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ABSTRACT 

Anti-cancer Functions and Mechanisms of a pRb2/p130 
Peptide Fragment 

 

Ang Sun 

Doctor of Philosophy 

Temple University, 2009 

Doctoral Advisor Committee Chair: Dr. Richard Waring, Ph.D. 

 

 

The spacer region of pRb2/p130 was reported to be able to inhibit the kinase activity 

of Cdk2. The region responsible for the inhibitory effect was further narrowed down to a 39-

amino-acid sequence known as Spa310. In this dissertation, the anti-cancer functions and 

mechanisms of Spa310 were studied. The synthesized Spa310 peptide was able to inhibit the 

kinase activities of Cdk2/Cyclin E/A complexes. In vitro kinase assays showed the inhibition 

occurred in a dose-dependent manner, in which the half maximal inhibition concentration of 

the Spa310 was 1.67mM. In addition, it has been shown that Spa310 peptide is able to inhibit 

the kinase activities of both Cdk2/Cyclin E and Cdk2/Cyclin A. Intra-cellular distribution 

study using fluorescein-labeled Spa310 peptide showed that Spa310 was able to localize to 

the nuclei of A549 cancer cells. Some data indicated the endoplasmic reticulum might play a 

role in transporting Spa310 peptide from cytoplasm to the nucleus. At high concentrations, 
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the treatment of Spa310 peptide was able to arrest cells at the G0/G1 phase of the cell cycle 

and reduce the growth of xenografted tumors in nude mice. Further studies indicated Spa310 

peptide is not a specific inhibitor for Cdk2/Cyclin E/A. It is also able to inhibit the kinase 

activities of Cdk1/Cyclin B, Cdk4/Cyclin D and Cdk9/Cyclin T/K. Result of a binding assay 

using GST-Spa310 and in vitro transcribed/translated Cdk2 did not support a direct binding 

between Spa310 and Cdk2. Additionally, GST-Spa310 was unable to bind to the in vitro 

transcribed/translated Cyclin E. Initially, co-immunoprecipitation experiments indicated a 

weak binding between Spa310 peptide and Cdk2. However, further studies indicated that this 

weak binding was unspecific and only occurred when the concentration of Spa310 peptide 

was high. Thus, the hypothesized mechanism of the inhibitory effect of Spa310 was not 

supported. Based on the fact that three classic Cdk phosphorylation sites are present in 

Spa310, I hypothesized that Spa310 serves as a substrate for Cdk1, 2, 4 and 9.  This 

hypothesis was later proven. In addition, results of kinase assays supported the inhibitory 

effect of Spa310 on the different Cyclin-dependent kinases was resulted from a substrate-

competitive mechanism. Although the data generated from this study does not support 

Spa310 is a potent peptide inhibitor for the Cdks, information derived from and the approach 

used in this research can be applied to design and develop more potent and specific Cdk2 

peptide inhibitors that have the potentials to work as powerful anti-cancer reagents. 
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                                      CHAPTER 1 

INTRODUCTION 

 

Since 1999, cancer has been the number one killer for people younger than 85 in the 

United States (Twombly 2005). In China, it has been the most lethal disease since 2006.  It 

has been estimated that approximately one in every six people will suffer from cancer during 

some period in one’s life. The current available therapeutic methods and drugs are far from 

ideal.  

Intensely efforts have been made to investigate this disease, especially in the past two 

decades. Researchers have elucidated that cancer is not only a cellular problem, but also a 

genetic disorder. The uncontrolled cell proliferation results from alterations of a regulatory 

network entangled by many highly complicated cellular signaling pathways. Each of these 

pathways is involved with factors encoded by many tumor suppressor genes and proto-

oncogenes(Cheah and Looi 2001; Payne and Kemp 2005). “Loss-of-function” mutations of 

the tumor suppressor genes or the “gain-of-function” mutations of the proto-oncogenes abort 

the normal functions of the tumor suppressors or induce the abnormal activities of these 

proto-oncogenes, respectively. The inactivation of the tumor suppressors or the activations of 

the proto-oncogenes disrupt the homeostasis of the cell proliferation, and may result in 

tumorigenesis. A mutation of a single tumor suppressor gene or proto-oncogene usually is 

not enough to cause cancer. However, the single mutation may lead cells to accumulate more 
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genetic defects, which is essential for carcinogenesis. The only cancer known so far that may 

caused by a single gene mutation is retinoblastoma (Corson and Gallie 2007).  

The study of the familial predisposition of retinoblastoma led to the identification of 

the first discovered tumor suppressor gene, the Retinoblastoma susceptibility gene ddf(Rb). 

Rb, a member of the Retinoblastoma susceptibility gene family (Rb gene family), along with 

p53 are the most famous tumor suppressor genes.  

1.1 Rb family proteins 

In mammalian genomes, there are three Rb family proteins, the pRb, the pRb2/p130 

and the p107.  (The Drosophila is a model animal, which is very important for studying the 

functions of the Rb gene family. In Drosophila, there are two Rb family members, the RBF 

and the RBF2. In this thesis, the Rb family genes of interest are the ones more related to 

human cancers, which are the Rb genes in mammalian genomes, so the RBF and the RBF2 

will not be further discussed. In the following part of this thesis, the Rb family proteins are 

only referred to the three mammalian Rb family proteins.).  

The Rb family proteins are also called “pocket proteins”, because they all share a 

similar structure known as the “pocket” region, which is similar in amino acid sequence 

among the three proteins and looks like a “pocket” in the 3-dimisonal structures of the 

proteins. The “pocket” region is where the Rb family proteins interact with the viral 

oncoproteins, such as the adenovirus E1A and the simian virus 40 large T-antigen (T-Ag).  

These oncoproteins both bind to the Rb family proteins via an LXCXE-peptide (the “X” 

denotes any amino acid residue) motif. Besides the viral oncoproteins, there are many other 

proteins interact with the Rb family proteins. It has been reported that there are more than a 
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hundred proteins interact with pRb. Most of these proteins interact with the pRb through the 

“pocket” region. The “pocket” region consists of a Domain A and a Domain B, as well as a 

spacer region in between the Domain A and B. The sequences in Domain A and B are highly 

conserved among the three Rb family proteins, however, the sequence in the spacer region is 

less conserved to each Rb family protein. As I will elaborate later, within the spacer region of 

pRb2/p130 and p107, there is a binding site for Cdk/Cyclin complexes.  

Overall, the pRb2/p130 and p107 are more similar to one another in sequences than to 

pRb. 

The functions of the mammalian Rb family proteins are extensively studied. pRb, 

p107 and pRb2/p130 play several pivotal roles in regulating a few crucial cellular events 

such as cell cycle, differentiation, senescence, stem cell homeostasis, apoptosis and 

embryogenesis (Campisi 2003; Nguyen and McCance 2005; Galderisi, Cipollaro et al. 2006; 

Khidr and Chen 2006; Macaluso, Montanari et al. 2006; Takahashi, Ohtani et al. 2006). 

Among these regulatory roles in the different cellular events, controlling cell cycle 

progression is the key function of these proteins. This thesis will focus on the pathway, in 

which these Rb family proteins play critical regulatory roles to control the cell cycle 

progression. 
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1.2 Classic Rb-E2F pathway 

In 1995, Dr. Weinberg proposed a model to explain the pathway involved with the 

Retinoblastoma (Rb) tumor suppressor gene family and the E2F family of transcription 

factors (TF) in higher eukaryotes. This model is referred as the classic Rb-E2F pathway.  

In this model, E2F is a transcription factor. It is able to bind to the promoter region of 

many genes required for S phase entry, such as DNA polymerase subunits, cyclin A, and 

cyclin E. After binding to the promoter region, it initiates the transcription of these genes. In 

return, the expressions of those genes drive the cell cycle progress from G1 phase to S phase. 

E2F is elaborately regulated, otherwise the cell will enter S phase and initiate DNA 

replication, regardless this is unfavorable, for example, when the DNA has been damaged 

and needs repair. Inappropriate progress to S phase will result in further accumulation of 

genetic defects.  

The regulators of E2F are products of Rb family members, which are able to bind to 

E2F and prevent it from binding to the promoter region of the genes that are critical for S 

phase entry. While E2F is regulated by products of Rb family, the products of Rb family 

themselves are regulated by other factors too. Cdk-cyclin complex can hyperphosphorylate 

products of Rb family members. After being hyperphosphorylated, Rb family is no longer 

able to bind to E2F. Thus E2F can bind to the promoter regions and initiate S phase entry. 

Cells have mechanisms to regulate the cell cycle at different levels by targeting 

different molecules. Just as Rb can be regulated by cdk/cyclin complexes, the cdk/cyclin 

complexes can be targeted by cdk kinase inhibitors (CKI), which include two families, the 
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INK4 and Cip/Kip families (the INK4 and Cip/Kip family, as well as the regulations of them 

will not be discussed in detail here). Those CKIs are able to inhibit the kinase activities of 

cdk/cyclin complexes. If a functional CKI presents, it inhibits the kinase activity of 

cdk/cyclin, which can no longer hyperphosphorylate Rb family, thus Rb family can bind to 

E2F and prevent it from initiating S phase entry. Then cells are arrested in G1 phase. 

The above Rb-E2F pathway model was proposed in 1995 based on the knowledge 

available at that time. In that model, first, the E2Fs were considered always as activators, 

which means they are the transcription factors prompting the cell cycle progress, in another 

word, activating the expression of the genes that are required for S phase entry; second, all 

the Rb family members, the pRb, p130 and p107, were considered to fulfill their cell cycle 

regulating functions by preventing E2Fs from binding to the promoters; third, the model 

described the Rb-E2F pathway as a whole process occurs in an undividable period, and 

during the process, all the members within the same family, no matter it is the Rb or E2F 

family, are similar to each other both in the way they function and the time section of the cell 

cycle they are present. 

 

1.3 New discoveries in cell cycle regulation affect the model of Rb-E2F pathway 

Since 1995, more discoveries in cell cycle regulation and cancer biology have been 

made. For example, more E2F family members have been found. By spring of 2005, people 

have known there are at least 12 members (including isoforms) in E2F family(Cam and 

Dynlacht 2003; Stevens and La Thangue 2003; Blais and Dynlacht 2004; Frolov and Dyson 
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2004; Dimova and Dyson 2005). And those E2Fs are not all activators of gene expression as 

proposed in the 1995 model. Actually, they can be divided into two groups, the activators 

(E2F1, 2, 3a) and the repressors (E2F3b, 4, 5, 6, 7a, & 7b)(Cam and Dynlacht 2003; Blais 

and Dynlacht 2004; Frolov and Dyson 2004; Dimova and Dyson 2005). Not all E2Fs partner 

with all Rbs. The activators work with pRb; and E2F4/5 works with p130 and p107 (Cam 

and Dynlacht 2003; Cobrinik 2005; Dimova and Dyson 2005) 

Besides more information about E2F and the acknowledgement of suppressor E2Fs, 

now more information is available about 1) the expression pattern of the three members of 

Rb tumor suppressor gene family, 2) the association between p130-E2F4,5 and chromatin 

remodeling proteins, 3) the exportation of E2F4 and E2F5 from the nucleus after their 

dissociation with p130 and p107, 4) the degradation of p130 and Cyclin-dependent Kinase 

(Cdk) Inhibitors (CKIs) involved with Skp1/Cullin/F-box (SCF) proteins, as well as 5) the 

inhibition on Cdk2-cyclin complex by a region derived from the spacer domain of p130.  

 

1.4 Revised model of Rb-E2F pathway 

Because of the five advances stated above, the mechanism of how the Rb family 

members participate in regulating cell cycle is considered much more complicated than what 

was proposed in the earlier model. To better reflect the research progress in our lab and 

others, I propose a revised model about Rb-E2F pathway. 
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This revised model can be divided into three stages, G0 and early G1, late G1, and the 

time in between these two stages, which we can call it middle G1. In the revised model, the 

roles of p130 and p107, especially p130, should not be neglected. 

In quiescent cells (G0) and cells in early G1, p130 is expressed at a high level 

(Cobrinik, Whyte et al. 1993; Smith, Leone et al. 1996)and complexes with E2F4/5 (mainly 

is E2F4) (Hijmans, Voorhoeve et al. 1995; Vairo, Livingston et al. 1995). This complex first 

binds to the promoter regions of the genes required for S phase entry. However, different 

from the one described in 1995, this binding will not initiate the transcription of the genes 

required for S phase entry. On the contrary, it recruits many chromatin remodeling proteins, 

such as SWI/SNF(Gunawardena, Siddiqui et al. 2004), HDAC (Histone 

Deacetylase)(Ferreira, Magnaghi-Jaulin et al. 1998; Stiegler, De Luca et al. 1998; Iavarone 

and Massague 1999), which causes histone deacetylated and the chromatin to be tightly 

condensed. Because initiating transcription needs a loose conformation of chromatin, the 

p130-E2F4/5 complex represses the expression of the genes required for S phase entry. p107 

may work in a similar way as p130 does(Beijersbergen, Kerkhoven et al. 1994; Ginsberg, 

Vairo et al. 1994; Ferreira, Magnaghi-Jaulin et al. 1998; Stiegler, De Luca et al. 1998; 

Iavarone and Massague 1999), but because only a trace amount of p107 is available in G0 

and early G1 (Kiess, Gill et al. 1995; Shin, Shin et al. 1995; Raschella, Tanno et al. 1997), 

p130 plays a major role in this repression(Smith, Leone et al. 1996). Besides the repression 

by p130/p107, in G0 and early G1, there is a second mechanism to ensure no expression of 

the genes for S phase entry. This is provided by Rb. Different from p130 and p107, Rb 

expresses at a mild and steady level throughout the cell cycle(Buchkovich, Duffy et al. 1989; 
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Chen, Scully et al. 1989; Decaprio, Ludlow et al. 1989; Mihara, Cao et al. 1989). In G0 and 

early G1, Rb is expressed at a lower level than p130/pRb2, so during this period, p130/pRb2 

might play a much more important role than pRB does. While p130/p107 complexes with 

E2F4/5 (Beijersbergen, Kerkhoven et al. 1994; Ginsberg, Vairo et al. 1994; Hijmans, 

Voorhoeve et al. 1995; Vairo, Livingston et al. 1995)and binds to the promoter regions, pRb 

binds to the E2F activators and prevents them from binding to the promoter regions. So in G0 

and early G1, Rb family members cooperate to prevent the expression of the genes that 

promote S phase entry. 

In middle G1, it is similar to what happens in the first stage, the G0 and early G1 

stage. p130 still binds to the repressor E2Fs (E2F4/5), and suppresses the initiation of  

transcription of the genes required for S phase entry. pRb still binds to activator E2Fs 

(E2F1,2,3), and thus prevents them from binding to the promoter regions. A difference from 

the first stage is that the expression level of p130 is getting less and less, while the expression 

of pRb, as stated before, almost remains the same. The relative ratio of p130 to pRb is getting 

smaller, and which may indicate a less important role of p130 in middle G1 than in G0 and 

early G1. The decreased expression of p130 may result in forming less repressor complexes, 

which are able to occupy the promoter region for the genes critical for S phase entry. In the 

mean while, serum mitogens or growth factors induce the expression of D class cyclins, 

which then partner with Cdk4 or Cdk6 to form active kinase complexes. The Cdk4,6-cyclinD 

(cyclinD1, D2, D3) complex is able to hyperphosphorylate pRB and p130. The 

hyperphosphorylation of p130 dissembles repressor complexes, which leave the promoter 

regions vacant. On the other hand, hyperphosphorylated pRB releases the activator E2Fs, 



 - 9 -

which then are free to bind to the promoters and initiate the expression of many genes, such 

as Cyclin E, Cyclin A, Cdk2, DNA polymerase. Expression of these genes are required for 

G1/S transition. When cell division is unfavorable, the kinase activity of cdk4,6-cyclinD 

complex is suppressed by INK4 CKIs. However, when cells are on the way for proliferation, 

the INK4 CKIs are inhibited by factors downstream of growth factors. (Roussel 1999; Vidal 

and Koff 2000; Lowe and Sherr 2003). 

The third stage is the late G1 stage, when cdk2/cyclinE phosphorylates pRb and 

p130/p107. The hyperphosphorylation causes pRb to no longer bind to activator E2Fs, and 

p130/p107 no longer binds to E2F4/5. The disassembly of the complex formed by p130 and 

E2F4/5 results in the leaving of the chromatin remodeling proteins. Different from the 

activator E2Fs, E2F4, 5 (Muller, Moroni et al. 1997; Chestukhin, Litovchick et al. 2002)do 

not have NLS (nucleus localization signal) , so without complexing with p130 and p107, they 

can no longer localize in the nucleus(Magae, Wu et al. 1996; Puri, Cimino et al. 1998). 

Exporting the E2F4,5 to cytoplasm reduces the possibility of forming repressor complex with 

p130. Besides this mechanism, there is a second mechanism that completely eliminates the 

possibility of forming p130-E2F4/5 complex again. This second one is contributed by the 

Skp2, a member of SCF family, which is an ubiquitin-ligase of pRb2/p130,. It recognizes 

hyperphosphorylated p130, ubiquitinates it, and promotes its proteosomal degradation 

(Tedesco, Lukas et al. 2002; Bhattacharya, Garriga et al. 2003; Kalejta and Shenk 2003). 

Thus the promoter regions are vacant and free for the activator E2Fs to occupy and initiate 

the S phase entry. 
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So far it is still not clear whether or not p130-repressor E2F complexes and activator 

E2Fs target the same promoter regions(Takahashi, Rayman et al. 2000; Wells, Boyd et al. 

2000). A debate still exists. Some think the repressor E2Fs and the activator E2Fs target the 

same promoters and genes; others think the promoters and the genes targeted by the repressor 

E2Fs are a different set from the ones targeted by the activator E2Fs; also some other people 

think some of the promoters are targeted by both the repressor and activator E2Fs, while 

there are some only targeted by either repressor or activator E2Fs. I think for many very 

important genes that may significantly prompt or inhibit the transition from G1 to S phase, 

their promoter regions may be targeted by both the repressor and activator E2Fs. While for 

some not that important genes, although they may affect the process of S phase entry, their 

promoters may only targeted by either the repressor E2Fs or the activator E2Fs. 

From the proposed model of the Rb-E2F pathway, it can be seen that by cooperating 

with the repressor E2Fs, the pRb2/p130 is able to repress the cell cycle progress. Thus it can 

be considered as an important repressor of the cell proliferation.  
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                     Figure 1-1 Revised Rb-E2F pathway at early cell cycle stages 
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1.5 The Spa310 molecule derived from the pRb2/p130.  

Spa310 locates in the spacer region of the pRb2/p130 from amino acid 641 to 679.  

 

Figure 1-2. A schematic diagram shows Spa310 is a 39-amino-acid molecule that 

derived from the spacer region of pRb2/p130. 
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1.6 How may Spa310 fit in the remodeled Rb-E2F pathway? 

In late G1, CKI like p27 inhibits the function of cdk2. It has been reported that the 

spacer region of p130 also can inhibit the kinase activity of cdk2 (DeLuca, MacLachlan et al. 

1997). So, in late G1, CKI and p130 may inhibit the kinase activity of cdk2/cyclinE complex, 

and thus prevent Rb family members from being hyperphosphorylated. On one hand, p27 and 

p130 repress the cell cycle progress, while on the other hand, cdk2 promots the cell cycle 

progress. When division is favorable in normal cells, p27 will be gradually degraded by SCF, 

and thus get less and less, while through a positive feedback, the inhibition by cdk2/cyclinE 

on Rb family members will produce more cyclinE. So, finally p27 and p130, which can 

inhibit cdk2, get less and less, while cdk2/cyclinE complexes get more and more. Thus cell 

progresses into S phase. But because of this battle between p27, p130 and cdk2, it provides 

cell with some time to response to the change of overall information it gets, when the cell 

progresses into S phase. In some cancer cells, for example, in many non-small cell lung 

cancer (NSCLC) cases, the CKI are abnormally inactivated.. So if some peptides or proteins 

that can substitute for the CKI and will not be easily removed by SCF, it may arrest the 

cancer cell in G1 and suppress the growth of tumor. Interestingly, the region of pRb2/p130 

that inhibits the kinase activity of cdk2, is not the region of pRb2/p130, which is 

hyperphosphorylated by Cdk2/cyclin A and E (DeLuca, MacLachlan et al. 1997; Classon and 

Harlow 2002). If isolate this region itself, it will get much less chance to be recognized by 

Skp2, the p130 unbiquin-ligase, which recognized the hyperphosphorylated p130. Another 

Rb family member, p107 also inhibits cdk2 kinase activity, but via a different 

mechanism(Woo, Sanchez et al. 1997). 
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CHAPTER 2 

SPA310 PEPTIDE INHIBITS THE KINASE 
ACTIVITIES OF 

CDK2-CYCLIN E/A COMPLEXES 
 

 

Introduction: 

In 1997, it  was reported p130/pRb2 is able to inhibit the kinase activity of Cdk2-

Cyclin E/A and the inhibitory effect is linked to its spacer region.  

Recently, a panel of plasmids expressing different parts of the spacer domain of 

p130/pRb2 was engineered. The plasmids were induced to express different regions of the 

spacer domain fused with a GST tag in E.coli. Then the GST-fused proteins/peptides were 

isolated and their effects on the kinase activities of Cdk2-Cyclin E/A were analyzed in vitro.  

A small region, which only contains 39 amino acids, of the spacer domain was found to 

maintain most of the inhibitory effect of the spacer on Cdk2-Cyclin E/A kinase activity. This 

region of the spacer was named as Spa310 (Bagella, Sun et al. 2007).  

Fusion with GST may change the conformation of the proteins/peptides. The 

relatively big size of GST may also interfere with the function of Spa310. These possibilities 

may alter the normal function of the peptide. So it would be interesting to know whether 

Spa310 itself, without any modification, still has the ability to inhibit the kinase activity of 

Cdk2-Cyclin E/A complex. Synthesized peptide will be able to serve this purpose well.  
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Also, to explore the potential pharmaceutical application of the Spa310, peptides need to be 

synthesized in order to provide a large amount in high purity through a well controlled 

process, instead of being extracted from bacteria .  

Another question the GST-fused Spa310 did not answer and could not answer easily 

was how much of the Spa310 is required for achieving the in vitro inhibition of the kinase 

activity of Cdk2-Cyclin E/A complex. The GST-fused Spa310 has never been able to show a 

complete inhibition of the kinase activity of Cdk2-Cyclin E/A complex. This raised the 

question whether or not a complete inhibition can be achieved by Spa310. If so, how much of 

Spa310 needs to be used? Is there any dose-dependent inhibitory effect of the Spa310 on the 

kinae activity of Cdk2-Cyclin E/A complex?  

It is proposed that 1) the inhibitory function of Spa310 on Cdk2-Cyclin E/A 

complexes resulted from its specific structure, i.e. its biological function is based on the 

primary sequence of the peptide; 2) changing the sequence of the peptide will lead to an 

altering of the function of the peptide and may reduce the inhibitory effect, perhaps 

completely; 3) the inhibitory function does not result from the size of the peptide or the 

amino acid composition of the peptide. Thus, it is necessary to synthesizing a control peptide, 

which has the same kind and number of amino acid as the Spa310, but with these amino 

acids in a random order.  

The Cdk2-Cyclin E/A complexes execute their normal functions in the nucleus. It is 

proposed that 1) the Spa310 inhibits the Cdk2-Cyclin E/A directly; 2) the Spa310 does not 

fulfill its inhibitory function by interfering with the translation of the Cdk2 or CyclinE/A 
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proteins in the cytoplasm and reduce the available number of these proteins in the nucleus; 3) 

in order to inhibit the Cdk2-Cyclin E/A kinase activity in the cells, the Spa310 peptide needs 

to be delivered into the nucleus; 4) the Spa310 peptide itself does not have any known 

nucleus localization signal (NLS), it may not be delivered to the nucleus efficiently without 

any help (The nuclear pore complexes (NPC) may be able to help the transportation of the 

Spa310 peptide, which will be discussed in the “Discussion”.). Thus, a NLS needs to be 

added to the Spa310 peptide to help its delivery to the nucleus to test the peptide in the cells. 

To rule out the possibility that the addition of the NLS reduces or abolishes the inhibitory 

function of the Spa310, kinase assays need to be performed using these peptides conjugated 

with the NLS. 

Cdk2 is able to partner with Cyclin E to control the G1/S transaction. In S phase, it 

forms a complex with Cyclin A to continue the control of the progress of cell cycle. 

Although in vitro kinase assay showed the GST-Spa310 inhibited the kinase activity of the 

anti-Cdk2 antibody immunoprecipitated Cdk2-Cyclin complexes, it is unknown whether the 

Spa310 is able to inhibit both the Cdk2-Cyclin E and Cdk2-Cyclin A or just one of the 

complexes. The immunoprecipitation was performed by using anti-Cdk2 antibody, which 

recognizes the Cdk2, but does not differentiates the Cdk2-Cyclin A complex from the Cdk2-

Cyclin E complex, so it pulls down both the Cdk2-Cylin A and Cdk2-Cyclin E complexes. 

Performing the immunoprecipitation by using anti-cyclin E or anti-Cyclin A antibodies, 

immunoprecipitates either the Cdk2-Cyclin E or the Cdk2-Cyclin A, respectively, and then 

subjects them to kinase assays, is able to answer the question that whether Spa310 is able to 

inhibit both the Cdk2-Cyclin E and Cdk2-Cyclin A complexes or just one of them.     
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Material and Methods: 

2. 1 Peptide synthesis and purification 

The first batch peptides of Spa310, Spa310-TAT, Scramble, and Scramble-TAT were 

synthesized by Jefferson Protein/Peptide Chemistry/Molecular Interaction Facility (Thomas 

Jefferson University, Philadelphia, PA, USA) and purified again by our own peptide 

synthesizing facility. Later, the peptides were synthesized and purified in house. The 

synthesized peptides were purified by reverse phase high performance liquid chromatography 

(HPLC) and the molecular weight was confirmed by matrix assisted laser 

desorption/Ionization time-of-flight (MALDI-TOF)  mass spectrometry. Then the Spa310 

peptide was purchased from GenWay Biotech Inc. in California, while the scramble peptide 

was continued produced by our own facility. 

Peptide Spa310, which is the functional spacer region of pRb2/p130 consists of 39 

amino acids. Scramble peptide is a peptide consists of 39 scrambled amino acids, which 

means it has the same kind and number of amino acids as the Spa310 does, but these amino 

acids are in a random order. It was used as a control to the Spa310. TAT is a nuclear 

localization signal from HIV-1 that can transport peptides linked to it into the nucleus. 

Spa310-TAT is the spa310 sequence cross linked with the TAT sequence at the N-terminal. 

Scramble-TAT is the scrambled 39 amino acid linking the TAT sequence at N-terminal. It 

was used as a control to Spa310-TAT. The sequences of the peptides are listed as in Table 1. 
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Peptide Name Peptide Sequence 

SCRA  T D Y S P A T R S V G I T R P T L P T S R D S Y T G R E R S V 

G P L R T A L T 

Spa310 L T P R R V T E V R A D T G G L G R S I T S P T T L Y D R Y 

S S P P A S T T R 

TA'l'-SCRA G R K K R R Q R R R P P T D Y S PA T R S V G I T R P T L P T 

S R D S Y T G R E R S V G P L R T A L T 

TA'l'-Spa310 G R K K R R Q R R R P P L T P R R V T E V R A D T G G L G 

R S I T S P T T L Y D R Y S S P P A S T T R 

 

Table 1. The sequences of the Spa310 and Scramble peptides with or without TAT 

Peptide SCRA is the SCRAMBLE peptide, which has the same number and kind of amino 

acid as Peptide Spa310 does, but in a random order. It is used as the control for Spa310 

peptide. Peptide Spa310 is the 39-amino-acid peptide derived from the spacer region of the 

pRb2/p130. TAT-SCRA is the scramble peptide conjugated with a NLS, TAT at the N-

terminus. TAT-Spa310 is the Spa310 peptide conjugated with a N-terminal TAT. 
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2.2 Cell Culture 

A549 (human non-small cell lung carcinoma) cells were purchased from American 

Type Culture Collection (ATCC) and cultured in modified Ham’s F-12 medium (from 

MediaTech) supplied with 10% fetal bovine serum (FBS) and 0.75 gram of NaHCO3 in 

every 500ml of the medium. The cells were cultured at 37 oC under 5% CO2. When the 

confluence reaches about 60-70%, the cells were collected. 

2.3 Cell lysis and protein extraction 

For each kinase assay reaction, about 5x106 A549 cells were lysed by using the 

whole cell protein lysis buffer (50mM Tris-Cl pH7.4, 5mM EDTA, 250mM NaCl, 50mM 

NaF, 0.1% Triton-X-100, 0.1mM Na3VO4) supplied with Complete EDTA-free Protease 

Inhibitor Cocktail (Roche). The debris of the cells was spun down and discarded.  The whole 

cell proteins in the supernatant were kept and subjected for the subsequent experiments.  

2.4 Serum Pre-clear 

To reduce the nonspecific immunoprecipitation and thus the background of the assay, 

the extracted proteins were first pre-cleared by incubating with 4µl of normal rabbit serum 

(NRS) at 4oC and rotated for 2 hours, and then 10µl of protein A sepharose beads (Pierce) 

were added. The solution with beads was rotated at 4oC overnight.  The next morning, the 

beads were spun down at 14,000 rpm by a bench-top centrifuge at 4oC. The supernatant was 

kept. 

 



 - 20 -

2.5 Kinase Assay 

The supernatant was then incubated with rabbit anti-Cdk2 polyclonal antibody 

(Rockland Immunochemicals) overnight at 4oC. After the incubation, 15µl of Protein A 

sepharose beads were added to the incubated solution. Then at 2000rpm, the beads were spun 

down with Cdk2-CyclinE/A complexes bound to them.  

Peptides of Spa310 or scramble with or without TAT were incubated with these 

Cdk2-Cyclin E/A proteins at 30 oC, as well as Histone H1 (EMD CHEMICALS) and γ-32P-

ATP (PerkinElmer), which were used as the substrates for Cdk2-Cyclin E/A complexes. The 

reaction was stopped by adding the Lammili loading buffer after 30 minutes. Then the 

reaction solutions were boiled for 5 minutes, cool down in ice and then spun down at 

14000rpm by a bench-top centrifuge. The supernatants were separated by 15% SDS-PAGE. 

Then the gel was fixed and then dried. To increase the signal, before drying the gel, it can be 

soaked in AmplifyTM (Amersham) for 15-30 minutes. The dried gel was exposed to Kodak 

film. The phosphorylation status of the Histone H1 proteins, which indicates the kinase 

activity of the Cdk2, was visualized by the autoradiography.  

2.6 SDS-polyacrylamide gel fixation 

Immerse the SDS-polyacrylamide gel in a small container containing the gel-fixing 

solution (50% methanol, 10% glacial acetic acid, 40% dH2O). Then slowly agitate the 

container on an orbital shaker for 30 minutes. 
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2.7 SDS-polyacrylamide gel drying 

To prevent breaking the gel during the drying process, the gel is first soaked in 10% 

glycerol for 5 minutes, then it is laid flatly on a piece of absorbing paper. Any bubbles 

between the gel and the paper are removed by rolling a glass rod over the gel. Next, the gel is 

covered by a piece of plastic wrap. Then it is dried at 80 oC under vacuum for 30 to 90 

minutes. 

2.8 Dose-dependent kinase assay 

Spa310 Peptide was stored as powder at -20 oC. Before the kinae assay, the Spa310 

peptides were diluted in distilled H2O to make five different doses. H2O is used as a 

negative control. After the dried gel has been used for the autoradiography, it was stained by 

Coomassie Blue for 40 minutes and then was distained for 4 hours. A picture of the gel was 

then taken.  

2.9 Coomassie blue staining and destaining of an SDS-polyacrylamide gel 

Coomassie blue staining solution is made by dissolving 0.25g Coomassie Blue G-250 

(Sigma-Aldrich) in the mixture of 100ml of glacial acetic acid and 900ml of dH2O. The 

SDS-polyacrylamide gel is immersed in the coomassie blue staining solution that is 

contained in a small container. After the container is being agitated slowly on an orbital 

shaker for 45 minutes, the coomassie blue staining solution is dumped in a recycling bottle. 

Then destaining solution (Methanol v/v 25%, Glacial Acetic Acid v/v 7%, dH2O v/v 68%) is 

added into the container to immerse the gel. The container is slowly agitated on an orbital 

shaker. The destaining solution is changed once after the gel has been destained for 30 
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minutes. After the change of the destaining solution, the gel is destained for 1 hour. Then the 

gel will be taken out of the container, laid flatly on a piece of absorbing paper and ready for 

taking a picture.     

2.10 Radioactivity measured by a scintillation counter 

The stained bands of the phosphorylated Histone H1 in the gel were cut out and put in 

the 25-ml liquid scintillation vials (Wheaton, Millville, NJ) containing 3ml of Readysafe 

scintillation fluid (Beckman, Somerset, NJ). Then the CPM (count per minute) of each band 

was measured three times by a scintillation counter (Beckman Model LS3801). The values of 

the measurements were then plotted on a graph. 
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Results: 

2.1 Inhibitory Effect of Spa310 on Cdk2-Cyclin E/A complex  

To test whether or not the synthesized Spa310 peptide, its control, the Scramble 

Peptide, the TAT-Spa310 and the TAT-Scramble inhibit the kinase activity of the Cdk2-

Cyclin E/A complexes, kinase assays were performed by testing the effects of the peptides on 

the immunopreciated Cdk2-Cyclin E/A complexes. 

The Cdk2-Cyclin E/A complexes were treated by the four different peptides at two 

different concentrations. The Histone H1 and 32P-γ-ATP were used as the substrates for the 

immunoprecipitated Cdk2-Cyclin E/A complexes. Phosphorylated Histone H1, which 

indicates the kinase activity of the Cdk2-Cylcin E/A complexes, was visualized by 

autoradiography.  

For the experiments in which the Cdk2-Cyclin E/A complexes were treated by the 

Scramble or the TAT-Scramble peptides, both high and low concentrations of the peptide 

resulted in dark bands corresponding to phosphorylated Histone H1.   This indicates that, at 

the concentration of 15µM and 1.5mM, neither the Scramble peptide nor the TAT-Scramble 

peptide inhibit the kinase activity of the Cdk2-Cyclin E/A.  

In the experiments using 1.5mM of the Spa310 peptide or TAT-Spa310 peptide, weak 

signals of phosphorylated Histone H1 were detected. This indicates that at the concentration 

of  1.5mM, both the Spa310 peptide and the TAT-Spa310 peptide significantly inhibit the 

kinase activity of the Cdk2-Cyclin E/A complexes.  
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It was noted that at low concentration (15µM) there was limited inhibitory effect of 

both the Spa310 peptide and the TAT-Spa310 peptide on the Cdk2-Cyclin E/A complexes, 

because fairly strong bands of the phosphorylated Histone H1 were still observed.  

Based on these data, it can be concluded that 1) both the Spa310 peptide and the 

TAT-Spa310 peptide inhibit the kinase activity of the Cdk2-Cyclin E/A complexes, at least at 

the concentration of 1.5mM; 2) the TAT sequence conjugated to the Spa310 peptide does not 

interfere with the inhibitory function of the Spa310 peptide; 3) the primary sequence of the 

Spa310 peptide is critical for its inhibitory function, changing the sequence to a random order 

aborts the inhibitory ability of the Spa310 peptide; 4) the inhibitory effect may be dose-

dependent.  
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Figure 2-1. The Spa310 peptide inhibits the kinase activity of the Cdk2-Cyclin 
E/A complexes with or without TAT. 

Kinase assays performed with Spa310 (A) or Scramble peptides (B). The kinase 
assays were performed to test whether Spa310 peptide inhibits the kinase activity of 
the Cdk2-Cyclin E/A complex. Histone H1 and 32P-γ-ATP were used as the substrates 
for the immunoprecipitated Cdk2-Cyclin E/A complexes. Bands indicate 
phosphrylated Histone H1. The weak signal that corresponding to the low 
phosphorylation of the Histione H1 (in red circle) visualized by the autoradiography 
indicated the treatment of Spa310 peptide at the concentration of 1.5mM significantly 
inhibited the kinase activity of the Cdk2-Cyclin E/A complex, which could not 
catalyze the transferring of the radio active phosphorus in the ATP to the Histone H1. 
Spa310 is the peptide of interest. Spa310-TAT is the Spa310 peptide conjugated with 
a nuclear localization signal, TAT. Scramble is the control to Spa310. It has the same 
kind and number of the amino acids that Spa310 has, but in a random order. 
Scramble-TAT is the Scramble peptide conjugated with TAT.  

   15µM                  1.5mM                15µM                 1.5mM 
Spa310-TAT       Spa310-TAT         Spa310               Spa310 

       15µM                  1.5mM                15µM                 1.5mM 
Scramble-TAT    Scramble-TAT       Scramble             Scramble    

Phorsphorylated H1 

Phorsphorylated H1 

A. 

B. 
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2.2 Dose-dependent Inhibitory Effect of Spa310 on the Kinae Activity of the Cdk2-

Cyclin E/A complexes 

When the concentration of the Spa310 peptide was 15µM, there was no remarkable 

inhibitory effect on the Cdk2-Cylin E/A complexes. However, when the Spa310 

concentration  in the reaction mixture was 1.5mM, significant inhibitory effect on the Cdk2-

Cylin E/A complexes was achieved. This result indicates that the inhibitory effect of the 

Spa310 peptide on the Cdk2-Cylin E/A complexes may be dose-dependent. However, it is 

still unknown at what concentration of the peptide an inhibitory effect can first be observed 

and how much of the peptide is necessary to completely inhibit the kinase activity of the 

Cdk2-Cylin E/A complexes. 

Based on what has been observed, I proposed that the inhibitory effect of the Spa310 

on the kinase activity of the Cdk2-Cylin E/A complexes is dose-dependent.  

To test this hypothesis and obtain some data about the amounts of the peptide needed 

for observable inhibitory effect and for achieving complete inhibition of kinase activity of the 

Cdk2-Cylin E/A complexes, kinase assays using Spa310 peptide at different concentrations 

were performed. 

It was observed from the autoradiography that at concentrations below 750µM, there 

were no significant inhibitions on the kinase activity of the Cdk2-Cylin E/A complexes. 

However, starting at 1.5mM, significant inhibitions were observed. At a concentration of 

3mM, almost complete inhibition was achieved. 
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To quantify the kinase activity of the Cdk2-Cylin E/A complexes, the bands on the 

gel corresponding to the phosphorylated Histone H1 were cut out, and the radioactivity was 

measured by a scintillation counter, because it is more sensitive than the autoradiography. 

The measured CMP values indicate that starting at 300µM of Spa310 peptide, kinase activity 

is lower than the non-treated Cdk2-Cylin E/A (Figure 2-3).     

These results are not due to loading less Cdk2-Cyclin E/A complexes or Histone H1. 

As can be seen in Figure 2-2, the only difference between the different lanes of the kinase 

reactions is the amount of Spa310 peptide. The loading of the Cdk2-Cyclin E/A complexes 

and Histone H1 in different lanes are fairly equal.   

Based on the scintillation readings of the CMP values, the value of the half maximal 

inhibitory concentration (IC50) of the Spa310 peptide in the kinase assay was determined to 

be 1.67mM (Figure 2-4). 
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Figure 2-2. Spa310 peptide inhibits the kinase activity of Cdk2-Cyclin E/A 
complex in a dose-dependent manner 

A) Dose-dependent inhibitory effect of Spa310 peptide on the kinase activity of 
Cdk2-Cyclin E/A complex. Kinase assays were performed as described before. 
Besides the Cdk2-Cyclin E/A, radioactive ATP and Histone H1, the reactions were 
applied with Spa310 peptide at different concentrations. The products of the reactions 
were loaded to the lanes from 1 to 6. The signal resulted from autoradiography in lane 
5 was significantly weaker than the ones in lane 1, 2, 3 and 4. The signal in lane 6 is 
even weaker than the one in lane 5. This indicated that as the dosage of Spa310 
peptide treatment increases, the kinase activity of Cdk2-Cyclin E/A complexes 
decreases.   B) Coomassie Blue staining of the dose-dependent kinase assay gel to 
show the loading of the IP pull-down Cdk2-Cyclin E/A complexes, the Histone H1 
and Spa310 peptides. The loading amounts of the Cdk2-Cyclin E/A complexes 
(indicated by the anti-Cdk2 immunoglobulin) and the Histone H1 in all the lanes of 
interest were fairly equal. As can be seen in the squared red boxes, there was no 
Spa310 peptide present in the lane 1, while the amount of Spa310 peptide increased 
from lane 1 to lane 6.  
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Histone H1 
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Figure 2-3. Radioactivity measurements of the phosphorylated H1 indicate the 
inhibitory effect of synthesized Spa310 peptide on the kinase activity of Cdk2-
Cyclin E/A occurs in a dose-dependent manner.  
The CPM of the phosphorylated histone H1 in each of the lanes in Fig. 2-2 was 
measured 3 times. The averaged CPM value in lane 1 was designated as 100%. The 
mean CPM values in the other lanes was compared and calculated as the relative 
amount to the one in lane 1. The relative amounts of the CPM in all the lanes were 
plotted as the histogram shown here. 
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Figure 2-4. IC50 value of the Spa310 peptide concentration in the kinase assay 
The data from the kinase assay, which indicates the dose-dependent inhibitory effect of the 
Spa310 Peptide on Cdk2-Cyclin E/A, was used to determine the half maximal inhibitory 
concentration of the Spa310 peptide. The IC50 value of Spa310 in that kinase assay is 
1.67mM. 
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2.3 The Spa310 Peptide Inhibits the Kinase Activity of both Cdk2/Cyclin A and 

Cdk2/Cyclin E   

The Cdk2 may complex with either the Cyclin E or the Cyclin A for its kinase 

function. In previous experiments, anti-CDK2 antibody was used to pull down the Cdk2-

Cyclin complexes. When cell cycle is taken into consideration, the cells used for the 

immunoprecipitation were not synchronized, thus are heterogeneous. Among the cells used 

for the immunoprecipitation, the cells at the G1/S transition and predominates cells at S 

phase of the cell cycle were present. So there were both the Cyclin E, which presents more at 

the G1/S transition, and the Cyclin A, which mostly exists at the S phase. In addition, 

because the antibody used in the previous immunoprecipitation experiment recognized Cdk2, 

the immunoprecipitated Cdk2-Cyclin complexes represent a mixture of the Cdk2-Cyclin E 

and the Cdk2-Cyclin A.  

If the inhibition only depends on one of the two cyclin partners that Cdk2 complexes 

with, complete inhibition should not be observed. However, as it has been mentioned before, 

when the concentration of the Spa310 peptide reached 3mM, almost complete inhibition was 

observed.  

I proposed that the Spa310 peptide is able to inhibit both the Cdk2-Cyclin E and the 

Cdk2-Cyclin A complexes. The inhibition is independent of any specific cyclin partner the 

Cdk2 complexes with. 

To test this hypothesis, an anti-Cyclin A and an anti-Cyclin E antibody were used to 

pull down the Cdk2-Cyclin A and Cdk2-Cyclin E complex respectively. The 

immunopreciated Cdk2-Cyclin A and Cdk2-Cyclin E complexes were then subjected to the 

kinase assays to test the inhibitory effect of the Spa310 peptide. 
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Equal amount of Cdk2-Cyclin A and Cdk2-Cyclin E were added to each reaction and 

then loaded in each well of the gel. Coomassie blue staining of the gel showed that equal 

amounts of the heavy chains of the anti-Cyclin A and anti-Cyclin E immunoglobulins were 

present on the gel, which indicated equal amounts of these antibodies were applied to the 

assays. This indicated that equal amounts of the Cdk2-Cyclin A or Cdk2-Cyclin E were used 

in the kinase assays.   

The results showed that, comparing with the controls, the kinase activity of both the 

Cdk2-Cyclin E and Cdk2-Cyclin A were completely inhibited by the Spa310 peptide at the 

concentration of 3mM. This indicates that the inhibitory effect of Spa310 on the kinase 

activity of Cdk2-CyclinE/A complexes is independent of which cyclin partner the Cdk2 

complexes with. 

Discussion: 

The inhibitory effect of Spa310 on the kinase activity of Cdk2-CylinE/A may result 

from the inhibition on either some common features shared by the Cdk2-Cyclin E and Cdk2-

Cyclin A or the Cdk2 itself. 
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Figure 2-5. The Inhibitory Effect of the Spa310 Peptide on the Cdk2-Cyclin A Complex  

Lane 1 is the full range rainbow marker. Lane 2 is the kinase assay reaction products of the 
normal rabbit serum (NRS) pull down with the Histone H1 and the radio activity ATP. Lane 
4 is the kinase assay reaction products of supplying the immunoprecipitated Cdk2-Cyclin A 
complex with the substrates of Histone H1 and the radio activity ATP. Lane 6 is the kinase 
assay reaction products of mixing the immunoprecipitated Cdk2-Cyclin A complex with the 
Spa310 peptide and the substrates. A. The autoradiography of the kinase assay using the anti-
Cyclin A antibody pull down shows the complete inhibition on the kinase activity of the 
Cdk2-Cylcin A complex by the Spa310 peptide treatment. The lane corresponding to the 
NRS pull down does not show the phosphorylation of the Histone H1, which indicate 
specificity of the anti-Cyclin A antibody was good and the NRS dose not pull down much 
Cdk2-CyclinA. B. The coomassie blue staining of the gel shows the loading of the Spa310, 
equal amount Cdk2-Cyclin A and Histone H1 (lane 4 and 6). 
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Figure 2-6. The Inhibitory Effect of the Spa310 Peptide on the Cdk2-Cyclin E Complex  

Lane 1 is the full range rainbow marker. Lane 2 is the kinase assay reaction products of the 
normal rabbit serum pull down with the Histone H1 and the radio activity ATP. Lane 4 is the 
kinase assay reaction products of supplying the immunoprecipitated Cdk2-Cyclin E complex 
with the substrates of Histone H1 and the radio activity ATP. Lane 6 is the kinase assay 
reaction products of mixing the immunoprecipitated Cdk2-Cyclin E complex with the 
Spa310 peptide and the substrates. A. The autoradiography of the kinase assay using the anti-
Cyclin E antibody pull down shows the complete inhibition on the kinase activity of the 
Cdk2-Cylcin E complex by the Spa310 peptide treatment. The lane corresponding to the 
NRS pull down does not show the phosphorylation of the Histone H1, which indicate 
specificity of the anti-Cyclin E antibody was good and the NRS dose not pull down much 
Cdk2-Cyclin E. B. The coomassie blue staining of the gel shows the loading of the Spa310 
and equal amounts of Cdk2-Cyclin E and Histone H1 were loaded to lane 4 and 6. 
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CHAPTER 3 

SPA310 PEPTIDE ARRESTS CELLS AT THE G0/G1 
PHASE AND INHIBITS THE GROWTH OF THE 

XENOGRAFTED TUMORS IN NUDE MICE 
 

 

Introduction: 

The effects of the spacer region of the pRb2/p130 and the Spa310 on the cell cycle 

distribution were examined by flow cytometry (Figure 3-1, the percentages shown are an 

average of three independent experiments.).   

The cells were first transiently transfected with 5 µg of pEF6/V5-spacer, pEF6/V5-

Spa310 and the vector alone (control) respectively. A marker plasmid expressing enhanced 

green fluorescent protein (EGFP)-spectrin was included in the transfection mixture. EGFP-

negative population non-transfected with EGFP-spectrin was used as control cells.  

The cells were harvested and examined for their cell cycle states by fluorescence-

activated cell sorter (FACS) analysis.  

When the cells transiently transfected with vectors containing spacer or spa310, were 

compared with of the control group, a smaller percentage of the cells were found to be at S 

phase (DNA synthesis), while a higher percentage of cells were at G1 (prior to DNA 

synthesis). This result indicates cell growth was inhibited by the spacer or Spa310. 
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Figure 3-1 Spa310 expressed in the transfected cells arrests the cell cycle at G1.  

a) Representatives of the histograms of the cell cytometry results. b) Bar chart of the 
averaged cell cycle distribution. Cells were transiently transfected with 5 µg of pEF6/V5-
Spa310 or the vector alone (control). A marker plasmid expressing enhanced green 
fluorescent protein (EGFP)-spectrin was included in the transfection mixture. Control cells 
non-transfected with EGFP-spectrin was used as EGFP-negative population. Then, cells were 
harvested and examined for their cell cycle states by fluorescence-activated cell sorter 
(FACS) analysis. 
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Material and Methods: 
3.1 Cell Cycle Distribution Experiment using Synthesized Peptides  

3.1.1 Cell Cycle Distribution in lung cancer cell line H23 

First, 4 peptides, scramble, Spa310, scramble-TAT, Spa310-TAT, were synthesized 

at Thomas Jefferson University. Scramble is a peptide consists of 39 scrambled amino acids, 

used as control to spa310. Spa310 is the functional spacer region of pRb2/p130 consisting of 

39 amino acids. Scramble-TAT is the scrambled 39 amino acid as in scramble cross linking 

the TAT sequence at the N end, used as control to Spa310-TAT. Spa310-TAT is the spa310 

sequence cross linking the TAT sequence at N end.  

Second, at day 1, 3x105 H23 (human lung cancer cell line) cells were plated in 18 

10cm petri dishes, and cultured in RPMI-1040 with 10% FBS. At day 2, changed the culture 

media to RPMI-1040 with 0.1% FBS. 48 hours later, changed the culture media to RPMI-

1040 with 10% FBS, and treated cells with the peptides. Each petri dish, except 2 used as 

control, was treated with one kind peptide ether resulted the concentration at 50µM, 30 µM, 

15 µM, or 5 µM. At day 5, the cells were harvested and fixed in cold ethanol alcohol. And 

then were stored at 4oC until the day for FACS.  

Third, after the fixed cells were stained by using propidium iodide (PI), they are 

examined by flow cytometry.  

3.1.2 Cell Cycle Distribution in cell line NIH/3T3 (with WT Rb), U2OS and SAOS-2    

Materials, equipments and methods were similar to the above mentioned experiments.  
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3.2 Animal Studies 

3.2.1 Preparation of human non-small cell lung cancer cells for xenografting tumors on 

the flanks of nude mice 

The A549 cells were cultured as described in Chapter 2.  

3.2.2 Preparation of tumor xenografts in immunodeficient mice 

The animal experiments were carried out in accordance with the Guidelines for the 

Care and Use of Laboratory Animals (National Institute of Health publication number 85-23) 

and the institutional guidelines of Temple University. Four-six-week- old female athymic 

nude mice (CD1, nu/nu) were purchased from Charles River Laboratory (Wilmington, MA, 

USA). About a week after the mice arrived, the A549 cells were harvested and then 

suspended in unsupplemented culture medium without FBS. After the mice were 

anesthetized by isoflurane inhalation, 4x106 cells in a final volume of 100 µl were injected 

subcutaneously into the left flank of each mouse by using 1-ml syringes with 25-gauge 

needles. 

Animal weight was monitored weekly. The length and width of each tumor were 

measured every time in triplicates by using a Vernier caliper. The median of the 

measurements was applied to the following formula to calculate tumor volumes: tumor 

volume = the length of the tumor x (the width of the tumor)2/2. When the tumors grew to a 

volume of about 0.05 cm3, the mice were treated with the peptides. The peptides were 

chemically synthesized by the Jefferson Protein/Peptide Chemistry/Molecular Interaction 

Facility (Philadelphia, PA, USA). Four peptides were tested in the in vivo experiments 
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(Spa310, Spa310-TAT, Scramble and Scramble-TAT). Mice were treated with 50 µl of each 

1.5mM peptide in distilled water injected into the tumor every 4 days. The tumor sizes were 

measured before each treatment. Tumor volumes were calculated and plotted on a graph. 

This study was repeated under exactly the same conditions. 
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Results: 

3.1 Cell Cycle Distribution in lung cancer cell line H23 

There were no statistically significant differences between the experimental groups 

and the controls for cell cycle distribution. The percent of cells at cell cycle stage G0/G1 did 

not show statistically significant differences among different petri dishes (data is not shown). 

Recent research shows that there are 2 point mutations present in exon 1of Rb gene in 

H23 cell line (personal communication with Dr. Claudio), indicating that the pRb in H23 

may be nonfunctional, and thus cannot bind to E2F to prevent the transcriptions initiated by 

E2F in many genes. It may not matter whether the peptides have the Cdk2 inhibition function 

or not; the cells will not be arrested at G0/G1. Although this is a possibility, previous studies 

performed by Dr. Bagella using H23 showed that Cdk2 activity was inhibited by Spa310, 

thus the function of pRb binding to E2F should not be ruined by the two point mutations 

present in exon 1 of H23.  

 

3.2 Cell Cycle Distribution in cell line NIH/3T3 with wild type Rb      

To further rule out the possibility that the integrity of Rb causes the results, a cell line, 

NIH/3T3, which has wild type Rb,was used for the cell cycle distribution study.   

The results show no statistically significant differences between the experimental 

groups and the controls for cell cycle distribution (data is not shown). The percent of cells at 

cell cycle stage G0/G1 did not show statistically significant differences between different 

experimental groups. 
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These results indicate that the previous negative results are not because of the lack of 

integrity of the Rb gene.  

 

3.3 Cell Cycle Distribution in cell lines, U2OS and SAOS-2. 

To further confirm this conclusion, and find out the possible reasons for the results, 

two additional experiments were performed by using two additional cell lines, U2OS and 

SAOS-2.  

Again, the results show no statistically significant differences between the 

experimental groups and the controls for cell cycle distribution. The percent of cells at cell 

cycle stage G0/G1 did not show statistically significant differences between different 

experimental groups (data is not shown here). 

These results confirmed that the integrity of the pathways involved did not cause the 

results in the previous study.  

 

3.4 Cell Cycle Distribution in A549 cell after being treated with Spa310 at high 

concentration 

One possible explanation for these results is that the Spa310 dosage used was too low 

to observe any cell cycle arrest phenomena.  

So then, the experiments used the Spa310 or scramble peptide at a much higher 

concentration, 1.5mM.  A549 cells (WT Rb, WT p53) were subjected to the peptide 

treatments. It can been seen from the results after the Spa310 treatment (Figure 3-2), 

comparing with the control, -that there are about 20% more cells arrested at G0/G1 and less 

cells processed to S phase.  
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More A549 Cells were Arrested in G0/G1 after being Treated by the 
Spa310 Peptide
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Figure 3-2. Flow cytometry analysis of the effect of Spa310 peptide on cycle 
distribution.  

The flow cytometry analysis shows, after being treated by the Spa310 peptide, more A549 
cells were arrested in the G0/G1 phase and less progressed to the S phase.  
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3.5 In vivo analysis of synthetic peptide effects on tumor growth 

The ability of the small molecule Spa310 to suppress tumor formation and 

progression was examined (Figure 3-3). Results showed statistically significant reduction in 

the volume of tumor formation in nude mice have exciting implications for developing a drug 

design program aimed at producing small synthetic molecules that function as growth 

suppressors. The advantages of inhibiting rather than restoring the biochemical function of a 

protein that has lost its normal activity, combined with the commercial advantages of the 

biosynthetic process (i.e., low cost, simple techniques and the ability to produce molecules 

on a large scale), ultimately make the Spa310 small molecule a potentially significant 

pharmaceutical product in the treatment of hyperproliferative disorders. 
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Figure 3-3.  In vivo effects of Spa310synthetic peptides on tumor growth in nude mice. 
(a) Representative example of tumor growth inhibition in nude mice injected with 4_106 
A549 cells. Tumors were injected with 50 ml of each 1.5mM peptide (Spa310, Spa310-Tat or 
Scramble, Scramble-Tat peptides, as a control) in distilled water every 4 days. (1) Mouse 
treated with Spa310; (2) mouse treated with Spa310-TAT; (3) mouse treated with Scramble 
and (4)mouse treated with Scramble-TAT. (b) Graphic representation of the growth curve of 
tumor xenografts treated with the Spa310 and Scramble peptides mentioned above. 
Percentage of mean tumor volume increment over days is shown. 
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CHAPTER 4 

SPA310 INHIBITS THE KINASE ACTIVITIES OF 
CDK1-CYCLIN B, CDK4-CYCLIN D and CDK9-

CYCLINT/K 
 

 

Introduction: 

The Cdk2- Cyclin E complex plays a critical role in  the G1/S transition while the 

Cdk2-Cyclin A complex is required for cell cycle progresses in the S phase. In addition to the 

Cdk2- Cyclin E/A complexes, other Cdk-Cyclin complexes also play very important roles 

cell cycle control, such as the Cdk1-Cyclin B in G2/M phase, Cdk4/6-Cyclin D in G1 phase, 

as well as Cdk9-Cyclin T1. Inhibiting these Cdk-Cyclin complexes may arrest the cell cycle. 

Florescence Activated Cell Sorting (FACS) analysis using cells transfected by plasmids 

expressing Spa310 showed that about 20% more cells were arrested in G0/G1 and fewer cells 

in S phase, comparing with the mock transfected cells. This indicates that Spa310 might 

inhibit the Cdk2- Cyclin E/A complexes to prevent the cells pass the G1/S checkpoint and 

progress to the S phase. However, it could not rule out the probability that Spa310 inhibits 

the Cdk4/6-Cyclin D complexes and lead to the cell cycle being arrested at G1.  

The fluorescence assisted cell sorter sorts cells based on their relative DNA contents. 

When the cell cycle distribution were analyzed, using plasmid transfected cells or peptide 

treated cells, the results from the flow cytometry do not distinguish the cells arrested at G0 

from those at G1, because the relative DNA contents generally are the same for the cells at 
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G0 phase and at G1 phase. However, the biological events occurring in cells at G0 phase are 

different from the ones happening at G1 phase. For example, the kinases that play essential 

roles to keep cells at G0 are quiet different from the ones that arrest cells at G1. The cells 

arrested at G1 phase may be unable to progress to S phase, which may be caused by the 

inhibition of Cdk2-Cylin E, which is the G1/S transition Cdk-Cyclin complexes. However, 

the arrest of cells at G0 phase, may be caused by the inhibition of the Cdk4/6-Cyclin D 

complexes, which also contribute to arresting cells at G1.  

Thus, it is impossible to tell whether the cells are at G0 or G1 phase solely based on 

the results from the flow cytometry analysis,. As a result, one can not conclude that the 

Cdk2-CyclinE/A complexes are solely responsible for the cell cycle being arrested at G0/G1. 

Although, as it has been shown, the Spa310 inhibits the kinase activities of Cdk2-CyclinE/A 

complexes, which may be the most important function of Spa310, however, this does not rule 

out that the cells may be arrested at G0, which may result from the inhibition of the kinase 

activity of Cdk4/6-CyclinD. So, testing the kinase activity of the Cdk4/6-Cyclin D in 

responding to the treatment of the Spa310 is needed.  

To achieve this goal, a kinase assay testing the possible inhibitory effect of Spa310 on 

Cdk4-Cyclin D by using an anti-Cdk4 pull down was performed.  

It is also noticed that, in the FACS results for transiently expressing Spa310 in cells, 

compared to the control, besides more cells were arrested at G0/G1, there were more Spa310-

expressing cells at G2/M phases as well. This may indicate that Spa310 may also inhibit the 

Cdk1-Cyclin B.  So, it would be interesting to know whether the Spa310 is a specific 



 - 47 -

inhibitor of the Cdk2-Cyclin E/A complexes or it can inhibit Cdk1-Cyclin B, Cdk4/6-

CyclinD, and Cdk9-CyclinT1 as well.   

When the cell cycle distribution was analyzed using pEF6/V5-Spa310 transiently 

transfected NIH/3T3 cells followed by flow cytometry analysis, it was noticed that, when 

compared with the control (transfected by empty pEF6/V5), not only more pEF6/V5-Spa310 

transfected cells were arrested at G0/G1 phase of the cell cycle, but also more of these same 

transfected cells were arrested at G2/M phase.   

Cdk1, which was also known as CDC2 (Cell Division Cycle 2), is an important 

component of the Maturation Promoting Factor (MPF). It plays an essential role in the G2/M 

phase transition of the mammalian cell cycle. When it is complexed with cyclin B, it 

promotes the progress of the cell cycle from G2 phase to M phase. 

Since increased number of the pEF6/V5-Spa310 transfected cells were observed 

being arrested at G2/M, it is logical to ask whether the Spa310 also inhibits the kinase 

activity of Cdk1-Cyclin B.  

Besides the essential role of the Cdk1-Cyclin B plays in the G2/M transition, it has 

also been reported the Cdk1 is able to bind to the Cyclin E and the Cyclin A and promote the 

progress of G1/S transition (Merrick KA 2008).  

Based on this observation, Spa310 may not only inhibits the kinase activity of the 

Cdk2-CyclinE/A, but also that of the Cdk1-CyclinB complex. 
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To test this hypothesis, an anti-Cdk1 antibody was used to pull down the Cdk1-Cyclin 

B complex, which was then used to perform a kinase assay to test whether its kinase activity 

would be inhibited by the Spa310. 

Cdk9 is a kinase play important roles in transcription and development. It is also 

reported that Cdk9 contributes to cell cycle arrest in G0/G1. If Spa310 is able to inhibit not 

only the kinase activity of Cdk2, but also the kinase activity of Cdk1, Cdk4, it may have an 

inhibitory effect on other Cdks, such as Cdk9.  

To test whether the kinase activity of Cdk9-CylinT/K is inhibited by Spa310, Cdk9-

CyclinT/K was immunoprecipitated by an anti-Cdk9 antibody, which was then used in a 

kinase assay.        

The results of the above stated kinase assays will show whether the Spa310 peptide is 

a specific inhibitor of the kinase activity of Cdk2-Cyclin E/A complexes or it can inhibit 

Cdk1-Cyclin B, Cdk4/6-CyclinD, and Cdk9-CyclinT1 as well.   
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Materials and Methods: 

4.1 Substrates used for the kinase assays: 

The Histone H1 was purchased from EMD CHEMICALS (La Jolla, CA).  

The GST-Rb is GST fused with partial of pRb protein containing amino acid residues 

769-921. It was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 

The GST-p53 is GST fused p53 protein. It was purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). 

4.2 Cell Culture: 

A549 cells were cultured as described in Chapter 2.  

4.3 Immunoprecipitation: 

The general procedures were performed as decribed in Chapter 2. 

The antibodies used are listed as follows: rabbit anti-Cdk1 polyclonal antibody (Santa 

Cruz Biotechnology), rabbit anti-Cdk4 polyclonal antibody (Santa Cruz Biotechnology), 

rabbit anti-Cdk9 polyclonal antibody (Rockland Immunochemicals, Gilbertsville, PA) 

4.4 Kinase Assay: 

The kinase assays were performed as described in Chapter 2. 10-20% gradient gels 

(Bio-Rad Laboratories) were used for SDS-PAGE. 
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CDK Substrate used in the kinase 
assay  

Other substrates could be 
used 

CDK1 Histone H1 Cyclin B, Lamins, cdc25c, 
Vimentin (V4383), Nucleolin, 
APC 

CDK2 Histone H1 pRb, nucleophosmin, cdc6, 
NPAT 

CDK4 GST-Rb (partial) N/A 

CDK9 GST-p53 CTD of RNA Polymerase II 

 

Table 2. CDKs and their respective substrates used in the kinase assays 

The Histone H1 was chosen to be used as the substrates for the Cdk1 and Cdk2 in the kinase 
assays. The pRb is also a common substrate for Cdk2 kinase assay. There are also many 
other proteins were reported previously as the substrates for Cdk1 or Cdk2. The pRb is a 
substrate for Cdk4. In the kinase assay performed, a GST fused partial pRb was used. The C-
terminal domain (CTD) of the RNA polymerase II is a classic substrate for Cdk9. However, 
it is not available in our lab. Because it is reported the p53 can be phosphorylated by the 
Cdk9, the GST fused p53 was used in the kinase assay. 
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Results: 

4.1 Inhibitory Effect of Spa310 on the kinase activity of Cdk1-Cyclin B  

Cdk1-CyclinB was immunoprecipitated by the anti-Cdk1 antibody. Equal amounts of 

Cdk1-CyclinB and Histone H1 were used in three different kinase assay reactions. dH2O  

was used in one reaction, Scramble peptide in the second, and Spa310 peptide in the third. . 

As can be seen in Figure 4-1 A, without Cdk1 there is no phosphorylation of the 

Histone H1 in lane 2. In lanes 3 and 4, the bands, which are the result of autoradiography of 

the phosphorylated Histone H1, are at similar levels of darkness. However, the band in lane 5 

is much lighter than the bands in lanes 3 and 4. This indicates that the treatment of Scramble 

peptide did not inhibit the kinase activity of Cdk1/CylcinB, while the Spa310 peptide 

inhibited the kinase activity of the Cdk1/CyclinB.    

This inhibitory effect of Spa310 on the kinase activity of the Cdk1/CyclinB is dose-

dependent. As can be seen, in the different kinase assay reactions (Figure 4-2 A) equal 

amounts of Cdk1/CyclinB and Histione H1 (faint bands) were used. When the doses of the 

Spa310 peptide used in the reactions increased, the phosphorylation level of the Histone H1 

decreased, which indicates that the kinase activity of Cdk1/Cyclin B decreased. Increased 

amounts of Spa310 peptide caused stronger inhibition of Cdk1/Cyclin B kinase activity.       
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Figure 4-1. The Spa310 inhibits the kinase activity of the Cdk1-CyclinB.  
A) The autoradiography results of the kinase assays. B) The coomassie blue staining of 
the same gel as used in A to show the loading of the proteins. Lane 1 is the full range 
rainbow molecular weight marker. The only protein in lane 2 is 1µg of the Histone H1 
loaded on the gel to show the unphosphorylated Histone H1 in B. Through lane 3 to lane 
5, equal amount of the Histone H1 (1µg) and the Cdk1-CyclinB (indicated by the amount 
of the anti-Cdk1 antibody) were used in the kinase assays and then loaded on the gel as 
shown in B. The differences among lane 3, lane 4 and lane 5 are kinase assays 
corresponding to these lanes had different treatments. The kinase assays corresponding to 
lane 3, lane 4 and lane 5 were treated by H2O, 1.5mM Scramble peptide and 1.5mM 
Spa310 peptide, respectively.  
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Figure 4-2. The inhibitory effect on Cdk1 kinase activity by the Spa310 is dosage 
dependent.  
A) The autoradiography results of the kinase assays. B) The coomassie blue staining of 
the same gel as used in A to show the loading of the proteins. Lane 1 is the full range 
rainbow molecular weight marker. Through lane 2 to lane 5, equal amount of the Histone 
H1 (1µg) and the Cdk1-CyclinB (indicated by the amount of the anti-Cdk1 antibody) 
were used in the kinase assays and then applied to the gel as shown in B. The differences 
among the kinase assays corresponding to lane 2 through lane 5 were the amounts of the 
Spa310 peptide used in the kinase assays. No Spa310 peptide was applied to the kinase 
assay corresponding to the lane 2. However, the kinase assays corresponding to the lane 3, 
lane 4 and lane 5 were involved 0.15mM, 0.75mM and 3mM of the Spa310 peptide, 
respectively. Through lane 2 to lane 5, the darkness of the bands, which indicates the 
amounts of the phosphorylated Histones H1 and thus the kinase activity of the Ckd1, 
decreases while the amounts of the Spa310 peptide used in the kinase assays increase. 
This indicates that the Spa310 peptide inhibits the kinase activity of the Cdk1 in a dose-
dependent manner.    
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4.2 The inhibitory effect of the Spa310 on the kinase activity of the Cdk4-CyclinD 

Cdk4-CyclinD was immunoprecipitated by the anti-Cdk4 antibody. Equal amounts of 

the Cdk4-CyclinD were then used in two different kinase assay reactions. For both reactions, 

equal amounts of GST-Rb (partial) was used.  

As it can be seen in Figure 4-3 A, lane 4, which corresponding to the kinase assay 

reaction treated with Spa310 peptide, compared with the control, showed no phosphorylation 

of the GST-Rb.  This indicates that the treatment of the Spa310 peptide at the concentration 

of 3mM inhibited the kinase activity of the Cdk4-CyclinD.    
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Figure 4-3. Spa310 inhibits the kinase activity of the Cdk4-CyclinD.  
A) The autoradiography results of the kinase assays. Compared with the control (H2O), the 
kinase activity of the Ckd4 was inhibited completely by applying 3mM of the Spa310 peptide 
to the kinase assay reaction. B) The coomassie blue staining of the same gel as used in A to 
show the loading of the proteins. Lane 1 is the full range rainbow molecular weight marker. 
Compared with the lane 3, no less amount of GST-Rb (partial) was loaded in the lane 4. The 
amounts of the immunoglobulin, which is the anti-Cdk4 antibody in the case of the lane 3 
and the lane 4, are in the same amount in lane 3 and lane 4. This indicated that same amounts 
of the Cdk4-Cyclin D were pulled down and used in the kinase assays corresponding to the 
lane 3 and the lane 4.  
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4.3. Inhibitory Effect of the Spa310 on the kinase activity of the Cdk9-CyclinT1/K 

This test is similar to others that have investigated the inhibitory effect of the Spa310 

peptide on the kinase activities of the Cdk1/CyclinB and Cdk4/CyclinD. The Cdk9/Cyclin 

T1/K was immunoprecipitated by the anti-Cdk9 antibody and used in the kinase assays.  

As can be seen in Figure 4-4 A, when equal amounts of the Cdk9/Cyclin complexes 

and substrates were used in the reactions, the reaction from the Spa310 peptide treatment 

produced less phosphorylated GST-p53.  This indicates that the Spa310 peptide inhibited the 

kinase activity of the Cdk9/Cyclin T1/K. 

This inhibitory effect of the Spa310 peptide on the kinase activities of the 

Cdk9/Cylcin T1/K occurs in a dose-dependent manner. As seen in Figure 4-5, when the 

doses of the Spa310 peptide used in the reactions increased, the kinase activity indicated by 

the level of the phosphorylated GST-p53 decreased. 



 - 57 -

 

Figure 4-4. Spa310 inhibits the kinase activity of the Cdk9-CyclinT1/K.  
A) The autoradiography results of the kinase assays. B) The coomassie blue staining of the same gel 
as used in A to show the loading of the proteins. Lane 1 is the full range molecular weight rainbow 
marker. Lane 2, only GST-p53 is loaded. Equal amounts of GST-p53 were used in the kinase assays 
corresponding to the lane 3 and the lane 4, which is indicated by the loading of the GST-p53 in the 
lane 3 and the lane 4.  The equal amounts of the anti-Cdk9 antibody loaded in the lane 3 and the lane 
4 indicated the Cdk9-CyclinT1/K complexes pulled down by these antibodies and then used in the 
corresponding kinase assays were equal. So the kinase assays corresponding to the lane 3 and the lane 
4 used the same amount of the Cdk9 kinase and the same amount of the substrate. However, 1.5mM 
of Spa310 peptide was applied to the kinase assay reaction corresponding to the lane 4, while the 
reaction corresponding in lane 3 was used as a control. It is observed that in lane 4, the band of the 
phosphorylated GST-p53 is much weaker compared to the one in lane 3, which indicated that the 
Spa310 treatment inhibited the kinase activity of the Cdk9-CyclinT1/K.     
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Figure 4-5. The Spa310 inhibits the kinase activity of the Cdk9-CyclinT1/K in a dosage-
dependent manner.  

A) The autoradiography results of the kinase assays. B) The coomassie blue staining of the 
same gel as used in A to show the loading of the proteins. Lane 1 is the full range molecular 
weight rainbow marker. As it can be seen in B, only GST-p53 is loaded in the lane 2. The 
GST-p53 from the different kinase assay reactions were loaded in lane 3 to lane 6. As it can 
be seen in figure B, the amount of the GST-p53 used in the different kinase assays was the 
same. As it shown in figure B, from lane 3 to lane 6, the amount of the anti-Cdk9 antibody 
from the different kinase assays is equal to each other, which indicated equal amounts of the 
Cdk9 were pulled down and used in the different kinase assays. While the amounts of the 
Spa310 peptide applied to the kinase assays increased from lane 3 to lane 6 (figure B), the 
darkness of the bands (figure A) which indicated the amounts of the phosphorylated GST-
p53 decreased. This result indicated the Spa310 inhibits the kinase activity of the Cdk9-
CyclinT1/K in a dosage-dependent manner.   
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Discussion: 
 

When testing the kinase activity of the Cdk4/6-Cyclin D in response to the treatment 

of the Spa310,  it is better to use an anti-Cyclin D1 antibody to pull down Cyclin D dependent 

Cdk’s. However, since Cyclin D1 antibody was not available in our lab testing Cdk4-Cyclin 

D at least is able to show whether the Spa310 treatment inhibits cyclin D dependent Cdk 

kinase activity. 
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CHAPTER 5 

INTRACELLULAR LOCALIZATION OF THE 
SPA310 PEPTIDE 

 

 

Introduction: 

So far, not much is known about the mechanism of how Spa310 inhibits the kinase 

activity of the CDK2- cyclin E/A complexes. Although as for all the other proteins, CDK2 is 

synthesized in the cytoplasm, it executes its function in the nucleus. The kinase assay showed 

Spa310 is able to inhibit the kinase activity of the CDK2-Cyclin complex. Ex vivo and in vivo 

studies indicated cell cycle arrest, colony formation suppression, tumor growth reduction and 

this likely result from the inhibitory effect of the Spa310 on the kinase activity of CDK2- 

cyclin E/A complexes in the cells. So it is most likely that Spa310 fulfills its function in the 

nucleus.  

In cells transfected by plasmids expressing GFP-labeled Spa310, fluorescence was 

observed both in the cytoplasm and in the nucleus. However, appearance of fluorescence in 

the cytoplasm is not controversial to the hypothesis that the Spa310 fulfills its inhibitory 

function in the nucleus, since these fluorescence-labeled Spa310 peptides first have to be 

synthesized in the cytoplasm of the cells and then relocalize to the nucleus. Actually, some 
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fluorescence observed in the nucleus indicates that the peptide is localized in the nucleus at 

least at some point of the cell cycle.  

It is proposed that the Spa310 peptide is able to localize to the nucleus. To confirm 

this hypothesis and to examine the dynamic distribution of the Spa310 peptide, a fluorescein-

conjugated Spa310 peptide, which was synthesized by a peptide synthesizer and then purified 

by HPLC, has been used to study the intracellular localization and pharmacokinetics of the 

peptide.  
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Materials and Methods: 

5.1 Fluorescein-Peptide Synthesis and Purification: 

The sodium fluorescein (The chemical formula is C20H10O5.2Na. The M.W. is 376.27 

Dalton.) was used in the synthesis process of adding the fluorescein to the N-terminus of 

either the Spa310 peptide or the Scramble peptide. The molecular weight of fluorescein is 

330 Dalton. The molecular weight of the end product, the fluorescein-Spa310 or fluorescein-

Scramble, is 4567.74 Dalton. The unconjugated sodium fluorescein is fairly small comparing 

with the size of the fluorescein-Spa310 or fluorescein-Scramble, and thus is easily separated 

from the peptides via HPLC. 

5.2 Cell Culture on Chamber Slides: 

In each well of a 4-well chamber slide, 1.5x105 A549 cells were seeded and cultured 

in 0.5ml of the modified Ham’s F-12 medium (MediaTech), which is supplied with 10% fetal 

bovine serum (FBS) and 0.75 gram of NaHCO3 in every 500ml of the medium. The cells 

were cultured at 37 oC under 5% CO2 for 12 hours and then treated by 1.5mM of either the 

fluorescein-Spa310 peptide or the fluorescein-Scramble peptide. The experiments were 

performed in triplicate. 

5.3 Fixation and Staining: 

After the treated cells have been treated for the appropriate period of time, the 

medium was aspirated and the walls of the chambers were removed. Then the slides were 

submerged in PBS filled in copplin jars for 5 minutes to remove the residue of the culture 

medium. Rinse was repeated for another 2 times. Then the slides were submerged in freshly 
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made 4% paraformaldehyde for 15 minutes to fix the cells. After the fixation, the slides were 

rinsed in PBS for 3 times for 5 minutes each time. Then the cells on the slides were covered 

by the 7-Aminoactinomycin D (7-ADD), which was purchased from AnaSpec Inc. (San Jose, 

CA) and dissolved in PBS at the concentration of 1mg/ml, to stain the nucleus. After the cells 

were stained by the 7-ADD for 30 minutes at room temperature, the slides were rinsed in 

PBS for 3 times for 5 minutes each time. Once the rinse has been done, the slides either were 

stained by the ER tracker or were ready for fluorescence microcopy examination. 

5.4 Time Course Assay: 

The A549 cells cultured on chamber slides were treated by either the fluorescein-

Spa310 peptide or the fluorescein-Scramble peptide at the final concentration of 1.5mM for 

6, 18,  24, 30, 36, 48, 60, 72, or 96 hours. Each kind of treatment was done in triplicate. 

5.5 Deconvolution Microscopy: 

All the slides were visualized by an Olympus IX81 deconvolution fluorescence 

microscope (Olympus Microscopes, Center Valley, PA). 

5.6 Staining of the Endoplasmic Reticulum (ER): 

The endoplasmic reticulum was stained by ER-Tracker Blue-White DPX dye 

(Invitrogen) following the manufacturer’s instructions.  
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Results: 

5.1 The fluorescein-Spa310 localizes to the nucleus 

After the A549 cells grew in the chamber slides they were treated by 1.5mM of the 

fluorescein-Spa310 applied to the culture medium for 30 hours.  The cells were then fixed in 

4% paraformaldehyde and stained by 7-ADD dissolved in PBS to show the nuclei. The cells 

were examined under a deconvolution fluorescence microscope.  

Deconvolution microscopy examination showed that, after the cells grew in the 

chamber slides treated by 1.5mM of the fluorescein-Spa310 for 30 hours, the green 

fluorescence indicating the distribution of the fluorescein-Spa310 was mostly co-localized 

with the red fluorescence indicating the nuclei. Green fluorescence was observed in the 

cytoplasm. This observation indicates that at least at some time after the cells are treated with 

the Spa310 peptide, the peptide is localized to the nucleus.  

 

5.2 The distribution of the Spa310 peptide in the cells is a dynamic process 

After treating the cells being with the Spa310 peptide, I studied 1) how long it takes 

for the peptide to be observed in the nucleus,  2) if it localizes in anywhere else in the cells 

before reaching nucleus, and 3) how long it stays in the nucleus.  

To answer these questions, a time course study was performed. The cells were treated 

with the fluorescein-Spa310 peptide for different lengths of time. The distribution of the 

Spa310 peptide was checked with a deconvolution fluorescence microscope. 

The time course study showed that the intracellular localization of the Spa310 is time-

dependent. 6 hours after the cells were treated by the fluorescein-Spa310 peptide there were 



 - 65 -

many dots in the cytoplasm that showed green fluorescence. At 18 hours after treatment, 

strong green fluorescence signal was detected mainly around the nucleus, although some 

green dots were observed in the cytoplasm as well. This distribution of the peptide 

dramatically changed after the cells were treated for 30 hours, at which point most of the 

green fluorescence was seen in the nucleus. At 36 hours after being treated, the density of the 

green fluorescence in the nucleus increased and the green fluorescence was more 

concentrated in the nucleus. At 72 and 96 hours after being treated, there was very little green 

fluorescence observed in the cells.  

Additional data that is not shown here indicates that at 24 hours the green 

fluorescence could  be observed in the nucleus; after 48 hours and 60 hours, the green 

fluorescence was almost undetectable in the nucleus.  

These time course results indicate that the distribution of the Spa310 peptide is a 

dynamic process.  The Spa310 peptide was taken into the cells and contained in some small 

vessels in the cytoplasm as soon as 6 hours after the treatment. Starting at around 18 hours, 

the peptide was delivered by the small vessels to the area surrounding the nucleus. By 24 

hours, the Spa310 peptide was located mainly in the cytoplasm. After that the Spa310 peptide 

started to show up in the nucleus and was mainly localized there until at least 36 hours By 48 

hours the peptide was cleared from the nucleus and the cell.      

The Scramble peptide was also conjugated with a fluorescein and used for the time 

course study. The data, which is not shown here, is a little bit conflicted. Although some 

preliminary data showed the scramble peptide had a similar localization pattern as the 

Spa310, other data showed that the scramble peptide localized mainly in the cytoplasm at 

least until 96 hours after the cells were treated.   
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5.3 The endoplasmic reticulum may play a role in the transportation of the Spa310 

peptide from the cytoplasm to the nucleus 

It was noticed that at 18 hours after the cells were treated with the fluorescein-Spa310 

peptide, the peptide localized mainly in the area surrounding the nucleus. This area is 

believed to be the endoplasmic reticulum (ER). Before the peptide concentrated in this part 

of the cell, it was localized in the cytoplasm. After the peptide localized in this area, it was 

found in the nucleus. So it is proposed that the ER plays a role in the transportation of the 

Spa310 from the cytoplasm to the nucleus. 

To test this hypothesis, the A549 cells were treated with fluorescein-labeled Spa310 

peptide, and then fixed and stained by 7-ADD as well as the ER tracker which stains the ER 

with blue fluorescence. The localization of the Spa310 peptide in ER was examined under 

the deconvolution fluorescence microscope. 

Microscopy examination showed that after the cells were treated for 24 hours with the 

Spa310 peptide, green fluorescence was observed both in the nuclei and the areas 

surrounding the nuclei, while these surrounding areas of the nuclei were able to be stained by 

the ER tracker. Actually, the ER tracker only stained these areas.    

This result indicates that Spa310 localizes in the ER before 24 hours of treatment. It 

was also observed that when more of the green fluorescence appeared in the nucleus, less 

was present in the ER.  Similarly whenmost of the green fluorescence presented in the 

nucleus, there almost no green fluorescence co-stained with blue fluorescence.  

It can be concluded that in the process of transporting Spa310, the ER functions as a 

bridge between the cytoplasm and the nucleus.  
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Figure 5-1. Fluorescein -conjugated Spa310 peptide mainly localizes to the 
nucleus of A549 cells for a certain period of time 30 hours after the cells were 
treated by the peptide.  

A) A view of 4 A549 cells under white light. B) 7-AAD stained nuclei of the 4 cells. 
C) The green fluorescence shows the intracellular localization of the peptide. D) A 
merge view of B) and C). 

A) Transparent view of the cells                    B) Staining of the nuclei 

 

C) Intracellular localization of the peptide    D) Merge view 
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Figure 5-2. A time course study of the intracellular localization of fluorescein-
labeled Spa310  

The time course study of the intracellular localization of Fluorescein-labeled Spa310 
indicates nuclear localization of Spa310 occurs no later than 24 hours after the treatment 
of the peptide. Before that the peptide mainly localizes in the cytoplasm. 48 hours after 
the treatment (data not shown), the peptide was almost undetectable in the nucleus. Then 
72 hours and 96 hours after the cells have been treated with Spa310, the peptide has been 
cleared from the nucleus. The pictures show respectively show A) 6 hours,  B) 18 hours, 
C) 30 hours, D) 36 hours, E) 72 hours, F) 96 hours after the treatment.  

A) 6 hours                                             B) 18 hours 

C) 30 hours                                           D) 36 hours 

E) 72 hours                                            F) 96 hours 
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 C) ER Tracker                            D) Fluorescein-Spa310 

A) Transparent View                  B) 7-ADD 
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Figure 5-3. The endoplasmic reticulum may play a role in transporting Spa310 
peptide from the cytoplasm to the nucleus.  

A) Contrast view of the cells; B) 7-ADD staining of the cells; C) ER-tracker staining 
of the cells; D) intra-cellular localization of fluorescein-Spa310; E) merged view of B 
and D; F) merged view of B and C; G) merged view of C and D; H) merged view of 
B, C and D. Before Spa310 appeared in the nuclei, the peptide localized in the ER. 
When the peptide started to appear in the nucleus, less peptide localized in the ER. in 
the process of transporting Spa310, ER may work like a bridge between cytoplasm 
and nucleus. The images show 24 hours after the Fluorescein-Spa310 treatment.  

E) Spa310+Nuclei                        F) Nuclei+ER 

G) Spa310+ER                             H) Spa310+Nuclei+ER  
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Discussion: 

It is possible that some protein(s) or vessels transport Spa310 to the ER, and then, 

because the membrane of the ER connects with the nuclear envelope, it is able to localize to 

the nucleus via the connected membrane system. 

Of course, once the Spa310 peptide gets into the ER, the appearance of the 

fluorescein-labeled Spa310 peptide in the nucleus can also be the result of 1) the small size of 

the Spa310, which allows it to pass freely through the nuclear pores complex (NPC), or 2) 

some proteins/factors interact with Spa310 to help it pass through the nuclear envelope, or 3) 

some information encoded in the sequence of the 39 amino acids of Spa310 lead to the 

nuclear localization of the Spa310 peptide. The encoded information could be an unknown 

nuclear localization signal (NLS) or a 3D structure of the Spa310 that is recognized and 

bound by a protein, which is able to transport or help the transportation of the peptide to the 

nucleus. The encoding theory also provides an explanation for why Spa310 stays in the 

nucleus. 

Before the fluorescein-Spa310 was available, the intracellular localization of Spa310 

was studied by labeling the Spa310 with fluorescein isothiocyanate (FITC). The amine 

terminus of synthesized Spa310 peptide was conjugated with an amine reactive FITC 

compound by using the EZ-Label™ FITC Protein Labeling Kit (Pierce). After the FITC-

labeled Spa310 was added to the cell culture medium for about 24 hours, green fluorescence 

was observed in the A549 cells (data is not shown). However, based on this data, I could not 

conclude that the FITC-Spa310 was delivered to the cells, because the free FITC compounds, 

which did not conjugate to the Spa310 peptide, could not be completely separated from 
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FITC-Spa310 by using this system. When the kit was used to label Spa310 with FITC, the 

end reaction products were added into a column with desalting matrix at one end, which was 

immersed in a buffer. The desalting matrix has a cutoff number smaller than the size of 

FITC-Spa310, but bigger than unused FITC compound. The free FITC compound was 

removed by dialysis. By changing the buffer outside the dialysis column a few times, most of 

the FITC compounds were removed from the inside of the dialysis column. However, this 

method could not remove all the free FITC molecules, because when the concentration of the 

FITC inside the column equaled to the one outside, the net number of FITC moved out of the 

column would be zero. So there would be always some free FITC mixed with the FITC-

Spa310. Thus it could not rule out the observed green fluorescence was from the 

unconjugated FITC. It is better to use reverse phase HPLC to clean up the reaction products. 

However, in our lab, reverse-HPLC was not available until 2006. 

The intracellular localization of the Spa310 peptide can be confirmed by western blot 

analysis. A549 cells cultured in Petri dish can be treated by 1.5mM Spa310 peptide. After the 

treatment, at various time points, nuclear and cytoplasmic proteins can be separately 

extracted by using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce). These 

proteins will be subjected to western blot analysis by using anti-Spa310 antibody. By doing a 

series of western blot analysis experiments as described above, it is able to tell whether or not 

Spa310 peptide gets into cells, if so, at what time it shows up in the cytoplasm, and if it is be 

able to localize to the nucleus, when it appears in the nucleus and how long it will stay.  

However, to perform this series of western blot analysis, it will need a lot of Spa310 peptide. 

Actually, just for one time point, it will need a large amount of peptide for the treatment, 
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because the concentration of Spa310 peptide needs to be high, and to get enough protein for 

western blot analysisthis experiment, it can not be done in chamber slides, but have to be in 

the Petri dish, which contains relatively large volume of cell culture medium. To need large 

amount of Spa310 peptide makes this kind of study not feasible. 
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CHAPTER 6 

INTERACTION BETWEEN SPA310 PEPTIDE 
AND CDK2/CYCLIN E/A 

 

 

Introduction: 
The Cdk2 kinase activity is regulated by the cyclical synthesis and degradation of the 

cyclin A and cyclin E.  

In addition, the Cdk2 kinase activity can be inhibited by the Cdk Kinase Inhibitors 

(CKIs), which have 2 families, the INK4 family and the CIP/KIP family.   INK4 family 

includes the p16Ink4A, the p15Ink4B, the p18Ink4C and the p19Ink4D, and the CIP/KIP family 

includes the p21Waf1/Cip1, the p27Kip1 and the p57Kip2. The CKIs that inhibit the Cdk2 are the 

members belong to the CIP/KIP family. Those CKIs inhibit the kinase activity of the Cdk2 

by binding to it and dramatically change the conformation of the active site (Malumbres, 

Pevarello et al. 2008). 

As it has been previously described in Chapter II, the Spa310 is able to inhibit the 

kinase activities of the Cdk2-Cyclin E/A complexes. It was proposed that the Spa310 peptide 

works in a similar way as p21Waf1/Cip1 and p27Kip1 . To achieve the inhibitory effect, both 

p21Waf1/Cip1 and p27Kip1 are required to bind to the targeted Cdk/Cyclin complex. Therefore, 

the Spa310 was thought to be able to bind to the Cdk2/Cyclin complex. 
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In Chapter V, I show that the Spa310 peptide is able to localize to the nucleus, where 

the Cdk2-Cyclin E/A complexes fulfill their kinase function.  

Based on all these information, it is logical to think the Spa310 peptide is able to 

interact with the Cdk2.  

A theoretical model for the interaction between the Spa310 and the Cdk2/CyclinA 

complex has been proposed (Giordano, Bellacchio et al. 2007). This proposed model is based 

on the hypothesis that the Spa310 peptide directly binds to the CDK2/CyclinA(E) by using a 

N-terminal motif,  RRV, which is believed to bind to the CDK2/CyclinA(E) in a similar way 

as the N-terminal RNL of the p27Kip1. 

In the model, it is proposed that the peptide may 1) interfere the interaction between 

the CDK2 and the cyclinA/E; 2) use its C-terminal tail for the hindrance of the CDK2 active 

site; 3) insert into the catalytic cleft, mimicking an ATP molecule. 

If there is a direct binding between Spa310 and Cdk2/CyclinA complex can be 

detected, these proposed mechanisms based on the computer-generated model will be 

strongly supported. 
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Materials and Methods: 
6.1 Clones of Spa310, Cyclin A, Cyclin E, Cdk2, Cdk10 WT, Cdk10 DN in pGEX-2T 

Plasmids  

The GST-Spa310, the GST-Cdk10 wild type, the GST-Cdk10 dominant negative, and 

the GST proteins were expressed in E.coli transformed with the pGEX-2T-Spa310, the 

pGEX-2T-Cdk10 WT, the pGEX-2T-Cdk10 DN, and the pGEX-2T plasmids, respectively.  

The pGEX-2T cloning of the proteins/peptide of interest (Diagrams are not shown 

here). 

The inserts of the genes of interest in the plasmids were first confirmed by PCR (data 

is not shown here). 

Then the sequences of the genes of interest were confirmed by sequencing. 

Sequencing of the clones of GST-Spa310, GST-Cdk2, GST-Cyclin A, GST-Cyclin E 

and GST alone: 

To make sure the sequences of Spa310, Cdk2, Cyclin A, Cyclin E and GST cloned to 

the plasmid pGEX2T were correct, the inserts in the plasmids of pGEX2T-Spa310, pGEX2T-

Cdk2, pGEX2T-Cyclin A, pGEX2T-CyclinE and pGEX2T were sequenced by using the 

following primers: 

pGEX2T 5’ primer: GGGCTGGCAAGCCACGTTTGGTG 

pGEX2T 3’ primer: CCGGGAGCTGCATGTGTCAGAGG 
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The sequencing was done at the Core DNA Sequencing Facility of the Kimmel 

Cancer Center (Thomas Jefferson University, Philadelphia, PA). 

Sequencing results: 

pGEX2T-Cyclin A (GST-Cyclin A): 

Blast the assembled Open Reading Frame (ORF) of the sequencing results of the 

pGEX2T-Cyclin A (GST-Cyclin A) indicate all inserts in the 3 pGEX2T-cyclin A plasmid 

stocks are CCNA2.  

pGEX2T-Cyclin E (GST-Cyclin E): 

Blast the assembled ORF of the sequencing results of the pGEX2T-Cyclin E (GST-

Cyclin E) for 2 different samples from 2 colonies, which were resulted from 2 independent 

transformations, indicate the insert of pGEX2T-cyclin E is CCNE1.  

pGEX2T-Cdk2 (GST-Cdk2): 

Blast the assembled ORF (Open Reading Frame) of the sequencing results of the 

pGEX2T-Cdk2 (GST-Cdk2) of 2 different samples from 2 different colonies, which were 

resulted from 2 different transformation processes, indicate the inserts of pGEX2T-Cdk2 is 

Cdk2 variant 1, with a point mutation at 163bp. So, the CTT has been changed to TTT. CTT 

encodes amino acid L, which is a Hydrophobic Amino Acid (including A,I,L,F,W,V). The 

Molecular Weight is 130.16 Daltons. TTT encodes amino acid F, which is also a 

Hydrophobic Amino Acid (including A,I,L,F,W,V). The Molecular Weight is 164.18 

Daltons. This point mutation does not change the charge of the protein, neither the 



 - 78 -

hydrophobility of the protein. So this point mutation may have minor or no effect on the 

function of the protein. 

pGEX2T-Spa310 (GST-Spa310): 

Blast the assembled ORF of the sequencing results of the pGEX2T-Spa310 (GST-

Spa310) indicate the insert in pGEX2T-Spa310 is Spa310.  

pGEX2T (GST alone): 

Blast the assembled ORF of the sequencing results of the pGEX2T (GST alone) 

indicate there is no insert in the vector. 

6.2 Plasmids Expressing Cyclin E and Cyclin A  

The plasmids express Cyclin E and Cyclin A, pOTB7-Cyclin E1 and pCR4-TOPO-

Cyclin A2, were purchased from ATCC. These plasmids have both T7 and Sp6 promoters. 

The orientation of the cloned gene is not guaranteed by ATCC. They may be under control of 

either T7 or Sp6 promoter.  

6.3 Construction of pCMV-Flag-Spa310 

The DNA sequence of Spa310 was inserted between endonuclease sites Hind III and 

BamH I in the vector of pCMV-Flag (Promega, Madison, WI). The expression of Flag-fused 

Spa310 is under the control of promoter CMV, which enables Flag-Spa310 to be expressed 

in mammalian cells. 
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6.4 Transformation of Bacterial Cells 

The JM109 E. coli competent cells were purchase from Promega (Madison, WI). The 

BL21 strain of E. coli cells were maintained in our lab.   

The BL21 E.coli competent cells were made as follows: 1) culture the BL21 bacterial 

cells overnight in LB broth at 37oC shaking at 200rpm; 2) inoculate 50ml of LB broth with 

0.5ml of overnight grown bacteria, then grow the cells at 37oC shaking at 200rpm until the 

OD600 value reaches about 0.4; 3) chill the cells in ice for 10 minutes, then centrifuge at 

1000rpm for 10 minutes; 4) resuspend the pellet in 12 ml of 0.1M CaCl2 and incubate in ice 

for 20 minutes; 5) centrifuge at 1000rpm for 10 minutes; 6) resuspend the pellet in the 

mixture of 2.12 ml of 0.1 M CaCl2 and 0.38 ml of sterile glycerol, and then store the aliquots 

at -80 oC.  

Transformation the JM109 cells was performed as the following procedure: 1) add 

1µl of the plasmid to 50 µl of of JM109 competent cells, and tab/flick the eppendorf tube 

gently to mix the DNA and cells well; 2) put the tube on ice for 20 minutes; 3) heat shock the 

tube at 42 oC for 45 seconds; 4) put the tube on ice for 2 minutes; 5) add to the tube 950µl of 

LB broth with appropriate antibiotic; 6) at 37oC shake at 200rpm for 1 hour and 15 minutes; 

7) pellet the cells and discard 900µl of the supernatant, then resuspend the cells in the about 

100µl liquid left in the tube; 8) spread the liquid on an agar plate containing LB and 

appropriate antibiotic. 

Transformation of the BL21 cells: 1) mix 10µl of 5x KCM buffer (0.5M KCl, 0.15M 

CaCl2, 0.25M MgCl2, filtrate though 0.22µm filter) with the pGEX2T plasmids. Bring up to 
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50µl with sterile water; 2) thaw BL21 competent cells on ice; 3) add 50µl of the cells to 

DNA/KCM solution and mix gently; 3) incubate on ice for 20 minutes and then at room 

temperature for 10 minutes; 4) add 800µl of LB broth to the tube, shake at 37oC for 1 hour; 

5) plate the cells on agar plate containing LB and appropriate antibiotic. 

The antibiotic used for growing E. coli cells transformed with pOTB-7-Cyclin E1 was 

choloramphenicol (working concentration is 25µg/ml). The antibiotic used for growing 

bacterial cells transformed with all the other plasmids was ampicillin (final working 

concentration is 100 µg/ml).  

6.5 Transfection of Mammalian Cells 

Human renal cells, 293FT (Invitrogen), were used for expression of Flag-Spa310. The 

introduction of pCMV-Flag-Spa310 plasmid into 293FT cells was performed by using 

ProFection Mammalian Transfection System (Promega, Madison, WI). The transfection 

procedures were conducted by following the instructions came with the system. Briefly to 

say, 1) about 8x105 293FT cells were plated in a 100mm Petri dish; 2) the next day, three 

hours before the transfection, the cell culture medium was replaced; 3) right before the 

transfection, all the transfection reagents were thawed, warmed to the room temperature and 

mixed thoroughly; 4) two tubes were prepared, with one tube contained 10µg of pCMV-

Flag-Spa310 plasmid, 10µg of a marker plasmid expressing enhanced green fluorescent 

protein (EGFP), 62µl of 2M CaCl2 and filled up with sterile dH2O to a final volume of 500µl, 

the other tube contained 500µl of 2x HEPES-Buffered Saline (HBS); 5) slowly added the 

plasmid solution dropwise to the HBS while vortexing; 6) incubated the mixture of the 
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solution at room temperature for 30 minutes; 7) vortexed the combined solution again and 

then immediately added the solution dropwise to the cells; 8) swirled the plate to distribute 

the solution evenly, and then culture the cells at 37oC with 5% CO2 for 60 hours.  

6.6 Expression and Purification of GST-Fusion Proteins 

The E.coli cells transformed with pGEX-2T-Spa310, pGEX-2T-Cdk10 WT, pGEX-

2T-Cdk10 DN, or pGEX-2T, were inoculated in 40ml of sterile LB broth containing 

ampicillin at the final concentration of 100µg/ml. The solutions were then shaken at 200rpm 

at 37oC overnight. From each of the overnight culture, 4ml of the culture was taken and 

added to 200ml of sterile LB broth with ampicillin. The bacteria were cultured until the 

OD600 reached to about 0.4.  Then, Isopropyl β-D-1-thiogalactopyranoside (IPTG, purchased 

from Promega, Madison, WI) was added to a final concentration of 0.5mM to induce the 

expression of the GST-fusion proteins. The culture was then left at room temperature for 

about 4 hours to let the GST-fusion proteins to express. After that, the bacterial cells were 

spun down at 6000rpm for 15 minutes. In ice, the pellet was resuspended in 5ml of ice-cold 

NETN buffer (20mM of Tris at pH 8, 100mM of NaCl, 1mM EDTA, 0.5% NP-40) 

containing 1mM phenylmethylsulphonyl fluoride (PMSF, dissolved in DMSO) and 1mM 

dithiothreitol (DTT). In an ice bucket, the resuspended bacterial cells were disrupted by 

being sonicated about 40 times, 5 seconds each time, until the solution became transparent. 

The bacterial lysates were transferred to fresh tubes and spun down at 14000rpm for 10 

minutes at 4oC. The supernatant that contained the soluble GST-fusion proteins was then 

transferred to fresh tubes. To get more GST-fusion proteins, the pellet could be resuspended 
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in NETN- Sarkosyl buffer (NETN buffer containing 2% sodium lauroyl sarcosinate, which is 

known as sarkosyl) and spun down again to keep the supernatant.  

To purify the GST-fusion proteins, the supernatant (if it had been frozen at -80oC, it 

had to be thawed out and spun down at 4oC for 10 minutes) was transferred to a fresh tube 

containing 200µl of glutathione-agarose beads (Sigma Aldrich, Saint Louis, Missouri), which 

had already been washed with NENT buffer. The supernatant with beads were then rotated at 

4oC overnight. Then the beads were spun down at 2000rpm for 2 minutes 30 seconds at 4oC. 

The supernatant was discarded and the beads were rinsed twice with ice-cold NENT buffer 

containing 0.2M NaCl, 1mM DTT and 1mM PMSF. After that, the beads were washed once 

with ice-cold RIPA buffer (50mM Tris-HCl at pH7.4, 1% NP-40, 0.25% Na-deoxycholate, 

150mM NaCl, 1mM EDTA, 1mM PMSF, 1mM Na3VO4, 1mM NaF, and Complete EDTA-

free Protease Inhibitor Cocktail from Roche). At last, the beads were rinsed twice and 

resuspended to 1:1 (v/v) with NENT buffer before they were stored at 4oC.      

The amount of the obtained GST-fusion proteins can be estimated by running some of 

the GST-fusion proteins and the known amount of BSA on SDS-PAGE, staining the gel with 

coomassie blue, and then comparing the bands of the GST-fusion proteins to the bands of the 

BSA.   

The expression and extraction of the GST or GST-fused proteins were confirmed by 

coomassie blue staining as shown in Figure 6-1. 
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6.7 In vitro Transcription/Translation of Proteins of Interest  

Rabbit reticulocyte systems were used to obtain in vitro translated proteins(Pelham 

and Jackson 1976). To in vitro transcribe/translate Cdk2, Cyclin F, Cyclin A and Cyclin E, 

the TNT® T7 Quick Coupled Transcription/Translation System (for Cdk2, Cyclin F, and 

Cyclin A) and the TNT® Sp6 Quick Coupled Transcription/Translation System (for Cyclin E) 

(Promega, Madison, WI), both simplify the standard rabbit reticulocyte systems, were used 

by following the instructions came with the systems. The procedures could be briefly 

described as follows: 1) removed the reagents from the storage at -80 oC and rapidly thawed 

the TNT® T7/Sp6 Quick Master Mix by hand-warming and then placed it in ice, the other 

reagents could be thawed at room temperature and then put in ice; 2) assembled the reaction 

system by adding to a 1.5ml eppendorf tube 40µl of master mix, 2µl 35S-methionine 

(10µCi/µl), 1µg plasmid DNA, and nuclease-free H2O that brought up the volume to 50µl; 3) 

mixed the reaction solutions by pipetting, which was followed by brief spin; 4) incubate the 

microcentrifuge tube at 30oC for 1.5 hours. 

Autoradiography results confirmed the Cdk2 and Cyclin F were in vitro 

transcribed/translated successfully (Data is not shown here). 

6.8 Binding Assay 

First, the glutathione-agarose beads that were suspended in NENT buffer and bound 

with about 3µg of GST-fusion proteins were taken out from the storage at 4oC. The beads 

were spun down and rinsed three times and finally resuspended with 150µl of buffer A 

(20mM Tris at pH8, 150mM KCl, 5mM MgCl2, 0.2mM EDTA, 10% Glycerol, 0.1% NP-40) 

containing 10mM DTT and 10mM PMSF. Second, 15-20µl of the in vitro 
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transcribed/translated proteins was mixed with the beads. Third, the beads and the in vitro 

transcribed/translated proteins were rocked at 4oC overnight. Fourth, the beads were spun 

down and rinsed three times with buffer A containing 10mM DTT and 10mM PMSF. Fifth, 

loading buffer was added to the beads before they were boiled for 2 minutes. Sixth, after 

being chilled in ice, the beads were spun down. Seventh, the supernatant was applied to SDS-

PAGE. Then the gel was fixed, soaked in Amplify, as well as 10% glycerol, and then dried 

under a vacuum (as described in Chapter II). Then the gel was exposed to an X-ray film at 

room temperature for 5 hours. Any in vitro transcribed/translated proteins that bound to the 

GST-fusion proteins would show a band corresponding to the input of the in vitro 

transcribed/translated proteins.  
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Figure 6-1. Coomassie blue staining of the expressed GST or GST-fused proteins. 
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6.9 Development of anti-Spa310 polycolonial antibody 

When designing a peptide that will be used for immunizing animals to produce 

antibodies against it, usually a cysteine is added to one of its termini. If the sequence of the 

peptide represents the very C-terminal sequence of the protein, a cysteine is added to the N-

terminus to keep the C-terminus free or non-conjugated, as it exists in the native protein. If 

the sequence of the peptide represents the very N-terminus, the cysteine is added to the C-

terminus. When the peptide is internal of the protein, the cysteine can be added to either end, 

however, for easier synthesizing, it is preferably to be added to the N-terminus.  

Since the Spa310 locates internal of the pRb2/p130, the full length Spa310 peptide is 

synthesized with a cysteine added to the N-terminus as cys- 

LTPRRVTEVRADTGGLGRSITSPTTLYDRYSSPPASTTR.  

Besides the addition of the cysteine at the terminus of the peptide, a carrier protein is 

needed, because the size of the peptide itself is too small. The Keyhole Limpet Hemocyanin 

(KLH) is a large protein derived from the keyhole limpet, a mollusk. Because of its large 

mass and complexity, this protein can elicit strong immune response, which is good for 

antibody production. And because the keyhole limpet is phylogenetically distant from 

mammals, the KLH is less likely to produce antibodies that will cross-react with mammalian 

samples. So the Keyhole Limpet Hemocyanin (KLH) is chosen to use as the carrier protein. 

It is conjucated to the hapten, the cysteine-Spa310, to make it more immunogenic.  

The peptide modified with cysteine and conjugated with the KLH was synthesized by 

GenWay Biotech (San Diego, CA) in the amount of 20mg at purity at 95.9%.  
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Then the peptide was provided to Rockland Immunochemicals, Inc (Boyertown, PA) 

for immunizing the rabbits. Two rabbits, numbered as 9744 and 9746, were immunized. 

Then started from 6 weeks post the initial immunization, the bleeds from these two rabbits 

were collected followed a standard antibody production schedule and tested for the presence 

of anti-Spa310 antibodies.   

Because the Spa310 is derived from pRb2/p130, the antibody recognizes the Spa310 

should also be able to recognize the pRb2/p130.  

Cell lines: 

A non-small cell lung cancer cell line, A549, and a prostate cancer cell line, LnCAP 

were cultured and then collected and subjected to lysis as described before. 

Western Blotting Analysis: 

The procedures for western blotting analysis were described before (Mattioli, 

Vogiatzi et al. 2007). 
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Results: 

6.1 GST-Spa310 does not directly bind to the in vitro transcribed/translated Cdk2 

To test whether or not the Spa310 peptide binds to the Cdk2-Cyclin E/A complexes, a 

binding assay between the in vitro transcribed/translated Cdk2 and the GST-Spa310 was 

performed. -A binding assay between the in vitro transcribed/translated Cyclin F and the 

GST-Cdk10 was used as a technical control. 

 

The pBS-Cdk2 and the pBS-Cyclin F were transcribed and translated in vitro and 

labeled with radioactive 35S-Met. The GST-Spa310, the GST-Cdk10 wild type, the GST-

Cdk10 dominant negative, and the expressions of GST fused proteins were induced by IPTG 

and expressed in E.coli transformed with the pGEX-2T-Spa310, the pGEX-2T-Cdk10 WT, 

the pGEX-2T-Cdk10 DN, and the pGEX-2T plasmids respectively. The GST or the GST-

fused proteins were purified from the bacterial cells using agarose beads coated with 

glutathione and then bonded to the beads. A binding assay was performed between the in 

vitro transcribed/translated protein and the GST or a GST-fused protein by mixing the in 

vitro transcribed/translated protein with the GST or the GST-fused protein. After overnight 

incubation, the beads were spun down and boiled to disassociate the proteins that bonded to 

them. The supernatants which contained the released proteins were then applied to SDS-

PAGE. If an in vitro transcribed/translated protein is able to bind to the GST or the GST-

fused protein which are bounded to the beads, it will be pulled down after the centrifugation 

of the beads. Autoradiography of the SDS gel will visualize the radioactive 35S-labeled in 

vitro transcribed/translated protein.  
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For the binding assays testing the Cyclin F and the GST fused full-length wide-type 

Cdk10 or the GST fused dominant negative mutant of the Cdk10, after autoradiography, 

there were clear bands at the size of the input Cyclin F. No bands were observed after testing 

the control, the binding between the Cyclin F and the GST protein. Repeated experiments 

confirmed the results. The equal loading of the proteins was confirmed by the coomassie blue 

staining of the gel. These results indicate that Cyclin F is able to bind to both the full-length 

wild-type Cdk10 and the dominant negative mutant of the Cdk10. Although this is currently 

used as a technical control for the binding assay, Cdk10’s cyclin partner has been unknown 

and widely sought.  This study shows, for the first time, that Cyclin F may be the cyclin 

partner of the Cdk10.           

 

For the binding assays testing of the in vitro transcribed/translated Cdk2 and the 

GST-Spa310, there were no bands observed at the size of the input Cdk2 after 

autoradiography. The experiments were repeated 4 times. During the 4th time, weak bands 

showed possible binding between the Cdk2 and the GST-Spa310.  The signal resulting from 

the assay between the GST, the control, and the Cdk2 was even stronger. These results 

indicate that the GST-fused spa310 does not bind to the in vitro transcribed/translated Cdk2. 
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Figure 6-2. There is no direct binding between Cdk2 and GST-Spa310.  

The picture on the top is the autoradiography of the binding assay. The one below it is the 
coomassie blue staining of the same gel. Lane 2 is the input of the in vitro 
transcribed/translated Cdk2. Lane 4 (binding assay between Cdk2 and GST) is the 
background control, lane 6 is binding assay between Cdk2 and the first batch of GST-Spa310 
and lane 8 is binding assay between Cdk2 and the second batch of GST-Spa310, where weak 
bands were detected at the size of the input Cdk2. Compared with the control (lane 4), there 
is no stronger signal detected in lane 6 and 8, which indicates there is no direct binding 
between the GST-Spa310 and in vitro transcribed/translated Cdk2. 
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Figure 6-3. There is a direct binding between GST-Cdk10 WT or DN and in vitro 
transcribed/translated Cyclin F.  
On the top is the autoradiography of the binding assay. The bottom is the same gel stained by 
coomassie blue. As it can be seen there is a band corresponding to the Cyclin F in both the 
lanes that correspond to the assays between the GST-Cdk10 WT and Cyclin F and GST-
Cdk10 dominant negative and Cyclin F.  
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6.2 The GST-Spa310 does not bind to Cyclin E, a cyclin partner of Cdk2 

In the interaction model mentioned above, the interaction between the Spa310 and the 

Cdk2 is based on a hypothesized direct binding. However, the interaction between the 

Spa310 and the CDK2 may be indirect. 

Even if the Spa310 does not bind to the Cdk2 directly, the observed inhibitory effect 

of the Spa310 peptide on the Cdk2-Cyclin E/A kinase activity can still be explained. To 

understand these explanations, the process of activating the kinase activity of the Cdk2 will 

be reviewed.  

The availability of Cdk2 is essentially constant.  This is different from the cyclins, 

which undergo cyclical changes during the cell cycle. Cdk2, however, has no kinase activity 

without cyclins bound to it. The three-dimensional structure of human Cdk2, which was 

determined by x-ray crystallography, shows that the active site of the Cdk2 is blocked by a 

portion of the Cdk2 itself, the T-loop. If the active site is seen as a cave, then the T-loop is 

like a slab of stone that partially covers the entrance to the cave and prevents the substrates 

from being accessed by the active site.  

To activate the kinase activity of the Cdk2, the cyclinE/A first binds to the Cdk2. The 

binding of the cyclin partner to the Cdk2 causes a conformational change of the structure of 

the Cdk2, moving the T-loop away from the active site and rendering a partial activation of 

the kinase activity of the Cdk2. 

To fully activate the kinase activity of the Cdk2, it needs another kinase, the Cdk-

activating kinase (CAK), to phosphorylate a threonine residue at the T-loop of Cdk2. The 

phosphorylation of the threonine changes the conformation of the Cdk2, which improves the 
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ability of the Cdk2 to bind to its substrates and thus fully activate the kinase activity of the 

Cdk2. 

Based on the process of the activation of the Cdk2 kinase activity, even if the Spa310 

peptide does not bind to the Cdk2 directly, some explanations can be proposed for the 

inhibitory effects of the Spa310 peptide on the Cdk2 kinase activity. One explanation could 

be that the peptide interacts with the CAK and inhibits the kinase activity of the CAK. 

However, the observed inhibitory effects of the Spa310 were primarily on already 

fully activated Cdk2-Cyclin E/A complexes as shown in the in vitro kinase assay in Chapter 

II. So it is less likely that the Spa310 fulfills its inhibitory function by stopping the activation 

of the Cdk2 kinase activity. 

One possible explanation for there being no detectable binding between the in vitro 

transcribed/translated Cdk2 and the GST-Spa310 is that the Spa310 binds to the Cdk2 

indirectly via some proteins/factors which are also bound to the Cdk2. The two most 

common factors that bind to Cdk2 are Cyclin A and E, the two cyclin partners of the Cdk2. 

The Spa310 peptide may bind to one or both of these cyclins and thus bind to the complex of 

Cdk2-Cyclin E/A. 

The pRb2/p130, from which the Spa310 is derived, can bind to Cyclin A and E (Lacy 

and Whyte 1997). There are two cyclin binding motifs, motif ACRK and motif RLF (more 

research papers indicated RRL is the binding motif at least for Cyclin A, which will be 

discussed in Chapter 8), present in the pRb2/p130. Although, neither of these motifs is 

present in the sequence of the Spa310, one of them, motif RLF, locates in the spacer region 

of the pRb2/p130. It is so close to the Spa310 that only one amino acid resides in between it 
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and the C-terminus of the Spa310. It may be that the C-terminus of the Spa310 or another 

region of the Spa310 can bind to one or both of the cyclin partners of the Cdk2.  

To test whether the Spa310 is able to directly bind to the Cyclin A or the Cyclin E 

and thus bind to the Cdk2 indirectly, binding assays between the GST-Spa310 and the in 

vitro transcribed/translated Cyclin A or Cyclin E were performed.  

Cyclin A and Cyclin E were transcribed and translated in vitro and labeled with 

radioactive 35S. GST, the GST-Spa310 and the GST-Cdk2 proteins were expressed by the E. 

coli cells that had been respectively transformed with the pGEX-2T, pGEX-2T-Spa310, and 

pGEX-2T-Cdk2 plasmids. The bindings between GST-Cdk2 and Cyclin A or Cyclin E were 

used as positive controls. 

A binding was observed between GST-Cdk2 and Cyclin E. However, no binding was 

observed between the Spa310 and the Cyclin E. This indicates that Spa310 is not able to bind 

to Cdk2 indirectly by binding to Cyclin E. There was also no band indicated a binding 

between Spa310 and the Cyclin A. However, it was noticed that there was no band 

corresponding to the binding between the GST-Cdk2 and the Cyclin A. This might be 

resulted from the GST-Cdk2, which was expressed in the bacterial cells, lacking necessary 

modification for the binding between it and the Cyclin A, could not be used as an appropriate 

positive control for binding the in vitro transcribed/translated Cyclin A.  
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Figure 6-4. Autoradiography shows in vitro transcription/translation of the Cyclin A 
and Cyclin E.  
Lane 1 is the full range marker. Lane 3 is the in vitro transcription/translation of the Cyclin A 
by using a T7 promoter. Lane 5 is the in vitro transcription/translation of the Cyclin A by 
using a SP6 promoter. Lane 7 is the in vitro transcription/translation of the Cyclin E by using 
a T7 promoter. Lane 9 is the in vitro transcription/translation of the Cyclin E by using a SP6 
promoter. The results show that the Cyclin A and Cylin E were successfully 
transcribed/translated by using the T7 promoter and the SP6 promoter, respectively.   
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Figure 6-5. There is no direct binding between the Spa310 and the Cyclin E.  
The picture on the top is the autoradiography of the binding assays. The one at the bottom is 
the same gel stained by coomassie blue. Lane 1: GST-Spa310 + Cyclin A; lane2: GST + 
Cyclin A; lane3: GST-Cdk2 + Cyclin A; lane 4: the Cyclin A input; lane 5: full range protein 
marker; lane 6: cyclin E input; lane 7: GST-Cdk2 + Cyclin E (positive control); lane 8: GST 
+ Cyclin E; lane 9: GST-Spa310 + Cyclin E. There are no bands corresponding to the cyclin 
A in lane 1 or cyclin E in lane 9. The positive control shows binding between cyclin E and 
GST-Cdk2 in lane 7. However, the GST-Cdk2 expressed in bacterial cells might not have 
appropriate post-translational modifications, which are required for the binding between 
Cdk2 and the Cyclin A, there was no binding was observed between the GST-Cdk2 and 
Cyclin A in lane 3. These results indicate there is no direct binding between cyclin E and 
Spa310 peptide. And Spa310 may not bind to cyclin A as well. The Molecular Weight of the 
Cyclin E1 is about 45KDa. The M. W. of the Cyclin A2 is about 48.5KDa. 
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6.3 Co-immunoprecipitation of Flag-Spa310 and the Cdk2 

To further explore the possible binding between Cdk2 and spa310, a smaller tag, Flag 

can be used as a substitute for the much bigger tag, GST.  

The data of cloning Spa310 into pCMV-Flag plasmid (Promega) is not shown here. 

Human renal cells, 293FT (Invitrogen), were transfected with the pCMV-Flag-

Spa310 plasmids. When the transfection was performed, a marker plasmid expressing 

enhanced green fluorescent protein (EGFP) was included in the transfection mixture. The 

ratio of transfected cells to the total cells was high (Figure 6-6).  

The Flag-Spa310 was then immunoprecipitated by the anti-Flag antibody (Promega). 

The presence of the Cdk2 was not detected in the precipitates pulled down by the antibody 

(the blank film of the immunoblotting is not shown here).  
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Figure 6-6. The 293FT cells were transfected by the pCMV-Flag-Spa310 mixed with a 
plasmid expressing EGFP.  

A) Contrast view of the non-transfected 293FT cells; B) The non-transfected 293FT cells 
under fluorescence; C) Contrast view of the transfected 293FT cells; D) The elicited 
fluorescence of the transfected 293FT cells. 

A B 
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6.4 An anti-Spa310 antibody was successfully developed 

The Flag and GST tags are commonly used for labeling the biological molecules to 

make detection easier. These tags are usually small; for example, the Flag tag only contains 8 

amino acids, so adding these tags usually does not change the conformation of the proteins of 

interest. These tags usually do not interfere with the normal functions of the proteins of 

interest.  

The Spa310 is a 39- amino-acid peptide with a molecular weight of about 4.2 KD. 

This is not much bigger than the 3X flag tag, with 24 amino acids. It is much smaller than the 

GST moiety which weighs 26 KD.  In this case, adding the 3X Flag tag or the GST tag to the 

Spa310 peptide could 1) change the conformation of the Spa310 peptide, 2) interfere with its 

binding to other molecules, or 3) mask its active site to prevent it from accessing or being 

accessed by other molecules.  It is for these reasons that, when testing the function or 

investigating the properties of Spa310, it is better to use the Spa310 peptide alone without 

any modifications.  

If the Spa310 peptide is used without any tags however, it will be difficult to detect.  

An anti-Spa310 rabbit polycolonal antibody was developed to make detection of the Spa310 

peptide without any tags possible. . 
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1) Started from the first batch, the bleeds was able to recognize pure Spa310 peptide 

that was run on SDS-PAGE alone. 

 

Figure 6-7. Western Blotting Analysis of the Bleedings by Using Synthesized Spa310 
Peptides alone 

Through number 1 to number 5 are the results of 5 different western blotting experiments. In 
all these experiments, synthesized Spa310 peptide was the only subject run by SDS-PAGE. 
A representative sample of the 60ug loading of the peptide can be seen in the number 6, in 
which the red band represents the peptide stained by Ponceau Red. The antibody anti-
pR2/p130 (Santa Cruz), 9744 pre-bleeding, 9744 bleeding on May 19, 9746 pre-bleeding, 
and 9746 bleeding on May 19 were used as the primary antibodies for the experiment 1 to 6, 
respectively.  
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The results (Figure 6-7) indicate the anti-pR2/p130 antibody from Santa Cruz does 

not recognize the Spa310 peptide. However, the bleedings got on May 19, 2008, from both 

rabbits recognized the Spa310 peptide.  

The Santa Cruz anti-pRb2/p130 antibody is not able to recognize the Spa310 peptide 

because it may not be raised against the sequence present in Spa310. And thus it will not be 

used to detect Spa310 peptide.  
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2) Before purification, the bleeds were able to recognize many different proteins in the A549 
cell lysates. 

Figure 6-8. Test the ability of the bleedings to recognize the pR2/p130 by western 
blotting analysis of A549 cell lysates 
Number 1 to number 5 are the results of 5 different western blotting experiments. A549 cell 
lysates (pre-cleared by rabbit serum) on were run on SDS-PAGE. Then 9744 pre-bleeding, 
9744 bleeding on May 19, 9746 pre-bleeding, 9746 bleeding on May 19, and the antibody 
anti-pR2/p130 (Santa Cruz), were used as the primary antibodies for the experiment 1 to 5, 
respectively.  
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The results (Figure 6-8) indicate that all the serums recognize many different 

proteins/peptides in the A549 cell lysates.  

Only weak bands of pRb2/p130 were visualized after the A549 lysates were detected 

by the Santa Cruz anti-pRb2/p130 antibody. It could be that little - - pRb2/p130 was 

expressed by the A549 cells. The LnCAP cell line, which is known for expressing more 

pRb2/p130, was used for subsequent tests of the production of the anti-Spa310 antibody.  

When the Spa310 peptides are going to be used in the experiments, they will be 

detected when the other cellular proteins are present in the mixture. The development of the 

anti-Spa310 peptide can be considered successful when the antibody is able to detect only the 

Spa310 peptide  in a mixture contains other proteins as well. For this reason, all the 

subsequent tests of the presence of the anti-Spa310 antibody use the synthesized Spa310 

peptide mixed with the whole cell lysates of LnCAP cells. 
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3) The antibody is able to recognize the Spa310 peptide in the mixture of the peptide and the 
LnCAP cell lysates. 

 

Figure 6-9. Western blotting analysis of the bleedings by using mixture of LnCAP cell 
lysates and Spa310 peptide 
A prostate cancer cell line, LnCAP, which expresses more pRb2/p130A than the A549 cell 
line, was used this time. In number 1, it shows the Ponceau Red staining of the molecular 
weight marker and a representative sample of the loaded mixture of the LnCAP cell lysates 
and the Spa310 peptide. Number 2 to number 6 are the results of 5 different western blotting 
experiments. In each experiment, A mixture of 114ug LNCAP cell lysates and 70ug of the 
Spa310 peptide was run SDS-PAGE. Then the anti-pR2/p130 antibody (Santa Cruz), the 
9744 pre-bleeding, the 9744 bleeding on May 19, the 9746 pre-bleeding, and the 9746 
bleeding collected on May 19 were used as the primary antibodies for the experiment 2 to 6, 
respectively.  
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It was observed that (Figure 6-9): 

a) The anti-pRb2/p130 antibody from Santa Cruz, which was used as a positive control, 

recognizes both hyper- and hypo-phosphorylated pRb2/p130, although it also recognizes two 

unspecific bands. 

b) Both of the pre-immunization sera failed to recognize either the Spa310 peptide or the 

indigenous pRb2/p130. However, both of them recognized some unspecific bands. The 

profiles of these unspecific bands from the two rabbits were different. 

c) Both  first bleedings after the immunization recognized the Spa310 peptide. From the 

previous results, it can be seen that the after-immunization sera recognized the pure Sap310. 

This time, the results show that the after-immunization sera also recognized the Spa310 

peptide in the mixture of synthesized Spa310 peptide and the LNCAP whole cell lysates. 

d) Both the post-immunization sera recognized a band close to the size of pRb2/p130.  

e) Both the post-immunization sera recognized a number of unspecific bands. 
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4) After purification, the anti-Spa310 antibody specifically recognize the Spa310 peptide and 
pRb2/p130 

 

Figure 6-10. The anti-Spa310 antibody recognizes Spa310 peptide as well as pRb2/p130.  

The affinity binding purification process significantly reduced the unspecific bindings. The 
anti-Spa310 antibodies produced by both of the rabbits are able to specifically recognize 
Spa310 peptide as well as the pRb2/p130.  
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It can be seen from Figure 6-10 that: a) The anti-pRb2/p130 antibody from Santa 

Cruz, which was used as a positive control, recognized both the hyper- and the hypo- 

phosphorylated pRb2/p130, although it had some unspecific bandings as well. b) Both the 

pre-immunization sera failed to recognize either the Spa310 peptide or the indigenous 

pRb2/p130. However, they both recognized some unspecific bands. The profiles/patterns of 

the unspecific bands recognized by the two pre-immunization sera from two different rabbits 

were different. c) The two unused post-immunization but prior-to-purification sera 

recognized both the pRb2/p130 and the Spa310. There were some unspecific bands, 

especially for serum from rabbit#9746. 

In addition to the results that were similar to those we observed in previous tests, this 

time we found that the two post-purification sera recognized both the pRb2/p130 and the 

Spa310. Most importantly, fewer unspecific bands could be seen, especially for serum from 

rabbit#9746. Although there were some very faint unspecific bands from the post-

purification serum of rabbit#9744, after increasing the brightness and the contrast, nothing 

but the bands corresponding to p130 and Spa310 could be seen on the film. 

This indicates that the purification process significantly reduced the number of unspecific 

bindings. 

Other observations are listed below.  

1) Unlike the Santa Cruz anti-pRb2/p130 antibody, this anti-Spa310 antibody only 

recognizes one form of pRb2/p130.  We are not certain, however, if the band corresponding 

to the hyper- or the hypo- or both phosphorylated pRb2/p130.  

2) Both the anti-Spa310 antibodies, no matter which rabbit they came from,  

recognized a band close to the size of Spa310, as well as a band at about the size of 9kb.  I 
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think this band could be either a dimer of the Spa310, a complex formed by the Spa310 with 

something in the cell lysate or the phosphorylated Spa310, which is phosphorylated by some 

kinases present in the whole cell lysate. 
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Figure 6-11. Before purification, the sera of the last batch of bleeds from both rabbits 
are also able to detect both Spa310 peptide and the pRb2/p130. 
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6.5. Coimmunoprecipitation of the Spa310 peptide and Cdk2 

As it is shown in Figure 6-12, there is a weak binding signal that indicates a weak 

coimmunoprecipitation of the Spa310 peptide and Cdk2. However, because this weak 

binding could also be observed between Spa310 and an obviously unrelated protein, ß-actin, 

the weak binding between Spa310 and Cdk2 is not specific. When the concentration of 

Spa310 was reduced from 3mM to 3µM, the binding between Spa310 and Cdk2 or ß-actin 

could be detected. This further supports that the observed weak binding between Spa310 and 

Cdk2 is unspecific. This unspecific binding only occurs when the concentration of Spa310 is 

high.  
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Figure 6-12. Coimmunoprecipitation of the Spa310 peptide and Cdk2.  

A) A549 cell lysate was mixed with 3mM of Spa310 peptide and then pulled down by anti-
Cdk2 antibody. The precipitated proteins were then subjected for immunoblotting by anti-
Spa310 antibody. Weak bands were observed indicating Spa310 peptides bound to Cdk2, 
when the concentration of Spa310 is 3mM. B) A549 cell lysate was mixed with 3mM of 
Spa310 peptide and then pulled down by either anti-Cdk2 antibody or anti- ß-actin                       
antibody, which was used as a negative control for specific binding between Spa310 and 
proteins. Weak binds were observed between Spa310 and both ß-actin and Cdk2. C) Similar 
experiment was performed as what was did in B, with only one change, which was mixing 
3µM of Spa310 peptide instead of 3mM with the cell lysate. No binding was observed 
between Spa310 and ß-actin or Cdk2. This indicate that a weak binding can be formed 
between Spa310 and Cdk2. This binding is unspecific and happens when the concentration of 
Spa310 is high.
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Discussion: 

There are several possibilities that might explain the results of the binding assays 

between Cdk2 and GST-spa310: 1) Cdk2 itself does not bind to the Spa310 directly; 2) Cdk2 

does bind to the Spa310 directly, however the GST, which fused to Spa310 in this case, is 

about 4-5 times bigger than the Spa310 itself and thus might have covered the 

structure/domain that responsible for the binding of the Spa310 to the Cdk2, (in other words, 

the relatively big size of the GST hindered the Spa310 access to the Cdk2) or 3) the fusion of 

the GST to the Spa310 changed the conformation of the Spa310 and thus resulted in non-

binding.  

The results of the binding assays showed that there was no detectable direct binding 

between  GST-Spa310 and in vitro transcribed/translated Cdk2. Actually, this result is not 

that surprising, because it was reported that the pRb2/p130 does not directly bind to Cdk2 

(Lacy and Whyte 1997). So it would be just wasting time to try another binding assay to test 

the interaction between in vitro transcribed/translated Spa310 and the GST-Cdk2. In 

addition, there is no single methionine in the sequence of Spa310. If Spa310 is cloned into 

pBlueScript and add a start codon at the 5’ end of the DNA sequence of Spa310, and then use 

this pBS-Met-Spa310 for in vitro transcription/translation of Spa310, even the methionine 

encoded by the start codon does not affect the normal function of Spa310, the only one 

methionine presents in the 40-amino-acid sequence of Met-Spa310 will not give strong signal 

of the in vitro transcribed/translated Met-Spa310. This problem will exist for testing the 

interaction between the vitro transcribed/translated Met-Spa310 and the GST-Cyclin A or E. 



 - 113 - 

When JM109 cells were used for GST or GST-fused protein expression, enough 

amount of the GST and GST-fused proteins were produced, which were indicated by the 

coomassie blue staining of these proteins and were shown by the results of the binding 

between the GST-Cdk10 and the in vitro transcribed/translated Cyclin F. Of course, the 

BL21 strain of the E.coli allows high-efficiency protein expression, which were shown later 

by the binding assay between the GST-Spa310 and the in vitro transcribed/translated Cyclin 

E or A. The coomassie blue staining of the GST and GST-Spa310 showed larger bands of 

these proteins that were expressed in BL21 than in JM109. 

Spa310 may inhibit Cdk2-Cyclin E/A in a way similar to p21Waf1/Cip1 or p27Kip1. It 

was proposed that Spa310 binds to Cdk2/Cyclin E/A, and then insert its relatively long 

sequence at the C-terminus into the catalytic cleft, to mimic an ATP molecule and thus 

inhibit the kinase activities of Cdk2-Cyclin E/A complexes. 

However, the results in this chapter do not support that Spa310 binds to the 

Cdk2/Cyclin E/A complexes. Thus, it is unlikely that Spa310 peptide acts through a 

mechanism similar to that of p21Waf1/Cip1 or p27Kip1 to inhibit the kinase activities of the 

Cdk2/Cyclin E/A complexes.  

There are many other probabilities that can explain how Spa310 inhibits the Cdk2-

Cyclin E/A in a completely different way than p21Waf1/Cip1 or p27Kip1. Since it was observed 

that the Spa310 peptide does not directly bind to the Cdk2-Cyclin E/A complex, thus 

affecting the activity of the complex indirectly, the peptide may fulfill its function through 

the following methods:  

1) It could inhibit the normal function of CDK-activating Kinase (CAK); 



 - 114 - 

2) It could enhance the function of wee1kinase (which inactivates CDK2/cyclin 

complex); 

3) It could inhibit the normal function of cdc25 phosphatase (which reactivates 

CDK2/cyclin). 

Although it seems very unlikely, it could also affect the activity of the CDK2/cyclin 

complex indirectly by promoting degradation of the cyclin or inhibiting the SCF proteins to 

enhance the half-life of other CKIs. 

However, it could also work as a competitor for the substrates of Cdk2-Cyclin E/A. 

By carefully checking the sequence of the Spa310, two serine-proline sites and a threonine-

proline were identified that could be phosphorylated by Cdk2-Cyclin complexes. Testing 

whether synthesized Spa310 peptide is able to be phosphorylated by Cdk2-Cyclin complexes 

will help to identify the mechanism of the inhibitory effect of Spa310 on Cdk2-Cyclin 

complexes.   
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                                                        CHAPTER 7 

THE INHIBITORY EFFECTS OF SPA310 ON CDK1, 
CDK2, CDK4 AND CDK9 RESULT FROM 

SUBSTRATE-COMPETITIVE INHIBITION 

 

 

Introduction: 

As it has been shown above, the Spa310 is able to inhibit the kinase activity of Cdk1, 

Cdk2, Cdk4 and Cdk9 and arrest cells in G0/G1. And the inhibition on Cdk2 is independent 

of its cyclin partner, which it complexes with. The inhibitory effect of Spa310 on the kinase 

activity of Cdk2, Cdk1 and Cdk9 are dosage-dependent. The spa310 is able to localize in the 

nuclei of the cells for a certain time. Although in vitro transcribed/translated Cdk2 does not 

bind to GST-Spa310, a computer generated model shows possible direct binding between 

Spa310 and Cdk2. A weak signal of the presence of Spa310 can be detected by rabbit anti-

Spa310 antibody in the anti-Cdk2 pull down, when the concentration of Spa310 peptide is 

high.  

However, none of these has provided a clue about how the kinase activities of the 

kinases are inhibited or what the mechanism of the inhibitory effect is.  

I hypothesize that since the Spa310 inhibits all the Cdks being tested, the Cdk1, the 

Cdk2, the Cdk4 and the Cdk9, it exhibits the inhibitory function through the interactions with 

the common features shared by these Cdks. Although in theory, it may have a totally 
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different inhibitory mechanism for each of these Cdks, it will be too much coincidence for a 

single molecule to inhibit different Cdks via completely different mechanisms. To help to 

understand this, we may think it in this way: there may be one in randomly picked 1 thousand 

molecules can inhibit one of the Cdks, for example, Cdk1, via a mechanism, let us call it 

mechanism A. There may be another one in randomly picked 1 thousand molecules is able to 

inhibit another one of the Cdks, for instance, Cdk2, via a different mechanism from 

mechanism A, let us call it mechanism B. Then the odd for one molecule to be able to inhibit 

both Cdk1 and Cdk2 via mechanism A and B, respectively, would be one in a million. And 

the possibility for one molecule to be able to inhibit all the four Cdks being tested via totally 

different mechanisms would be one in a trillion, which may not happen in reality.  

So, considering the common features shared by the Cdks may lead to the discovery of 

the mechanism of the inhibitory effect of Spa310 on the kinase activity of the Cdks. One of 

the prominent characters of the Cdks is they are kinases, which means they are enzymes that 

are able to phosphorylate some proteins. Actually, they are all serine/theronine protein 

kinases, which are able to phosphorylate some of the serine and theronine residues of a 

specific protein. 

Are there any serine or theronine residues in the sequence of Spa310? If there are 

some, can they be phosphorylated by the Cdk-Cyclin complexes? If some of the residues of 

the Spa310 can be phosphorylated by the Cdks, then the Spa310 is a substrate for these 

kinases. Will the presence of this substrate affect the phosphorylation status of the other 

substrates provided to the Cdks in a kinase assay? Will the presence of the Spa310 compete 
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with, especially when it is in a large amount and outnumber the other substrates or targets of 

the Cdks? Is this competition the mechanism of the observed inhibitory effect?  

After carefully checking the sequence of the Spa310 peptide, it was found, among the 

39 amino acids, there are 5 serine residues and 8 threonine residues (Figure 7-1 A and B).  

So, there are serine and threonine residues in the sequence of the Spa310 that may be 

phosphorylated by the Cdks. However, although the Cdks are serine/threonine protein 

kinases, it does not mean they phosphorylate every serine or threonine in the proteins. 

Previous research shows that there are hot spots that they may more likely phosphorylate. 

These hot spots are the serine or threonine residues immediately followed by a proline 

residue. In the sequence of the Spa310, there are three of this kind of hot spots (Figure 7-1 C).  

Based on the above facts, a hypothesis to explain the mechanism of the inhibitory 

effect of Spa310 is proposed: 1) Spa310 can be phosphorylated by the Cdks; 2) and as a 

substrate for the Cdks, Spa310 competes with the other substrates for the kinases; 3) when 

Spa310 significantly out numbers the other substrates, the phosphorylation of other substrates 

is inhibited.  
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A. LTPRRVTEVRADTGGLGRSITSPTTLYDRYSSPPASTTR 

B. LTPRRVTEVRADTGGLGRSITSPTTLYDRYSSPPASTTR 

C. LTPRRVTEVRADTGGLGRSITSPTTLYDRYSSPPASTTR 

 

Figure 7-1. Potential Cdk-phosphorylating sites in the Spa310.  
A. There are five serine residues in the sequence of the Spa310 as indicated as red and 
underlined. B. There are eight threonine residues in the sequence of the Spa310 as indicated 
as red and underlined. C. There are three threonine or serine residues right in front of a 
proline residue.  
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Materials and Methods: 

Cell Culture:  

It is the same as described in Chapter 2. 

Immunoprecipitation: 

It is the same as described in Chapter 2. 

Kinase Assay: 

It is the same as described in Chapter 2. 

Autoradiography: 

It is the same as described in Chapter 2. 

Coomassie Blue Staining and Destaining: 

It is the same as described in Chapter 2. 

Scintillation Counting: 

It is the same as described in Chapter 2. 

Peptide Synthesis: 

It is the same as described in Chapter 2. 
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Results: 
 

To test this hypothesis, at first different anti-Cdk antibodies were used to pull down 

the specific Cdk-cyclin complexes, respectively, and then the Spa310 was used in the kinase 

assays with or without the regular substrates (Table 1) for each of the Cdks. The bands 

corresponding to the phosphorylated Spa310 were visualized by autoradiography and looked 

for at the bottom of the gels.  

7.1 Spa310 inhibition of the CDk2-Cyclin E/A caused phosphorylation of the Histone 

H1 may be through competition with the substrate for the kinase. 

The results of the kinase assays (Figure 7-2) showed that 1) when Spa310 is not 

added to the kinase reaction, the classical substrate for Cdk2 was phophorylated; 2) when 

Spa310 replaced Histone H1 in the kinase reaction, the Spa310 was phosphorylated; 3) when 

both Spa310 and Histone H1 were present in the reaction, both of them were phosphorylated; 

4) when the amount of Spa310 added to the reaction increased, the phosphorylation level of 

the Histone H1 decreased, along with increased phosphorylation of the Spa310. These results 

indicate that Spa310 is a substrate for Cdk2, that it may compete with the classical substrate 

for the active sites of Cdk2 and inhibit the phosphorylation of the classical substrate. 
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Figure 7-2. Cdk2 phosphorylates Spa310 peptide.  
A) The autoradiography results of the kinase assays. B) The coomassie blue staining of the same gel as used in 
A to show the loading of the proteins. Lane 1 is the full range molecular weight rainbow marker. From figure B, 
it can be seen that the lane 2 is only loaded with the Histone H1, which indicates the size of that protein. And 
from the lane 3 to the lane 7, the amount of the anti-Cdk2 antibody from the corresponding kinase assays is 
equal to each other, which indicated equal amounts of the Cdk2 were pulled down and used in the different 
kinase assays. It also can be seen that equal amounts of the substrates, the Histone H1, were used in the kinase 
assays corresponding to the lanes from 3 to 7 (except the lane 4). Without the presence of the Histone H1, the 
Spa310 can be phosphorylated (figure A, lane 4). When the Histone H1 presents (figure A, lane 5 to lane 7), the 
Spa310 can still be phosphorylated. And when the available amount of the Spa310 increases, from lane 3 (0mM) 
to lane 5 (0.15mM), to lane 6 (0.75mM) and then to lane 7 (1.5mM), the more Spa310 and the less Histone H1 
gets phosphorylated.  
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7.2. Both the Cdk2-CyclinA and the Cdk2-CyclinE are able to phosphorylate the 

Spa310 peptide.  

Results from the kinase assays performed with anti-Cyclin A (Figure 7-3) 

immunoprecipitates showed that 1) when there was no Spa310 peptide presented, Histone H1 

was phosphorylated by the Cdk2-CyclinA;  2) when 3mM of Spa310 presented, the 

phosphorylation of the Histone H1 was completely inhibited, 3) while the Spa310 was 

phosphorylated. Similar results were seen from the kinase assays performed with anti-Cyclin 

E  immunoprecipitates (Figure 7-4).  

These results indicate that the Spa310 peptide can be phosphorylated by both the 

Cdk2-Cyclin A and Cdk2-Cyclin E, even when Histone H1 is present. Spa310 is a substrate 

for Cdk2 independent of  Cdk2’s cyclin partner complexes and may completely inhibit the 

phosphorylation of the Histone H1 at high concentrations.  
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Figure 7-3. The inhibitory ability of the Spa310 on the kinase activity of the Cdk2-Cyclin A 
related to its phosphorylation by the Cdk2-Cyclin A complex.  
A) The autoradiography results of the kinase assays. B) The coomassie blue staining of the same gel 
as used in A to show the loading of the proteins. Lane 1 is the full range molecular weight rainbow 
marker. Lane 2 shows there is no phosphorylation of the Histone H1, which indicates the procedure 
of the pre-clear by the normal rabbit serum (NRS) was performed well and if there is any 
phosphorylation of the Histone H1, it is caused by the anti-CyclinA antibody pull down, not any 
unspecific kinases in or pull down by the NRS. Equal amounts of the Histone H1 and the Cdk2 were 
used in the kinase assays corresponding to the lane 4 and lane 6. When there is no Spa310 peptide 
presented (lane 4), the Histone H1 is phosphorylated (figure A, lane 4). When 3mM of the Spa310 
presented, no phosphorylation of the Histone H1 was detected, while the Spa310 was phosphorylated. 
This indicated the Spa310 can be a substrate for the Cdk2-Cyclin A, and the inhibited 
phosphorylation of the Histone H1 may resulted from the presented large amount of the Spa310 
competed with the Histone H1 for the active site of the kinase.  
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Figure 7-4. The inhibitory ability of the Spa310 on the kinase activity of the Cdk2-
Cyclin E related to its phosphorylation by the Cdk2-Cyclin E complex.  
A) The autoradiography results of the kinase assays. B) The coomassie blue staining of the same gel 
as used in A to show the loading of the proteins. Lane 1 is the full range molecular weight rainbow 
marker. Lane 2 shows there is no phosphorylation of the Histone H1, which indicates the procedure 
of the pre-clear by the normal rabbit serum (NRS) was performed well and if there is any 
phosphorylation of the Histone H1, it is caused by the anti-CyclinE antibody pull down, not any 
unspecific kinases in or pull down by the NRS. Equal amounts of the Histone H1 and the Cdk2 were 
used in the kinase assays corresponding to the lane 4 and lane 6. When there is no Spa310 peptide 
presented (lane 4), the Histone H1 is phosphorylated (figure A, lane 4). When 3mM of the Spa310 
presented, no phosphorylation of the Histone H1 was detected, however, the Spa310 was 
phosphorylated. This indicated the Spa310 can be a substrate for the Cdk2-Cyclin E, and the inhibited 
phosphorylation of the Histone H1 may resulted from the presented large amount of the Spa310 
competed with the Histone H1 for the active site of the kinase. 
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7.3 Spa310 can be phosphorylated by Cdk4-CyclinD 

The results of the kinase assays involving the anti-Cdk4 immunoprecipitates (Figure 

7-5) showed that 1) when there is no Spa310, the GST-Rb (partial) can be phosphorylated by 

the Cdk4; however, 2) when 3mM of Spa310 was added to the reaction, the phosphorylation 

of the GST-Rb (partial) can be completely inhibited; 3) the Spa310 was phosphorylated by 

the Cdk4 while the GST-Rb (partial) presents.   

These results indicate that Spa310 is able to be phosphorylated by Cdk4. It may 

compete with the defined Cdk4 substrate for the active site of the kinase and thus inhibit the 

phosphorylation of the defined substrate. 
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Figure 7-5. The inhibitory ability of the Spa310 on the kinase activity of the Cdk4-
Cyclin D related to its phosphorylation by that complex.  
The kinase activity of the Cdk4-Cyclin D was inhibited by applying 3mM of Spa310 peptide 
to the reaction. Coincide with this disappearance of the band of phosphorylated GST-Rb, a 
strong signal of phosphorylated Spa310 was detected. 
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7.4 Spa310 can be phosphorylated by Cdk9-CyclinT/K 

Anti-Cdk9 antibody was used to pull down the active Cdk9/Cyclin complexes. These 

kinase complexes were able to phosphorylate the GST-p53, as shown in Figure 7-6. When 

Spa310 replaced GST-p53 in the reaction, the Spa310 was phosphorylated. When both the 

Spa310 and GST-p53 were added to the reaction, increased  Spa310resulted in decreased 

phosphorylation of GST-p53. These results indicate that although Spa310 is also a substrate 

for Cdk9, it may inhibit the phosphorylation of the defined substrate of the kinase. However 

the inhibitory effect was not as strong as that observed in the Cdk2 kinase assays. This may 

indicate that the Spa310 is a better substrate for Cdk2 than forCdk9. 
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Figure 7-6. The inhibitory effect on the kinase activity of the Cdk9-CyclinT1/K by 
the Spa310 is related to its phosphorylation by the kinase complex.  
A) The autoradiography results of the kinase assays. B) The coomassie blue staining of 
the same gel as used in A to show the loading of the proteins. Lane 1 is the full range 
molecular weight rainbow marker. Lane 2 is only loaded with the GST-p53, which is 
used to indicate the size of this protein. Equal amount of the Cdk9 was used in the kinase 
assays corresponding to the lane 3 to the lane 7. Different amount of Spa310 were applied 
to the kinase reactions corresponding to the lane 3 to lane 7. Without the presence of the 
GST-p53 (lane 4), the Spa310 was phosphorylated by the Cdk9. When more Spa310 is 
present from lane 3 (0mM) to lane 5 (0.15mM), to lane 6 (0.75mM) and to lane 7 
(1.5mM), more of the Spa310 is phosphorylated and less GST-p53 gets phosphorylated. 
This indicates the Spa310 is a substrate for the Cdk9-CyclinT1/K. And it may inhibit the 
phosphorylation of the GST-p53 by compete with it for the active site of the kinase.  
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Discussion: 

         The results in this chapter shows that 1) Spa310 is a substrate for Cdk1, 2, 4 and 9; 2) 

when both Spa310 and the classic substrates of the Cdks presented, both got phosphorylated; 

3) more phosphorylation of Spa310 correlated with less phosphorylation of the classic 

substrates. This reverse correlation of the phosphorylation of Spa310 and the classic 

substrates strongly supported that Spa310 competed with the classic substrates for the active 

sites of the Cdks. Thus the hypothesized substrate-competitive mechanism of the inhibitory 

effect of Spa310 on the Cdks was supported. 

Actually, a few experiments using a Matrix Assisted Laser Desorption/Ionization 

Time-of-Flight (MALDI-TOF) Mass Spectrometer have been done. The preliminary data (is 

not shown here) indicated that Cdk1, 2 and 4 (Cdk9 was not tested) phosphorylated Spa310 

peptide. These preliminary data provides more evidence that Spa310 peptide is a substrate for 

Cdk1, 2 and 4.  

The results showed that Spa310 was phosphorylated by the Cdks. It would be 

interesting to know which residues in the Spa310 are phosphorylated by the Cdks. Are all 5 

serines and 8 threonine phosphorylated by all the Cdks? If not, for a particular Cdk, which 

serines or threonine are phosphorylated? Are there hot spots for phosphorylation, like the 

three threonine or serine residues that are immediately followed by a praline (Figure 7-1 C)?  

By using reverse HPLC and mass spectrometry to sequence the peptide products of 

the kinase assays, the above questions can be easily answered. This will be further discussed 

in Chapter 8. 
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CHAPTER 8 

DISCUSSION 

 

8.1 The substrate-competitive inhibition explains the observed inhibitory effect of 

Spa310 on Cdk-Cyclin complexes 

The kinase activity of the Cdk2-Cyclin E/A can be inhibited by the CKIs, some 

chemically synthesized small molecules, as well as peptides derived from a variety of 

proteins(Orzaez, Gortat et al. 2009). These inhibitions result from a variety of mechanisms.  

Studies employing X-ray crystallography showed how CKIs inhibit the kinase 

activities of Cdk-Cyclin complexes. The CKIs, like the p21waf1/cip1, bind to the cyclin 

substrate recruitment site (CRS), a binding groove located on the surface of cyclinA. This 

CRS directs the appropriate orientation of the substrate toward the ATP active site. By 

occupying this CRS, p21waf1/cip1 prevents the Cdk2/CyclinA from recruiting and 

phosphorylating their substrates (Kontopidis, Andrews et al. 2003). This mechanism of 

competitive occupancy of the CRS by the CKIs has been used by the development of a 

computational strategy called REPLACE (replacement with partial ligand alternatives 

through computational enrichment) (Andrews, Kontopidis et al. 2006).  

Many chemically synthesized small molecules inhibit the kinase activities of Cdks 

through their activity as ATP antagonists. They compete with ATP for the binding sites of 
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Cdks (Malumbres, Pevarello et al. 2008). Because the ATP binding sites on Cdks are highly 

conserved, these chemical compounds usually are non-specific Cdk inhibitors.  

Some peptide inhibitors of the Cdks inhibit the kinase activity by interfering with the 

Cdk and Cyclin interaction (Gondeau, Gerbal-Chaloin et al. 2005). As discussed in Chapter I 

of this thesis, without partnering with the corresponding cyclins, the Cdk’s are inactive. To 

activate the kinase activity of Cdk2, cyclin E or cyclin A has to first bind to one side of the 

catalytic cleft of the Cdk2, and then interact with both the N- and C-terminal lobes of Cdk2 

to form a continuous protein-protein interface. Following the binding of the cyclin, the Cdk2 

undergoes a large structural rearrangement, which involves an association between the 

PSTAIRE helix of CDK2, and helices a3 and a5 of cyclin A. The conformational change 

exposes the T-loop, which is then phosphorylated by the Cdk-activating kinase (CAK). The 

phosphorylation of the T-loop causes further structural reorganization and formation of the 

substrate binding site (Jeffrey, Ruso et al. 1995). Some peptide inhibitors of the Cdk2 target 

the interaction between Cdk2 and its cyclin partner to prevent the conformational change. For 

example, a peptide derived from the alpha 5 helix of the cyclin A (285-

TYTKKQVLRMEHLVLKVLTFDL-306) with a point mutation (E295 A) to increase its 

solubility, was shown be able to mimic Cyclin A to build hydrophobic interactions with 

Cdk2 and thus negatively affect the conformational changes (Gondeau, Gerbal-Chaloin et al. 

2005). When developing peptide inhibitors of the kinase activities of Cdk-Cyclin complexes 

by disturbing Cdk and Cyclin interaction, not only the Cdk component of the complex can be 

used as the binding target. A CDK2–cyclin A inhibitory hexapeptide (rwimyf-NH2 ; named 

NBI1) peptide reportedly binds to a highly conserved minimal structural domain within 

Cyclin A (amino acids 257–345) (Canela, Orzaez et al. 2006). This structural domain 
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includes alpha 3, alpha 4 and alpha 5 helices of Cyclin A, which are involved in the 

interaction with Cdk’s. Application of the NBI1 may affect the stability of the Cdk2-CyclinA 

complex.  

There are also Cdk inhibitors derived from proteins that are substrates of Cdk-Cyclin 

complexes. For example, p53 can be a substrate of Cdk1/2. A docking site of Cdk2 was 

identified in the tetramerization domain p53. Based on the strategy that the catalytic 

subunits of protein kinases have affinity binding sites for protein motifs different from the 

phosphorylation sites, a 19-mer peptide named CIP (327-YFTLQIRGERFEMFR-ELNE) was 

derived from the tetramerization domain of p53. This peptide was able to block CDK2 

phosphorylation (Ferguson, Luciani et al. 2004). 

The Cdk2/Cyclin E/A inhibitory function of Spa310 peptide was once thought to act 

through a mechanism similar to that of the p27Kip1 (Russo, Jeffrey et al. 1996). It was 

proposed the Spa310 binds to the cyclin A via its N-terminal motif, RRV (pRb2/p130 aa 644-

646), and then uses its relatively long sequence after the RXV motif at the C-terminus to 

insert itself into the catalytic cleft, mimicking an ATP molecule (Giordano, Bellacchio et al. 

2007).  

As discussed in Chapter 7, when seeking the possible mechanism to explain the 

inhibitory effect of the Spa310 on the few Cdks, I noticed that in the sequence of the Spa310 

peptide, there are three classical hot spots for Cdk phosphorylation. Cdks catalyze the 

phosphoryl transfer of the gamma-phosphate from ATP to a serine or threonine residue of the 

substrate. Nevertheless, they do not phosphorylate every serine or threonine residue. It has 

been reported there is an optimal recognition motif for various CDK/cyclin complexes,  X-

1(S/T0)P+1X+2 (K/R+3). The position P0 is the phosphorylation site, which is either a serine or 
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a threonine residue. There is an absolute requirement for proline at position P+1.  A positively 

charged residue is favored at position P+3. Thus the minimal sequence of the phosphorylation 

site can be SP or TP. (Shenoy, Choi et al. 1989; Moreno and Nurse 1990; Nigg 1991; 

Beaudette, Lew et al. 1993; Songyang, Blechner et al. 1994; Holmes and Solomon 1996; 

Stevenson-Lindert, Fowler et al. 2003).  

According to this finding, I proposed that the Spa310 can be phosphorylated by the 

Cdk2/Cyclin E/A, Cdk1/Cyclin B, Cdk4/Cyclin D and maybe by the Cdk9/Cyclin T/K. The 

results described in Chapter VII of this thesis confirmed that the Spa310 can be 

phosphorylated by the Cdk2/Cyclin E/A, Cdk1/Cyclin B, Cdk4/Cyclin D as well as 

Cdk9/Cyclin T/K. Basically, these results indicate the Spa310 peptide is a substrate for these 

kinases. Its presence in the reaction system must cause some level of competition with the 

classically defined substrates for the active sites of the kinases. This competition is able to 

elicit a substrate-competitive inhibition of the kinase activity of Cdk’s, in particular 

Cdk2/Cyclin E/A for which almost complete inhibition has been observed and is the Cdk of 

most interest.     

 

8.2 Confirm the phosphorylation of the Spa310 by the Cdk’s by HPLC-Mass 

Spectrometry  

As mentioned previously, there are three phosphorylation consensus sites present in 

the primary sequence of the Spa310 peptide. Although the autoradiography followed by 

kinase assays indicated that the Spa310 was phosphorylated by the Cdk’s being tested, it is 

better to confirm the phosphorylation status of Spa310 by HPLC-Mass Spectrometry.  
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Kinase assays can be performed with the desired Cdk immunoprecipitates, Spa310 

peptide and non-radioactive ATP. By reverse phase HPLC, the Spa310 can be separated from 

the other components presented in the reaction system.  

The HPLC is then, ideally, coupled with nanoelectrospray ionization tandem mass 

spectrometry (nES-MS/MS), which will be able to sequence the peptide and tell which amino 

acid residue is phosphorylated (Bauer, Sun et al. 2000).  

Although tandem mass spectrometry (MS/MS) is not available in our lab, there is a 

Matrix Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF) Mass 

Spectrometer, which can be used to determine the molecular weight of the peptide. The 

Spa310 separated from the kinase assay reaction mixture can be studied by MALDI-TOF 

mass spectrometry. The change of the molecular weight will tell how many amino acids are 

phosphorylated. Although the exact position of the phosphorylated amino acid residue can 

not be determined in this way, the result will tell 1) whether the Spa310 peptide is 

phosphorylated, and 2) how many amino acid residues are phosphorylated. 

If the result of mass spectrometry confirms that the Spa310 is phosphorylated, 

Spa310 peptides consisting of point mutations with alanine replacing the serine or threonine 

residues can be synthesized to determine which amino acid is phosphorylated. 

Point mutations can also be made to the DNA sequence of the Spa310 in pGEX2T-

Spa310 to change the serine or threonine to alanine. The GST-Spa310 can then be used in 

kinase assays. Autoradiography is able to tell the phosphorylation status of the mutated GST-

Spa310. 
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8.3 Substrate binding motif to Cdk2/Cyclin A complexes 

There is a recruitment sequence present in various substrates of the Cdk2/Cyclin A 

complex. This motif contains only three amino acids, (R/K)XL and is required for many 

substrates, such as E2F1, p53, pRb, p107 and p27, of the Cdk2/Cyclin A to bind to the kinase 

complex (Zhu, Harlow et al. 1995; Chen, Saha et al. 1996; Lowe, Tews et al. 2002). This 

motif is also present in pRb2/p130. It is RRL, in the spacer region of pRb2/p130, from amino 

acid 680 to 682. (Lacy and Whyte 1997; Castano, Kleyner et al. 1998).  

The Spa310 spans from the amino acid 641 to 679 of pRb2/p130. It just stops at the 

N-terminus of the RRL motif, leaving this reported classical binding motif outside of its 

sequence.  

Although a motif RRV (aa 644-646 of pRb2/p130) was proposed to be able to interact 

with cyclin A (Giordano, Bellacchio et al. 2007), only weak unspecific binding was detected 

between Spa310 (at high concentration) and Cdk-Cyclin complexes, which contains cyclin 

A. This does not support a specific binding between Spa310 and Cyclin A.      

 

8.4 Design more potent peptide inhibitors of the kinase activity of Cdk2   

As discussed previously, Spa310 peptide is a substrate of Cdk2 as indicated by the 

results discussed in Chapter VII. Inhibition of the Cdk2 kinase activity is strongly believed to 

result from substrate-competition. The three serine and threonine residues, which are 

immediately followed by a C-terminal proline, are the functional residues believed to 

contribute to the substrate-competitive inhibition of the Cdk2 kinase activity. The other 

amino acid residues in Spa310 are redundant or contribute little to the substrate-competitive 

inhibition.  
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The IC50 value is high, even a thousand times more, when compared to many other 

peptide inhibitors of Cdk2 (Ferguson, Luciani et al. 2004; Canela, Orzaez et al. 2006). This 

high IC50 value will definitely make it unfavorable for pharmaceutical development.   

The weak ability to inhibit the kinase activity of the Cdk2 results in part from the very 

weak interaction between Spa310 and Cdk2/Cyclin E/A complexes.  

Based on the substrate-competitive inhibition mechanism as well as knowledge of the 

established classical recruitment sequence of Cdk2/Cyclin A, a few peptides have been 

designed to achieve a more potent inhibitory effect on Cdk2 kinase activity (Figure 8-1). 

 

8.5 Complicated effects of Spa310 peptide on cell homeostasis 

The effects of Spa310 peptide treatment on cell homeostasis are more complicated 

than what was thought initially. Some preliminary data (not shown here) showed that the 

treatment of Spa310 peptide at 3mM induced more caspase 3/7 activities in A549 cells, while 

the treatment of the same kind cells with 3mM of Scramble peptide did not induce increased 

level of caspase 3/7 activities. This indicated that Spa310 may be able to induce apoptosis in 

some kind of cells. Thus, arrest cell cycle progression and thus inhibit the cell proliferation 

may not be the only effect of the Spa310 on cell homeostasis. 

The possible role of Spa310 in inducing apoptosis can be explained by the kinase 

assay results. Since Spa310 is able to inhibit Cdk1, 2, 4 and 9, and Cdk2, 4 and 9 are able to 

phosphorylate p53, the treatment of Spa310 may reduce the phosphorylation of p53 and thus 

stabilize p53. Stable p53 may induce apoptosis of cells. 

The effect of the Spa310 on apoptosis needs to be further explored. 
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The complicated effect of the Spa310 on cell homeostasis can explain the reduced 

growth of the xenografted tumors in nude mice. Actually, Spa310 is not a specific inhibitor 

of Cdk2, and it is very likely be a substrate for some other kinases besides Cdk1, 2, 4 and 9. I 

believe the treatment of Spa310 peptide at high concentration may disturb many cellular 

signaling pathways, related or even unrelated with Rb-E2F pathway. The reduced tumor 

growth may result from very complicated effects of Spa310 on cell homeostasis. To test the 

complicated effects of Spa310 on tumor growth, the animal study was once planned to be 

performed again on a large scale. However, although I got enough mice, very few peptides 

were available made the experiments unfeasible at that time. Another thing needs to be 

mentioned is that the animal model using subcutaneously xenografted tumors in nude mice is 

not a very good animal model for testing the anti-cancer reagents, especially when the 

reagents need to be applied more than once, because the measurement of the size of the 

tumor will be affected by the skin and other tissues covering the tumor.  

To test the complicated effects of Spa310 systemically, whole-genome DNA 

microarray analysis can be used. The results of the DNA microarray can be confirmed by real 

time polymerase chain reaction (RT-PCR). By this approach, at least the complicated effects 

of Spa310 on the expression of many genes can be elicited.   

 

8.6 Potential application of the data generated from this study 

Although the data generated from this study does not support Spa310 is a potent 

peptide inhibitor for the Cdks, information derived from and the approach used in this 

research can be applied to design and develop more potent and specific Cdk2 peptide 

inhibitors that have the potentials to work as powerful anti-cancer reagents. 
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A. SPSPTPRRL 

B. LSPKRSPKRTPRRL 

C. SPSPSPRRL 

D. LTPTPTPRRL 

 

Figure 8-1. Sequences of a few peptides picked from a large number of possible 
sequences that are proposed to have more potent inhibitory effect on Cdk2 than 
Spa310.  

These peptides are much shorter than Spa310, but have the same number of the 
phosphorylation sites. Because of the binding motif RRL presents, they should have much 
stronger interaction with the Cdk2/CyclinA complex. 
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