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Summary 

Abdullah Hoter  

Isolation and molecular characterization of one humped camel (Camelus dromedarius) 

heat shock proteins 

Adaptation to thermal stress has been considered a universal physiological response 

among higher eukaryotic species. However, certain animals like Arabian camel are naturally 

adapted to tolerate severe levels of heat stress in the desert environment. This creature can 

withstand the harsh temperatures of summer and able to cope with cold winter temperatures 

without physiological impairment. Heat shock proteins (HSPs) are myriad specialized 

molecules that act as key players in the cellular stress response resulting from heat stress as 

well as other stresses. In fact, eukaryotic cells contain numerous HSP candidates which may 

vary or overlap in their structure and function. While the major research focus went to the 

analysis of HSPs in domestic and experimental animals, little attention has been paid to the 

desert animals including the one humped Arabian camel. Over the past decade, increasing 

interest has been demonstrated in cloning heat shock proteins from camelids, however, in-

depth cellular and molecular analysis of these HSPs is still lacking.  

The main objective of this thesis was to isolate and characterize three representative 

heat shock proteins from the one humped camel (Camelus dromedarius) and compare them to 

the human homologue in an attempt to understand the efficient physiological adaptation of 

camelids to desert conditions at the molecular and cellular level. 

In the first chapter of my thesis, I wrote a literature background about the discovery and 

classification of heat shock proteins then briefly discussed their general functions. Next, I 

addressed in details the available up-to-date information about the HSPs in question; their 

structure, regulation, chaperone role and function in health and disease. 

In the second chapter (Publication I), I successfully cloned the cDNA encoding two 

cytoplasmic heat shock proteins (HSPs); CRYAB and HSPA6 from Camelus dromedarius 

into a Myc-tagged mammalian expression vector and compared them to their homologues in 

human. Interestingly, using COS-1 cells as a model of mammalian expression system, I could 

detect variations in the structure and posttranslational modification of the analyzed camel and 



 

 

 

X 

 

human HSPs. Unlike CRYAB which displayed similar expression pattern and modification in 

both camel and human species, the camel HSPA6 revealed both structural and 

posttranslational modification variations in terms of the expressed isoforms and O-

glycosylation, respectively. In addition, the expressed isoforms of the respective HSP in both 

camel and human species were modulated after the exposure to heat and hypoxic stresses.  

In the third chapter (Publication II), I aimed to characterize a very special HSP90 

member that is located in the endoplasmic reticulum (ER) and known as glucose regulated 

protein 94 (GRP94) or endoplasmin from both camel and human. In this regard, I isolated the 

cDNA of camel endoplasmin using a modified (RACE) approach and cloned the synthesized 

cDNA into a FLAG-tagged mammalian expression vector. Remarkably, the deduced amino 

acid sequence of camel endoplasmin cDNA was identical to that of the human homologue. 

Therefore, it was agreed to proceed the characterization studies on the camel species alone. 

The expression studies of camel endoplasmin in COS-1 cells revealed multiple isoforms of 

the recombinant camel endoplasmin as analyzed by Western blot. In addition, I could detect 

released forms of the recombinant camel endoplasmin which appeared to have different 

posttranslational modification than the cellular endoplasmin isoforms.  

The last part of the thesis discusses the results and findings in light of the current and 

previous related studies. 

Taken together, the current thesis suggests that camel CRYAB and GRP94 share similar 

structural, posttranslational and possibly functional aspects with their human homologues. 

However, members of HSP70 family; particularly HSPA6 are unique in camels in respect of 

their O-glycosylation. In view of these results, O-glycosylation of HSP70 members in desert 

animals can be proposed to act as a potential mechanism for counteracting the potential 

deleterious effects of heat stress on protein homeostasis and stability.  
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Zusammenfassung 

Abdullah Hoter  

Isolierung und molekulare Charakterisierung von Hitzeschockproteinen des 

einhöckrigen Kamels (Camelus dromedarius) 

Die Anpassung an thermischen Stress wurde als eine universelle physiologische 

Reaktion unter höheren eukaryotischen Arten angesehen. Bestimmte Tiere wie das arabische 

Kamel sind jedoch auf natürliche Weise so angepasst, dass sie in der Wüstenumgebung 

starken Hitzestress tolerieren. Diese Kreatur kann die rauen Temperaturen des Sommers 

ertragen und ist in der Lage, kalten Wintertemperaturen ohne physiologische 

Beeinträchtigung standzuhalten. Hitzeschockproteine sind Myriaden spezialisierter Moleküle, 

die als Schlüsselspieler in der zellulären Stressantwort, die von Hitzestress und anderen 

Stressfaktoren herrührt, fungieren. Tatsächlich enthalten eukaryotische Zellen zahlreiche 

HSP-Kandidaten, die in ihrer Struktur und Funktion variieren oder überlappen können. 

Während bisher der Hauptforschungsschwerpunkt auf der Analyse von HSP bei Haus- und 

Versuchstieren lag, wurde den Wüstentieren einschließlich des einhöckrigen arabischen 

Kamels wenig Aufmerksamkeit geschenkt. Im Laufe des letzten Jahrzehnts wurde 

zunehmendes Interesse an der Klonierung von Hitzeschockproteinen aus Kameliden gezeigt, 

jedoch fehlt eine detaillierte zelluläre und molekulare Analyse dieser HSPs. 

Das Hauptziel meiner Arbeit bestand in der Isolierung und Charakterisierung von drei 

repräsentativen Hitzeschockproteinen aus dem einhöckrigen Kamel (Camelus dromedarius) 

und deren Vergleich mit den humanen Homologen, um die effiziente physiologische 

Anpassung von Kameliden an Wüstenbedingungen auf  molekularer und zellulärer Ebene zu 

untersuchen. 

Das erste Kapitel meiner Doktorarbeit gibt eine Übersicht über die aktuelle Literatur, 

über die Entdeckung und Klassifizierung von Hitzeschockproteinen und über ihre 

allgemeinen Funktionen. Im Folgenden  diskutiere ich ausführlich die verfügbaren aktuellen 

Informationen über die relevanten HSPs; ihre Struktur, Regulierung, Chaperon Rolle und ihre 

Funktion in Gesundheit sowie Erkrankung. 
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Das zweite Kapitel (Publikation I) beschreibt die erfolgreiche Klonierung der cDNAs, 

die für zwei cytoplasmatische Hitzeschockproteine (HSPs) von Camelus dromedarius 

kodieren (CRYAB und HSPA6), in einen Myc-markierten Säuger-Expressionsvektor und den 

Vergleichv it ihren Homologen im Menschen. Interessanterweise konnte ich mithilfe von 

COS-1-Zellen als Modell eines Säugetier-Expressionssystems Unterschiede in der Struktur 

und posttranslationale Modifikation der untersuchten HSPs von Kamelen und Menschen 

erkennen. Im Gegensatz zu CRYAB, das ähnliche Expressionsmuster und Modifikationen 

sowohl bei Kamel- als auch bei Menschen zeigte, zeigte das Kamel HSPA6 sowohl 

strukturelle als auch posttranslationale Modifikationsvariationen hinsichtlich der exprimierten 

Isoformen bzw. der O-Glycosylierung. Darüber hinaus wurden die exprimierten Isoformen 

der jeweiligen HSP sowohl in Kamel - als auch in Menschenspezies nach Exposition 

gegenüber Hitze und hypoxischen Stressfaktoren moduliert. 

Im dritten Kapitel (Publikation II) wollte ich ein ganz besonderes HSP90-Mitglied 

charakterisieren, das sich im endoplasmatischen Retikulum (ER) befindet und als Glukose-

reguliertes Protein 94 (GRP94) oder Endoplasmin sowohl von Kamel als auch von Menschen 

bekannt ist. Ich isolierte die cDNA von Kamel Endoplasmin unter Verwendung eines 

modifizierten (RACE) Ansatzes und klonierte die synthetisierte cDNA in einen FLAG-

markierten Säugetier-Expressionsvektor. Interessanterweise war die abgeleitete 

Aminosäuresequenz der Kamel-Endopasmin-cDNA identisch mit der des menschlichen 

Homologen. Daher wurden die Charakterisierungsstudien einzig an dem vom Kamel 

stammenden Endoplasmin durchgeführt. Die Expressionsstudien von Kamelendoplasmin in 

COS-1-Zellen zeigten mehrere Isoformen des rekombinanten Kamelendoplasmins, analysiert 

mittels Western Blot. Darüber hinaus konnte ich freigesetzte Formen des rekombinanten 

Kamelendoplasmins nachweisen, die anscheinend eine andere posttranslationale Modifikation 

aufwiesen als die zellulären Endoplasminisoformen. 

Zusammenfassend legt die vorliegende Arbeit nahe, dass Kamel CRYAB und GRP94 

ähnliche strukturelle, posttranslationale und möglicherweise funktionelle Aspekte mit ihren 

humanen Homologen teilen. Mitglieder der HSP70-Familie; insbesondere HSPA6 sind in 

Bezug auf ihre O-Glycosylierung einzigartig. Basierend auf diesen Ergebnisse lässt sich 

vermuten, dass die O-Glykosylierung von HSP70-Mitgliedern in Wüstentieren als ein 
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potentieller Mechanismus wirkt, um den möglichen schädlichen Auswirkungen von 

Hitzestress auf die Proteinhomöostase und -stabilität entgegenzuwirken. 
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1. History and discovery of HSPs 

The Era of Heat shock proteins (HSPs) started in 1962 by an Italian geneticist called 

Ferruccio Ritossa (Ritossa, 1962). A sudden accidental increase in the temperature of 

incubator containing the fruit fly Drosophila Melanogaster led to distinctive puffing pattern in 

the chromosomes of the examined flies. The Italian geneticist was very enthusiastic about his 

findings and interpreted this puffing phenomenon as a consequence to the elevated 

temperature which triggered the upregulation of certain heat responsive proteins. Hence, these 

proteins were later given the name “heat shock proteins”. 

Rittosa was optimistic about publishing his findings in a prestigious journal. However, 

it was not easy for the scientific community to accept Rittosa’s theory till it has been 

confirmed by another research group (Tissiéres et al., 1974). This group has identified the 

genes encoding HSPs. Eventually, in 1982, the first international conference on heat shock 

appreciated Rittosa’s work and referred him as the discoverer of heat shock proteins 

(Malyshev, 2013a).  

In fact, the discovery of heat shock proteins led to a subsequent reveal of the “heat 

shock response” or “cellular stress response” that explains a shared universal molecular stress 

response in all living organisms in terms of alteration in gene expression profile by increasing 

the expression of HSPs (Lindquist, 1986). Expression of HSPs was found to help cell survival 

and repair of damaged or misfolded proteins. So far, many factors have been found to induce 

the expression of HSPs (Figure 1). These factors include; 1) environmental and chemical 

stresses like exposure to heat stress, oxidative substances, heavy metals. 2) non-stress 

physiological processes such as cellular growth, development and differentiation 3) disease 

conditions like cancers, ischemia, infection and inflammation (Pirkkala and Sistonen, 2006). 
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Figure 1 Various factors and conditions can induce the expression of HSPs inside the cell. 

(Modified from Malyshev, 2013a). 

2. The multiple functions of HSPs 

Due to their massive contribution in almost all biological processes, many members of 

heat shock proteins are now recognized as moonlighting proteins, a term that describes a 

protein which performs more than single biological function (Henderson, 2013; Jeffery, 

2017). To explain how this term fits with HSPs, we touch briefly the numerous and variable 

roles of HSPs in the following lines. It is well known that the principle function of almost all 

HSPs is to promote and maintain protein folding either by assisting the correct folding of 

nascent synthesized proteins or refolding of the non-native poly peptide chains (Richter et al., 

2010). Interestingly, HSPs do not pass structural information to their polypeptide clients, 

instead as molecular chaperons they bind the exposed hydrophobic regions and prevent their 

undesired interactions through particular and precise cycles of association and release. Apart 

from small heat shock proteins (sHSPs), the affinity of most HSPs to their substrates is largely 

dependent on ATP. 

Besides their putative chaperone role, HSPs play crucial role in protein-protein 

interactions and facilitate protein translocation across membranes inside the cell (Borges and 

Ramos, 2005; Walter and Buchner, 2002). In addition, they are involved in many signal 
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transduction pathways, mediate the unfolded protein response and protein degradation, and 

regulate cell cycle and apoptosis. Many HSPs have been shown to induce both innate and 

adaptive immunity as they are capable of  binding antigenic peptides and delivering them to 

the antigen presenting cells (APCs) (Javid et al., 2007). The ability of HSPs-antigenic peptide 

binding and cross presentation has been exploited in HSP based vaccine production (Javid et 

al., 2007; Srivastava, 2006).  

3. Classification and nomenclature of HSPs 

HSPs are large overlapping group of proteins which have grown over time. Initially, 

heat shock proteins were categorized into six families according to their molecular weight, 

including HSP100, HSP90, HSP70, HSP60, HSP40 and the small HSPs (sHSPs) where the 

family numbers indicate the approximate size in kDa of the protein members inside the 

family. Recently, a new classification has been approved where a combination of letters and 

numbers was used. For example; HSP70 family was given letter A and the family members 

were denoted with numbers like HSPA1, HSPA2, and HSPA3 (Kampinga et al., 2009). 

In addition, HSPs are classified according to their expression behavior. Some HSP 

members are constitutively expressed inside the cell and are crucial for quality control of 

protein folding and therefore referred to housekeeping HSPs while expression of other 

proteins is strongly increased after stress conditions, hence, referred to as inducible HSPs. 

Moreover, HSPs can be functionally distinguished according to ATP requirement. HSPs of 

high molecular weight like HSP70, HSP90, and HSP100 have ATPase activity and act in an 

ATP dependent fashion and are therefore called foldases whereas HSPs with lower molecular 

weight like sHSPs are ATP-independent and are called “holdases” (Carra et al., 2017; Shin 

and Tan, 2016). Other aspect concerning HSPs classification is their intracellular localization. 

For example, among HSP70 or HSPA family; HSPA1L and HSPA2 are localized in the 

cytosol while HSPA9, also called Mortalin, is localized in the mitochondria and HSPA5 or 

BiP is localized in the endoplasmic reticulum (ER). 
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The current literature shed the light on three HSP families including HSPB or small 

HSPs (sHSPs), HSPA (HSP70) and HSPC (HSP90) with special focus on the member of 

interest from each family in terms of its function under healthy and stress or diseased 

conditions. 

4. HSPB family (small heat shock proteins) 

4.1. Structure of small heat shock proteins (sHSPs) family members 

Small heat shock proteins (sHSPs) are widespread class of molecules that play a key 

role in stress tolerance.  Their expression was found to be cell type and organism dependent 

(Haslbeck, 2002; Niwa et al., 2000). They have variant sizes ranging from 12-43 kDa and 

composed of three structural domains. The first domain is highly conserved and called “α-

crystallin domain” (ACD). This domain is located mostly near the C-terminal of the protein 

and considered the hallmark of sHSPs. The second and third domains are flanking the ACD 

and include relatively variable N-terminal domain (NTD) and C-terminal extension (CTE) 

(Basha et al., 2012; Kriehuber et al., 2010) as illustrated in Figure 2. Due to lower degree of 

conservation in the NTD and CTE between species, sHSPs exhibit wide sequence variation 

and evolutionary divergence (Basha et al., 2012). 

 

 

 

Figure 2 Structural features of common human HSPB members. Members of HSPB family 

contain variable N- and C-terminal domains and main conserved α- crystallin domain. 

Phosphorylation sites are indicated as black triangles. (Modified from Vos et al., 2008).  
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4.2. Members of HSPB family (sHSPs) 

In mammals, 11 sHSPs have been characterized and named according to the new 

classification from HSPB1 to HSPB11 as shown in Table 1 (Kampinga et al., 2009). 

However, most sHSPs are still famous with their old names. For example, HSPB1 is also 

known as HSP27, HSPB4 (αA-crystallin or CRYAA), HSPB5 (αB-crystallin or CRYAB) and 

HSPB6 (HSP20). In addition, sHSPs are grouped according to their pattern of expression into 

two classes; Class I and Class II (Taylor and Benjamin, 2005). Class I includes sHSPs with 

extensive and ubiquitous distribution in diverse tissues while Class II group of sHSPs 

comprises members of limited tissue expression. Examples of Class I sHSPs are HSPB1, 

HSPB5, HSPB6 and HSPB8. These candidates are constitutively expressed in most cell types 

and upregulated in case of many stress and disease conditions including cancer (Zoubeidi and 

Gleave, 2012). Besides their chaperoning and anti-apoptotic activity, Class I sHSPs help 

maintenance and stabilization of cytoskeletal proteins (Mogk and Bukau, 2017; Mymrikov et 

al., 2011). On the other hand, Class II sHSPs like HSPB2, HSPB3, CRYAA, HSPB7, HSPB9 

and HSPB10 have target tissue chaperon function (Taylor and Benjamin, 2005). Collectively, 

this family of HSPs is associated with several processes in both normal and stressed cells. 

 

Table 1 Different members of HSPB (small heat shock proteins) family (Kampinga et al., 2009). 

Gene name Protein name Alternative name 
Human 

Gene ID 

HSPB1 HSPB1 
CMT2F; HMN2B; HSP27; HSP28; HSP25; HS.76067; 

DKFZp586P1322 
3315 

HSPB2 HSPB2 MKBP; HSP27; Hs.78846; LOH11CR1K; MGC133245 3316 

HSPB3 HSPB3 HSPL27 8988 

HSPB4 HSPB4 crystallin alpha A; CRYAA, CRYA1 1409 

HSPB5 HSPB5 crystallin alpha B, CRYAB; CRYA2 1410 

HSPB6 HSPB6 HSP20; FLJ32389 126393 

HSPB7 HSPB7 cvHSP; FLJ32733; DKFZp779D0968 27129 

HSPB8 HSPB8 H11; HMN2; CMT2L; DHMN2; E2IG1; HMN2A; HSP22 26353 

HSPB9 HSPB9 FLJ27437 94086 

HSPB10 HSPB10 
ODF1; ODF; RT7; ODF2; ODFP; SODF; ODF27; ODFPG; 

ODFPGA; ODFPGB; MGC129928; MGC129929 
4956 

HSPB11 HSPB11 HSP16.2; C1orf41; PP25 51668 
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4.3. αB-crystallin (CRYAB or HSPB5) 

4.3.1. The role of αB-crystallin as molecular chaperone 

αB-crystallin is a central protein in mammalian lens which maintains its transparency 

and protect against cataract development. Its encoding gene is located on chromosome 11 and 

codes for 175 amino-acid residue protein (Wistow, 2012). Interestingly, CRYAB has been 

found to be extensively expressed in numerous tissues where its chaperone function has been 

identified (Basha et al., 2012). Like other small HSPs, it acts as holdase by binding to 

partially folded or denatured proteins in ATP-independent fashion and preventing their 

aberrant interaction with other molecules thereby counteracting protein aggregation (Wang et 

al., 2003).  

Besides the anti-aggregation activity, αB-crystalline mediates the subsequent refolding 

of bound protein clients by ATP-dependent chaperones (Basha et al., 2012; Mymrikov et al., 

2011). αB-crystallin could protect against heat induced aggregation of citrate synthase, α-

glucosidase and carbonic anhydrase (Jakob et al., 1993). In addition, it counteracted DTT-

induced aggregation of α-lactalbumin (Rajaraman et al., 1998). Moreover, it preserved the 

enzymatic activity of myosin II and prevented its accumulation or precipitation following heat 

stress (Melkani et al., 2006). Overexpression of CRYAB in cardiac and skeletal muscles 

protected cardiomyocytes form ischemic injury (Martin et al., 1997) and maintained integrity 

of skeletal muscles (Brady et al., 2001). Interestingly, following ischemic stress, αB-crystallin 

was translocated from cytoplasm to intercalated disks and Z lines of the myofibrils 

(Golenhofen et al., 1998). Many reports have elucidated the cellular processes in which 

CRYAB plays an important role. For example, it participates in protein homeostasis including 

protein folding and degradation as well as cellular differentiation and apoptosis (Bakthisaran 

et al., 2016). Other important characteristic of CRYAB is its secretion via exosome dependent 

pathway (Gangalum et al., 2011). Secreted CRYAB has been reported to act against 

inflammation and to bind specific extracellular proteins (Arrigo and Gibert, 2013; Masilamoni 

et al., 2006). 
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4.3.2. Regulation, posttranslational modifications and mechanism of action 

The exact mode of action as well as interaction of αB-crystallin with other sHSPs have 

not yet been fully understood (Bakthisaran et al., 2015). However, the multiple functions 

performed by αB-crystallin are basically dependent on its post translational modification 

(Bakthisaran et al., 2016). Phosphorylation is the key posttranslational modification 

controlling its function where three phosphorylation sites (S19, S45 & S59) at its NTD are 

involved (Boelens, 2014; Braun et al., 2011). ERK1/2 has been shown to phosphorylate S45 

and possibly S19 whereas p38-mitogen-activated protein kinase (MAPK) phosphorylates S59 

(Ciano et al., 2016; Haslbeck et al., 2005). It is likely that phosphorylation events of CRYAB 

led to both beneficial and deleterious outcomes (Bakthisaran et al., 2016). The beneficial 

effects include stress-induced apoptosis, cellular differentiation and cell cycle control. On the 

other hand, phosphorylated CRYAB may cause deleterious effects where it acts as a pro-

angiogenic factor and exhibits anti-apoptotic effect in cancer cells (Malin et al., 2016). 

Therefore, controlling CRYAB phosphorylation is essential for its activity under different 

stress situations.  

Another aspect of CRYAB regulation is its propensity to form oligomeric structures 

with other members of sHSPs principally CRYAA and HSP27 (Aquilina et al., 2013; 

Bakthisaran et al., 2015). In the native state, CRYAB coexists as heteropolymer with CRYAA 

in the lens tissue. The organization of this heteropolymer can comprise up to 40 subunits and 

may reach 800 kDa in molecular weight (Basha et al., 2012). In addition, CRYAB forms 

homopolymers that have relatively smaller size with 600-650 kDa. The oligomeric structures 

of CRYAB are dynamic and variable between different individuals and species (Basha et al., 

2012). However, these oligomers -having irregular spherical structure as revealed by cryo-

electron microscope- are believed to have central activity (Haley et al., 1998; Reddy et al., 

2006). Moreover, it has been proposed that formed oligomeric structures by CRYAB or 

sHSPs in general exhibit increased available hydrophobic surface thus facilitating client 

substrate binding. Interestingly, this process occurs without influencing the secondary or 

tertiary structures of the constituting members (Haslbeck et al., 2005; Van Montfort et al., 

2001).  
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Another hypothesis adapted by other researchers is that upon thermal stress, some 

sHSPs dissociate form the oligomeric structures to form stable dimers whereas others don not. 

It is likely that the dimeric or suboligomeric forms are the active forms which bind the 

substrate or protein client (Basha et al., 2010; Bukach et al., 2004). However, identifying the 

exact active substrate binding form of CRYAB is still unhandy due to its high dynamicity and 

its phosphorylation by particular kinase cascades (Ecroyd et al., 2007). 

4.3.3. CRYAB in health and disease 

Generally, sHSPs mutations including CRYAB led to many inherited disease. Besides 

ophthalmopathies, CRYAB mutations have a dramatic influence on its chaperone-like 

activity. Since it is highly expressed in muscle tissues, mutations in CRYAB cause cardiac 

and skeletal myopathies (Bakthisaran et al., 2015). For instance, the famous missense 

mutation (R120G) has been shown to cause a familial form of desmin-related myopathy 

(DRM) characterized by intracellular desmin aggregation, cardiomyopathy and cataract. 

Notably, the majority of CRYAB mutations are dominant except for a few frame-shift and 

termination mutations (Basha et al., 2012). 

The ability of CRYAB to rescue the folding of mutant transmembrane proteins has been 

confirmed (D’Agostino et al., 2013). It worked against the aggregation of Frizzled4 (Fz4) 

receptor mutant associated with a rare form of Familial exudative vitreoretinopathy (FEVR). 

In addition, it facilitated the appropriate intracellular trafficking of the mutant protein. Similar 

beneficial effects were obtained in case of the cupper transporter mutant ATP7B-H1069Q 

associated with Wilson’s disease (WD). Moreover, homodimers of either CRYAB or 

CRYAA exhibited anti-aggregation and stabilizing effect towards the thermally denatured 

Aquaporin 0 (AQP0) (Swamy-Mruthinti et al., 2013). Aquaporin is essential for regulation of 

water content and cell-to-cell adhesion lens fiber especially during terminal differentiation of 

fiber cells. αB-crystallin homoligomers were shown to interact with lipid vesicles (Cobb and 

Petrash, 2000), thereby stabilizing the liquid crystallin state of the bilayer membrane 

(Tsvetkova et al., 2002). 

CRYAB plays an important role in tumor development and metastasis, hence 

considered as oncoprotein (Parcellier et al., 2003). It is highly expressed in neoplasms 

especially head and neck squamous cell carcinoma (van de Schootbrugge et al., 2014). 
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Moreover, it supported cancer cell migration and metastasis through induction of 

angiogenesis. This happens because it supports the folding and secretion of VEGF-A which is 

an essential factor in angiogenesis (Kase et al., 2010). 

Many neurodegenerative diseases cause protein deposition and aggregation like 

Alzheimer’s, Parkinson’s, Alexander’s, spongiform encephalopathies and glial fibrillary 

acidic protein as well as type II diabetes (Bakthisaran et al., 2015). The aggregated proteins in 

these diseases may led to cytotoxic amyloid or amorphous deposits. CRYAB and sHSPs are 

highly expressed in those diseases to tolerate the aggregated proteins which exceeded the 

cellular protein homeostasis capacity. Therefore, induction of sHSPs including CRYAB has 

been suggested as therapeutic tool for protein aggregation disorders (Mogk and Bukau, 2017). 

CRYAB can function against protein aggregation disorders by many ways. 1) It binds to 

amyloid fibrils and hinder their elongation thus preventing their toxicity. 2) It has a fibril 

stabilizing effect which counteract their scission. 3) It assists to eliminate inclusions by 

autophagy (Binger et al., 2013; Mogk and Bukau, 2017). 

5. HSPA family (HSP70 family) 

5.1. Structure of HSP70 family members 

HSPA family, well known as HSP70 family, is one of the most studied HSP families in 

mammals (Daugaard et al., 2007; Lanneau et al., 2008; Whitley et al., 1999). Structurally, the 

members of HSPA family consist of three domains including two main domains and one 

linker domain (Figure 3). The main domains of HSP70 members are N-terminal domain 

(about 45 kDa) which has ATPase activity, therefore called ATPase domain and C-terminal 

substrate binding domain (about 25 kDa). The linker domain is small and it pairs the 

nucleotide hydrolysis to the opening and closing of the substrate binding cavity (Mayer and 

Bukau, 2005; Swain et al., 2007; Vos et al., 2008). 
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Figure 3 Schematic representation of the main structural domains and peptide motifs of 

common HSP70 members. Top; cytosolic HSP70 members containing the EEVD peptide 

signature, Middle; ER localized HSPA5 with its ER retention signal KDEL. Bottom; 

Mitochondrial located HSPA9. (Modified from Radons, 2016). 

 

5.2. Members of HSPA family (HSP70) 

Human genome includes 13 HSPA members which are highly homologous with 

common as well as distinctive roles (Daugaard et al., 2007; Hageman et al., 2011). Like 

HSPB family, the HSPA family contains inducible and constitutive HSPs. The most strongly 

inducible members include HSPA1A, HSPA1B and HSPA6. Interestingly, the two members 

HSPA1A and HSPA1B are very similar where their proteins differ only by two amino acid 

residues. Therefore, they are thought to be completely interchangeable proteins (Kampinga et 

al., 2009; Vos et al., 2008). Till now, HSPA6 has been less studied compared to other 

members of HSP70 family. Initially, HSPA7 has been thought to be a pseudogene. Later, it 

was suggested as true gene highly homologous to HSPA6 (Brocchieri et al., 2008).  

In testis, HSPA1L and HSPA2 are highly expressed and associated with 

spermatogenesis (Matsumoto and Fujimoto, 1990; Scieglinska and Krawczyk, 2015). HSPA8, 

previously known as Heat shock cognate 70 (Hsc70) or HSP73, is essential housekeeping 

protein which is widely expressed in all cell types. It facilitates cotranslational folding and 

protein translocation across intracellular membranes (Kampinga et al., 2009).  

Unlike the other previously mentioned HSPA members which are located in mainly in 

cytosol or partly in nucleus, HSPA5 (BiP) and HSPA9 (mortalin) are localized in the ER and 
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mitochondria, respectively. Both are believed to function as HSPA8 do in the cytosol (Vos et 

al., 2008).  

Similarly, a small HSPA like protein called HSPA13 found in microsomes and has a 

calcium inducible ATPase activity (Otterson et al., 1994). HSPA12A and HSPA12B are 

involved in the progress and pathogenesis of atherosclerosis (Han et al., 2003). HSPA14 

(HSP70L1) is the smallest HSPA protein with efficient adjuvant characteristics to trigger anti-

tumor and anti-infection immune response (Wan et al., 2004). Members of HSPA family are 

summarized in Table 2. 

Table 2 Different members of HSPA (HSP70) family (Kampinga et al., 2009). 

Gene name Protein name Alternative name Human Gene ID 

HSPA1A  HSPA1A  HSP70-1; HSP72; HSPA1 3303 

HSPA1B  HSPA1B  HSP70-2 3304 

HSPA1L  HSPA1L  hum70t; hum70t; Hsp-hom 3305 

HSPA2  HSPA2  Heat-shock 70kD protein-2 3306 

HSPA5  HSPA5  BiP; GRP78; MIF2 3309 

HSPA6  HSPA6  Heat shock 70kD protein 6 (HSP70B′) 3310 

HSPA7 HSPA7 Heat shock 70kD protein 7 3311 

HSPA8 HSPA8 HSC70; HSC71; HSP71; HSP73 3312 

HSPA9 HSPA9 GRP75; HSPA9B; MOT; MOT2; PBP74; mot-2 3313 

HSPA12A  HSPA12A  FLJ13874; KIAA0417 259217 

HSPA12B  HSPA12B  RP23-32L15.1; 2700081N06Rik 116835 

HSPA13b  HSPA13b  Stch 6782 

HSPA14 HSPA14 HSP70-4; HSP70L1; MGC131990 51182 

 

5.3. HSPA6 (Heat shock 70 kDa protein 6 or HSP70B’) 

5.3.1. The role of HSPA6 as molecular chaperone 

In 1990 HSPA6 gene (known as HSP70B’) was firstly identified as a major heat 

inducible gene that codes for a protein highly homologous to HSP70 and HSC70 proteins 

(Leung et al., 1990). Since that time, very little studies have examined its chaperone function. 

Recently, the function of HSPA6 has been studied in vitro together with other members of 

HSP70 family by testing their competence to refold either heat inactivated luciferase or 

genetically defected aggregation-prone protein called Huntingtin (Hageman et al., 2011). 

Hageman and his colleagues found that chaperones that refolded denatured luciferase lacked 

the ability to inhibit the aggregation of the polyQ (polyglutamine)-containing Huntingtin 
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protein and vice versa. These observations confirmed the functional differentiation between 

members of HSP70 family (Hageman et al., 2011).  

Within HSPA family, the members HSPA1A/B, HSPA1L, HSPA2, HSPA6 and HSPA8 

appeared very homologous and localized in the cytosol and nucleus. When investigated in 

HEK-293 cells, HSPA1A/B, HSPA1L and HSPA6 were the main heat-inducible HSPA genes. 

Remarkably, the mRNA transcripts of both HSPA1A and HSPA6 were undetectable under 

normal or non-stress conditions and only increased after heat stress. Interestingly, HSPA6 

failed to refold heat denatured luciferase whereas HSPA1A did enhance its refolding. The 

same result was obtained for the anti-aggregation assay of citrate synthase where HSPA1A 

suppressed the aggregation of citrate synthase and HSPA6 did not. It was even more 

surprising to find that the ATPase activity of HSPA6 had higher activity than that of 

HSPA1A. The fact that there are the differences in the ATPase activities between HSPA 

members support the notion of their functional divergence.  

Another prominent evidence of this functional distinctiveness is that independent of co-

chaperones, HSPA6 showed higher efficiency than HSPA1A in rescuing the folding of the 

recombinant wild-type p53 activity (Hageman et al., 2011). 

5.3.2. Regulation, posttranslational modifications and mechanism of action 

HSPA6 is tightly regulated chaperone that is induced under strict circumstances. Under 

normal or non-stress conditions, it has no basal or barely detectable expression in most tissues 

and cell types (Noonan et al., 2007a). Two main factors were found to induce its expression 

including low cell number and heat stress (Noonan et al., 2007b). Compared to HSP72, the 

expression of HSPA6 is transient following heat shock whereas the expression of HSP72 

persists stable for days (Joyeux et al., 2000; Oishi et al., 2002). Moreover, both the 

proteasome inhibitor MG-132 and ZnSO4 have been reported as potent inducers of HSPA6 

expression in CRL-1807 cells. In general, HSPA6 has been suggested to act as a secondary 

responder to cellular stress and to be strictly induced only in response to sever cellular stress 

(Noonan et al., 2007a). 

HSP70 family members belong to the ATP-dependent category of HSPs. The need to 

energy in the form of ATP explains their incredible foldase activities and multiple functions 

in protein quality control like monitoring the folding of de novo proteins, refolding of 
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misfolded or aggregated proteins, signal transduction pathways and cellular apoptosis (Mayer 

and Bukau, 2005).  

Although the mechanism of action of HSPA members in folding denatured proteins is 

yet indistinct, the ATPase cycle represent the famous model for their functionality (Figure 4). 

The outcome of the processed proteins in the HSP70 ATPase cycle could be simplified by 

FOlding Refolding Degradation machinery (FORD). Depending on the protein state, it is 

driven either for re-folding or for degradation (Malyshev, 2013b).  

The ATPase cycle includes two main binding states either with ATP or ADP. These 

bound states affect the conformation of the HSPA member and subsequently its interaction 

with substrates. For instance, in the ATP bound state, the HSP70 member has low affinity and 

rapid exchange rates for substrates whereas in the ADP bound state it exhibits high affinity 

and low exchange rates for substrates (Mayer and Bukau, 2005). Other chaperones take part 

in the ATPase cycle and help HSP70 to perform its function. These include HSP40 which 

delivers the clients to HSP70 and induces ATP hydrolysis; Hip, which stabilizes HSP70-client 

binding, and Bag-1 and HspBP1, which increase the rate of ADP dissociation and the release 

of the client protein.  

In order to prevent protein aggregation, two theories have been adopted. The first one is 

called “kinetic partitioning” in which HSPA members act passively through successive 

binding and dissociation with the client protein. This action keeps low concentrations of the 

free state of the substrate therefore reducing its aggregation and facilitating to reach its native 

state. The second mechanism is called “local unfolding”. It hypothesizes active local 

unfolding of misfolded proteins by HSPA member resulting in unravelling the misfolded β-

sheet of the client protein. This action assists the client protein to overcome the energy barrier 

favoring its refolding to native state (Ben-Zvi and Goloubinoff, 2001; Clerico et al., 2015; 

Mayer et al., 2000; Mayer and Bukau, 2005; Pierpaoli et al., 1997). 
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Figure 4 The HSP70 chaperone reaction cycle. Hsp70 cycles between two forms; ATP-bound or 

“open form” and ADP-bound or “closed form”. In the open form, the substrate binding cleft is 

unlocked and the Hsp70 displays low affinity and rapid exchange rates towards its substrates. 

Hydrolysis of ATP is mediated through HSP40 members and nucleotide exchange factors (NEFs) 

like Bag-1. Unfolded protein is primarily bound to Hsp40 which interacts with the ATPase domain 

of Hsp70 leading to conformational changes and ATP hydrolysis thus closing the substrate binding 

cleft. In the closed form, the chaperone displays high affinity and slow exchange rates towards its 

protein clients. Hop binds to the C-terminal domain of Hsp70 and mediates the interaction between 

the Hsp70 and other chaperone network including Hsp90 allowing further processing of the 

unfolded protein. Release of ADP is facilitated by interaction of NEFs with the ATPase domain of 

Hsp70 leading to conformational change and substrate release. The fate of liberated substrate can 

be either correctly folded protein, repeated processing by rebinding to Hs70, or natively assembled 

into oligomers. Terminally misfolded proteins are directed to the degradation pathway. (Modified 

from Radons, 2016). 
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5.3.3. HSPA6 in health and disease 

HSPA6 is implicated in the pathogenesis and progress of atherosclerosis through 

encouraging the survival of foam cells (Smith et al., 2010). Moreover, it was found that 

HSPA6 is highly upregulated by oxidized LDL immune complexes (oxLDL-IC) thus 

facilitating release of IL 1-β (Hammad et al., 2009). In addition, HSPA6 itself was released in 

response to oxLDL-IC. Furthermore, HSPA6 has been associated with cell survival and 

inflammation through activation of sphingosine kinase 1 (SK1) and release of IL-10 (Smith et 

al., 2010). Interestingly, HSPA6 has been upregulated in human colonic epithelium after 

exposure to cigarette smoke. This strong induction of HSPA6 is transient and serves to 

stabilize the anti-apoptotic Bc1-XL suggesting a new mechanism and beneficial effect of 

cigarette smoke to protect against colitis-induced intestinal damage (Regeling et al., 2016). 

HSPA6 has been recently evolved as a paralog of the inducible HSP72 member possibly 

through gene duplication event (E. J. Noonan et al., 2008). Interestingly, its coding gene is 

present in limited animal species including human, primates and pigs while absent in rodents 

(Noonan et al., 2007a). HSPA6 functions mainly in stressed cells as it is tightly regulated 

upon stress situation. After stress conditions, HSPA6 has been shown to form complexes with 

its colleague HSP72 thereby exhibiting anti-apoptotic and proteotoxic resistance effects (E. 

Noonan et al., 2008).   

In goats, the expression profile of HSPA6 changed according to seasonal temperature. 

For instance, compared to other members under HSPA family, HSPA6 was upregulated 

during summer (Banerjee et al., 2014). Since its expression is strictly regulated, HSPA6 

promotor has been used in cancer gene therapy applications (Fogar et al., 2010). In other 

studies, it has been shown that expression of HSPA6 is upregulated after treatment of cancer 

cell lines with HSP90 inhibitors like 17-AAG, an observation which suggested a potential 

compensatory role by HSPA6 which results in resistance to cancer therapeutic drugs (Kuballa 

et al., 2015). 
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6. HSPC (HSP90) family  

6.1. Structure of HSP90 family members 

HSP90 family is extremely conserved cluster of proteins that exist in all living 

kingdoms apart from archaea (Chen et al., 2006). Structurally, Hsp90 is a homodimer 

composed of two identical monomers. Each protein monomer has three flexible domains, an 

N-terminal ATP-binding domain (N-domain), a middle domain (M-domain), and a C-terminal 

dimerization domain (C-domain). Interestingly, this structural domain organization is 

evolutionary conserved with high fidelity from bacteria to human being. However, eukaryotes 

are distinguished by additional charged linker domain connecting N- and M-domains (Hainzl 

et al., 2009). 

6.2. Members of HSP90 family 

Hsp90 family is grouped into five subfamilies which contain members of different 

cellular localization. For example, cytosolic Hsp90s include Hsp90α and Hsp90β. In addition, 

GRP94 (94 kDa glucose-regulated protein) is localized in the ER, TRAP1 (tumor necrosis 

factor receptor-associated protein 1) in mitochondria, HSP90C in chloroplast and HtpG (High 

temperature protein G) in bacteria (Jackson, 2013; Yang and Li, 2005). Currently, Human 

HSP90 members are categorized under the superfamily name HSPC (Kampinga et al., 2009) 

as illustrated in Table 3. 

 

Table 3 Different members of HSPC (HSP90) family. (Modified from Kampinga et al., 2009). 

Gene name 
Protein 

name 
Alternative name 

Human 

Gene ID 

HSPC1 HSPC1 
HSP90AA1; HSPN; LAP2; HSP86; HSPC1; HSPCA; HSP89; 

HSP90;HSP90A; HSP90N; HSPCAL1; HSPCAL4; FLJ31884 

3320 

 

HSPC2 HSPC2 HSP90AA2; HSPCA; HSPCAL3; HSP90ALPHA 3324 

HSPC3 HSPC3 
HSP90AB1; HSPC2; HSPCB; D6S182; HSP90B; FLJ26984; 

HSP90-BETA 
3326 

HSPC4 HSPC4 HSP90B1;ECGP; GP96; TRA1; GRP94; endoplasmin 7184 

HSPC5 HSPC5 TRAP1; HSP75; HSP90L 10131 
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Interestingly, the human ER homologue (GRP94) and the mitochondrial TRAP1 are 

49% and 33% identical to the cytosolic Hsp90 isoforms, respectively (Johnson, 2012). These 

differences are mainly attributed to targeting signals and the C-terminal ER-retention signal. 

Figure 5 illustrates the main structural organization of the ER localized GRP94 and the 

cytoplasmic HSP90β members. 

The cytosolic isoforms of Hsp90 are highly homologous in their amino acid sequences 

having either constitutive expression (Hsp90β) or inducible expression pattern (Hsp90α) 

(Sreedhar et al., 2004). The protein clients of cytosolic Hsp90s are well known compared to 

the ER resident member GRP94 and the mitochondrial TRAP1. For instance, they chaperone 

hundreds of client proteins involved in many cellular processes like hormone signaling, 

protein kinases, transcription factors, and numerous regulatory proteins (Brown et al., 2007; 

Rutherford et al., 2007) in ATP dependent fashion. GRP94 was originally characterized as a 

molecular chaperone, however, its immunological functions has acquainted a lot of interest 

(Harding, 2007; Schild and Rammensee, 2000; Yang et al., 2007). TRAP1 functions in 

mitochondria by managing intra-organellar protein folding and keeping mitochondrial 

integrity besides counteracting proteotoxic stress (Altieri et al., 2012). 

 

 

Figure 5 Common structural characteristics of the ER located GRP94 and the cytosolic 

HSP90β.  The main structural domains of the two proteins are depicted in squares where the 

similarity identity between the domains of the two HSP90 members is expressed in percentages 

organized as follows; N-terminal domain (NTD), Charged linker domain, middle domain 

(MD), C-terminal domain (CTD). The first 21 amino acids represent the signal sequence of 

GRP94. KDEL, the C-terminal peptide of GRP94 that acts as the ER retention/retrieval signal 

for the KDEL receptor (Munro and Pelham, 1987). MEEVD, the C-terminal peptide of 

HSP90β, which functions as the ligand for binding of different TPR containing proteins. ATP, 

the nucleotide binding region. Ca++, refers to the calcium binding activity of the charged linker 

of GRP94 (Biswas et al., 2007). (Modified from Marzec et al., 2012). 
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6.3. HSPC4 (HSP90B1, GRP94, GP96 or endoplasmin) 

6.3.1. The role of HSPC4 as molecular chaperone 

HSPC4 or HSP90B1 is the ER localized version of Hsp90 family, consequently, known 

as endoplasmin (Csermely et al., 1998). Although it is structurally similar to other HSP90 

proteins, it differs from them in many aspects. For example, GRP94 has a unique calcium 

binding domain. Moreover, its functional conformation after nucleotide binding mismatches 

other Hsp90 members. Since it is mainly an ER chaperone, its interaction with other co-

chaperones is not yet clear. Moreover, it is highly selective in its action with restricted list of 

protein clients (Marzec et al., 2012).  

In fact, the characterization of HSP90B1 as a molecular chaperone was firstly addressed 

since more than 30 years (Welch et al., 1983). Later, its chaperoning functions have been 

grown to include many receptors like Toll-like receptors (TLRs), Low Density Lipoprotein 

Receptor-Related Protein 6 (LRP6), integrins, Glycoprotein (GP) Ib and insulin-like growth 

factors (IGF) have been revealed (Ansa-Addo et al., 2016). GRP94 is known to play a key 

role in the ER quality control by monitoring and assisting the folding of newly synthesized 

proteins specially those of membrane and secretory proteins besides targeting terminally 

misfolded proteins into the ER associated degradation or ERAD (Christianson et al., 2008; Di 

et al., 2016). For instance, GRP94 was found to bind oxidized forms of immunoglobulin light 

chains (Ig λ) following primary BiP action (Melnick et al., 1994).  

6.3.2. Regulation, posttranslational modifications and mechanism of action 

The expression of HSP90B1 is increased upon glucose starvation, therefore, known as 

glucose regulated protein (GRP94). Compared to other cytosolic Hsp90 members, relatively 

little information are known about the posttranslational modifications in HSP90B1. This is 

due to its compartmentalization inside the ER and its inaccessibility to cytosolic enzymes like 

kinases and phosphatases (Marzec et al., 2012). Although N-glycosylation of GRP94 at N-196 

has been addressed, this glycosylation did not influence the biological activity of the 

chaperone.  

Stress situations are also important players in the trafficking and regulation of 

endoplasmin. For instance, its glycosylation status, reflected by decreased Endo H sensitivity, 
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varies following stress.  Moreover, in many neoplasms, translocation into Golgi and Endo H 

resistance have been reported (Feldweg and Srivastava, 1995). Furthermore, cell surface 

expression of GRP94 has been described in tumor tissues including hepatoma (Teriukova et 

al., 1997). Upon addition of the calcium ionophore 23187, GRP94 was partially translocated 

to Golgi apparatus and secreted from 3T3 cells (Booth and Koch, 1989).  

Phosphorylation also is among the known posttranslational modifications of GRP94. In 

addition to autophosphorylation, GRP94 was reported to be phosphorylated by casein kinase 

II in cardiac sarcoplasmic reticulum (Cala and Jones, 1994; Csermely et al., 1995).  

GRP94 acetylation may represent another level of regulation. Since cytosolic Hsp90s 

are acetylated at Lys 294 in the middle domain, a modification which controls its client 

association and interaction with co-chaperones (Scroggins et al., 2007), it is not excluded that 

GRP94 follow the same posttranslational modifications specially when the amino acid residue 

is conserved in GRP94. Additional supporting evidence for potential GRP94 acetylation is 

that BiP, another ER resident chaperon, was confirmed to be acetylated and this modification 

affected its binding to PERK and following regulation of the unfolded protein response 

(Choudhary et al., 2009; Rao et al., 2010).  

In vitro studies revealed that HSP90B1 acquires conformations resembling those of 

Hsp90α and Hsc82 (Krukenberg et al., 2009a). In solution, GRP94 exists in equilibrium 

between two known conformations. The dominant conformation of GRP94 is open or 

extended, chair like conformation whereas the less extended form represents the minor 

population of the molecule. So far, a third scarce almost closed conformation exemplified by 

the known GRP94ADP/AMP-PNP crystal structures has been identified (Immormino et al., 

2004; Soldano et al., 2003). The variation among those conformations pointed to functional 

conformational relationship. For instance, the extended conformation offers adequate surface 

for interacting protein clients compared to other conformations. In addition, the extended 

conformation has higher activity than others in an in vitro chaperone assay (Krukenberg et al., 

2009b). In the presence of nucleotides, co-chaperones as well as client proteins GRP94 

conformation equilibrium tends more to the close states where it is now activated 

(Wassenberg et al., 2000).  
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A unique mechanistic distinction between GRP94 and other Hsp90s is the impact of 

nucleotide binding where GRP94 alters to the twisted V conformation after binding either 

ADP or ATP. In addition, both nucleotides exhibit equal affinities to HSP90B1. Moreover, 

unlike other HSP90s, ATP is not kinetically trapped following binding to the GRP94 NTD 

(Dollins et al., 2007).  

Another interesting aspect of regulation is the dimerization of NTDs. Although GRP94 

as well as other HSP90s do need NTD dimerization for nucleotide hydrolysis, the structural 

elements in GRP94 dimerization process act differently and ATP hydrolysis is linked to 

protein-protein interaction (Wassenberg et al., 2000). Notably, the ATPase activity of Hsp90s 

are similar and essential for chaperoning of proteins such as insulin like growth factors in 

GRP94 (Ostrovsky et al., 2009).  

Co-chaperones are essential for the proper function of cytosolic HSP90s. Many HSP90 

co-chaperones were identified for cytosolic HSP90s like Hop, p23, AHA1, CDC37, FKBP-52 

and UNC45. However, apart from the lately discovered CNPY3 (PRAT4A), co-chaperones 

for GRP94 are not yet determined (Liu et al., 2010; Takahashi et al., 2007). Figure 6 

demonstrates a model of the chaperone cycle of HSP90 members with the common related 

co-chaperones.  
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Figure 6 HSP90 structure and chaperone reaction cycle. (A) The open and closed states of 

Hsp90 as revealed by crystal structures of Hsp90 from both bacteria (PDB 2IOQ) and yeast 

(PDB 2CG9), respectively. Hsp90 consists of a homodimer whose subunits are recognized as 

N-terminal nucleotide binding domain (NTD), a middle domain, and a C- terminal 

dimerization domain. (B) Hsp90 reaction cycle. The protein client binds to the Hsp90 in its 

open state, while ATP binding to the N-terminal domain alters its conformational equilibrium 

to the closed dimerized state. ATP hydrolysis results in conformational alteration to the closed 

twisted state. When ADP is released, the Hsp90 returns to the open state. Successive cycling of 

Hsp90 affects the structure of the client protein and helps its refolding. Many cofactors 

participate in the Hsp90 reaction cycle. Hop and Cdc3 delay the ATP hydrolysis while Aha1 

hastens the ATP hydrolysis process by stabilizing the NTD dimerization. P23 slowers the 

release of client protein from Hsp90 by stabilizing the closed dimer. (Modified from Balchin et 

al., 2016) 
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6.3.3. HSPC4 in health and disease 

Overexpression of GRP94 has been reported in many cancer diseases including multiple 

myeloma, hepatocellular carcinoma, breast cancer and inflammation-associated colon cancer 

(Ansa-Addo et al., 2016). Therefore, targeting GRP94 for cancer treatment has been adapted 

in many therapeutic trials. Additionally, GRP94 mediates the immune response by shuttling 

antigenic peptides (Vabulas and Wagner, 2005). Furthermore, GRP94 chaperoned peptides 

elicited immune response towards the tumor from which they are derived (Arnold et al., 1995; 

Suto and Srivastava, 1995). Through its interaction with toll like receptors (TLRs), namely, 

TLR2 and/or TLR4, GRP94 is able to induce specific immune response by antigen presenting 

cells. Like HSP60, the signaling cascade mediated by HSP90B1-TLRs activates an nuclear 

factor NF-kappa-B (NF-kB)-dependent luciferase reporter (Vabulas et al., 2002). The 

immunogenic capability of GRP94 was exploited in many therapeutic trials to defend against 

tumors like renal cell carcinoma, melanoma, colorectal cancer, gastric cancer and ovarian 

cancer (Banerjee and Li, 2005). On the other hand, it mediates microbial invasion of 

eukaryotic cells by acting as a receptor for the outer membrane proteins (OmpA) of E. coli 

(Khan et al., 2003; Prasadarao et al., 2003). Also, high expression of HSP90B1 has been 

reported in half of patients with Crohn’s disease (CD) where it was uncommonly localized at 

the apical plasma membrane of the ileal epithelial cells (Rolhion et al., 2010). 

Although grouped under the cell stress proteins, gene inactivation of GRP94 under 

stress conditions does not led to cell death. Instead, it hinders cell surface expression of Toll 

like receptors. Therefore, description of GRP94 as stress protein is misleading (Randow and 

Seed, 2001). Generally, GRP94 participates in the ER quality control in many ways including 

protein folding, calcium storing and involvement in ERAD (Eletto et al., 2010). GRP94 could 

mediate the ERAD of α1-antitrypsin mutant by its interaction with OS-9 and Hrd1 complex 

formation (Christianson et al., 2008). Similarly, its role in the ERAD of γ-aminobutyric acid 

type A (GABAA) receptors has been recently revealed (Di et al., 2016). 
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7. O-GlcNAc modification of proteins 

It is well known that the addition of O-linked β-N-acetylglucosamine (O-GlcNAc) to 

serine and threonine residues of cellular proteins is one of the most important 

posttranslational modifications in almost all eukaryotes (Wells, 2001). The implication and 

diversity of this type of protein modification in the majority of cytosolic and nuclear proteins 

denote its significance in various cellular processes. Here, the role of O-GlcNAc modification 

in regulation of proteins and its implication in cellular stress are discussed.  

7.1. Influence of O-GlcNAc modification on nuclear and cytoplasmic proteins 

Huge number of cytosolic and nuclear proteins were found to be O-GlcNAc modified 

(Zachara and Hart, 2004). These O-GlcNAc modified proteins included proteins implicated in 

various cellular activities such as transcription factors, cytoskeletal proteins, phosphatases, 

kinases, nuclear pore proteins and heat shock proteins (Hart et al., 1996). Proteins modified 

by O-GlcNAc exhibited changed performance in terms of enzyme activity and stability, DNA 

binding, protein interactions and degradations (Zachara and Hart, 2004). Surprisingly, while 

the manipulation of protein phosphorylation requires cooperative action of large subset of 

kinases (about 500 kinases and 150 phosphatases protein, O-GlcNAcylation which is 

analogous to protein phosphorylation requires the coordinate action of only two enzymes; O-

linked β-N-acetylglucosaminyltransferase (OGT) and O-β-N-acetylglucosaminidase (O-

GlcNAcase or OGA) (Zachara and Hart, 2004). 

In fact, both O-GlcNAc and O-phosphate are able to modify the same serine and 

threonine residues on crucial cellular proteins like endothelial nitric oxide synthase, RNA 

polymerase II and estrogen receptor-β. These observations indicate a potential reciprocal 

relationship between O-GlcNAc modification and O-phosphorylation suggesting a complex 

interplay of these posttranslational modifications on their client proteins (Figure 7). Further 

studies found that modification of proteins by O-GlcNAc appeared to alter their 

phosphorylation status where O-GlcNAc modified sites appeared to hinder phosphorylation at 

the flanking sites on the protein. This theory has been named the “yin-yang hypothesis” 
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explaining the interplay between O-GlcNAc and O-phosphate and their influence on the 

protein structure and function (Zachara and Hart, 2004). 

 

 

Figure 7 Modification of proteins by O-GlcNAc or O-phosphate. There is interplay between 

O-GlcNAcylation and O-phosphorylation modifications on the same protein.  (Modified from 

Zachara and Hart, 2004). 
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7.2. Role of O-GlcNAc in cellular stress 

When subjected to various stress conditions, cells promptly respond by increasing 

glucose uptake. The process of cellular glucose consumption has been shown to help stressed 

cells withstand the harmful effects coming from the applied stress. In other words, efficient 

glucose uptake by stressed cells increased their survival. Many researchers investigated the 

glucose associated pathways under stress where efficient glucose transport by cells was 

accompanied by overexpression of glucose transporters and alteration of their KM and Vmax. 

Enhanced cell viability due to increased glucose consumption could be explained in many 

ways (Zachara and Hart, 2004); (i) Increased availability of glucose preserves the ATP level 

inside cells and promotes mitochondrial membrane potential. (ii) Lack of glucose causes 

oxidative stress, alteration of cellular redox state and stimulation of stress response pathways. 

(iii) Hypoglycemia or hypoxia can induce hypoxia-inducible factor which stabilizes p53, thus 

activating p53-mediated apoptosis. 

Other studies showed that diminished ATP levels does not contribute seriously to 

reduced cell viability. Interestingly, HSPA8 has been reported to be an O-GlcNAc lectin. 

Moreover, many proteins have been shown to increase their O-GlcNAc levels following 

diverse stresses including heat shock, ethanol, UV, hypoxia, reductive, oxidative and osmotic 

stress (Lefebvre et al., 2001). However, these O-GlcNAc modifications of proteins seemed to 

be dynamic and reverted to normal levels within 1-2 days.  

In this context, the increased O-GlcNAc modification of proteins could be due to 

increased glucose transport to the cells after stress application, increased activity of OGT, or 

diminished activity of O-GlcNAcase. Remarkably, while O-GlcNAc levels of proteins have 

been increased upon cellular stress, concomitant increase in the activity of phosphatases has 

been detected highlighting the synchronized role of protein phosphorylation and O-GlcNAc 

modification in encountering potential cellular stress damage. 

 

  



Chapter 1: Introduction 

 

 

27 

 

8. Camel 

8.1. Classification of camel species 

The family Camilidae is divided into two principle subfamilies; Camelinae (Old World 

Camelids) and Laminae (New World Camelids). The old world camelids contain two 

domesticated species; Camelus dromedarius (the one humped camel or dromedary) and 

Camelus bactrianus (the two humped camel or bactrian camel). These two species are known 

as the large camelids and distributed into different locations. While Camelus dromedarius is 

mainly located in the hot areas of Middle East and Africa, Camelus bactrianus lives in the 

cold zones of Central Asia and China. On the other hand, the new world camelids include four 

species known as small camelids and located in South America. So far, two species; the llama 

(Lama glama) and the alpaca (Lama pacos) are domesticated while the other two species; the 

guanaco (Lama guanacoe) and the vicuna (Vicugna vicugna) are wild species (Dorman, 1984; 

Faye, 2015; Kadim et al., 2008). Figure 8 summarizes the species in the family camelidae.  

 

 

 

 

Figure 8 Diagram showing different camel species. (Modified from Faye, 2015). 
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8.2. Camelus dromedarius: Importance and physiological adaptation to desert 

condition 

The Arabian camel or the one humped camel (Camelus dromedarius) lives mainly in 

the desert areas of the Arabian Peninsula, many countries in Africa and Asia (Dorman, 1984). 

It was firstly domesticated about 5000 years ago and used primarily for transport purposes 

(Ouajd and Kamel, 2009). Arabian camels were widely used as baggage animal where 

caravan routes had been used to transport precious goods between countries. Camels were the 

back stone of trade connecting areas of tropical Africa to the Mediterranean countries and 

from Far East into Europe (Dorman, 1984). Nowadays, the Arabian camel is considered a 

multipurpose animal that can be used for production of milk, meat and wool, agricultural 

purposes and tourism. The ability of camels to efficiently produce and reproduce under very 

harsh environmental conditions resulted in considering them as valuable productive animals 

in the modern farming systems (Faye, 2015). 

Camelus dromedarius exhibits many interesting characteristics that make it unique 

compared with other domestic animals. For instance, it can walk 5 days with no or little food 

and water. Under severe food restriction, it can lose 25% of its weight without physiological 

impairment. It can drink up to 200 liters in three minutes per one occasion to compensate 

previous fluid loss. In the recumbent position, the sternum of camel takes (plate like) shape 

allowing more air circulation. Unlike other ruminants, camel leukocytes contain high 

percentage of neutrophils (about 50%) while other ruminant contains lymphocytes as the 

major leukocyte type. Camel’s erythrocytes are relatively resistant to hemolysis and able to 

circulate under increased viscosity or dehydration conditions. Camel hemoglobin has higher 

affinity to oxygen due to high number of charged amino acid residues giving more 

hydrophobicity of hemoglobin. This helps camel to withstand osmotic dehydration or 

hypertension. Interestingly, to avoid water loss, camels do not pant in conditions of severe 

heat stress, instead the respiratory rate decreases with concomitant elevation of the partial 

blood pressure of carbon dioxide and reduction of that of oxygen (Wilson, 1989) In addition, 

the camel kidney appeared to play a crucial role in its adaptation to water restriction. The 

glomerular filtration rate of camel kidney is lower than that in other ruminants. Moreover, the 

size of medulla in camel kidney is relatively large when compared with other species. 
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Furthermore, camel kidney is able to excrete very concentrated urine therefore camels can 

tolerate to high salt concentrations (Siebert and Macfarlane, 1971). 

8.3. Adaptation of camel to heat stress and potential roles of HSPs in 

thermotolerance 

To survive heat stress, Camelus dromedarius utilizes two important mechanisms; 

adaptive heterothermy and selective brain cooling. The adaptive heterothermy explains the 

ability of camel to control its body temperature precisely according to the degree of thermal 

stress and hydration condition. Hydrated camel normally fluctuates its body temperature by 2 

degrees while in dehydrated animals the fluctuation difference can reach 7 degrees. 

Perspiration is very limited unless the body temperature reaches 42 °C. This mechanism 

allows camel to preserve about 5 liters of water from being lost through evaporation (Ouajd 

and Kamel, 2009). Selective brain cooling is another feature which protects camel from 

harmful effects of thermal stress. This mechanism allows the camel brain to be continuously 

cooled even in severe heat stress conditions. Upon elevation of temperatures, the hot arterial 

blood which is supposed to reach the brain is firstly cooled by the cool venous blood coming 

from the nasal cavity (Elkhawad, 1992).  

Generally, few attempts tried to investigate the efficient thermal homeostasis in camels 

in the light of their HSPs at the cellular and molecular level. To the best of our knowledge, the 

first study concerned HSPs in Camelus dromedarius was done in 1993 (Ulmasov et al., 1993). 

Analyzed HSPs in camel blood revealed strong induction of HSP73 kDa upon temperature 

elevation of 42 °C. Interestingly, lymphocytes of camel exhibited higher resistance of the 

global protein synthesis compared to the same type of cells in human. Another study showed 

that camel fibroblasts surprisingly survived heat shock of 42 °C for two days while the same 

cells isolated from murine were dead after 24 hours (Thayyullathil et al., 2008). Recently, 

other studies have addressed the cloning of HSPs isolated from camel tissues including 

members from HSP70 and HSP90 families (Elrobh et al., 2011; Saeed et al., 2015). Although 

the interest in HSPs analysis in camel is growing slowly, the remarkable physiological 

characteristics and efficient thermal tolerance make camel HSPs a hot area that need to be 

thoroughly investigated at the cellular and molecular level. 
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9. Aims of the study 

The current study is arranged in the form of two parts, both concerning characterization 

and comparative biochemical analysis of heat shock proteins from (Camelus dromedarius) or 

Arabian camel at the cellular and molecular level. In the first part, two cytoplasmic heat shock 

proteins from camel and their counterparts in human were analyzed. In the second part, a 

distinguished ER located chaperone was cloned and characterized in mammalian cells for the 

first time from Arabian camel. 

Part I 

This part of the study aimed to investigate two cytosolic heat shock proteins from camel 

(cCRYAB and cHSPA6) and compare them to their peers in human (hCRYAB and hHSPA6) 

under normal and stress conditions. Therefore, I cloned the cDNA encoding the four 

mentioned HSPs obtained from camel/ human into a Myc-tagged mammalian expression 

vector. Following transfection/expression experiments, I examined the localization of these 

expressed HSPs by confocal microscopy where they were localized mainly in the cytoplasm. 

In addition, I was able to identify by SDS-PAGE analyses, differential isoforms between 

camel and human HSPA6 whereas similar expression pattern of the recombinant CRYAB 

proteins. Interestingly, upon expression of camel and human HSPA6 under thermal or 

hypoxic stresses, the expressed isoforms of camel and human HSPA6 reacted differently to 

the applied condition suggesting distinct cellular processing or modification of the two 

recombinant proteins. In line with these findings, I could show clearly by using a lectin 

binding assay that camel HSPA6 is O-GlcNAc modified under normal and stress conditions, 

while the human homologue lacked this modification in the experimental approach applied.   

Part II 

The aim of this part was to characterize a unique chaperone located in the endoplasmic 

reticulum known as endoplasmin from camel species. In this regard, similar to the cloned 

cytosolic HSPs, I isolated total RNA from camel liver and synthesized the cDNA using 

reverse transcriptase. Then, I used a modified RACE technique to get the full length coding 

cDNA of camel endolasmin. Next, I cloned the obtained coding sequence of camel 

endoplasmin into a FLAG-tagged mammalian expression vector to be used in further 
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expression analysis. The expression of camel endoplasmin in COS-1 cells revealed mass 

heterogeneity when analyzed by SDS-PAGE giving multiple closely separated 4 bands of 

high molecular weight and one relatively lower molecular weight faint band. Following 

immunoprecipitation of the media, I could also characterize the secretory form of the 

recombinant camel endoplasmin after its expression in two different cell lines; COS-1 cells 

and CHO-K1 cells. 

 

In summary, the specific aims of the present thesis were to: 

1. Clone the cDNA encoding three HSPs from camel; CRYAB, HSPA6 and endoplasmin 

(GRP94 or HSP90B1) and their peers in human. 

2. Characterize the selected camel and human HSPs and analyze their biochemical forms 

under normal as well as stress conditions including thermal and hypoxic stresses. 
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ABSTRACT  

Increased expression of heat shock proteins (HSPs) following heat stress or other stress 

conditions is a common physiological response in almost all living organisms. Modification 

of cytosolic proteins including HSPs by O-GlcNAc has been shown to enhance their 

capabilities for counteracting lethal levels of cellular stress. Since HSPs are key players in 

stress resistance and protein homeostasis, we aimed to analyze their forms at the cellular and 

molecular level using camel and human HSPs as models for efficient and moderate 

thermotolerant mammals, respectively. In this study, we cloned the cDNA encoding two 

inducible HSP members, HSPA6 and CRYAB from both camel (Camelus dromedarius) and 

human in a Myc-tagged mammalian expression vector. Expression of these chaperones in 

COS-1 cells revealed protein bands of approximately 25-kDa for both camel and human 

CRYAB and 70-kDa for camel HSPA6 and its human homologue. While localization and 

trafficking of the camel and human HSPs revealed similar cytosolic localization, we could 

demonstrate altered glycan structure between camel and human HSPA6. Interestingly, the 

glycoform of camel HSPA6 was rapidly formed and stabilized under normal and stress culture 

conditions whereas human HSPA6 reacted differently under similar thermal and hypoxic 

stress conditions. Our data suggest that efficient glycosylation of camel HSPA6 is among the 

mechanisms that provide camelids with a superior capability for alleviating stressful 

environmental circumstances. 

Keywords: camel; heat shock proteins; HSPA6; CRYAB; O-GlcNAc; hypoxia; heat stress; 

protein expression 
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1. INTRODUCTION 

Arabian camels (Camelus dromedarius) live in extremely harsh conditions with periods 

of extended water deprivation, high ambient temperatures and exposure to direct sunlight in 

summer days, as well as very cold temperatures during winter nights, all requiring remarkable 

physiological characteristics and adaptive responses to allow survival [1,2]. Camelus 

dromedarius is a homothermic animal which is able to fluctuate its body temperature up to 42 

°C in response to extensive heat stress [3,4]. Previous functional studies showed that camel 

fibroblasts are more resistant to high temperatures compared to the same cell type from mouse 

origin [4]. In addition, the expression of HSP73 in camel lymphocytes was significantly 

increased after heat shock [5]. Therefore, camels are interesting species for studying specific 

roles of HSP proteins relevant to normal cellular physiology. 

Heat shock proteins (HSPs) are stress responsive molecules that control numerous 

crucial pathways inside the eukaryotic cells. Folding of proteins, hormone signaling, cell 

cycle control and apoptosis are eminent examples of processes orchestrated by HSPs [6–8]. 

Besides their putative chaperone roles in protein folding, HSPs prevent the accumulation of 

mis- or unfolded proteins in the cell [9–11]. Upon exposure to high temperature or other stress 

conditions like glucose deficit, hypoxia and infection, or pathological conditions including 

cancer, expression of these proteins is increased inside the cells and the ability of different 

organisms to tolerate the unfavorable conditions is significantly enhanced [12,13].  

αB-crystallin (CRYAB or HSPB5) is a stress inducible chaperone which was initially 

recognized as lens protein and later proved as an essential chaperone in different tissues 

[14,15]. Heat stress is an important factor in CRYAB overexpression specially in cardiac 

tissue [16,17]. CRYAB binds to partially unfolded proteins in an ATP-independent manner to 

preserve them in a soluble status and so avoid intracellular protein aggregation [18]. The 

functional multiplicity of CRYAB in different tissues is mainly attributed to its 

posttranslational modification [19]. This protein is highly expressed in hypoxic areas of the 

tumor [20], plausibly enhancing the survival capability of hypoxic cells. Interestingly, small 

HSPs, such as CRYAB, are reported to exhibit differential cellular localization patterns upon 

thermal stress in cardiac myocytes [21]. 
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Members of the HSP70 family are well recognized to protect prokaryotic as well as 

mammalian cells from thermal stress or hypoxic stresses [12,22,23]. HSPA6 is a HSP70 

chaperone that is induced after severe cellular stress [24]. Induction of HSPA6 has been 

employed as a tool for detection of cytotoxicity [25,26]. Although the gene encoding HSPA6 

is present in humans, it is absent in rodents [27]. In fact, HSPA6 is strictly regulated and 

highly homologous to HSP70 [24]. However, distinct functions between the two 

aforementioned chaperones were identified [28,29]. In addition, expression on the surface of 

certain colon cell lines in response to proteasome inhibition [30] and localization to the sites 

of transcription in human neurons following thermal stress [31] are interesting characteristics 

of the HSPA6 protein. Additionally, overexpression of HSPA6 has been linked to progress 

and development of diseases including atherosclerosis and cancer [32,33]. 

The current study focused on the analysis of the camel αB-crystallin (CRYAB) and 

HSPA6 as well as the comparison of their structural and posttranslational processing to their 

peers in human in response to thermal and hypoxic stress conditions. Since HSPs, including 

members of HSP70 family, were tested using COS-1 cells in previous studies [34,35], we 

used these cells as an independent cell model for investigating the processing and 

posttranslational modifications of camel and human HSPA6 as well as CRYAB orthologues 

under similar conditions. While the recombinant forms of camel and human CRYAB did not 

show marked differences by Western blot analysis, interestingly, O-linked β-N-

acetylglucosamine (O-GlcNAc) glycosylation, which has been shown to be directly linked to 

the cellular capability to withstand lethal stresses [36,37], revealed different expression 

isoforms and variant glycosylation patterns in camel HSPA6 as compared to the human 

homologue. The current study provides an evidence for differential structural and 

posttranslational processing between camel and human HSPA6, besides variant response to 

heat as well as hypoxic stress of the two species. The structural characteristics and 

posttranslational modifications in CRYAB and HSPA6 are suggested to play a role in the 

efficient proteostasis and thermotolerance in camelids. 
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2. RESULTS 

2.1. Cloning, expression and localization of camel and human HSPs in COS-1 cells 

The cDNAs encoding camel and human CRYAB and HSPA6 were isolated from liver 

tissue of the Camelus dromedarius and human Caco-2 cells by PCR. The PCR products 

revealed the characteristic length for each camel or human HSP candidate. For instance, both 

camel CRYAB (cCRYAB) and human CRRYAB (hCRYAB) revealed 528 bp products while 

cHSPA6 and hHSPA6 showed PCR product lengths of 1932 bp. The deduced primary protein 

sequence of camel and human αB-crystallin exhibited strong similarities of 98.3% at the 

amino acid level with only four amino acids being different between the two species. The 

different amino acids are p.Thr41Ser, p.Ile61Phe, p.Ala132Thr and p.Ala152Val (Figure 1A). 

Interestingly, we have isolated a cDNA clone of cHSPA6 that differs from the reported camel 

HSPA6 clone (ADO12067.1) in the NCBI database. The obtained cDNA of camel HSPA6 

was sequenced, submitted to the GenBank database and gained the accession number 

(MG021195). Figure A1 demonstrates the sequence of the amplified camel HSPA6 cDNA 

clone with its deduced amino acids. The deduced protein of the camel HSPA6 cDNA clone 

(accession number, MG021195) revealed five amino acid substitutions in comparison to the 

reported Camelus dromedarius HSPA6 (ADO12067.1) with identity and similarity scores of 

99.2%. The variant amino acids are p.Ala47Thr, p.Arg173Gly, p.Gly194Glu, p.Ala215Asp, 

p.Ser633Pro (Figure 1B). On the other hand, the isolated cHSPA6 reflected 94.4% identity 

and 96.9% similarity with hHSPA6 where there were few differences in the amino acid 

sequence (Figure 1C). In addition, the isolated Camelus dromedarius cHSPA6 revealed 

99.7% similarity and 99.4% identity with the two humped camel species (Camelus ferus) 

(NCBI Reference Sequence (XM_006173149.2)). 
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(A) 

 

 
(B) 

 

 
(C) 

Figure 1. Homology analysis of the deduced amino acid sequences of cDNA clones of camel 

and human HSPs. Sequence alignment was produced by Clustal Omega and edited using 

GeneDoc version 2.7.000. (A) Amino acid alignment of camel and human CRYAB showing 

the four different amino acids shaded in black; (B) Alignment of isolated camel HSPA6 

(GenBank, MG021195) with reported camel HSPA6 sequence (GenBank, ADO12067.1) 

showing amino acid variations at five amino acids as indicated by the black shaded positions; 

(C) Amino acid alignment of isolated camel HSPA6 (GenBank, MG021195) and human 

HSPA6 showing variant amino acids shaded in black. An asterisk indicates a number of ten 

amino acid residues while dots in the lower lines designate identical amino acid residues to the 

corresponding upper ones. 

 

                                                                                                                        

                       *        20         *        40         *        60         *        80         *       100      
Camel-CRYAB : MDIAIHHPWIRRPFFPFHSPSRLFDQFFGEHLLESDLFPTTTSLSPFYLRPPSFLRAPSWIDTGLSEMRLEKDRFSVNLDVKHFSPEELKVKVLGDVIEV : 100

Human-CRYAB : ........................................S...................F....................................... : 100

                                                                                                                        

                                                                                               

                       *       120         *       140         *       160         *           

Camel-CRYAB : HGKHEERQDEHGFISREFHRKYRIPADVDPLAITSSLSSDGVLTVNGPRKQASGPERTIPITREEKPAVTAAPKK : 175

Human-CRYAB : ...............................T...................V....................... : 175

                                                                                               

                                                                                                                                 

                                *        20         *        40         *        60         *        80         *       100      

Isolated-camel-HSPA6 : MSAAKEVAIGIDLGTTYSCVGVFQHGRVEILANDQGNRTTPSYVAFTDTERLVGDAAKSQAALNPHNTVFDAKRLIGRKFTDPTVQSDMKNWPFQVVSEV : 100

Reported-camel-HSPA6 : ..............................................A..................................................... : 100

                                                                                                                                 

                                                                                                                                 

                                *       120         *       140         *       160         *       180         *       200      

Isolated-camel-HSPA6 : GKPKVRVSYRGEDKTFYPEEISSMVLSKMKETAEAYLGQPVKHAVITVPAYFNDSQRQATKDAGAIAGLNVLGIINEPTAAAIAYGLDRRSAGEHNVLIF : 200

Reported-camel-HSPA6 : ........................................................................R....................G...... : 200

                                                                                                                                 

                                                                                                                                 

                                *       220         *       240         *       260         *       280         *       300      

Isolated-camel-HSPA6 : DLGGGTFDVSVLTIDAGVFEVKATAGDTHLGGEDFDNRLVNHFMGEFGRKHGKDLSGNKRALRRLRTACERAKRTLSSSTQATLEIDSLFEGVDFYTSIT : 300

Reported-camel-HSPA6 : ..............A..................................................................................... : 300

                                                                                                                                 

                                                                                                                                 

                                *       320         *       340         *       360         *       380         *       400      

Isolated-camel-HSPA6 : RARFEELCSDLFRSTLEPVEKALRDAKLDKAQIHDIVLVGGSTRIPKVQKLLQDFFNGRELNKSINPDEAVAYGAAVQAAVLMGDKCEKVQELLLLDVAP : 400

Reported-camel-HSPA6 : .................................................................................................... : 400

                                                                                                                                 

                                                                                                                                 

                                *       420         *       440         *       460         *       480         *       500      

Isolated-camel-HSPA6 : LSLGLETAGGVMTTLIQRNATIPTKQTQTFTTYSDNQSGVLIQVYEGERAMTRDNNLLGRFELSGIPPAPRGVPQIEVTFDIDANGILSVTATDRSTGKA : 500

Reported-camel-HSPA6 : .................................................................................................... : 500

                                                                                                                                 

                                                                                                                                 

                                *       520         *       540         *       560         *       580         *       600      

Isolated-camel-HSPA6 : NKITITNDKGRLSKEEVERMVHEAEQYKAEDETQRDKVAAKNSLEAYVFHVNGSLQEESLRDKIPEDDRHKVQDKCQEVLAWLEHNQLAEKEEYEHQKRE : 600

Reported-camel-HSPA6 : .................................................................................................... : 600

                                                                                                                                 

                                                                        

                                *       620         *       640         

Isolated-camel-HSPA6 : LEQICRPIFSRLYGGPGVPGSSSCGAQARQGAPSTGPVIEEVD : 643

Reported-camel-HSPA6 : ................................S.......... : 643

                                                                        

                                                                                                                                 

                                *        20         *        40         *        60         *        80         *       100      

Isolated-camel-HSPA6 : MSAAKEVAIGIDLGTTYSCVGVFQHGRVEILANDQGNRTTPSYVAFTDTERLVGDAAKSQAALNPHNTVFDAKRLIGRKFTDPTVQSDMKNWPFQVVSEV : 100

Human-HSPA6          : .Q.PR.L.V...............Q.......................................................A.T.......H...R....G : 100

                                                                                                                                 

                                                                                                                                 

                                *       120         *       140         *       160         *       180         *       200      

Isolated-camel-HSPA6 : GKPKVRVSYRGEDKTFYPEEISSMVLSKMKETAEAYLGQPVKHAVITVPAYFNDSQRQATKDAGAIAGLNVLGIINEPTAAAIAYGLDRRSAGEHNVLIF : 200

Human-HSPA6          : .......C................................................................R.................G...R..... : 200

                                                                                                                                 

                                                                                                                                 

                                *       220         *       240         *       260         *       280         *       300      

Isolated-camel-HSPA6 : DLGGGTFDVSVLTIDAGVFEVKATAGDTHLGGEDFDNRLVNHFMGEFGRKHGKDLSGNKRALRRLRTACERAKRTLSSSTQATLEIDSLFEGVDFYTSIT : 300

Human-HSPA6          : ............S...............................E..R.................................................... : 300

                                                                                                                                 

                                                                                                                                 

                                *       320         *       340         *       360         *       380         *       400      

Isolated-camel-HSPA6 : RARFEELCSDLFRSTLEPVEKALRDAKLDKAQIHDIVLVGGSTRIPKVQKLLQDFFNGRELNKSINPDEAVAYGAAVQAAVLMGDKCEKVQELLLLDVAP : 400

Human-HSPA6          : ...................................V......................K................................D........ : 400

                                                                                                                                 

                                                                                                                                 

                                *       420         *       440         *       460         *       480         *       500      

Isolated-camel-HSPA6 : LSLGLETAGGVMTTLIQRNATIPTKQTQTFTTYSDNQSGVLIQVYEGERAMTRDNNLLGRFELSGIPPAPRGVPQIEVTFDIDANGILSVTATDRSTGKA : 500

Human-HSPA6          : .....................................P..F...........K............................................... : 500

                                                                                                                                 

                                                                                                                                 

                                *       520         *       540         *       560         *       580         *       600      

Isolated-camel-HSPA6 : NKITITNDKGRLSKEEVERMVHEAEQYKAEDETQRDKVAAKNSLEAYVFHVNGSLQEESLRDKIPEDDRHKVQDKCQEVLAWLEHNQLAEKEEYEHQKRE : 600

Human-HSPA6          : ................................A...R.........H....K..............E..R.M....R....................... : 600

                                                                                                                                 

                                                                        

                                *       620         *       640         

Isolated-camel-HSPA6 : LEQICRPIFSRLYGGPGVPGSSSCGAQARQGAPSTGPVIEEVD : 643

Human-HSPA6          : ....................G....T.....D.....I..... : 643
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The cDNAs of camel and human HSPs obtained by PCR (Figure 2B) were successfully 

cloned into the Myc-tagged mammalian expression vector (pcDNA3.1 Myc His A) and their 

identities were assessed by restriction digestion and sequencing. Camel and human cDNA 

constructs were transfected into COS-1 cells. The expressed proteins were thereafter either 

immunoprecipitated or directly analyzed by Western blots using anti-Myc antibody. The 

Myc-tagged cCRYAB and hCRYAB were identified as single protein bands of about 25 kDa 

(Figure 2C). The proteins of cHSPA6 and hHSPA6 revealed different isoforms slightly higher 

or at the same level of 70 kDa (Figure 2D,E). Variations between the camel and human 

HSPA6 were detected. The camel HSPA6 showed two bands of variable intensities with high 

density and low faint bands, while the human HSPA6 comprised thee isoforms including a 

lower density band. Similar results were obtained in biosynthetic labeling experiments (Figure 

2F). Finally, mass spectrometry analysis was carried out after excision and purification of the 

corresponding camel and human HSPA6 bands (Figure B1). The cHSPA6 and hHSPA6 

peptides showed 65–86% coverage of camel HSPA6 and 67–74% coverage of the human 

HSPA6 as listed in Table A1. 

We then examined the intracellular localization of the four recombinant HSPs in 

transfected COS-1 cells. All analyzed HSPs exhibited similar cellular localization 

predominantly in the cytosol and to a certain extent also in the nucleus (Figure 2G). 
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Figure 2. Cloning, expression and localization of Camelus dromedarius and human HSPs: (A) 

Schematic diagram showing the general design of cloned camel and human HSPs. Camel and 

human CRYAB or HSPA6 are Myc-tagged in their C-terminal and their expression is 

controlled by cytomegalovirus (CMV) promotor; (B) The upper and middle panels show 

Camelus dromedarius and human CRYAB as well as HSPA6 amplified cDNA products with 

sizes of 1932 bp and 528 bp, respectively. Amplified GAPDH cDNA product in the lower 

panel was used as control for RNA isolation and cDNA synthesis; (C,D) Western blot analysis 

of proteins analyzed by SDS-PAGE on 9% slab gels showing expression of camel and human 

CRYAB and HSPA6 respectively after transfection in COS-1 cells. Camel and human CRYAB 

were detected as protein bands of an apparent molecular weight of 25 kDa while camel and 

human HSPA6 specific bands run at around 70 kDa on the gel. Non-transfected COS-1 cells 

(NT). Actin, a house keeping protein was used as a loading control; (E) Immunoprecipitation 

of camel and human HSPA6 showing different isoforms between the two HSPs upon 

expression in COS-1 cells. As illustrated, camel HSPA6 (dashed arrows) has two isoforms, a 

highly expressed high molecular weight form and a lower molecular weight faint one while the 

human HSPA6 (continuous arrows) reveals three protein bands with the lowest being the most 

expressed isoform; (F) Immunoprecipitation of 35S labeled Myc tagged camel and human 

HSPA6 confirms the results in C; (G) Laser confocal microscopy reveals camel and human 

HSPA6 and CRYAB in the cytosol of transfected COS-1 cells. HSP (green) was visualized 

together with the cell nucleus (blue) and calnexin (red) as an ER marker. Scale bars: 25 μm or 

10 μm. 

 

2.2. Glycosylation of camel and human Hsps 

Using Yin-o-Yang server (Available on: http://www.cbs.dtu.dk/services/YinOYang/) 

which estimates O-β-GlcNAc binding sites in eukaryotic protein sequences, camel and human 
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CRYAB showed nearly similar distribution of predicted O-GlcNAc sites with eight and nine 

Ser/Thr sites, respectively. Unlike the O-GlcNAc similarity in cCRYAB and hCRYAB, camel 

HSPA6 was predicted to contain nine Ser/Thr sites compared to five Thr sites in human 

HSPA6 as shown in Table 1. 

Table 1. Predicted O-GlcNAc attachment sites in camel and human HSPs. 

Residue number Residue O-Glc-NAc result1 Potential Threshold 1 Threshold 2 

Camel CRYAB 

41 T +++ 0.6512 0.3982 0.4871 

42 T + 0.4726 0.3966 0.4850 

43 S ++ 0.5398 0.4026 0.4931 

53 S + 0.4490 0.3919 0.4786 

134 T ++ 0.6134 0.4376 0.5402 

135 S ++ 0.5522 0.4257 0.5242 

153 S + 0.3793 0.3276 0.3919 

170 T +++ 0.6383 0.3557 0.4299 

Human CRYAB 

41 S +++ 0.6443 0.3921 0.4790 

42 T + 0.4260 0.3923 0.4792 

43 S ++ 0.4972 0.3990 0.4882 

53 S + 0.4520 0.3907 0.4770 

132 T ++ 0.5897 0.4157 0.5107 

134 T ++ 0.5798 0.4332 0.5343 

135 S ++ 0.5551 0.4190 0.5152 

153 S +++ 0.5567 0.3481 0.4196 

170 T +++ 0.6383 0.3557 0.4299 

Camel HSPA6 

40 T + 0.5184 0.4261 0.5247 

160 T + 0.4538 0.3931 0.4803 

275 T + 0.442 0.4185 0.5145 

427 T + 0.4854 0.424 0.5219 

432 T + 0.5234 0.4549 0.5636 

434 S + 0.4552 0.4344 0.5359 

621 S ++ 0.5823 0.4446 0.5497 

634 S + 0.4399 0.41 0.5031 

635 T + 0.4453 0.4263 0.525 

Human HSPA6 

40 T + 0.5184 0.4261 0.5247 

160 T + 0.4538 0.3931 0.4803 

275 T + 0.442 0.4185 0.5145 

427 T + 0.4854 0.424 0.5219 

432 T + 0.5056 0.4518 0.5594 

 

1O-GlcNAc Result: This can be one of five possibilities; No O-GlcNAc predicted; O-GlcNAc 

predicted: (different strengths); + Potential > Thresh-1; ++ Potential > Thresh-2 (Thresh-2 is a 

threshold based on more stringent surface measures); +++ Potential > (Thresh-2 + 0.1); ++++ 

Potential > (Thresh-2 + 0.1) and Potential ≥0.75. 
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Based on these predictions, we wanted to elucidate the O-glycosylation patterns of 

camel and human HSPA6 by assessment of their binding capacities to the Helix pomatia 

lectin, which is highly specific towards O-linked N-acetyl-galactosamine, but binds also fairly 

well N-acteyl-glucosamine [38]. As shown in the Western blot, detectable amounts of camel 

HSPA6 bound to Helix pomatia lectin and were eluted with the specific sugar N-acetyl-

glucosamine (Figure 3A, left panel). By contrast, human HSPA6 did not bind to the lectin 

under normal or stress conditions (longer exposure of the blot did not reveal a protein band in 

the eluted sample of human HSPA6, see Appendix C). We have also examined the binding of 

the camel CRYAB and the human CRYAB to Helix pomatia lectin. As shown in Figure 3B, 

neither chaperone was detected in the sugar protein eluates indicating that these two 

chaperones are not O-glycosylated in this experimental set-up. 

 

Figure 3. Differential glycosylation of camel and human HSPA6. (A) Helix pomatia (lectin)-

conjugated Sepharose was used to discriminate between the glycan structures of the Myc-

tagged camel and human HSPA6 proteins. The extracted proteins from camel/human HSPA6-

transfected COS-1 cells were mixed with Helix pomatia lectin-Sepharose for 2–3 h and the 

bound proteins were eluted with 10 mM N-acetyl-glucosamine. Camel HSPA6, but not the 

human species bound to the lectin. As a positive control, immunoprecipitation (IP) of camel 

and human HSPA6 was performed; (B) Similar experiment was performed for the Myc-tagged 

camel and human CRYAB. In contrast to camel HSPA6, both chaperones did not bind to the 

lectin. HSPA6 and CRYAB were detected by anti-Myc antibody. The Western blot shown is 

representative of three experimental independent repeats. 

 

  



Chapter 2: Differential glycosylation and modulation of camel and human HSPs by stress conditions 

 

 

54 

 

2.3. Response of camel and human HSPA6 isoforms to heat and low oxygen stress 

conditions  

In view of the variations in the molecular forms of the camel and human HSPA6 

proteins we asked whether the HSPA6 isoforms are regulated at the posttranslational level in 

response to stress conditions. For this purpose, the expression of these proteins was examined 

by subjecting the cells to different temperatures and also to hypoxic conditions. Although 

both camel and human HSPA6 isoforms responded to both thermal and low oxygen stress 

conditions, the higher molecular weight isoform of cHSPA6 (cH) was dominant under all 

applied stress conditions as compared to the hHSPA6 (Figures 4 and 5). Quantification of the 

protein bands expressed under these conditions showed that the level of the lower molecular 

weight form of camel HSPA6 (cL) decreased at 20 °C and 39.5 °C as compared to 37 °C, 

whereas that of the higher main isoform (cH) increased under the same conditions (Figure 

4A,C). Human HSPA6 followed another pattern since the level of the lower molecular weight 

isoform (hL) increased at 39.5 °C and the middle isoform (hM) increased markedly at 20 °C 

with a concomitant reduction in the level of the higher isoform (hH) (Figure 4A,D). When 

COS-1 cells expressing the camel and human HSPA6 were subjected to variable oxygen 

levels, comparable changes in the expression level of the isoforms were observed (Figure 5). 

These changes included slightly decreased levels of the cL form after 1% oxygen incubation 

and marked increased expression level of hH. 
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Figure 4. Variable response of camel and human HSPA6 isoforms to different temperatures. 

(A) Western blots of immunoprecipitated camel (C) or human (H) HSPA6 proteins from 

transfected COS-1 cells and exposure to different temperatures (39.5 °C, 37 °C and 20 °C); (B) 

The loading controls for (A) utilized equal amount of proteins in lysates of transfected COS-1 

cells; (C,D) Quantification of each camel/human HSPA6 isoform in the total protein isoforms. 

Camel HSPA6 is identified by two isoforms (higher (cH) and lower (cL)) while human HSPA6 

exhibits three isoforms (higher (hH), middle (hM) and lower (hL)). Statistically significant 

values are denoted by an asterisk and the blots are representative data sets out of five 

independent repeats. 
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Figure 5. Response of camel and human HSPA6 isoforms to different oxygen concentrations. 

(A) 24 h after transfection, cells were cultured under normal or 1% oxygen levels for 15 h 

followed by immunoprecipitation of HSPA6 and Western blotting; (B) The loading controls for 

(A) utilized equal amount of proteins in lysates of transfected COS-1 cells; (C,D) 

Quantification of each camel or human HSPA6 isoform in the total protein isoforms after 

incubation under hypoxic or normoxic conditions. As described in Figure 4, camel HSPA6 is 

identified by two isoforms (higher (cH) and lower (cL)), while human HSPA6 exhibits three 

isoforms (higher (hH), middle (hM) and lower (hL)). Statistically significant values are 

denoted by an asterisk and the blots are representative data sets out of five independent repeats. 
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3. DISCUSSION 

HSPs are a cluster of highly homologous proteins that promote the tolerance to 

environmental and cellular stresses in mammals. It is well known that camels are naturally 

equipped with physiological particularities to cope with the harsh environmental conditions. 

Gross anatomical features of camels revealed adaptive mechanisms by which camels tolerate 

elevated temperatures. For instance, during heat stress selective brain cooling, which involves 

the organization of superficial veins, the conformation of the nasal cavity and the arterial 

blood supply all contribute to preserving brain temperature below central blood temperature 

[2]. Camels, like other desert animals are subject to proteotoxic stresses such as exposure to 

prolonged high temperatures during summer and very low temperature during winter, besides 

other stresses which require molecular adaptation to such extreme circumstances [1,3]. The 

molecular mechanisms contributing to cellular stress adaptation including post translational 

modification of HSPs are not fully explored. Comparative molecular and cellular analyses of 

the camel HSPs with their human counterparts or other species can expand and contribute to 

our knowledge on the potential mechanisms that govern and affect the function of HSPs in 

different species. 

In this study, we analyzed the expression pattern and O-GlcNAc modifications of two 

inducible HSPs belonging to HSP20 and HSP70 families from both camel and human species 

under normal and stress conditions including heat and hypoxic stress. These HSPs, CRYAB 

and HSPA6, are reported to have increased expression and altered localization following 

thermal or hypoxic stress [17,39–41]. Our data show that the natural variant of camel HSPA6 

clone is quite similar to the reported sequence (ADO12067.1) on the NCBI database. Pairwise 

alignment of our translated cDNA isolate exhibited 99.4% identity and 99.7% similarity with 

the two humped camel species (Camelus ferus), NCBI (XP_006173211.1) suggesting high 

functional and structural relationships between camel species. Interestingly, despite the 

extreme similarities (amino acid identity 94.4%) between camel and human HSPA6, 

variations in their protein expression patterns could be discerned due to differences in their 

posttranslational modifications. In fact, database analyses and subsequent lectin pull-down 

assays revealed increased cytosolic O-glycosylation of camel HSPA6 as compared to its 

human counterpart. In the experimental set-up utilized, the hHSPA6 isoforms showed no 
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evidence for O-glycosylation with GlcNAc while the camel orthologue did. Nevertheless, the 

level of O-GlcNAc glycosylated cH isoform of cHSPA6 eluted from the Helix pomatia lectin 

was low as compared to the high expression level of this form. This is presumably due to 

potential unfavorable locations of the O-linked glycosylation sites within folded structures of 

the chaperone resulting in a limited exposure of a short monosaccharide to the lectin. In 

addition, Helix pomatia lectin exhibits a preferential binding specificity towards O-linked 

GalNAc and to a lesser extent O-GlcNAc [38] 

Along similar lines, the lack of binding of potential O-GlcNAc sites in hHSPA6 to 

Helix pomatia lectin can be explained. Moreover, in silico predictions of potential O-linked 

glycosylation sites do not a priori warrant that these sites could be posttranslationally 

modified. 

Interestingly, the glycoform (O-GlcNAc modified higher band) of camel HSPA6 is 

highly expressed and stabilized under conditions of high or low temperatures as well as 

hypoxic conditions. On the other hand, the proposed human HSPA6 O-GlcNAc modified 

band is comparatively less in protein level and more influenced by temperature variation as 

well as hypoxic stresses. Previous studies showed that increased O-GlcNAc promotes stress 

tolerance in many ways, via (i) stabilizing protein conformation [42]; (ii) preventing the 

formation of protein aggregates [43]; (iii) regulation of glucose metabolism [44] and finally; 

(iv) changing the activity or the localization of O-GlcNac modified HSPs [36,43,45–47]. 

The second chaperone analyzed in our study, CRYAB, is known to undergo O-GlcNAc 

modification [47,48]. However, our data did not reveal O-GlcNAc modified forms of both 

recombinant camel and human CRYAB proteins that bind to Helix pomatia lectin. One 

potential explanation for this variance with the reported O-glycosylation could be the 

oligomeric nature of the α-crystallin under native conditions [49,50] which may hinder the 

binding of the O-GlcNAc attachment sites on CRYAB to the lectin. 

HSPA6 is a member of the HSP70 family that has been closely associated with thermal 

stress. The role of HSPA6 as a chaperone and stress responsive protein has been previously 

elucidated [24,31,51]. Although its expression is usually low under basal conditions, HSPA6 

has been identified as one of the major upregulated HSPs together with HSPA1A following 

heat stress [52,53]. In fact, HSPA6-lacking cells exhibited reduced viability when treated with 
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high temperature or the proteasome inhibitor MG132 [24]. Members of the HSP70 family 

showed strong induction and efficient cytoprotection following heat stress in camel compared 

to other species including human [4,5]. Recently, stress studies concerning camel HSPs in 

controlled climatic chambers have revealed significant increase of HSPA6 levels following 

elevated temperature incubations [54]. 

Given that O-GlcNAc modification of cytosolic proteins could influence the whole 

cellular function in response to extracellular stimuli [36], we suggest that increased O-

GlcNAc in camel HSPA6 could be associated with a physiological function that does not 

occur in human HSPA6. However, this hypothesis needs further investigation. Previous 

studies have addressed the influence of O-GlcNAc levels on the function of many proteins 

where alteration in protein O-GlcNAc led to changes in enzyme activities [55–57], protein-

protein interactions [58,59], protein turnover [58,60] and DNA binding properties [36,61]. 

Various stimuli were found to increase O-GlcNAc levels inside the cells such as heat shock, 

hypoxia, oxidative stress, ethanol, UV and osmotic stress [36].  

Our current study provides a strong evidence for differential posttranslational 

modification of HSPA6 in camel and human upon exposure to hypoxic and thermal stresses. 

Increased O-GlcNAc levels of HSPs in camel are suggested to enhance the functionality of 

camel HSPs towards extreme cellular stresses. 
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4. MATERIALS AND METHODS  

4.1. Immunological reagents 

Anti-c-Myc tag mouse monoclonal antibody (Myc.A7) and horseradish peroxidase-

conjugated secondary antibodies were from Thermo Fisher Scientific GmbH (Schwerte, 

Germany). Anti-β-actin (C4) was purchased from Santa Cruz Biotechnology, Inc. 

(Heidelberg, Germany). Rabbit anti-calnexin antibody was obtained from Sigma-Aldrich 

Chemie GmbH (Munich, Germany). Secondary antibodies coupled to Alexa Fluor dyes were 

obtained from Invitrogen Corporation (Karlsruhe, Germany).  

4.2. Sample collection, RNA isolation, cDNA synthesis and subcloning 

Freshly obtained camel (Camelus dromedarius) liver tissue from authorized local 

abattoir in Egypt and human Caco-2 cells were used to isolate total RNA using Trizol reagent 

(Invitrogen Corporation) according to the manufacturer’s protocol. The extracted RNA was 

used for cDNA synthesis using RevertAid first strand cDNA synthesis kit (Thermo Fisher 

Scientific GmbH, Germany). Camel and human cDNA of αB-crystallin and HSPA6 were 

amplified by PCR using the specific primers as shown in Table 2. Oligonucleotides were 

provided by Sigma-Aldrich Chemie GmbH (Germany). The PCR products were cloned into 

pCR-Zero Blunt vector (Invitrogen Corporation) as an intermediate vector and finally 

subcloned into the mammalian expression vector pcDNA3.1 Myc His A using specific 

restriction enzymes. A schematic diagram of the cDNA constructs is shown in Figure 1A. 

Table 2. Primers designed for specific amplification of the cDNAs of target camel and human HSPs. 

  
(Protein_ID) 

GenBank 
Camel HSPs primers 

CRYAB AHL21625.1 
Forward   5’- ATGGACATCGCCATCCACC -3’ 

Reverse  5’- CTATTTCTTGGGGGCTGCGG -3’ 

HSPA6 ADO12067.1 
Forward  5’- ATGTCTGCCGCAAAGGAAGTGG -3’ 

Reverse  5’-TTAATCAACCTCCTCAATAACAGGGCCA -3’ 

  Human HSPs primers 

CRYAB AAP35416.1 
Forward   5’- ATGGACATCGCCATCCACC -3’ 

Reverse  5’- CTATTTCTTGGGGGCTGCGG -3’ 

HSPA6 NP_002146.2 
Forward   5’- ATGCAGGCCCCACGGGAG -3’ 

Reverse  5’- TCAATCAACCTCCTCAATGATGGGGCC -3’ 
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4.3. Transient transfection of COS-1 cells, Western blotting, biosynthetic labeling, and 

immunoprecipitation 

COS-1 cells were cultured in humidified atmosphere containing 5% CO2 at 37 °C in 

Dulbecco’s Modified Eagle’s Medium (DMEM) containing (10%, v/v) (fetal calf serum) FCS 

and 100 U/mL penicillin and 0.1 mg/mL streptomycin. Cells were transfected with plasmid 

constructs encoding recombinant camel/human HSPA6 or αB-crystallin by the 

diethylaminoethyl (DEAE)-dextran method [62]. After 2 days, transfected and control non-

transfected COS-1 cells were solubilized in 25 mM Tris pH 8 containing 0.1% Triton X-100, 

0.5% sodium deoxycholate and 50 mM NaCl supplemented with a combination of protease 

inhibitors for 1 hour at 4 °C with gentle rotation. Postnuclear lysates were divided into two 

parts; the first part included equal amounts of the postnuclear lysate that were resolved by 

SDS-PAGE on 9% slab gels according to Laemmli (1970) [63]. The second major part of the 

lysate was allowed to bind anti-Myc antibody for 2 h followed by the addition of protein A 

Sepharose (PAS) 1.5 h at 4 °C. The immunoprecipitates were washed three times as described 

before [64]. Either lysates or immunoprecipitates were transferred onto polyvinylidene 

difluoride (PVDF) membrane using wet-blot method. The membrane was blocked with 5% 

low fat milk solution in phosphate buffered saline (PBS) containing 0.1% Tween 20. After 

protein transfer to the PVDF membrane, immune detection of camel and human HSPs was 

performed by anti-Myc primary antibodies followed by HRP-conjugated secondary antibody 

incubation and washing steps with PBS containing 0.1% Tween 20 after each incubation. 

Following addition of chemiluminescent substrate, the corresponding bands were detected by 

a ChemiDoc XRS System (Bio-Rad Laboratories GmbH, Munich, Germany). For 

biosynthetic labeling, transfected COS-1 cells were labeled using 35S-methionine for 4 h and 

the cells were rinsed, solubilized and the postnuclear lysate was recovered according to the 

method described by Naim et al. (1991) [62]. Recombinant HSPs were immunoprecipitated 

from the lysate with anti-Myc-tag antibody and resolved by SDS-PAGE. The gel was then 

dried on filter paper and the protein signals were visualized on X-ray films as before [62]. 

4.4. Indirect immunofluorescence Analysis 

COS-1 cells were seeded on coverslips and transfected with HSP constructs. After 2 

days, the cells were fixed with 4% paraformaldehyde and permeabilized in a blocking 
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solution containing 0.5% Saponin, 0.1% Triton X-100 and 1% (bovine serum albumin) BSA 

in PBS. The cells were subsequently incubated with primary and then secondary antibodies in 

blocking solution with washing steps in between. Finally the samples were washed with PBS, 

dipped in dH2O and mounted with ProLong Gold Antifade Reagent containing DAPI to 

visualize the cell nucleus. Leica TCS SP5 confocal microscope (Leica Microsystems, 

Wetzlar, Germany) with a HCPL APO 63 × 1.3 oil immersion objective was used to examine 

samples. 

4.5. Characterization of the protein glycosylation in camel and human HSPA6 

The postnuclear lysates of COS-1 cells expressing recombinant camel or human HSPA6 

were mixed with Helix pomatia lectin Sepharose (6 MB, Pharmacia fine chemicals) for 2–3 h 

with gentle shaking. Thereafter, the lectin beads were washed 2 times with PBS containing 

1% Triton-X 100 and the bound proteins were eluted overnight in 10 mM N-Acetyl 

glucosamine at 4 °C with gentle shaking. Recombinant HSPA6 or recombinant CRYAB 

proteins were isolated from similar cell lysates by immunoprecipitation and used as controls. 

The samples were finally analyzed by Western blotting using anti-Myc antibody as the 

primary antibody. 

4.6. Treatment with different temperatures and low oxygen conditions 

For temperature treatment, COS-1 cells transiently expressing recombinant camel or 

human HSPA6 proteins were exposed to 39.5 °C, 37 °C or 20 °C. The incubations were 

performed in humidified atmosphere without CO2 control and in the presence of 20 mM final 

concentration of HEPES buffer pH 7.4 to avoid pH variations in the medium during 

treatment. Oxygen control glove box (Coy Laboratory Products, Grass Lake, MI, USA) was 

used to expose cells to hypoxia at 37 °C, 1% O2 and 5% CO2 in a humidified (100%) 

atmosphere. Either one of these treatments were performed for 15 and 24 h post-transfection. 

Thereafter the cells were lysed and the camel and human HSPA6 were analyzed in the 

postnuclear lysates by Western blotting. 

4.7. Statistical analysis 

Immunoblot bands were quantified by the Quantity One 1-D Analysis Software (Bio-

Rad Laboratories GmbH) and data analysis was carried out by Microsoft Excel using Prism 5 
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software. The designated error bars were calculated according to the standard error of the 

mean (SEM) format from at least 5 independent experiments unless otherwise indicated. 

Statistical analysis was performed using paired Student t-test compared to control. * p ≤0.05. 
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Appendix A. The cDNA and deduced protein sequence of camel HSPA6 

 

Figure A1. The cDNA sequence of camel HSPA6 (accession number, MG021195). The upper 

lines represent the cDNA sequence while the lower lines refer to the deduced amino acids. 

 

Appendix B. The expression and mass spectrometry analysis of camel and human 

HSPA6 

cHSPA6 and hHSPA6 constructs were transfected to COS-1 cells. The cell lysate were 

extracted as explained previously in the material and methods section followed by IP using 

Myc antibody as described previously. The immunoprecipitates were then resolved on 9% 

SDS and stained using colloidal Coomassie stain as described before [65]. The results of the 

analyzed protein bands are summarized in Table A1 and Figure A2. 
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Figure A2. Expression and mass spectrometry analysis of camel and human HSPA6. (A) 9% 

SDS showing the expressed protein forms of recombinant camel HSPA6 (cHSPA6) and human 

HSPA6 (hHSPA6) after transfection of COS-1 cells and IP using anti-Myc antibody. The 

cHSPA6 revealed 2 isoforms (a,b) while hHSPA6 showed 3 isoforms (c–e); (B) Mass 

Spectrometry results of the excised cHSPA6 and hHSPA6 protein bands. The green coloration 

indicates the coverage of the analyzed peptides. 
 

Table A1. Mass spectrometry results of the analyzed protein bands. 

Protein Band Protein Score Protein Mass (kDa) Unique Peptide Number Coverage % 

a cHSPA6 10069 75.8 30 86.44 

b cHSPA6 2416.03 75.8 19 65.31 

c hHSPA6 2112.6 76.2 19 66.62 

d hHSPA6 4407 76.2 23 71.87 

e hHSPA6 6215.7 76.2 29 73.62 
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Appendix C. Binding of cHSPA6 and hHSPA6 to Helix pomatia lectin under normal 

culture conditions and stress conditions 

 

Figure A3. (A) cHSPA6 and hHSPA6 transiently expressed in COS-1 cells were subjected to 

Helix pomatia Sepharose as described previously. The lectin-bound material was 

immunoprecipitated with anti-Myc and analyzed by Western blotting. hHSPA6 did not bind to 

the lectin in contrast to cHSPA6 (left panel). The right panel shows an overexposed version of 

the same blot that also shows that no binding of hHSPA6 to the lectin has occurred; (B) The 

lectin pull down assay was repeated under different temperatures as indicated (left panel). No 

O-GlcNAc modified forms of hHSPA6 were detected in contrast to cHSPA6 that bound to the 

lectin. The right panel shows Western blot of the corresponding total lysates as control; (C) 

Similar to (B), the same lectin experiment was performed after different oxygen treatments. 

Here again no O-GlcNAc forms of hHSPA6 in contrast to cHSPA6 that revealed O-GlcNAc 

forms under both hypoxic and normoxic conditions. The Western blot of the corresponding 

lysates is shown at the right panel as control. 
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ABSTRACT  

Endoplasmin, or GRP94, is an ER-located stress inducible molecular chaperone 

implicated in the folding and assembly of many proteins. The Arabian one-humped camel 

lives in an environment of thermal stress, nevertheless is able to encounter the risk of 

misfolded proteins. Here, the cDNA encoding camel GRP94 was isolated by rapid 

amplification of cDNA ends. The isolated cDNA contained an open reading frame of 2412 bp 

encoding a polypeptide of 803 amino acids with predicted molecular mass of 92.5 kDa. 

Nucleotide and protein BLAST analysis of cGRP94 revealed strong conservation between 

camel and other domestic mammals. Overexpression of cGRP94 in COS-1 cells revealed 

multiple isoforms including one N-glycosylated species. Immunofluorescence colocalized 

cGRP94 with the ER resident protein calnexin. Interestingly, none of the cGRP94 isoforms 

expressed in CHO cells was N-glycosylated, presumably due to folding determinants that 

mask the N-glycosylation sites as proposed by in silico modelling. Surprisingly, isoforms of 

cGRP94 were detected in the culture media of transfected cells indicating that the protein, 

although an ER resident, also is trafficked and secreted into the exterior milieu. The overall 

striking structural homologies of GRP94s among mammalian reflects their pivotal role in the 

ER quality control and protein homeostasis. 

Keywords: Camel endoplasmin, cGRP94, gp96, ER stress chaperone, Cloning and 

expression, glycosylation, secretion 
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1. INTRODUCTION 

Higher eukaryotic organisms contain four members of HSP90 family that are distributed 

into distinct cellular compartments. Theses members are located in the cytosol, HSP90α and 

HSP90β [1], the ER, endoplasmin [2] and the mitochondria, Tumor Necrosis Factor Receptor-

Associated Protein-1 [3]. Endoplasmin, also known as glucose regulated protein (GRP94), 

HSP90B1 and glycoprotein 96 (gp96), is encoded by the HSP90B1 gene and considered to be 

the most abundant glycoprotein in the endoplasmic reticulum (ER) of eukaryotic cells [4]. In 

fact, GRP94 shares 50% conserved sequence homology with its HSP90 counterparts specially 

those located in cytosol [5]. Additionally, cGRP94 is believed to be originated via a 

primordial one cycle of a gene duplication event [5–7]. Structurally, GRP94 resembles other 

HSP90 family members in its conformation. Thus, it consists of 4 domains: an N-terminal 

domain (NTD), an acidic linker domain (LD), a middle domain (MD) and a C- terminal 

domain (CTD). In addition, it has an ATPase activity which is mediated through nucleotide 

binding to the NTD [8]. Although many biochemical features are common in all members of 

the HSP90 family, certain aspects remain exclusive for the ER resident member like 

possessing a calcium binding domain exhibiting 4 high affinity and 11 low affinity calcium 

binding sites [9] as well as the presence of the ER retention signal, KDEL at its outmost C-

terminal end [10]. 

The function of GRP94 as a molecular chaperone and its role in protein folding and the 

quality control in the ER is well established [8,11,12]. In fact, GRP94 promotes the ER 

quality control inside the cell  by chaperoning the folding of client proteins, interacting with 

other members of the folding machinery, regulating calcium levels and mediating the 

guidance of terminally misfolded protein clients to the ER-associated degradation pathway 

(ERAD) [8]. Being an ER chaperone per se, GRP94 chaperones mainly membrane and 

secreted proteins. Nevertheless, GRP94 is highly selective in its chaperone function that is 

restricted to a short list of client proteins [5,11]. Among the proteins chaperoned by GRP94 

are Toll-like receptors, integrins, immunoglobulin heavy and light chains, the Wnt co-

receptor, bile salt dependent lipase, low density lipoprotein receptor-related protein 6 and 

insulin-like growth factors [8,11,13]. Under physiological conditions GRP94 is constitutively 

expressed in almost all human cell types [5]. However, diverse stress factors that perturb ER 
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functions including glucose deficit [14], glycosylation and proteasome inhibition [15], ER 

calcium store depletion [16] reducing agents [17] and accumulation of misfolded proteins [18] 

cause increased expression of GRP94. Notably, GRP94 overexpression has been associated 

with advanced stage and poor survival of cancer patients [13] rendering GRP94 a potential 

associated therapeutic target in cancer treatment [19–21]. Interestingly, GRP94 has been 

reported to be relocated to the surface and or even partially secreted in some cell types under 

particular signaling conditions or immune responses [20,22–24].  

Arabian camel or the one humped camel (Camelus dromedarius) is a unique animal 

which is naturally adapted to live under extreme temperatures and arid conditions of the 

desert [25]. In fact, various physiological qualities distinguish the Arabian camel from other 

domestic animals. For instance, to survive cytotoxic heat stress, camels are capable of 

fluctuating their body temperature up to 42 °C and their circulation system is anatomically 

organized in a way that allows some kind of selective cooling to their brains [25,26]. Since 

they are exposed to extensive periods of heat stress in the desert, camel tissues like other 

desert animals are at high risk of proteotoxic stress in terms of denatured proteins or enzymes, 

a condition that requires efficient cellular and tissue homeostatic mechanisms. In fact, it has 

been shown that exposure of cells to high temperatures of 42-43 °C led to ER stress as a 

consequence of increased protein denaturation and aggregation [27,28]. These homeostatic 

and adaptive mechanisms include HSPs as crucial players for thermotolerance and protein 

homeostasis in camelids. Recently, we have shown that O-glycosylation of camel HSPA6 

occurs as a potential mechanism to protect camels from heat stress or hypoxia [29]. 

Interestingly, GRP94 expression is induced by ER stress rather than by heat stress itself 

[11,30]. The increased expression of GRP94 upon ER stress induction highlights its 

significant role in the protein homeostasis and its involvement in protection of cells against 

ER stress induced apoptosis [11,31–33].  Given that proper function of the ER chaperone 

machinery including GRP94 is essential to protect against potential proteotoxic stresses 

resulting from cytotoxic hyperthermia [34,35], we aimed to investigate and characterize the 

GRP94 in camel at the cellular and molecular level. In the present study, the cDNA of camel 

GRP94 was cloned into a FLAG-tagged mammalian expression vector, transfected into 

mammalian cells and the structural features as well the cellular localization of the 
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recombinant protein analyzed. Moreover, phylogenetic analysis, secondary structure 

prediction and 3D modelling of camel GRP94 are addressed. 
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2. MATERIALS AND METHODS  

2.1. Reagents 

Tissue culture dishes were obtained from Sarstedt (Nüembrecht, Germany). Dulbecco's 

Modified Eagle's Medium (DMEM), penicillin, streptomycin, fetal calf serum, trypsin-EDTA 

for cell culture, protease inhibitors, DEAE-dextran, protein A Sepharose, trypsin, and Triton 

X-100 were purchased from Sigma- Aldrich (Deisenhofen, Germany).  Rotiphorese® Gel 30 

(37,5:1) acrylamide, TEMED, SDS, Tris, paraformaldehyde, dithiothreitol (DTT), polyvinyl 

difluoride (PVDF) membrane for Western blot, ProLong Gold Antifade Reagent with DAPI, 

as well as sucrose were purchased from Carl Roth GmbH (Karlsruhe, Germany). Phusion 

DNA polymerase, restriction enzymes, molecular weight standards for SDS-PAGE, Isis 

proofreading DNA polymerase, T4 DNA ligase and SuperSignal™ West Femto maximum 

sensitivity western blot chemiluminescence substrate were obtained from Thermo Fisher 

Scientific GmbH (Schwerte, Germany). Endo-β-N-acetylglucosaminidase H (Endo H) and 

peptide N glycosidase F (PNGase F) was acquired from Roche Diagnostics (Mannheim, 

Germany). All other reagents were of superior analytic grade.  

2.2. Antibodies 

Anti-β-actin (C4) was purchased from Santa Cruz Biotechnology, Inc. (Heidelberg, 

Germany). Mouse anti-FLAG, rabbit anti-calnexin and rabbit anti-flotillin 2 antibodies were 

from Sigma-Aldrich Chemie GmbH (Munich, Germany). Goat anti-rabbit and goat anti-

mouse conjugated Alexa Fluor dyes 488 and 568 were obtained from Invitrogen (Karlsruhe, 

Germany), Horseradish peroxidase (HRP) conjugated secondary antibodies were purchased 

from Thermo Fisher Scientific (Schwerte, Germany). 

2.3. Sample collection 

Liver tissue from adult healthy male camel (Camelus dromedarius) was obtained 

instantly after slaughtering the animal in a local abattoir in Egypt under supervision of 

authorized veterinarian. The sample was immediately cut into small pieces and rapidly frozen 

in liquid nitrogen to preserve the stability of the entire RNA. 
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2.4. RNA isolation, cDNA synthesis and amplification of the full length coding cDNA of 

camel endoplasmin (GRP94) 

Total RNA was isolated from frozen camel liver using Trizol reagent, Invitrogen 

(Germany) according to the manufacturer’s protocol. To obtain the first strand cDNA, 

RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific GmbH) was used with 

modification. Instead of the Oligo (dT) primer supplied by the manufacturer, we used oligo 

(dT) adapter primer (RACE-RT primer) [36] as shown in Table 1. Next, PCR was applied 

using proof reading Phusion DNA polymerase and the listed forward and reverse 3’ RACE 

and 5’ Degenerate primer pairs to get both ends of camel GRP94 (cGRP94) coding sequence. 

To confirm the identity of the obtained cDNA, amplified 3’ RACE and 5’ degenerate 

reactions products were analyzed by sequencing services offered by Macrogen Incorporation. 

The obtained sequenced cDNA was blasted using the Blastn program on the NCBI Blast 

server. Later, a final PCR was carried out to amplify the full length coding cDNA of cGRP94 

using the full length forward (FL-For) and reverse (FL-Rev) primers in Table 1.  

2.5. Cloning of camel GRP94 into mammalian expression vector 

The full length coding cDNA of cGRP94 was purified and cloned primarily into the 

intermediate cloning vector pCR Zero Blunt (Invitrogen Corporation) according to 

manufacturer’s protocol then subcloned into two different mammalian expression vectors; 

pCDNA3.1 Myc His A and pCMV-3Tag-3A respectively. In fact, the cDNA encoding 

cGRP94 was inserted in the reverse direction in the pCR-Blunt vector. To get the final 

recombinant Camelus dromedarius cGRP94-pCDNA3.1-Myc-His-A, the cGRP94-pCR Blunt 

vector was cut with SpeI and NotI then the insert was ligated to the NotI/XbaI cut 

pCDNA3.1-Myc-His-A using T4 DNA ligase. Next, the generated Myc tagged construct was 

transformed into Escherichia coli DH5α competent cells by the heat shock method. To ensure 

that the inserted cGRP94 cDNA was in frame with the Myc tag, the extracted plasmids from 

the selected colonies of transformed cells were analyzed by test digestion and DNA 

sequencing. The second step was to add the ER specific KDEL signature at the end of the 

Myc fusion protein. Therefore, mutagenesis PCR was performed using the illustrated P1 

primers in Table 1. Subsequent mutagenesis PCR using P2 primers was carried out to get 1x 

FLAG tagged cGRP94 in pCDNA3.1 vector instead of the Myc tag. This approach was done 
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using cGRP94-pCDNA3.1-Myc-His-A template. Later, to get recombinant 3x FLAG tagged 

cGRP94 in pCMV vector, second subcloning of cGRP94 from the obtained pCDNA3.1-

cGRP94-1x FLAG construct to pCMV-3tag-3A vector using P3 primers was done. Finally, 

the ER retention signal sequence KDEL was added to the C-terminal of the recombinant 

protein with mutagenesis PCR using P4-For and P4-rev leading to a linear PCR product 

which is later digested at the included XbaI sites in the P4 primers and recircularized using T4 

DNA ligase. All detailed cloning primers with their description are listed in Table 1. 

2.6. Cell culture and transfection 

COS-1 and CHO-K1 cells were used for transient and stable transfections with cGRP94 

construct, respectively. COS-1 cells were maintained in DMEM (COS-1) supplemented with 

10% FCS containing 100 U/ml penicillin G and 100 µg/ml streptomycin. These cells were 

cultured at 37 °C in a humidified incubator with 5% CO2 atmosphere. Next, they were 

transiently transfected according to DEAE-dextran method as described previously [37]. 

Later, they were used 48 h post-transfection for different Western blot or immunofluorescence 

analyses. For generating stable CHO-K1 cells expressing cGRP94, the cells were maintained 

in RPMI 1640 supplemented with 5% FCS. The transfection of CHO-K1 cells was carried out 

using Lipofectamine (Invitrogen) according to the manufacturer’s instructions. Transfected 

cells were selected in RPMI 1640 containing 500 µg/ml Geneticin (G418) (Invitrogen) for 21 

days. 

2.7. Cell lysis, immunoprecipitation and Western blot analysis 

COS-1 cells or CHO-K1 cells were lysed in 25 mM Tris buffer pH 8 containing 0.5 % 

Triton X-100, 0.5 % sodium deoxycholate and 50 mM NaCl supplemented with a 

combination of protease inhibitors. The lysis was completed for 1 hour at 4 °C with gentle 

rotation and the cell debris were removed by cold centrifugation at 10000 rpm for 15 min. 

Post-nuclear lysates were either resolved directly by SDS-PAGE on 9% slab gels (equal 

protein content) according to Laemmli (1970) [38] or immunoprecipitated. For 

immunoprecipitation, post-nuclear lysates were allowed to bind anti-FLAG-conjugated 

Protein A-Sepharose beads for 2 hours. Next, immunoprecipitates were washed and treated as 

described before [39,40]. Where indicated, lysates or immunoprecipitates were subjected to 

endo-β-N-acetylglucosaminidase H (Endo H) or PNGase F as described [40] before analysis 
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by SDS-PAGE. The proteins resolved by SDS-PAGE were transferred to Polyvinylidene 

difluoride (PVDF) membrane using wet-blot method. The membrane was blocked with 5 % 

low fat milk solution in phosphate buffered saline (PBS) containing 0.1 % Tween 20. After 

protein transfer to the PVDF membrane, immune detection of cGRP94 was performed by 

anti-FLAG primary antibodies followed by HRP-conjugated secondary antibody incubation 

and washing steps with PBS containing 0.1 % Tween 20 after each incubation. Later, 

chemiluminescent substrate was added and the corresponding bands were detected by 

ChemiDoc XRS System (Bio-Rad, Munich, Germany). 

For detection of secreted forms of cGRP94 from COS-1 or CHO-K1 cells 

immunoprecipitation of the cell culture media was carried out. Here, the media were collected 

and centrifuged for 2 minutes at 800 x g to remove cells and cellular debris. The supernatant 

was collected and the pH was adjusted to 8.0 using 50 mM Tris buffer. Immunoprecipitation 

was performed as mentioned above. 

For lipid rafts (LRs) or detergent resistant membranes (DRMs) isolation, cells were 

solubilized with 1% Triton X-100 then loaded onto a sucrose density gradient as described 

before [41]. Following 18 hours of ultracentrifugation at 1100,000 x g, ten fractions were 

collected at 4 °C from top to bottom. Equal volumes from each fraction were collected and 

used for Western blot analysis. Immunoblotting was performed using primary antibodies 

against FLAG to detect the recombinant GRP94 protein or against flotillin 2, a lipid rafts 

marker protein [42,43]. 

2.8. Mass spectrometry analysis 

COS-1 cells were transfected with the cDNA encoding cGRP94. The cell lysate were 

extracted as explained previously followed by immunoprecipitation using anti-FLAG 

antibody as described previously. The immunoprecipitates were alkylated by acrylamide and 

then resolved on by SDS-PAGE on 9% slab gel which was later stained using colloidal 

Coomassie stain as described before [44]. Proteins were further processed as described [45]. 

Peptide samples were analyzed with a shot-gun approach and data dependent analysis in an 

LC-MS system (RSLC, LTQ Orbitrap Velos, both Thermo Fisher) as described recently [45]. 

Raw MS data were processed using Proteome discoverer 1.4 (Thermo Scientific) and Max 

Quant software (version 1.5) [46] and a data base containing human and viral proteins and 
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common contaminants. Proteins were stated identified by a false discovery rate of 0.01 on 

protein and peptide level. 

2.9. Fluorescence Microscopy 

COS-1 cells were grown on coverslips, transfected with cGRP94 and fixed 48 h post-

transfection with 4% paraformaldehyde. The samples were prepared as described previously 

[47] using a combination of mouse anti-FLAG antibodies to detect camel Hsp9B1 and rabbit 

anti-calnexin antibody as an ER marker. ProLong Gold Antifade Reagent with DAPI was 

used to mount the coverslips and visualize the cell nucleus. The samples were examined by a 

Leica TCS SP5 confocal microscope with a HCPL APO 63 × 1.3 oil immersion objective. 

2.10. Bioinformatic analysis  

mRNA sequences, coding regions and amino acid sequences of related mammalian 

species were extracted from the NCBI GenBank database [48]. All sequence alignment of the 

retrieved sequences were aligned together with the isolated cGRP94 using Clustal Omega 

multiple sequence alignment [49]. Deduced amino acid of the isolated cDNA encoding 

c.GRP94 were produced using (http://www.fr33.net/translator.php). Protein amino acid 

composition was calculated by ExPASy ProtParam [50]. Phylogenetic trees were generated 

using (http://www.phylogeny.fr/) [51]. Secondary structure of cGRP94 was done according to 

[52] and (https://www.predictprotein.org/). 3D model of cGRP94 was done using Chimera 

1.11.2 software [53].  
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3. RESULTS 

3.1. Full length coding cDNA of camel endoplasmin (cGRP94) 

GRP94 mRNA is highly conserved among different mammalian species (Fig. S1). We 

made use of this fact to generate full length coding GRP94 cDNA from the total mRNA of 

camel liver tissue based on a modified technique for rapid amplification of cDNA ends 

(RACE) [36,54] (Fig. 1). For this purpose, the first strand cDNA was synthesized from total 

mRNA using a reverse primer (primer RACE-RT, Table 1) composed of a defined template 

region followed by a poly thymidine (poly T) stretch. The poly T stretch anneals with the poly 

adenine (poly A) tail of the mRNA and can provide the priming reaction for the reverse 

transcriptase. For PCR amplification of the full length coding cDNA of camel GRP94, we 

designed a forward primer (5’ Degenerate-For, Table1) comprising a highly conserved stretch 

at the 5’ untranslated region of human and other mammalian species including monkey, cattle, 

horse and dog (Schematic alignment Fig. 1D, for detailed alignment Fig. S1). The reverse 

primer was reverse complement to the template region in the RACE-RT primer. Proof reading 

PCR performed with this approach resulted in a prominent band with approximately 3000 bp 

on the agarose gel (Fig 1E). After sequencing the amplified product, the sequence was blasted 

using BLASTn [55] and the results confirmed successful isolation of camel GRP94 cDNA. 

The complete coding sequence of cGRP94 consisted of 2412 bp (Fig. 2), submitted to 

GenBank and assigned the accession number MG646010. Nucleotide blast analysis for 

cGRP94 showed high similarity between mammalian species. For instance, the comparative 

alignment confirmed high identity (93 % – 99 %) with the GRP94 (HSP90B1) cDNA from 

different mammals including dog, pig, horse, cattle, rhesus monkey and human (Table 2). 

3.2. Amino acid composition, phylogenetic analysis, secondary structure prediction and 

3D modeling 

The coding sequence of cGRP94 encoded a protein of 803 amino acids (Fig. 2).  As an 

ER resident chaperone, GRP94 from all organisms contains a 21 amino acids long signal 

peptide required to translocate the protein into the ER as well as a KDEL sequence at the 

outmost C-terminal end that is needed for ER retention [10,11].  The molecular analysis of the 

whole protein using the ProtParam tool hosted by ExPASy server showed that it contains 171 
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negatively charged residues (Asp and Glu) and 116 positively charged residues (Arg and 

Lys). The predicted isoelectric point (pI) is 4.76 and the predicted molecular weight 92.5 kDa. 

A schematic diagram amino acid composition of the whole protein together with its general 

secondary structure topology and solvent solubility are shown in Fig. 3. Protein BLAST 

analysis showed high identity between camel and selected mammals with (98 % -100 %) 

(Table 2). Interestingly, cGRP94 exhibited 100 % identity with human GRP94 (hGRP94) at 

the protein level since it differed only with one nucleotide 657C>T in the cDNA. The high 

amino acid identity of GRP94 between different animals allowed the prediction of its 

secondary structure in camel coupled with protein alignment in different animals (Fig. 4). 

Similarly, cGRP94 3D model was constructed according to the highest coverage and best 

matching model. The cGRP94 3D model was generated based on the GRP94 model (2O1U) 

as revealed by SWISS MODEL server. This model exhibited 98% sequence identity and 80% 

coverage with cGRP94 including residues (85-749). Also, the phylogenetic analysis of 

cGRP94 with other selected mammals demonstrated strong conservation between camel and 

the selected species especially human and monkey as shown in Fig. 5. 

3.3. Expression and characterization of cGRP94 in mammalian cells  

To characterize cGRP94 we expressed its FLAG-tagged and Myc-tagged forms in COS-

1 and CHO-K1 cells. Since the first N-terminal 21 amino acid residues are cleaved co-

translationally [56], we designed a cloning strategy to add either the Myc tag or the FLAG tag 

to the C-terminal of the protein (Fig. 6A). We also added an additional KDEL peptide, the ER 

retention signal, after the end of the tag to avoid mislocalization. Western blot analysis 

revealed multiple isoforms of the recombinant cGRP94 in COS-1 cells (Fig. 6B, C) with 4 

major bands of sizes ranging from 100 kDa to 130 kDa and one relatively faint band at about 

70 kDa. Although the Myc-tagged and FLAG-tagged recombinant cGRP94 showed similar 

expression patterns when transfected into COS-1 cells, the detection of Myc-tagged cGRP94 

in either COS-1 or CHO-K1 cells was not as efficient as the FLAG tagged cGRP94 when 

analyzed by Western blot (data not shown). Therefore, we proceeded our experiments with 

the FLAG-tagged version of cGRP94. Treatment of immunoprecipitated cGRP94 from COS-

1 cells with Endo H or PNGase F reduced the size of the upper isoform of the recombinant 

protein compatible with its mannose-rich type of glycosylation and therefore localization in 
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the ER or in the early constitutive secretory pathway. Confirmative mass spectrometry 

analysis of the four cGRP94 excised bands showed coverage percentages of 46%, 65%, 62% 

and 65% (Fig. S2). We then examined the intracellular localization of cGRP94 in COS-1 cells 

by confocal microscope where it localized mainly in the endoplasmic reticulum (ER) (Fig. 

6D). 

Transient expression of GRP94 in COS-1 cells is a rapid method to determine its 

structural features. Nevertheless, the overexpression of proteins in this cellular model may 

generate incomplete or partially folded proteins. To analyze the chaperone function of GRP94 

under controlled conditions and normal or low copy number for future studies, this chaperone 

was stably expressed in CHO-K1 cells. Notably, the electrophoretic pattern of GRP94 in these 

cells differed from its counterpart in COS-1 cells. While expression of cGRP94 in COS-1 

cells produced four main closely separated bands, stable CHO-K1 cells revealed only two 

main isoforms in the size range between 100 kDa and 130 kDa. Moreover, the glycosylated 

form detected in COS-1 cells was not revealed in the stable cell line, since none of the 

isoforms was sensitive to Endo H or PNGase F.  

Previous studies reported the release of GRP94 from BHK-21 cells in a serum-free 

medium where the amount of extracellular GRP94 in the medium represented 0.3%–0.5% of 

its total intracellular content [57]. Here, we investigated the secretory forms of cGRP94 in 

both transiently transfected COS-1 cells and stable CHO-K1 cell lines. Interestingly, western 

blot analysis of the immunoprecipitates derived from the culture media showed two main 

cGRP94 secreted isoforms from COS-1 cells and multiplet of closely migrating isoforms in 

CHO-K1 cells with varying intensities nearly at the same size as appeared in COS-1 cells 

(Fig. 7, right panels). 

Since cholesterol- and sphingolipids-enriched lipid rafts has been suggested to facilitate 

cell surface expression as well as secretion of some HSPs and other ER located chaperones 

including GRP78 and calreticulin [58–61], we aimed to analyze the potential association of 

cGRP94 with lipid rafts in both COS-1 and CHO-K1 cells under normal culture conditions. 

For this purpose, sucrose density gradients were used to analyze the distribution of cGRP94-

FLAG-KDEL in the Triton X-100-insoluble lipid rafts fractions. By virtue of their low 

buoyant density lipid rafts are retained in the floating fractions of the gradient and can be 
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detected using flotillin 2, a lipid rafts protein marker [42,43] in Western blot analysis. In fact, 

the three top floating fractions of the gradient contained appreciable levels of flotillin 2 

confirming the distribution of the lipid rafts in the upper part of the gradient (fractions 1-3).  

The detergent soluble proteins were found in the bottom part of the gradient (fractions 8-10). 

In the same gradients cGRP94 was exclusively found in the soluble or non-raft fractions. 

Given that the cholesterol levels in the ER are low, Triton X-100 insoluble lipid rafts that are 

rich in cholesterol would not be expected to occur in the ER. It is therefore unlikely that 

cGRP94 has exit the ER to a compartment that is enriched in lipid rafts-like microdomains. 
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4. DISCUSSION 

Endoplasmin or GRP94 is one of the major chaperones operating in the ER that is 

implicated in protein folding. Together with other ER specialized chaperones, it maintains 

protein homeostasis and mediates targeting of misfolded proteins to the ER-associated 

degradation (ERAD) [62,63]. Previous studies characterized the canine GRP94 obtained from 

dog heart and identified it as a substrate for casein Kinase II [64]. In cattle, GRP94 was 

cloned using isolated cDNA obtained from bovine mammary gland where its mRNA level 

increased substantially in the developing stage after hormonal induction of lactation [65]. So 

far, there is limited data on camel HSPs and their putative implication in folding of proteins as 

well as modulation and regulation of their function in comparison to other mammals 

including humans [66,67]. Arabian camel (Camelus dromedarius) is well acclimated to 

tolerate and survive severe drought and high temperatures for long periods of time [26]. 

Previous studies addressed the cloning of cytosolic camel HSPs including HSPA6 and 

HSP90α [67,68]. Nevertheless, these studies lacked the molecular and cellular analysis of 

their expressed proteins in mammalian cells. Here, we report the first cloning of a full length 

coding cDNA encoding the ER resident endoplasmin from the camel or cGRP94. Like its 

orthologues from other species, cGRP94 contained a signal sequence consisting of the first 21 

amino acid residues at the N-terminus and a KDEL peptide motif at the C-terminus. These 

peptide sequences are essential for protein targeting and subsequent retention in the ER lumen 

[10,11]. Moreover, the strikingly high conservation of GRP94 at the protein level with other 

species (Table 2) lead to the assumption that cGRP94 shares almost the same protein 

secondary and tertiary structures of GRP94 in other mammalian species including human. 

This fact strongly substantiates the pivotal role of GRP94 and its functional constraint 

throughout evolution. 

GRP94 was previously cloned from other animals including dog and cattle with lacking 

information about the extracellular or secreted forms of the recombinant protein [64,65]. 

Purified GRP94 from the rough microsomes of porcine pancreas revealed several closely 

migrating bands as different forms of GRP94 [69]. Similarly, Cala et al. [70] could 

demonstrate that overexpression of canine GRP94 in Sf21 cells resulted in the appearance of 

multiple distinct forms of the recombinant protein on SDS gels. In the present study, 
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transfected cGRP94 construct into COS-1 cells showed multiple expression isoforms 

resembling those of GRP94 obtained from dog heart and purified from porcine pancreas as 

revealed by Western blot analyses suggesting analogous processing and posttranslational 

modification between GRP94 homologues in other species and recombinant camel version of 

GRP94. Former studies reported that GRP94 is N-glycosylated at 6 potential sites with unique 

expression level dependent hyperglycosylation [71]. These N-glycosylation sites included 

Asn62, Asn107, Asn217, Asn445, Asn481 and Asn502. However, the best characterized N-

glycosylation site was Asn217 (also known as Asn196 counting after N-terminal signal 

peptide or the first 21 amino acid residues) [71,72]. In depth analysis of the overexpressed 

cGRP94 in COS-1 cells using Endo H that cleaves high-mannose N-linked oligosaccharides 

[73] showed that the upper band is the glycosylated form of the protein as indicated by its 

mobility shift to the lower band. Subsequent immunofluorescence analysis of the cloned 

cGRP94 confirmed its localization in the ER as an ER resident chaperone [2]. However, 

unlike the protein expressed in COS-1 cells, cGRP94 expressed in CHO-K1 cells was not N-

glycosylated as assessed by its insensitivity towards Endo H and PNGase F. One potential 

explanation for this difference can be altered folding patterns of the GRP94 in the two cell 

lines rendering predicted N-glycosylation sites of GRP94 in COS-1 cells exposed to the 

glycosylation machinery while those in CHO-expressed GRP94 are not. The predicted 3D 

model of cGRP94 lends a strong support to this view, since the potential N-glycosylation 

residues within the GRP94 molecule are revealed inside or in close proximity to the helical 

structures of the protein and are likely not glycosylated when the protein is correctly folded. 

This is likely to be the case in CHO cells, since the expression in these cells occurs at a 

normal gene copy number. On the other hand, overexpression of cGRP94 in COS-1 cells may 

generate incomplete or partially folded protein molecules that may escape the quality control 

machinery and are subject to further processing, such as glycosylation. It should be also not 

excluded that species differences may account for the variations in the processing and 

glycosylation of endoplamsin, since COS-1 cells are derived from the monkey and CHO cells 

from the Chinese hamster.   

Interestingly, our data showed that the secreted forms of cGRP94 from both COS-1 and 

CHO-K1 expressing cells could be detected in cell culture media following 

immunoprecipitation. Unlike the intracellular forms, the secreted forms of cGRP94 were both 
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resistant to Endo H and PNGase F suggesting variations in their posttranslational processing 

relative to the intracellular isoforms. Interestingly, secretion of the cGRP94 occurs despite the 

presence the KDEL retention signal [10] at the outmost C-terminal end. These findings are in 

line with other observations reporting the release of GRP94 from BHK21 cells in FCS free 

medium [57]. It seems that the KDEL signal is refractory in the context of this chaperone 

permitting its escape from the ER environment. The protein levels of the secreted cGRP94 

clearly indicate that the ER-exit and secretion into the external milieu do not underlie a 

missorting or default pathway, but it is rather a targeted exit. Besides GRP94, other HSPs 

including Hsp27, Hsp70, Hsp90, HSP110, GRP78 and GRP170 have been reported to be 

secreted into the extracellular environment [74]. Moreover, the ER chaperones including 

protein disulfide isomerase (PDI) and GRP78 (BiP) were also found to be secreted in variant 

degrees from exocrine pancreatic cells [23]. Secreted HSPs are suggested to play 

immunological roles by acting as danger signals and inflammatory activators of innate and 

adaptive immunity besides their anti-inflammatory and cytoprotective functions [74]. 

Previous studies with murine GRP94 argued that it exists as a membrane-bound protein 

in which the amino acid residues 170-192 represent the transmembrane domain. Other 

contradicting data based on immunoelectron microscopy as well as biochemical isolation of 

GRP94 from membrane fractions considered GRP94 as a soluble and a membrane-associated 

protein [75]. In addition, former studies showed that under certain stress or pathologic 

conditions, ER chaperones including GRP78 or BiP and calreteculin have been associated 

with DRMs or lipid rafts [58,61]. Therefore, we addressed the potential interaction of 

cGRP94 with DRMs under normal culture conditions in COS-1 and CHO-K1 cells. 

Nevertheless, our data do not confirm an interaction of cGRP94 with lipid rafts and 

demonstrate that it exists as a luminal soluble protein. 

Taken together, this study clearly presented cGRP94 from Arabian camel for the first 

time and characterized its cellular and molecular forms. Since the protein clients of GRP94 

are limited to a few proteins, future work is needed to expand the knowledge about its client 

selectivity and the mechanism of binding with its partners. Also, more effort is required to 

give clues about its secretion mechanisms and factors influencing this process. 
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Tables 

Table 1 primers used for cDNA synthesis and cloning of cGRP94. Sites of restriction enzymes (RE) 

within the primers are bolded and underlined. 

 
Primer name Primer sequence (5’3’) RE site Aim or Description 

RACE-RT 
GCTCGCGAGCGCGTTTAAACGCGCA

CGCGTTTTTTTTTTTTTTTTTTVN 

 For reverse transcription and 

first strand cDNA synthesis  

3’ RACE-For ATGAGGGCCCTGTGGGTG  To get the 3’ end sequence of the 

cGRP94 cDNA 3’ RACE-Rev GCTCGCGAGCGCGTTTAAAC  

5’ Degenerate-For GGGACTTGAGACTCACCGGCCG  To get the 5’ end sequence of the 

cGRP94 cDNA 5’ Degenerate-Rev GCTCGCGAGCGCGTTTAAAC  

FL-For ATGAGGGCCCTGTGGGTG  
To amplify the full length coding 

cDNA of cGRP94 FL-Rev 
CAATTCATCTTTTTCAGCTGTAGATT

CCTTTGCTG 

 

P1-For 
GGTTAACTCGAGCTAGAGTTCGTCTT

TATGGTGATGGTGATGATGAC 

XhoI 
To introduce KDEL signature to 

the end of Myc fusion cGRP94 

protein P1-Rev 
CTATTCCTCGAGGACTGTGCCTTCTA

GTTGC 

XhoI 

P2-For 
CCAATTCTAGACGTTACTAGAGGGC

CCTTC 

XbaI 

To replace the Myc with FLAG 

tag in pCDNA3.1 Myc His A 

vector P2-Rev 

CACTGTCTAGATTACAGCTCGTCCTT

ACCGCCTCCACCCTTATCGTCGTCAT

CCTTGTAATCTCCACCTCCTCCCAAT

TCATCTTTTTCAGCTGTAGATTCC 

XbaI 

P3-For 
AATTAAGCGGCCGCATGAGGGCCCT

GTGGGTG 

NotI 
For subcloning from FLAG 

KDEL-pcDNA3.1 construct to 

pCMV-3Tag-3A vector  P3-Rev 
CCTGGCTCGAGTCCACCTCCTCCCAA

TTCATCTTTTTCAGC 

XhoI 

P4-For 
TACTATCTAGATATTACAATTCACTC

GATCGGC 

XbaI 
To add final terminal KDEL 

signature after 3x-FLAG to 

cGRP-pCMV-3Tag-3A 

construct 
P4-Rev 

TATCTTCTAGATTACAGCTCGTCCTT

ACCGCCTCCACCTTTATCGTCATCAT

CTTTGTAGTCC 

XbaI 

 

 

 

Table 2 Comparison between Camelus dromedarius endoplasmin or cGRP94 (GenBank accession, 

MG646010) and other mammals. 

 
Name mRNA 

Ref.Seq 

nucleotides Identity 

(%) 

Protein 

(Ref.Seq) 

Amino 

acid 

residues 

Identity (%) 

Human  

(Homo sapiens) 

NM_003299.2 2412 99 NP_003290.1 803 100 

Rhesus Monkey  

(Macaca 

Mulatta) 

NM_001195524.1 2415 98 NP_001182453.1 804 99 

Cattle  

(Bos taurus) 

NM_174700.2 2415 92 NP_777125.1 804 98 

Horse NM_001163873.1 2415 94 NP_001157345.1 804 98 

Pig NM_214103.1 2415 93 NP_999268.1 804 98 

Dog NM_001003327.2 2415 93 NP_001003327 804 98 
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Figures 

 

Fig. 1. Modified RACE strategy for amplification of the cDNA encoding camel endoplasmin 

(cGRP94) 

(A) Isolated GRP94 mRNA from camel (cGRP94 or cHSP90B1) was used to synthesize the 

first strand cDNA using RACE-RT primer (blue bended arrow) and reverse transcriptase. The 

coding region is depicted as a black box. The non-coding regions of cGRP94 is represented as 

a solid grey line. (B) The synthesized first strand by RT-PCR contained a modified poly T tail 

(closed terminal grey box) as a result of using modified reverse (RACE-RT) primer for cDNA 

synthesis. (C) 3’RACE PCR was performed using gene specific primer (3’RACE-For) located 

in the beginning of the cGRP94 cDNA (left red arrow) and 3’ RACE-reverse primer (right red 

arrow) (for more details, see Table 1). (D) 5’degenerate PCR was performed using 5’ 

degenerate-forward primer (left red arrow) and 5’ degenerate-reverse primer (right red arrow). 

The alignment illustrates the high conservation of the 5’ untranslated region of cGRP94 and 

related mammalian species. The left red box refers to the site where the 5’degenerate-forward 

primer was designed whereas the right red box refers to the site of the 3’RACE-forward primer 

or gene specific primer (GSP). Green shaded codons refer to the start codon of cGRP94. (E) 

1% agarose showing 3’ RACE and 5’ degenerate PCR products of reactions in (C) and (D) 

with sizes of about 3000bp (denoted by arrow head). 
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Fig. 2. Deduced amino acids of cGRP94 coding sequence. The cDNA of cGRP94 contained 

2412 bp encoding for 803 amino acids. Shown is the deduced sequence in single letter code. 

The underlined first 21 amino acids represent N-terminal signal peptide of the cGRP94 protein 

whereas the underlined final C-terminal KDEL residues are the ER retention signal. The 

potential N-linked glycosylation sites are designated in red boxes at the Asn residues 62, 107, 

217, 445, 481 and 502. 
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Fig. 3. Amino acid composition of cGRP94. (A) Diagram showing the percentages of the 

proteinogenic amino acids in cGRP94. (B) Pie chart shows the cGRP94 secondary structure 

composition (left side) and its solvent accessibility (right side). 
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Fig. 4. (Continued) 

 

 

 

 



Chapter 3: Molecular cloning, cellular expression and characterization of camel endoplasmin GRP94 

 

 

102 

 

 

 

Fig. 4. Alignment and secondary structure of cGRP94 in comparison to other species. Multiple 

protein sequence alignment of cGRP94 and other GRP94 proteins in related mammals. Based 

on protein sequence homology, predicted cGRP94 secondary structure was associated with the 

sequence alignment (upper panel). Dark black background indicates highly conserved residues 

in the same column. 
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Fig. 5. 3D model and phylogenetic analysis of cGRP94. 

(A) Stereo ribbon depiction of the predicted 3D structure model of cGRP94 (red) and its 

superimposition with the best matching GRP94 model, 2o1uA (cyan) as suggested by Swiss-

model server. The left panel shows the full proposed 3D model of cGRP94 with the potential 

N-glycosylation Asn residues as yellow spheres. The right panel is a closer view of the N-

glycosylated Asn residues within the cGRP94 protein. Note the close location of the Asn 

residues in immediate proximity or within -helices suggesting the difficulty to be accessed by 

the N-glycosylation machinery, when the protein is correctly folded. 

(B) Phylogenetic tree of cGrp94 with other selected mammalian species. The phylogenetic 

analysis was done based on both coding cDNA (left side) and amino acid sequences (right side) 

in different animal species. Note the high conservation between camel and other mammals 

especially human and monkey. 
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Fig. 6. Expression and localization of cGRP94 in COS-1 cells. (A) Schematic diagram of the 

isolated recombinant cGRP94. The full length coding cDNA of cGRP94was tagged at its C-

terminal by 3x-FLAG. Four glycine residues were inserted as spacers between FLAG and the 

coding region. Another KDEL (ER-retention signal) was added at outmost C-terminal end to 

ensure correct localization of the recombinant protein. (B) COS-1 cells were transfected with 

the cDNA encoding cGRP94-FLAG. Detergent extracts of the transfected cells were treated 

with Endo H or PNGase F or not treated and subjected to Western blotting using anti-FLAG 

antibody. (C) Similar experiment as in (B) has been performed, except that the cellular extracts 

were first immunoprecipitated with ant-FLAG antibody, followed by Endo H and PNGase F 

treatments and Western blotting using anti-FLAG antibody. In both cases multiple isoforms of 

cGRP94 were detected with most prominent isoforms appearing at approximately 100 kDa, 

110 kDa, 120 kDa and 125 kDa while the faint lower molecular weight isoform appeared at 

about 70 kDa. Actin, a house keeping protein was used as control. NT (non-transfected) COS-1 

cells. (D) Confocal microscopic analysis of cGRP94 expressed in COS-1 cells. Indirect 

immunofluorescence showing cGRP94 (green) in combination with the cell nucleus (blue) and 

calnexin (red) as an ER-resident protein marker. Scale bars: 10 μm 
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Fig. 7. Secretion of HSP90B1 from COS-1 and CHO-K1 cells. cGRP94 was isolated by 

immunoprecipitation from detergent extracts of transiently transfected COS-1 cells (upper 

panel) or CHO-K1 cells stably expressing the protein (lower panel).  As shown, there is a 

difference in the isoforms expressed in the two cell lines. COS-1 cells reveals five isoforms 

with the upper one being N-glycosylated, while in CHO-K1 three isoforms could be detected 

that are not N-glycosylated (resistant to Endo H and PNGase F). 

The right panels represent the secreted forms of cGRP94 from both cell lines after 

immunoprecipitation of the cell culture media with anti-FLAG antibodies. Note that the 

isoforms secreted are not N-glycosylated due to their resistance to Endo H and PNGase F. The 

black arrowheads refer to the partially secreted isoforms as compared to the cellular isoforms 

in each cell line. 
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Fig. 8. Association of cGRP94 with cholesterol-enriched membrane microdomains or lipid 

rafts under physiological conditions. Transiently transfected COS-1 cells (upper panel) or 

stable CHO-K1 cells (lower panel) expressing cGRP94 were solubilized with 1% Triton-X 

100. Sucrose density gradient centrifugation of the detergent extracts was performed to 

separate the detergent-insoluble lipid rafts (floating fractions, 1-3) from the detergent-soluble 

non-lipid rafts (fractions 4–7, 8–10). For the detection of cGRP94 in the gradient fraction anti-

FLAG antibody was utilized in Western blots. Flotillin 2, a typical lipid rafts protein marker, 

served as a control in the same blots. 
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Supplementary material 

 

 

Fig. S1. (Continued) 

                                                                                                                                               

                         *        20         *        40         *        60         *        80         *       100         *       120       

Human         : GATTGGTGGGTTCATGTTTCCCGTCCCCCGCCCGCGGGAAGTGGGGGTGAAAAGCGGCCCGACCTGCTTGCGGTGTAGTGGGCGGACCGCGCGGCTGGAGGTGTGAGGATCCGAACCCAG :  120

Rhesus-monkey : ------------------------------------------------------------------------------------------------------------------------ :    -

Cattle        : ----------------------------------------------------------------------------------------........T..........CC..G....T.C. :   32

Horse         : ------------------------------------------------.....................CG..G......................T............G.T..G..... :   72

Dog           : -----------------------------------------------------------------------------------------.......T.T...C....CG..T..T...C. :   31

Pig           : ------------------------------------------------------------------------------------------------------------------------ :    -

                                                                                                                                               

                                                                                                                                               

                         *       140         *       160         *       180         *       200         *       220         *       240       

Human         : GGGTG-GGGGG--TGGAGGCGGCTCCTGCGATCGAAGGGGACT--TGAGACTCACCGGCCGCACGCCATGAGGGCCCTGTGGGTGCTGGGCCTCTGCTGCGTCCTGCTGACCTTCGGGTC :  235

Rhesus-monkey : ---------------------------........GA......--........................................................................... :   91

Cattle        : .C..AG.A...GGC..............A.C..--.AA..GGACT................TG......................................................... :  150

Horse         : .C...G.....--C...................AG.A......--.....................................................................T..... :  188

Dog           : .-.GTG.....--..............A.T...A..AA....GTGA..CT.C..........G......................................................... :  148

Pig           : -------------------------------------------------------......TG..A...........................G.......................... :   65

                                                                                                                                               

                                                                                                                                               

                         *       260         *       280         *       300         *       320         *       340         *       360       

Human         : GGTCAGAGCTGACGATGAAGTTGATGTGGATGGTACAGTAGAAGAGGATCTGGGTAAAAGTAGAGAAGGATCAAGGACGGATGATGAAGTAGTACAGAGAGAGGAAGAAGCTATTCAGTT :  355

Rhesus-monkey : ...............C.....................................................C.................................................. :  211

Cattle        : A..GC.G........C.....G...........G.....G.....A.......................C........A......................................... :  270

Horse         : ....C................C...............................................C........A...........G..C..............G..G........ :  308

Dog           : A...C................C.................G.............................C..C.....A..............G.......................... :  268

Pig           : T...C.C.....G........G...........G.....G.....A.......................T..C.....A.........A............................A.. :  185

                                                                                                                                               

                                                                                                                                               

                         *       380         *       400         *       420         *       440         *       460         *       480       

Human         : GGATGGATTAAATGCATCACAAATAAGAGAACTTAGAGAGAAGTCGGAAAAGTTTGCCTTCCAAGCCGAAGTTAACAGAATGATGAAACTTATCATCAATTCATTGTATAAAAATAAAGA :  475

Rhesus-monkey : ..................G.........................................T.....T..................................................... :  331

Cattle        : ..................C.......................A..A....................T.......................C............................. :  390

Horse         : ..................C.......................A..A....................T...................................C................. :  428

Dog           : ..................C....................A..A..A.....A..............T.....G..T............................................ :  388

Pig           : ..................C.......................A..A.....A..............T......................................A.............. :  305

                                                                                                                                               

                                                                                                                                               

                         *       500         *       520         *       540         *       560         *       580         *       600       

Human         : GATTTTCCTGAGAGAACTGATTTCAAATGCTTCTGATGCTTTAGATAAGATAAGGCTAATATCACTGACTGATGAAAATGCTCTTTCTGGAAATGAGGAACTAACAGTCAAAATTAAGTG :  595

Rhesus-monkey : .................................C..C...............C.......................................................T........... :  451

Cattle        : ..........C...........................................A..............................G.............GT.G..G..T........... :  510

Horse         : .....................................................................G...................................G.............. :  548

Dog           : .......T...............................C...............T.............................G...................T.............. :  508

Pig           : .........A................................G..........................................G.............GT....G.............. :  425

                                                                                                                                               

                                                                                                                                               

                         *       620         *       640         *       660         *       680         *       700         *       720       

Human         : TGATAAGGAGAAGAACCTGCTGCATGTCACAGACACCGGTGTAGGAATGACCAGAGAAGAGTTGGTTAAAAACCTTGGTACCATAGCCAAATCTGGGACAAGCGAGTTTTTAAACAAAAT :  715

Rhesus-monkey : .....................................................................G..........................A....................G.. :  571

Cattle        : ...C................................T...............C.G..G........G...........C...........G.....A....................... :  630

Horse         : ...C.................A........G.....T...............C.G.........................................C..............G........ :  668

Dog           : ...C...........T.....A..............T.....G.........C.G.........................................A....................... :  628

Pig           : ...C.................C..............T.....G.........C.G................................................................. :  545

                                                                                                                                               

                                                                                                                                               

                         *       740         *       760         *       780         *       800         *       820         *       840       

Human         : GACTGAAGCACAGGAAGATGGCCAGTCAACTTCTGAATTGATTGGCCAGTTTGGTGTCGGTTTCTATTCCGCCTTCCTTGTAGCAGATAAGGTTATTGTCACTTCAAAACACAACAACGA :  835

Rhesus-monkey : ...G.....................................................T............................................A................. :  691

Cattle        : ......G.....A.................A..G...C....C..T...........T...........T...........G........A...........G..............T.. :  750

Horse         : ......G......................................T.......................T...........G....................A................. :  788

Dog           : ......G.....A..G.....................C.......G.......................T...........C....................A................. :  748

Pig           : ...G..G.....A....................G...C.............C.....T..C........T....................A...........G..............T.. :  665

                                                                                                                                               

                                                                                                                                               

                         *       860         *       880         *       900         *       920         *       940         *       960       

Human         : TACCCAGCACATCTGGGAGTCTGACTCCAATGAATTTTCTGTAATTGCTGACCCAAGAGGAAACACTCTAGGACGGGGAACGACAATTACCCTTGTCTTAAAAGAAGAAGCATCTGATTA :  955

Rhesus-monkey : .....................C.................A................................................................................ :  811

Cattle        : C.....A..............C................................C..............C...........A..C...........T....................... :  870

Horse         : ..................A..C...........G.....C.........................................A..............T..G.................... :  908

Dog           : .........T........A..............G..C..................C....G.....C..C...........A........A.....T....................... :  868

Pig           : C....................C................................C...........CT............................T....................... :  785

                                                                                                                                               

                                                                                                                                               

                         *       980         *      1000         *      1020         *      1040         *      1060         *      1080       

Human         : CCTTGAATTGGATACAATTAAAAATCTCGTCAAAAAATATTCACAGTTCATAAACTTTCCTATTTATGTATGGAGCAGCAAGACTGAAACTGTTGAGGAGCCCATGGAGGAAGAAGAAGC : 1075

Rhesus-monkey : ........................................................................................................................ :  931

Cattle        : ........................C.....G.....................................................C.....G........A..TGCT..A........... :  990

Horse         : ..............................G...........................................................A........A........A........... : 1028

Dog           : ............C....................G..............T........C...........G......................................A........... :  988

Pig           : ..............................G..............................................................C.....A..T.....A........... :  905

                                                                                                                                               

                                                                                                                                               

                         *      1100         *      1120         *      1140         *      1160         *      1180         *      1200       

Human         : AGCCAAAGAAGAGAAAGAAGAATCTGATGATGAAGCTGCAGTAGAGGAAGAAGAAGAAGAAAAGAAACCAAAGACTAAAAAAGTTGAAAAAACTGTCTGGGACTGGGAACTTATGAATGA : 1195

Rhesus-monkey : ...A....................................................................A............................................... : 1051

Cattle        : ...A........T................................A.....G.....C..............A.............................T........G.....C.. : 1110

Horse         : ...A........A........C.......................A.......................G..A.............................T................. : 1148

Dog           : ...A........A........T....................G..A........G..G.....A........A..C...........G..............T.....G........... : 1108

Pig           : ...A........A.....G..........................A..........................A............................................... : 1025

                                                                                                                                               

                                                                                                                                               

                         *      1220         *      1240         *      1260         *      1280         *      1300         *      1320       

Human         : TATCAAACCAATATGGCAGAGACCATCAAAAGAAGTAGAAGAAGATGAATACAAAGCTTTCTACAAATCATTTTCAAAGGAAAGTGATGACCCCATGGCTTATATTCACTTTACTGCTGA : 1315

Rhesus-monkey : ......................................................................................................C...........C..... : 1171

Cattle        : .........C.................G...........G..G.........................................C..............A.....C.............. : 1230

Horse         : .........G................................T............................................C.................C.............. : 1268

Dog           : C.........................................T..C...........................................................C.............. : 1228

Pig           : ..............................G...........T.........................................C..C.................C.....C........ : 1145

                                                                                                                                               

                                                                                                                                               

                         *      1340         *      1360         *      1380         *      1400         *      1420         *      1440       

Human         : AGGGGAAGTTACCTTCAAATCAATTTTATTTGTACCCACATCTGCTCCACGTGGTCTGTTTGACGAATATGGATCTAAAAAGAGCGATTACATTAAGCTCTATGTGCGCCGTGTATTCAT : 1435

Rhesus-monkey : ....................................................................................T................................... : 1291

Cattle        : ..................G...........C..............C.................T...........C..G.....T..............G...........A........ : 1350

Horse         : .........G...........C........................................................G.....T..............G...........A........ : 1388

Dog           : .........C..........................T..........................T..............G.....T..............T..C......A.A........ : 1348

Pig           : ..................G..........................C........G..A.....T..............G.....T..............G...........C..G..... : 1265

                                                                                                                                               

                                                                                                                                               

                         *      1460         *      1480         *      1500         *      1520         *      1540         *      1560       

Human         : CACAGACGACTTCCATGATATGATGCCTAAATACCTCAATTTTGTCAAGGGTGTGGTGGACTCAGATGATCTCCCCTTGAATGTTTCCCGCGAGACTCTTCAGCAACATAAACTGCTTAA : 1555

Rhesus-monkey : ..............................G.....T...................................G............................................... : 1411

Cattle        : ...........................C..G.....G.................T........G..........................T.....A....................... : 1470

Horse         : ......T....................C..G.....T.................T........G........T..............T..A............................. : 1508

Dog           : ......T....................C..G.....T..C..............T...................................G..A.......................... : 1468

Pig           : ...........................C..G.....G..C..C........C..T...................................T........G..............C..... : 1385

                                                                                                                                               

                                                                                                                                               

                         *      1580         *      1600         *      1620         *      1640         *      1660         *      1680       

Human         : GGTGATTAGGAAGAAGCTTGTTCGTAAAACGCTGGACATGATCAAGAAGATTGCTGATGATAAATACAATGATACTTTTTGGAAAGAATTTGGTACCAACATCAAGCTTGGTGTGATTGA : 1675

Rhesus-monkey : ...A.................................................................................................................... : 1531

Cattle        : .........A...........C........T.............................G........................................................A.. : 1590

Horse         : .........A...........C........T.............................G..G........................................................ : 1628

Dog           : .........A...........C........T.............................G..G..................................................A..... : 1588

Pig           : .........A..A........C........T.............................G..G..T..................................................A.. : 1505

                                                                                                                                               

                                                                                                                                               

                         *      1700         *      1720         *      1740         *      1760         *      1780         *      1800       

Human         : AGACCACTCGAATCGAACACGTCTTGCTAAACTTCTTAGGTTCCAGTCTTCTCATCATCCAACTGACATTACTAGCCTAGACCAGTATGTGGAAAGAATGAAGGAAAAACAAGACAAAAT : 1795

Rhesus-monkey : ....................................................................................A.....A............................. : 1651

Cattle        : ...T.....A.................C...........A..............C.......G......G.....T.............................G..G..G........ : 1710

Horse         : ...T.....A.............................A......................G...T........T.............................G.............. : 1748

Dog           : .........A.............................A........A.............G......A..C..T........A..C.................G..G........... : 1708

Pig           : .........A...A.........................A......................G............T.............................G..G........... : 1625
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Fig. S1. Multiple sequence alignment of GRP94 mRNA sequences in different large animal 

species. Green shaded blocks represent the (ATG) start codon of GRP94. The mRNA ref. Seq. 

are listed in Table 1 in the main article. Degrees of conservation are indicated by color 

intensities of residue’s background where high conservations arranged as follows; black > dark 

grey > light grey > white. An asterisk indicates a number of ten amino acid residues whereas 

dots in the lower lines refer to identical amino acid residue to the corresponding upper one in 

the same column. 

 

 

 

 

 

 

 

 

                                                                                                                                               

                         *      1820         *      1840         *      1860         *      1880         *      1900         *      1920       

Human         : CTACTTCATGGCTGGGTCCAGCAGAAAAGAGGCTGAATCTTCTCCATTTGTTGAGCGACTTCTGAAAAAGGGCTATGAAGTTATTTACCTCACAGAACCTGTGGATGAATACTGTATTCA : 1915

Rhesus-monkey : ..................................................................................................................C..... : 1771

Cattle        : ................G.......G........C...........C...................................G.....T.................C........C..... : 1830

Horse         : .................................C...........G.............................C.....G.....T.................C........C..C.. : 1868

Dog           : ..................T..............................................................G.....T.....C...........C........C..... : 1828

Pig           : ........................G........................................................G.....T.................C........C..... : 1745

                                                                                                                                               

                                                                                                                                               

                         *      1940         *      1960         *      1980         *      2000         *      2020         *      2040       

Human         : GGCCCTTCCCGAATTTGATGGGAAGAGGTTCCAGAATGTTGCCAAGGAAGGAGTGAAGTTCGATGAAAGTGAGAAAACTAAGGAGAGTCGTGAAGCAGTTGAGAAAGAATTTGAGCCTCT : 2035

Rhesus-monkey : .........T..................................................T...........A.........................................A..... : 1891

Cattle        : ...T........G..C..C..........................A..............T................G.......................................... : 1950

Horse         : ...T.....G..G..C..C.........................................T........................................................... : 1988

Dog           : ...T.....T..G...........A....................A.....T.....A..T.................A.................GA...................... : 1948

Pig           : ...T.....T..G.................T.............................T................G........A................................. : 1865

                                                                                                                                               

                                                                                                                                               

                         *      2060         *      2080         *      2100         *      2120         *      2140         *      2160       

Human         : GCTGAATTGGATGAAAGATAAAGCCCTTAAGGACAAGATTGAAAAGGCTGTGGTGTCTCAGCGCCTGACAGAATCTCCGTGTGCTTTGGTGGCCAGCCAGTACGGATGGTCTGGCAACAT : 2155

Rhesus-monkey : ......C........................................................T..............A.......................T................. : 2011

Cattle        : ...A..C....................C...........C..G.............................G............C....A..............G.............. : 2070

Horse         : ...C.......................C............................................G............C.C.................G.....G..G..... : 2108

Dog           : ...C..C.................T..C....................C.....A........T........G............C................T................. : 2068

Pig           : ...C.......................C..........................A.................G.....A.....CC.C..A....................A........ : 1985

                                                                                                                                               

                                                                                                                                               

                         *      2180         *      2200         *      2220         *      2240         *      2260         *      2280       

Human         : GGAGAGAATCATGAAAGCACAAGCGTACCAAACGGGCAAGGACATCTCTACAAATTACTATGCGAGTCAGAAGAAAACATTTGAAATTAATCCCAGACACCCGCTGATCAGAGACATGCT : 2275

Rhesus-monkey : .................................A...................................................................................... : 2131

Cattle        : ......G...........C..G..A.....G..A..............A..C.....T.....C..C.......................C...........A..A.............. : 2190

Horse         : ..................T.....A................................T.....C..C...........................................A...T..... : 2228

Dog           : ..................T.....A.....G........A.......................C..C..A.............................T..C.......A......... : 2188

Pig           : ..................C.....C.....G................................C..........................C........T..A........G........ : 2105

                                                                                                                                               

                                                                                                                                               

                         *      2300         *      2320         *      2340         *      2360         *      2380         *      2400       

Human         : TCGACGAATTAAGGAAGATGAAGATGATAAAACAGTTTTGGATCTTGCTGTGGTTTTGTTTGAAACAGCAACGCTTCGGTCAGGGTATCTTTTACCAGACACTAAAGCATATGGAGATAG : 2395

Rhesus-monkey : ....................................................................................A................................... : 2251

Cattle        : ....A..G...................C.....T....CA................................A..G........A........G.......................C.. : 2310

Horse         : .......G...................C..........CA................................A..G..A.....A.................G................. : 2348

Dog           : .......G...................C.....G..A.C........................G...........GA.A.....C.....GC..........................C. : 2308

Pig           : .......G...................C..........CA................................A..G..............C.................C.........C. : 2225

                                                                                                                                               

                                                                                                                                               

                         *      2420         *      2440         *      2460         *      2480         *      2500         *      2520       

Human         : AATAGAAAGAATGCTTCGCCTCAGTTTGAACATTGACCCTGATGCAAAGGTGGAAGAAGAGCCCGAAGAAGAACCTGAAGAGACAGCAGAAGACACAACAGAAGACACAGAGCAAGACGA : 2515

Rhesus-monkey : .........................................................T...........................A..........G....................... : 2371

Cattle        : ........................C..A.....C.................T........A.................G..A...A....G.....TG...................T.. : 2430

Horse         : .........G.....G...........A...........C...........T........A....................A...A....G.....C.....C.....G........... : 2468

Dog           : ...........................A................................A..A...........C.........A.C..G.....C.................G..... : 2428

Pig           : ........................C..A...........C.................G..A....................A...A....G.....C....................... : 2345

                                                                                                                                               

                                                                                                                                               

                         *      2540         *      2560         *      2580         *      2600         *      2620         *      2640       

Human         : AGATGAAGAAATGGATGTGGGAACAGATGAAGAA---GAAGAAACAGCAAAGGAATCTACAGCTGAAAAAGATGAATTGTAAATTATACTCTCACCATTTGGATCCTGTGTGGAGAGGGA : 2632

Rhesus-monkey : ..................................GAAC.................................................C................................ : 2491

Cattle        : ...G.....G.....C.CA........C..G...GAAC...........G..A.......................C...............TC.A........G............... : 2550

Horse         : ...C.............GA...G.......C...GAA...............A....C........T...................C................................. : 2588

Dog           : T..A.............CA........C..C...GAAC.........T....A.........................A........................A................ : 2548

Pig           : C..C.............C...GG.......G...GAAC........T..G..AC......................C........................................... : 2465

                                                                                                                                               

                                                                                                                                               

                         *      2660         *      2680         *      2700         *      2720         *      2740         *      2760       

Human         : ATGTGAAATTTACATCATTTCTTTTTGGGAGAGACT-TGTTTT---------GGATGCCCCCTAATCCCCTTCTCCCCTGCACTGTAAAATGTGGG-ATTATGGGTCACAGGAAAAA-GT : 2740

Rhesus-monkey : ..........G..G.........C.G..AGAGACT.G.T.GGA---------T.CCC...A.C.................................-...T.............G..-.. : 2600

Cattle        : .......G....TT..T...GGGAGA.ACTTGTTT.GGA.G.GTCCCCCACCCCCATG...TC.GC..........T................T..G...G...TCACAG.A.G-..GTG : 2669

Horse         : ............AG...........G..AGAG-...TGT....---------.ATGCT.....G.C...........................T..G...G.............G..GTG : 2698

Dog           : ............AG..........CGA.AGAGACT.G.T..GGAT---GCTCC------..GC.GC...........................T..G...G..........A..G..GTG : 2659

Pig           : ............AG...........G..AGAGACT.G.T..GGAT---GCTCCCTGC.....C.GC...........................T..G...G.............G..-.. : 2581

                                                                                                                                               

                                                                                                                                               

                         *      2780         *      2800         *      2820         *      2840         *      2860         *      2880       

Human         : GGGTTTTT---TAGTTGAATTTTTTTTAACATTCCTCATGAATGTAAATTTGTACTATTTAACTGACTATTCTTGATGTAAAATCTTGTCATGTGTATAAAAATAAAAAAGATCCCAAAT : 2857

Rhesus-monkey : ........---............................................................................................................. : 2717

Cattle        : ..----G.TTT................................................................G...................................G........ : 2785

Horse         : ..T.....---................................................................G............................................ : 2815

Dog           : ..T.....AGT.GAA.TTT........................................................G............................................ : 2779

Pig           : ........---................................................................G........................................G... : 2698

                                                                                                                                               

                                                         

                         *      2900         *           

Human         : ACTCAAAAAAAAAAAAAAAAAA------------ : 2879

Rhesus-monkey : .AAA...............--------------- : 2736

Cattle        : ---------------------------------- :    -

Horse         : .--------------------------------- : 2816

Dog           : .....----------------------------- : 2784

Pig           : .AAA..................AAAAAAAAAACG : 2732
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Fig. S2. (Continued) 
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Fig. S2. Expression and mass spectrometry analysis of camel endoplasmin (cGRP94) isoforms. 

(A) 7% SDS showing the expressed protein isoforms of recombinant camel endoplasmin 

(cGRP94) after transfection of COS-1 cells and immunoprecipitation using anti-FLAG 

antibody. The cGRP94 revealed four main isoforms (a, b, c and d) as indicated with red arrows 

and one faint isoform (not included). (B) Mass spectrometry results of the excised main 

cGRP94 protein bands. The bands (a, b, c and d) displayed coverage percentages of 45.66%, 

64.8%, 62.31 and 55.77%, respectively. The green coloration indicates the coverage of the 

analyzed peptides. 
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Response to various stresses is one of the fundamental mechanisms in cell physiology. 

It involves a defense reaction by cells to overcome potential damages caused by external 

stimuli (Kültz, 2005). Heat shock proteins (HSPs) are universally conserved molecules acting 

as a key player in the cellular stress response. Although HSPs were firstly discovered in cells 

due to temperature elevation, their expression is not restricted to heat stress. Other stress 

factors including hypoxia, pH changes, infection and heavy metal toxicity lead to 

upregulation of HSPs such as HSP70 members (Kregel, 2002; Richter et al., 2010). So far, 

around 12 HSP families have been characterized in animals as well as plants with variant 

degrees of distinction and conservation (Daugaard et al., 2007). For example, sHSPs differ 

from those of HSP70 and HSP90 members in their size and mode of action. sHSPs have 

molecular weights ranging from 12-42 kDa while members of the stated two HSP families 

have molecular weights of 70 kDa and 90 kDa, respectively (Basha et al., 2012; Kampinga et 

al., 2009). In addition, sHSPs act as co-chaperones with no need to ATP as a source of energy 

whereas large HSPs perform their function in an ATP dependent manner (Mayer, 2013; 

Saibil, 2013; Salinthone et al., 2008). Notably, within the same family, although many HSP 

candidates share high homology, they carry out discrete functions (Daugaard et al., 2007). 

The fact that HSPs are distributed in different cellular compartments confirms their pivotal 

physiological role nearly in almost all cellular processes. 

The Arabian camel is an interesting animal living under excessive temperature and 

aridity in the desert milieu (Schmidt-Nilsen, 1972). Organisms that live in the hot desert 

environment including dromedaries are subjected to overheating risks, which likely lead to 

misfolding of proteins and denaturation of enzymes. However, these desert animals are able to 

function efficiently and reproduce normally. Physiologically, it is curious to investigate the 

mechanisms enabling a higher eukaryotic organism to survive and tolerate long time exposure 

to temperatures reaching 45 °C. Among the revealed mechanisms utilized by camels to 

tolerate high temperatures are adaptative heterothermy and selective brain cooling (Ouajd and 

Kamel, 2009). Since HSPs are main players in the cellular stress response, their roles in camel 

worth further in-depth investigation. Therefore, analysis of camel HSPs at the cellular and 

molecular level and comparing them to human HSPs represent an ideal attempt to provide 

further biochemical insights about HSPs in different species and their correlation to the 

efficient protein and tissue homeostasis in camels. 
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Among the HSPs studied in the present thesis, is αB-crystallin or CRYAB. It belongs to 

the ubiquitous family of small heat shock proteins (sHSPs) that is present in almost all life 

kingdoms apart from some bacterial species (Mymrikov et al., 2011). It has a molecular 

weight of about 20 kDa and contains the well-known structural α-crystallin domain (ACD) 

characterizing other sHSPs members (Kappé et al., 2010). Under conditions of thermal stress, 

expression level of CRYAB was found to be increased and its association with actin and 

desmin filaments was significantly improved (Kato et al., 1993; Singh et al., 2007). As a 

molecular chaperone, CRYAB acts by binding to misfolded or denatured proteins and prevent 

their aggregation or aberrant interaction thus minimizing cell toxicity (Basha et al., 2012; 

Hilton et al., 2013). 

Previous studies showed high protein sequence homology between hCRYAB and other 

animals including rabbit, cow, mouse, and chicken where they shared identity scores of 98%, 

97%, 97%, and 76%, respectively (Berry et al., 2001). In the current study, the cDNA of 

CRYAB synthesized from camel liver and human Caco-2 cells revealed high sequence 

homology both at the level of cDNA and encoded protein. At the protein level, 4 amino acids 

substitutions (Thr41Ser, Ile61Phe, Ala132Thr and Ala152Val) were found in camel CRYAB 

(cCRYAB) when compared to the human homologue (hCRYAB) giving over 98% homology 

between the two species. Our findings supported with previous reports suggest structural 

conservation of CRYAB between animals. Other studies showed that CRYAB can be 

modified by various posttranslational modifications including O-linked glycosylation, 

phosphorylation, and acetylation (Taylor and Benjamin, 2005). These posttranslational 

modifications have been shown to be essential in CRYAB regulation and activity. For 

instance, O-GlcNAc modifications that have been described at Thr170 in the C-terminal 

domain (CTD) of CRYAB could affect its cellular localization and oligomerization status 

(Krishnamoorthy et al., 2013; Roquemore et al., 1996). CRYAB phosphorylation in the N-

terminal domain (NTD) at serine residues of positions 19, 45 and 59 has been addressed and 

seemed to affect its activity, translocation and oligomeric state as well (Krishnamoorthy et al., 

2013; Launay et al., 2010; Palminiello et al., 2009). Interestingly, both phosphorylation and 

O-GlcNAc modifications of CRYAB have been reported to be dynamic and variable 

according to the expressing cell type and cellular milieu (Kore and Abraham, 2016). In order 

to characterize the expression forms of camel and human CRYAB proteins, we cloned the 
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cDNA of camel and human CRYAB in a myc-tagged mammalian expression vector. 

Expression studies and Western blot analysis of cCRYAB and hCRYAB in COS-1 cells 

showed similar expression pattern of the recombinant camel and human CRYAB with a 

single specific band about 25 kDa. In addition, indirect immunofluorescence analysis revealed 

cytosolic localization and confirmed analogous cellular distribution of the compared sHSPs. 

To investigate the O-GlcNAc modifications of cCRYAB and hCRYAB, we used a lectin 

binding assay. This assay did not detect O-linked glycans in CRYAB perhaps due to homo- 

and heteromeric forms of this protein (Basha et al., 2012; Kato et al., 1992) that hamper a 

potential binding of O-glycans to the lectin. However, the homologous protein sequence in 

both cCRYAB and hCRYAB besides O-GlcNAc modification prediction tools suggest similar 

O-GlcNAc modification and phosphorylation of CRYAB in the two species. Taken together, 

these findings suggest similar cellular processing and presumably similar function of the two 

camel and human CRYAB proteins.  

The second characterized heat shock protein in this study is HSPA6. This HSP is strictly 

stress inducible and relatively little studied member of HSP70 family (Noonan et al., 2007). 

Notably, thermal stress is one of the major inducers of HSPA6 overexpression (Sonna et al., 

2003). Additionally, hypoxic cancerous tissue as well as ischemic lesions have been shown to 

express HSPA6 (Kuballa et al., 2015; Sonna et al., 2003; Yang et al., 2015). Previous studies 

reported that HSPA6 has non-detectable expression level in variety of cells including W138 

and Hela cells (Leung et al., 1990; Parsian et al., 2000). Contradicting reports argued that it is 

expressed to certain degrees in many cells including HaCaT, HT29, SCC13, HeLa, Caco2 and 

HepG2 (Ramirez et al., 2014).  

Functionally, HSPA6 has been linked to HSPA1A where cooperative action between 

the two HSPs has been proposed. Reduced expression of HSPA1A led to increased HSPA6 

expression whereas knockdown of HSPA6 did not influence HSPA1A expression level. These 

data suggested that HSPA6 acts principally in severe proteotoxic stress following to the 

primary action of HSPA1A (Noonan et al., 2007). Proteasome inhibition and certain 

chemotherapeutics like ZnSo4 induced expression of HSPA6 in HT-29 and CRL-1807 cells 

(Noonan et al., 2007). Neuroprotective drugs such as celastrol and arimoclomol have been 

identified as key factors for boosting expression of HSPA6 in differentiated human neuronal 
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cells suggesting a potential role of HSPA6 in treatment of neurodegenerative diseases (Deane 

and Brown, 2016).  

The current work focused on the structural and posttranslational analyses of camel and 

human HSPA6 under normal as well as thermal or hypoxic stresses. Although their protein 

sequences shared over 94% identity, the analyzed recombinant cHSPA6 and hHSPA6 in 

COS-1 cells revealed variant isoforms as detected by Western blot. Interestingly, these 

molecular isoforms reacted differently to the applied heat or hypoxic stress. Previous studies 

showed that members of HSPA (HSP70) family can be GlcNAc-binding lectins (Guinez et 

al., 2004; Lefebvre et al., 2001). In fact, glycosylation of cytosolic and nuclear proteins by O-

linked N-acetylglucosamine (O-GlcNAc) has been suggested to play a protective role against 

proteasomal degradation (Guinez et al., 2006). Exposure of cultured cells to myriad stresses 

including (heat shock, ethanol, UVB light, ethanol and hydrogen peroxide) resulted in rapid 

and dynamic elevation of the cellular overall O-GlcNAc content (Zachara et al., 2004). In 

addition, cells with increased O-GlcNAc levels showed enhanced thermotolerance as 

compared to those with diminished or normal O-GlcNAc levels (Zachara et al., 2004). 

Another interesting point regarding O-GlcNAc modifications is that they affect the 

phosphorylation status of O-GlcNAc modified proteins. Proteins that are glycosylated by O-

GlcNAc exhibited declined phosphorylation of the potentially phosphorylated adjacent sites 

suggesting that O-GlcNAc act as a dephosphorylating signal (Zachara and Hart, 2004). These 

findings led to the Yin-Yang model that hypothesizes a mutual modulatory role between O-

GlcNAc and O-phosphate along the protein structure (Comer and Hart, 2000; Hart et al., 

1995).  

Increased phosphorylation of proteins like Tau and other proteins resulted in their 

aggregation and consequently implication in Alzheimer’s disease. Highly phosphorylated Tau 

protein has been found to be associated with a reduction in its O-GlcNAc modification 

(Lefebvre et al., 2003, 1999; Zachara and Hart, 2004). In addition, many other reports 

concluded that impaired GlcNAc metabolism can be a key factor in the development and 

pathogenesis of age-related neurodegenerative disorders (Zachara and Hart, 2004).  

To the best of our knowledge, no previous data addressed the O-GlcNAc modification 

of camel HSPA6. Although in silico prediction tools revealed few O-GlcNAc modification of 
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human HSPA6 when compared to the camel homologue, our lectin binding assay showed no 

eluted O-GlcNAc fraction of hHSPA6 even after different temperature or hypoxic 

incubations. In contrast, the same lectin binding experiment showed that the cHSPA6 

homologue was O-GlcNAc modified after normal culture conditions and hypoxic stress 

application. Indeed, the lectin activity of HSP70 members has been postulated to serve as a 

protector of proteins through O-GlcNAc residues (Guinez et al., 2006). Our results show that 

structural variations between camel and human HSPA6 isoforms as well as stability of 

cHSPA6 O-GlcNAc modification under normal and stress conditions are suggested to be 

important in the physiological adaptation of camel species to heat and hypoxic stresses. 

Generally speaking, these findings can explain the enhanced thermotolerance in camel in 

terms of proficient glycosylation of its HSPs. However, to consolidate this mechanism for 

HSPs in camel, further investigations of other camel chaperones need to be carried out. 

The last investigated chaperone in this study is endoplasmin or GRP94, a well-known 

ER chaperone that assists in proteostasis and ER quality control (Eletto et al., 2010; Marzec et 

al., 2012). Although it is constitutively expressed in all cell types, its expression is increased 

substantially in conditions that cause ER stress. Heat stress is a hazardous factor causing 

denaturing of proteins and enzyme inhibition (Lepock, 2005; Nguyen et al., 1989). Despite 

heat itself does not upregulate GRP94 expression, the resultant misfolded or aggregated 

proteins provoke its expression. In previous studies, the cDNA encoding bovine endoplasmin 

was isolated from the mammary gland of (Bos taurus) where the deduced amino acid 

sequence of bovine endoplasmin or GRP94 shared high identity with human and avian 

species (Watanabe et al., 2001). Interestingly, bovine endoplasmin has been suggested to 

promote the growth, differentiation and development of mammary glands in cattle especially 

during the lactation stage. In other previous reports, the cDNA encoding canine endoplasmin 

was isolated from dog heart. Further biochemical analysis of recombinant canine endoplasmin 

revealed that it is likely a substrate for casein kinase II in vitro (Cala and Jones, 1994). 

Camelus dromedarius is a unique creature that adapts thermal stress in the arid desert 

environment without suffering from impairment of protein function. Nevertheless, the ER 

heat shock proteins elements in camel are still not fully investigated. We aimed in this part of 

the thesis to investigate and characterize camel endoplasmin at the molecular and cellular 

level.  
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Here, similar to the investigated cytosolic HSPs, we aimed to characterize and analyze 

the camel as well as the human endoplasmin in mammalian cells after cloning their encoding 

cDNAs into mammalian expression vector. Since there were no reported cDNA sequence for 

camel endoplasmin, we applied a modified RACE technique by which we successfully 

obtained its encoding cDNA. Interestingly, the cDNA of camel endoplasmin differed by only 

one nucleotide residue from that of the human endoplasmin cDNA while their deduced amino 

acid sequences were 100% identical. Therefore, we focused our study on characterization of 

the camel endoplasmin homologue. Our isolated camel endooplasmin cDNA sequence was 

deposited on GenBank database and gained the accession number MG646010. Interestingly, 

blast analysis of cGRP94 confirmed its great conservation with other large domestic animals 

including human at both the cDNA and protein level. Moreover, the secondary and tertiary 

structures of camel, dog, pig, horse, cattle as well as monkey and human were very similar. 

These findings support the importance and key roles of this chaperone in higher eukaryotes. 

Indeed, the protein topology of camel endoplasmin resembled the general architecture of 

HSP90 family as it contained three main domains; N-terminal or ATP-binding domain, a 

middle domain that contributes to its affinity toward its diverse client proteins and a C-

domain that mediates its homodimeric conformation (Wandinger et al., 2008). However, the 

C-terminal domain of endoplasmin remained unique with its endoplasmic reticulum retention 

signal sequence; KDEL (Munro and Pelham, 1987). In addition, expression studies of the 

recombinant camel endoplasmin in either COS-1 cells or CHO-K1 cells showed interesting 

molecular pattern when analyzed by Western blot. For instance, in COS-1 cells, our results 

showed that camel endoplasmin consists of four main closely spaced bands of size range 

between 100-130 kDa and a faint band of about 70 kDa. In line with our results, previous 

studies demonstrated that murine endoplasmin preparations comprised 3-4 separate molecular 

species ranging from 96-110 kDa (Feldweg and Srivastava, 1995). Notably, these molecular 

species seemed to be serologically as well as immunologically related to each other 

suggesting molecular heterogeneity among endoplasmin or GRP94 molecules (Feldweg and 

Srivastava, 1995). Previous studies demonstrated multiple isoforms of canine endoplasmin 

which could be identified on SDS-gels following its expression in Sf21 insect cells (Cala, 

2000). These isoforms were attributed to posttranslational modification mainly glycosylation 

and phosphorylation (Cala, 2000; Cala and Jones, 1994). The previous biochemical studies of 
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canine and murine endoplasmin are in good agreement with our findings regarding the camel 

homologue. Since we detected multiple isoforms of camel endoplasmin and characterized its 

N-glycosylated form, it is very likely that camel endoplasmin follows the same 

posttranslational events occurring in other animals as well as human. In fact, endoplasmin or 

GRP94 can be localized on the cell surface under ambiguous circumstances (Altmeyer et al., 

1996; Robert et al., 1999; Wiest et al., 1997). In this respect, endoplasmin has been suggested 

to serve as a receptor for cell surface antigens and consequently implicated in immunotherapy 

of particular tumors (Randazzo et al., 2012; Tamura et al., 1997). Secreted forms of 

endoplasmin have been reported in various pathological as well as physiological conditions 

(Basu, 2000; Berwin et al., 2001; Evdokimovskaya et al., 2012). It has been shown that 

extracellular endoplasmin can serve as a cross-presentation antigen in the MHC class I 

pathway (Berwin et al., 2001). The role of endoplasmin and its secretory forms in the adaptive 

immunity to murine tumors have been previously addressed (Baker-LePain et al., 2002; 

Nicchitta, 2003). Mice vaccinated with fibroblasts expressing secretory forms of endoplasmin 

exhibited discernable reduction in tumor development and metastasis highlighting its role in 

tumor suppression (Nicchitta, 2003). 

In our expression systems using both COS-1 cells and CHO-K1 cells, we clearly 

demonstrated partial secretion of the recombinant camel endoplasmin or cGRP94 into the 

extracellular milieu. Immunoprecipitation of the media obtained from transiently transfected 

cells or stable cell lines that express cGRP94 revealed certain secreted isoforms of cGRP94 

and this secretion process was active under normal in vitro culture conditions. Interestingly, 

the released isoforms of camel endoplasmin or cGRP94 were not modified by N-linked 

glycosylation suggesting an alternative secretory pathway rather than the canonical ER-Golgi 

pathway. 

In summary, it can be concluded that although camel members of HSPs are highly 

homologous to the human counterparts at the protein level, the posttranslational modifications 

of camel HSPs may vary as in the case of cHSPA6 giving advantageous protection 

mechanisms against the potential risk of hyperthermia in the desert environment.   
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Scientific achievements and future outlook 

The scientific products of the current doctoral thesis comprises five Myc/FLAG-tagged cDNA 

clones of HSPs in mammalian expression vector. These generated cDNA constructs include 

three camel heat shock proteins and two human heat shock proteins which are listed as 

follows: 

• cCRYAB-pCDNA3.1 Myc His A 

• cHSPA6-pCDNA3.1 Myc His A 

• cGRP94-3XFLAG-KDEL 

• hCRYAB-pCDNA3.1 Myc His A 

• hHSPA6-pCDNA3.1 Myc His A 

In addition to the aforementioned constructs, I was able to generate stable cell lines of CHO-

K1 cells that express cHSPA6, cCRYAB, hCRYAB and cGRP94 (camel endoplasmin). 

Therefore, based on the present research findings, the scientific achievements or products as 

well as the multiple functions of heat shock proteins, interesting prospects for the future can 

be summarized as follows: 

1. Further biochemical and glycosylation analysis of other heat shock protein 

members especially from HSP70 family in camel species or animals living in 

desert conditions can generalize the O-GlcNAc hypothesis as a common protein 

protector against hyperthermia.  

2. Another interesting area is to investigate the potential interaction of the studied 

heat shock proteins with other proteins to see their influence on their folding, 

trafficking or stability under stress or pathological conditions.  

3. It would be interesting to explore the immunogenic roles of secretory forms of 

camel endoplasmin under both physiological and pathological conditions. 

Finally, the availability of the generated cDNA clones of camel and human HSPs can 

facilitate the exploration of many exciting areas regarding the cellular stress in different 

research disciplines. 
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Conclusion 

These data clearly demonstrate that the camel heat shock proteins studied in this work 

share high conservation with higher mammalian species including human. However, certain 

members of HSP70 family in camel are found to be differently modified by O-GlcNAc. Since 

O-GlcNAc modification of proteins is implicated in their stability and functional efficacy, our 

results shed the light on glycosylation of HSPs by O-GlcNAc in general and suggest tracking 

of posttranslational modification of other HSPs in camel as a hot area for future studies. 

Molecular investigation and characterization of stress proteins such as heat shock 

proteins in desert animals can expand our knowledge about the physiological adaptation of 

these animals to thermotolerance and provide new insights to better understand mammalian 

stress physiology. 
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