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THE PRODUCTION AND PEGYLATION OF RECOMBİNANT HUMAN 
GRANULOCYTE COLONY-STIMULATING FACTOR PRODUCED IN E. 

coli 

SUMMARY 

This thesis is composed of two distinct subjects separated by two chapters. 
The first chapter focuses on the “Production, purification, and pegylation of G-CSF”. 
The granulocyte colony-stimulating factor (G-CSF) is a cytokine and has a role in the 
maturation, differentiation, and migration of white blood cells. The G-CSF protein is 
an 18-kDa protein and has a theoretical pI of 5.6. 5 cysteine residues form 2 disulfide 
bonds and one free cysteine locates at the 18th position. White blood cells are one of 
the major systems used against pathogens. The absence or low abundance of white 
blood cells results in a condition called neutropenia. Neutropenia patients require 
admission of G-CSF in its drug form, which is called filgrastim. Filgrastim is a 
recombinant therapeutic protein, and due to its low molecular weight, its elimination 
through the kidneys causes a short half-life in blood circulation. To solve the short 
half-life problem, a chemically modified form of G-CSF has been created. The N-
terminus of the protein is modified with a 20 kDa polyethylene glycol (PEG) that 
increases the molecular weight by two-fold. The chemical addition of a PEG molecule 
is called pegylation, and several types of pegylation vary in terms of the molecular 
weight or the structure of PEG, or the target of the pegylation. The Food and Drug 
Administration (FDA) approved N-terminus pegylated filgrastim, which is called 
Pegfilgrastim and it is the first FDA-approved pegylated drug. To add the PEG to the 
N-terminus, the methoxy-PEG aldehyde and the chemical reaction called reductive 
amination are terminated with the addition of a reducing agent. The common 
pegylation method involves the addition of a reducing agent, sodium 
cyanoborohydride that forms the toxic cyanide as a byproduct. This study aims to find 
a high-yield protein production strategy from bacterial cells and to find an alternative 
to sodium borohydride. 
First of all, to increase the yield of protein production in E. coli BL21, the existing 
method in our lab was optimized. The protein is produced under the Lac operon 
promoter and the production is induced with IPTG. At 37 °C, the protein is produced 
at the inclusion body and needs to be solubilized and refolded. 8 M urea seems to be 
inefficient to solubilize the protein, therefore an alkali buffer was also tried and 
compared to the former method. Then, the bacteria incubated at 17 °C produced the 
protein in soluble form. That method of soluble protein production has been tried. To 
overcome the instability, the 18th cysteine was substituted to a serine residue with site-
directed mutagenesis. Even though the alkali buffer has a higher yield of solubilization, 
the process is not suitable overall due to the instability of the G-CSF at pH values over 
5.5. The soluble protein method was inconvenient, as this method yields more 
impurities in the elution. The mutation increased the stability of the protein in the 
dialysis steps; however, it was not enough to produce the protein with a higher yield. 
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The second part was about pegylation of G-CSF. The substitution of sodium 
cyanoborohydride with sodium borohydride was not successful, as the latter is not 
stable in aqueous solutions. As the optimized method was not suitable to produce G-
CSF in an industrial scale, other methods such as adding a solubilizing tag or a tag to 
help purification which also increases the size of the protein can contribute to 
increasing the half-life and also the purification of the protein. Also, this thesis 
contributed to the literature by the trial of Sodium borohydride as a reducing agent in 
pegylation reaction and showed the inefficiency of the chemical due to its instability. 
The second chapter of the thesis is about the “Characterization of CHEK2 VUSes 
found in genetic screening of Turkish breast cancer patients”. The CHEK2 gene is a 
tumor suppressor and encodes the protein serine-threonine kinase Checkpoint kinase 
2 (CHK2). CHK2 protein consists of three functional domains; SQ/TQ cluster domain 
(SCD), forkhead-associated (FHA) domain, and the kinase domain. The SCD is a 
target for CHK2 activator proteins. The FHA domain has a role in the dimerization 
and activation of the CHK2 monomers by trans-activation through further 
phosphorylation. The kinase domain is where CHK2 binds to its downstream targets 
and phosphorylates them. 
CHK2 is involved in a double-strand DNA break repair mechanism. Firstly, ATM is 
activated by double-strand break recognition proteins, and it phosphorylates CHK2 at 
the 68th threonine. CHK2 then phosphorylates and activates the pathways of cell cycle 
delay, DNA repair, and apoptosis. 
There are variants of CHEK2 that cause non-functional proteins and are therefore 
related to Li-Fraumeni syndrome or several cancer types. The pathogenic variants of 
CHEK2 are known to be associated with breast, colon, kidney, and prostate cancers. 
However, some variants are not identified as either pathogenic or benign. These 
variants are called Variants of Unknown Significance (VUS). In the previous study, 
Akcay and colleagues found that CHEK2 is the most VUS-carrying gene among 25 
other cancer-related genes in Turkish breast cancer patients. To be able to classify the 
variants of unknown significance in vitro, the optimization of CHKk2 production 
should be performed. This study aimed to produce and purify recombinant wild-type 
and mutant CHK2 proteins in E. coli. 
First of all, the gene is cloned into the expression vector pET30a with 6xHis and 
3xFLAG tags. The E. coli strain BL21 was chosen to produce the protein, and the 
production is optimized. 17 °C was selected as the incubation temperature after 
induction with IPTG. The soluble fraction after lysis is used to purify CHK2 with 
immobilized metal affinity chromatography (IMAC). After the purification is 
optimized, circular dichroism spectroscopy is used to identify the secondary structure 
of the protein via far-UV measurement. Between the 6xHis tag and the 3xFLAG tag, 
the TEV enzyme restriction site was additionally provided to eliminate contaminants 
via a second IMAC after TEV digestion. However, this was not used because the 
protein is relatively pure and the majority of the contaminants come from cleaved 
CHK2 protein. The secondary structure of the wild-type and mutant proteins revealed 
that the purified protein was correctly folded as the CD curve matches an alpha-helical 
protein. The in vitro studies using the recombinant CHK2 may resolve the effect of the 
mutations on structure and function of the protein. 
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REKOMBİNANT İNSAN GRANULOSİT KOLONİ STİMÜLAN 
FAKTÖRÜNÜN E. coli’DE ÜRETİMİ VE PEGİLASYONU 

ÖZET 

Bu tez iki farklı bölümden oluşmaktadır. Birinci bölüm Granülosit koloni uyarıcı 
faktörünün üretimi, saflaştırması ve pegilasyonunu konu almaktadır. Doğuştan gelen 
bağışıklık sistemi, kemik iliğinde oluşan miyeloid soyuna sahip hücrelerden oluşur. 
Miyeloid öncü hücreler, farklı hücre tiplerine farklılaşır; nötrofiller, monositler 
(makrofajlar ve dendritik hücreler), mast hücreleri, bazofiller ve eozinofiller. 
Bazofiller, nötrofiller ve eozinofiller, granülosit adı verilen bir hücre ailesi oluşturur. 
Viral olmayan bir enfeksiyon durumunda, bu hücreler patojene saldırır ve onları 
fagositoz yoluyla etkisiz hale getirir. Veziküller, asidik bir pH'ta (3.5-4.0) enzimler ve 
antimikrobiyal maddeler içeren granüller olarak da adlandırılır. Nötrofiller bağışıklık 
sisteminde vazgeçilmez bir role sahip oldukları için sayıları intrensik (transkripsiyon 
faktörleri) ve ekstrinsik yolaklarla (sitokinler ve büyüme faktörleri) düzenlenir. 
Nötrofiller, memeli sistemlerinde viral olmayan patojenlere karşı savaşan ana hücre 
grubudur. Nispeten daha büyük hücrelerdir ve 2-3 günlük nispeten daha kısa bir ömre 
sahiptirler. Nötrofiller kan dolaşımında en çok bulunan hücre tipleridir ve insan kan 
hücrelerinin %40-70'ini oluştururlar Enfeksiyon üzerine sitokinler endotel, 
makrofajlar ve mast hücrelerinden salınır. Nötrofiller, kemotaksis adı verilen bir 
süreçle enfeksiyon bölgesine alınır. Nötrofiller işe alındıktan sonra, sinyali daha da 
yükseltmek için sitokinleri de serbest bırakabilirler. Sinyal amplifikasyonu ve hücre 
alımı dışında, nötrofillerin patojenlere karşı üç farklı etki modu vardır; fagositoz, 
degranülasyon ve Nötrofil Hücre Dışı Tuzaklarının (NET'ler) oluşumu. Fagositoz, 
opsonin kaplı hedeflerin tanındığı ve yutulduğu süreçtir. Bu süreç, sindirim için gerekli 
enzimleri ve reaktif oksijen türlerini içeren fagozomların oluşumuyla sonuçlanır. 
Degranülasyon, nötrofillerin granüllerinde bulunan antimikrobiyallerin ve sitokinlerin 
salgılanması işlemidir. NET'ler, nötrofiller tarafından oluşturulan ve serin proteazlar 
ve kromatinden oluşan ağ benzeri yapılardır. Bu oluşumların amacı antimikrobiyal 
yönünden zengin bir ortam oluşturmak ve aynı zamanda patojenin organizmada 
yayılmasını önlemektir. Kan dolaşımındaki anormal derecede düşük nötrofil 
konsantrasyonuna nötropeni denir. 70 kg ağırlığındaki sağlıklı bir yetişkin insanda 
ortalama nötrofil sayısı 1,5 X 109 hücre/L'nin üzerindedir. Hafif nötropenide hücre 
sayısı 1,0-1,5 X 109 hücre/L, orta nötropenide 0,5-1,0 X 109 hücre/L ve şiddetli 
nötropenide 0,5 X 109 hücre/L'nin altındadır. Nötropeni hastaları, endojen bakterileri 
tarafından enfekte olmaya karşı hassastır. Hastaların çoğu yaşamları boyunca 
orofarenks, gastrointestinal sistem ve cilt enfeksiyonları geliştirir. Nötropeni 
konjenital, döngüsel, besin eksikliğinden veya kanser tedavisinin bir yan etkisinden 
kaynaklanabilir. Nötropeni, miyelotoksik kemoterapinin önemli bir sonucudur ve bu 
nedenle onkolojik tedavinin bir yan etkisidir. Bu yan etkileri önlemek için terapötik 
madde olarak koloni uyarıcı faktör içeren ilaçlar kullanılır. Üç günlük kemoterapiden 
sonra uygulanan bu ilaçlar nötropeniyi önlemekte ve enfeksiyona bağlı ölümleri 
azaltmaktadır. Kostmann sendromu olarak da adlandırılan konjenital nötropeni, kan 
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dolaşımındaki düşük nötrofil seviyesidir (0.2 X109 hücre/L). Bu otozomal resesif 
hastalık yenidoğanlarda görülür ve semptomları arasında yüksek ateş ve ciddi 
enfeksiyonlar yer alır. ELANE, HAX1, GFI1, G6PC3, WAS ve CSF3R genlerindeki 
mutasyonların konjenital nötropeninin nedeni olduğu bilinmektedir. Hematopoietik 
kök hücre farklılaşmasını fonksiyonel bir hücre tipine tetiklemekten sorumlu birkaç 
büyüme faktörü vardır. Kemik iliğinde granülosit farklılaşması, çoğalması ve hayatta 
kalmasından sorumlu olan sitokinlere Granülosit Koloni Uyarıcı Faktörler (G-CSF) 
denir.  
G-CSF proteinini kodlayan gen, 17. kromozomda 17 q11-22'de bulunur. CSF3 geni, 
204 amino asit uzunluğundaki proteini kodlar ve bunların 30'u salgılanmak üzere 
endoplazmik retikulumu hedefleyen sinyal dizileridir. 174 amino asit uzunluğundaki 
protein, öncelikle monositlerden ve makrofajlardan, ayrıca endotel hücrelerinden, 
fibroblastlardan ve kemik iliği stromal hücrelerinden salgılanır. Doğru katlanmış 
formda, sistein kalıntılarının 5'i, 36-42 ve 64-74 kalıntıları arasında 2 disülfid bağı 
oluşturur ve 17. sistein serbest kalır. Proteinin %66'sını oluşturan dört paralel alfa 
heliks yapısı vardır. Proteinin teorik izoelektrik noktası (pI) 5.65'tir.  
Filgrastim, ana etken madde olarak G-CSF içeren ilaçtır. G-CSF’in küçük boyutu 
Filgrastim’in vücuttan çabuk atılmasına sebep olduğundan, yarılanma ömrü kısadır. 
Pegfilgrastim, filgrastime göre daha stabil ve daha uzun yarı ömürlü bir ilaçtır. 
Pegfilgrastim'in tek dozluk maliyeti filgrastim'den daha yüksektir, ancak daha uzun 
yarı ömür, daha düşük toplam maliyet ve daha kolay uygulama sağlar. Pegfilgrastim'in 
yüksek maliyeti, çok aşamalı saflaştırma ve ayrıca pegilasyon reaksiyonunda 
kullanılan toksik yan ürünlerin güçlükle uzaklaştırılmasından kaynaklanmaktadır. Bu 
tezin amacı, doz başına maliyeti daha da azaltmak için pegfilgrastim üretmenin daha 
kolay ve ucuz bir yolunu bulmaktır. Alkali tamponun daha yüksek bir çözünme 
verimine sahip olmasına rağmen, 5.5'in üzerindeki pH değerlerinde G-CSF'nin 
kararsızlığı nedeniyle süreç genel olarak uygun değildir. Çözünür protein yöntemi, bu 
yöntem elüsyonda daha fazla safsızlık verdiğinden elverişsizdi. Mutasyon, proteinin 
diyaliz adımlarındaki stabilitesini artırdı, ancak proteini daha yüksek verimle üretmek 
için yeterli olmadı. Sodyum siyanoborohidritin sodyum borohidrit ile ikamesi, sulu 
çözeltilerde kararlı olmadığı için başarılı olmadı. 
İkinci kısım CHEK2 yabanıl tip proteinin rekombinant olarak E. Coli’de üretimini 
konu almaktadır.Serin-treonin kinaz Checkpoint kinaz 2 (CHK2), üç fonksiyonel 
alandan oluşan bir tümör baskılayıcı proteindir; SQ/TQ tekrar bölgesi (20-75), 
çatalbaşıyla ilişkili (FHA) bölge (112-175) ve bir serin/treonin kinaz bölgesi (225-
490). N terminalinin yakınında bulunan SQ/TQ tekrar bölgesi, çift sarmallı bir DNA 
kırılmasından sonra CHK2'yi etkinleştiren ataksi-telanjiektazi-mutasyona uğramış 
protein (ATM) gibi CHK2'yi etkinleştiren proteinler için bir hedeftir. FHA bölgesi, 
aktivasyon üzerine proteinin genel yapısını düzenler ve CHK2'nin diğer fosforile 
proteinlere bağlanmasında rol oynar. Proteinin C-terminal yarısı, diğer serin/treonin 
kinazlarla yapısal ve ardışık benzerliklere sahip olan kinaz bölgesinden oluşur. 
DNA'da bir çift sarmal kırılmasının tanınması üzerine, ATM, duyusal proteinler 
tarafından fosforile edilir ve aktive edilir. Aktive edilmiş ATM daha sonra CHK2'yi 
68. pozisyonda treonin üzerinde fosforile eder. Bu, inaktif CHK2 monomerlerinin 
dimerizasyonuna ve oto-inhibitör döngü üzerindeki treonin kalıntıları 383 ve 387 ve 
kinaz alanı üzerindeki serin kalıntısı 516 üzerinde trans-otofosforilasyona neden olur. 
Aktive edilmiş CHK2 daha sonra hücre döngüsü gecikmesi, DNA onarım 
mekanizması ve apoptoz mekanizması ile ilgili yolları aktive ederek sinyali iletir. 
CHK2'nin bilinen hedefleri, hücre döngüsü kontrolü için CDC25C ve CDC25A, Plk3 
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kinaz, E2F1 transkripsiyon faktörü; DNA onarımı için BRCA1; ve hücre ölümünün 
düzenlenmesi için p53’tür.  
CHEK2 geninin bazı varyantlarının kanser riskini arttırdığı bilinmektedir. CHEK2 
genindeki bazı mutasyonların Li-Fraumeni gibi kansere neden olduğu bilinen 
sendromlara yol açtığı bilinmektedir. CHEK2'nin yanlış anlamlı mutasyonları, erkek 
taşıyıcılarda non-Hodgkin lenfoma ve prostat kanseri ile de ilişkilidir. CHEK2'nin en 
tekrarlayan patojenik varyantlarından biri 1100delC'dir ve birçok çalışma bu delesyon 
mutasyonunun kanser riskini artırdığını göstermiştir. İlk olarak 1100delC, Li-
Fraumeni ve Cowden sendromları ile ilişkilidir. Farklı etnik gruplardaki meme kanseri 
hastalarında 1100del sıklığının daha düşük olduğunu gösteren çalışmalar vardır, ancak 
Amerikan ve Rus popülasyonlarında 1100delC daha yüksek meme kanseri riski ile 
ilişkilidir. İkinci en önemli patojenik mutasyon, 157. pozisyonda (I157T) izolösinin 
treonine dönüşmesidir. I157T'nin forkhead ile ilişkili alanda etkileşime neden olduğu 
ve azalan dimerizasyon nedeniyle bozulmuş aktiviteye neden olduğu bilinmektedir. 
Başka bir zararlı CHEK2 mutasyonu da mevcutsa, I157T taşıyıcılarında kanser 
gelişme riski artar. Klinik önemi bilinmeyen (VUS) çok sayıda varyasyon, tipik olarak, 
birden fazla gen kanser duyarlılığı için tarandığında bulunur. Kanserle ilgili genler 
arasında, patojenik varyantlar meme, kolon, prostat, tiroid ve böbrek dahil olmak üzere 
çeşitli kanser türleri ile ilişkili olduğundan CHEK2 VUS'ları özellikle ilgi çekicidir. 
Akçay ve meslektaşları tarafından 2020 yılında yapılan bir çalışmada, meme ve 
kolorektal kanser hastalarında ve yaşlı kontrollerde varyant dağılımının saptanması 
için Türk popülasyonunda 25 kansere yatkınlık geni taranmaktadır. Çalışma, Türk 
meme kanseri hastalarında CHEK2 geninin en fazla VUS taşıyan gen olduğunu ortaya 
koydu. Türk meme kanseri hastalarında bulunan CHEK2 geninin VUS'larını 
sınıflandırmak için mutant proteinlerin yapısal ve fonksiyonel etkilerinin karakterize 
edilmesi gerekmektedir. Bu çalışmanın ilk adımı olarak da yabanıl tip proteinin üretimi 
ve saflaştırması optimize edilmelidir.  
Bu çalışmanın amacı, E. coli'de rekombinant vahşi tip CHK2 proteini üretmektir. 
Öncelikle gen, 6XHis ve 3xFLAG etiketi ile ifade vektörü pET30a'ya klonlandı. 
Proteini üretmek için E. coli suşu BL21 seçildi ve üretim optimize edildi. IPTG ile 
indüksiyondan sonra inkübasyon sıcaklığı olarak 17 °C seçildi. Hücre parçalanması 
sonrasında çözünür fraksiyon, immobilize metal afinite kromatografisi (IMAC) ile 
CHK2'yi saflaştırmak için kullanıldı. Saflaştırma optimize edildikten sonra, uzak UV 
ölçümü yoluyla proteinin ikincil yapısını belirlemek için dairesel dikroizm 
spektroskopisi kullanıldı.6XHis etiketi ile 3XFLAG etiketi arasında, TEV enzim 
kesiminden sonra ikinci bir IMAC aracılığıyla kirlilikleri ortadan kaldırmak için TEV 
enzimi kesme bölgesi eklenmiştir. Ancak bu kullanılmadı çünkü protein nispeten saftı 
ve kirleticilerin çoğu parçalanmış CHK2 proteininden geliyordu. Vahşi tip proteinin 
ikincil yapısı, saflaştırılmış proteinlerin CD eğrisi alfa sarmal proteinle eşleştiği için 
doğru şekilde katlandığını ortaya çıkardı. 
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 PRODUCTION, PURIFICATION & PEGYLATION OF GRANULOCYTE 

COLONY-STIMULATING FACTOR 

1.1 Introduction 

1.1.1 Neutrophils  

The innate immune system consists of cells with the myeloid lineage that are formed 

in the bone marrow (Figure 1.1). Myeloid precursor cells differentiate into different 

cell types; neutrophils, monocytes (macrophages and dendritic cells), mast cells, 

basophils, and eosinophils. Basophils, neutrophils, and eosinophils form a cell family 

called granulocytes. In the case of a non-viral infection, these cells attack the 

pathogens and inactivate them through phagocytosis. The vesicles are also called 

granules, which contain enzymes, and antimicrobial agents, at an acidic pH (3.5-4.0). 

Because neutrophils have an indispensable role in the immune system, their number is 

regulated by intrinsic (transcription factors) and extrinsic pathways (cytokines and 

growth factors) (Eales, 2003). 

 

Figure 1.1: Hematopoietic stem cells in bone marrow may differentiate into different 
cell groups. Among these cells, basophils, eosinophils, and neutrophils form a 

separate cell group referred to as granulocytes (Adapted from Mohamed et al., 2021). 



2 

Neutrophils are the major cell group that fights against non-viral pathogens in 

mammalian systems. They are relatively larger cells and have a relatively shorter life 

span of 2-3 days. Neutrophils are the most common cell types in blood circulation, and 

they make up 40-70% of human blood cells (Eales, 2003). 

Upon infection, the cytokines are released from the endothelium, macrophages, and 

mast cells. Neutrophils are recruited to the infection site through a process called 

chemotaxis. After their recruitment, neutrophils can also release cytokines to further 

amplify the signal (Summers et al., 2010). 

Other than signal amplification and cell recruitment, neutrophils have three different 

modes of action against pathogens; phagocytosis, degranulation, and generation of 

Neutrophil Extracellular Traps (NETs). As described by Watson et al. in 1996, 

phagocytosis is the process in which the opsonin-coated targets are recognized and 

ingested. This process results in the formation of phagosomes containing enzymes and 

reactive oxygen species necessary for digestion. Degranulation is the process where 

the antimicrobials and cytokines in the granules of the neutrophils are secreted 

(Ancelin et al., 2004). NETs are mesh-like structures formed by neutrophils and 

consist of serine proteases and chromatin. These formations have the purpose of 

creating an anti-microbial-rich environment and also preventing the pathogen’s spread 

in the organism (Villanueva et al., 2011). 

1.1.2 Neutropenia  

The abnormally lower concentration of neutrophils in the bloodstream is referred to as 

neutropenia. In a healthy 70 kg adult human, the average neutrophil count is above 1.5 

X 109 cells/L. In mild neutropenia the cell count is between 1.0 - 1.5 X 109 cells/L, in 

moderate neutropenia it is between 0.5 – 1.0 X 109 cells/L, and in severe neutropenia, 

it is below 0.5 X 109 cells/L (Mehta et al., 2015). Neutropenia patients are susceptible 

to getting infected by their endogenous bacteria. Most of the patients develop 

oropharynx, gastrointestinal tract, and skin infections in their lifetime. Neutropenia 

may be congenital, cyclic, caused by nutrient deficiency, or a side effect of cancer 

treatment. 

Neutropenia is a major result of myelotoxic chemotherapy and therefore a side effect 

of oncological therapy. To prevent those side effects, drugs having the colony-

stimulating factor as a therapeutic agent are used. Applied after three days of 
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chemotherapy, these drugs prevent neutropenia and reduce infection-related mortality 

(Kuderer et al., 2007). 

Congenital neutropenia, also referred to as Kostmann syndrome, is characterized by a 

lower level of neutrophils (0.2 X109 cells/L) in the bloodstream. This autosomal-

recessive disorder is observed in newborns, and its symptoms include high fever and 

severe infections. The mutations in the genes ELANE, HAX1, GFI1, G6PC3, WAS, 

and CSF3R are known to be the causes of congenital neutropenia. Lately, new cases 

show that this might also develop as a sporadic disease with autosomal-dominant 

inheritance referred to as myelokathexis. 

There are several growth factors responsible for triggering hematopoietic stem cell 

differentiation into a functional cell type. The cytokines that are responsible for 

granulocyte differentiation, proliferation, and survival in the bone marrow are called 

Granulocyte-Colony Stimulating Factors (G-CSF) (Root & Dale., 1999). 

1.1.3 G-CSF protein 

The gene encoding the G-CSF protein is found on the 17th chromosome at 17 q11-22. 

CSF3 gene encodes a 204-amino acid-long protein, and 30 of them are signal 

sequences targeting the endoplasmic reticulum for secretion (Demetri & Griffin, 

1991). 174-amino acid-long protein is secreted primarily from monocytes and 

macrophages as well as endothelial cells, fibroblasts, and bone marrow stromal cells 

(Rennick et al., 1987). 

In the correctly folded form, 5 of the cysteine residues form 2 disulfide bonds between 

the residues 36-42 and 64-74 leaving the cysteine residue at the 17th position unpaired 

(Kato et al., 2016). Four parallel alpha helix structures form 66 % of the protein 

(Demetri & Griffin., 1991). The theoretical isoelectric point (pI) of the protein is 5.65 

(Do et al., 2017). 
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1.1.4 G-CSF pathway 

The G-CSF acts as a cytokine and binds to its receptor to fulfill its role. The G-CSF 

receptor is mainly expressed in the hematopoietic stem and progenitor stem cells. The 

ligand binding to the G-CSF receptor promotes its dimerization and activates 

JAK/STAT,  MAPK, and PI3K/Akt signal transduction pathways (Wang et al., 2008; 

Mehta et al., 2021) (Figure 1.2). 

 

Figure 1.2: The G-CSF binding to its receptor activates MAP Kinase (green), 
PI3K/Akt (purple), and JAK-STAT (orange) pathways in the cell (Adapted from 

Rahi et al., 2021). 

1.1.5 Filgrastim 

The commercial form of the human recombinant G-CSF is referred to as filgrastim. 

The first filgrastim approved by FDA is Neupogen manufactured by AMGEN in 1991 

(Crawford et al., 1991). Phase I and II trials were made on small-cell lung cancer 

patients taking chemotherapy, and it was found that filgrastim increases the neutrophil 

counts of patients with neutropenia (Bronchud et al., 1987). The neutrophil count in 

the patients decreases after the administration of the drug and increases significantly 

after 4 or 5 hours. The neutrophil levels generally decrease exponentially to their initial 

values after 2 days (Frampton et al., 1994). 

Table 1.1 shows the biosimilars of Neupogen approved by the FDA. The Zarxio is the 

first drug ever accepted by FDA as a biosimilar in 2015. After Zarxio, Nivestym and 

Releuko were accepted in 2018 and 2022 respectively.  



5 

Table 1.1 : The list of biosimilars of Neupogen approved by the FDA (FDA, 2022). 

Biosimilar Name Approval Date Company 

Zarxio (Filgrastim-sndz) March 2015 Sandoz Inc. 

Nivestym (filgrastim-aafi) July 2018 Pfizer Europe MA 
EEIG 

Releuko (filgrastim-ayow) February 2022 Amneal 
Pharmaceuticals LLC 

To increase the neutrophil numbers of neutropenia patients, rHuG-CSF is needed to 

be given to the patient in daily doses. The low maintenance of the drug in blood 

circulation is explained by two facts; first, the smaller size of the protein facilitates its 

removal from blood by kidneys, and the second is a natural cause of the G-CSF 

homeostasis in the body. Several results concluded that the G-CSF concentration in 

the blood is regulated by neutrophils themselves. In the blood of healthy human 

individuals, the half-life of the intravenously injected G-CSF is about 2 hours, whereas 

the half-life of the drug in treated neutropenia patients is almost 5 hours (Kearns et al., 

1993). There are also in vitro experiments demonstrating that G-CSF is degraded by 

neutrophils  (Briddell et al., 2001). 

1.1.6 Pegfilgrastim 

To overcome the dosage issues and low G-CSF maintenance in the bloodstream, one 

of the most commonly used methods is adding a PEG molecule to the protein, which 

may increase the size and also prevent the degradation of the protein. Pegfilgrastim is 

produced by the addition of a 20 kDa methoxy-PEG aldehyde molecule to the N-

terminus of the protein and was first launched by the company Amgen in 2002 under 

the brand name Neulasta. The pegylated drug has a relatively long half-life of 15 to 80 

hours (Ho 2013).  It is the first pegylated drug ever approved by FDA and there were 

more pegylated G-CSF biosimilars by other companies approved later. Fulphila by 

Mylan and Udenyca by Coherus are the two biosimilars of Neulasta as of 2018 (Selby 

et al., 2021). 
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1.1.7 Pegylation 

Polyethylene glycol (PEG) is a polymer of ethylene glycol molecules, and its structure 

is often expressed as H−(O−CH2−CH2)n−OH. It is derived from petroleum, and its size 

can be adjusted according to needs (Laird, 1997). PEG molecules can be covalently 

attached to the proteins with a chemical method called pegylation. In 1990, Enzon 

Pharmaceuticals' PEGylated drug Adagen (pegadamese bovine) was approved, 

marking the beginning of the application of PEGylated molecules application in the 

pharmaceutical industry. The PEG molecules used as pharmaceuticals can vary in size 

from 300 Da to 80 kDa and also in their active site (Biopharma PEG, 2019). 

To observe a therapeutic effect, maintaining the drug concentration in blood plasma is 

clinically advantageous. The plasma concentrations of non-pegylated proteins may 

fluctuate, and the uncoated molecules can trigger an immune response. To overcome 

these challenges, pegylation or liposome vesicles can be used, however, the liposome 

has its limitations, such as unwanted modifications and biochemical changes in drug-

protein molecules (Nucci et al., 1991). 

 

Figure 1.3: The first step of the PEGylation reaction. 

In Figure 1.3, the first step of the PEGylation reaction is seen. To activate the reaction, 

H+ ions, therefore the acidic environment are required. As a result, the oxygen of the 

methoxy-PEG-aldehyde is protonated. 

 

Figure 1.4: The second step of the PEGylation reaction. 
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After the protonation, the nucleophilic addition takes place, and therefore the N-

terminus of the protein chain and the methoxy-PEG-aldehyde are covalently bound 

(Figure 1.4). 

 

Figure 1.5: The third step of the PEGylation reaction. 

In the third step which is an acid/base reaction (Figure 1.5), the hydrogen is captured 

by the base, therefore nitrogen has one lone pair of electrons. 

 

Figure 1.6: The fourth step of the PEGylation reaction. 

Similar to the third step, the fourth step is also an acid/base reaction (Figure 1.6), but 

this time oxygen gets protonated. 

 

Figure 1.7: The fifth step of the PEGylation reaction. 

In the fifth step (Figure 1.7), the bond between protonated oxygen and carbon is 

released. As a result, the molecule is dehydrated. 
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Figure 1.8: The sixth step of the PEGylation reaction. 

In the last reversible step of the PEGylation reaction (Figure 1.8), one water molecule 

attacks the last hydrogen bound to nitrogen and therefore neutralizes the nitrogen atom. 

 

Figure 1.9: The seventh step of the PEGylation reaction. 

In the seventh step (Figure 1.9), the reducing agent, the sodium triacetoxyborohydride 

molecule irreversibly reduces the carbon atom with the hydrogen. This step is the rate-

determining step of the PEGylation reaction. 

 

Figure 1.10: Eighth step of the PEGylation reaction. 

In the last step (Figure 1.10), the binding of a hydrogen atom neutralizes nitrogen. 

Finally, the reaction is completed irreversibly. The sodium triacetoxyborohydride 

molecules also reduce the excess methoxy-PEG-aldehyde and terminate the reaction. 
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1.2 Aim of the Study 

Pegfilgrastim is a more stable and longer-lived drug compared to filgrastim. The one-

dose cost of pegfilgrastim is higher than that of filgrastim; however, the longer half-

life creates a lower overall cost and easier application. The high cost of pegfilgrastim 

is due to the multi-step purification and also the hard removal of the toxic by-products 

used in the pegylation reaction. This thesis aims to find an easier and cheaper way to 

produce pegfilgrastim to further decrease the cost per dose. 

1.3 Materials and Methods 

1.3.1 Materials 

1.3.1.1 Equipment  

The equipment used in this study is listed in Appendix A. 

1.3.1.2 Chemicals and enzymes 

The chemicals and enzymes used are listed in Appendix A. 

1.3.1.3 Buffers and solutions 

Buffers and solutions used in this work are listed in Appendix B and C. 

1.3.2 Methods 

1.3.2.1 Bacterial cell culture 

Competent cell preparation    
Cells were inoculated in LB medium and grown overnight at 37 °C with 180 rpm. 

Overnight-grown cells were inoculated in SOB medium with a ratio of 1:100. Cells 

were grown until the OD600 reaches 0.4-0.6. Cells were placed on ice for 10 minutes. 

Cells were centrifuged at 4000 g at 4 °C for 5 minutes and the SOB medium was 

removed. Pellet was dissolved in 30 mL CMG buffer for each 100 mL of SOB. Cells 

were incubated on ice for 15 minutes. Cells were centrifuged at 4000 g at 40 °C for 5 

minutes and CMG was removed. Pellet was resuspended in 7.2 mL cold CMB for each 

100 mL SOB. Cells were incubated on ice for 5 minutes. 250 µL of DMSO was added 
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to the cells for each 100 mL SOB. Cells were incubated on ice for 5 minutes. This step 

was applied twice. Cells are aliquoted and stored at – 80 °C. 

Heat-shock bacterial cell transformation 
50 μL of competent were thawed on ice. 100 ng plasmid or 2 μL ligation product was 

added to them and waited on ice for 30 minutes. Cells were heat-shocked at 42 °C for 

60 seconds exactly in the water bath and kept in ice for 3 minutes. Cells were added 

into 1 mL LB-broth, and incubated at 37°C for 1 hour with shaking at 225 rpm. Cells 

were centrifuged at 4000 g for 5 minutes. 900 µL of LB was removed. The pellet was 

dissolved in the remaining LB. Cells were spread on the LB-Agar with antibiotics. The 

plate was incubated at 37 °C overnight. 

1.3.2.2 Nucleic acid 

DNA isolation 

DNA was extracted from cells using Macherey-Nagel NucleoSpin Mini Kit for 

Plasmid DNA according to the “Isolation of high-copy plasmid DNA from E. Coli” 

protocol. 

Site-directed mutagenesis 

Point mutation was introduced to the G-CSF-pET30a plasmid using Q5® Site-Directed 

Mutagenesis Kit manufactured by New England Biolabs Inc. The forward and reverse 

primers for C17S (G-CSF_C18S_F: CTGCTCAAGTcCTTAGAGCAAGTGAGG, G-

CSF_C18S_R: GAAGCTCTGGGGCAGGGA) were designed using NEB Base 

Changer online design tool. 

Table 1.2 : Components of the site-directed mutagenesis PCR reaction. 

Components Amount 

Q5 High-Fidelity 2X Master 

Mix 
12.5 µL 

10 µM Forward Primer 1 µL 

10 µM Reverse Primer 

DNA Template (900 ng/µL) 

Nuclease-free Water 

1 µL 

1 µL  

9 µL 
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Table 1.3 : PCR reaction conditions for site-directed mutagenesis. 

Step Temperature Time Number of 

Cycle 

Initial Denaturation 98 °C 30 sec 1 

Denaturation 98 °C 10 sec  

Annealing 64 °C 30 sec 33 

Extension 72 °C 20 sec  

Final Extension 72 °C 2 min 1 

 

1.3.2.3 Protein production in E. coli 

Cell growth and induction 
The E. coli BL21 cells containing the pET30a-G-CSF or pET30a-C18S were grown 

overnight at 37 °C for 16 hours and the cells were inoculated to LB media. When the 

OD600 reached 0.7, cells were induced with 0.5 µM IPTG and kept at 37 °C at 180 rpm 

for 4 hours. Cells were harvested using centrifugation at 4 °C for 20 minutes at 4000 

g. The pellets were kept at -20 °C until the lysis step. 

Lysis, solubilization, and refolding of the protein 
The pellets were dissolved in Inclusion Body Lysis Buffer with a 1:10 (w/v) ratio. The 

sonication was performed with % 30 power for 80 seconds, 5 on / 15 off on ice to 

prevent protein degradation. Lysed cells were centrifuged at 20000 g for 20 minutes 

and the supernatant was discarded. As explained previously, the pellets were washed 

with four different wash buffers and centrifuged. After the final wash, the pellets were 

solubilized with a Solubilization Buffer (Urea Solubilization Buffer or Alkali 

Solubilization Buffer) on a shaker for 3 hours at room temperature. The solubilized 

proteins were separated from cell debris by centrifugation. The solubilized and 

unfolded proteins were refolded in the dialysis/binding buffers according to the 

selected purification method. The dialysis steps were performed at 4 °C for 16 hours 

using a dialysis membrane with a 10 kDa cutoff. 
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Protein production in soluble form 

The cells containing the pET30a-G-CSF or pET30a-C18S were grown overnight at 37 

°C for 16 hours and the cells were inoculated to LB media. When the OD600 reached 

0.7, cells were induced with 0.5 µM IPTG and kept at 17 °C at 180 rpm for 16 hours. 

Cells were harvested using centrifugation at 4 °C for 20 minutes at 4000 g. The pellets 

were kept at -20 °C until the lysis step. The cells were lysed using Soluble Lysis Buffer 

and sonication was performed with % 30 power for 80 seconds, 5 on / 15 off on ice. 

The cell debris was discarded using 20000 g centrifugation for 20 minutes. The soluble 

fraction was directly bound to the column. 

1.3.2.4 Purification with ion exchange chromatography 

G-CSF protein solubilized and refolded was tried to be purified using both Cation 

Exchange (CEX) and Anion Exchange (AEX) Chromatography. The column used for 

CEX is HiTrap SP FF, and HiTap Q XL is for AEX. The columns were equilibrated 

with the binding buffer. The samples were bound to the column with a 0.7 mL/min 

flow rate. The non-specific bound proteins were washed with the binding buffer. The 

proteins were eluted with the elution buffer with gradient elution from 0 M to 1 M 

NaCl with different accelerations. The eluted proteins were collected as 1 mL 

fractions. 

1.3.2.5 SDS-PAGE and western blot 

The samples taken from all fractions including the loading sample, flow-through, 

column-wash, and elution were prepared for SDS-PAGE analysis using 4X Laemmli 

Buffer. The samples were boiled at 95 °C for 10 minutes. The 15 % SDS-PAGE gels 

were prepared and the gels were run at 90 and 120 V until the marker is separated. The 

transfer of the proteins to the nitrocellulose membrane was performed at 90 V for 90 

minutes or 16 V for 16 hours at 4 °C. The membranes were blocked with Membrane 

Blocking Buffer. The membranes were blotted using anti-G-CSF primary antibody and 

anti-mouse secondary antibody. ECL solutions were used to visualize the membranes 

and the images were taken using ChemiDoc. 
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1.3.2.6 Pegylation 

The pegylation reaction was set up with the commercial form of the G-CSF. 250 µL 

reaction was set up using 8 µM G-CSF and 5-fold molar excess of methoxy PEG 

propionaldehyde in sodium acetate buffer at pH 5.5. The reaction was incubated at 

room temperature for 1 hour before the addition of the reducing agent. The sodium 

borohydride was added as the reducing agent and the reaction was left at room 

temperature for 24 hours for termination. The same reaction without the PEG molecule 

was set up as a negative control. The results were checked with a western blot. 

1.4 Results 

1.4.1 Recombinant protein production in inclusion bodies and purification 

In our previous studies, the recombinant G-CSF was produced in E. coli BL21 cells, 

and the method included solubilization of the protein from the inclusion bodies and 

refolding using the dialysis method. 8 M urea was used in the urea solubilization 

buffer. Figure 1.11 shows one example of the cation exchange purification of 

solubilized and refolded protein. In Figure 1.11 A, the absorbance of both sample 

application and elution seemed lower than expected. Figure 1.11 B shows that even if 

the absorbance is low, the protein could be obtained during elution without any loss in 

the column wash step. Figure 1.11 C depicts the BSA standard SDS-PAGE gel of the 

collected elution fractions. 

 

Figure 1.11: The result of purification of G-CSF solubilized from inclusion bodies 
and refolded. (M: Marker, L: Loading sample, F.T.: Flow-through, C.W.: Column-

wash) 
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1.4.2 Comparison of urea and alkali solubilization buffers 

To increase the solubilization yield, different solubilization methods were screened. 

One of the most common methods for protein solubilization is using an alkali buffer. 

To compare the efficiency of high pH on G-CSF solubilization, a buffer with a high 

pH value (pH 12.5) was used. Figure 1.12 shows the western blot result of the 

solubilization. Samples were taken at each step of the solubilization process and run 

on the same gel for comparison. 

 

Figure 1.12: Western blot (above) and SDS-PAGE (below) result of solubilization 
comparison between Alkali buffer and Urea buffer. (Anti-G-CSF) 

After the alkali solubilization method showed a higher yield than urea solubilization, 

an anion exchange method was tried to be optimized. After the solubilization, first, 

dialysis at a low pH was tried but resulted in aggregation of the protein. After several 

attempts, the refolding step was performed in dialysis with a buffer with a pH value of 

9.0. As a binding buffer, pH 8.0 was used to eliminate the impurities and also bind the 

protein to the anion exchange column successfully. In Figure 1.13, the chromatogram, 

SDS-PAGE, and western blot results showed that the purification yield and purity of 

the anion exchange are not enough for a drug production method. 
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Figure 1.13: Anion exchange chromatography result of the alkali solubilization. (M: 
Marker, F.T.: Flow-through, C.W: Column wash) A) Chromatogram of the 

purification, B) SDS-PAGE result, C) Western blot (anti G-CSF). 

1.4.3 Production of protein at different temperatures 

Because G-CSF is an aggregation-prone protein and the refolding step is time-

consuming and challenging, other methods of protein production were screened. In 

Figure 1.14, the different temperature screenings of the G-CSF production in E. coli 

can be seen. For temperatures of 37 °C, 30 °C, and 17 °C, incubations were tested after 

0.5 µM IPTG induction. The cells were incubated at 30 °C and 37 °C for 4 hours, and 

at 17 °C for 16 hours after induction. As the 17 °C resulted in a soluble form of the G-

CSF, the purification was tried with proteins grown at 17 °C, and protein was obtained 

in cell lysate. 

 

Figure 1.14: The incubation temperature trials. (U: Uninduced, I: Induced, S: 
Supernatant, P: Pellet) 
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1.4.4 Anion exchange purification of soluble G-CSF 

As cation exchange purification after soluble protein production was unsuccessful, 

anion exchange was tried to purify the protein. Figure 1.15 shows the chromatogram, 

SDS-PAGE, and western blot results. Figure 1.15 A shows the elution pattern is 

composed of two parts. As the protein tends to be eluted with low ionic strength, the 

first part of the elution has a low slope. The remaining proteins were eluted from the 

column with 1 M NaCl in the second part of the elution. Although the yield was higher 

than refolded protein, the impurities can be seen in SDS-PAGE (Figure 1.15 B). 

 

Figure 1.15: Anion exchange purification results of soluble protein. (L: Load, F.T.: 
Flow-through, C.W.: Column wash, M: Marker) A) Chromatogram of the 

purification, B) SDS-PAGE, C)Western blot (anti G-CSF). 

1.4.5 Purification of C18S mutation 

The substitution of the cysteine at the 18th position to serine is known to increase the 

stability and solubility of the G-CSF. To test whether this mutation also helps increase 

the yield of either of the protein production methods, site-directed mutagenesis was 

used. After introducing the mutation to the G-CSF, first the refolding method after 

alkali solubilization was examined first. Figure 1.16 shows the chromatography, SDS-

PAGE, and western blot results of the anion exchange of the C18S mutant after alkali 

solubilization and refolding.  
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Figure 1.16: The result of anion exchange after refolding of C18S. (W: Wash, M: 
Marker, F.T.: Flow-through, C.W.: Column wash). 

As the protein yield was still low, the soluble protein method which includes the 

growth at low temperatures ,was applied to C18S. After lysing the cell, cell lysate was 

directly applied to the anion exchange column (HiTrap Q XL). Figure 1.17 shows the 

results after the purification of C18S. As can be seen in Figure 1.17 B, the SDS-PAGE 

image reveals the elution fractions contain a lot of impurity bands, especially over 40 

kDa. 

 

Figure 1.17: Chromatography results of C18S after soluble protein production. 
(F.T.: Flow-through, C.W.: Column wash) A) Chromatogram of purification, B) 

SDS-PAGE, C) Western blot (anti G-CSF). 
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1.4.6 Pegylation 

The pegylation of proteins generally involves the use of a toxic chemical named 

sodium cyanoborohydride. Instead of sodium cyanoborohydride, sodium borohydride 

was used as a reducing agent. The reaction containing PEG, G-CSF, and NaBH4 was 

set up to pegylate the protein from the N-terminus. Another reaction without PEG was 

used as a negative control. The band around 15 kDa gave a higher signal that makes 

others invisible therefore, the image was taken separately (Figure 1.18). The second 

highest intensity band was around 38 kDa, and it appears to be PEG-G-GCSF. Two 

other bands indicate either degradation, oligomerization, or multi-pegylation of the 

protein. 

 

Figure 1.18: The western blot result of pegylation and control reactions. 

1.5 Discussion 

Granulocyte colony-stimulating factor (G-CSF) is a cytokine that enables the 

differentiation, maturation, and migration of white blood cells to the bloodstream from 

the bone marrow (Kato, 2016). Neutropenia is a disease that is caused by low white 

blood cells in circulation. The recombinant form of G-CSF is used to treat neutropenia 

patients, and it must be given at short intervals due to its low half-life in the system 
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(Crawford et al., 1991). The biological drugs composed of small proteins, such as G-

CSF, have a low half-life due to being eliminated from the kidneys. Modifications such 

as pegylation increase the molecule size and therefore reduce the elimination from the 

kidneys (Briddel et al., 2001). The pegylated form of G-CSF is called pegfilgrastim 

and contains a 20 kDa PEG attached to its N-terminus. The chemical reaction involves 

PEG with the aldehyde functional group’s attachment to the N-terminus of the protein 

through reductive amination, and a reducing agent is required. Normally, sodium 

cyanoborohydride is used as the reducing agent. Although pegylation is a useful 

method, the cost is higher than the original drug (Nucci et al., 1991). this study aims 

to test a novel approach for N-terminus pegylation using a non-conventional reducing 

chemical often employed for reductive amination. 

To produce cost-effective therapeutics, E. coli is the organism most frequently used 

for recombinant protein production. In this study, the pET30a vector was chosen for 

bacterial expression. Protein production with pET30a requires IPTG for induction. At 

first, the method used was protein recovery from inclusion bodies. The insoluble 

proteins from the inclusion bodies were solubilized with urea and refolded by dialysis. 

The downside of this method was its low capacity for solubilization. To achieve a 

better yield, alkali solubilization was tried, and the results showed that the high pH 

value worked better for G-CSF solubilization than 8 M urea. After the alkali 

solubilization at pH 12.5, the refolding was difficult to achieve as the protein is not 

stable at pH values over 5.5. Therefore, anion exchange chromatography was 

performed to purify the protein, but it was not successful.  

To exclude the refolding step, a new method for soluble protein production was 

investigated. As a result of incubation temperature screening, at 17 °C, G-CSF seems 

to be produced in soluble form. Both cation exchange and anion exchange resulted in 

an elution fraction with impurities. 

The instability of the G-CSF causes its oligomerization or aggregation. There are five 

cysteine residues in G-CSF, and four of them form two disulfide bonds. One free 

cysteine residue at the 18th position is protonated at pH values below 5.5 and causes 

the stability of the protein, and it is known that the removal of the free cysteine with 

mutation causes a more stable protein (Rosendahl et al., 2005). To test whether this 

mutation also helps the purification process, the C18S mutation was introduced to G-

CSF with site-directed mutagenesis. The same procedures were tried on the C18S 
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mutant, however, even though the mutation increased the stability, the impurities 

remained with the protein in the elution fractions. 

Finally, pegylation with sodium borohydride was tried with the commercial G-CSF. 

As the general method involves the reducing agent sodium cyanoborohydride, which 

yields toxic cyanide, the intention was to create a safer method (Lee et al., 2003). The 

reaction was set up with protein, methoxy-PEG aldehyde, and sodium borohydride in 

sodium acetate buffer at pH 5.5. The pH was important as the Ka of the N terminus 

determines the site-specific pegylation with reductive amination. To see the effect of 

sodium borohydride, a control reaction without PEG was also set up. The result was 

observed with western blot using anti-G-CSF antibody. In the control lane, only one 

band that belongs to G-CSF was present. The yield of pegylation with sodium 

borohydride is low, most probably because of the instability and degradation of the 

molecule in water. The second most prominent band at the pegylation lane was at 38 

kDa, which belongs to PEG-G-CSF. There are also two unknown bands, probably 

caused by dimerization or double-pegylation of G-CSF. 

The potential solution to the solubilization may be the production of the protein in the 

inter-membrane space, as there are chaperones specific to form disulfide bonds. The 

other possible solution is to increase the molecular weight of G-CSF molecule by 

fusing it with another protein. There are several methods for fusion proteins including 

antibodies, antibody fragments, or chaperone proteins (Do et al., 2017). 
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 PRODUCTION AND PURIFICATION OF CHK2 

2.1 Introduction 

2.1.1 CHEK2 gene 

CHEK2 gene (OMIM 604373) is found on the long arm of the 22nd chromosome in 

the 12.1st position. CHEK2 gene has 14 exons coding for the serine-threonine kinase 

protein CHK2. It is known that the germline mutations on the CHEK2 gene are 

moderate-penetrance, and their alterations may cause different cancer types, including 

breast and colorectal cancer (Havranek et al. 2015).  

2.1.2 Checkpoint kinase 2 

The serine-threonine kinase Checkpoint kinase 2 (CHK2) is a tumor suppressor protein 

formed of three functional domains; SQ/TQ cluster domain (residues 20-75), fork 

head-associated (FHA) domain (residues 112-175), and a serine/threonine kinase 

domain (residues 225-490). SQ/TQ cluster domain found near the N-terminus works 

as a target for CHK2-activating proteins such as ataxia-telangiectasia-mutated protein 

(ATM), which activates CHK2 after a double-strand DNA break. The FHA domain 

regulates the overall structure of the protein upon activation and is involved in the 

binding of CHK2 to other phosphorylated proteins. The C-terminal half of the protein 

is occupied by the kinase domain, which has structural and sequential similarities with 

other serine/threonine kinases (Nevanlinna et al., 2006). 

2.1.3 Double-strand DNA break (DSB) repair mechanism 

Upon recognition of a double-strand break in the DNA, the ATM is phosphorylated 

and activated by the sensory proteins. The activated ATM then phosphorylates CHK2 

on the threonine at the 68th position. This causes the dimerization of inactive CHK2 

monomers and trans-auto phosphorylation on threonine residues 383 and 387 on the 

auto-inhibitory loop and serine residue 516 on the kinase domain. Activated CHK2 
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then transduces the signal by activating pathways involved in cell cycle delay, DNA 

repair mechanism, and apoptosis machinery. The known targets of CHK2 involve 

CDC25C and CDC25A, Plk3 kinase, E2F1 transcription factor for cell cycle control; 

BRCA1 for DNA repair, and p53 for regulation of cell death (Lukas et al., 2003). 

2.1.4 CHEK2 and Cancer 

Some of the variants of the CHEK2 gene are known to increase cancer risk. Li-

Fraumeni, which is a well-known cancer-causing syndrome, is also caused by 

mutations in the CHEK2 gene. The missense mutations in CHEK2 are also associated 

with non-Hodgkin lymphoma and prostate cancer in male carriers (Cybulski et al., 

2004; Harvanek et al., 2015). 

One of the most recurrent pathogenic variants of CHEK2 is 1100delC, and several 

studies have shown that this deletion mutation increases the risk of cancer. Firstly, 

1100delC is associated with Li-Fraumeni and Cowden syndromes (Palmero et al., 

2016). There are studies showing that the frequency of 1100del is lower in breast 

cancer patients in different ethnic groups; however, in American and Russian 

populations 1100delC is correlated with a higher risk of breast cancer (Palermo et al., 

2016; Chekmariova et al., 2006).  

The second-most important pathogenic mutation is the isoleucine to threonine 

substitution at the 157th position (I157T). I157T is known to cause interactions at the 

forkhead-associated domain and causes impaired activity due to diminished 

dimerization (Cai et al., 2009). The risk of cancer development in I157T carriers 

increases if another deleterious CHEK2 mutation is also present (Cybulski et al., 

2009). 

2.1.5 CHEK2 variants of unknown significance  

Numerous variations of unknown clinical significance (VUS) are typically found when 

multiple genes are screened for cancer susceptibility. Among cancer-related genes, 

CHEK2 VUSes are of particular interest, as the pathogenic variants are associated with 

several types of cancers, including breast, colon, prostate, thyroid, and kidney (CHEK2 

Breast Cancer Case-Control Consortium., 2004). 

In a 2020 study by Akcay and colleagues, 25 cancer-susceptibility genes were screened 

in the Turkish population for detection of variant distribution in breast and colorectal 
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cancer patients and elderly controls (Akcay et al., 2020). The study revealed that in 

Turkish breast cancer patients, the CHEK2 gene is the most VUS-carrying gene. 

2.2 Aim of the Study 

To classify the VUSes of the CHEK2 gene found in Turkish breast cancer patients, the 

structural and functional effects of the mutant proteins must be characterized. To 

achieve this, this work aims to produce recombinant wild-type CHK2 protein in E. 

coli. 

2.3 Materials and Methods 

2.3.1 Materials 

2.3.1.1 Equipment  

The equipment used in this study is listed in Appendix A. 

2.3.1.2 Chemicals and enzymes 

The chemicals and enzymes used are listed in Appendix A. 

2.3.1.3 Buffers and solutions 

Buffers and solutions used in this work are listed in Appendix B and D. 

2.3.2 Methods 

2.3.2.1 Bacterial cell culture 

Competent cell preparation 
Cells were inoculated in LB medium and grown overnight at 37 °C with 180 rpm. 

Overnight-grown cells were inoculated in SOB medium with a ratio of 1:100. Cells 

were grown until the OD600 reaches 0.4-0.6. Cells were placed on ice for 10 minutes. 

Cells were centrifuged at 4000 g at 4 °C for 5 minutes and the SOB medium was 

removed. Pellet was dissolved in 30 mL CMG buffer for each 100 mL of SOB. Cells 

were incubated on ice for 15 minutes. Cells were centrifuged at 4000 g at 40 °C for 5 

minutes and CMG was removed. Pellet was resuspended in 7.2 mL cold CMB for each 

100 mL SOB. Cells were incubated on ice for 5 minutes. 250 µL of DMSO was added 
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to the cells for each 100 mL SOB. Cells were incubated on ice for 5 minutes. This step 

was applied twice. Cells are aliquoted and stored at – 80 °C. 

Heat-shock bacterial cell transformation 
50 μl of competent were thawed on ice. 100 ng plasmid or 2 μl ligation product was 

added to them and waited on ice for 30 minutes. Cells were heat-shocked at 42 °C for 

60 seconds exactly in the water bath and kept in ice for 3 minutes. Cells were added 

into 1 mL LB-broth, and incubated at 37°C for 1 hour with shaking at 225 rpm. Cells 

were centrifuged at 4000 g for 5 minutes. 900 µL of LB was removed. The pellet was 

dissolved in the remaining LB. Cells were spread on the LB-Agar with antibiotics. The 

plate was incubated at 37 °C overnight. 

2.3.2.2 Nucleic acid 

Cloning 

The CHK2-containing commercial gene was cloned to the pET30a vector using the 

InFusion Cloning kit with primers listed below. 

pET30a_Chek2_INF_F: GGAGATATACATATGCATCATCACCATCACCACGG 

pET30a_Chek2_INF_R: GTGGTGGTGCTCGAGTCATCACAACACAGCAGCAC 

The PCR reaction was set up with Q5 High-Fidelity 2X Master Mix enzyme at 65 °C 

as the binding temperature. The PCR conditions can be found in the table below (Table 

2.1 and Table 2.1). 

 Components of PCR reaction for amplification of the insert. 

Components Amount 

Q5 High-Fidelity 2X Master 
Mix 12.5 µL 

10 µM Forward Primer 1 µL 
10 µM Reverse Primer 
DNA Template (900 ng/µL) 
Nuclease-free Water 

1 µL 
1 µL  
9 µL 
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 PCR conditions for amplification of the insert. 

Step Temperature Time Number of 
Cycle 

Initial Denaturation 98 °C 30 sec 1 
Denaturation 98 °C 10 sec  
Annealing 64 °C 30 sec 33 
Extension 72 °C 20 sec  
Final Extension 72 °C 2 min 1 

Agarose gel electrophoresis 

Agarose gels were prepared with 8 % (w/v) agarose in 1X TAE buffer. Gels were 

boiled using a microwave and the EZ Gel Stain was added as 0.5 %. DNA samples 

mixed with 6X Loading Dye and loaded to columns. Gels were run at 100 V. 

DNA extraction from agarose gel & DNA purification  

A PCR NucleoSpin® clean-up and gel extraction kit (MACHEREY-NAGEL) was 

used to accomplish DNA extraction from an agarose gel, as well as DNA purification 

and clean-up.  

DNA isolation 
DNA was extracted from cells using Macherey-Nagel NucleoSpin Mini Kit for 

Plasmid DNA according to the “Isolation of high-copy plasmid DNA from E. Coli” 

protocol. 

Restriction digestion of plasmid 
pET30a vector was cut using restriction enzymes NdeI and XhoI at room temperature 

for 3 hours. The cut plasmid was run on an agarose gel and the desired fragment is 

extracted. The reaction conditions can be seen in the table below (Table 2.3). 

 Components of restriction digestion of the plasmid. 

Components Amount 

10X CutSmart Buffer 2.5 µL 
NdeI 0.5 µL 
XhoI 
DNA Template (500 ng) 
Nuclease-free Water 

0.5 µL 
4 µL 
17.5 µL 
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InFusion Reaction and Transformation 

The InFusion reaction was performed according to the instruction of the manufacturer 

at 50 °C for 15 minutes. 5 µL of the reaction was transformed to DH5a cells using 

transformation protocol and spread on the LB Agar plates containing kanamycin. 

Colony PCR 
Colony PCR was performed to identify positive colonies that contain the CHK2 gene. 

Colonies were selected from LB plates and dissolved in 20 µL of Nuclease-free water. 

Colony PCR was set up according to the conditions in the table below (Table 2.4). 

 Components of the colony PCR reaction. 

Components Amount 

OneTaq 2X Master Mix 10 µL 
10 µM Forward Primer (T7) 1 µL 
10 µM Reverse Primer (Bam) 1 µL 
DNA Template 1 µL 
Nuclease-free Water 7 µL 

2.3.2.3 Protein production in E. coli 

The cells containing the wild-type CHK2 and mutant CHK2 forms were grown 

overnight at 37 °C for 16 hours and the cells were inoculated to LB media. When the 

OD600 reached 0.7, cells were induced with 0.5 µM IPTG and kept at 17 °C at 180 rpm 

for 16 hours. Cells were harvested using centrifugation at 4 °C for 20 minutes at 4000 

g. The pellets were kept at -20 °C until the lysis step. The cells were lysed using 

Soluble Lysis Buffer and sonication was performed with % 30 power for 80 seconds, 

5 on / 15 off on the ice. The cell debris was discarded using 20000 g centrifugation for 

20 minutes. The soluble fraction was directly bound to the column. 

2.3.2.4 Protein purification 

As recombinant CHK2 has 6x His-Tag, IMAC is used to purify the proteins. First, the 

column was equilibrated using Binding Buffer. Then, the protein was loaded into the 

HisTrap column with a 0.7 mL/min flow rate. The unspecific proteins were washed 

with Wash Buffer and the proteins were eluted using 0-500 mM imidazole with 

gradient elution in 1 mL fractions.  

 

 



27 

2.3.2.5 SDS-PAGE and western blot 

The samples taken from all fractions including the loading sample, flow-through, 

column-wash, and elution were prepared for SDS-PAGE analysis using 4X Laemmli 

Buffer. The samples were boiled at 95 °C for 10 minutes. The 15 % SDS-PAGE gels 

were prepared and the gels were run at 90 and 120 V until the marker is separated. The 

transfer of the proteins to the nitrocellulose membrane was performed at 90 V for 90 

minutes or 16 V for 16 hours at 4 °C. The membranes were blocked with Membrane 

Blocking Buffer. The membranes were blotted using anti-CHK2 primary antibody and 

anti-mouse secondary antibody. ECL solutions were used to visualize the membranes 

and the images were taken using ChemiDoc. 

2.3.2.6 Circular dichroism spectroscopy 

To identify the secondary structure and check whether the protein is correctly folded, 

far-UV CD spectra measurement in J-1500 Circular Dichroism Spectrophotometer 

was performed. The proteins were diluted to 0.14 µM with dH2O and loaded into a 1 

mm cuvette. The wavelength range was selected as 195 nm to 250 nm and 

measurements took place at 25 °C. 

2.4 Results 

2.4.1 Cloning 

To clone the CHK2 coding gene into the pET30a expression vector, first, the plasmid 

is cut with the NdeI and XhoI enzymes (Figure 2.1). Then CHK2 is amplified using 

cloning primers designed for infusion cloning. The sizes of the DNA fragments were 

near 6000 and 1700 bp as expected. 

 

 The agarose gel images of restriction digested pET30a and amplified 
CHK2 insert. A) The agarose gel image of cut pET30a, B) Agarose gel image of the 

insert after PCR. 
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The cloned gene possesses 6XHis and 3XFlag tags at the N-terminus, and there is a 

TEV enzyme cleavage site between the tags (Figure 2.2). 

 

 The constructed CHK2 plasmid for the production of the protein in E. 
coli. 

2.4.2 Temperature screening 

Following cloning, the plasmid was transformed into E. coli BL21 cells for expression. 

The expression levels and the solubility of the protein were screened with incubations 

of the cells at different temperatures after induction with IPTG (Figure 2.3). The 

screening results revealed that at 17 °C, the protein was found in the supernatant after 

lysis. Therefore, 17 °C was selected as the optimal incubation temperature. 

 

 The western blot (top) and SDS-PAGE (bottom) results of the CHK2 
production in different temperatures. 



29 

2.4.3 IMAC purification 

For the purification of the recombinant CHK2, the 6xHis tag was used to perform 

immobilized metal affinity chromatography (IMAC). The proteins found in the lysis 

buffer were bound to the HisTrap column conditioned with binding buffer. The 

unbound protein was washed with wash buffer. The elution of the protein was 

performed by increasing the imidazole concentration. After several optimizations for 

the purification, the result of the IMAC purification for the wild-type protein can be 

seen in Figure 2.4. 

 

 IMAC purification of wild-type CHK2. A) Chromatogram, B) Western 
blot (anti-His-tag antibody), C) SDS-PAGE results. 

2.4.4 Circular dichroism spectroscopy 

The purified proteins were diluted to obtain correct far-UV spectra with circular 

dichroism spectroscopy (Figure 2.5). The measurements took place at 25 degrees 

Celsius and between 195-250 nm wavelengths.  

 

 Circular dichroism spectroscopy far-UV measurement result of CHK2. 
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2.5 Discussion 

The CHEK2 gene is one of the genes associated with several cancer types, such as 

breast, colon, kidney, and prostate, as well as a cancer-causing syndrome called Li-

Fraumeni syndrome. The CHEK2 gene has variants classified as pathogenic, and the 

distribution of these variants varies among human populations across the world. There 

are still unclassified mutations found through screening cancer patients, and the 

classification of these variants requires functional, structural, computational, and 

genetic studies that will reveal their pathogenicity (Cybulski., 2004). 

CHK2 protein is encoded by the CHEK2 gene and it is a serine-threonine kinase 

protein that is involved in the double-stranded DNA break repair mechanism. As a 

result, the CHK2 protein is known to be a tumor suppressor. Upon activation by ATM, 

the phosphorylated CHK2 protein dimerizes and activates a series of proteins involved 

in cell-cycle control, DNA repair, and apoptosis (Havranek et al., 2015). 

The former results of this project showed that in Turkish breast cancer patients, the 

most VUS-carrying gene is CHEK2. Therefore, to understand the effect of these 

mutations on the protein's structure and function, the protein's wild-type was planned 

to be purified for further use in in vitro studies (Akcay et al., 2021). 

First of all, the CHK2 coding gene was ordered and cloned into an expression vector, 

pET30a, for bacterial recombinant protein production. To achieve cloning, the 

classical cloning method failed, and the infusion cloning method, which involves 

primers overlapping with the plasmid was selected. After the control of the insertion 

with the Sanger sequencing, the plasmids were transformed into E. coli BL21 for 

expression.  

The expression was induced with 0.5 µM IPTG, and after induction, 17 °C, 30 °C, and 

37 °C were screened as incubation temperatures. The solubility of the protein was 

observed after lysis through SDS-PAGE and western blot. The 17 °C incubation results 

in soluble CHK2 protein, which was chosen as the incubation temperature. 

The purification of CHK2 was accomplished with IMAC purification, as the 

recombinant protein has a 6XHis tag on the N-terminus. The TEV enzyme restriction 

site was also present between 6XHis tag and 3XFLAG tag, to remove impurities 

through a second IMAC after TEV digestion. But as the protein is rather pure and 

impurities mostly belong to cleaved CHK2 protein this was not applied. 
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Finally, as recombinant CHK2 was a mammalian protein produced in E. coli cells, the 

secondary structure of the protein was observed via circular dichroism spectroscopy. 

A far-UV measurement between 195 and 250 nm wavelength was performed to check 

if the alpha-helical protein’s secondary structure is conserved. The data showed that 

the wild-type protein was in its native structure with characteristic two distinct minima 

around 208 and 220 nm and one peak around 195 nm (Manning et al., 1988). 

As the presence, purity, and structure of the protein are assured, in vitro experiments 

such as kinase assay for protein function and hydrogen-deuterium exchange mass 

spectrometry analysis for structural changes may be determined, and the effect of the 

mutations may be compared to the wild-type protein. 
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APPENDIX A  

Table A.1 : The equipment used in these experiments is listed. 

Equipment Model / Serial 
Number Supplier Company 

Autoclave GR110DF Zealway 
Balance BJ 610C Precisa 
Balance XB 220A Precisa 

Centrifuge Mega Star 3.0R VWR 
Centrifuge IEC CL10 Thermo Fisher 

Deepfreeze (-20oC) R600a Bosch 
Semi-Dry Blotting 

System Trans-Blot Turbo Bio-Rad 

Electronic Pipet 
Controller ExactaCruz Santa Cruz 

Electrophoresis 
Power Supply EPS 301 GE Healthcare 

Electrophoresis 
Power Supply PowerPac Basic Bio-Rad 

Fast Protein Liquid 
Chromatography AB AKTA avant25 GE Healthcare 

Freezer (-80°C) DW-86L630 Aucma 
Ice Flaker AF80 Scotsman 

Imaging System ChemiDoc XRS+ Bio-Rad 
Laminar Flow BH-EN 2003 Faster 

Magnetic Stirrer MS-H-S DragonLab 
Microcentrifuge 1730R ScanSpeed 

Micropipette (0.2µl-
2µl) NU02626 Thermo Fisher 

Micropipette (2µl-
20µl) NU02766 Thermo Fisher 

Micropipette (20µl-
200µl) NU08613 Thermo Fisher 

Micropipette(100µl-
1000µl) NU03002 Thermo Fisher 

Mini Centrifuge MINO-10K Inovia 
pH Meter Seven Compact Mettler Toledo 

Platform Shaker Duomax 1030 Heidolph 
Rotator Mixer HAG FinePCR 

Shaker BBraun Certomat S II Sartorius 

Spectrophotometer PharmaSpec UV-
1700 Schimadzu 

Thermal Cycler T100 Bio-Rad 
Refrigerator (+4oC) A+ Bosch 

Ultrapure Water 
System Milli-Q Type 1 Merck 

Vacuum Concentrator Concentrator Plus Eppendorf 
Vortex MX-F DragonLab 
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Table A.2 : The list of chemicals used in these experiments. 
Chemical Catalog Number Supplier Company 

Acetic Acid 27225-2.5L-R Sigma-Aldrich 
Acrylamide/Bis-Acrylamide (40%) 1610148 Bio-Rad 

Ammonium Persulfate (APS) A3678 Sigma-Aldrich 
Bacteriological Peptone   

Blotto, Non-Fat Dry Milk sc-2325 Santa Cruz 
Bromophenol Blue B0126 Sigma-Aldrich 

Bovine Serum Albumin (BSA) A9418 Sigma-Aldrich 
Glycine sc-29096 Chem Cruz 

Dithiothreitol (DTT) K0311 Fermentas 
Glycerol 800-040-LL MultiCell 

Hydrochloric Acid (HCl) 07102-2.5L Sigma-Aldrich 
Isopropanol 1096342511 Merck 
Methanol 1060092511 Merck 

Nitrocellulose Membrane (0.45µm) 162-0115 Bio-Rad 
Phosphate-Buffered Saline (PBS) 003002 Thermo Fisher 

PMSF   
Prestained Protein Ladder (PageRuler) 26616 Thermo Fisher 

Sodium Chloride (NaCl) sc-203274 Chem Cruz 
Sodium Dodecyl Sulfate (SDS) L3771 Sigma-Aldrich 

Tetramethylethylenediamine (TEMED) T9281 Sigma-Aldrich 
Tris Base 600-127LG MultiCell 
Tween-20 TWN508.500 BioShop 

Urea 33247-1KG Sigma-Aldrich 
Yeast Extract 

methoxy PEG propionaldehyde 
170200 Pronadisa 

2-Mercaptoethanol M6250 Sigma-Aldrich 
 

Table A.3 : The kits used in these experiments. 
Equipment Brand 

In-Fusion Cloning Kit Takara Bio 
NucleoBond Mini kit for transfection 

grade plasmid DNA 
Mackerey-Nagel 

NucleoSpin PCR clean-up, gel extraction 
kit 

Mackerey-Nagel 
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APPENDIX B 

10X Tris Buffer Solution 
24 grams of tris-base and 88 grams of sodium chloride were dissolved in distilled water 

for 1 L 10x TBS buffer and the pH was adjusted to 7.6. 

1x Tris Buffered Saline Tween (TBS-T) Buffer 
100 mL 10x TBS buffer was mixed with 900 mL distilled water and 1 mL tween-20 

was added to the solution. 

10x Transfer Buffer 
144 grams of glycine, 30,3 grams of tris-base, and 10 grams of sodium dodecyl sulfate 

were dissolved in distilled water for 1L 10x transfer buffer.  

1x Transfer Buffer 
100 mL 10x transfer buffer, 200 mL methanol, and 700 mL distilled water were mixed 

for 1L transfer buffer. 

10x Running Buffer 
144 grams of glycine, 30,3 grams of tris-base, and 10 grams of sodium dodecyl sulfate 

were dissolved in distilled water for 1L 10x running buffer.  

SDS Polyacrylamide Separating and stacking gel 
SDS Polyacrylamide separating (%12 and %15) and stacking (%5) gels were prepared 

as shown in Table A1. 

Table A.4 : %12 and %15 separating and %5 stacking gel components. 

Content 12% separating gel 15% separating gel 5% stacking gel 
dH2O 1,93 mL 3,65 mL 1,40 mL 
%40 Acrylamide 1,52 mL 3,75 mL 270 µL 
1.5 M Tris-HCl 1,5 mL 2,5 mL 250 µL 
%10 SDS 60 µL 100 µL 20 µL 
%10 APS 60 µL 100 µL 20 µL 
TEMED 6 µL 10 µL 2 µL 

 

5% Milk Blocking Solution 
1,5 grams of Non-fat dry milk powder were dissolved in 30 mL TBS-T solution. 
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4x Laemmli Solution 

4 mg of Bromophenol Blue, 4 ml Glycerol, 0.8 g of SDS, 0.5 ml 2-mercaptoethanol, 

and 2.4 ml 1 M Tris-HCl (pH 6.8) were dissolved in the total volume of 10 ml dH2O 

for the 4X Laemmli Sample Buffer. 

Coomassie Blue Stain and Destain solutions 
3 grams of Coomassie Brilliant Blue R-250 were dissolved in the 100 mL Acetic acid, 

450 mL dH2O, and 450 mL methanol. Destain solution was prepared by using 400 mL 

methanol, 500 mL dH2O, and 100 mL acetic acid.  

Pellet Buffer 
24,024 grams of (8M) urea was dissolved in 40 mL PBS at pH 8.2. 10 mM DTT and 

1% Triton 100x were added. Then, the final volume was made up of 50 mL. 

Luria-Bertani (LB) media 
1 gram of bacteriological peptone, 1 gram of sodium chloride, and 0.5 gram of yeast 

extract was dissolved in 100 mL dH2O. 
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APPENDIX C 

Inclusion body lysis buffer 
20 mM Tris HCl (pH 8.0), 5 mM EDTA, 1 mM PMSF, 0.5 M NaCl. 

Pellet wash buffer 

50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 50 mM NaCl, 1 mM PMSF, 2M Urea, and 

0.5% Triton-X. 

Urea solubilization buffer 

50 mM Tris-HCl (pH 8.0), 8 M Urea and 5 mM β-Mercaptoethanol, 5 mM EDTA, and 

1 mM PMSF. 

Alkali solubilization buffer 

50 mM Tris-HCl, 50 mM Na2HPO4, 2 M Urea, 5 mM β-Mercaptoethanol. 

Dialysis-CEX binding buffer of urea solubilization 

20 mM sodium acetate buffer (pH 4.5) 

CEX elution buffer 
20 mM sodium acetate buffer, 1 M NaCl (pH 4.5) 

Dialysis buffer of alkali solubilization 
50 mM Tris-HCl (pH 9.0) 

AEX binding buffer 

50 mM Tris-HCl (pH 8.0) 

AEX elution buffer 

50 mM Tris-HCl (pH 8.0), 1 M NaCl 

Soluble lysis buffer 
50 mM Tris-HCl (pH 8.0), 0.1 µM PMSF 
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APPENDIX D 

Lysis buffer 
50 mM HEPES (pH 7.4), 500 mM NaCl, 5 % Glycerol, 50 µM BME, 20 µM PMSF, 

10 µM leupeptin, 2 µg/mL aprotinin, 1 µg/mL pepstatin A, 5 mM imidazole. 

Binding buffer 
50 mM HEPES (pH 7.4), 500 mM NaCl, 5 % Glycerol, 40 mM imidazole. 

Wash buffer 

50 mM HEPES (pH 7.4), 500 mM NaCl, 5 % Glycerol, 250 mM imidazole. 

Formulation buffer 

20 mM HEPES (pH 7.4), 500 mM NaCl, 50 µM BME. 
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APPENDIX E 

The amino acid sequence of rhG-CSF 
MTPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLG 

HSLGIPWAPLSSCPSQALQLAGCLSQLHSGLFLYQGLLQALEGISPELGPTLD 

TLQLDVADFATTIWQQMEELGMAPALQPTQGAMPAFASAFQRRAGGVLVA 

SHLQSFLEVSYRVLRHLAQP  

The coding sequence of rhG-CSF 

ATGACCCCCCTGGGCCCTGCCAGCTCCCTGCCCCAGAGCTTCCTGCTCAA

GTGCTTAGAGCAAGTGAGGAAGATCCAGGGCGATGGCGCAGCGCTCCAG

GAGAAGCTGTGTGCCACCTACAAGCTGTGCCACCCCGAGGAGCTGGTGC

TGCTCGGACACTCTCTGGGCATCCCCTGGGCTCCCCTGAGCAGCTGCCCC

AGCCAGGCCCTGCAGCTGGCAGGCTGCTTGAGCCAACTCCATAGCGGCCT

TTTCCTCTACCAGGGGCTCCTGCAGGCCCTGGAAGGGATCTCCCCCGAGT

TGGGTCCCACCTTGGACACACTGCAGCTGGACGTCGCCGACTTTGCCACC

ACCATCTGGCAGCAGATGGAAGAACTGGGAATGGCCCCTGCCCTGCAGC

CCACCCAGGGTGCCATGCCGGCCTTCGCCTCTGCTTTCCAGCGCCGGGCA

GGAGGGGTCCTGGTTGCCTCCCATCTGCAGAGCTTCCTGGAGGTGTCGTA

CCGCGTTCTACGCCACCTTGCCCAGCCCTGA 

The amino acid sequence of Checkpoint Kinase 2 

HHHHHHGSENLYFQGMDYKDHDGDYKDHDIDYKDDDDKTRMSRESDVEA

QQSHGSSACSQPHGSVTQSQGSSSQSQGISSSSTSTMPNSSQSSHSSSGTLSSL

ETVSTQELYSIPEDQEPEDQEPEEPTPAPWARLWALQDGFANLECVNDNYW

FGRDKSCEYCFDEPLLKRTDKYRTYSKKHFRIFREVGPKNSYIAYIEDHSGNG

TFVNTELVGKGKRRPLNNNSEIALSLSRNKVFVFFDLTVDDQSVYPKALRDE

YIMSKTLGSGACGEVKLAFERKTCKKVAIKIISKRKFAIGSAREADPALNVET

EIEILKKLNHPCIIKIKNFFDAEDYYIVLELMEGGELFDKVVGNKRLKEATCK

LYFYQMLLAVQYLHENGIIHRDLKPENVLLSSQEEDCLIKITDFGHSKILGETS

LMRTLCGTPTYLAPEVLVSVGTAGYNRAVDCWSLGVILFICLSGYPPFSEHR

TQVSLKDQITSGKYNFIPEVWAEVSEKALDLVKKLLVVDPKARFTTEEALRH

PWLQDEDMKRKFQDLLSEENESTALPQVLAQPSTSRKRPREGEAEGAETTK

RPAVCAAVL 
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The coding sequence of Checkpoint Kinase 2 

CATCATCACCATCACCACGGATCAGAAAACCTGTATTTTCAGGGCATGGA

CTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAG

GATGACGATGACAAGACTAGAATGTCTCGGGAGTCGGATGTTGAGGCTC

AGCAGTCTCATGGCAGCAGTGCCTGTTCACAGCCCCATGGCAGCGTTACC

CAGTCCCAAGGCTCCTCCTCACAGTCCCAGGGCATATCCAGCTCCTCTAC

CAGCACGATGCCAAACTCCAGCCAGTCCTCTCACTCCAGCTCTGGGACAC

TGAGCTCCTTAGAGACAGTGTCCACTCAGGAACTCTATTCTATTCCTGAG

GACCAAGAACCTGAGGACCAAGAACCTGAGGAGCCTACCCCTGCCCCCT

GGGCTCGATTATGGGCCCTTCAGGATGGATTTGCCAATCTTGAATGTGTG

AATGACAACTACTGGTTTGGGAGGGACAAAAGCTGTGAATATTGCTTTGA

TGAACCACTGCTGAAAAGAACAGATAAATACCGAACATACAGCAAGAAA

CACTTTCGGATTTTCAGGGAAGTGGGTCCTAAAAACTCTTACATTGCATA

CATAGAAGATCACAGTGGCAATGGAACCTTTGTAAATACAGAGCTTGTA

GGGAAAGGAAAACGCCGTCCTTTGAATAACAATTCTGAAATTGCACTGTC

ACTAAGCAGAAATAAAGTTTTTGTCTTTTTTGATCTGACTGTAGATGATC

AGTCAGTTTATCCTAAGGCATTAAGAGATGAATACATCATGTCAAAAACT

CTTGGAAGTGGTGCCTGTGGAGAGGTAAAGCTGGCTTTCGAGAGGAAAA

CATGTAAGAAAGTAGCCATAAAGATCATCAGCAAAAGGAAGTTTGCTAT

TGGTTCAGCAAGAGAGGCAGACCCAGCTCTCAATGTTGAAACAGAAATA

GAAATTTTGAAAAAGCTAAATCATCCTTGCATCATCAAGATTAAAAACTT

TTTTGATGCAGAAGATTATTATATTGTTTTGGAATTGATGGAAGGGGGAG

AGCTGTTTGACAAAGTGGTGGGGAATAAACGCCTGAAAGAAGCTACCTG

CAAGCTCTATTTTTACCAGATGCTCTTGGCTGTGCAGTACCTTCATGAAA

ACGGTATTATACACCGTGACTTAAAGCCAGAGAATGTTTTACTGTCATCT

CAAGAAGAGGACTGTCTTATAAAGATTACTGATTTTGGGCACTCCAAGAT

TTTGGGAGAGACCTCTCTCATGAGAACCTTATGTGGAACCCCCACCTACT

TGGCGCCTGAAGTTCTTGTTTCTGTTGGGACTGCTGGGTATAACCGTGCT

GTGGACTGCTGGAGTTTAGGAGTTATTCTTTTTATCTGCCTTAGTGGGTAT

CCACCTTTCTCTGAGCATAGGACTCAAGTGTCACTGAAGGATCAGATCAC

CAGTGGAAAATACAACTTCATTCCTGAAGTCTGGGCAGAAGTCTCAGAG

AAAGCTCTGGACCTTGTCAAGAAGTTGTTGGTAGTGGATCCAAAGGCAC

GTTTTACGACAGAAGAAGCCTTAAGACACCCGTGGCTTCAGGATGAAGA

CATGAAGAGAAAGTTTCAAGATCTTCTGTCTGAGGAAAATGAATCCACA
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GCTCTACCCCAGGTTCTAGCCCAGCCTTCTACTAGTCGAAAGCGGCCCCG

TGAAGGGGAAGCCGAGGGTGCCGAGACCACAAAGCGCCCAGCTGTGTGT

GCTGCTGTGTTG  
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