
were selected on YPDS (yeast extract 1%, peptone 2%,
dextrose  2%,   sorbitol   18.2%   and   agar   2%)  containing
100  µg  mLG1 of Zeocin (Invitrogen). Single colonies taken
from the YPDS plates were inoculated into 2 mL of BMGY
(yeast extract 1%, peptone 2%, yeast nitrogen base 1.34%,
glycerol 1% and biotin 4×10G5% in 100 mM potassium
phosphate buffer (pH 6.0). When the culture’s OD600 reached
1.5, the BMGY medium was replaced with BMMY (substituting
2% methanol rather than 1% glycerol in BMGY). The cultures
were incubated at 25EC with 250 rpm rotation and samples
(200 µL) were collected for protein analysis on the following
days.
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Protein purification and analysis: The samples collected from
the culture supernatant, purified GM-CSF and flow-through
were    analyzed     dot     blotting,    SDS-PAGE     and   Western
blotting.  The samples dot blotted on nitrocellulose
membrane (Sigma-Aldrich),  followed  by  probing  with anti
c-Myc mouse monoclonal IgG1 antibody (Santa Cruz Biotech.,
Dallas, TX) and  mouse   anti-IgG  conjugated  with HRP
(Sigma-Aldrich, St. Louis, MO). The presence of antibody
interaction with the GM-CSF fusion protein was visualized
using ECL reagent and the chemiluminescence was recorded
by an Alliance Mini instrument (UVItec Limited, Cambridge,
UK).

The  supernatant   samples   were   also   resolved   on
SDS-PAGE and stained using Coomassie Brilliant Blue R250
(Sigma-Aldrich). Additionally, the proteins transferred onto
nitrocellulose membrane detected and recorded as described
for dot blot analysis.

Evaluation of the GM-CSF biological activity: Biological
activity of the product was confirmed by growth stimulation
of murine factor dependent FDC-P1 (ATCC ID: CRL-12103)
were used in biological activity assay of the product. Briefly,
serial dilutions  of  the  GM-CSF  product  were  prepared  in
96-well tissue culture plates in DMEM medium (GIBCO,
Invitrogen) with 10% FCS (JRH). The FDC-P1 cells were washed
with growth factor-free DMEM medium and 4×104  cells were
added to  each  well  and the plates were incubated at 37EC in
a humidified 5% CO2  in air atmosphere for 48 h. Then 20 µL of
resazurin reagent10  were added into each well and incubated
for  4  h .  The  relative  number  of  viable  cells  per   well  was 

determined based on measuring fluorescence intensity of
resorufin produced by reduction of resazurin using a Victor X5
plate reader (Perkins Elmer, Waltham, MA). The results were
analyzed using GraphPad Prism (GraphPad Software, San
Diego, CA).

RESULTS

Optimization of coding sequence for GM-CSF: Results
depicted in Fig . 1, the residues 1-17 of murine GM-CSF act as
signal peptide and are not necessary for biological activity.
Therefore, only coding sequence for residues 18-124 were
included in the  synthetic  construct.  The  coding sequence
was optimized for expression or in  P. pastoris. Sequence
alignment  revealed   that  24%  of   nucleotides  changed
upon optimization  of native GM-CSF. These nucleotide
substitutions resulted in CAI improvement from 0.66 in the
native to 0.86 in the optimized  GM-CSF  sequence.  The  GC 
content however was not significantly changed (39.65 vs.
39.61%) upon  optimization.  In  the  original GM-CSF
sequence 42% of codons were the codons with frequency
range of 91-100 codons which increased up to 61% in the
optimized sequence. Additionally, all the codons with less
than 50% frequency were replaced with more frequent ones
in the optimized sequence (Fig. 2). Cloning simulation of
optimized   sequence    of    GM-CSF    into   pPICZ"A  plasmid
demonstrated that the GM-CSF was in the  correct  frame  to 
be  expressed  as a fusion protein with c-Myc and 6xHIS tag
(Fig. 3).

Fig. 2: Percentage of codons grouped based on their quality in the native and optimized GM-CSF. The group 91-100 indicates
codons with highest frequency for a given amino acid in the organism. Codons with numbers lower than 30% can interrupt
translation
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Fig. 3: Mapping GM-CSF in pPICZ"A plasmid. Optimized GM-CSF segment (green) is cloned downstream to "-factor (pink) and
upstream to c-Myc and 6xHIS taq (grey) coding sequence. Primer binding sites are indicated with green arrows. Ligation
sites for GM-CSF are also shown with green rectangles

Subcloning GM-CSF fragment from pGH into pPICZ"A
vector: Double digestion of the pGH vector resulted in
extraction of GM-CSF (a384-bp fragment) (Fig. 4), which was
subsequently ligated into digested pPICZ"A vector (Fig. 5).
The products of ligation was transformed into and propagated
in JM109. Presence of a 384 bp fragment in the double
digested  plasmid  confirmed  the insertion of GM-CSF
fragment  in  the  pPICZ"A  vector  (Fig.   6).   Sequencing  the
pPICZ"A-GM-CSF plasmid demonstrated the presence of
accurate GM-CSF coding sequence and translational frame in
the pPICZ"A-GM-CSF plasmid.

GM-CSF expression in P. pastoris  (KM71H strain): In dot blot
analysis, the supernatant of the KM71H culture transformed
using  pPICZ-GM-CSF   (KM-GM-CSF)   reacted   strongly  with
c-Myc antibody (Fig. 7) which indicated that GM-CSF
expression  reached  its  maximum  on  5  days  and  remained

constantly  high  up  to  7  days.  However,  after 7 days the
GM-CSF degradation overtook its production rate.

In SDS-PAGE analysis, the GM-CSF protein was appeared
as two bands with apparent molecular mass about 16-18 kDa
in the supernatant of the KM-GM-CSF (Fig. 8). This was
consistent with the prediction that the GM-CSF fusion protein
c-Myc epitope and 6xHIS taq to have 147 amino acids and
molecular weight  of  16.8  kDa.  Such a protein band did not
existed in the supernatants of P. pastoris  which was  not
transformed (lane 2) and the yeast transformed with only
pPICZ"A empty vector. Additionally, GM-CSF seems to be the
major protein bands in the supernatant of KM-GM-CSF.

Results  showed  in Fig. 9 predict that the Western
blotting results of the 3 different clones of KM-GM-CSF. This
demonstrates that both protein bands with molecular mass
between 15 and 25 kDa were indeed GM-CSF fusion protein.
Differences in the molecular weight may resulted from
variations in the glycosylation.
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Fig. 4: Electrophoresis of pGH-GM-CSF plasmid extracted from JM109 bacteria and its enzymatic digestion. 1 DNA marker. 2, 3
Double digestion of plasmid with XbaI/XhoI enzymes. 4 and 5 Single digestion of plasmid with XbaIand XhoI, respectively.
6 Undigested plasmid

Fig. 5: Electrophoresis of extracted pPICZ"A plasmid enzymatic digestion. 1 DNA marker, 2 Double digestion of plasmid with
XbaI/XhoI enzymes, 3 and 4 Digestion of plasmid with XbaIandXhoI enzymes, respectively, 5 Undigested plasmid

Fig. 6: Digestion of pPICZ"A-GM-CSF plasmid with XhoI and XbaI enzymes. 1 Kb1 marker, 2 Enzymatic digestion with SacI, 3 and
4 Enzymatic digestion with XbaI and XhoI, respectively, 5 Double digestion with XhoI/XbaI, two DNA fragments of 3520
and 384 bps are indicated with arrows in the right-side, 6 Undigested recombinant plasmid
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Fig. 7: Dot-blot analysis for GM-CSF fusion protein expression.
Columns 1 and 2: Negative controls (untransformed
KM71H strain and KM71H transformed with pPICZ"A
empty vector), Columns 3-6: KM71H transformed with
pPICZ-GM-CSF vector. The product probed using anti
c-Myc epitope

Fig. 8: SDS-PAGE analysis of GM-CSF expression in the culture
supernatants. Lane 1: Protein marker, lane 2:
Untransformed KM71H), lane 3: KM71H transformed
with pPICZ"A empty vector, lanes 4: 5 days from
KM71H transformed with pPICZ-GM-CSF (clone 1).
Lanes 5 and 6: 4  and 5 days from KM71H transformed
with  pPICZ-GM-CSF  (clone  2).  Lanes  7  and 8: 4  and
5 days from KM71H transformed with pPICZ-GM-CSF
(clone 3). The protein bands corresponding to the
molecular mass of GM-CSF are indicated by arrows on
the right side

Evaluation of recombinant GM-CSF biological activity:
Biological activity of the recombinant GM-CSF in stimulating
proliferation of FDC-P1 cells was showed in Fig. 10 which
indicate that the supernatant of the KM-GM-CSF could support
50%  of  the  maximum  growth  when  diluted 371200 times. 

Fig. 9: Western blot analysis of the culture supernatants.
Lane 1: Protein marker. Lanes 2-4: KM71H transformed
with pPICZ-GM-CSF (clones 1-3) 

Fig. 10: Biological Activity of the recombinant GM-CSF protein.
The FDC-P1 cell growth was determined in serial
dilutions of the culture supernatant using resazurin
assay

Comparing to the commercial product (Peprotech) with the
ED50 value of 0.05 ng mLG1, it was concluded that there was
18.5 µg mLG1 of active murine GM-CSF in the KM-GM-CSF
culture supernatant.

DISCUSSION

Prokaryotic systems such as E. coli  were routinely used to
express recombinant proteins, however, their protein product
was  not  glycosylated  and  had  low   stability   and  half-life
in  the  laboratory  settings.  Additionally, these products
might  be  contaminated  to bacterial lipopolysaccharide
which  can  induce  fever  and  influence  accuracy of
laboratory results11. Yeasts as a eukaryote, were  more
sophisticated expression system  with    capacity    for
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processing, folding and post-translation modifications of
heterologous proteins.

In  this  study,   GM-CSF   sequence   was   optimized  for
P. pastoris by replacing uncommon codons and removing
negative cis-elements interfering with optimal expression. The
CAI of the native GM-CSF sequence was 0.66 which increased
to 0.86 after optimization which was above the 0.8 cut-off for
optimal expression.

According  to  the  dot-blot  results,  it  seems that the
GM-CSF expression was detectable on 3rd day and reached its
maximum on 5th day. In SDS-PAGE analysis, GM-CSF appeared
as two bands between 15 and 25 kDa which may resulted
from various types of glycosylation. The GM-CSF sequence
analysis  revealed  two  N-glycosylation  sites on amino acids
83 and 92. This heterogeneity in the molecular mass of the
product was previously reported for CSF-112, FLT3L13 and
Staphylokinase14. During expression of staphylokinase, the
protein band with higher molecular mass, which assumed to
be more glycosylated, was disappeared upon adding
tunicamycin to the culture media14.

Donahue and colleagues compared GM-CSF expression
in E.  coli  bacteria and S. cerevisiae. The recombinant GM-CSF
from  E.  coli   and  S.   cerevisiae    were   active  in dilution
rates up 1:1000 and 1:10000015. In present study, the
supernatant of KM-GM-CSF culture was able to induce
maximum cell growth up to a dilution rate of 1:100000,
indicating that the yield was comparable with the other
studies.

Based on its biological activity, the yield was estimated to
be about 18.5 µg mLG1 of active murine GM-CSF. However,
Asn83 is in the vicinity of GM-CSF interaction site with the
receptor and its glycosylation may interrupt the ligand’s
function. Therefore, further investigation using glycosidase
enzymes  and  tunicamycin  (a  glycosylation  inhibitor) is
required to confirm glycosylation effects on GM-CSF stability
and function.

Using  P. pastoris  as the host for expression of GM-CSF
has some advantages over E. coli  and S. cerevisiae. This
product not contain  lipopolysaccharide  which  was 
pyrogenic with adverse effects on accuracy of the research
experiments16. Additionally, P. pastoris unlike S. cerevisiae 
does  not  hyperglycosylate  proteins17,18,  O-glycosylation
rarely  occurred   and  oligosaccharide   chains  composed  of
8-14 mannose  chain  which were shorter than those
produced by S. cerevisiae (50-150 mannose chain)19.
Oligosaccharides with " 1, 3 bond which were  highly
antigenic, making the products more appropriate for
therapeutic applications were not produced. Recently, GlycoS

with technology was  used for genetic engineering of Pichia 
for  production  of  recombinant proteins with humanized
glycosylation20.

CONCLUSION

Recombinant mouse GM-CSF was expressed as a
biologically active product in P. pastoris  with high efficiency
(18.5 µg mLG1 of  the  culture  supernatant). The product
seems to have some heterogeneity in glycosylation level
demonstrated  with   two   distinct  bands  of  nearly  16  and
18 kDa.  These  results  show that the optimized sequence
used in this study can be used for production of GM-CSF to
produce endotoxin-free product for various applications.
Additionally, this procedure can be applied to produce other
growth factors for research and potentially for therapeutic
applications.

SIGNIFICANCE STATEMENT

This  study  discovers  an  optimized  method  for
preparation  of  recombinant  murine GM-CSF in Pichia
pastoris, which resulted in production of 18.5 µg mLG1 of
active,   endotoxin-free   GM-CSF   in  the culture supernatant.
It was in secretary  form  which  facilitates its homogeneous
production and reduces the cost of further purification. This
product can be used for in vitro and in vivo research involving
culture of the hematopoietic cells.
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