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Abstract 
 
Correct regulation of transcription is essential for maintaining a healthy cellular 
state. During transcription RNA polymerase II  (Pol  II) proceeds  in a regulated 
manner through several transitions to ensure appropriate control of synthesis 
and enable correct processing of  the pre‐RNA. Shortly after  initiation Pol  II  is 
caused to pause by the binding of factors, DSIF and NELF.  To enable transition 
of Pol II into the elongation phase CDK9/cyclin T phosphorylates the C‐terminal 
domain  (CTD)  of  Pol  II,  DSIF  and  NELF.  This  phosphorylation  releases  the 
paused  state  and  provides  an  alternative  set  of  post‐transcriptional 
modifications on the CTD to generate a binding platform for elongation, histone 
modifying  and  termination  factors.  CDK9/cyclin  T  is  itself  regulated  within 
multicomponent  complexes.  A  small  activated  complex,  containing  Brd4, 
recruits CDK9/cyclin T  to  active  sites of  transcription,  thereby promoting  the 
elongation  of  transcription.  The  role  of  CDK9/cyclin  T  in  the  regulation  of 
transcription  has  resulted  in  its  validation  as  a  drug  target  against  several 
disease states including cancer, HIV and cardiac hypertrophy. 
 
In this thesis, I present the crystallographic structures of a series of 2‐amino‐4‐
heteroaryl‐pyrimidine  compounds  and  the  roscovitine  derivative,  (S)‐CR8, 
bound  to  CDK9/cyclin  T  and  CDK2/cyclin  A.  In  combination  with  thermal 
denaturation  data  and  kinetic  analysis,  these  structures  have  suggested 
chemical modifications that might be made to increase the CDK9 specificity of 
these compounds.  I have also validated the use of a mutated form of cyclin T for 
use in the development of CDK9/cyclin T inhibitors. 
 
In  addition,  I  present  both  structural  and  kinetic  analysis  of  the  Brd4‐
CDK9/cyclin T  interaction.  I  show  that C‐terminal  fragments of Brd4 enhance 
the in vitro kinase activity of CDK9/cyclin T against the Pol II CTD. Furthermore, 
I  demonstrate  that  this  enhancement  may  be  inhibited  by  Plk1‐mediated 
phosphorylation  of  Brd4.  Finally,  I  show  that  Brd4  binds  to  a  site  that  spans 
CDK9 and cyclin T and I propose detailed molecular models of the Brd4‐cyclin T 
interaction. 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 1 

1 Introduction 

Biology  relies  on  regulated  gene  expression.  This  is  essential  in  processes 

ranging  from development and differentiation  to apoptosis. The  importance of 

correct  gene  expression  can  sadly  be  seen  in  cases where  either  promoter  or 

transcriptional proteins have been mutated, resulting in human diseases such as 

certain thalassemias, cancer and congenital heart disease (Maston et al. 2006).   

 

There are three different DNA‐dependent RNA polymerases that are responsible 

for  the  production  of  nascent  RNAs  in  higher  eukaryotes.  These  are  RNA 

polymerase I (Pol I), RNA polymerase II (Pol II) and RNA polymerase III (Pol III). 

Each  has  a  separate  function  transcribing  different  classes  of  RNAs  in  a 

regulated manner. Pol I  is dedicated to synthesizing ribosomal RNA, whilst Pol 

III transcribes several RNAs including tRNA, 5S rRNA, U6 snRNA and 7SK RNA. 

Pol  II  is  responsible  for  transcribing  protein‐encoding  genes,  small  nuclear 

RNAs (snRNAs) and microRNAs (miRNAs).  

 

There  are 4 main  stages  in  the Pol  II  transcription  cycle:  the  formation of  the 

preinitiation  complex,  initiation,  elongation  and  termination.  Each  stage 

involves many different proteins to ensure both highly regulated and successful 

production of fully synthesized and modified RNA. 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1.1 Transcription Stages 

Preinitiation complex formation and initiation (Fig 1‐1, Stages 1 & 2) 

The first stage in transcription is the formation of a pre‐initiation complex at the 

promoter.  Core  promoter  sequences,  such  as  the  TATA  box,  initiator  element 

(Inr) and the transcription factor IIB (TFIIB) recognition element (BRE), recruit 

either  TFIID  or  TFIIB.  This  induces  further  recruitment  and  assembly  of  RNA 

polymerase  II,  in  complex with  the general  transcription  factors  (TFIIA, TFIIB, 

TFIID,  TFIIE,  TFIIF  and  TFIIH),  at  the  promoter  region.  This  complex  is  the 

preinitiation complex (PIC) (reviewed  in (Baumann et al. 2010)). Alternatively 

CpG  islands  can  initiate  the  formation of  the PIC as  they often  contain  several 

transcription  factor binding  sites.  Further  control  of  this process occurs when 

combinations  of  additional  cis‐acting  DNA  elements  such  as  enhancers, 

promoter‐proximal  elements  and  silencers  are  present  which  recruit  various 

activators  or  repressors.  This  enables  unique  spatial  and  temporal  control  of 

transcription  initiation  at  specific  genes  (for  reviews,  see  (Maston et  al.  2006; 

Heintzman and Ren 2009)). 

 

On  forming  the  pre‐initiation  complex,  TFIIE  and TFIIH melt  the DNA duplex, 

allowing RNA polymerase  II  access  to  the  single  stranded  template DNA.  This 

initiates the formation of the first phosphodiester bond and therefore the start 

of RNA synthesis (Holstege et al. 1996) (Kostrewa et al. 2009).  

 

Elongation (Fig 1‐1, Stages 3 & 4) 

After  20‐50  base  pairs  have  been  transcribed,  the  polymerase  is  paused  by 

recruitment  of  two  factors:  negative  elongation  factor  (NELF)  and  DRB 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sensitivity inducing factor  (DSIF) (Wu et al. 2003a). These bind to Pol II and the 

nascent RNA (Missra and Gilmour 2010). Following phosphorylation by positive 

transcription elongation factor b (P‐TEFb), NELF is released and DSIF becomes a 

positive  elongation  factor  (Yamada et  al.  2006). RNA polymerase  continues  to 

track  along  the  gene  synthesizing  nascent  mRNA.  Post‐transcriptional 

modifications  of  the  RNA  polymerase  and  associated  factors  during  these 

transitions from initiation to elongation are discussed in later sections. 

 

Termination and 3’ end formation (Fig 1‐1, Stage 5) 

At  the  3’  end  of  the  gene,  once  the  RNA  polymerase  has  transcribed  the 

polyadenylation  signal,  endonucleolytic  cleavage  and  polyadenylation  of  the 

nascent RNA occurs. The actual separation of RNA polymerase II from the DNA 

coding strand in eukaryotes is not fully understood. Currently two models have 

been proposed: the torpedo model and the allosteric model. The torpedo model 

involves  a  5’‐3’  exonuclease  (Xrn2)  that,  after  nascent  RNA  cleavage  at  the 

poly(A)  site,  degrades  the  uncapped  RNA,  progresses  towards  the  elongating 

Pol II  and  subsequently  dissociates  Pol  II  from  the  DNA.  The  allosteric model 

proposes  that  a  termination  factor  is  utilized  that  dissociates  the  RNA 

polymerase from the DNA by inducing conformational changes in the elongation 

complex (Gilmour and Fan 2008; Richard and Manley 2009). It is proposed that 

transcription termination  involves a combination of  these models (Banerjee et 

al. 2009). 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Figure  1­1.  The  stages  of  RNA  polymerase  II  transcription  in  metazoa.  The  different  stages  of 
transcription  are  depicted  with  focus  on  the  kinases  and  phosphatases  regulating  the  phosphorylation 
state  of  the  C‐terminal  domain  (CTD)  of  the  RPB1  protein  subunit  of  RNA  polymerase  II      Stage1:  The 
preinitiation  complex  is  formed  by  the  recruitment  of  Pol  II  by  general  transcription  factors.    Stage  2: 
During initiation the DNA duplex is melted and CDKs 8 and 7, as parts of the mediator and TFIIH complex, 
respectively, can phosphorylate Ser5 of the heptad repeat of the CTD in Pol II. Pol II  is released from the 
promoter region and the nascent mRNA is synthesised. Stage 3: After around 50 base pairs, Pol II is paused 
by NELF and DSIF. The capping enzyme, MCE, and chromatin remodelling factors are recruited to the Ser5 
phosphorylation  site.  P‐TEFb  is  recruited,  possibly  by  binding  to  Brd4,  to  phosphorylate  the  negative 
elongation  factors  and Ser2 of  the CTD.  Stage 4: NELF  is  released and DSIF  remains bound  to  the Pol  II 
where  it acts as a positive elongation factor. At  this point the phosphatase Fcp1 is  thought to be present 
(Nedea et al. 2003). Pol II is released from the paused state and elongation occurs. Phosphorylation of the 
Ser2  residues  of  the  CTD  recruits  RNA  processing  factors  during  this  stage.  CDKs  12  and  13  may 
phosphorylate the CTD concurrently, while Rtr1 dephosphorylates the CTD. Stage 5: Termination factors 
bind  to  the  CTD  when  Ser2  residues  are  more  frequently  phosphorylated.  Pol  II  is  then  released  and 
transcription terminates. Ssu72 and other phosphatases are then proposed to dephosphorylate the CTD of 
Pol II to enable recycling and reinitiation of the complex for future cycles of transcription. 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1.2 Phosphorylation in transcription 
 
A  primary  method  of  regulating  transcription  is  through  altering  the  post‐

translational modifications  of  proteins  involved  in  transcription.  In  particular 

the  phosphorylation  state  of  certain  proteins  has  a  major  influence  on 

transcription.  Phosphorylation  of  proteins  is  controlled  by  a  combination  of 

kinases (which catalyse the addition of a phosphoryl group) and phosphatases 

(which  catalyse  hydrolysis  of  phosphorylated  residues).    Phosphorylation 

during  transcription  is  partially  undertaken  by  cyclin‐dependent  kinases 

(CDKs). These are a group of Ser/Thr kinases that  function as a heterodimeric 

complex: the kinase and regulatory cyclin protein.   

 

1.3 The role of RNA polymerase II CTD 

RNA polymerase II has a unique C‐terminal domain (CTD) on its largest subunit, 

RBP1, which  is  essential  for  cell  viability  (Meininghaus  et  al.  2000).  The  CTD 

consists  of  heptad  repeats  with  the  consensus  sequence  Tyr1‐Ser2‐Pro3‐Thr4‐

Ser5‐Pro6‐Ser7 (Y1S2P3T4S5P6S7). Pol II enzymes of different organisms contain a 

characteristic  number  of  repeats:  S.  cerevisiae  have  26  heptad  repeats, 

drosophila contains 45, and the human and mouse CTDs have 52 heptad repeats 

(Corden 1990).  

During the transcription cycle, the residues of the CTD are post‐transcriptionally 

modified.  Each  stage  of  transcription  is  associated  with  a  unique  set  of 

modifications. These post‐transcriptional modifications provide distinct binding 

sites  for  recruiting  specific  factors  appropriate  for  the  various  stages  in  the 

transcription cycle. mRNA processing  enzymes, transcription elongation factors 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and  chromatin  remodelling  proteins  are  recruited  by  the  CTD  (reviewed  in 

(Egloff and Murphy 2008)). Thus it is these modifications that provide the “CTD 

code” (Buratowski 2003). CTD post‐translational modifications are tabulated in 

Table 1‐1. 

Residue  Modification  Enzyme  Function of 
modification 

References 

Y1  Phosphorylation  c‐Abl, Abl‐
related gene 
(Arg) 

Transcription 
activation? 

(Baskaran et al. 1993; 
Baskaran et al. 1996; 
Baskaran et al. 1997) 

Phosphorylation  CDK9, CDK8, 
CDK12, CDC2, 
DNA‐PK 

Transform to 
elongation complex; 
splicing; 
polyadenylation 

(Zhang and Corden 1991; Sun 
et al. 1998; Trigon et al. 1998; 
Zhou et al. 2000; Bartkowiak 
et al. 2010) 

S2 

Glycosylation?  O‐GlcNAc 
transferase 

?  (Kelly et al. 1993; Comer and 
Hart 2001) 

T2  Phosophorylation  CDK1?  ?  (Zhang and Corden 1991) 
P3  Isomerisation  Pin1  Increased CTD 

phosphorylation,  
inactivates Pol II 
during M phase and 
Inhibits splicing. 

(Xu et al. 2003; Shaw 2007; 
Xu and Manley 2007) 

T4  Glycosylation  O‐GlcNAc 
transferase 

?  (Kelly et al. 1993; Comer and 
Hart 2001) 

  Phosphorylation  CDK9  Histone mRNA 3’ 
end formation 

(Hsin et al. 2011) 

Phosphorylation  TFIIH, CDK8, 
CDK7, CDC2, 
ERK1/2 

Recruitment of 
capping enzyme  

(Zhang and Corden 1991; Sun 
et al. 1998; Trigon et al. 
1998) 

S5 

Glycosylation  O‐GlcNAc 
transferase 

?  (Kelly et al. 1993; Comer and 
Hart 2001) 

T5  Phosphorylation  CDK1?  ?  (Zhang and Corden 1991) 
P6  Isomerisation  Pin1  As above  (Xu et al. 2003; Xu and 

Manley 2007) 
Phosphorylation  DNA‐PK 

CDK7, CDK9 
Recruitment of 
integrator and 3’ 
end processing of 
snRNAs  
 

(Trigon et al. 1998; Chapman 
et al. 2007; Egloff et al. 2007; 
Egloff and Murphy 2008; 
Akhtar et al. 2009; Glover‐
Cutter et al. 2009) 

S7 

Glycosylation?  O‐GlcNAc 
transferase 

?  (Kelly et al. 1993; Comer and 
Hart 2001) 

T7  Glycosylation  O‐GlcNAc 
transferase 

?  (Kelly et al. 1993; Comer and 
Hart 2001) 

R1810  Methylation  CARM1  Represses 
transcription of 
snoRNA and 
snRNAs 

(Sims et al. 2011) 

S13 (of  
repeat 
52) 

Phosphorylation  CKII  Stabilises initiation 
complex, inhibiting 
transcription 

(Cabrejos et al. 2004; 
Chapman et al. 2004) 

K  Ubiquitination  Wwp2  Rpb1 degradation  (Li et al. 2007) 
Table 1­1. Table of post­translational modifications on the human CTD and their function. 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Initially  the  CTD  is  unphosphorylated  when  recruited  to  the  preinitiation 

complex at  the gene promoter (Laybourn and Dahmus 1989) (See Figure 1‐1). 

During transcription initiation, cyclin dependent kinase 7 (CDK7), as part of the 

TFIIH  complex,  phosphorylates  the  Ser5  residues  within  the  heptad  repeat 

(Trigon et  al.  1998).  Ser5 phosphorylation  releases  the mediator  complex and 

allows  Pol  II  to  initiate  transcription  (Max  et  al.  2007).  Additionally  Ser5 

phosphorylation recruits the capping enzyme to the polymerase and the nascent 

RNA is then capped by the removal of the terminal phosphate, the addition of an 

inverted  guanosine  monophosphate  and  the  subsequent  methylation  of  the 

guanosine  (Ho  and  Shuman  1999;  Fabrega  et  al.  2003).  This  is  the  first 

modification  that  occurs  to  the  nascent  mRNA.    NELF  and  DSIF  pause  the 

polymerase allowing CDK9 to be recruited. CDK9 subsequently phosphorylates 

these factors and releases the paused Pol II (Nechaev and Adelman 2011). Pol II 

progresses along the gene and Ser2 is phosphorylated by CDK9 and CDK12. Two 

termination  factors,  Pcf11  and  Rtt103,  bind  to  Pol  II  when  sequential  heptad 

repeats  are  phosphorylated  at  Ser2  and  initiate  transcription  termination 

(Lunde et al. 2010). 

 

In  a  similar  fashion  to  the  kinases,  CTD  phosphatases  are  associated  with 

different  stages  of  the  transcription  cycle  and  have  different  specificities  (see 

Table 1‐2). These phosphatases therefore alter the proportion of Ser2 and Ser5 

phosphorylation marks on the CTD during transcription. They are also required 

to enable recycling of the CTD for a new round of transcription (Meinhart et al. 

2005). 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Phosphatase  Target phosphorylation  Reference 
Scp1   Ser5P  (Yeo et al. 2003; Zhang et al. 2006) 
Fcp1   Ser2P  (Hausmann and Shuman 2002) 
Ssu72  Ser5P  (Krishnamurthy et al. 2004) 
Rtr1  Ser5P  (Mosley et al. 2009) 

 
Kinase  Target substrate  Reference 
CDK7  Ser5  (Trigon et al. 1998) 
CDK8  Ser5  (Sun et al. 1998) 
CDK9  Ser2  (Zhou et al. 2000) 
CDK12/13  Ser2?  (Bartkowiak et al. 2010) 
Table 1­2. The phosphatases and CDK kinases involved in regulating the CTD phosphorylation state.  

 

Chromatin  remodelling  enzymes  are  also  recruited  by  the  Pol  II  CTD 

phosphorylation  marks.  Set1  (in  yeast)  binds  to  Ser5  phosphorylation  marks 

and  methylates  lysine  4  of  histone  H3  (H3K4)  residues,  recruiting  histone 

acetylases,  such  as  NuA3  through  Yng1,  to  modify  the  chromatin  for 

transcription.  Acetylation  of  histone  lysines  neutralizes  their  positive  charge, 

weakening the interaction between the histones and DNA. Ser2 phosphorylated 

CTD  is a binding platform for Set2. Set2 methylates H3K36 such that Rpd3S  is 

recruited  and  deacetylates  the  histones  behind  the  transcribing  polymerase 

(Bannister and Kouzarides 2011). This prevents initiation at cryptic sites within 

the gene. RECQ5 has been  identified as being  recruited  to  the CTD when both 

Ser5  and  Ser2  residues  are  phosphorylated  but  its  function  is  not  fully 

understood (Bannister and Kouzarides 2011). For further details and references 

of CTD interacting proteins see Table 1‐3. 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Figure 1­2. Recruitment of histone modifying factors through phosphorylation of Ser5 and Ser2 of 
the CTD in yeast. Reprinted by permission from Macmillan Publishers Ltd: Cell Research (Bannister and 
Kouzarides 2011), copyright 2011. http://www.nature.com/cr/index.html.  

Interacting protein  Phosphorylation  Function  Reference 
Mammalian 
capping enzyme 
(Mce) 

Ser5P  CTD capping  (McCracken et al. 
1997; Ho and 
Shuman 1999; 
Fabrega et al. 2003) 

Integrator  Ser2PSer7P   snRNA transcription  (Egloff et al. 2007; 
Egloff and Murphy 
2008) 

Pcf11  Ser2P  Transcription 
termination 

(Lunde et al. 2010) 

Rtt103  Ser2P  Transcription 
termination 

(Lunde et al. 2010) 

RECQ5  Ser2PSer5P  Genome stability during 
transcription 

(Kanagaraj et al. 
2010) 

SCAF8  Ser2PSer5P  RNA processing  (Patturajan et al. 
1998; Becker et al. 
2008) 

Pin1  Ser2P or Ser5P  Proline isomerisation 
and repress 
transcription 

(Yunokuchi et al. 
2009) 

PCIF1  Ser2P or Ser5P  Inhibit SCP1 
phosphatase and 
transcription 
repression 

(Fan et al. 2003; 
Hirose et al. 2008; 
Yunokuchi et al. 
2009) 

Spt6  Ser2P  mRNA processing and 
export 

(Yoh et al. 2007) 

Set1  Ser5P  Histone 
methyltransferase 

(Ng et al. 2003) 

Set2  Ser2P  Histone 
methyltransferase 

(Xiao et al. 2003) 

Nrd1  Ser5P  snoRNA processing and 
termination, 
suppression of cryptic 
unstable transcripts 
(CUTs) 

(Vasiljeva et al. 
2008) reviewed in 
(Lykke‐Andersen and 
Jensen 2006) 

Table 1­3. Proteins that interact with specific phosphorylation states of Pol II CTD. The upper rows 
correspond  to proteins  identified  in humans. The proteins below  the double  line have been  identified  in 
yeast and are presumed to have a similar function in humans. 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Little  is  understood  about  the  other  post‐transcriptional modifications.  These 

are  included  in Table 1‐1.   These  include  tyrosine phosphorylation, which has 

been  linked  with  initiation  of  transcription  and  coordination  of  transcription 

with cell adhesion, the cell cycle and DNA damage. Furthermore, glycosylation of 

the CTD has been observed and also suggested to have a role in initiation (Kelly 

et al. 1993; Comer and Hart 2001). Threonine phosphorylation on residue 2 of 

the  heptad  repeat  has  been  reported,  but  the  function  of  this  modification  is 

uncertain (Zhang and Corden 1991), conversely Thr4 phosphorylation is known 

to be required for histone mRNA 3’ end processing (Hsin et al. 2011). Finally, a 

proline isomerase that alters the cis/trans conformation of prolines within the 

CTD alters both the phosphorylation status and the rate of transcription (Xu and 

Manley 2007).  Because the structures of many CTD interacting domains (CIDs) 

are  known,  including  examples  of  Rtt103,  SCAF8,  and  Pcf11  CTD‐binding 

domains,  the  significance  of  proline  isomerization  can  be  readily  understood: 

proline  residues  are  often  involved  in  the  recognition  of  the  CTD  by  CID‐

containing proteins (Meinhart and Cramer 2004; Becker et al. 2008; Lunde et al. 

2010). Hence Pin1, a proline  isomerase, can alter  the recruitment of  factors  to 

the CTD, including the kinases and phosphatases (Xu et al. 2003; Xu and Manley 

2007). 

 

1.4 Cyclin‐Dependent kinases 

Transcription  regulation  is  inseparably  linked  to  phosphorylation  status.  The 

primary  kinases  involved  in  transcription  are  CDKs.  In  general,  CDK/cyclin 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complexes  regulate  the  cell  cycle  and  transcription,  although  CDK5  and 

PCTAIRE are examples of CDKs that have other functions in differentiated cells. 

The activity of cell cycle CDKs is controlled by the presence of the cyclin, cyclin‐

dependent  kinase  inhibitory proteins  (CKIs),  and  the phosphorylation  state  of 

the  kinase.  Association  of  CDKs  in  large  multiprotein  complexes  provides  a 

further level of regulation of CDK activity, and this phenomenon is particularly 

apparent for the transcriptional CDKs (Morgan 2007). The transcriptional CDKs 

will be discussed below and the cell cycle CDKs in Chapter 1.7. 

 

1.4.1 Transcriptional CDKs 

There  are  several  CDKs  that  regulate  transcription  (Figure  1‐3).  These  differ 

from  the  cell‐cycle  CDKs  in  their  regulation  as  the  cyclins  of  transcriptional 

CDKs are not expressed periodically  in the same manner that cell cycle cyclins 

are. Transcriptional CDKs are usually incorporated into larger complexes: CDK8 

is part of  the mediator complex, CDK7  is complexed within TFIIH, while CDK9 

with cyclin T together form P‐TEFb. Other CDKs, specifically CDK12 and CDK13, 

have  only  recently  been  found  to  phosphorylate  the  CTD  and  their  role  in 

transcription has yet to be established (Bartkowiak et al. 2010). 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Figure  1­3.  The  functions  of  CDKs  in  transcription.  Pol  II  binds  to  the  promoter  region  during 
transcription, whilst the CTD is unphosphorylated.   CDK8 and CDK7 as part of the mediator complex and 
TFIIH  respectively  enable  promoter  clearance  by  phosphorylating  the  Ser5  of  the  CTD.  The  complex  is 
halted by NELF and DSIF. P‐TEFb (CDK9/cyclin T) complexed with Brd4 phosphorylates NELF, DSIF and 
Ser2 of the CTD to enable productive transcription.  CDKs 12 and 13 may also phosphorylate Ser2 on the 
CTD, but more studies are required for improved understanding of their functions. 

 

1.4.1.1 CDK8 (Mediator complex) 

The  first  CDK  to  be  recruited  to  the  gene  is  CDK8.  CDK8/cyclin  C  is  found  in 

certain  forms  of  the Mediator  complex.  This  complex  is  composed  of  over  30 

proteins  in  humans  and  has  several  different  forms  (Conaway  and  Conaway 

2011).    Its  size  and  complexity  have  hindered  the  full  understanding  of  its 

biochemical functions, about which much remains to be elucidated.  

 

The  mediator  complex  is  recruited  to  the  promoter  region  by  different 

activators  and  repressors  and  serves  as  an  interface  between  regulatory 

molecules  and  the  core  transcription  machinery  (Malik  and  Roeder  2010).  It 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recruits the unphosphorylated Pol II, initiating the formation of the preinitiation 

complex. Various signaling pathways converge at the mediator complex, and the 

presence  of  CDK8  or  phosphorylation  of  the  CTD  of  Pol  II  releases  Pol  II  for 

transcription  initiation.    Pol  II  is  released  from  the  promoter  region,  but  the 

mediator complex remains bound to the promoter together with a set of general 

transcription  factors  in  a  scaffold  complex.  The  scaffold  complex  enables 

additional rounds of Pol II PIC formation and initiation.   

 

Although  this model  describes  the  role  of  the mediator  complex  in promoting 

transcription,  many  studies  indicate  that  the  mediator  complex  and  CDK8 

regulate  transcription  negatively  as  well  as  positively  (see  (Galbraith  et  al. 

2010)  and  examples  within).  Transcription  is  either  activated  or  repressed 

depending on the gene and protein environment. 

 

1.4.1.2 CDK7 

CDK7 has fundamental roles in both the cell cycle control and in transcription. It 

exists  in  several  different  complexes with  different  respective  roles.  Bound  to 

cyclin  H  and  MAT1,  CDK7  acts  as  the  CDK  activating  kinase  (CAK) 

phosphorylating  the  activation  segments  of  CDK1,  CDK2,  CDK4,  CDK6  and 

possibly  CDK9.  CDK7  phosphorylates  CDKs  when  they  are  bound  to  their 

respective  cyclins  and  hence  the  phosphorylation  by  CAK  results  in  the 

activation of these CDKs and enables progression through the cell cycle. During 

G0 CDK7 activity and protein levels are reduced to prevent cell cycle activation. 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The transcription factor, TFIIH, consists of CAK (CDK7/cyclin H/Mat1) and 6/7 

other  subunits. Within  this  complex  the substrate  specificity of CDK7 alters  to 

phosphorylate  TFIIE,  TFIIF,  certain  nuclear  receptors  (such  as  the  estrogen 

receptor α), and residues Ser5 and Ser7 of  the heptad repeat of  the CTD. This 

phosphorylation  promotes  transcription  initiation  and  recruits  the  mRNA 

capping  enzyme  to  process  the  pre‐mRNA.  For  reviews  on  CDK7  see  (Fisher 

2005; Lolli and Johnson 2005).  

 

1.4.1.3 CDK 11 

Three isoforms of CDK11 exist: CDK11p110, CDK11p58 and CDK11p46. These form 

CDK/cyclin complexes with one of the 6 cyclin L proteins. Whilst CDK11p58 and 

CDK11p46  are  associated  with  mitosis  ((Franck  et  al.  2011)  and  references 

within)  and  apoptosis  (Feng  et  al.  2005)  respectively,  CDK11p110  affects  pre‐

mRNA  splicing  (Hu  et  al.  2003).  It  is  found  in  macromolecular  complexes 

containing  transcription  elongation  factors  and mRNA  splicing  factors  such  as 

phosphorylated  RNA  polymerase,  FACT,  splicing  factor  RNPS1  and  TFIIF 

(Trembley et al. 2002; Loyer et al. 2008). However, the substrates of CDK11 that 

influence splicing and  transcription still  remain  to be determined  (Loyer et al. 

2011). 

 

1.4.1.4 CDK12 and CDK13 

Both CDK12 and CDK13 have only recently been discovered and little has been 

unambiguously determined about their cellular functions. They are reported to 

form  complexes with  cyclins K  and  L,  although  this  is  still  a matter  of  debate 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(Chen et al. 2006; Chen et al. 2007; Bartkowiak et al. 2010). They are both able 

to  phosphorylate  the  CTD  and  have  been  implicated  in  influencing  splicing, 

although  again,  whether  this  is  directly  or  indirectly  is  uncertain  (Chen  et  al. 

2006; Chen et al. 2007; Bartkowiak et al. 2010). 

 

The yeast (S. cerevisiae) system has often been utilized to develop models and 

comparisons  for  metazoan  systems.  Yeast  differ  from  metazoa  in  several 

aspects,  one  of which  is  that  they  contain  two  kinases  that  phosphorylate  the 

Ser2 residues of the CTD. Ctk1 is localized in the central region and towards the 

3’ UTR of the gene and is the primary CTD kinase (Cho et al. 2001; Mayer et al. 

2010).  Bur1  associates  primarily  with  the  central  region  of  the  gene  and 

phosphorylates both SPT5 (DSIF), and the CTD (Murray et al. 2001; Zhou et al. 

2009a; Mayer  et  al.  2010).  CDK9  is  suggested  to  be  orthologous  to  Bur1,  and 

CDKs  12/13  to  Ctk1  (Bartkowiak  et  al.  2010).  Elucidating  the  roles  of  CDK12 

and  CDK13  will  be  crucial  for  developing  our  understanding  of  CTD 

phosphorylation and transcription regulation in metazoa. 

 

1.4.1.5 Role of CDK9 in transcription 

CDK9 is required for the synthesis of the majority of Pol II transcripts (Chao and 

Price 2001). CDK9 interacts with either cyclin T1 or T2 to form P‐TEFb (Peng et 

al.  1998).  P‐TEFb  stimulates  transcription  elongation  by  phosphorylating  the 

Pol II CTD as well as the pause‐inducing factors, NELF and DSIF (Marshall and 

Price  1995).  P‐TEFb  is  recruited  to  paused  RNA  polymerases  by  general 

transcription factors (e.g. Brd4), and specific transcription factors (Peterlin and 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Price 2006; Takahashi et al. 2011). Here it phosphorylates NELF (Fujinaga et al. 

2004),  releasing  this protein  from  the halted  complex,  and DSIF  (Ivanov et  al. 

2000).  Upon  phosphorylation  DSIF  becomes  a  positive  transcription  factor 

(Yamada  et  al.  2006).  P‐TEFb  also  phorphorylates  Ser2  of  the  CTD,  thereby 

promoting  recruitment  of  transcription  elongation  and  processing  factors  as 

discussed  above  (Chapter  1.3).  Together  these  phosphorylations  enable 

transcription to continue and the RNA polymerase to enter the elongation stage. 

 

1.5 Regulation of transcription 

For a long time transcription was believed to be regulated primarily at the stage 

of  initiation.  More  recently,  genome  wide  studies  have  demonstrated  the 

accumulation  of  Pol  II  at  the  5’  end  of  the  gene,  around  30  nucleotides 

downstream  of  the  promoter  in  yeast  (Venters  and  Pugh  2009),  Drosophila 

(Muse  et  al.  2007;  Zeitlinger  et  al.  2007)  and  human  embryonic  stem  cells 

(Guenther et al. 2007).  Pol II localized to this site is considered to be in a paused 

state  that represents an additional stage at which transcription of many genes 

may be regulated. It is suggested that Pol II promoter proximal pausing is likely 

to be the rate limiting step in transcription for up to 20‐30% of Drosophila and 

human genes (Core and Lis 2008).  

 

CDK9,  as  a  subunit  of  P‐TEFb,  is  the  kinase  that  reverses  promoter  proximal 

pausing of RNA polymerase II. The regulation of P‐TEFb is, therefore, crucial for 

the progression of Pol II from paused to elongating. Therefore, understanding P‐

TEFb regulation is essential to understanding gene expression. 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1.6 CDK9/cyclin T interaction proteins 

There  are  two  main  approaches  used  by  the  cell  to  regulate  CDK9/cyclin  T. 

These  are  by  inhibition  and  activation  of  its  kinase  activity  and  through 

localizing it to sites of active transcription.   

1.6.1 Regulation 

The activity of CDK9 is regulated in several ways including phosphorylation (Li 

et al. 2005), acetylation (Fu et al. 2007; Sabo et al. 2008) and by association with 

other  proteins.  It  is  also  contained  within  several  multimeric  complexes.  For 

example,  it  forms  a  complex  with  transcription  activators  and  the  super 

elongation complex (SEC) (He et al. 2010; Lin et al. 2010; Sobhian et al. 2010) 

and has also been associated with a network of other proteins (Bezstarosti et al. 

2010).  CDK9/cyclin  T  has  been  studied  primarily  in  two  forms  –  the  large 

inhibitory  complex  and  the  small  activatory  complex  (Figure  1‐4).  The  larger 

complex  is  composed  of  CDK9,  cyclin  T,  Hexim1,  7SK RNA, MePCE  and  Larp7 

(Nguyen et al. 2001; Yang et al. 2001; Michels et al. 2003; Yik et al. 2003; Chen et 

al.  2004;  Jeronimo  et  al.  2007;  Krueger  et  al.  2008).  During  high  stress 

conditions  and  induced  differentiation,  the  smaller  complex  is  formed  that 

contains CDK9,  cyclin T and Brd4  (Jang et al. 2005; Yang et al. 2005; He et al. 

2006). 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Figure  1­4.  Regulation  of  CDK9  by  protein  association.The  inhibitory  complex  of  P‐TEFb  contains 
Larp7, Hexim1, and 7SK RNA.  The smaller activating complex consists of CDK9, cyclin T and Brd4.  

 

1.6.2 Recruitment of P‐TEFb to sites of transcription  

The active P‐TEFb complex is recruited to promoter regions by both general and 

specific  activators  that  determine  which  genes  are  actively  transcribed. 

Recruitment  by  specific  activators  has  been  implicated  in  differentiation, 

inflammatory and immune response, and apoptosis. Peterlin and Price (Peterlin 

and Price 2006) grouped the activators into four separate classes determined by 

their mechanisms of interaction with DNA. These are co‐activators, which do not 

bind directly to DNA but require intermediary proteins, DNA bound activators, 

RNA bound activators and chromatin bound activators (Figure 1‐5). 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Figure 1­5. Methods of P­TEFb recruitment to promoter regions.   CDK9/cyclin T can be recruited  to 
promoter  regions  via  (1)  coactivators,  (2)  DNA  bound  activators,  (3)  RNA  bound  activators,  or  (4) 
chromatin bound activators. H3 and H4 refer to the tails of histones 3 and 4 respectively, and Ac indicates 
acetylated  sites.  Figure  adapted  from  Molecular  Cell  23,  Peterlin  and  Price,  Controlling  the  Elongation 
Phase  of  Transcription  with  P‐TEFb  297‐305,  Copyright  2006,  with  permission  from  Elsevier. 
http://www.cell.com/molecular‐cell/home 

 

The  most  characterized  example  of  recruitment  of  CDK9/cyclin  T  to  the 

promoter  region  is  that  mediated  by  the  HIV‐Tat/TAR  complex.  The  HIV 

genome  encodes  for  long  terminal  repeats  (LTR)  that  interact  with  trans‐

activator  of  transcription  (Tat),  an  HIV  protein,  to  recruit  host  cell  P‐TEFb 

(Mancebo et al. 1997; Zhu et al. 1997). Transcription of the HIV LTRs produces a 

short hairpin loop structure of RNA called the trans‐acting response (TAR) RNA 

element. Tat  interacts with TAR and recruits CDK9/cyclin T to the polymerase 

(Cordingley et al. 1990; Wei et al. 1998). P‐TEFb initiates Pol II elongation in the 

same manner as applies in authentic host transcription (Zhou et al. 2004). This 

enables  up‐regulation  of  transcription  from  the  LTR.  The  HIV‐LTR  Tat/TAR 

system has been  crucial  in  a  range of  experiments undertaken  to develop our 

understanding of P‐TEFb, transcription elongation and HIV virology. 

 

Class  II  transactivator  (CIITA)  is  an  example  of  a  coactivator  that  recruits 

CDK9/cyclin T. CIITA  is either constitutively expressed  in professional antigen 

presenting  cells  or  can  be  induced  in  other  cell  types.  Target  genes  that  are 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regulated by CIITA include the major histocompatibility complex (MHC) class II 

family.  CIITA  cannot  bind  to  DNA  directly  but  binds  via  factors  that  form  an 

enhanseosome  at  MHC  II  promoters  (reviewed  in  (Chang  et  al.  2002)).  Here 

CIITA recruits P‐TEFb  through cyclin T and stimulates  the  initiation of MHC  II 

genes (Kanazawa et al. 2000; Drozina et al. 2006). 

 

There  are  a  range  of  DNA‐binding  activators  that  recruit  CDK9/cyclin  T  to 

promoter regions. These include those that are stimulated on ligand binding and 

those stimulated by signaling pathways.  Included in these families are the aryl 

hydrocarbon receptor (AhR) (Tian et al. 2003), the PPARγ activator (Iankova et 

al. 2006), STAT3 (Giraud et al. 2004; Hou et al. 2007) and MyoD (Simone et al. 

2002).    These  are  involved  in  upregulating  genes  for  xenobiotic  metabolism, 

adipocyte  differentiation,  and  myogenic  differentiation  respectively.  Other 

activators that deserve a slightly longer introduction are c‐Myc and NF‐κB that 

are described in more detail below. 

 

c‐Myc  is  a  transcription  factor  activated  by  mitogenic  signals  that  regulates 

expression of  genes  involved  in  cell proliferation.  c‐Myc binds  to a  third of  all 

actively transcribing genes (Rahl et al. 2010). In complex with Max, c‐Myc both 

recognizes  a  consensus  sequence  of  DNA  and  interacts  with  CDK9/cyclin  T 

(Kanazawa et al. 2003; Gargano et al. 2007). It therefore recruits P‐TEFb to sites 

of active transcription, releasing paused Pol II from the promoter‐proximal site 

and enabling transcription to continue. 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The  NF‐κB  transcription  factor  translocates  to  the  nucleus  on  activation  by 

several  events  including  inflammation  (Reviewed  in  (Oeckinghaus  and  Ghosh 

2009)).  NF‐κB  once  in  the  nucleus  is  recruited  to  specific  genes  involved  in 

either  its own regulation or  those  involved  in physiological responses, such as 

cytokines and chemokines. Depending on the core promoter type P‐TEFb is also 

recruited and activates a subset of these NF‐κB‐dependent genes (Nowak et al. 

2008). NF‐κB is also utilized by latent HIV as it initiates transcription from the 

LTR (Nabel and Baltimore 1987).  

 

The  final  group  of  proteins  that  recruit  CDK9/cyclin  T  are  chromatin  bound 

proteins.  The  CDK9/cyclin  T/Brd4  trimeric  complex  is  part  of  an  active 

CDK9/cyclin T kinase complex. Brd4 is recruited to transcription start sites and 

enhancer  sites  by  interaction  with  acetylated  histones,  the mediator  complex 

and  coactivators  (Jang  et  al.  2005;  Yang  et  al.  2005;  Zippo  et  al.  2009).  It 

interacts with CDK9/cyclin T and thereby causes an increased phosphorylation 

of  the  CTD  and  transcription.  A  total  of  10%  of  genes  are  proposed  to  be 

regulated by Brd4 (Mochizuki et al. 2008).  

 

1.7 CDKs in the cell cycle 

As well  as  specifically phosphorylating  the CTD, CDK’s  are  involved  in  several 

cellular  processes  including  the  cell  cycle  (CDKs  1,  2,  4,  6  and  7)  and  other 

processes such as cytoskeletal development, glucose homeostasis and neurone 

development  (CDK5,  reviewed  in  (Lalioti  et  al.  2010)).  Historically  structural 

studies have focused on the CDKs associated with the cell‐cycle. It is from these 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studies  that  a  majority  of  our  understanding  of  CDKs  has  been  derived  and 

hence I have provided a short description of their function below. 

 

Progression  through  the  cell  cycle  is  regulated  at  several  different  stages  and 

checkpoints  (Morgan  2007).    DNA  replication  occurs  during  S‐phase,  and 

progression  through M‐phase  separates  the DNA  into  two daughter  cells. Two 

growth phases, G1 and G2, occur between mitosis and S‐phase and between S‐

phase and mitosis respectively. During the G1‐S phase transition, D‐type cyclins 

are  expressed,  and  associate  with  CDK2,  4,  and  6  to  form  the  corresponding 

active  CDKs  4/6‐cyclin  D  and  CDK2/cyclin  E  complexes  (Figure  1‐6).  These 

complexes phosphorylate pRb, and thereby release the transcription factor E2F 

and  members  of  the  HDAC  (histone  deacetylase)  family  enabling  the 

transcription  of  proteins  required  for  subsequent  cell  cycle  progression. 

Furthermore,  CDK2/cyclin  E  phosphorylates  centrosomal  proteins,  releasing 

them  from  the  centrosome  and  initiating  centrosome  duplication.  The  S/G2 

phase transition is controlled by CDK2/cyclin A. During S phase CDK1/cyclin A 

phosphorylates proteins  involved  in DNA replication,  such as CDC6 and CDT1. 

These  proteins  are  then  either  degraded  or  exported  from  the  nucleus  to 

prevent multiple replication cycles (reviewed in (Suryadinata et al. 2010)).  

 

Although the roles of specific CDK/cyclin pairs at specific points in the cell cycle 

are  well  established,  it  has  been  shown  by  knock‐out  and  knock‐down 

experiments  that  CDKs  2,  4  and  6  are  non‐essential  for  cell  cycle  progression 

and similarly D‐type and E‐type cyclins are not required. Whereas the different 

CDKs and cyclins appear able to functionally complement each other under such 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circumstances,  mice  lacking  certain  combinations  of  these  proteins  display 

tissue‐specific defects (reviewed in (Malumbres and Barbacid 2009)). CDK1 is, 

however,  essential  (Santamaria  et  al.  2007).  CDK3/cyclin  C  is  responsible  for 

both transition from G0 into G1 and G1 to S phase through its phosphorylation of 

Rb and activating transcription factor 1 (ATF1) (Ren and Rollins 2004). 

 

Figure  1­6.  Regulating  the  cell  cycle  by  CDK/cyclins. The  relevant  CDK/cyclin  complexes  are  shown 
where their activity is required to progress through the stages of the cell cycle. The cells and chromosome 
numbers are also depicted within the diagram. 

 
For detailed analysis of CDK substrates see (www.phosphosite.org). 

 

1.8 CDK structural features 

As alluded to above, CDKs form dimeric complexes with their respective cyclins 

to form active kinases. The majority of CDK proteins contain a highly conserved 

kinase domain (Figure 1‐7). These consist of an N‐ and C‐  terminal  lobe and a 

hinge  region  that  connects  these  two  lobes.  The  ATP  binding  site  is  located 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between the N‐ and C‐terminal lobes. They have mixed secondary structure: 10 

β‐strands,  predominantly  in  the  N‐terminal  lobe  and  11  α‐helices 

predominantly  in  the  C‐terminal  lobe.  The  cyclins  and  peptide  substrates 

interact through mainly the N‐ and C‐ terminal lobes of the kinase, respectively. 

 
Figure 1­7. Alignment of CDK sequences.  CDK9 secondary structure is shown above the sequences and 
yellow  circles  indicate  residues  within  CDK9  that  are  within  5Å  of  ATP  (identified  from  PDB:  3BLQ). 
ClustalW2  (Larkin  et  al.  2007) was used  to  align  the  sequences  and  the  image was  formed using ALINE 
(Bond and Schuttelkopf 2009). 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Figure  1­8.  Structure­based  sequence  alignment  of  the  cyclin  boxes  of  cyclins.  The  secondary 
structure of cyclin T is show above the sequences. 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The  cyclins  are  much  more  diverse  than  the  CDKs.  They  are  comprised  of  2 

cyclin  boxes,  each  composed  of  5 α‐helices  (Figure  1‐8).  These  show  greater 

sequence variation than the CDK kinase domains, but maintain the same overall 

structure  of  cyclin  boxes.  In  addition,  cyclins  often  have  N‐  and  C‐terminal 

extensions that include binding domains for interactions with other proteins.  

 

The  textbook  description  of  CDK  activation  is  predominantly  based  on  CDK2 

structural analysis. Full activation requires both association of the CDK with its 

corresponding  cyclin  and  phosphorylation  of  the  threonine  on  the  activation 

segment  (Figure  1‐9).  The  combination  of  these  two  events  aligns  residues 

within the ATP binding site for ATP binding and phosphotransfer, and opens a 

binding platform for the protein substrate to bind and receive the γ‐phosphate 

(Brown et al. 1999). 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Figure  1­9.  Structural  features  of  CDK9/cyclin  T  (A)  and  selective  residues  involved  in 
phosphotransfer (B). The following features are shown in a cartoon representation with the colours they 
are presented  in  in parenthesis:  cyclin T    (slate), CDK9 (green),  the C‐helix    (magenta),  the hinge region 
(violet),  the  glycine‐rich  loop  (dark  grey),  and  the  activation  segment  (yellow).  CDK9 phosphothreonine 
186  (red),  ATP  (pale  cyan),  CDK9  residues  48,  66,  167,  168  and  169  are  shown  in  ball  and  stick 
representation (PDB used:3BLQ). The DFG motif is comprised of CDK9 residues 167‐169.   The shadowed 
box in (A) represents the region shown in more detail in (B). 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Structural features of particular interest are primarily located on the CDK. These 

include the C‐helix, the hinge region, and the activation segment, which includes 

the αL12  helix  and  the  DFG motif.  The  functions  of  these  in  catalysis  will  be 

described below. 

 

The  C‐helix,  known  also  as  the  PSTAIRE  helix,  is  located  at  the  heart  of  the 

CDK/cyclin interface. Monomeric CDKs have their C‐helices in an inactive “out” 

conformation.  On  cyclin  binding,  the  C‐helix  re‐orientates  to  an  “in” 

conformation, undergoing a rotation and tilting of the helix (Jeffrey et al. 1995). 

This  enables  Glu66  of  CDK9  (corresponding  to  Glu51  in  CDK2)  to  form  a 

hydrogen bond network with  Lys48  (Lys33  in  CDK2)  and Asp167  (Asp145  in 

CDK2)  (of  the DFG motif).     This  results  in  the ATP phosphates and Mg2+  ions 

being aligned correctly for catalysis.  

 

Prior to cyclin binding, residues from the CDK2 αL12 loop, which immediately 

follows  the  highly  conserved  kinase  DFG‐motif,  are  helical,  and  the  activation 

segment  is  held  in  a  conformation  that  is  incompatible  with  the  binding  of 

peptide  substrates  (De  Bondt  et  al.  1993).  Subsequent  to  cyclin  binding,  the 

segment  moves  away  from  the  active  site  enabling  the  active  site  to  be 

accessible  to  ATP.  The  αL12  residues  rearrange  into  a  β‐strand.  For  full 

activation of  the kinase a  threonine, near the centre of  the activation segment, 

(Thr160  in  CDK2,  and  Thr186  in  CDK9),  must  become  phosphorylated 

subsequent  to  cyclin binding. Once phosphorylated,  the negative phosphate of 

the phospho‐threonine  interacts with several arginines,  initiating a network of 

hydrogen bonds to stabilise the CDK and cyclin, preparing the protein substrate 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recognition  site  for protein binding and catalysis  (Russo et  al. 1996).  It  is  this 

location that determines the consensus substrate peptide sequence of CDKs as 

[S/T*]PX[K/R],  where  *  denotes  the  phospho‐acceptor  residue  (Brown  et  al. 

1999). Reviews of CDK structural elements and regulation  include (Hanks and 

Hunter 1995; Morgan 2007; Johnson 2009b). 

 

Several  crystal  structures  of  CDKs  and  cyclins  have  been  determined  (Lolli 

2010).  These  include  CDKs  and  cyclins  crystallised  separately,  CDK/cyclin 

complexes in phosphorylated and unphosphorylated states, and in the presence 

of  substrate  peptides  and  inhibitory  proteins.  Although much  is  known  about 

CDK2  and  its  associated  complexes,  less  is  known  about  the  transcriptional 

CDKs. To date, monomeric CDK7 (Lolli et al. 2004), CDK9/cyclin T (Baumli et al. 

2008) and very recently CDK8/cyclin C (Schneider et al. 2011) structures have 

been  solved  by  x‐ray  crystallography.  Comparison  of  the  transcriptional 

CDK/cyclin  complexes  to  CDK2/cyclin  A  identified  that  although  the 

transcriptional  CDK/cyclin  complexes  display  the  same  general  overall  fold  in 

their CDKs and cyclins,  there are some variations between  the structures. The 

most  striking  difference  is  in  the  relative  orientation  of  the  cyclin  to  the  CDK 

within the complexes: in comparison to CDK2/cyclin A, cyclin T is rotated by 26° 

with  respect  to  the  CDK,  and  cyclin  C  is  rotated  by  15° with  respect  to  CDK8 

(Baumli et al. 2008; Schneider et al. 2011). These rotations are accompanied by 

reduced  contact  between  the  cyclin  and  the  CDK  C‐terminal  lobe  in  the 

transcriptional  CDK/cyclin  complexes.  The  respective  binding  partners  of 

CDK8/cyclin C and CDK9/cyclin T may exploit these variations in structure for 

binding specificity. Although this structural  information is known, much is still 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to  be  discovered  about  the  structure  and  function  of  CDKs  11‐13,  and  the 

complexes and regulation of CDKs 7‐9. 

 

1.9 Aims of this thesis 

CDK9/cyclin  T  is  a  critical  protein  involved  in  the  regulation  of  transcription. 

Since its discovery as a CTD kinase, much progress has been made in the field of 

transcription  towards  understanding  its  role  in  initiating  Pol  II  elongation. 

However,  there are still many unanswered questions preventing our complete 

knowledge  of  its  cellular  functions.  Still  little  is  understood  about  its 

interactions within multi‐protein complexes. Furthermore, the molecular details 

by which CDK9/cyclin T is regulated by its interaction partners and recruited to 

sites  of  active  transcription  remains  to  be  discovered.  At  the  same  time,  its 

central role in normal and pathogenic processes (described in more detail in the 

following chapter) makes CDK9/cyclin T an excellent target for the development 

of inhibitors that might be of benefit in a variety of clinical settings. 

 

In  this  thesis  I  focus  on  the  structural  and  biochemical  characterization  of 

complexes  formed  by  CDK9/cyclin  T  with  small  molecule  chemical  inhibitors 

and with  Brd4,  the  third  protein  of  the  P‐TEFb  small  activatory  complex.  My 

results  provide  a  fine  dissection  of  the  P‐TEFb/Brd4  interaction  and 

demonstrate  important  functional  consequences  of  Brd4‐binding  to 

CDK9/cyclin T.   They  further combine to suggest a small number of molecular 

models for the structural basis of the Brd4 interaction. 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My results also  contribute  to an emerging picture of how small molecules  can 

achieve selective inhibition of CDK9/cyclin T, as a step on the route to designing 

drugs and chemical probes that target this enzyme.   Taken together,  this work 

lays the foundation for future pharmacological and cell biological approaches to 

both  illuminate  the  CDK9/cyclin  T  structure/function  relationship,  and  to 

exploit that understanding in the rational design of therapies. 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2 Chemical inhibitors of CDK9/cyclin T 

2.1 Introduction 

Several  small  molecule  inhibitors  have  been  synthesised  targeting  CDKs  and 

there  are  two  primary  advantages  to  developing  further  small  molecules 

specifically inhibiting CDK9/cyclin T. Firstly, inhibitors that are both specific and 

potent for CDK9 provide an essential tool to more closely examine the function 

of  P‐TEFb  within  the  cell  and  will  enable  a  more  detailed  understanding  of 

transcription.    Secondly,  the  role  of  CDK9  in  transcription,  and  hence  protein 

expression,  has  implicated  CDK9  as  a  potential  major  drug  target  in  many 

disease  states  and  as  such  it  is  a  candidate  for  structure‐based  drug  design 

(Wang and Fischer 2008). 

2.1.1 Disease states 

Misregulation  of  P‐TEFb  is  identified  in  certain  pathologies  (reviewed  in 

(Romano and Giordano 2008)).  In  these cases,  it  is often upregulation of CDK9 

that occurs. This results  in modifying the fine‐balance of cellular protein  levels, 

which  would  ordinarily  maintain  the  cell  in  a  healthy  state.  A  variety  of 

phenotypes  may  result  from  CDK9/cyclin  T  misregulation  that  ultimately  can 

lead  to  several  disease  states.  These  include  cardiac  hypertrophy  and  certain 

cancers.  Below  is  a  description  of  the  current  understanding  of  certain 

pathologies and the role that CDK9/cyclin T plays within them. 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2.1.1.1 Cardiac hypertrophy 

Patients affected by cardiac hypertrophy have enlarged cardiomyocytes and an 

increased heart size. This can be a result of an adaptive physiological response 

but  in  pathological  cases,  cardiac  hypertrophy may  result  in  cardiac  arrest  or 

sudden death (Frey and Olson 2003).  

 

At  a  cellular  level,  these  patients  have  high  levels  of  protein  and RNA  in  their 

cardiomyocytes, which also contain increased levels of CDK9 activity (Sano et al. 

2004). The importance of this increase in CDK9 activity on cardiac hypertrophy 

symptoms  has  been  ascertained  by  studies  on  cardiomyocytes  and  mouse 

models.  These  have  shown  that  an  altered  proportion  of  the  active  CDK9 

complex, either by overexpression of cyclin T1 or decreased Hexim1 expression, 

increases  the  propensity  for  a  hypertrophic  phenotype  (Sano  et  al.  2002). 

Conversely,  simulating  hypertrophic  conditions  induces  a  decrease  in 

CDK9/cyclin  T  associated  with  the  inhibitory  Hexim1  and  7SK  factors.  The 

signalling  pathways  involved  in  this  process  have  not  been  fully  mapped,  but 

both the JAK/STAT and MAPK pathways as well as a micro‐RNA, Mir‐1 have been 

implicated (Sayed et al. 2007; Takaya et al. 2009). Of particular pharmacological 

interest is that downregulation of CDK9, either through knock‐out strains or by 

use of the CDK9‐specific inhibitor DRB, can control the growth of cardiomyoctes 

(Sano et al. 2002). This result supports a clinical application of a CDK9 specific 

drug in cardiac hypertrophy treatment. 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2.1.1.2 Virology 

The  role  of  CDK9/cyclin  T  in  RNA  synthesis  has  resulted  in  several  viruses 

utilising the cellular P‐TEFb complex to their own advantage. These include HPV 

(human papilloma virus), HIV‐1 and HIV‐2, the Dengue virus, and HSV1 (Herpes 

Simplex  Virus  1).  This  parasitic  relationship  enables  the  viruses  to  alter  the 

cellular  protein  expression  profile,  and  both  stabilise  and  replicate  their  own 

genomes (Durand et al. 2005; Durand and Roizman 2008; Li et al. 2010). 

The  hijacking  of  CDK9/cyclin  T  by  HIV  has  been  studied  extensively.  As 

mentioned  in  the  previous  chapter,  HIV  utilises  its  Tat‐TAR  protein/RNA 

complex  to  dissociate  P‐TEFb  from  the  inactive  complex  and  recruit  active  P‐

TEFb to the HIV‐LTR (Figure 2‐1) (Contreras et al. 2007). This Tat/TAR/P‐TEFb 

complex  remains  associated  with  the  HIV  transcription  site  for  an  extended 

period  of  time  (compared  to  other  recruitment  factors)  and  is  proposed  to 

remain bound to the elongating polymerase (Molle et al. 2007). 

 
 
 

 

Figure 2­1. Model of recruitment of CDK9/cyclin T1 to the HIV­LTR.  Nascent mRNA produces a hairpin 
structure, TAR. Tat  interacts with both CDK9/cyclin T and TAR and  therefore  recruits P‐TEFb  to  the HIV 
LTR promoter. 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Several  studies  have  shown  HIV‐driven  transcription  to  be  more  sensitive  to 

active P‐TEFb levels than are cellular host processes (Chiu et al. 2004; Biglione et 

al.  2007).  For  this  reason,  and  because  the  targeted  protein  will  not  be 

susceptible  to  resistance‐conferring  mutations,  P‐TEFb  could  be  a  possible 

protein drug target against HIV and potentially other viruses.  

 

2.1.1.3 Cancer 

CDK9  is  a  proposed  drug  target  for  several  cancers,  as  indicated  by  diverse 

experiments ranging from cell studies to clinical trials.  

 

On the cellular level, inhibitors of CDK9 reduce the transcription of proteins with 

short‐lived  mRNAs  and  thus  subsequently  reduce  the  concentration  of  these 

proteins within  the  cell.  A  number  of  these  proteins  have  been  identified  and 

include  cell  cycle  regulators  (e.g.  cyclin D and PLK),  anti‐apoptotic  factors  (e.g. 

Bcl‐2,  Mcl‐1),  and  HDM2  (a  regulator  of  p53,  a  protein  involved  in  inducing 

apoptosis)  (Konig et al. 1997; Lam et al. 2001; Alonso et al. 2003). Conversely, 

increased  levels  of  active  CDK9 would  result  in  increased  expression  of  these 

proteins, deregulating the cell cycle and preventing apoptosis. 

 

Studies on several cell lines using a CDK9 specific inhibitor, flavopiridol, support 

the  importance  of  CDK9  as  a  drug  target.    Cell  lines  tested  include  lymphoma 

cells, prostate carcinoma epithelial  cells, breast  carcinoma cells, head and neck 

squamous cell carcinomas (HNSCC), and melanoma cells. In all of these cases the 

effect of flavopiridol administration is either apoptosis or cell‐cycle arrest (Drees 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et al. 1997; Parker et al. 1998; Patel et al. 1998; Li et al. 2000; Lu et al. 2000). 

Furthermore,  sensitivity  to  flavopiridol  was  shown  to  be  independent  of  p53 

status, and was apparent in cell  lines that are insensitive to other antiapoptotic 

stimuli (Demidenko and Blagosklonny 2004). 

 

Further  support  comes  from  in  vivo  experiments  on  Nu/nu  mice  where 

overexpression of cyclin T1 in nude mice resulted in tumor growth (Moiola et al. 

2010).  Moreover,  CDK9  inhibition  has  been  found  effective  in  treatment  of 

xenograft cancer models, generated by transfecting nude mice with carcinomas 

such  as  human  small  cell  lung  carcinoma,  breast  carcinoma,  human  non  small 

cell  lung cancer or  leukemia. Results show either  tumor growth delay,  reduced 

tumor  growth  or  regression  when  the  mice  were  treated  with  flavopiridol 

(Arguello et al. 1998; Patel et al. 1998; Lu et al. 2000).  

 

2.1.1.4 Inflammation 

Furthermore,  P‐TEFb  has  been  suggested  as  a  target  for  the  treatment  of 

inflammation. The molecular basis  for  this  is  linked to  the association between 

CDK9/cyclin  T  and NF‐κB.  NF‐κB  is  a  critical  transcription  factor  activated  by 

extracellular  signals  including  those  of  inflammation  (Oeckinghaus  and  Ghosh 

2009). The interactions between RelA (a member of the NF‐κB family) and both 

P‐TEFb  and  Brd4  have  indicated  that  P‐TEFb  regulates  a  subset  of  NF‐κB 

controlled  genes  involved  in  inflammation  (Nowak  et  al.  2008;  Huang  et  al. 

2009).  This  is  further  supported  by  the  observations  that  several  signalling 

cascades  controlling  inflammation  ultimately  require  CDK9/cyclin  T  for 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transcriptional  regulation  of  specific  gene  sets  and  that  inhibition  of  CDK9 

reduces  inflammation  (Hou  et  al.  2007;  Smallie  et  al.  2010;  Schmerwitz  et  al. 

2011).  Therefore  it  has  been  suggested  that  P‐TEFb  is  a  possible  target  for 

treatment of inflammatory diseases (Schmerwitz et al. 2011).  

 

2.1.2 Successful development of kinase inhibitors 

The  involvement  of  kinases  in  a  number  of  diseases  has  made  this  class  of 

proteins  a  target  for  drug  discovery  and  development.  Several  drugs  against 

kinases  have  successfully  been  approved  for  clinical  use  and  many  more  are 

currently  in  clinical  trials  (reviewed  in  (Grant  2009;  Johnson  2009a)).  These 

include  the  monoclonal  antibody,  Herceptin,  that  targets  receptor  tyrosine 

kinases ErbB2 and HER2 in breast cancer.  There are also several small molecule 

inhibitors  including  Gleevec,  a  BCR‐Abl  tyrosine  kinase  inhibitor.  Gleevec  has 

been  particularly  successful  in  treatment  for  chronic  myelogenous  leukemia 

(CML). Structure‐based analysis has informed us of the mechanism of inhibition 

of  several  kinase  targeting  drugs  (Noble  et  al.  2004),  improved  our 

understanding  of  drug‐resistant mutations  and  is  enabling  the  development  of 

second generation and more potent inhibitors (reviewed in (Williams et al. 2005; 

Schenone  et  al.  2011)).  This  combination  of  results  supports  structure  based 

inhibitor design against kinases as a valid approach for developing CDK9‐specific 

compounds. 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2.1.3 Present availability of inhibitors 

There  is  a  range  of  inhibitors  currently  available  that  have  been  identified, 

isolated  and  developed  against  the  CDK/cyclin  family  of  kinases  (Table  2‐1).  

They  exhibit  a  variety  of  chemical  scaffolds  (Figure  2‐2)  and  a  corresponding 

breadth  in  potency  and  specificity.  Several  are  pan‐CDK  inhibitors  such  as 

roscovitine but a few show selectivity towards a specific CDK/cyclin. Currently, 

DRB and flavopiridol are described as relatively CDK9‐specific inhibitors and are 

often used to probe the cellular function of CDK9/cyclin T.  

 

  CDK IC50 or Ki (μM) 
Compound  1  2  4  7  9 
DRB  17  >10  >10  >10  0.34 
Flavopiridol  0.07  0.19  0.34  0.11  0.003 
Roscovitine   1.3  0.25  >10  0.25  0.79 
SNS‐032  0.28  0.05  0.93  0.06  0.005 
R547  0.0001  0.0003  0.001  0.17  0.005 
CAN508  44  69  14  26  0.35 
Indirubin 3′‐monoxime  0.18  0.44  3.3  > 4  0.05 
Meriolin 3  0.17  0.011  > 0.1  > 0.1  0.006 
(S)‐CR8  0.15  0.08  N/A  N/A  0.11 
S3‐35  0.012  0.004  N/A  0.114  0.006 

 

Table 2­1. Selectivity of various CDK inhibitors adapted from Wang and Fischer (Wang and Fischer 
2008)  with  additional  compounds  from  (Bettayeb  et  al.  2008;  Liu  et  al.  2011b).  Either  the  half 
maximal inhibitory concentration (IC50) or the dissociation constant (Ki) are stated. 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Figure 2­2. Chemical structures of a selection of CDK inhibitors.  

 

 

DRB Flavopiridol

Roscovitine

N
H

NHO

NS

S

O

N

SNS-032

N

NH

N

N

F

F

O

H2N

S
O

O

O

R547

CAN508

Indirubin 3’-monoxime

N
N
H

N

N

H2N

O

Meriolin 3

O

N

HO

OH

HO

N

Cl

Cl

O

N

HO

HO

OH O

Cl

N

N

N

N

NH

N
H

HO

N

N

N

NH

H2N

NH2

HO

N

N

N

N

HN

N
H

HO

N

HN

N

N

N

S

N

N
H

R' R''

N
H

NH

O

N

HO

(S)-CR8 2-amino-4-heteroaryl-pyrimidine



  40 

Several  of  these  CDK  inhibitors  including  those  targeting  CDK9  have  already 

entered the clinical trial stages of drug development. There are nearly 60 clinical 

trials  that are either completed or  in progress administering  flavopiridol solely 

or  in  combination  with  other  chemotherapeutic  drugs.  These  are  directed  at 

patients  with  cancers  that  include  leukemias,  lymphomas,  breast,  prostate, 

ovarian, kidney, liver and gastric cancers. In addition there are several other CDK 

inhibitors,  such  as  P276‐00,  SNS‐032,  R547  and  roscovitine,  that  have  also 

entered clinical trials (clinicaltrials.gov). 

 

Unfortunately  these  drugs  are  not  without  their  problems.  Administration  of 

flavopiridol during clinical trials has required unexpectedly high dosages, and in 

addition,  this  compound  has  poor  solubility  and  induces  DNA  double  strand 

breaks in the cell (Liu et al. 2011a). The pharmacokinetics of roscovitine require 

improvement  as  this  compound  is  rapidly metabolised  in  vivo  to  a  less  active 

compound, and it also has poor specificity and relatively low potency (Nutley et 

al.  2005;  Vita  et  al.  2005; McClue  and  Stuart  2008).  Finally,  SNS‐032 has  been 

shown to have poor bioavailability in certain animal models as it appears to be a 

P‐glycoprotein  substrate  and  can  therefore  be  efficiently  exported  from  cells 

(Kamath et al. 2005).  

 

One  approach  to  produce  drugs with  a  higher  therapeutic  index  is  to  improve 

selectivity  for  CDK9  over  other  kinases,  thus  reducing  the  side  effects  and 

improving the success of clinical trials. Hence development of second generation 

inhibitors is under way. 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2.1.4 Development of CDK9‐specific inhibitors  

Many  inhibitors  have  been  designed  and  synthesized  by  our  collaborators  (L. 

Meijer  (CNRS, Roscoff, France) and S. Wang (University of Nottingham, UK))  to 

target CDK9. Using a  combination of kinetic  studies and structural  information 

we  intend  to  develop  inhibitors  with  improved  CDK9  selectivity  and  potency. 

The first compound described is (S)‐CR8, a roscovitine derivitive, and the second 

is a class of 2‐amino‐4‐heteroaryl‐pyrimidine compounds.  

 

(S)‐CR8  was  synthesized  as  a  second‐generation  analogue  of  (R)‐roscovitine 

(Oumata  et  al.  2008).  Although  roscovitine  is  in  clinical  trials,  its 

pharmacokinetic  properties  and  poor  potency  towards  cell  lines  provides 

opportunity for improvement. (S)‐CR8 is related to (R)‐roscovitine and MPP+ (1‐

methyl‐4‐phenylpyridinium). MPP+ is absorbed into cells through the dopamine 

transporter,  and  thus  (S)‐CR8  was  designed  to  be  more  potent  to  cells.    This 

approach was successful, with (S)‐CR8 having an  increased potency of circa 50 

fold  towards  a  range  of  cell  lines  in  comparison  to  roscovitine  (Bettayeb  et  al. 

2008).  Its  presence  decreases  Pol  II  phosphorylation  by  circa  50  fold.  And  in 

neuroblastoma  cells  this  results  in  decreased  expression  of  Mcl‐1,  an  anti‐

apoptotic  factor,  and  increased  levels  of  free  Noxa,  a  pro‐apoptotic  factor, 

resulting in cell death (Bettayeb et al. 2010). 

 

The  2‐amino‐4‐heteroaryl‐pyrimidine  series  were  developed  from  initial  hits 

from  CDK‐targeting  virtual  screens.  Subsequent  structure‐based  design  in 

combination  with  biochemical  studies  led  to  further  development  of  these 

inhibitors with  improved activity  (Wu et al. 2003b). Many chemical variants of 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these have been synthesized and studied for their  in vitro activity against CDKs 

and in some cases for their cellular activity. Some structure‐activity relationships 

(SAR) have allowed the development of models to explain difference in potency 

and selectivity towards the CDKs. Extensive cellular studies of S3‐35 have been 

carried  out  on  both  normal  and  cancerous  cell  lines  (Liu  et  al.  2011b).  These 

showed  that  the  activity  of  S3‐35  both  specifically  targets  CDK9  in  cells,  and 

induces  apoptosis  in  cancerous  cells more  readily  than  in  normal  cells.  These 

studies also showed that, unlike flavopiridol, S3‐35 does not induce DNA double‐

strand breaks (Liu et al. 2011b).  

 
In  vitro  kinetic  studies  were  undertaken  by  our  collaborators  in  order  to 

determine  Ki  values  for  the  various  inhibitors  studied  (Table  2‐1,  Table  2‐2). 

These  experiments were  performed  to  assess  inhibitory  activity  against  CDK1, 

CDK2,  CDK7,  as  well  as  CDK9  providing  an  indication  of  the  selectivity  of  the 

inhibitors  within  the  CDK  family.  The  potency  against  CDK9/cyclin  T  of  the 

majority of these inhibitors is extremely promising. 

 

  Kinase inhibition Ki (µΜ) 
Inhibitor  CDK1/A  CDK2/E  CDK7/H  CDK9/T1 
S2‐106  0.217  0.147  1.871  0.043 
S3‐35  0.012  0.004  0.114  0.006 
S2‐104  0.007  0.012  0.173  0.011 
S2‐83  0.072  0.123  0.405  0.022 
S‐77  0.094  0.568  0.045  0.007 
S‐68  0.091  0.139  0.208  0.007 
S2‐122  N/A  N/A  N/A  >15 
S2‐124  N/A  N/A  N/A  6.185 

 

Table 2­2.  Ki values for inhibitors within the 2­amino­4­heteroaryl­pyrimidine series. 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2.1.5 Structural features of CDK9 for exploitation by ATP competitive inhibitors 

To  date  there  are  only  three  published  structures  of  CDK9/cyclin  T  in  the 

presence  of  an  inhibitor.  These  are  flavopiridol  (Baumli  et  al.  2008),  (S)‐CR8 

(described  in the results section) (Bettayeb et al. 2010) and DRB (Baumli et al. 

2010).    Contrastingly,  there  are  many  structures  of  CDK2/inhibitor  and 

CDK2/cyclin A/inhibitor complexes deposited in the protein data bank (PDB). 

 

This is as a result of early models of eukaryotic cell‐cycle regulation providing a 

strong  rationale  for  exploiting  CDK2  as  an  anti‐cancer  drug  target.  This 

reasoning drove several successful inhibitor discovery programs that developed 

robust protocols for preparing CDK2‐containing crystals. This opened up further 

possibilities for using CDK2 as a surrogate drug‐receptor in structural studies of 

kinase  inhibitor‐binding.    The  extensive  number  of  structures  of 

CDK2/cyclin A/inhibitors deposited has resulted in the ATP‐binding site of CDK2 

being described in terms of potential drug‐targeting pockets for CDKs in general. 

 

Liao  (Liao  2007)  described  the  ATP  binding  site  in  the  active  kinase  as 

containing two different clefts, a front and back cleft. The back cleft is protected 

by  the  gatekeeper  residue,  which  in  both  CDK2  and  CDK9  is  a  bulky 

phenylalanine  (residues  Phe80  (CDK2)  and  Phe103  (CDK9)).  Thus  this  back 

pocket  is  inaccessible  to  small molecular  probes  in  CDK2  and CDK9  alike.  The 

front  cleft has  three main pockets  that are defined by  the positions of  the ATP 

groups  when  bound:  the  A  pocket  (adenine  binding  pocket),  the  R  pockets 

(ribose binding pocket)  and  the P pockets  (where  the phosphates  are  located) 

(Figure 2‐3 (B)). All pockets have contributions from residues within both the N‐ 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and C‐  terminal  lobes  of  CDKs.  The  adenine  pocket  has  additional  interactions 

with  the hinge  residues, which provide hydrogen donors  and acceptors  to  this 

hydrophobic  pocket.  These  hinge  residues  are  often  exploited  by  kinase 

inhibitors  (Ghose  et  al.  2008).  The  glycine‐rich  loop  is  a  highly  flexible  loop 

forming the roof of the ATP‐binding site and its residues line both the ribose and 

phosphate pockets. However, because of its flexibility it is able to adopt a range 

of  conformations,  which  makes  it  challenging  to  infer  its  effect  on  inhibitor 

binding. Because of this, and because it is solvent‐exposed, the phosphate pocket 

is suggested to be a less important pocket to target in comparison with the A and 

R  pockets.  As  well  as  the  pockets  that  are  identified  by  ATP  binding,  two 

additional solvent exposed pockets are described, E0 (or hydrophobic pocket  I) 

and E1,  and an additional pocket, K,  has been  located at  the back of  the  ribose 

pocket (Figure 2‐3) (Zhang et al. 2009).  Few residues differ between CDK2 and 

CDK9 within the ATP binding site and these are shown in Figure 2‐3. 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Figure 2­3. The CDK9 ATP­binding site. (A) Residues that are located within 5Å of ATP in the CDK9 ATP‐
binding site and differ between CDK9 (green) and CDK2 (blue) are depicted in ball and stick mode. CDK9 
residues are labelled above the equivalent CDK2 residues, in parenthesis.  (B) CDK9 residues that contribute 
to the ATP binding site pockets. The surfaces of the pockets are shown in red – the A pocket; cyan – the R 
pocket; yellow – the P pocket; and magenta – the K pocket. The locations of the A, R, P, K, E0 and E1 pockets 
are additionally shown on the structure by their respective letters. 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As well as serving as an experimental surrogate, CDK2‐inhibitor structures can 

indicate how inhibitors of other kinases, including CDK9, might bind to a related 

off‐target  enzyme.    Such  information  might  be  useful  in  understanding  and 

enhancing inhibitor specificity. Therefore the structural studies presented in this 

chapter include studies on CDK2 as well as CDK9. 

 

2.1.6 Aims 

CDK9  is  a  validated  drug  target  for  several  medical  conditions.  Comparative 

structural  characterization  of  ATP‐competitive  inhibitors  bound  to  CDK9  and 

CDK2  can  provide  information  about  the  chemical  character  of  the  inhibitors 

studied.  It can also demonstrate the unique steric and chemical properties  that 

each CDK possesses, and that might be exploited in specific inhibitor design. 

  

Combining  structural,  binding  and  kinetic  inhibition  data  on  inhibitors 

developed against CDK9/cyclin T will enable better understanding of how CDK9‐

specific  inhibition may  be  achieved,  thereby  providing  valuable  knowledge  for 

further  inhibitor developments. From these studies proposals can be suggested 

for improving both potency and selectivity of inhibitors.  

 

The aims of the work presented in this chapter are: 

• To validate  the use  of  a mutated  form of  cyclin T1,  possessing  superior 

crystallogenesis  properties,  as  an  appropriate  tool  for  use  in  inhibitor 

binding studies. 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• To assess the binding to CDK9/cyclin T of a range of inhibitors, including 

the roscovitine derivative, (S)‐CR8, and compounds from the 2‐amino‐4‐

heteroaryl‐pyrimidine series. 

• To  conduct  crystallographic  analysis  of  these  inhibitors  bound  to  both 

CDK9/cyclin  T  and  CDK2/cyclin  A  in  order  to  support  structure‐based 

inhibitor design. 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2.2 Methods 

For detailed general laboratory methods please refer to Appendix A.  

 

2.2.1 CDK9/cyclin T protein constructs 

Several  CDK9/cyclin  T  protein  constructs  were  used  throughout  this  thesis. 

These are summarized in Table 2‐3. 

 

Protein Name  Protein residues within construct (mutations) 
CDK9FL  1‐372 
CDK9330  1‐330 
CDK9330 T186A  1‐330, (T186A) 
cyclin TWT  1‐259 
cyclin TF241L  1‐259, (F241L) 
cyclin TQ77R, E96G, F241L  1‐259, (Q77R, E96G, F241L) 
cyclin T288  1‐288 

 

Table 2­3. CDK9 and cyclin T  constructs. Throughout  the  text,  constructs  are  identified by  the protein 
name provided here. 

 

These  constructs  were  selected  based  on  their  properties.  The  complex  of 

CDK9330/cyclin  TQ77R,  E96G,  F241L  can  be  crystallised  for  structural  analysis  of  P‐

TEFb (Baumli et al. 2008).   Kinetic analysis was primarily undertaken with the 

full‐length CDK9 (CDK9FL)/cyclin T (residues 1‐259) (cyclin TWT). This complex 

contains the cyclin boxes of cyclin T and the full‐length CDK9 that includes the C‐

terminal  tail  required  for  the  ordered  kinetic  reaction  mechanism  of 

phosphorylation. The mutation of T186A in CDK9 prevents the phosphorylation 

of  this  residue  within  the  activation  segment  and  thus  inactivates  the  kinase.   

Cyclin  TF241L  was  produced  to  determine  the  influence  of  the  E96G  mutation 

introduced  for  crystallographic  purposes.  Finally  cyclin  T288 was  used  for H/D 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mass  spectrometry  providing  a  longer  cyclin  T  construct  to  probe  the  Brd4‐

cyclin T interaction. 

 

Phe241Leu  was  introduced  into  the  cyclin  TWT  gene  within  pVL1393  using 

Quikchange  II  Site‐Directed  Mutagenesis  Kit  (Stratagene).  After  sequence 

conformation,  the  plasmid  was  transfected  into  Spodoptera  frugiperda  9  (Sf9) 

cells  following  instructions  from  the  BD  BaculoGold  transfection  manual  (BD 

Bioscience). The virus was amplified 3 times before use in expressions. 

 

2.2.2 Inhibitor Synthesis 

Inhibitors were provided as lyophilized solids. (S)‐CR8 was kindly provided by L. 

Meijer  (CNRS, Roscoff, France) and  the 2‐amino‐4‐heteroaryl‐pyrimidine series 

of compounds were provided by S. Wang (University of Nottingham). Synthesis 

methodology  of  several  of  these  inhibitors  have  been  published  (Galons  et  al. 

2009; Wang et al. 2010). When required, inhibitors were resuspended in DMSO 

at concentrations between 10mM and 50mM and subsequently stored at ‐20°C. 

 

2.2.3 CDK2/cyclin A expression and purification  

For  interaction  and  structural  studies,  CDK2  (corresponding  to  the  full‐length 

human protein) and cyclin A (residues 174‐432 of the human protein cyclin A2) 

were  expressed  individually  and  purified  as  the  CDK/cyclin  complex.  GST‐

CDK2/GST‐CIV1  and  cyclin A were  expressed  separately  in E.  coli  strain B834. 

Cells  were  grown  in  lysogeny  broth  (LB)  to  an  OD600  <1.  Once  sufficient  cell 

density  had  been  reached,  CDK2  expression was  induced  for  over  20  hours  at 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18°C  with  80µM  isopropyl  β‐D‐1‐thiogalactopyranoside  (IPTG).  Cyclin  A 

expression was  induced  overnight  at  18°C with  100µM  IPTG.  Cells  expressing 

CDK2 were harvested by centrifugation and resuspended in modified HBS (0.2M 

NaCl, 40mM Hepes, pH 7.0, 0.01% MTG containing protease inhibitors (Roche)) 

whilst cyclin A‐expressing cells were resuspended in RB (0.3M NaCl, 50mM Tris, 

pH  7.0,  10mM  MgCl2,  0.01%  MTG,  containing  protease  inhibitors).  All  pellets 

were stored at ‐20°C until use. 

 

For purification of CDK2/cyclin A, cell suspensions were thawed and lysed by the 

addition of lysozyme and sonication. Cell lysates were clarified by centrifugation. 

Clarified  GST‐CDK2‐containing  lysate  was  loaded  onto  a  gravity  flow  column 

containing  glutathione  Sepharose  4B  beads  (GE  Healthcare)  and  washed  with 

modified HBS. In a second step, clarified cyclin A lysate was loaded onto the GST‐

CDK2  bound  glutathione  beads.  These  beads,  bound  with  GST‐CDK2/cyclin  A, 

were washed with modified HBS and the protein complex was eluted  in 20mM 

glutathione  in  modified  HBS  buffer.  The  elution  was  incubated  with  GST‐3C‐

protease  overnight.  The  solution  containing  the  cleaved  CDK2/cyclin  A  was 

injected on a Superdex 200 (26/60) size‐exclusion chromatography column (GE 

Healthcare),  pre‐equilibrated  in  modified  HBS.  The  fractions  containing 

CDK2/cyclin A were combined and the remaining GST and GST‐3C protease was 

removed on a gravity  flow column containing glutathione Sepharose 4B beads. 

The  final  purified  protein  was  concentrated  to  11.9mg/ml,  flash  frozen  and 

stored at ‐80°C. 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2.2.4 CDK9/cyclin T expression and purification 

All  GST‐CDK9  and  GST‐cyclin  T  proteins  were  co‐expressed  in  Sf9  cells  at 

1million cells/ml. Cyclin T baculovirus was infected at a multiplicity of infection 

(MOI) >0.3 and CDK9 at MOI >0.5. Cells were incubated at 27°C for 72 hrs before 

harvesting. 

  

Insect  cells were  collected  by  centrifugation  (250g  for  20 minutes  at  4°C)  and 

resuspended  in  buffer  containing  500mM NaCl,  20mM Tris  pH  8.0,  5mM DTT, 

10% glycerol and protease inhibitors.  Cells were lysed on ice by sonication and 

lysate was clarified by centrifugation. GST‐fusion proteins were purified from the 

clarified lysate by glutathione Sepharose affinity chromatography using a gravity 

flow  column  containing  glutathione  Sepharose  4B  beads.  Beads  were  washed 

with buffer containing 1M NaCl, 20mM Tris pH 8.0, 5mM DTT, 10% glycerol and 

subsequently with buffer containing 200mM sodium sulfate, 20mM Tris pH 8.0, 

5mM DTT, 10% glycerol. After 3C cleavage overnight, CDK9330/cyclin T protein 

constructs were autophosphorylated for 1hr at 30°C in 500mM NaCl, 20mM Tris 

pH  8.0,  5mM  DTT,  10%  glycerol  supplemented  with  0.1mM  ATP  and  10µM 

MgCl2.  CDK9/cyclin  T  proteins  were  purified  on  a  Superdex  200  (26/60)  size 

exclusion chromatography column, preequilibrated in buffer containing 500mM 

NaCl, 20mM Tris pH 8.0, 5mM DTT and 10% glycerol. CDK9/cyclin T containing 

fractions  were  pooled  and  the  remaining  GST  was  subsequently  removed  on 

glutathione Sepharose 4B beads. CDK9/cyclin T was concentrated  to 3.9mg/ml 

for crystallisation. 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2.2.5 CDK2/cyclin A crystallisation 

Purified CDK2/cyclin A was  incubated on  ice  for 20 minutes  in  the presence of 

the  inhibitors  at  0.2mM  concentration.    The  solution  was  filtered  through  a 

microfiltration unit  (Amicon ultra‐free‐MC) before setting hanging drops of 1µl 

(protein solution) and 1µl (reservoir solution) and storing at 4°C. Crystallisation 

reservoir  conditions  were  screened  between  1‐1.25M  ammonium  sulfate,  0.5‐

0.9M KCl, in the presence of 100mM Hepes, pH 7.0, and 5mM DTT. All reservoir 

solutions were  1ml  in  volume.  Crystals  were  fished  and  cryo‐protected  in  7M 

sodium formate before flashcooling in liquid nitrogen. 

 

2.2.6 CDK9/cyclin T crystallisation 

CDK9330/cyclin TQ77R,  E96G,  F241L was  crystallised at 4°C by  sitting drop methods. 

Drops  were  2µl  in  volume  with  a  1:1  protein:reservoir  solution  ratio.  The 

reservoirs  were  a  total  volume  of  1ml  and  consisted  of  10‐16%  PEG  1000, 

100mM  NaK‐phosphate  pH  6.2,  500mM  NaCl,  and  4mM  TCEP.    Crystals  were 

soaked  in  the  reservoir  solution  containing  1mM  inhibitor  before  buffer 

exchange  into a cryo‐protectant solution of 15% glycerol, 1mM inhibitor  in  the 

reservoir solution. CDK9/cyclin T/inhibitor crystals were fished and flash frozen 

in liquid nitrogen.  

 

CDK9330/cyclin  TF241L  was  crystallised  at  3.8mg/ml  in  the  same  manner  as 

CDK9330/cyclin  TQ77R,  E96G,  F241L.  However,  the  reservoir  solution  required  to 

crystallise  this  complex  was  8%  PEG  1000,  100mM  NaK‐phosphate  pH  6.2, 

600mM NaCl, 4mM TCEP. 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2.2.7 Data collection and processing 

Data was collected at Diamond light source, on beamlines I‐02, I‐03, I‐04 or I24. 

Mosflm  (1994)  or  XDS  (Kabsch  2010)  was  used  for  indexing  and  integrating 

data.  Data was  scaled  using  Scala.  Initial models  were  produced  by molecular 

replacement using phaser or rigid body refinement in phenix.refine (Adams et al. 

2010).  Models  were  iteratively  improved  by  alternate  rounds  of  refinement 

using either Refmac or phenix.refine and rebuilding in Coot (Emsley et al. 2010). 

Restraints were produced in Prosmart and applied to CDK9/cyclin T structures 

refined  in  Refmac.  Inhibitor  restraints  were  produced  using  phenix.elbow 

builder and confirmed by visual inspection of the resulting PDB and cif files. 

 

2.2.8 Thermal denaturation data 

0.95µg protein was incubated with 20µM inhibitor, 5x sypro orange (Molecular 

Probes) in 20mM Hepes pH 7.0, 500mM NaCl, 10% glycerol, 3mM DTT.  The total 

reaction  volume  was  15µl.  The  temperature  was  raised  in  1°C  steps  initating 

from  25°C  and  terminating  at  80°C.  The  fluorescence  emitted  at  570nm  was 

measured using a Stratagene mx3005P RT‐PCR 305 machine. 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2.3 Results 

2.3.1 Stabilisation of CDKs in the presence of inhibitors  

Ki  or  IC50  values  have  been  determined  for  a  range  of  inhibitors  against  CDK9 

and other CDKs  (Table 2‐1  and Table 2‐2).  These  inhibitors display  a  range of 

potency  and  specificity  for  the  CDKs  tested.    To  augment  our  knowledge  of  a 

selected  range  of  these  inhibitors  and  of  the  CDK9/cyclin  T  ATP  binding  site, 

differential  scanning  fluorimetry  (DSF)  was  undertaken  on  CDK9/cyclin  T 

complexes in the presence and absence of a subset of inhibitors.  

 
DSF assesses the  inhibitor/protein  interaction by measuring the difference  in a 

protein’s melting temperature (Tm) in the presence and absence of the inhibitor. 

A  large  positive  difference  in  melting  temperature  (ΔTm)  suggests  that  the 

protein  is  stabilized  in  the  presence  of  the  inhibitor  and  hence  interacts 

favourably.  Small  or  no  changes  in  melting  temperature  imply  little  stability 

gained  from  the  interaction,  and  hence  weak  binding  of  the  inhibitor. 

Correlations  between  ΔTm  and  both  binding  constants  and  inhibition  have 

previously been observed for inhibitors of the PIM‐1 kinase (Bullock et al. 2005). 

This approach is marketed under the name Thermofluor™ by Johnson & Johnson 

(Cummings  et  al.  2006).  The  Structural  Genomics  Consortium  in  Oxford  have 

demonstrated  that  a  similar  approach  can be extremely effective  in  identifying 

and  characterizing  ligands  of  protein  kinases  (Fedorov  et  al.  2007),  and  it  has 

consequently been adopted in this laboratory for that purpose. 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Thermofluor has several advantages as a technique in studying inhibitor‐protein 

interactions such as  those  for CDK9/cyclin T  inhibitors. Firstly,  it complements 

the  kinetic  analysis  by  providing  a  method  to  distinguish  between  kinetic 

inhibition and binding. Secondly, it has the benefit of allowing alternative protein 

constructs to be compared independently of their original activity. And thirdly, it 

has the potential to be a standard simple high‐throughput laboratory technique. 

 

In  order  to  validate  this  technique  for  the  2‐amino‐4‐heteroaryl‐pyrimidine 

series  of  inhibitors  the  stabilization  of  CDK9FL/cyclin  TWT  induced  by  the 

presence  of  a  selection  of  both  standard  CDK  inhibitors  and  members  of  this 

series  (S2‐106,  S3‐35,  S2‐104,  S2‐83,  S‐77,  S‐68,  S2‐122  and  S2‐124)  were 

analysed (Figure 2‐4).   

 

Figure  2­4.  The  stabilizing  effect  of  inhibitors  on  CDK9/cyclin  T  as  measured  by  Thermofluor. 
Experiments were repeated 3 times and error bars represent standard deviations. 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Initial analysis of two well‐characterised CDK9 inhibitors, flavopiridol and DRB, 

indicated encouraging results for this technique. Flavopiridol is one of the most 

potent  CDK9  inhibitors  published  to  date  (Ki  :  0.003μM)  and  correspondingly 

generates  a ΔTm of  5.8 ±  0.5°C  indicating  flavopiridol  exerts  a  large  stabilizing 

effect  on  CDK9FL/cyclin  TWT.  DRB,  although  selective,  is much  less  potent  (Ki  : 

0.34μM)  than  flavopiridol.  This  is  reflected  in  the  DSF  results  in  which  it 

stabilizes  CDK9  by  0.5  ±  0.2°C.  The  two  compounds,  roscovitine  and  (S)‐CR8, 

which share the same chemical scaffold, also provide support for this technique. 

CDK9FL/CylinTWT  in  the  presence  of  (S)‐CR8  remains  stable  at  a  higher 

temperature (ΔTm : 4.1 ± 0.2°C) then in the presence of roscovitine (ΔTm : 1.7 ± 

0.04°C). Therefore implying that the second generation compound of roscovitine, 

(S)‐CR8, provides more stability than its predecessor. 

 

The  2‐amino‐4‐heteroaryl‐pyrimidine  compounds  can  be  separated  into  two 

groups according to the DSF data. The first group contains inhibitors S2‐122 and 

S2‐124 and the second group contains the remaining 8 compounds analysed. The 

first  set  of  compounds  (S2‐122  and  S2‐124)  show  a  destabilizing  effect  on 

CDK9/cyclin T in the DSF assay and have Ki values greater than 6µM. These two 

compounds are distinct  from  the other  compounds  tested within  this  series  as 

they contain an additional bulky benzene ring on the thiazole ring. This benzene 

is  likely  to  be  poorly  accommodated  within  the  CDK9  ATP  binding  site  and 

therefore neither  inhibit nor  stabilize CDK9/cyclin T  to  the  same extent as  the 

other compounds (Figure 2‐5). 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A 

 

B 

 

 

Figure 2­5. The chemical scaffold of the 2­amino­4­heteroaryl­pyrimidine series (A). The scaffold of 
inhibitors S2­124 and S2­122 (B).  

 

Conversely  the  remaining  8  compounds  have  Ki  values  of  less  than  0.05µM. 

These  inhibition  values  are  reflected  in  the  positive ΔTms  of  greater  than  3°C 

measured for these compounds.  Furthermore, S3‐41 has both a comparable ΔTm 

(6.2 ± 1.5°C) and Ki (0.006µM) to flavopiridol. The correlation observed between 

Ki  and ΔTm  values  serves  to  validate  its  use  in  subsequent  studies  of  inhibitor 

binding to CDK9.   

 

Thermal  denaturation  can  also  be  used  to  compare  inhibitor‐mediated 

stabilization  of  different  kinases,  and  hence  provide  a  measure  of  inhibitor 

selectivity.  For  this  purpose,  DSF  data  was  collected  for  a  panel  of  CDK9 

inhibitors  binding  to  CDK2/cyclin  A.  A  comparison  of  thermal  denaturation 

profiles  for  CDK9FL/cyclin  TWT  and  CDK2/cyclin  A  in  the  presence  of  certain 

inhibitors  (Figure 2‐6) is discussed below. 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 CDK2/cyclin A  CDK9/cyclin T 

S3‐35 

   

S‐77 

   

Roscovitine 

   

(S)‐CR8 

   

Figure 2­6. Thermal denaturation data  for CDK2/cyclin A and CDK9/Cyclin T  in  the presence of  a 
selection of inhibitors.  A minimum of two representative curves is shown for each experiment. 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S3‐35 is a compound with similarly high Ki values for both CDK9 (Ki : 0.006μM) 

and CDK2  (Ki  :  0.004μM) and  correspondingly  the DSF  curves  show significant 

stabilization  of  both  enzymes.  Conversely,  S77  is  selective  for  CDK9  

(Ki : 0.007μM) over CDK2 (Ki  : 0.568μM) and as such  induces a much  larger Tm 

shift  for  CDK9  than  for  CDK2.  Finally,  the  presence  of  roscovitine  seems  to 

stabilize  both  CDKs  to  only  a  minor  extent,  whereas  (S)‐CR8  stabilised  CDK9 

much more  substantially  than CDK2. These  results  correlate well with  the  IC50 

results  (IC50s  ‐  Roscovitine  CDK2  :  0.25μM,  CDK9  :  0.79μM;  (S)‐CR8 

CDK2 : 0.08μM, CDK9 : 0.11μM).  

 

Thirdly  this  technique  was  used  to  study  the  effect  that  inhibitors  have  on 

different  constructs  of  CDK9.  During  catalysis,  the  C‐terminus  of  CDK9  folds 

across the ATP binding site and is necessary for ordering the enzymatic pathway 

of  CDK9  (Baumli  et  al,  manuscript  in  preparation)  and  in  some  instances  the 

CDK9 C‐terminus influences inhibitor binding (Baumli et al. 2010). To determine 

if  the  C‐terminal  tail  influences  the  binding  of  (S)‐CR8  and  the  2‐amino‐4‐

heteroaryl‐pyrimidine  we  tested  the  stabilization  of  a  truncated  version  of 

CDK9330/cyclin TWT  and  compared  the  results  to  those  for  CDK9FL/cyclin  TWT 

(Figure 2‐7). 

 

The inhibitors tested, with the exception of S2‐103, show little difference in the 

stabilizing effect on CDK9FL/cyclin TWT and CDK9330/cyclin TWT suggesting that, 

in general, the C‐terminal tail neither forms any additional interactions with the 

inhibitors nor displaces the inhibitors. 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Figure 2­7. The stabilization of CDK9 length variants in the presence of different inhibitors. 

 

2.3.2 CDK9/cyclin T crystal optimization  

To  date,  several  crystal  structures  of  CDK9/cyclin  T/inhibitor  complexes  have 

been published with the same protein constructs (Baumli et al. 2008; Baumli et 

al.  2010;  Bettayeb  et  al.  2010).  These  structures  have  shown  that  this 

CDK9/cyclin T  construct  and  crystal  form  can  be  reproducibly  formed,  soaked 

with inhibitors and diffract reliably to a resolution of circa 3Å. These published 

crystals  have  the  potential  to  be  modified  which  thus  may  result  in  an 

improvement in the quality of the data obtained. Firstly, an increased resolution 

would  benefit  the  interpretation  of  the  data  tremendously.  And  secondly,  the 

cyclin T construct includes 3 mutations within its sequence: Gln77Arg, Glu96Gly, 

Phe241Leu  (Q77R,  E96G,  F241L)  and  the  effect  of  these  mutations  on  the 

CDK/cyclin  structure  is  unknown  (see  Figure  2‐8  for  the  location  of  these 

mutations on Cyclin T).   

 

CDK9FL/cyclin TWT

CDK9330/cyclin TWT
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An  alternative CDK9  construct was designed,  starting  from  residue 8, with  the 

ambition to improve the resolution of the crystal diffraction. The first 7 residues 

are  not  apparent  in  the  electron  density,  so  their  removal  would  remove  a 

flexible  region  from  within  the  crystals  and  potentially  improve  their  order. 

Unfortunately, the truncated CDK9 protein was not expressed in insect cells even 

after trials with varied viral MOIs.  

 

Figure 2­8. The location of mutations Gln77Arg, Glu96Gly and Phe241Leu on Cyclin T. The following 
features are shown in cartoon with the colours they are presented in in parenthesis: cyclin T  (slate), CDK9 
(green), the C‐helix  (magenta), the hinge region (violet), the glycine‐rich loop (dark grey), the activation 
segment (yellow) and phosphothreonine 186 of CDK9 (red). Residues 77, 96, 241 of cyclin T are highlighted 
and presented in cyan using a ball and stick representation. 

  

The  effect  of  the  three  mutations  within  cyclin  T  on  the  structure  of 

CDK9/cyclin T is unknown. Residues 77 and 241 are located on the top and far 

side  of  the  cyclin  respectively  (Figure  2‐8)  and  are  therefore  remote  and  not 

CDK9 Cyclin T

Gln77Arg

Glu96Gly

Phe241Leu
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expected  to  influence  the  enzymatic  activity  or ATP‐binding  site  of  the  kinase. 

Residue 96 of cyclin T is located in the interface between the C‐terminal lobe of 

CDK9 and the N‐terminal cyclin box of cyclin T. It is also adjacent to the C‐helix of 

CDK9 and close to the activation segment phosphothreonine residue. Therefore, 

this mutation has the potential to alter catalytic and inhibitor‐binding properties 

of the enzyme.  

 

To  address  this  issue,  I  coexpressed  cyclin  TWT  and  GST‐CDK9330.  Subsequent 

purification produced a homogenous sample of the CDK9330/cyclin TWT complex. 

Sparse matrix screens of crystallisation conditions were set up with the protein. 

Crystals  formed  in many conditions but  their primary morphologies were very 

fine needles or needle  clusters. Optimisation screens based on several of  these 

conditions  were  set  up.  Crystals  from  both  the  sparse  matrix  screen  and 

optimisation  screens  were  collected  and  sent  to  microfocus  beamlines. 

Unfortunately no protein diffraction was visible. 

 

The  C‐terminal  helix  of  cyclin  T  is  involved  in  crystal  contacts.  The  mutation 

Phe241Leu (F241L) indirectly aids crystal contact formation through stabilising 

a  helical  conformation  of  this  region within  the  cyclin.  To  aid  crystallisation,  I 

reintroduced  the  mutation  into  cyclin  T  with  the  hypothesis  that  this 

CDK9/cyclin  T  complex  would  crystallise  containing  a  single mutation  distant 

from the ATP binding site of CDK9. Crystals of the CDK9330/cyclin TF241L complex 

could  reproducibly  be  produced  under  similar  crystallisation  conditions  to 

CDK9330/cyclin TQ77R, E96G, F241L. These crystals diffracted to circa 3.5Å on the I04‐
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1 beamline at the Diamond Light Source. A dataset from a crystal was collected 

on beamline I24 that diffracted to 3.3Å. 

 

To prevent model bias when rebuilding the structure, initial maps were phased 

using  a model derived  from  rigid body  refinement of PDB:3BLH,  excluding  the 

CDK9 C‐helix (residues 55‐75) and a section of the activation segment (residues 

170‐176).  External  structure  restraints  for Refmac  (1994) were  also  produced 

from  this  truncated PDB  file. After a  round of TLS  (Translation, Liberation and 

Screw  tensors)  and  restrained  refinement,  clear  difference  density was  visible 

for the C‐helix and activation segment. Overlay of 3BLH showed no alteration of 

these structural elements and  they were subsequently rebuilt. Cyclin T residue 

96 and CDK9 residue 65 were refined as glycine and alanine respectively until a 

more complete model was built. 

 

The overall structure of both the CDK and the cyclin are very similar to both the 

apo  (3BLH)  and  AMPPNP  bound  structures  (3BLQ)  of  CDK9/cyclin  T  (which 

both  contain  the  triple  mutant)  (Figure  2‐9).    The  glycine  rich  loop  is 

unstructured in the structure presented here, and the β3‐αC loop has a slightly 

altered conformation. However the C‐helix remains in the same orientation and 

position as the other structures. 

 

Clear  electron  difference  density was  visible  for  both  reverted  residues,  Gly96 

and  Ala65.  Rebuilding  the  correct  residues  showed  hydrogen  bonds  between 

Arg65  (CDK9)  and  Gly96  (cyclin  T).  The  electron  density  for  Arg65  does  not 

extend  sufficiently  to  support  interactions  towards  the  phosphothreonine, 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although  the  weak  electron  density  around  both  the  arginine  and 

phosphothreonine  residues  suggests  flexibility  that  might  allow  for  transient 

interactions.  

 

Figure 2­9. The effect of cyclin T mutation, Glu96Gly, on the CDK9/cyclin T structure. Structures are 
overlaid (A) and a close up figure of the Glu96 and interacting residues in CDK9330/cyclin TF241L are shown 
in (B). CDK9330/cyclin TQ77R, E96G, F241L (PDB:3BLH) is shown in cyan, CDK9330/cyclin TF241L is shown in green 
(CDK9) and slate blue (cyclin T). Final 2Fo‐Fc electron density is shown at 1σ around residue Arg65 (CDK9) 
and Glu96 (cyclin T).  

 

Due  to  the  poorer  diffraction  of  crystals  of  CDK9330/cyclin  TF241L  compared  to 

crystals of the triple mutant, CDK9330/cyclin TQ77R, E96G, F241L, and because there is 

minimal  difference  between  the  structure  of  CDK9330/cyclin  TF241L  and 

CDK9330/cyclin TQ77R,  E96G,  F241L,  the  triple mutated construct was used  for all of 

the following structural studies. 

 

2.3.3 Crystallisation  of  CDK9/cyclin  T/inhibitor  and  CDK2/cyclin  A/inhibitor 

complexes 

To obtain a basis for developing potent and specific inhibitors of CDK9/cyclin T 

over other CDK/cyclin complexes, structural analysis of the series of 2‐anilino‐4‐
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disordered

C -helix has  
same orientation

PhosphoThr186

Arg148 Arg172

Arg65
Glu96

A B



  65 

thiazole‐pyrimidine  compounds  were  conducted  in  both  CDK9/cyclin  T  and 

CDK2/cyclin A.   

 

CDK2/cyclin  A/inhibitor  cocrystals  grew  successfully  under  standard 

CDK2/cyclin  A/inhibitor  crystallisation  conditions  (Echalier  et  al.  2008).  For 

CDK9/cyclin T/inhibitor complexes the inhibitors were soaked into apo crystals 

of  CDK9330/cyclin  TQ77R,  E96G,  F241L.  Diffraction  images  were  obtained  and 

processed and the structures were determined.  

 

2.3.4 Structure determination 

Rigid  body  refinement  or  molecular  replacement  was  used  to  produce  initial 

models  for  subsequent  rounds  of  refinement  and  rebuilding.  Additional 

restraints  from  CDK9/cyclin  T  (PDB:3BLH)  and/or  a  chimera  including 

CDK9/cyclin  T/DRB  (PDB:3MY1)  loops  were  imposed  during  refinement  of 

CDK9  structures.  The  majority  of  the  CDK  and  cyclin  components  could 

successfully be rebuilt. However, some maps produced poor electron density for 

more  flexible  regions  of  the  CDK/cyclin  structures.  In  these  cases  either  loops 

were deleted or, if possible, modelled from other deposited structures. 

 

Clear  electron  density  corresponding  to  an  inhibitor  located  within  the  ATP 

binding  site  was  visible  in  all  of  the  difference  density  maps  (Figure  2‐10). 

During  rebuilding and  refinement,  ambiguity  in  the  inhibitor binding pose was 

resolved  by  refining  the  major  alternative  conformations  suggested  in  the 

electron density,  and  comparing  the  refined occupancy and/or b‐factors of  the 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resulting models. All of the inhibitors contained fragments that showed flexibility 

and  the  model  for  the  final  inhibitor  positions  and  conformations  that  are 

described  here  are  inferred  from  both  the  crystallographic  data,  and  their 

capacity  to  form  favourable  interactions  with  the  CDK.  Crystallographic 

parameters can be seen in Appendix B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

Figure 2­10.  Inhibitor  interaction modes with CDK2 and CDK9. Chemical  structures  of  inhibitors  are 
shown on the left. Their position within the ATP binding site of CDK2 (centre) and CDK9 (right) are shown. 
The 2Fo‐Fc electron density is contoured at 1σ. The figure is duplicated to provide both enlarged and more 
easily comparable images. 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2.3.5 Binding  of  2‐anilino‐4‐thiazole‐pyrimidine  compounds  within  the  ATP 

binding site of CDK9/cyclin T and CDK2/cyclin A. 

Structures  of  2‐anilino‐4‐thiazole‐pyrimidine  inhibitors  have  previously  been 

published  bound  to  either  the  active  CDK2/cyclin  A  complex  or  the  inactive 

CDK2 protein (Wu et al. 2003b; Wang et al. 2004a; Wang et al. 2004b; Wang et al. 

2010).  To  further  understand  the  structure‐activity  relationship  (SAR)  for  this 

class of inhibitors we can compare their binding modes within the ATP binding 

sites of both CDK9/cyclin T and CDK2/cyclin A. 

 

This class of inhibitors interacts with CDK9 and CDK2 in a similar binding mode. 

The  three  main  ring  groups,  the  thiazole,  pyrimidine  and  aniline,  are  located 

within the ATP binding site in similar positions irrespective of the additional R‐

groups of the inhibitor. Therefore I will initially describe the interactions that are 

consistent between the inhibitors, and subsequently the specific interactions and 

observations  that  are  distinct  between  the  compounds  (Chapter  2.3.6). 

Descriptions of inhibitor interactions with both CDK9 and CDK2 are included for 

comparison  between  these  two  kinases.  Parentheses  are  used  to  denote  CDK2 

residues involved in the interactions with the inhibitors. 

 

As  predicted,  the  inhibitors  exploit  the  hinge  region  of  both  CDK9  and  CDK2 

forming  two  common  hydrogen‐bonding  interactions  (Figure  2‐11).  N1  of  the 

pyrimidine  ring accepts  a hydrogen bond  from  the peptide nitrogen of Cys106 

(Leu83) while N7 donates  a hydrogen bond  to  the peptide  carbonyl of Cys106 

(Leu83).  The  pyrimidine  ring  is  sandwiched  between  the  hydrophobic 

sidechains of Ala46 (Ala31) and Leu156 (Leu134), with which it forms extensive 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van der Waal’s  interactions. At  the back of  the ATP binding  site  the nitrile  fits 

into the pocket close to the gatekeeper residue Phe103 (Phe80), forming a weak, 

but probably  favourable,  lone pair‐π  interaction. The CDK2/cyclin A structures, 

with  higher  resolution,  show  at  least  one water molecule  trapped  in  a  pocket 

behind the nitrile. These waters are able to form a hydrogen‐bond network with 

the  backbone  of  residues  (Asp145)  and  (Phe146)  and  with  the  sidechain  of 

(Glu51).  The  equivalent  residues  in  CDK9  are  conserved  and  adopt  a  similar 

conformation  and  would  therefore  support  the  presence  of  a  comparable 

hydrogen‐bonded network.  

A 

 

B 

 

Figure  2­11.  Binding  mode  of  inhibitor  scaffolds  to  CDK9  (A)  and  CDK2  (B)  residues.  Favourable 
interactions are shown as a dashed line. 

 

The  thiazole  has  less  well‐defined  electron  density  in  both  CDK9  and  CDK2 

indicating its ability to adopt alternative conformations. In CDK9 the location of 

the  thiazole  ring within  the ATP‐binding  site  forces Lys48  into a more defined 

position  (in  comparison  to  its  unresolved  position  in  the  apo  CDK9/cyclin  T 

(3BLH)  structure).  In  the  major  apparent  conformation,  the  amino  group 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hydrogen bonds with Asp167.  In CDK2 the electron density  indicates two main 

conformations  for  the  thiazole  moiety.  In  both,  the  methyl  group  is  able  to 

interact  favourably  with  the  phenyl  ring  of  (Phe80).  The  first  conformation 

maintains a more planar conjugated ring system with  the pyrimidine, whilst  in 

the  second  conformation  the  methyl‐amino  group  is  able  to  form  favourable 

interactions  with  Asp145.  Towards  the  front  of  the  ATP  binding  pocket,  the 

aniline ring is packed from above by Ile25 (Ile10), with which it forms favourable 

van der Waal’s contacts.   

 

When  the  C‐terminal  lobes  of  the  CDK9  structures  are  superimposed,  the 

pyrimidine  rings  of  the  inhibitors  are  brought  into  close  superposition, 

consistent  with  the  pyrimidine  rings  sharing  a  well‐defined  disposition  with 

respect  to  the  C‐terminal  kinase  lobe  (Figure  2‐12).  By  contrast,  the  anilino 

groups  show  small  variations,  apparent  in  particular  in  the  S3‐35  and  S2‐83 

complexes.    The  different  behavior  of  the  pyrimido  and  analino  groups  is 

accommodated  by  a  variation  in  the  torsion  angles  around  the  two  rotatable 

bonds that connect them.  For CDK2 there is a similar trend, with the pyrimidine 

located in a relatively fixed position with respect to the C‐terminal lobe, and the 

anilino group varying somewhat in position. 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Figure 2­12. Overlay of 2­anilino­4­thiazole­pyrimidine inhibitors within the CDK9 ATP binding site. 

 

2.3.6 Inhibitor‐specific interactions in the ATP binding site 

Variation  of  chemical  groups  within  the  compounds  dissects  specific  volumes 

within  the  ATP  binding  site.  Moieties  that  interact  favourably  with  CDK9  and 

unfavourably with CDK2 can be used in future inhibitor design to produce more 

selective  inhibitors  against  CDK9.  Conversely  groups  that  show  no  apparent 

preferential interactions for CDK9 over CDK2 are redundant in aiding specificity, 

although may contribute to the inhibitor potency.   Below is a description of the 

interactions  between  CDK2  and  CDK9  and  the  alternative  R  groups  of  the  2‐

anilino‐4‐thiazole‐pyrimidine inhibitors. 

 

1) S2‐106 

Within  the  CDK2/cyclin  A  crystallographic  lattice  there  are  two  CDK/cyclin 

dimers,  and  hence  also  two  inhibitors.  The  crystal  structure  of 

CDK2/cyclin A/S2‐106  shows  variation  between  the  inhibitors  bound 

illustrating two alternate binding modes. In both cases the electron density of the 

morpholine  ring  is  weak,  reflecting  the  flexibility  of  this  ring.  In  one 

Hinge region

Pyrimidine

Thiazole

Anilino group
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conformation the electron density supports an “inward” conformation of binding 

and  in  the  other  the  “outward”  conformation  (Figure  2‐13).  This  ring  in  the 

“inward” conformation can pack against Ile10 of the glycine rich loop, whilst  in 

the  “outward” conformation  the morpholine ring exits  into  the solvent channel 

with  minimal  contact  with  the  protein.    Incidentally  Lys89  adopts  different 

conformations  in  these  two  inhibitor‐binding  modes,  in  the  “outward” 

conformation Lys89 approaches the inhibitor, and in the “inward” conformation 

Lys89  moves  away.    This  inhibitor  was  not  successfully  crystallised  with 

CDK9/cyclin T. 

 

 

Figure 2­13. S2­106 bound to CDK2/cyclin T in the “inward” (A) and “outward” (B) conformations. In 
addition to the  inhibitor, residues 10 and 89 of CDK2 are shown in a ball and stick representation. 2Fo‐Fc 
electron density is shown at 1σ. 

 

2) S3‐35 

The sulphonamide group is oriented differently in CDK9 and CDK2. The electron 

density shows that the group adopts an “outward” conformation when bound to 

CDK9 interacting with carboxyl backbone of residue Glu‐107 (Figure 2‐14).  This 

conformation causes the backbone of the hinge region to move (in comparison to 

A B

“Inward”
conformation

“Outward”
conformation

Lys89
Lys89

Ile10
Ile10
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the  apo  structure  of  CDK9/cyclin  T  (PDB:  3BLH))  and  twists  the  relative 

orientation  of  the  pyrimidine  and  anilino  rings  out  of  the  favourable  planar 

conjugated  system.  In  CDK2  the  sulphonamide  primarily  adopts  an  “inward” 

conformation  within  the  ATP  binding  site,  forming  an  interaction  with  Asp86 

and maintaining a more planar ring system. This inhibitor structure most clearly 

shows  the possibility of  at  least  two orientations  for  the  thiazole  group within 

CDK2, highlighting the flexibility in its binding modes.  

 

Figure  2­14.  S3­35  within  the  ATP  binding  sites  of  CDK9  (A)  and  CDK2  (B).  CDK9/cyclin  T  in  the 
absence of inhibitor (green), and in the presence (sandy) are shown. S3‐35 is shown within the CDK2 ATP 
binding  site  (pink)  indicating  the  alternative  thiazole  positions  that  this  group  could  accommodate 
according to  the electron density. Although the “inward” conformation  is  favoured with stronger electron 
density,  all  4  conformations  are  shown  as  there  is  additional  weak  electron  density  in  the  “outward” 
confromation. 

 
3) S2‐104 

In CDK2  the hydroxyl moiety of  S2‐104 adopts an  “inward” position  forming a 

hydrogen  bond  with  Asp86.  Conversely  in  CDK9  the  hydroxyl  group  has 

preference  for  an  “outward”  conformation  with  the  potential  to  form  a  long‐

range hydrogen bond with the carbonyl of Glu107. In a similar manner to CDK2, 

reorientation  of  the  hydroxy‐anilino  group  to  adopt  an  “inward”  conformation 

would enable a hydrogen bond with the corresponding Asp 109. 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4) S2‐83 

In  CDK9  there  is  clear  electron  density  for  an  inward  conformation  of  S2‐83. 

However  the morpholine group  is poorly defined and appears  to adopt several 

conformations within the ATP binding site. 

 

Figure 2­15. S2­83 within the ATP binding site of CDK2. Water molecules are displayed as crosses and 
polar interactions by dashed lines. 

   

S2‐83  also  binds  in  an  “inward”  conformation  to  CDK2  (Figure  2‐15).  The 

sulphonyl  group  forms  favourable  long  range  interactions  to  the  sidechains  of 

Lys89  and  peptide  NH  of  Asp86,  but  also  is  close  to  the  unfavourable  Asp86 

sidechain.  A water molecule  is  found  between  the  carbonyl  of  Gln131  and  the 

sulphonyl.  The morpholine ring packs up against Ile10 and Gly11 of the glycine‐

rich  loop.  It  is  represented  by  weaker  electron  density  representing  the 

flexibility of this saturated ring. 

 

5) S‐77  

The  electron  density  of  the  saturated  1,4‐diazepine  ring  attached  to  the meta 

position  of  the  benzene,  demonstrates  its  flexibility  when  bound  to  CDK2.  No 

electron  density  corresponding  to  this  ring  is  present  at  a  level  of  1σ.  Two 

Lys89

Asp86

Gln131
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conformations of S‐77 have been built into the structure as possible alternative 

binding  modes.  Neither  of  these  modes  suggests  either  favourable  or 

unfavourable  protein‐inhibitor  interactions,  correlating  to  the  absence  of 

electron  density  for  this  7‐membered  ring.    The  inhibitor  bound  within  the 

second CDK2/cyclin A dimer in the asymmetric unit shows some preference for 

“outward” binding. However, interpretation of this should be limited due to the 

proximity of a crystallographic symmetrical cyclin molecule.  

 

In CDK9 the 1,4‐diazepine ring clearly adopts the “inward” position which may 

be due to reduced solvent exposure of the hydrophobic ring in this conformation. 

 

6) S‐68 

The addition of  an acetyl  group  to  the  saturated 1,4‐diazepine  ring  forming an 

amide, favours an “outward” conformation in CDK2. Continuous electron density 

is present from the benzene ring away from the centre of the ATP‐binding site of 

CDK2.  There  is  some  unaccounted  for  electron  density  in  the  alternative 

conformation which is likely to reflect some flexibility within these groups. The 

structural explanation for this preferential orientation is unclear. A combination 

of  a  favourable  interaction  between  Lys20  and  the  amide  in  the  outward 

conformation and steric hindrance  in the  inward conformation may contribute. 

In  CDK9  S‐68  binds  in  an  “inward”  conformation  in  a  similar manner  to  S‐77. 

Again there appear to be no striking structural reason for this orientation. 

 

A  summary  of  the  binding mode  and  interactions made  by  these  inhibitors  to 

CDK9/cyclin T or CDK2/cyclin A is shown in Table 2‐4. 



Table 2­4.  Binding modes of the 2­amino­4­heteroaryl­pyrimidine class of inhibitors within CDK9 and CDK2. The general chemical structure of these inhibitors is shown in 
Figure 2‐5.

      CDK9  CDK2 
Conformation  Conformation Inhibitor  R’ group 

(meta‐) 
R’’ group 
(para‐) 

Ki 
(µM)  “Inward”  “Outward” 

Specific 
interactions 

Ki 
(µM)  “Inward”  “Outward” 

Specific 
interactions 

S68   

 

0.007    x  None  0.139  x    Glu8 

S2‐104     

 
 

0.011  x    Glu107  0.012    x  Asp86 

S2‐83   
 

 
   

0.022    x  None  0.123    x  Lys89 
Asp86 

S2‐106   

 

0.043  No data  0.147      Asp86 

S77   

 

0.007    x  None  0.568      None 

S3‐35     

 
 

0.006  x    Glu107  0.004      His84 
Asp86 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Figure 2­16. Close view of (S)­CR8 within the ATP binding pocket of CDK9/cyclin T. Hydrogen bonds 
are illustrated with dashed lines and the final 2F0‐Fc map contoured at 1σ is displayed as a blue mesh. (B) 
The chemical structure of (S)‐CR8. N7 is displayed in red. Reprinted from SAGE Publications Ltd. Genes & 
Cancer, 1 (4), Bettayeb et al., 2010, copyright 2010, http://online.sagepub.com. 

 

2.3.8 Tertiary structural changes on inhibitor binding 

Previously published descriptions of inhibitors binding to CDK9/cyclin T identify 

apparently  unique  tertiary  structural  changes  of  CDK9  on  inhibitor  binding 

(Baumli  et  al.  2008;  Baumli  et  al.  2010).  Confirming  this  observation,  all 

inhibitors  studied  here  induce  structural  changes  in  CDK9  (Figure  2‐17).    By 

contrast, the majority of CDK2/cyclin A inhibitor structures show no significant 

structural reorientations in the presence of an inhibitor.  

 

N

NH

N

N
N

N

HN

OH



! 7K!

!

!"#$%&'()*I,'J;:"?"9/%)";@$B&@'B/;3/%KL9"/;L.'B:L;#&0,'@>B!5%'()*/3%0!%4!589#:&;&</0!$!E/,-!@%*)02+B!
)01! E/,-%?,! @2*++0B! /0-/./,%*G! @MB! 5%'()*/3%0! %4! ! 589=Q! E/,-! @(/0IB! )01! E/,-%?,! @.<?+B! /0-/./,%*G!
Z%F+'+0,3!%4!,-+!2<;&/0+!*/&-!<%%(Q!,-+!"P:#5!<%%(!)01!,-+!-/02+!*+2/%0!@5B![!@8BG!!9/0)3+!&%'(<+D+3!E+*+!
3?(+*/'(%3+1!%0!,-+/*!I/0)3+!5C,+*'/0)<!<%.+3!@*+3/1?+3!KRKC=7L!@589=B!)01!K=PCPKL!@589#BBG!'

!

$-+*+!)*+!,-*++!')/0!1/44+*+0&+3!%.3+*F+1!.+,E++0!,-+!)(%!)01!/0-/./,%*!.%?01!

3,),+3! %4! 589#G! $-+3+Q! )01! ,-+! &%**+3(%01/02! *+2/%03! /0! 589=Q! )*+! 1+3&*/.+1!

.+<%EG!

/B $-+!2<;&/0+!*/&-!<%%(!

>3!%.3+*F+1!E/,-! )<<! (*+F/%?3!589#:&;&</0!$:/0-/./,%*! 3,*?&,?*+3!1+(%3/,+1! ,%!

1),+Q!,-+!2<;&/0+!*/&-!<%%(!4%<13!1%E0!%F+*!,-+!/0-/./,%*3G!\+)I!+<+&,*%0!1+03/,;!

)01! -/2-! MC4)&,%*3! /01/&),+! ,-),! /,! %&&?(/+3! '%*+! ,-)0! %0+! 3?&-! &<%3+1!

&%04%*'),/%0! /0! ,-+! &*;3,)<G! 5%0&?**+0,<;! ,-+! "P:#5! <%%(! <%E+*3! ()*,/)<<;! ,%!

%&&?(;!,-+!3/,+!%4!,-+!)(%!2<;&/0+!<%%(Q!E/,-!V+?UK!3,*?&,?*)<<;!*+(<)&/02!H-+PRG!!

Glycine 
rich loop

β3/αC loop

Phe30

Leu51

Glycine 
rich loop

β3/αC 
loop

CDK2

Altered orientation

CDK9 Cyclin T CDK2
Cyclin A

CDK9

N-terminal
lobe

C-terminal 
lobe

C-terminal 
lobe

N-terminal
lobe

Hinge

Hinge

A B

C D



! 7=!

$-+! 2<;&/0+C*/&-! <%%(! *+')/03! /0! )!'%*+! %(+0! &%04%*'),/%0! /0! ,-+!')Y%*/,;! %4!

589=:&;&</0!>:/0-/./,%*!3,*?&,?*+3!(*+3+0,+1!-+*+G!><,-%?2-!/0!,-+!(*+3+0&+!%4!

A""!)01!AL7!,-+!<%%(!<%E+*3!)01!&%0,)&,3!>3(K="!/0!,-+!5C,+*'/0)<!<%.+G!!

!

//B 6+<),/F+!%*/+0,),/%0!%4!SC!)01!5C!,+*'/0)<!<%.+3!

A?(+*(%3/,/%0! %4! ,-+! 5C,+*'/0)<! 589#! 1%')/03! *+F+)<3! ,-),! ,-+! SC! )01! 5C

,+*'/0)<!<%.+3!%4!589#!-)F+!1/44+*+0,!%*/+0,),/%03!E/,-!*+3(+&,!,%!+)&-!%,-+*!/0!

,-+!(*+3+0&+!)01!).3+0&+!%4!/0-/./,%*G!$-/3!/3!()*,/&?<)*<;!)(()*+0,!%0!/03(+&,/%0!

%4! ,-+! &;&</0! 3?.?0/,G! $-/3! *%,),/%0! /3! )<3%! 3++0! /0! ,-+! 589#:&;&</0! $:WN]C$),!

@H8MO!PZN>B!3,*?&,?*+!)01!/0!%,-+*!589#:&;&</0!$:/0-/./,%*!3,*?&,?*+3!@M)?'</!

+,!)<G!=RR7X!$)-/*%F!+,!)<G!=RKRBG!

5%0F+*3+<;! /0! )<<! .?,! ,E%! 589=:&;&</0! >:/0-/./,%*! 3,*?&,?*+3! ,-+*+! /3! 0%!

3/20/4/&)0,! *%,),/%0!%4! &;&</0!>!E/,-! *+3(+&,! ,%!589=O! ,-+! &;&</03! *+')/0! /0! ,-+!

3)'+! %*/+0,),/%0! E/,-! *+3(+&,! ,%! 589=! )3! /3! 3++0! /0! ,-+! )(%! 3,*?&,?*+G!!

589=:&;&</0!>!/0!,-+!(*+3+0&+!%4!+/,-+*!A=CKRL!%*!APCPU!1%+3Q!-%E+F+*Q!/01?&+!

&%04%*'),/%0)<!'%F+'+0,!%4!.%,-!,-+!5C-+</D!)01!,-+!&;&</0!E/,-!*+3(+&,!,%!,-+!

5C,+*'/0?3!%4!589=!@J/2?*+!=CK7BG!$-/3!&%04%*'),/%0!%4!589=:&;&</0!>!)((+)*3!

?0/T?+! ,%! ,-+! &%'(<+D+3! E/,-! A=CKRL! %*! APCPU! ^! /,! /3! 0%,! 3++0! /0! UR! %,-+*!

589=:&;&</0!>:/0-/./,%*!3,*?&,?*+3!)F)/<).<+!/0!,-+!H8MG!$-/3!0+E!&%04%*'),/%0!

-)3! ,-+! 5C-+</D! /0! 0+/,-+*! ,-+! )&,/F+! _/0`Q! ()*,/)<<;! )&,/F+! %*! /0)&,/F+! _%?,`!

&%04%*'),/%0! )01! /3! 4?*,-+*! &-)*)&,+*/3+1! .;! )! 1/3(<)&+'+0,! %4! ')0;! %4! ,-+!

&;&</0!-+</&+3G!N,!/3!0%,!&<+)*!4*%'!,-+!3,*?&,?*+!E-),!(*%(+*,;!%*!/0,+*)&,/%03!%4!

,-+!/0-/./,%*!-)3!/01?&+1!,-/3!&-)02+!/0!&%04%*'),/%0G!

!



! 7P!

!

!"#$%&' ()*8,' -DE(GBHB.";' <' 09%$B9$%&0' 0$A&%A/0&@' /;' 9:&' -)9&%K";L.' @/KL";' /3' 9:&' -DE,' ' @>B! >!
&%'()*/3%0!%4!')0;!1+(%3/,+1!H8M!3,*?&,?*+3!%4!589=:&;&</0!@.<?+!3,*?&,?*+3B!E/,-!589=:&;&</0!>:A=CKRL!
@(/0IBG! @MB! A,?*&,?*+! %4! 589=:&;&</0! >! E/,-! )! (+(,/1+! .%?01! @H8MO! KaZbB! ! @.<?+BQ! /0! &%'()*/3%0! E/,-!
589=:&;&</0!>:A=CKRLG! @5B!cF+*<);!%4!5C-+</&+3! <%&),+1! /0!F)*/%?3!(%3/,/%03!1?+! ,%! ,-+!)&,/F),/%0!3,),+!%4!
589=G! 589=! /0! )! ()*,/)<<;! )&,/F+! ?0(-%3(-%*;<),+1! 3,),+! @H8MO! KJNS! @*+1BBQ! 4?<<;! )&,/F+! (-%3(-%*;<),+1!
3,),+!@H8MO!KaZb!@.<?+BB!)01!/0)&,/F+!589=!@H8MOKW59!@,+)<BB!)01!A=CKRLC.%?01!589=:&;&</0!>!@(/0IBG!

!

///B W/02+!+D()03/%0!

6+3/1?+3! KRLCKR"! %4! ,-+! 589#! -/02+! *+2/%0! 3-%E! 3%'+! 4<+D/./</,;! @,-+! 5#! %4!

*+3/1?+!KRL!-)3!)0!)<,+*+1!(%3/,/%0!%4!!"#!$!KdB!,%!'%F+!)E);!4*%'!,-+!&+0,*+!%4!

,-+!>$HC./01/02!3/,+G!$-+3+!'%F+'+0,3!');!*+1?&+!3,+*/&!&<)3-+3!.+,E++0!,-+!

(*%,+/0! )01! /0-/./,%*! )01! (+*'/,! ,-+! 4%*'),/%0! %4! -;1*%2+0! .%013!E/,-!'%*+!

4)F%?*).<+!2+%'+,*;G!

!

$-+! &%04%*'),/%0! %4! ,-+! -/02+! *+2/%0! %4! 589=! F)*/+3! <+33! /0! ,-+! 1/44+*+0,!

/0-/./,%*!&%'(<+D+3!,-)0!1%+3!,-),!%4!589#G!$-+!+D,+01+1!-/02+!*+2/%0Q!*+3/1?+3!

KR"CKR#Q!&%03,*/&,3!,-+! <%E+*!*+2/%0!%4!,-+!>$H!./01/02!3/,+!.;!+0&<%3/02! /0!%0!

,-+!>$H!./01/02!3/,+! /0!&%'()*/3%0!E/,-!589#G!$-/3!');!.+!)!*+3?<,!%4!3+F+*)<!

A B

C

Inactive Active

Inhibitor
bound



! 7e!

4)&,%*3G! $-+! 4/*3,! )01! '%3,! 3,*/I/02! F)*/),/%0! .+,E++0! 589=! @)01! 589KB! )01!

589#!/0!,-/3!*+2/%0!/3!,-+!0%0C&%03+*F+1!*+3/1?+3Q!><)KKK!@V;377!/0!589=B!)01!

f<;KK=! @V;37#! /0! 589=B! @3++! J/2?*+! KC"BG! $-+3+! 3+T?+0&+! 1/44+*+0&+3! &-)02+!

.%,-!,-+!F%<?'+!)F)/<).<+!)01!,-+!+<+&,*%3,),/&!+0F/*%0'+0,!),! ,-+! 4*%0,!%4! ,-+!

>$H! ./01/02! (%&I+,G! J?*,-+*'%*+Q! )<,-%?2-! @V;37#B! &)0! .+! 4<+D/.<+Q! /,! %4,+0!

4%*'3!)!4)F%?*).<+!-;1*%2+0!.%01!E/,-!@>3(7LB!*+3?<,/02!/0!/,!<;/02!&<%3+!,%!,-+!

>$H!./01/02!(%&I+,G!!

!

A+&%01<;! ,-+*+! )*+! ,E%! )11/,/%0)<! 0%0C&%03+*F+1! *+3/1?+3Q! f<?KR"! @W/37e! /0!

589=B! )01! W/3KR7! @f<07U! /0! 589=BQ! /0! ,-+! -/02+! *+2/%0! ,-),! ');! (*+F+0,!

<%E+*/02!%4!,-+!+D,+01+1!-/02+!.)&I.%0+!,%!)&&%''%1),+!,-+!/0-/./,%*3G!!



! 7U!

!"F 28)-,))8.9(

!"F"G ;,8*0D7'(-+6)*0778)0*8.9(-.9)*+,-*)(

$%! 1),+! )<<! ,-+! (?.</3-+1! &*;3,)<! 3,*?&,?*+3! %4! 589#:&;&</0! $:/0-/./,%*!

&%'(<+D+3!-)F+!?3+1!)!589#!&%03,*?&,!,-),!/3!,*?0&),+1!),!/,3!5C,+*'/0?3Q!)01!)!

&;&</0! $! &%03,*?&,! ,-),! &%0,)/03! P!'?,),/%03! @M)?'</! +,! )<G! =RR7X! M)?'</! +,! )<G!

=RKRX!M+,,);+.!+,!)<G!=RKRBG!$%!&%04/*'!,-),!,-/3!/3!)!3?/,).<+!&%'(<+D!4%*!?3+!/0!

/0-/./,%*!./01/02!!3,?1/+3Q!N!-)F+!?3+1!&*;3,)<<%2*)(-;!)01!1/44+*+0,/)<!3&)00/02!

4<?%*/'+,*;!,%!)33+33!,-+!&%03+T?+0&+3!%4!,-+3+!'?,),/%03!%0!,-+!3,*?&,?*+!)01!

/0-/./,%*!./01/02!(*%(+*,/+3!%4!589#:&;&</0!$G!!

!

J/*3,<;Q!N!-)F+!3-%E0!,-),!,-+!5C,+*'/0)<!,)/<!%4!589#!-)3!0%!+44+&,!%0!,-+!,-+*')<!

3,)./</,;!(*%F/1+1!,%!,-+!589#:&;&</0!$!&%'(<+D!!E-+0!'+)3?*+1!/0!,-+!(*+3+0&+!

%4!@ABC567!%*!)!3+*/+3!%4!=C)0/</0%CeC,-/)g%<+(;*/'/1/0+!&%'(%?013G!$-/3!4/01/02!

(*+3+0,3! )! &%0,*)3,! ,%! ,-+! (%3/,/F+! +44+&,! ,-),! ,-+! 5C,+*'/0)<! ,)/<! -)3! %0! ,-+!

./01/02!%4!,-+!/0-/./,%*!86M!@M)?'</!+,!)<G!=RKRBG!!$)I+0!,%2+,-+*Q!,-+3+!*+3?<,3!

3?22+3,! ,-),Q! ?0</I+! ,-+! &)3+! E/,-! 86MQ! ,-+! 5C,+*'/0)<! ,)/<! %4! 589#! 1%+3! 0%,!

3,)./</3+!)11/,/%0)<!&%0,)&,3!.+,E++0!589#!)01!,-+!/0-/./,%*3!1+3&*/.+1!-+*+G!!

!

A+&%01<;Q! N! -)F+! 3-%E0! ,-),! ,-+! &*;3,)<! 3,*?&,?*+! %4! 589#PPR:&;&</0! $J=eKV! )01!

589#PPR:&;&</0!$a""6Q! h#LfQ! J=eKV!)*+!F+*;!3/'/<)*G!$-+!')/0!1/44+*+0&+3!)*+! /0!,-+!

2<;&/0+C*/&-! <%%(! )01! ,-+! "PC#5! <%%(Q! .%,-! %4! E-/&-! )*+! /0-+*+0,<;! 4<+D/.<+!

*+2/%03G! $-+! '?,),/%0! f<?#L!f<;! 1%+3Q! -%E+F+*Q! (*+F+0,! ,-+! 4%*'),/%0! %4!

-;1*%2+0!.%013!.+,E++0!&;&</0!$!)01!>*2LUQ!4*%'!,-+!5C-+</D!%4!589#G!>0)<;3/3!

.;! ,-+*')<! 1+0),?*),/%0! 3-%E+1! ,-),! ,-+! h#L!f<;! '?,),/%0! 3/20/4/&)0,<;!



! 7L!

1+3,)./</3+3!,-+!(*%,+/0!.?,!-)3!</,,<+!+44+&,!%0!,-+!(*%4/<+!%4!4?*,-+*C3,)./</3),/%0!

/01?&+1!.;!,-+!./01/02!%4!)!*)02+!%4!/0-/./,%*3!@>0)<;3+1!.;!8*G!AG!M)?'</BG!!

!

589#PPR:&;&</0!$a""6Q!h#LfQ!J=eKV!*+(*%1?&/.<;!&*;3,)<</3+3!,%!-/2-+*!*+3%<?,/%0!,-)0!

%,-+*!&%'(<+D+3!,+3,+1G!$-+!1+'%03,*),/%0!,-),!,-+!/0-/./,%*!./01/02!(*%(+*,/+3!

%4!,-/3!&%'(<+D!&<%3+<;!*+3+'.<+!,-%3+!%4!589#JV:&;&</0!$\$!F)</1),+3!/,3!?3+!/0!

&*;3,)<<%2*)(-/&!/0-/./,%*!./01/02!3,?1/+3G!

!

!"F"! 12345-6-789(%5HIJ=%0*(89/'+'9-')(

$-+! 3,*?&,?*+! %4! 589#:&;&</0! $:WN]C$),:>ZHHSH! @H8MO! PZN>B! E)3! )!

.*+)I,-*%?2-!/0!,-+!4/+<1!%4!,*)03&*/(,/%0G!$-+!)?,-%*3!&%'()*+1!,-+!3,*?&,?*+!,%!

,-),!%4!589#:&;&</0!$:>ZHHSH!@H8MO!PMVaB!)01!3?22+3,+1!,-),!,-+!(*+3+0&+!%4!

$),! &%04+*3! 3+F+*)<! 3,*?&,?*)<! &-)02+3! %0! ,-+! I/0)3+! @$)-/*%F! +,! )<G! =RKRBQ!

/0&<?1/02!,-+!4%*'),/%0!%4!)11/,/%0)<!-;1*%2+0!.%013!.+,E++0!>*2LU!@%0!,-+!5C

-+</DB! )01! (-%3(-%,-*+%0/0+! K7LG! $-+;! 3(+&?<),+1! ,-),! ,-/3! /0,+*)&,/%0!'/2-,!

&)?3+!,-+!4?*,-+*!&%04%*'),/%0)<!&-)02+3!,-),!E+*+!3++0!/0!,-+!2<;&/0+!*/&-!<%%(!

)01!,-+!"PC#5!<%%(G!!

!

$-+! 3,*?&,?*+! %4! 589#:&;&</0! $! (*+3+0,+1! -+*+! 3-%E3! ,-),! f<?#L! @&;&</0! $B!

*+%*/+0,),+3!>*2LU!@589#B!,-*%?2-!,-+!4%*'),/%0!%4!-;1*%2+0!.%013G!$-+!E+)I!

+<+&,*%0! 1+03/,;! %4! ,-/3! *+3/1?+! /'(</+3! ,-),! )0;! /0,+*)&,/%0! ,-),! >*2LU!')I+3!

E/,-! (-%3(-%,-*+%0/0+! K7L! /3! ,*)03/+0,! /0! 0),?*+G! $-+! /0,+*)&,/%0! 1%+3! 0%,!

)((+)*!,%!.+!)3!3,).<+!)3!/,!/3!/0!,-+!&*;3,)<!&%'(<+D!/0!,-+!(*+3+0&+!%4!$),G!$-/3!



! 7"!

4/01/02! 3?22+3,3! ,-),! $),! ');! 4?*,-+*! 3,)./</3+! ,-+! /0,+*)&,/%0! .+,E++0! >*2LU!

)01!(-%3(-%,-*+%0/0+!K7LG!!

!

M%,-!,-+!2<;&/0+!*/&-!<%%(!)01!,-+!"PC#5!<%%(!/0!,-+!3,*?&,?*+!%4!589#:&;&</0!$!

(*+3+0,+1! -+*+! )1%(,! 1/3,/0&,! &%04%*'),/%03! ,%! ,-%3+! 3++0! /0! +/,-+*! PMVa! %*!

PZN>G!N,!/3!(%33/.<+Q!,-+*+4%*+Q!,-),!F)*/),/%0!3++0!/0!,-+!3,*?&,?*+3!%4!,-+3+!<%%(3!

1+*/F+3!4*%'!,-+/*!/0-+*+0,!4<+D/./</,;Q!*),-+*!,-)0!.+/02!)!1/*+&,!&%03+T?+0&+!%4!

$),!./01/02G!!

!

!"F"# 1234(@.K'@'9*)(.9(89&8D8*.+(D89E89C(

N0! )<<! %4! ,-+! 3,*?&,?*+3!%4! /0-/./,%*3!.%?01! ,%!589#:&;&</0!$!(?.</3-+1! ,%!1),+!

)01!(*+3+0,+1!-+*+Q!,-+*+!)*+!3+F+*)<!4+),?*+3!,-),!1/3,/02?/3-!589#!4*%'!%,-+*!

5893G!i0</I+!%,-+*!5893Q!589#!)<E);3!?01+*2%+3!<)*2+!&%04%*'),/%0)<!&-)02+3!

?(%0!/0-/./,%*!./01/02G!$-+3+!'%F+'+0,3!*+3?<,!/0!.%,-!)!*+C%*/+0,),/%0!%4!/,3!SC!

)01!5C,+*'/0)<! <%.+3!)01!)!1%E0E)*1!'%F+'+0,!%4! ,-+!2<;&/0+!*/&-! <%%(G! !$-+!

2<;&/0+!*/&-! <%%(! /3! 4?*,-+*!3,)./</3+1!%F+*! ,-+!>$HC./01/02!3/,+!.;! ,-+! <%E+*+1!

"PC#5! <%%(! @J/2?*+!=CK#BG! ! ! ! N0! 3+F+*)<! %4! ,-+! 3,*?&,?*+3!1+3&*/.+1!-+*+!H-+PR!

+0,+*3! ,-+! >$H! ./01/02! 3/,+! /0! )! 3/'/<)*! E);! ,%! ,-),! 3++0! /0! ,-+! 589#:&;&</0!

$:4<)F%(/*/1%<! &%'(<+DG! cF+*)<<Q! ,-+3+! *+3?<,3! 3?22+3,! ,-),! 589#!');! .+!'%*+!

3,*?&,?*)<<;!')<<+).<+!,-)0!%,-+*!5893!,-),!-)F+!.++0!3,*?&,?*)<<;!&-)*)&,+*/3+1G!!

$-+!)./</,;!%4!589#!,%!)1%(,!)11/,/%0)<!&%04%*'),/%03!/0!&%'()*/3%0!E/,-!%,-+*!

5893!');!&%0,*/.?,+!,%!,-+!3+<+&,/F/,;!%4! 4<)F%(/*/1%<!)01!%,-+*!589#C3+<+&,/F+!

/0-/./,%*3G!

!



! 77!

!

!"#$%&'()*F,'M/2&%";#'/3'9:&'#.HB";&'%"B:'.//A'L;@'M&$N*'4/3'9:&'"O)#-'.//A6'/3'-DEF'";'9:&'A%&0&;B&'

/3'";:"?"9/%0,'H-+PR!%4!,-+!2<;&/0+!*/&-!<%%(!%4!589#!<%E+*3!/0!,-+!(*+3+0&+!%4!A=C7P!@>B!)01!4<)F%(/*/1%<!
@MB!/0!&%'()*/3%0!,%!/0!,-+!).3+0&+!%4!)0!/0-/./,%*G!589#:&;&</0!$!/3!/<<?3,*),+1!/0!&)*,%%0!*+(*+3+0,),/%0!/0!
,-+!)(%!3,),+!@2*++0BQ!/0!,-+!(*+3+0&+!%4!A=C7P!@()<+!%*)02+B!)01!/0!,-+!(*+3+0&+!%4!4<)F%(/*/1%<!@2*+;BG!
6+3/1?+3!PR!)01!UK!%4!589#!)01!,-+!/0-/./,%*3!)*+!*+(*+3+0,+1!)3!.)<<3!)01!3,/&I3G!!!

!

!"F"F L.K'7(123!5-6-789(M(-.9/.+@0*8.9(

N0! ,-+!(*+3+0&+!%4!A=CKRL!%*!APCPUQ!589=:&;&</0!>!)1%(,3!)! &%04%*'),/%0! ,-),!
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.+!+D(<%/,+1!.;!)!&%'(<+'+0,)*;!/0-/./,%*!,-),!/3!).<+!,%!4%*'!)!&%F)<+0,!.%01G!

A?&-! )! &%'(%?01!E%?<1! /**+F+*3/.<;! /0-/./,! ,-+! I/0)3+! )01!E%?<1! 0%,! *+T?/*+!

,-+!3(+&/4/&/,;!,%E)*13!589#!,-),!0%0C&%F)<+0,!/0-/./,%*3!E%?<1G!c0<;!)!-)014?<!

%4!%,-+*!I/0)3+3!@MiM6KQ!589UQ!589KRQ!589VCKQeQ!V9MKQ!Zl$KQ!HV9eQ!A29CKKRQ!

=L#B! -)F+! )! &;3,+/0+! ),! ,-/3! (%3/,/%0! )01! E%?<1! ,-+*+4%*+! .+! 3?3&+(,/.<+! ,%!

&%F)<+0,!'%1/4/&),/%0!.;!)!&%F)<+0,!/0-/./,%*!,)*2+,/02!,-/3!*+3/1?+!@b-)02!+,!)<G!

=RR#BG!

!

!"#$%&'()(*,'>%/A/0&@'L%&L0'3/%'B:&K"BL.'K/@"3"BL9"/;'/3'()L;".";/)R)9:"LS/.&)AH%"K"@";&,



! #L!

'

!"N 1.9-7,)8.9(

H*+F/%?3<;!)<<!589#:&;&</0!$! 3,*?&,?*+3! &%0,)/0/02!.%?01! /0-/./,%*3!-)F+!.++0!

1+,+*'/0+1! ?3/02! 589#PPR:&;&</0! $a""6Q! h#LfQ! J=eKVG! A,*?&,?*)<! F)</1),/%0! E/,-!

589#PPR:&;&</0! $J=eKV! )01! ,-+*')<! 1+0),?*),/%0! 1),)! -)3! 3-%E0! ,-),! ,-/3!

&%'./0),/%0! %4! 589#! )01! ,*/(<;! '?,),+1! &;&</0! $! /3! )! F)</1! 3?**%2),+! 4%*!

589#:&;&</0!$!3,*?&,?*)<!3,?1/+3!%4! /0-/./,%*!./01/02!'%1+3G! !J?*,-+*'%*+Q! ,-+!

/'(*%F+1! T?)</,;! %4! 1/44*)&,/%0! 4*%'! &*;3,)<3! %4! 589#PPR:&;&</0! $a""6Q! h#LfQ! J=eKV!

'+)0!,-),!/,!/3!,-+!(*+4+**+1!&%03,*?&,!,%!?3+!4%*!&*;3,)<<%2*)(-/&!(?*(%3+3G!

!

>0! +D,+03/F+! )**);! %4! 589#:&;&</0! $:/0-/./,%*! 3,*?&,?*+3! (*+3+0,+1! /0! ,-/3!

&-)(,+*! -)3! 2*+),<;! 3,*+02,-+0+1! ,-+! -;(%,-+3/3! ,-),! 589#:&;&</0! $! -)3! )0!

/0-+*+0,<;! 4<+D/.<+! >$H! ./01/02! 3/,+! ,-),! &)0! )1)(,! *+)1/<;! ,%! )&&%''%1),+! )!

*)02+!%4! /0-/./,%*3G!$-/3! /3!-/2-</2-,+1!.;!,-+!+D,+03/F+!4<+D/./</,;! /0!,-+!2<;&/0+!

*/&-!<%%(!)01!,-+!)<,+*0),/F+!*+<),/F+!%*/+0,),/%03!%4!,-+!589!<%.+3!%.3+*F+1G!!

!

N0! )11/,/%0! ,%! 3,*?&,?*)<! )0)<;3/3! %4! ,-+! =C)0/</0%CeC,-/)g%<+C(;*/'/1/0+!

&%'(%?013!E/,-/0!,-+!589#!./01/02!3/,+Q!,-+/*!./01/02!'%1+3!E/,-/0!589=!-)F+!

.++0!(*+3+0,+1G!N0!3,?1;/02!,-+3+!/0-/./,%*3!E/,-/0!589=!)!0%F+<!&%04%*'),/%0!

%4! 589=! E)3! /1+0,/4/+1G! M/01/02! %4! ,-/3! &<)33! %4! /0-/./,%*3! ,%! ,-+! ,E%! I/0)3+3!

(*%F/1+3!?3!E/,-!3+F+*)<!%.3+*F),/%03!,%!)/1!/0-/./,%*!1+3/20!4%*!/'(*%F+1!589#!

(%,+0&;G!J*%'!,-+3+!%.3+*F),/%03!)!*)02+!%4!3?22+3,/%03!4%*!3+&%01!2+0+*),/%0!

/0-/./,%*3!-)F+!.++0!(*%(%3+1! ,%! /'(*%F+! 3(+&/4/&/,;! 4%*!589#!E/,-! *+3(+&,! ,%!

589=!)01!(%,+0,/)<<;!%,-+*!&;&</0C1+(+01+0,!I/0)3+3G!



! #"!

# ;*+,-*,+'( 09E( /,9-*8.9( ./( *&'( 12345-6-789( %5Q+EF( *'+90+6(

-.@A7'B((

#"G I9*+.E,-*8.9(

589#:&;&</0! $! /3! *+&*?/,+1! ,%! ,-+! 3/,+3! %4! )&,/F+! ,*)03&*/(,/%0! .;! ,*)03&*/(,/%0!

4)&,%*3!@)3!1/3&?33+1!/0!5-)(,+*!KGLG=BG!W+*+!/,!(-%3(-%*;<),+3!,-+!H%<!NN!()?3/02!

4)&,%*3!)01!,-+!5$8!%4!H%<!NNG!$-+3+!(-%3(-%*;<),/%03!+0).<+!H%<!NN!,%!,*)03/,/%0!

4*%'!)!()?3+1!3,),+!/0,%!,-+!+<%02),/%0!(-)3+Q!)<<%E/02!,*)03&*/(,/%0!,%!&%0,/0?+!

)<%02!,-+3+!2+0+3G!

!

$-+! 4/*3,! 2+0+*)<! 4)&,%*! ,-),! E)3! /1+0,/4/+1! )3! *+&*?/,/02! 589#:&;&</0! $! ,%!

(*%'%,+*3!E)3!M*1eG!$-+!/0,+*)&,/%0!.+,E++0!M*1e!)01!589#:&;&</0!$!)01!,-+!

4?0&,/%0)<!/'(</&),/%03!%4!,-/3!/0,+*)&,/%0!)*+!,-+!4%&?3!%4!,-/3!&-)(,+*G!

!

M*1e!@M*%'%1%')/0C&%0,)/0/02!(*%,+/0!eB!/3!)<3%!I0%E0!)3!WiS9K!@-%*'%0)<<;!

?(C*+2?<),+1!0+?! ,?'%*C)33%&/),+1!I/0)3+!KB! )01!Z5>H! @'/,%,/&! &-*%'%3%'+C

)33%&/),+1!(*%,+/0BG!N,!E)3!/0/,/)<<;!/1+0,/4/+1!)3!)!(*%,+/0!,-),!*+2?<),+3!f=!,%!Z!

,*)03/,/%0Q! /3! ).<+! ,%! *+')/0! .%?01! ,%! &-*%'%3%'+3! 1?*/02! '/,%3/3! )01! ,-+!

+D(*+33/%0!%4!E-/&-!/3!*+<),+1!,%!3,/'?</!4%*!&+<<!2*%E,-!)01!/0-/./,/%0!@8+;!+,!)<G!

=RRRBG! N,! E)3! 4?*,-+*! /1+0,/4/+1! )3! )! (*%,+/0! /0F%<F+1! /0! *+2?<),/02! &+<<C&;&<+!

(*%2*+33/%0! @Z)*?;)')! +,! )<G! =RR=X! 8+;! +,! )<G! =RRPX! Z%&-/g?I/! +,! )<G! =RR7B!!

&%0,*%<</02!&+<<!2*%E,-!@Z)*?;)')!+,!)<G!=RR=B!)01!&+<<!F/)./</,;!@W%?g+<3,+/0!+,!

)<G!=RR=B!)01Q!)3!'+0,/%0+1!(*+F/%?3<;Q!*+&*?/,/02!589#:&;&</0!$!,%!,*)03&*/(,/%0!

3,)*,!3/,+3!@Z%&-/g?I/!+,!)<G!=RR7BG!



! #7!

>4,+*! ,-+! /0/,/)<! /1+0,/4/&),/%0! %4! M*1ek3! /0F%<F+'+0,! /0! &+<<! &;&<+! ,*)03/,/%03! /,!

E)3!/1+0,/4/+1!)3!)!2+0+!,-),!/3!3?.Y+&,!,%!&-*%'%3%')<!*+)**)02+'+0,!4%?01!/0!

)22*+33/F+!4%*'3!%4!&)*&/0%')!@J*+0&-!+,!)<G!=RRKBG!N,!-)3!3/0&+!.++0!3?22+3,+1!

)3!)!F)</1!,)*2+,!4%*!.%,-!0?&<+)*!(*%,+/0!/0!,+3,/3!@Si$B!'/1</0+!&)*&/0%')!)01!

)&?,+! ';+<%/1! <+?I+'/)! @>ZVBG! Si$! '/1</0+! &)*&/0%')3! )*+! &)?3+1! .;!

*+)**)02+'+0,! %4! &-*%'%3%'+3!K#! )01!KUQ! *+3?<,/02! /0! )! 4?3/%0!.+,E++0!Si$!

)01! M*1e! @Si$CM*1eB! @J*+0&-! +,! )<G! =RRPBG! >3! E+<<! )3! ,-/3Q! M*1e! -)3! .++0!

/'(</&),+1! /0! &%0,*/.?,/02! ,%! .*+)3,! &)0&+*! 3?*F/F)<! @5*)E4%*1! +,! )<G! =RR7BG! N0!

3?((%*,! %4! M*1e!.+/02! )! F)</1! ,)*2+,! 4%*! )0,/&)0&+*! 1*?2! 1/3&%F+*;! jaKQ! )! 1*?2!

,-),! ./013! ,%! ,-+! .*%'%1%')/03! %4!M*1eQ! &)?3+1! 3/20/4/&)0,! 2*%E,-! )**+3,! )01!

)(%(,%3/3!%4!Si$!'/1</0+!&)*&/0%')!&+<<3!)01!>ZV!&+<<3! @J/</(()I%(%?<%3!+,!)<G!

=RKRX!b?.+*!+,!)<G!=RKKBG!

!

#"G"G Q+EF(89(*+09)-+8A*8.9(

M*1e! /3! *+&*?/,+1! ,%! (*%'%,+*! *+2/%03! .;! /0,+*)&,/%03! E/,-! 3+F+*)<! 1/44+*+0,!

(*%,+/03!)01!.;!)!F)*/+,;!%4!3/20)</02!+F+0,3!@J/2?*+!PCKBG!!

!

!"#$%&' O)*,' T&B:L;"0K0' /3' %&B%$"9K&;9' /3' U%@R' 9/' A%/K/9&%' %&#"/;0,' ' ' M*1e! &)0! .+! *+&*?/,+1! ,%!
(*%'%,+*!*+2/%03!+/,-+*!/0!)33%&/),/%0!E/,-!)&+,;<),+1!-/3,%0+3Q!6+<>!%*!,-+!Z+1/),%*!&%'(<+DG'

CDK8

CycC
Mediator

H3
H4

K5ac
K8ac

K12ac

K16ac
K9ac

BRD4
CDK9

CycT

RelA

KappaB binding site
General transcription factors

Chromosome Acetylation Coactivator recruitment Mediator Recruitment

Reprinted from Molecular Cell, 23(3), Peterlin, B. M. & Price, D. H., Controlling the elongation 
phase of transcription with P-TEFb, 297-305, copyright 2006 Elsevier Inc., with permission from 
Elsevier. http://www.cell.com/molecular-cell/

http://www.cell.com/molecular-cell/


! ##!

H*/%*!,%!3,/'?<),/%0!%4!(*/')*;!*+3(%03+!2+0+3Q!.%,-!W8>53!)01!3(+&/4/&!-/3,%0+!

'+,-;<),/%0!')*I3!)*+!(*+3+0,! ),! ,-+!(*%'%,+*! *+2/%0!')/0,)/0/02!)0! /0)&,/F+!

(*%'%,+*! *+2/%0G! c0! 3,/'?<),/%0Q! 3(+&/4/&! I/0)3+3! )01! W>$3! )*+! *+&*?/,+1! ,%!

(*%'%,+*3G!$-+3+!)<,+*!,-+!-/3,%0+!&%1+!.;!(-%3(-%*;<),/02!)01!)&+,;<),/02!,-+!

-/3,%0+3G!A?.3+T?+0,<;!M*1eQ!/3!*+&*?/,+1!.;!/,3!.*%'%1%')/03!,%!,-+3+!-/3,%0+!

)&+,;<),/%0!')*I3!*+&*?/,/02!HC$hJ.!/0!,-+!(*%&+33!@8+;!+,!)<G!=RRPX!W)*2*+)F+3!

+,!)<G!=RR#X!b/((%!+,!)<G!=RR#X!9)(%%*C])g/*)0/!+,!)<G!=RKKBG!

!

>3! E+<<! )3! /0,+*)&,/%03! E/,-! )&+,;<),+1! -/3,%0+3Q! M*1e! &)0! /0,+*)&,! E/,-!

)11/,/%0)<! (*%,+/03! ),! ,-+! 3/,+3! %4! ,*)03&*/(,/%0G! 5%'(%0+0,3! %4! ,-+! '+1/),%*!

&%'(<+D!-)F+!.++0!/1+0,/4/+1!)3!/0,+*)&,/%0!()*,0+*3!%4!M*1e!)01!,-+*+4%*+!&)0!

3,)./</g+!,-+!(*+3+0&+!%4!M*1e!),!(*%'%,+*!*+2/%03!@j)02!+,!)<G!=RRUX!l)02!+,!)<G!

=RRUBG!!

!

><3%Q! M*1e! /3! *+&*?/,+1! ,%! ,-+! (*%'%,+*3! %4! )! 3?.3+,! %4! 2+0+3! .;! /0,+*)&,/%03!

.+,E++0! /,3! .*%'%1%')/03! )01! )&+,;<),+1! 6+<>! @)0! +<+'+0,! %4! ,-+! SJC$M!

3/20)</02!(),-E);BG!W+*+!/,!)&,3!)3!)!&%)&,/F),%*!%4!,*)03&*/(,/%0!)01!,-+*+4%*+!/3!

/0F%<F+1!/0!/0&*+)3/02!,*)03&*/(,/%0!%4!)!3?.3+,!%4!SJC$M!,)*2+,!2+0+3!@W?)02!+,!

)<G!=RR#BG!

!

c4! ()*,/&?<)*! /0,+*+3,! ,%! ,*)03&*/(,/%0! %4! &+*,)/0! 2+0+3! /3! ,-+! 4)&,! ,-),! M*1e!

*+')/03!.%?01!,%!&-*%'%3%'+3!1?*/02!'/,%3/3!@8+;!+,!)<G!=RRRX!8+;!+,!)<G!=RRPBG!

W+*+!/,!)&,3!)3!)0!+(/2+0+,/&!')*I+*!4%*!2+0+3!,-),!)*+!,*)03&*/.+1!),!,-+!+01!%4!

'/,%3/3!%*!+)*<;!/0!fKG!>33%&/),/%0!%4!M*1e!E/,-!,-+3+!2+0+3!3?*F/F+3!,-+!(*%&+33!



! KRR!

%4!'/,%3/3!)01!,-+*+.;!+0).<+3!!,-+/*!*)(/1!,*)03&*/(,/%0!/''+1/),+<;!,-+*+)4,+*!

@8+;!+,!)<G!=RR#BG!!

!

#"G"! %&'(,)'(./(Q+EF(D6(*&'(H,@09(R0A877.@0(K8+,)(

>0%,-+*! (*%,+/0! ,-),! /3! &)().<+! %4! /0,+*)&,/02! E/,-! M*1e! )01! E-/&-! ');!

,-+*+4%*+!.*/02!589#:&;&</0!$! ,%! 3/,+3!%4! ,*)03&*/(,/%0! /3! ,-+!-?')0!()(/<<%')!

F/*?3!@WH]B!h=!(*%,+/0G!$-+*+!)*+!%F+*!KRR!1/44+*+0,!3,*)/03!%4!WH]Q!E-/&-!)*+!

2+0+*)<<;!&),+2%*/g+1!/0,%!m-/2-!*/3Ik!)01!m<%E!*/3Ik!1+(+01/02!%0!,-+/*!*+3?<,/02!

%0&%2+0/&! (-+0%,;(+3G! $-+! -/2-! */3I! 3,*)/03! 3?&-! )3! WH]CKL! )01! WH]CK7! )*+!

)33%&/),+1!E/,-!&+*F/&)<!&)0&+*Q!E-+*+)3!<%E!*/3I!4%*'3Q!3?&-!)3!WH]CL!)01!WH]C

KKQ!)*+!</0I+1!,%!.+0/20!<+3/%03G!!

!

WH]!-)3!)!3')<<!2+0%'+!&%0,)/0/02!7!%(+0!*+)1/02!4*)'+3!@c6J3BQ!%0+!%4!E-/&-!

+0&%1+3!,-+!WH]!(*%,+/0!h=!,-),!/0,+*)&,3!E/,-!M*1e!@*+F/+E+1!/0!@W)'/1!+,!)<G!

=RR#BBG! $-+*+! /3! 3%'+! F)*/),/%0! /0! ,-+! 4?0&,/%0! %4! h=! 1+(+01/02! %0! ,-+! WH]!

3,*)/0Q!.?,!/0!2+0+*)<!/,!/3!/0F%<F+1!/0!WH]!*+(</&),/%0Q!F/*)<!2+0%'+!()*,/,/%0/02!

/0,%! 1)?2-,+*! &+<<3! 3?.3+T?+0,! ,%! '/,%3/3Q! )01! ,*)03&*/(,/%0G! $-+! M*1eCh=!

/0,+*)&,/%0! /3! /'(</&),+1! /0! 3%'+! %4! ,-+3+! 4?0&,/%03! )01! ')I+3! )11/,/%0)<!

&%0,*/.?,/%03! ,%! ,-+! </4+&;&<+! %4! WH]G! J/*3,<;Q! h=! /0,+*)&,3! E/,-! .%,-! ,-+! WH]!

2+0%'+!)01!M*1eG!>3!M*1e!./013! ,%!-%3,! &-*%'%3%'+3!1?*/02!'/,%3/3Q! 3+F+*)<!

WH]! 3,*)/03! -)F+! .++0! 3?22+3,+1! ,%! ?,/</g+! ,-/3! 3;3,+'! /0! %*1+*! ,%! +0).<+!

&%'()*,'+0,)</g),/%0!%4!/,3!2+0%'+!/0,%!,-+!1)?2-,+*!&+<<!0?&<+/!3?.3+T?+0,!,%!

'/,%3/3! @l%?! +,! )<G! =RReX! >..),+! +,! )<G! =RRLBG! A+&%01<;Q! M*1e! 3,)./</3+3! h=Q! .;!

(*+F+0,/02! /,3!1+2*)1),/%0!.;!,-+!(*%,+)3%'+!@f)20%0!+,!)<G!=RR#X!b-+02!+,!)<G!



! KRK!

=RR#BG! >01! 4/0)<<;Q! M*1e! -)3! .++0! 3-%E0! ,%! /04<?+0&+! h=k3! ,*)03&*/(,/%0)<!

)&,/F),%*!)01!*+(*+33%*! 4?0&,/%0! @Z&H-/<</(3!+,!)<G!=RRLX!A&-E+/2+*!+,!)<G!=RRLX!

\?!+,!)<G!=RRLX!A'/,-!+,!)<G!=RKRB!)<,-%?2-!,-/3!(*%&+33!/3!3,/<<!(%%*<;!?01+*3,%%1!

@W)'/1!+,!)<G!=RR#BG!

!

h=! &%0,)/03! ,-*++! 1%')/03O! )0! SC,+*'/0)<! ,*)03&*/(,/%0! *+2?<),/%0! 1%')/0Q! )!

&+0,*)<! _-/02+`!*+2/%0Q!)01!)!5C,+*'/0)<!"C.)**+<!8S>C./01/02!1%')/0G! N,! /3! ,-+!

,*)03&*/(,/%0!*+2?<),/%0!1%')/0!,-),!/0,+*)&,3!E/,-!,-+!5C,+*'/0)<!*+2/%0!@5$6B!

%4! M*1e! )01! ,-+! 3,*?&,?*+! %4! ,-/3! &%'(<+D! ,-),! -)3! .++0! 1+,+*'/0+1! .;! nC*);!

&*;3,)<<%2*)(-;!@>..),+!+,!)<G!=RRLBG!!

!

#"G"# SK'+K8'O(./(Q+EF(E.@089()*+,-*,+'(

M*1e!/3!)!'+'.+*!%4!,-+!Mh$!4)'/<;!%4!(*%,+/03G!$-/3!4)'/<;!%4!(*%,+/03!&%0,)/03!)!

(*%,+/0C(*%,+/0! /0,+*)&,/02! +D,*)C,+*'/0)<! @h$B! 1%')/0! @,-),! /0,+*)&,3! E/,-!

3+F+*)<!,*)03&*/(,/%0!(*%,+/03!/0&<?1/02!,-+!-/3,%0+!'+,-;<,*)034+*)3+!SA8P!,-),!

/3! )33%&/),+1!E/,-! )&,/F),/02! &-*%'),/0B! @6)-')0! +,! )<G! =RKKBQ! )! A+*:f<?:>3(C

*/&-! Ahh8! *+2/%0! )01! )! ,)01+'! )**);! %4! )&+,;<C<;3/0+! ./01/02! .*%'%1%')/03!

@3++! J/2?*+! PC=! 4%*! 1%')/0! %*2)0/g),/%0BG! Mh$! (*%,+/03! )*+! (*+3+0,! /0! ;+)3,Q!

(<)0,3! )01! )0/')<3G! l+)3,! -)F+! ,E%! Mh$! (*%,+/03Q! M8JK! )01! M8J=Q! E-/<3,! /0!

-?')03!,-+*+!)*+!M*13!=Ce!)01!M*1,!@*+F/+E+1!/0!@\?!)01!5-/)02!=RR"BBG!



! KR=!

!

!"#$%&'O)(,'D/KL";'09%$B9$%&0'/3'U%@R,!>O!8%')/03!%4!,-+!<%02!)01!3-%*,!/3%4%*'3!%4!M*1eG!MO!A&-+'),/&!%4!
,-+! <%02! /3%4%*'!%4!M*1e! /0&<?1/02! ,-+!I0%E0!3,*?&,?*+3!%4! ,-+!.*%'%1%')/03! @M8BQ! +D,*)C,+*'/0)<! @h$B!
)01! 5C,+*'/0)<! *+2/%0! @5$6BG! ! $-+! Ahh8!'%,/4! /3! )! A+*:f<?:>3(C! */&-! *+2/%0G! @H8M3O! M8K! C! =cAAX! M8=! C!
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=R'Z!/'/1)g%<+Q!=R'Z!$*/3!(W!7GRQ!URR'Z!S)5<Q!Uq!2<;&+*%<G!$-+!(*%,+/0!E)3!

+<?,+1! /0!URR'Z! /'/1)g%<+Q! =R'Z!$*/3!(W!7GRQ! KRq!2<;&+*%<G!$-+!W/3! ,)2!E)3!

&<+)F+1!%44!%F+*0/2-,!),!e°5!E/,-!$h]!(*%,+)3+!E-/<3,!1/)<;3+1! /0,%!UR'Z!$*/3!

(W!7GRQ!K'Z!8$$Q!KRR'Z!S)5<G!$-+!&<+)F+1!&;&</0!$=!E)3!(?*/4/+1!4?*,-+*!.;!2+<!



! KR#!

4/<,*),/%0! @W/V%)1! =L:LR! A?(+*1+D! "UB! /0! UR'Z! S)Hce! (W! LGUQ! KR'Z! 8$$Q!

KRR'Z!S)5<G!J*)&,/%03!&%0,)/0/02!&;&</0!$=!E+*+!&%0&+0,*),+1Q!)</T?%,+1Q!4<)3-!

4*%g+0!/0!</T?/1!0/,*%2+0Q!)01!3,%*+1!),!C7R°5G!!

!

J%*!I/0)3+!)33);3!&;&</0!$=!E)3!(?*/4/+1! 3/'/<)*<;G!W%E+F+*Q! ,-+! 3/g+!+D&<?3/%0!

&-*%'),%2*)(-;!&%<?'0!E)3!*?0!/0!KUR'Z!S)5<Q!=R'Z!$*/3!(W!7GRQ!U'Z!8$$G!!!

!

!"#"#"( 7849*4+)

$-+!fA$C5$8Q!)!U=!-+(,)1!*+(+),!%4! ,-+!5$8!4?3+1!,%!fA$Q!E)3!+D(*+33+1! /0!*+&

!),"! /0! ,+**/4/&! .*%,-! @$MBG! 5+<<3! 2*+E! ,%! )! 1+03/,;! %4! c8LRRO! RGUU! .+4%*+! .+/02!

/01?&+1!),!KL°5!E/,-!K'Z!NH$f!%F+*0/2-,G!5+<<3!E+*+!(+<<+,+1Q!)01!*+3?3(+01+1!

/0!URR'Z!S)5<Q!=R'Z!$*/3!(W!7GRQ!U'Z!8$$!)01!(*%,+)3+!/0-/./,%*3G!5+<<3!E+*+!

<;3+1! %0! /&+! .;! 3%0/&),/%0! )01! <;3%g;'+! /0! ,-+! (*+3+0&+! %4! 80)3+G! >4,+*!

&+0,*/4?2),/%0Q!),!e7QRRR2!4%*!K!-%?*!),!e°5Q!,-+!&<)*/4/+1!<;3),+!E)3!<%)1+1!%0,%!

2<?,),-/%0+! A+(-)*%3+! eM! .+)13! /0! )! 2*)F/,;! 4<%E! &%<?'0G! $-+! .+)13! E+*+!

3?.3+T?+0,<;!E)3-+1!E/,-!KZ!S)5<Q!=R'Z!$*/3!(W!7GRQ!U'Z!8$$G!fA$C5$8!E)3!

+<?,+1! /0! =R'Z! 2<?,),-/%0+Q! URR'Z! S)5<Q! =R'Z! $*/3! (W! 7GRQ! U'Z! 8$$! )01!

4<)3-!4*%g+0G!></T?%,3!E+*+!3,%*+1!),!C7R°5G!!

!

!"#"#": ;1<$))

(>5l5C8?+,CH9>CZMHC98P7PK=! E)3! +D(*+33+1! /0! *+& !),"G! $-+! F+&,%*! &%0,)/03!

.%,-! '?*/0+! H9>! )01! -?')0! H<IK! I/0)3+! 1%')/0! *+3/1?+3! P7CPK=! 4%*! &%C

+D(*+33/%0!@5-+02!=RRLBG!5+<<3!E+*+!2*%E0!,%!c8LRR!!"#!$&RG"!/0!VM!)01!/01?&+1!

E/,-! K'Z! NH$f! ),! KL°5! %F+*0/2-,G! 5+<<3! E+*+! *+3?3(+01+1! /0! H<IK! .?44+*!



! KKR!

@PRR'Z!S)5<Q!UR'Z!$*/3!(W!7GRQ!RGRKq!Z$fQ!U'Z!/'/1)g%<+Q!KRq!2<;&+*%<!)01!

(*%,+)3+! /0-/./,%*3BG!>4,+*! 3%0/&),/%0! )01! &+0,*/4?2),/%0Q! ,-+! <;3),+!E)3! <%)1+1!

%0,%!S/CS$>!.+)13G!$-+!.+)13!E+*+!E)3-+1!E/,-!H<IK!.?44+*Q!)01!(*%,+/03!E+*+!

+<?,+1! /0! H<IK! .?44+*! &%0,)/0/02! =RR'Z! /'/1)g%<+G! $-+! (*%,+/0!E)3! /0&?.),+1!

E/,-! P5! (*%,+)3+! %F+*0/2-,G! $-+! +<?,/%0! E)3! (?*/4/+1! .;! 3/g+! +D&<?3/%0!

&-*%'),%2*)(-;!@W/V%)1!=L:LR!A?(+*1+D!=RRB!E/,-!UR'Z!$*/3!(W!7GRQ!PRR'Z!

S)5<Q! )01! RGKq! Z$fG! J*)&,/%03! &%**+3(%01/02! ,%! ,-%3+! &%0,)/0/02! H<IK! E+*+!

(%%<+1Q! 4?*,-+*! (?*/4/+1!E/,-!S/CS$>!.+)13! ,%! *+'%F+! &%0,)'/0),/02! H9>! )01!

ZMHQ!)01!&%0&+0,*),+1G!H*%,+/0!E)3!4<)3-!4*%g+0!)01!3,%*+1!),!C7R°5G!

!

#"!"# R,77=E.O9(09076)8)(

M*1e! &%03,*?&,3! E+*+! +D(*+33+1! /0! oUR! '<! VMG! >4,+*! 3%0/&),/%0! )01!

&+0,*/4?2),/%0Q!W/3CM*1e!<;3),+3!E+*+!/0&?.),+1!E/,-!S/CS$>!)2)*%3+!4%*!K-*!),!

e°5G!$-+!.+)13!E+*+!E)3-+1!E/,-!/&+C&%<1!KR'Z!"C'+*&)(,%+,-)0%<Q!RGKq!SHC

eR! /0! =R'Z! /'/1)g%<+Q! URR'Z!S)5<Q! =R'Z! $*/3! (W! 7GRQ! KRq! 2<;&+*%<G! ! "Rr2!

589#PPR:&;&</0!$a""6Q!h#LfQ!J=eKV!E)3!)11+1!,%!,-+!.+)13!)01!/0&?.),+1!4%*!=!-%?*3!

),! e°5! E/,-! *%,),/%0Q! 4%<<%E+1! .;! e! E)3-+3G! H*%,+/03! E+*+! 3+()*),+1! .;! A8AC

H>fh!)01!1+,+&,+1!.;!&%%')33/+!3,)/0G!

!

#"!"F M9076*8-07(C'7(/87*+0*8.9(

>0! )0)<;,/&)<! A?(+*1+D! =RR! 2+<! 4/<,*),/%0! &%<?'0! E)3! +T?/</.*),+1! /0! KUR'Z!

S)5<Q!=R'Z!$*/3!(W!7GRQ!U'Z!8$$Q!KRq!2<;&+*%<G!RGU'2!W/3CM*1e@K="#CKPL=B!)01!

RG7'2!589#PPR! $K7L>:&;&</0!$a""6Q! h#LfQ! J=eKV!E+*+! /0&?.),+1! /0! )! ,%,)<! F%<?'+!%4!



! KKK!

=RRr<!%0!/&+!4%*!=R!'/03!.+4%*+!/0Y+&,/%0G!J%*!&%0,*%<3Q!RGU'2!W/3CM*1e@K="#CKPL=B!

@=RRr<B!)01!RG='2!589#:&;&</0!$!@URr<B!E+*+!<%)1+1!/01/F/1?)<<;G!!!!

!

#"!"N 389'*8-(09076)8)(./(Q+EF(0)(0(@.E,70*.+(./(12345-6-789(%(

A,)01)*1!I/0+,/&!)0)<;3/3!E)3!&)**/+1!%?,!E/,-!KR02!589#:&;&</0!$!&%'(<+D+3Q!

KRRµZ!>$HQ!KU02!fA$C5$8!/0!KR'Z!Z25<=Q!UR'Z!$*/3!(W!7GRQ!K'Z!8$$!)01!%C

P=HC>$H! @H+*I/0! h<'+*B! /0! )! ,%,)<! F%<?'+! %4! KRµ<G! M*1eQ! fA$C5$8! )01! >$H!

&%0&+0,*),/%03! E+*+! F)*/+1! 1+(+01/02! %0! ,-+! +D(+*/'+0,G! A)'(<+3! E+*+!

/0&?.),+1!4%*!U!'/0?,+3!),!PR°5!)01!,-+!*+)&,/%0!3,%((+1!.;!,-+!)11/,/%0!%4!A8AC

H>fh! <%)1/02! .?44+*G! H*%,+/03!E+*+! 3+()*),+1! .;! A8ACH>fh! 2+<G! >4,+*! 3,)/0/02Q!

1+3,)/0/02! )01! 1*;/02! ,-+! 2+<Q! ,-+! P=H! /0&%*(%*),+1! /0,%! ,-+! fA$C5$8! E)3!

'+)3?*+1! ?3/02! )! (-%3(-%*! /')2+*! )01! )0)<;3+1! E/,-! a?)0,/,;c0+! @]+*3/%0!

eGLGPQ! M/%C6)1! V).%*),%*/+3B! )01! f*)(-H)1! H*/3'! @]+*3/%0! UGR1! 4%*!Z)&! cA! nQ!

f*)(-H)1!A%4,E)*+Q!A)0!8/+2%!5)</4%*0/)!iA>Q!EEEG2*)(-()1G&%'BG!

!

5;&</0! $! /3%4%*'! )0)<;3/3! E)3! 3,?1/+1! ?01+*! ,-+! 4%<<%E/02! +D(+*/'+0,)<!

&%01/,/%03G!=702!589#PPR!)01!=U02!%4!&;&</0!$Ka""6Q! h#LfQ! J=eKV!%*!&;&</0!$=!E+*+!

/0&?.),+1!E/,-!KUµ2!fA$C5$8Q!KRRµZ!>$HQ!KR'Z!Z25<=Q!UR'Z!$*/3!(W!7Q!K'Z!

8$$!)01!RGUµ5/!%CP=HC>$H! /0!)! ,%,)<!F%<?'+!%4!KRµ<G!hD(+*/'+0,3!E+*+!1%0+! /0!

,-+!(*+3+0&+!%*!).3+0&+!%4!LRR02!M*1e@KP==CKPL=BG! A)'(<+3!E+*+! /0&?.),+1! 4%*!U!

'/0?,+3!),!PR°5!)01!,-+!*+)&,/%0!3,%((+1!.;! ,-+!)11/,/%0!%4!A8ACH>fh! <%)1/02!

.?44+*G!H*%,+/03!E+*+!3+()*),+1!.;!A8ACH>fh!2+<!)01!)0)<;3+1!)3!).%F+G!!

!



! KK=!

(

#"!"P LV>(

!"#"="$ >??2@3AB3C)

KUS!M*1e@KP==CKPL=B!)33/20'+0,!/0!LZ!?*+)!

i*+)!E)3!)11+1!,%!)!4/0)<!&%0&+0,*),/%0!%4!LZ!,%!KUSC<).+<+1!M*1e@KP==CKPL=BG!$-+!

(*%,+/0!3%<?,/%0!E)3!&%0&+0,*),+1!,%!!"#!$&=GP!'2:'<!@eeRµZBG!8=c!E)3!)11+1!

,%! )! 4/0)<! &%0&+0,*),/%0! %4! UqG! ><<! SchAl! )01! $c5Al! +D(+*/'+0,3! E+*+!

'+)3?*+1!%0!)!LRRZWg!SZ6!3(+&,*%'+,+*!),!KU°5G!P8!SchAlCWAa5!)01!$c5AlC

WAa5!1),)!E+*+!&%<<+&,+1!E/,-!eRR'3!)01!"R'3!'/D/02! ,/'+3!*+3(+&,/F+<;G!><<!

SZ6!1),)!E+*+!(*%&+33+1!?3/02!0'*HNHh!@8+<)2</%!+,!)<G!K##UB!)01!F/+E+1!?3/02!

5&(S'*!>0)<;3/3!F=GKGU!@J%2-!+,!)<G!=RRLBG!

!

$*)034+*!%4!)33/20'+0,3!,%!RZ!?*+)Q!(W!LGUQ!=R°5!

>! 3+*/+3! %4! WAa5! 3(+&,*)! E+*+! %.,)/0+1! %4! KUSC<).+<+1! M*1e! /0! 3+T?+0,/)<!

1/<?,/%03!%4!?*+)G! N0/,/)<!3(+&,*)!E+*+! ,)I+0!),!UR'Z!S)Hce!(W!LGRQ!='Z!8$$Q!

LZ!?*+)Q!Uq!8=c!)01!),!KU°5G! !A?.3+T?+0,!3(+&,*)!E+*+!%.,)/0+1!),!UZQ!eG=ZQ!

PGUZQ!=G#ZQ!=ZQ!KZ!?*+)!.;!1/<?,/%03!/0!UR'Z!S)Hce!(W!LGUQ!='Z!8$$Q!Uq!8=cG!

M*1e! /0! RZ! ?*+)Q! UR'Z!S)Hce! (W! LGUQ! ='Z!8$$Q! Uq!8=c!E)3! ?3+1! 4%*! 4/0)<!

3(+&,*)!,)I+0!),!KU°5!)01!=R°5G!><<!WAa5!3(+&,*)!E+*+!%.,)/0+1!%0!)!LRR!ZWg!

SZ6!3(+&,*%'+,+*G!

!

!"#"="# DEF)G3CB&5/C2H3)53510?2?)

WAa5!3(+&,*)!%4!URµZ!M*1e!.%,-! /0!&%'(<+D!E/,-!)01! /0! ,-+!).3+0&+!%4!=RµZ!

589#:&;&</0!$!E+*+!&%<<+&,+1!?3/02!)!"UR!ZWg!3(+&,*%'+,+*G!!$-+!3)'(<+3!E+*+!



! KKP!

/0! Uq! 8=cQ! RGe'Z! 8AA! @eQeC1/'+,-;<CeC3/<)(+0,)0+CKC3?<4%0/&! )&/1BQ! UR'Z!

3%1/?'!(-%3(-),+Q!(W!LGUQ!KRR'Z!S)5<Q!KR'Z!8$$!)01!1),)!)&T?/*+1!),!=R°5G!

!

KUµZ!)01!PRµZ!&;&</0!$=!E+*+!/0&?.),+1!E/,-!LUµZ!KUS!M*1e@KP==CKPL=B!),!(W!LGU!

/0!,-+!(*+3+0&+!%4!Uq!8=cG!WAa5!3(+&,*)!E+*+!%.,)/0+1!),!KU°5!%0!)!LRR!ZWg!

3(+&,*%'+,+*G!!5%'./0+1!&-+'/&)<!3-/4,3!E+*+!&)<&?<),+1!)3!4%<<%E3!!

! 

Combined chemical shift change = ("#1H )
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!

!

#"!"$ H52('B-&09C'(@0))()A'-*+.@'*+6(

M*1e@KP==CKPL=B!E)3!(?*/4/+1!)3!1+3&*/.+1!).%F+G!589#JV:&;&</0!$=77!E)3!(?*/4/+1!

4*%'! &+<<! <;3),+3! .;! )44/0/,;! (?*/4/&),/%0! )3! 1+3&*/.+1! +)*</+*! @5-)(,+*! =G=GeBG!

A?.3+T?+0,! ,%! P5! (*%,+)3+! &<+)F)2+! )01! +<?,/%0! 4*%'! ,-+! )44/0/,;! &%<?'0Q!

589#:&;&</0! $! E)3! )</T?%,+1G! 589#:&;&</0! $! &%'(<+D! E)3! (?*/4/+1! .;! 2+<!

4/<,*),/%0! @A?(+*1+D! =RR! KR:PRR! fVB! ),! e°5G! J%*! ,-+! (?*/4/&),/%0! %4!

589#:&;&</0!$:M*1eQ!)0!+D&+33!%4!M*1e!E)3!/0&?.),+1!E/,-!589#:&;&</0!$!(*/%*!

,%! 2+<! 4/<,*),/%0G! J%*!.%,-! &%'(<+D+3! ,-+! 2+<! 4/<,*),/%0!E)3! *?0! /0!KUR'Z!S)5<Q!

=R'Z!$*/3!(W!7GRQ!KRq!2<;&+*%<Q!P'Z!8$$G!!589#:&;&</0!$!E)3!&%0&+0,*),+1!,%!

RG7U!'2:'<!)01!589#:&;&</0!$:M*1e!E)3! &%0&+0,*),+1! ,%!=G7!'2:'<G! A)'(<+3!

E+*+! )0)<;3+1! .;! -;1*%2+0:1+?,+*/?'C+D&-)02+! ')33! 3(+&,*%'+,*;! /0!

&%<<).%*),/%0!E/,-!hDA>6!@S+E!j+*3+;Q!iA>Q!EEEG+D3)*G&%'BG!!

!

!



! KKe!

#"!"? Q+EF(A&.)A&.+670*8.9(

N0/,/)<!6)1/%)&,/F+!)0)<;3/3!!

=G=µ2! M*1e@K="#CKPL=B! E)3! /0&?.),+1!E/,-! KRRµZ!>$HQ! RGKUµ5/! %CP=HC>$HQ! /0! ,-+!

(*+3+0&+!)01!).3+0&+!%4!=µ2!H<IK!/0!KR'Z!Z25<=Q!UR'Z!$*/3!(W!7GRQ!K'Z!8$$!

4%*! K! -%?*! ),! PR°5G! $-+! *+)&,/%0! F%<?'+! E)3! KRµ<G! H-%3(-%*;<),/%0! E)3!

,+*'/0),+1!.;!,-+!)11/,/%0!%4!A8ACH>fh!*?00/02!.?44+*G!A)'(<+3!E+*+!3+()*),+1!

.;!A8ACH>fh!2+<!)01!)0)<;3+1!)3!).%F+G!

!

H?*/4/&),/%0!%4!(-%3(-%*;<),+1!M*1e!

=URµ2!M*1e@KP==CKPL=B!E)3!/0&?.),+1!E/,-!"Rµ2!H<IKQ!/0!,-+!(*+3+0&+!%4!K'Z!>$H!

)01! /0! KD! I/0)3+! .?44+*! @KR'Z! Z25<=Q! UR'Z! $*/3! (W! 7GRQ! K'Z! 8$$BG! $-+!

(*%,+/03!E+*+!/0&?.),+1!),!PR°5!4%*!K=R!'/0?,+3G!

!

H-%3(-%*;<),+1! M*1e!E)3! 3+()*),+1! 4*%'! >$HQ! >8H! )01! H<IK! .;! 2+<! 4/<,*),/%0!

@W/V%)1! KL:LR! A?(+*1+D! PRB! /0! KUR'Z! S)5<Q! =R'Z! $*/3Q! U'Z! 8$$G!

H-%3(-%*;<),/%0!E)3!&%04/*'+1!.;!hANCZAG!

!

9/0)3+!)33);3!E/,-!(-%3(-%*;<),+1!M*1e!

KR02! 589#JV:&;&</0! $\$! E)3! /0&?.),+1! E/,-! /0&*+)3/02! &%0&+0,*),/%0! %4!

(-%3(-%*;<),+1!%*!?0(-%3(-%*;<),+1!M*1eG!$-+!*+)&,/%0!E)3!/0!KRR!'Z!>$HQ!KU!

µ2!fA$C5$8Q!KD!I/0)3+!.?44+*!@KR!'Z!Z25<=Q!UR!'Z!$*/3!(W!7GRQ!K!'Z!8$$BQ!RG=!

µ5/!%CP=HC>$HG!!$-+!*+)&,/%0!F%<?'+3!E+*+!KRµ<G!A)'(<+3!E+*+!/0&?.),+1!),!PR°5!

4%*!U!'/0?,+3G!A8ACH>fh!<%)1/02!.?44+*!E)3!)11+1!,%!,+*'/0),+!,-+!*+)&,/%0!)01!

,-+!/0&%*(%*),/%0!%4!P=H!E)3!'+)3?*+1!)3!).%F+G!!

!



! KKU!

#"!"4 V.E'7(./(Q+EF5-6-789(%(

A?(+*(%3+! @5&(eB! E)3! ?3+1! ,%! 3?(+*/'(%3+! *+3/1?+3! %4! M*1e! ?(%0! (?,),/F+!

+T?/F)<+0,!)'/0%!)&/13!%4!$),G!!$),!&%%*1/0),+3!E+*+!1*)E0!4*%'!,-+!3,*?&,?*+!%4!

589#:&;&</0! $:$),! @H8MO! PZN>BQ! E-/<+! M*1e! *+3/1?+3! E+*+! 1*)E0! 4*%'! ,-+!

3,*?&,?*+! %4! h=:M*1e! @H8MO! =SSiBG! ! M*1e! *+3/1?+3! KPeLCKPUP! %*! KPURCKPU"!

E+*+!3?(+*(%3+1!%0!$),!*+3/1?+3!PUCe=G!



! KKL!

!

#"# >'),7*)(

#"#"G 2.@089(89*'+0-*8.9)(

A+F+*)<! /0,+*)&,/%0! 3/,+3! .+,E++0! M*1e! )01! 589#:&;&</0! $! -)F+! .++0!')((+1!

(*+F/%?3<;G! ! M*1eC589#:&;&</0! $! /0,+*)&,/%03! -)F+! .++0! <%&)</3+1! ,%! .%,-! ,-+!

.*%'%1%')/03!)01!,-+!5C,+*'/0)<!*+2/%0!%4!M*1e!@j)02!+,!)<G!=RRUX!M/32*%F+!+,!

)<G! =RR"X! ]%<<'?,-! +,! )<G! =RR#BG! N0! )11/,/%0! M*1eC./01/02! 1%')/03! -)F+! .++0!

/1+0,/4/+1! %0! 589#Q! &;&</0! $! E/,-/0! *+3/1?+3! e=LCUKL! @5-%! +,! )<G! =RR"B! )01!

/'(</&),+1!),!,-+!$),C./01/02!1%')/0!%0!&;&</0!$!@j)02!+,!)<G!=RRUX!M/32*%F+!+,!)<G!

=RR"BG!!

!

$%! 1+,+*'/0+! ,-+! 4*)2'+0,3! %4! M*1e! ,-),! &%?<1! /0,+*)&,! E/,-! ,-+! &),)<;,/&!

1%')/03! %4! 589#! )01! &;&</0! $! "%& '"(#)! (?<<C1%E0! )0)<;3/3! E)3! ?01+*,)I+0!

@J/2?*+! PCPBG! $-+3+! +D(+*/'+0,3! E+*+! ?3+1! ,%! /1+0,/4;! ,-+! /0,+*)&,/%0! 3/,+3!

.+,E++0! M*1e! )01! 589#:&;&</0! $G! $E%! W/3C,)22+1! &%03,*?&,3! %4! M*1e! E+*+!

+D(*+33+1O!,-+!,)01+'!.*%'%1%')/0!&%03,*?&,!@M*1e!@eeCeLRBBQ!)01!,-+!5C,+*'/0)<!

*+2/%0!%4!M*1e!@M*1e!@K="#CKPL=BBG!\-+*+)3!W/3C,)22+1!M*1e!@K="#CKPL=B!&%?<1!'+1/),+!

,-+!(?<<1%E0!%4!589#PPR:&;&</0!$a""6Q!h#LfQ!J=eKVQ!W/3C,)22+1!M*1e@eeCeLRB!&%?<1!0%,G!!!

!



! KK"!

!

!"#$%&' O)OW' =:&' -)9&%K";L.' %&#"/;' 4-=76' /3' U%@R' ";9&%LB90' 2"9:' 9:&' K";"K$K' C";L0&' @/KL";0' /3'

-DEFGBHB.";'=,''>O!8%')/0!3,*?&,?*+!%4!M*1e!3-%E/02!,-+!,)01+'!.*%'%1%')/0!&%03,*?&,!)01!5C,+*'/0)<!
*+2/%0! &%03,*?&,G!MO! H?<<1%E0!%4!589#PPR:&;&</0!$a""6Q! h#LfQ! J=eKV! ?3/02!W/3CM*1e! &%03,*?&,3G! !M*1e@K="#CKPL=B!
,-),! +0&%1+3! ,-+! 5C,+*'/0)<! *+2/%0Q! E)3! *+)1/<;! (?*/4/+1! %0! S/CS$>! .+)13G! ! W%E+F+*Q! ,-+! ,)01+'!
.*%'%1%')/03!(*%F+1! ,%!.+!?03,).<+! *+3?<,/02! /0!'?<,/(<+!5C,+*'/0)<<;! ,*?0&),+1!(*%1?&,3G! !$-+!(*%,+/0!
.)013!!/0!,-/3!2+<!@)01!)<<!2+<3!(*+3+0,+1!/0!,-/3!,-+3/3B!)*+!3,)/0+1!E/,-!5%%')33/+!.<?+G!Z%<+&?<)*!E+/2-,!
')*I+*3!@6/2-,!-)01!<)0+B!&%**+3(%01!,%!(*%,+/03!%4!')33+3!K"Q!=LQ!PeQ!ePQ!UUQ!"=Q!#U!I8)G!

!

#"#"! M9076*8-07(C'7(/87*+0*8.9(09076)8)(

f+<! 4/<,*),/%0! E)3! ?3+1! ,%! .%,-! &%04/*'! ,-+! /0,+*)&,/%0! 1+,+&,+1! .;! (?<<C1%E0!

)0)<;3/3!)01!,%!)33+33!,-+!3,)./</,;!%4!,-+!589#:&;&</0!$:M*1e!&%'(<+DG!$-+!W/3C!

M*1e@K="#CKPL=B:589#@PPR!$K7L>B:&;&</0!$@a""6Q!h#LfQ!J=eKVB!&%'(<+D!)01!,-+!/01/F/1?)<!

&%'(%0+0,3! E+*+! *?0! %0! )0! )0)<;,/&)<! 2+<! 4/<,*),/%0! &%<?'0G! S%! 3/20/4/&)0,!

&-)02+!/0!+<?,/%0!F%<?'+!E)3!%.3+*F+1!.+,E++0!,-+!589#:&;&</0!$!(+)I3!/0!,-+!

(*+3+0&+!)01!).3+0&+!%4!M*1eG!W%E+F+*Q!A8ACH>fh!)0)<;3/3!%4!3+<+&,+1!4*)&,/%03!

*+F+)<+1! ,-),! M*1e! &%C+<?,+3! E/,-! 589#:&;&</0! $! E-+0! )<<! ,-*++! (*%,+/03! )*+!

(*+3+0,! @J/2?*+! PCeBG! $-+3+! *+3?<,3! &%04/*'! )0! /0,+*)&,/%0! .+,E++0! ,-+!5$6!%4!

BD2 ET SEED CTRBD1
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! KK7!

M*1e! )01! 589#:&;&</0! $G! J*%'! (*+F/%?3! +D(+*/+0&+3! E/,-/0! ,-+! <).Q! ,-/3!

.+-)F/%?*!/3!%.3+*F+1!4%*!&%'(<+D+3!E/,-!,-+!1/33%&/),/%0!&%03,)0,!@91B!sKrZG!!

!

!"#$%&'O)RW'<;L.H0"0'/3'9:&'";9&%LB9"/;'?&92&&;'-DEFGBHB.";'='L;@'9:&'U%@R)-=D'4X"0)U%@R4*(IF)*O+(66,''

N0!+)&-!()0+<Q!,-+!VWA!4/2?*+!3-%E3!,-+!2+<!4/<,*),/%0!&-*%'),%2*)'!@'+)3?*+1!),!=7R!0'B!)01!,-+!6WA!)0!
)0)<;3/3!%4! 3+<+&,+1! 4*)&,/%03!.;!A8ACH>fhG!J*)&,/%03! 3-%E0! 4%*! +)&-!+D(+*/'+0,! &%**+3(%01! ,%! /1+0,/&)<!
+<?,/%0!,/'+3G!>!.)*!?01+*!+)&-!2+<!4/<,*),/%0!(*%4/<+!-/2-</2-,3!,-%3+!4*)&,/%03!*?0G!M*1e!1%+3!0%,!).3%*.!),!
=7R0'! )01! -+0&+! ,-+! &-*%'),%2*)'! 4%*! M*1e! 3-%E3! 0%! 1/3&+*0/.<+! (+)IG! ! ! @>B! 589#:&;&</0! $Q! @MB!
589#:&;&</0!$:M*1eQ!@5B!M*1eG!!
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! KK#!

!

#"#"# IE'9*8/8-0*8.9( ./( *&'( @898@,@( Q+EF( /+0C@'9*( *&0*( 89*'+0-*)( O8*&(

12345-6-789(%(

M)3+1! %0! 3+&%01)*;! 3,*?&,?*)<! )0)<;3/3Q! &%03,*?&,3! %4! ,-+! M*1eC5$6! F)*;/02! /0!

<+02,-! E+*+! &<%0+1! ,%! /1+0,/4;! )! '/0/'?'! 3+T?+0&+! ,-),! &)0! /0,+*)&,! E/,-!

589#:&;&</0! $! @J/2?*+! PCUBG! $-+3+! &%03,*?&,3!E+*+! ?3+1! 4%*! /0/,/)<! (?<<C1%E03!

E/,-!589#PPR:&;&</0!$a""6Qh#LfQJ=eKVG! ><<! &%03,*?&,3! +D(*+33+1!E+<<! )01!.%?01! ,%!

589#:&;&</0! $! @J/2?*+! PCLBG! ! $-+! F+*;! 5C,+*'/0)<! eR! *+3/1?+3! %4! M*1e! )*+!

,-+*+4%*+!3?44/&/+0,!,%!/0,+*)&,!E/,-!589#PPR:&;&</0!$a""6Qh#LfQJ=eKVG!

!

!"#$%&'O)NW'D/KL";'09%$B9$%&'/3'U%@RY'0&Z$&;B&'L;L.H0"0'L;@'B./;&@'B/;09%$B90,'W+</&+3Q!(*+1/&,+1!.;!
j(*+1P!@5%<+!+,!)<G!=RR7B!%*!%.3+*F+1! /0!,-+!&*;3,)<!3,*?&,?*+!%4!H8M!4/<+!=SSiQ!)*+!1+(/&,+1!)3!&;</01+*3G!
$-*++!4?*,-+*!&%03,*?&,3!/1+0,/4/+1!.;!,-+!,-*++!<%E+3,!</0+3!E+*+!&<%0+1!4*%'!,-+!4?<<C5$6!&%03,*?&,G''''

!

!"#$%&'O)+W'7&0"@$&0'*O(()*O+('/3'U%@R'A$..)@/2;'-DEFGBHB.";'=,'W/3CM*1e!&%03,*?&,3!E+*+!?3+1!)3!
.)/,!,%!&)(,?*+!589#PPR:&;&</0!$a""6Qh#LfQJ=eKV!%0!S/CS$>!)2)*%3+!.+)13G!

!
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! K=R!

#"#"F 1=*'+@8907(-.9)*+,-*)(./(Q+EF(0-*8K0*'(1234UW5-6-789(%GX%(

W)F/02! /1+0,/4/+1! ,-),! ,-+! 5C,+*'/0)<! eR! *+3/1?+3! %4! M*1e! )*+! 3?44/&/+0,! 4%*!

./01/02! 589#:&;&</0! $Q! ,-+! /04<?+0&+! %4! M*1e! %0! 589#! I/0)3+! )&,/F/,;! E)3!

/0F+3,/2),+1G! J%*! ,-+3+! +D(+*/'+0,3Q! ,-+! (-%3(-%*;<),/%0! %4! fA$C5$8! .;!

589#:&;&</0! $! E)3! )33);+1! /0! ,-+! (*+3+0&+! %4! /0&*+)3/02! )'%?0,3! %4! M*1eG!!

>33);3! E+*+! ?01+*,)I+0! ?3/02! 3,)01)*1! I/0)3+! &%01/,/%03! @3++! 5-)(,+*! PG=GUB!

)01!?3/02! )!fA$C,)22+1! F+*3/%0!%4! ,-+!U=!-+(,)1! *+(+),!5$8G! H-%3(-%,*)034+*!

E)3!1+,+&,+1!.;!'+)3?*/02!,-+!/0&%*(%*),/%0!%4!*)1/%)&,/F+!(-%3(-),+!P=H!4*%'!

P=HC%C>$H!/0,%!,-+!5$8!3?.3,*),+G!><<!I/0)3+!)33);3!E+*+!/0&?.),+1!),!PR°5!4%*!U!

'/0?,+3!,%!+03?*+!,-+!+D(+*/'+0,3!E+*+!(+*4%*'+1!/0!,-+!/0/,/)<!*),+!(-)3+!@3++!

>((+01/D! 5BG! >0! /0&*+)3+! /0! P=H! /0&%*(%*),/%0! ,-+*+4%*+! *+<),+3! 1/*+&,<;! ,%! )0!

/0&*+)3+!/0!I/0)3+!)&,/F/,;G!

!

!"#$%&' O)I,' U%@R4*O(()*O+(6' 09"K$.L9&0' LB9"1L9"/;' /3' -DEF!MGBHB.";' =[=,'>&,/F/,;! %4! 589#:&;&</0! $!E)3!
'+)3?*+1!,-*%?2-!,-+!/0&%*(%*,),/%0!%4!P=HG!

!

N0&*+)3/02! ,-+! &%0&+0,*),/%0! %4! M*1e@KP==CKPL=B! /0&*+)3+1! ,-+! I/0+,/&! )&,/F/,;! %4!

589#JV:&;&</0!$\$!.;!)!')D/'?'!%4!=G=!4%<1!@J/2?*+!PC"BG!!A?.3+T?+0,!)11/,/%0!
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! K=K!

%4!M*1e!*+1?&+3!,-+!+44+&,!%0!589#!)01!,-+!589#!)&,/F/,;!1*%(3G!$-+!*+)3%0!4%*!

,-/3!/3!?0&<+)*!.?,!/3!</I+<;!,%!.+!)0!)*,/4)&,!%4!,-+!)33);!3;3,+'G!>!3/'/<)*!+44+&,!

-)3!.++0!%.3+*F+1! /0! ,-+! <).!E-+0!589#Q! /0! ,-+!(*+3+0&+!%4! *)01%'!(+(,/1+3Q!

-)1!)!<%E+*!I/0)3+!)33);!,-)0!/0!,-+!).3+0&+!%4!,-+!(+(,/1+3G!

!

i3/02!)!%0+!3/,+!./01/02!'%1+<Q!)01!)33?'/02!,-),!)&,/F/,;!/3!1/*+&,<;!*+<),+1!,%!

/0,+*)&,/%0Q!,-+!(*+1/&,+1!91!/3!KGPrZ!t:C!RGPUµZG!$-/3!/3!/0!)2*++'+0,!E/,-!,-+!

&%'(<+D!.+/02!3,).<+!%0!2+<!4/<,*),/%0!@3++!J/2?*+!PCeB!)01!/3!E/,-/0!,-+!*)02+!%4!)!

'%1+*),+:E+)I!(*%,+/0C(*%,+/0!/0,+*)&,/%0!@9)3,*/,/3!+,!)<G!=RKKBG!!

!

#"#"N %&'(1=*'+@8907(FY(+')8E,')(A.))'))')(*&'(/,77(Q+EF(1%>(0-*8K0*.+('//'-*(

$-+!<+02,-!%4!,-+!M*1e!5$6!');!.+!)!'%*+!+D,+01+1!3+&,/%0!%4!,-+!5C,+*'/0?3!%4!

M*1e! ,-)0! ,-+! eR! *+3/1?+3! ,+3,+1! ).%F+G! N0! %*1+*! ,%! 1+,+*'/0+! /4! <%02+*!

&%03,*?&,3!E+*+! &)().<+! %4! 2*+),+*! +0-)0&+'+0,!%4! 589#!)&,/F/,;! %*! /4! 3-%*,+*!

&%03,*?&,3! *+')/0+1! 3?44/&/+0,! 4%*! )&,/F),/02! 589#:&;&</0! $! )! F)*/+,;! %4! M*1e!

&%03,*?&,3!E+*+!,+3,+1!4%*!,-+/*!)&,/F/,;!@J/2?*+!PC7!)01!J/2?*+!PC#BG!

!

!

!"#$%&'O)8,'D/KL";'09%$B9$%&'/3'U%@R'L;@'B/;09%$B90'9&09&@'3/%'C";L0&'LB9"1"9H,'N0!)11/,/%0!,%!M*1e@K="#C
KPL=B!)01!M*1e@KP==CKPL=BQ!M*1e@KP==CKPe=B!)01!M*1e@KPe=CKPL=BQ!3-%E0!).%F+!.;!</0+3Q!E+*+!?3+1!,%!/0F+3,/2),+!,-+!
*+3/1?+3!%4!M*1e!*+T?/*+1!,%!/04<?+0&+!,-+!I/0)3+!)&,/F/,;!%4!589#:&;&</0!$G!>3!.+4%*+Q!,-+!(*+1/&,+1!
3+&%01)*;!-+</&)<!3,*?&,?*+!)01!,-),!%.3+*F+1!/0!,-+!&*;3,)<!3,*?&,?*+!%4!H8M!4/<+!=SSi!)*+!1+(/&,+1!)3!
&;</01+*3G!
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! K==!

!

!"#$%&'O)F,'7&.L9"1&'";B%&L0&'";'LB9"1"9H'/3'-DEF!MGBHB.";'=*[='";'9:&'A%&0&;B&'/3'L'%L;#&'/3'U%@R'-=7'

B/;09%$B90'L9'";B%&L0";#'B/;B&;9%L9"/;0,'!

!

\-/<3,!/0&*+)3+1!&%0&+0,*),/%03!%4!M*1e@K="#CKPL=B!)01!M*1e@KP==CKPL=B!/0&*+)3+!,-+!

)&,/F/,;! %4! 589#JV:&;&</0! $\$! ,%! 3/'/<)*! +D,+0,3Q! ,-+! 3-%*,+*! &%03,*?&,3! %4!

M*1e@KP==CKPe=B! )01! M*1e@KPe=CKPL=B! -)F+! </,,<+! +44+&,! %0! 589#! )&,/F/,;G! $)I+0!

,%2+,-+*Q!,-+3+!*+3?<,3!(*%F/1+!3,*%02!+F/1+0&+!,-),!*+3/1?+3!KP==CKPL=!%4!M*1e!

)*+!)!'/0/')<!4?0&,/%0/02!?0/,!,-),!)&,/F),+3!589#G!

!

#"#"P R=%TUD( 0-*8K0*8.9( 8)( D+.,C&*( 0D.,*( D6( 89-+'0)89C( J@0B( O&87'( 7'0K89C( 3@(

70+C'76(,907*'+'E(

$%! 1+,+*'/0+! ,-+! '+&-)0/3'! .;! E-/&-! M*1e! /0&*+)3+3! ,-+! I/0+,/&! )&,/F/,;! %4!

589#Q! )! '%*+! 1+,)/<+1! I/0+,/&! )0)<;3/3! E)3! ?01+*,)I+0G! ])*;/02! ,-+!
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! K=P!

&%0&+0,*),/%0!%4!3?.3,*),+!+0).<+3!,-+!9'!@,-+!&%0&+0,*),/%0!%4!3?.3,*),+!),!-)<4!

')D/'?'!+0g;'),/&! )&,/F/,;B! )01!]')D! @,-+! +0g;'+3!')D/'?'!F+<%&/,;! ?01+*!

,-+! &%01/,/%03! ,+3,+1B! %4! 589#:&;&</0! $! ,%! .+! 1+,+*'/0+1!E/,-! *+3(+&,! ,%! ,-+!

,/,*),+1!3?.3,*),+G!i01+*,)I/02!,-+3+!+D(+*/'+0,3! /0!,-+!(*+3+0&+!%4! /0&*+)3/02!

&%0&+0,*),/%0!%4!M*1e!1+,+*'/0+3!,-+!+44+&,! ,-),!M*1e!-)3!%0!,-+3+!,E%!I/0+,/&!

()*)'+,+*3G! A?&-! +D(+*/'+0,3! (*%F/1+! '%*+! 1+,)/<+1! /04%*'),/%0! %0! E-+,-+*!

M*1e!+0-)0&+3!3?.3,*),+!./01/02!%*! /0&*+)3+3! ,-+!')D/'?'!,?*0%F+*!*),+! ,-),!

,-+! I/0)3+! /3! ).<+! ,%! )&-/+F+! @8/D%0! )01!\+..!K#"#X! V+3I%F)&! =RRPX! 5%*0/3-C

M%E1+0!=RReB!G!

!

hF)<?),/02! ,-+! +44+&,! %4! ,/,*),/02! M*1e! &%03,*?&,3! /0,%! )33);3! ,-),! &%0,)/0+1!

F)*;/02! &%0&+0,*),/%0! %4! +/,-+*! 3?.3,*),+Q! >$H! %*! fA$C5$8Q! 3-%E+1! ,-),! M*1e!

)&,/F),+3!589#:&;&</0!$!?01+*!)!*)02+!%4!3?.3,*),+!&%0&+0,*),/%03!@J/2?*+!PCKR!

)01!J/2?*+!PCKKBG!>&,/F/,/+3!'+)3?*+1!E-/<+!F)*;/02!>$H!&%0&+0,*),/%0!*+)&-+1!

)!(<),+)?!),!-/2-!>$H!&%0&+0,*),/%03Q!+0).</02!'%*+!)&&?*),+!1+,+*'/0),/%0!%4!

]')D!)01!9'G!$-+!3)'+!<+F+<3!%4!3),?*),/%0!&%?<1!0%,!.+!)&-/+F+1!4%*!,-+!5$8!1?+!

,%!/,3!</'/,+1!3%<?./</,;G!

!

$-+!1),)!E)3!)0)<;3+1!.)3+1!%0!,-+!Z/&-)+</3CZ+0,+0!'%1+<!)01!+T?),/%0Q!!!

!

!

E-+*+Q!F!/3!,-+!+0g;'+!F+<%&/,;Q!]')D!/3!,-+!+0g;'+3!')D/'?'!F+<%&/,;Q!uAv!*+4+*3!

,%! ,-+! 3?.3,*),+! &%0&+0,*),/%0Q! )01!9'! /3! ,-+! 3?.3,*),+! &%0&+0,*),/%0! ),!E-/&-!

,-+!+0g;'+!;/+<13!-)<4C')D/')<!F+<%&/,;G!

! 

v =
V max[S]

Km + [S]



! K=e!

6),+3!'+)3?*+1!E-/<+! F)*;/02! %0<;! ,-+! &%0&+0,*),/%03! %4! >$H! )01! M*1e! 3-%E!

,-),!/0!,-+!(*+3+0&+!%4!-/2-+*!&%0&+0,*),/%03!%4!M*1e!,-+!I/0)3+!)&,/F/,;!%4!589#!

3),?*),+3!),!)!-/2-+*!*),+!@$).<+!PC=BG!W%E+F+*Q!,-+!-)<4C&%0&+0,*),/%0!%4!>$H!),!

E-/&-! ,-/3! %&&?*3! *+')/03! ?0)<,+*+1! /01+(+01+0,! %4! ,-+! M*1e! &%0&+0,*),/%0G!

$-/3!3-%E3!,-),!M*1e!1%+3!0%,!)44+&,!,-+!>$H!9'!.?,!)44+&,3!,-+!]')D!E/,-!*+3(+&,!

,%!>$HG!$-/3! /01/&),+3!,-),!,-+!)44/0/,;!%4!589#:&;&</0!$!4%*!>$H!/3!?0)<,+*+1!/0!

,-+!(*+3+0&+!%4!M*1eG!N0!+44+&,Q!),!,-/3!5$8!&%0&+0,*),/%0!,-+!M*1e!/3!)&,/02!/0!)!

')00+*! )0)<%2%?3! ,%! )! 0%0C&%'(+,/,/F+! /0-/./,%*G! ! $-+! M*1e! E/<<! ./01! ,%! )!

<%&),/%0!,-),!/3!3+()*),+!4*%'!,-+!>$H!./01/02!3/,+Q!.?,!');!/0&*+)3+!,-+!%F+*)<<!

*),+!%4!,-+!+0g;'+C&),)<;3+1!*+)&,/%0G!!

!

!

!

!



! K=U!

!

!"#$%&' O)*P,' <;L.H0"0' /3' <=>)%&.L9&@' C";&9"B' AL%LK&9&%0' /3' -DEF!MGBHB.";' =[=' ";' 9:&' A%&0&;B&' /3'

U%@R,'8),)!/3!(*+3+0,+1!/0!)!0%0C</0+)*!4%*'),G!$-+!Z/&-)+</3CZ+0,+0!+T?),/%0!E)3!?3+1!4%*!)0)<;3/3!)01!
3,),/3,/&)<! )0)<;3/3!E)3!?01+*,)I+0!?3/02!>I)/I+k3! N04%*'),/F+!5*/,+*/)! @>N5&B! @>I)/I+!K#"eX!W?*F/&-! )01!
$3)/!K#7#BG!!

!
M*1e!@µZB! R! RGKU! RGeU! RG#! KGU! cF+*)<<!
]')D!@µZ%<!>$H:'2B! 0.27 0.32 0.39 0.40 0.50 - 

]')D!3,1!+**%*!!
@µZ%<!>$H:'2B! 0.01 0.01 0.01 0.01 0.01 - 

9'!@µZB! 39.81 39.81 39.81 39.81 39.81 39.81 

9'!3,1!+**%*!@µZB! PGR#! PGR#! PGR#! PGR#! PGR#! PGR#!
6C4)&,%*! RG"7! RG7U! RG#=! RG7=! RG7L! RG#R!
'

=L?.&'O)(,''<;L.H0"0'/3'-DEFGBHB.";'='C";&9"B'1L.$&0'2"9:'%&0A&B9'9/'<=>,''>0)<;3/3!%4!f*)(-!>Q!J/2?*+!PC
#!1+,+*'/0+1!,-+!).%F+!F)<?+3!)01!+**%*3!%4!,-+!1),)G!$-+!F)<?+3!E+*+!1+,+*'/0+1!)33?'/02!)!&%03,)0,!9'!
)&*%33!1),)3+,3!@3?.3+T?+0,!,%!>N5&!3,),/3,/&)<!)0)<;3/3BG!

Brd4 activates CDK9/cyclin T : ATP kinetic analysis



! K=L!

!

!"#$%&' O)**,' <;L.H0"0' /3' -=D)%&.L9&@' C";&9"B' AL%LK&9&%0' /3' -DEF!MGBHB.";' =[=' ";' 9:&' A%&0&;B&' /3'

U%@R,'8),)!/3!(*+3+0,+1!/0!)!0%0C</0+)*!4%*'),G!$-+!Z/&-)+</3CZ+0,+0!+T?),/%0!E)3!?3+1!4%*!)0)<;3/3!)01!
3,),/3,/&)<!)0)<;3/3!E)3!?01+*,)I+0!?3/02!>I)/I+k3!N04%*'),/F+!5*/,+*/)!@>N5&BG!!

!
M*1e!@µZB! R! RGKU! RGP! KGU! f<%.)<!
]')D!@>*.!?0/,3B! #ReUP! K=KeP7! K=7UK"! KU=LPR! C!
]')D!3,1!+**%*!! 7ReR! KRK"7! KRL7K! K=Pe=! C!
9'!@µZB! eKG##! eKG##! eKG##! eKG##! eKG##!
9'!3,1!+**%*!@µZB! LGP7R! LGP7R! LGP7R! LGP7R! LGP7R!
6C4)&,%*! RG#K=K! RG#U7P! RG7"LK! RG"#PR! RG#K!
'

=L?.&'O)O,'<;L.H0"0'/3'-DEFGBHB.";'='C";&9"B'1L.$&0'2"9:'%&0A&B9'9/'-=D,''>0)<;3/3!%4!f*)(-!>Q!J/2?*+!PC
KR!1+,+*'/0+1!,-+!).%F+!F)<?+3!)01!+**%*3!%4!,-+!1),)G!$-+!F)<?+3!E+*+!1+,+*'/0+1!)33?'/02!)!&%03,)0,!9'!
)&*%33!1),)3+,3!@3?.3+T?+0,!,%!>N5&!3,),/3,/&)<!)0)<;3/3BG!

'

!
!
!
!
!
!
!
!

Brd4 activates CDK9/cyclin T : CTD kinetic analysis



! K="!

$-+!5$8! )0)<;3/3! *+F+)<+1! ,-+! 3)'+! *+3?<,3! )3! 3++0! 4%*!>$H! ^! ,-+!9'! *+')/03!

&%03,)0,!)01! ,-+!]')D! /0&*+)3+3!E/,-! *+3(+&,! ,%! ,-+!5$8!@$).<+!PCP!)01!J/2?*+!

PCKKBG!$-/3!,-+*+4%*+!4?*,-+*!/'(</+3!,-),!M*1e!./013!,%!0+/,-+*!3?.3,*),+!./01/02!

3/,+3!.?,!/0-+*+0,<;!/0&*+)3+3!,-+!)&,/F/,;!%4!,-+!I/0)3+G!

!

#"#"$ Q.*&(/,77=7'9C*&(09E(*+,9-0*'E(12345-6-789(%(0+'(0-*8K0*'E(D6(Q+EF(

589#!E/,-! ,-+! ,*?0&),+1! 5C,+*'/0)<! ,)/<! /3! ,-+! &%03,*?&,! ,-),! E+! -)F+!'%3,<;!

?3+1!4%*!&*;3,)<<%2*)(-/&!)0)<;3/3!1?+!,%!/,3!3?(+*/%*!&*;3,)<<%2+0+3/3G!6+&+0,<;!/,!

-)3! .++0! 4%?01! ,-),! ,-+! 5C,+*'/0)<! ,)/<! /04<?+0&+3! ,-+! I/0+,/&! '+&-)0/3'! %4!

3?.3,*),+!(-%3(-%*;<),/%0!.;!+04%*&/02!)0!%*1+*+1!I/0+,/&!*+)&,/%0!@M)?'</!+,!)<Q!

Z)0?3&*/(,! /0! (*+()*),/%0BG! N0! ,-/3! &)3+! >$H! ./013! 4/*3,Q! 4%<<%E+1! .;! ,-+! fA$C

5$8G!>4,+*!,-+!(-%3(-%,*)034+*!-)3!%&&?**+1!,-+!(-%3(-%*;<),+1!5$8!/3!*+<+)3+1!

.+4%*+! 4/0)<<;!>8H! /3! *+<+)3+1G! ! N0! ,-+!).3+0&+!%4! ,-+!5C,+*'/0)<! ,)/<! ,-+!I/0+,/&!

*+)&,/%0!/3!)!*)01%'!+F+0,!*+)&,/%0G!

!

$%! 1+,+*'/0+! /4! ,-+! 5C,+*'/0)<! ,)/<! %4! 589#! /04<?+0&+3! ,-+! )&,/F),/%0! %4!

589#:&;&</0!$!.;!M*1eQ!,-+!/0&*+)3+!/0!I/0)3+!)&,/F/,;!%4!589#PPR:&;&</0!$\$!E)3!

'+)3?*+1! /0! ,-+! (*+3+0&+! %4! )0! /0&*+)3/02! &%0&+0,*),/%0! %4! M*1eG! $-+! *+3?<,3!

@J/2?*+!PCK=B!3-%E!)0!/0&*+)3+!/0!)&,/F/,;!1?+!,%!M*1e!3/'/<)*!,%!,-),!%.3+*F+1!

4%*! 4?<<! <+02,-!589#G!$-?3! ,-+!+0-)0&+'+0,!%4!I/0)3+!)&,/F/,;!+44+&,+1!.;!M*1e!

)((+)*3!,%!.+!/01+(+01+0,!%4!,-+!(*+&/3+!I/0+,/&!(),-E);!4%<<%E+1!.;!,-+!589#!

&%03,*?&,3! &%03/1+*+1G! N,3! )&,/F),/%0! +44+&,! /3! ,-+*+4%*+! /01+(+01+0,! %4! ,-+! 5C

,+*'/0)<!,)/<!)01!,-+!%*1+*+1!I/0+,/&!'+&-)0/3'!/'(%3+1!.;!,-+!5C,+*'/0?3G!

!



! K=7!

>!

!

M!

!

!"#$%&'O)*(,'<B9"1L9"/;'/3'-DEFOOPGBHB.";'=[='?H'U%@R,'>O!N0&*+)3+! /0!)&,/F/,;!%4!589#PPR:&;&</0!$\$! /3!
&%0&+0,*),/%0! 1+(+01+0,G! MO! 589#PPR:&;&</0! $\$! /3! )&,/F),+1! '%*+! .;! =U('%<! M*1e@KP==CKPL=B! ,-)0! /3!
589#JV:&;&</0!$\$!

$-/3! )33);! )<3%! (*%F/1+3! /04%*'),/%0! %0! ,-+!')D/'?'! 4%<1! /0&*+)3+! ,-),! M*1e!

&)0!(*%F/1+!,%!589#!)01!&)0!.+!?3+1!,%!(*%F/1+!)0!+3,/'),+!%4!,-+!1/33%&/),/%0!

&%03,)0,!.+,E++0!M*1e!)01!589#:&;&</0!$G!589#PPR!/0&*+)3+3!/0!)&,/F/,;!.;!UG7!±!

RG7=!4%<1!/0!,-+!(*+3+0&+!%4!M*1e@KP==CKPL=BQ!E-+*+)3!589#JV!/0&*+)3+3!/0!)&,/F/,;!

.;!=G=!±!RG=L!4%<1G!M*1e!,-+*+4%*+!-)3!)!2*+),+*!+44+&,!%0!)&,/F/,;!%4! ,-+!3-%*,+*!

&%03,*?&,!,-)0!,-),!%4!,-+!4?<<C<+02,-!I/0)3+!?01+*!3,)01)*1!)33);!&%01/,/%03G!$-+!

1),)!)<3%!(*%F/1+3!/04%*'),/%0!%0!,-+!91!%4!M*1e!4%*!589#PPR!@=L?.&'O)RBG!J%*!,-+!

4?<<!<+02,-!&%03,*?&,!,-+!91!.+,E++0!589#:&;&</0!$!)01!M*1e!/3!1+,+*'/0+1!,%!.+!

KGPrZ! )01! 4%*! ,-+! 589#! &%03,*?&,! <)&I/02! ,-+! 5C,+*'/0)<! ,)/<! ,-+! 91! /3! 3/'/<)*!

@PrZBG!$-+!./01/02!%4!M*1e@KP==CKPL=B!,%!HC$hJ.!/3!,-+*+4%*+!?0</I+<;!,%!.+!,-*%?2-!

,-+!5C,+*'/0)<!,)/<!%4!589#!%*!,%!.+!/04<?+0&+1!.;!,-+!,)/<G!

! 91!@µZB!
589#JV:&;&</0!$\$! KGP!t:C!RGPU!
589#PPR:&;&</0!$\$! PGR!t:C!KGK!

'

=L?.&' O)R,' D"00/B"L9"/;' B/;09L;90' 3/%' U%@R' ";9&%LB9";'2"9:' -DEFGBHB.";' =' 1L%"L;90,'91! F)<?+3! E+*+!
&)<&?<),+1!4*%'!I/0)3+!)33);3G!!

!
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! K=#!

#"#"? %&'(0-*8K0*8.9(./(R=%TUD(D6(Q+EF(8)(89E'A'9E'9*(./(*&'(-6-789(%(8)./.+@(

90%E/02! ,-),! ,-+! 589#! ,)/<! 1%+3! 0%,! /04<?+0&+! ,-+! ./01/02! %4! M*1e! ,%!

589#:&;&</0!$!)!3/'/<)*!)((*%)&-!E)3!,)I+0!E/,-!&;&</0!$!/3%4%*'3!,%!1+,+*'/0+!

/4! M*1e! -)3! ,-+! 3)'+! )&,/F),/%0! +44+&,! %0! &;&</0! $K! )01! &;&</0! $=G! ><,-%?2-!

&;&</0!$K! )01! &;&</0! $=! +D(*+33/%0! <+F+<3! )*+! 3/'/<)*! /0! '%3,! &+<<! ,;(+3Q! ,-+/*!

+D(*+33/%0!/3!/01?&+1!1/44+*+0,<;!E/,-/0!')&*%(-)2+!&+<<3!@8+!V?&)!+,!)<G!=RRK)X!

8+! V?&)! +,! )<G! =RRK.X! V/%?! +,! )<G! =RRLBG! $-+;! )*+! .%,-! )<3%! *+3(%03/.<+! 4%*!

*+2?<),/02! )! ?0/T?+! 3?.3+,! %4! 2+0+3! @6)')I*/3-0)0! +,! )<G! =RKKBG! N,! &%?<1!

,-+*+4%*+! .+! -;(%,-+3/3+1! ,-),! ,-+! /0,+*)&,/%0! %4! M*1e! E/,-! HC$hJ.! '/2-,!

1+(+01!%0!,-+!/3%4%*'!%4!&;&</0!$!/0F%<F+1Q!3%!)3!,%!)<<%E!1/44+*+0,/)<!&%0,*%<!%4!

,-+!,*)03&*/(,/%0!%4! ,-+!2+0+3!,-),!&-)*)&,+*/g+!&+<<! ,;(+!)01:%*!1+F+<%('+0,)<!

3,)2+G!

!

!"#$%&'O)*O,'=:&' ";3.$&;B&'/3' BHB.";'='1L%"L;9'/;'-DEF'C";L0&'LB9"1"9H,'5;&</0!$! /3%4%*'3!$K! )01!$=!
&%'(<+D+1!,%!589#!-)F+!,-+!3)'+!)&,/F/,;!)01!)*+!)11/,/%0)<<;!)&,/F),+1!,%!,-+!3)'+!+D,+0,!.;!M*1e@KP==C
KPL=BQ!

!"#$%&'()#&*#$+'$,"#$*-*(%&$%.+'+/0$1&2$3/24$+&$,"#$1*,%5%,-$+'
6789:*-*(%&$!
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! KPR!

!

$%!1+,+*'/0+!E-+,-+*!&;&</0!$K!)01!&;&</0!$=!1/44+*+0,/)<<;!)44+&,!,-+!)&,/F/,;!%4!

589#!%0!,-+!fA$C5$8!3?.3,*),+Q!,-+!)&,/F/,;!%4!589#PPR!/0!,-+!(*+3+0&+!%4!+)&-!

&;&</0!/3%4%*'!E)3!)0)<;3+1G!$-+!*+3?<,3!3-%E!</,,<+!1/44+*+0&+!/0!589#!)&,/F/,;!/0!

,-+!(*+3+0&+!%4! ,-+!,E%!&;&</0! /3%4%*'3!@J/2?*+!PCKPBG!J?*,-+*'%*+Q!)0)<;3/3!%4!

,-+! 1),)! ?3/02! )! =CE);! >Sc]>! ,+3,! 3?22+3,3! ,-),! ,-+! )&,/F/,;! %4! 589#! /3!

/01+(+01+0,! %4! ,-+! &;&</0! /3%4%*'!(*+3+0,G! $-/3! 1),)! 3-%E3! ,-),! 589#! )&,/F/,;!

1%+3!0%,!1+(+01!%0!,-+!3(+&/4/&!&;&</0!)33%&/),+1!E/,-!589#G!

!

A+&%01<;Q! M*1e! E)3! /0,*%1?&+1! /0,%! ,-/3! )33);! /0! %*1+*! ,%! )3&+*,)/0! E-+,-+*!

M*1e! -)3! )! 1/44+*+0,/)<! +44+&,! %0! ,-+! )&,/F/,;! %4! 589#! E-+0! &%'(<+D+1! E/,-!

1/44+*+0,! &;&</0! $! /3%4%*'3G! ! N0! ,-/3! )33);Q! ,-+! (*+3+0&+! %4! M*1e! &)?3+1! ,-+!

+D(+&,+1! /0&*+)3+! /0! )&,/F/,;! %4! 589#:&;&</0! $KQ! )01Q! '%*+%F+*Q! &)?3+1! )0!

+0-)0&+'+0,! %4! ,-+! )&,/F/,;! %4! 589#:&;&</0! $=G! ! $-+*+! E)3! 0%! 3,),/3,/&)<<;!

3/20/4/&)0,!1/44+*+0&+!/0!,-+!')20/,?1+!%4!M*1e!+0-)0&+'+0,!%4!589#:&;&</0!$K!

)01!589#:&;&</0!$=!3?22+3,/02!,-),! ,-+!)&,/F),/%0!%4!589#:&;&</0!$!.;!M*1e! /3!

/01+(+01+0,!%4!,-+!/3%4%*'!%4!&;&</0!$!,-),!/3!(*+3+0,G! !$-/3!*+3?<,!3?22+3,3!,-),!

,-+!+44+&,!%4!M*1e!%0!,*)03&*/(,/%0!/3!0%,!*+3,*/&,+1!,%!2+0+3!,-),!)*+!1+(+01+0,!

%0!&;&</0!$KQ!.?,!*),-+*!)((</+3!+T?)<<;!,%!)<<!2+0+3!)&,/F),+1!.;!HC$hJ.G!

!

>3!M*1e!-)3! ,-+! 3)'+! +44+&,! %0! )&,/F),/%0! %4! 589#! /**+3(+&,/F+! %4! ,-+! &;&</0!$!

/3%4%*'! (*+3+0,Q! /,! 4%<<%E3! ,-),! )0;! /0,+*)&,/%0! ,-),!'/2-,! +D/3,! .+,E++0! M*1e!

)01! &;&</0!$!'?3,!.+!(*/')*/<;! <%&),+1!%0! )!(),&-! &%03+*F+1!.+,E++0! ,-+! ,E%!

/3%4%*'3G!$-+!,E%!1/44+*+0,!&;&</0!$!&%03,*?&,3!?3+1!3-)*+!7Rq!/1+0,/,;!)01!77q!

3/'/<)*/,;Q!)3!*+(%*,+1!.;!S5MN!MV>A$G!>!&%'./0),/%0!%4!3,*?&,?*)<!)01!3+T?+0&+!!



! KPK!

!

!

!

!

!"#$%&'O)*R,'5&Z$&;B&'L."#;K&;9'4<6'L;@'09%$B9$%L.'B/;0&%1L9"/;'4U6'/3'9:&'92/'BHB.";'='B/;09%$B90,!
@MB! $-+! 3?*4)&+! /')2+! %4! 589#:&;&</0!$! @H8MO! PMVWB! /3! 3-%E0G! $-+! I/0)3+! /3! &%<%?*+1! 2*+;G! ! 5%03+*F+1!
&;&</0!*+3/1?+3!)*+!.<?+!)01!0%0C&%03+*F+1!*+3/1?+3!)*+!3-%E0!/0!%*)02+G!@5B!/3!*%,),+1!K7R°!E/,-!*+3(+&,!
,%!@MBG!

180!

CDK9 CDK9
CycT CycT

B C



! KP=!

!

)0)<;3/3!/1+0,/4/+3!,-),!,-+!')Y%*/,;!%4!0%0C&%03+*F+1!*+3/1?+3!)*+!<%&),+1!/0!,-+!

SC,+*'/0?3!%4!,-+!&;&</0!),!,-+!,%(!%4!,-+!589#:&;&</0!$!&%'(<+D!@J/2?*+!PCKeBG!

6+3/1?+3!,-),!)*+!&%03+*F+1!.+,E++0!,-+!/3%4%*'3!)*+!<%&),+1!%0!,-+!5C,+*'/0)<!

&;&</0!.%D!4%<1G!M*1e!&%?<1!,-?3!.+!/0,+*)&,/02!/0!,-+!&<+4,!4%*'+1!.+,E++0!,-+!5C

,+*'/0)<!I/0)3+!<%.+!)01!5C,+*'/0)<!&;&</0!.%DG!

!

#"#"4 12345-6-789( %( 89*'+0-*)( O8*&( @.)*( +')8E,')( 0-+.))( *&'( 1=*'+@8907( FY(

+')8E,')(./(Q+EF(

$-+! (?<<C1%E0! )01! I/0+,/&! )0)<;3+3! 3%! 4)*! 1+3&*/.+1! -)F+! 3-%E0! ,-),! ,-+! 5C

,+*'/0)<!eR!)'/0%!)&/13!%4!M*1e!)*+!3?44/&/+0,!,%!)&,/F),+!589#:&;&</0!$Q!)01!,-),!

,-/3!)&,/F),/%0!1+*/F+3!'%3,<;!4*%'!/0&*+)3/02!,-+!)(()*+0,!]')D!%4!,-+!*+)&,/%0G!

$-/3! <),,+*! *+3?<,! 3?22+3,3! ,-),! ,-+! M*1e! /0,+*)&,/%0! 3/,+! %0! 589#:&;&</0! $! /3!

</I+<;!,%!.+!%0!,-+!589Q!.?,!/,!*+')/03!(%33/.<+!,-),!3%'+!()*,!%4!,-+!/0,+*)&,/%0!

/3!E/,-!,-+!&;&</0!3?.?0/,G!N0!%*1+*!,%!'%*+!(*+&/3+<;!1+4/0+!,-+!/0,+*)&,/%0!3/,+Q!

SZ6!+D(+*/'+0,3!E+*+!?01+*,)I+0G!!

!

SZ6! (*%F/1+3! )! '+,-%1! ,-),! +0).<+3! )0)<;3/3! %4! ,-+! 3,*?&,?*+! %4! (*%,+/03! /0!

3%<?,/%0G!N,!/3!)<3%!)!(%E+*4?<!,+&-0/T?+!,%!3,?1;!(*%,+/0C(*%,+/0!/0,+*)&,/%03!)01!

/1+0,/4;!/0,+*)&,/%0!3/,+3!/0!,-+!3%<?,/%0!3,),+G!J?*,-+*'%*+Q!%0&+!(+)I3!/0!,-+!KUS!

WAa5!3(+&,*?'!)*+!)33/20+1!,%!,-+/*!&%**+3(%01/02!*+3/1?+3!/0!,-+!(*%,+/0Q!,-/3!

,+&-0/T?+!(*%F/1+3!,-+!*+3%<?,/%0!,%!1/3,/02?/3-!/01/F/1?)<!*+3/1?+3!)44+&,+1!.;!

,-+!/0,+*)&,/%0G!Z%*+!/04%*'),/%0!%0!,-/3!,+&-0/T?+!/3!(*%F/1+1!/0!>((+01/D!8G!

!!!



! KPP!

KUSC<).+<<+1!M*1e@KP==CKPL=B!E)3!+D(*+33+1!/0!*+&!),"!)01!3?.3+T?+0,<;!(?*/4/+1!.;!

)44/0/,;! &-*%'),%2*)(-;! )01! 2+<! 4/<,*),/%0G! $-+! /0&%*(%*),/%0! %4! KUS! E)3!

&%04/*'+1!.;!hANCZAG!WAa5!3(+&,*)!%4!,-/3!3)'(<+!(*%1?&+1!)!3/02<+!3+,!%4!E+<<C

1/3(+*3+1! (+)I3G! $-+! 1/3,*/.?,/%0! %4! ,-+! &-+'/&)<! 3-/4,3! @J/2?*+! PCKLB! /01/&),+!

,-),! ,-+! (*%,+/0! -)3! 0%! -/2-! %*1+*! 3,*?&,?*+! )01! /3! ,-+*+4%*+! </I+<;! ,%! .+!

?03,*?&,?*+1!/0!3%<?,/%0G!!

!

>33/20'+0,!%4!(+)I3!,%!*+3/1?+3!*+T?/*+3!1),)!&%<<+&,/%0!%F+*!),! <+)3,!e7!-%?*3!

?01+*! 3,)01)*1! SZ6! &%01/,/%03G! $-+! M*1e! (*%,+/0! 3)'(<+! 1+2*)1+1! )01!

)22*+2),+1! %F+*! ,-/3! ,/'+! (+*/%1G! M%,-! ,-+*')<! 1+0),?*),/%0! )01! )22*+2),/%0!

)33);3!E+*+!?3+1!,%!/1+0,/4;!.?44+*!&%01/,/%03!,-),!3,)./</g+!,-+!(*%,+/0!)01!,-),!

)*+! )<3%! &%'(),/.<+! E/,-! SZ6G! i04%*,?0),+<;! 0%! &%01/,/%0! E)3! 4%?01! ,-),!

3?44/&/+0,<;! 3,)./</g+1! ,-+! (*%,+/0! 4%*! ,-+! (+*/%1! %4! ,/'+! *+T?/*+1! 4%*! P8! SZ6!

+D(+*/'+0,3G!$-+*+4%*+!?*+)!E)3!)11+1!,%!,-+!(*%,+/0!3)'(<+Q! 4?<<;!1+0),?*/02!

,-+!(*%,+/0!)01!)<<%E/02!)!-/2-+*!&%0&+0,*),/%0!%4!3,).<+!(*%,+/0!,%!.+!)&-/+F+1G!

WAa5! 3(+&,*)! *+&%*1+1! /0! ,-+! (*+3+0&+! )01! ).3+0&+! %4! ?*+)! 3-%E+1! 3/'/<)*!

1/3,*/.?,/%0! %4! (+)I3Q! 3?((%*,/02! ,-+! &%0&<?3/%0! ,-),! ,-+! (*%,+/0! /3! (*/')*/<;!

?03,*?&,?*+1!/0!3%<?,/%0G!

!

!"!"-"$ >??2@3AB3C)

A+F+*)<! P8! 3(+&,*)!E+*+! &%<<+&,+1! %0! KUS! M*1e@KP==CKPL=B! /0! ,-+! (*+3+0&+! %4! LZ!

?*+)G!6+3/1?+3!E+*+!)33/20+1!,%!(+)I3!4*%'!,-+!WAa5!?3/02!1),)!%.,)/0+1!4*%'!)!

&%'./0),/%0! %4! P8! $c5AlCWAa5Q! SchAlCWAa5! )01! WAa5CSchAlCWAa5!

+D(+*/'+0,3!@J/2?*+!PCKUBG!!P#!%4!,-+!eP!*+3/1?+3!&%?<1!3?&&+334?<<;!.+!)33/20+1G!



! KPe!

$-+!,E%!SC,+*'/0)<!*+3/1?+3Q!.%,-!&<%0/02!)*,+4)&,3Q!1/1!0%,!&%0,*/.?,+!)!(+)I!,%!

,-+!WAa5!)01!,-+*+4%*+!E+*+!0%,!)33/20+1G!6+3/1?+3!f<0KPPP!)01!f<?KPPe!&%?<1!

0%,!?0)'./2?%?3<;!.+!)33/20+1G!

>!

!

M!

!

!

!

!

!

!"#$%&' O)*N,' ULBC?/;&' L00"#;K&;9' /3' *N\' U%@R4*O(()*O+(6,' ' 4>B! A,*/(! (<%,3! 4%*! *+3/1?+3! KPLRCKPL=! )*+!
1/3(<);+1G!H+)I3!4*%'!,-+!$c5AlCWAa5!@(/0IB!)01!SchAlCWAa5!@.<?+B!)*+!3-%E0G!@MB!hD)'(<+!%4!&-+'/&)<!
3-/4,!&-)02+3!/01?&+1!.;!,-+!(*+3+0&+!%4!)!?*+)!2*)1/+0,!4*%'!LZ!,%!RZ!?*+)G!@6+3/1?+!$-*KPee!/3!3-%E0BG!

1.0

1.5

2.0

2.5

3.0

1*

120.00

2

123.21

3

125.18

8.5 8.0 8.0

6.5

7.0

7.5

8.0

8.5

9.0

1*

120.00

2

123.21

3

125.18

8.5 8.0 8.0

3.5

4.0

4.5

5.0

5.5

Phe1362Leu1361Asn1360

1H
 (p

pm
)

112.2

112.4

112.6

112.8

113.0

113.2

113.4

113.6

7.958.008.058.10

1H
 (p

pm
)

1H (ppm)

0 M Urea 

1 M Urea 

2 M Urea 

2.8 M Urea 

3.5 M Urea 

4.2 M Urea 

5 M Urea 

6 M Urea 



! KPU!

!

!"#$%&'O)*+,'<00"#;K&;9'/3'U%@R'4*O(()*O+(6'A&LC0'$;@&%'B/;@"9"/;0'/3'PT'$%&LY'AX'+,NY'L;@'L9'*N'°-'

!

!

WAa53! E+*+! &%<<+&,+1! ),! )! 3+*/+3! %4! ?*+)! &%0&+0,*),/%03! ,%! +0).<+! ,-+!

)33/20'+0,3!,%!.+!,*)034+**+1!4*%'!LZ!?*+)!,%!RZ!?*+)!&%01/,/%03!@J/2?*+!PCKU!

[! J/2?*+! PCKLBG! ! A(+&,*)!E+*+! )<3%! &%<<+&,+1! ),! =R°5! 4%*! )0)<;3/3! %4! ()*,/&?<)*!

(*%,+/0C(*%,+/0! /0,+*)&,/%03G! ><<! (+)I3Q! E/,-! ,-+! +D&+(,/%0! %4! ,E%Q! E+*+!

?0)'./2?%?3<;!)33/20+1!?01+*!,-+3+!&%01/,/%03G!!!

!

!

!

1346D

1342A

1343A

1352D
1345I

1350Q
1323Q

1359E

1353L

1356I1347M

1335R

1325R
1358E

1354L

1330K

1326E
1349F1322D

1331R

1339E

1338R
1332E

1360N

1337R

1341M

1351S

1355S

1344T

1328A

1361L

1329R

1327L

1324Q

1357F

1340A

1348N

1336R

115

120

125

1362F

7.07.58.08.59.0

15N
 (p

pm
)

1H (ppm)

Asn/Gln sidechains



! KPL!

!

!

!"!"-"# %&'(9*+,-6/0/123)4)G3CB&5/C2H3)

A?.3+T?+0,! ,%! )33/20'+0,Q! WAa53! E+*+! 3+,! ?(! E/,-! KUS! M*1e@KP==CKPL=B! /0! ,-+!

(*+3+0&+!%4!589#PPR:&;&</0!$a""6Q!h#LfQ!J=eKV!@)01!/0!,-+!).3+0&+!%4!?*+)BG!!

!

N0,+*)&,/%03! .+,E++0! KUS! <).+<+1! (*%,+/03! )01! ./01/02! (*%,+/03! 3-%E! ,-*++!

(*/')*;!)<,+*0),/F+!&-)*)&,+*/3,/&3!%0!./01/02G!>3!./01/02!()*,0+*3!)*+! ,/,*),+1!

/0! (+)I3! %.3+*F+1! /0! )! (*%,+/0! %*! (+(,/1+!WAa5! 3(+&,*)!');! &-)02+! +/,-+*! /0!

(%3/,/%0Q! /0! /0,+03/,;!E/,-! ,-+!)((+)*)0&+!%4! )!0+E!3+,!%4!(+)I3Q!%*! /0! /0,*/03/&!

E/1,-G! ! M+&)?3+! (+)I! .*%)1+0/02! /3! )&&%'()0/+1! .;! )! 1+&*+)3+! /0! -+/2-,Q!

+D,*+'+<;!.*%)1!(+)I3!');!.+&%'+!?01+,+&,).<+G!

!

$-+!&-)02+! /0! ,-+! 3(+&,*)<!(+)I3! /3!1?+! ,%!)0!)<,+*+1!&-+'/&)<! +0F/*%0'+0,!),!

,-+!3/,+!%4!,-+!.)&I.%0+!SW!%4!,-),!()*,/&?<)*!*+3/1?+!)01!/3!1+,+*'/0+1!.;!,-+!

/0,+*)&,/%0!I/0+,/&3G!H+)I!3-/4,3!%*!.*%)1+0/02!)*+!,-?3!)0!/01/&),/%0!%4!+/,-+*!)0!

)<,+*+1!&%04%*'),/%0!%4!,-+!<).+<+1!(*%,+/0!),!,-),!*+3/1?+!%*!)0!/0,+*)&,/%0!E/,-!

,-+!./01/02!(*%,+/0G!!

!

N0,*%1?&,/%0! %4! 589#PPR:&;&</0! $a""6Q! h#LfQ! J=eKV! /0,%! ,-+! SZ6! +D(+*/'+0,!

1*)3,/&)<<;!1+&*+)3+1!,-+!0?'.+*!%4!(+)I3!F/3/.<+!/0!,-+!3(+&,*?'!@J/2?*+!PCKLBG!

N0! &%'(<+DQ! ,-+! '%<+&?<)*! E+/2-,! %4! 589#:&;&</0! $! /3! !"#!$! "RI8)Q! )01!

/0,+*)&,/%0!%4!M*1e!E/,-!(*%,+/03!%4!,-/3!')33!*+3?<,3!/0!(+)I!.*%)1+0/02!/0!,-+!

SZ6!3(+&,*)G!5+*,)/0!(+)I3! *+')/0+1Q! )<,-%?2-!),! )!'?&-!1+&*+)3+1! /0,+03/,;Q!



! KP"!

)<<%E/02! 3%'+! 1/3,/0&,/%0! .+,E++0! '%*+! %*! <+33! )44+&,+1! *+3/1?+3G! $-+*+4%*+!

*+2/%03!%4!M*1e!,-),!)*+!/04<?+0&+1!,%!)!2*+),+*!%*!<+33+*!+D,+0,!.;!589#:&;&</0!$!

&)0! .+! /1+0,/4/+1G! $-+! SC! )01! 5C! ,+*'/0)<! *+3/1?+3! %4! M*1e! *+,)/0! )! -/2-+*!

/0,+03/,;!,-)0!%,-+*3!*+3/1?+3Q!/01/&),/02!,-),!,-+;!(%33+33!'%*+!4<+D/./</,;!,-)0!

%,-+*! *+3/1?+3! E/,-/0! ,-+! 3+T?+0&+Q! /**+3(+&,/F+! %4! E-+,-+*! M*1e! -)3! .%?01!

589#:&;&</0!$G!!

!

N0! 2+0+*)<Q! *+3/1?+3! )&*%33! ,-+! +0,/*+! eR'+*!(*%,+/0! )((+)*! ,%! .+! 3/20/4/&)0,<;!

/0F%<F+1! /0! 4%*'/02! /0,+*)&,/%03! E/,-! 589#:&;&</0! $G! $-/3! *+3?<,! /3! &%03/3,+0,!

E/,-!,-+!*+3?<,3!%4!,-+!(?<<C1%E0!)0)<;3/3!1+3&*/.+1!/0!5-)(,+*!PGPGPG!

!

!

!



! KP7!

'

'

!"#$%&'O)*I,'-DEFGBHB.";'='";@$B&0'./00'/3'";9&;0"9H'9/'U%@R'A&LC0G!$-+!WAa5!3-%E!3(+&,*)!&%<<+&,+1!
E/,-!@.<)&IB!)01!E/,-%?,!@.<?+B!589#:&;&</0!$G!W/2-</2-,+1!)*+!(+)I3!)33/20+1!,%!*+3/1?+3!KPeK!@(+)I!<%3+3!
/0,+03/,;B!)01!*+3/1?+!KPL=!@(+)I!*+')/03!E/,-!)!3/'/<)*!/0,+03/,;BG!! !$-/3!1),)!/3!3-%E0!/0!)!2*)(-!.+<%E!
,-+!3(+&,*)G!M<)&I!</0+3!/01/&),+!*+3/1?+3!,-),!)*+!?0)33/20+1!%*!,-),!.+&%'+!)'./2?%?3!/0!,-+!(*+3+0&+!%4!
589#:&;&</0!$G!$-+!DC)D/3!*+(*+3+0,3!*+3/1?+!0?'.+*3G!

7.07.58.08.5

112

114

116

118

120

122

124

126

128

15N
 (p

pm
)

1H (ppm)

1341M

1362F



! KP#!

!

#"#"GY 16-789(%(07.9'(D+89C)(0D.,*(-&'@8-07()&8/*(-&09C')(89(GNL(70D'7'E(Q+EF((

$-+!I/0+,/&!)0)<;3/3!/01/&),+1!,-),!M*1e!/3!-/2-<;!</I+<;!,%!/0,+*)&,!E/,-!589#!/0!

%*1+*! ,%! /0&*+)3+! ,-+! )&,/F/,;! %4! ,-+! I/0)3+G! W%E+F+*Q! ,%! &%04/*'! ,-/3Q! )01! ,%!

1+,+*'/0+! ,-+! &%0,*/.?,/%0! ,-),! &;&</0!$!');!')I+! ,%! ,-+! /0,+*)&,/%0Q!589#PPR!

)01! &;&</0! $K\$! E+*+! ,/,*),+1! /0,%! KUSC<).+<<+1! M*1eG! M%,-! %4! ,-+3+! (*%,+/03Q!

-%E+F+*Q!-)1! </'/,+1!3%<?./</,;Q!)01!,-+*+4%*+!,-+!,/,*),/%03!3-%E+1!</,,<+!+44+&,!

%0! ,-+! KUS! M*1e! 3(+&,*)! %.,)/0+1G! 5;&</0! $=Q! -%E+F+*Q! (*%F+1! ,%! -)F+! '%*+!

)'+0).<+! (*%(+*,/+3! 4%*! ,-+! SZ6! &%01/,/%03! *+T?/*+1G! A(+&,*)! %4! &;&</0! $=!

,/,*),/%03! E+*+! &%<<+&,+1! )01! ?3+1! ,%! )3&+*,)/0! /4! M*1e! ./013! ,%! 589#! )01:%*!

&;&</0!$G!!

!

$/,*),/%03!%4!&;&</0!$=!/0,%!<).+<+1!M*1e!(*%1?&+1!)!(),,+*0!%4!3-/4,3!/0!3+F+*)<!%4!

,-+! (+)I3! /0! ,-+! WAa5! %4! M*1eQ! E-+*+)3! %,-+*! (+)I3! *+')/0+1! ?0)<,+*+1! /0!

(%3/,/%0! @J/2?*+! PCK7BG! H+)I3! ,-),! 3-/4,! &%**+3(%01! ,%! *+3/1?+3! %4! M*1e! ,-),!

?01+*2%!4)3,!+D&-)02+!/0!,-+!(*+3+0&+!%4!&;&</0!$=Q!/G+G!M*1e!*+3/1?+3!,-),Q!/0!,-+!

(*+3+0&+! %4! &;&</0! $Q! +D(+*/+0&+! )0! )<,+*+1! &-+'/&)<! +0F/*%0'+0,G! ! $-/3!

+0F/*%0'+0,)<!&-)02+!');!*+3?<,!+/,-+*!4*%'!(*%D/'/,;!,%!&;&</0!$=!%*!4*%'!)0!

/01?&+1!&%04%*'),/%0)<!&-)02+G!$-+3+!(+)I3!')(!,%!*+3/1?+3!KPe=CKPL=!),!,-+!

F+*;!5C,+*'/0?3!%4!M*1eG!N0!()*,/&?<)*!*+3/1?+3!><)KPePQ!V+?KPUe!)01!H-+KPU"!

)((+)*! ,%! .+! /0,/'),+<;! /0F%<F+1! /0! ,-+! /0,+*)&,/%0! %4! M*1e! E/,-! &;&</0! $=G!!!

5;&</0!$=!,-+*+4%*+!/0,+*)&,3!E/,-!,-+!5C,+*'/0)<!==!*+3/1?+3!%4!M*1eG!

!

!



! KeR!

!

!

!

!"#$%&'O)*8,'-HB.";'=('";@$B&0'B:&K"BL.'0:"39'B:L;#&0'/3'0A&B"3"B'%&0"@$&0'/3'U%@R,'4>B!WAa5!3-%E/02!
3-/4,3!%4!&+*,)/0!(+)I3!/0!,-+!).3+0&+!%4!&;&</0!$=!@.<)&IB!)01!),!1/44+*+0,!&%0&+0,*),/%03!%4!&;&</0!$=!@KUµZ!
@(/0IB!)01!PRµZ!@.<?+BBG!@MB!5-+'/&)<!3-/4,!&-)02+3!%4!M*1e!*+3/1?+3!/01?&+1!.;!&;&</0!$=G!!6+3/1?+3!,-),!
)*+!0%,!)33/20+1!%*!&)00%,!.+!,*)&+1!,-*%?2-!,-+!,/,*),/%0!)*+!3-%E0!)3!2*+;!.)*3G!

!

8.158.208.258.308.358.408.45

122.0

122.5

123.0

123.5

42Leu

38Phe

27Asp

33Asp
24Ala

31Gln
4Gln

40Glu

1H
 (p

pm
)

15N (ppm)



! KeK!

#"#"GG H52('B-&09C'('BA'+8@'9*)(),CC')*(Q+EF(89*'+0-*)(O8*&(-6-789(%(09E(1234(

A+F+*)<! (*%,+/03! ,-),! /0,+*)&,! E/,-! HC$hJ.! -)F+! .++0! 3-%E0! ,%! /0,+*)&,! E/,-!

+/,-+*! 589#! )01:%*! &;&</0!$! )01! 3%! 4)*! N! -)F+! 3-%E0! ,-),!M*1e! /0,+*)&,3!E/,-!

.%,-! ,-+!589!)01!&;&</0G!8+3(/,+!')0;!),,+'(,3Q!'%*+!1+,)/<+1!)0)<;3/3!%4! ,-+!

/0,+*)&,/%0! .+,E++0! M*1e! )01! 589#:&;&</0! $! 1/1! 0%,! (*%F+! 3?&&+334?<! ?3/02!

,*)1/,/%0)<! 3,*?&,?*)<! ,+&-0/T?+3! 3?&-! )3!SZ6! )01! &*;3,)<<%2*)(-;G! N! ,-+*+4%*+!

)0)<;3+1!,-+!/0,+*)&,/%0!.+,E++0!M*1e!)01!589#!)01!&;&</0!$!.;!W:8!+D&-)02+!

')33! 3(+&,*%'+,*;! @WnZABG! ! $-+3+! +D(+*/'+0,3! E+*+! ?01+*,)I+0! /0!

&%<<).%*),/%0!E/,-!hDA>6G!

!

$-/3! ,+&-0/T?+! '%0/,%*3! ,-+! *),+! %4! -;1*%2+0:1+?,+*/?'! +D&-)02+! %4! (*%,+/0!

.)&I.%0+! SW! 2*%?(3G! >4,+*! )! (+*/%1! %4! +D&-)02+! ,-+! (*%,+/0! /3! ,*)034+**+1! ,%!

&%01/,/%03! ,-),! (*+F+0,! 4?*,-+*! +D&-)02+! )01! /3! (*%,+%<;,/&)<<;! 1/2+3,+1! /0,%!
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! "#7!

!

!"#$%&'()*(+'<A&'0"--&%&./&'".'0&$1&%"$B'4&5&46'$=3.'?%0@'>".0".#'B2==&0'3.13'1A&'7,89:/;/4".'<'

61%$/1$%&+'&'(!8/99()(,:(!/+!;.**(8!.9-()!4<+!=>?!.,8!4<<<+!=@?%!ABC6D:E:F/,!&!/+!)(*)(+(,-(8!/,!:.)-00,!
90);%! &'(! +3)9.:(! /+! )(*)(+(,-(8! .+! .! ;(+'! /,! .FF! )(2/0,+! 3,.F-()(8! GE! @)8#! G/,8/,2%! ! &'(! +3)9.:(!
)(*)(+(,-.-/0,!/+!+'0H,!90)!)(+/83(+!(99(:-(8!GE!@)8#!.,8!-'0+(!H/-'/,!IJ!09!(99(:-(8!)(+/83(+%!

Binding Site A

Binding Site B

CDK9 N-terminal lobe

CDK9 C-terminal lobe

Cyclin T

!"# $"# $%&# $%"# $'&# $'"# $(&#

Perturbation

Binding Site A

Binding Site B

CDK9 N-terminal lobe

CDK9 C-terminal lobe

Cyclin T

!"# $"# $%&# $%"# $'&# $'"# $(&#

Perturbation

A

B



! "#6!

!

&'(!9/)+-!/+!0,!-'(!9)0,-!09!-'(!:E:F/,!G(-H((,!)(+/83(+!"$65"76%!&'(+(!)(+/83(+K!

H'/:'!:0;*)/+(!-H0!09!-'(!*(*-/8(!9).2;(,-+!/8(,-/9/(8!/,!-'(!).H!LM!8.-.!="$65

"7N! .,8! "745"76?! .)(! 0,! -'(! ONP! !5'(F/Q! .,8! 90);! .! 8/+-/,:-! G/,8/,2! *0:R(-!

=1/23)(!45N#?%!!&'/+!*0:R(-!/+!F/,(8!GE!)(+/83(+!>)2NI"K!>)2NI#K!S'("$TK!>+,"7<K!

&')"$6K! >+,T<K! UF,ITK! UF,#TK! >+,#4K! O/+"74! .,8! &E)"$I%! &'(+(! )(+/83(+!

:0,-)/G3-(! 'E8)02(,! G0,8/,2! :.*.G/F/-E! -0! .! +/-(! 09-(,! 0::3*/(8! GE! &)/+! /,!

ABC6D:E:F/,!&!:)E+-.F!+-)3:-3)(+%!VW().FF!-'(!*0:R(-!/+!)(F.-/W(FE!*0F.)!.,8!'.+!.!

*0+/-/W(FE!:'.)2(8!*.-:'!*)0W/8(8!GE!-'(!-H0!.)2/,/,(!+/8(:'./,+!.-!-'(!G.+(%!!

!

X,!.88/-/0,!-'/+!*0:R(-!/+!+'0H,!-0!/,-().:-!H/-'!OXY5&.-!=&.'/)0W!(-!.F%!N<"<?%!X,!

-'(!ABC6D:E:F/,!&D&.-!:)E+-.F!+-)3:-3)(!&.-!)(+/83(+!4#5#"!.80*-!.,!!5'(F/Q!.-!

-'/+! *0:R(-%! X,! *.)-/:3F.)! )(+/83(+! UF,4I! =&.-?! .,8! >+,"7<! =:E:F/,! &?! 90);! .!

9.W03).GF(! 'E8)02(,! G0,8%! &'(! 0W()F.*! G(-H((,! &.-! .,8! -'/+! @)8#! G/,8/,2!

*0:R(-!+322(+-!.!8/)(:-!:0;*(-/-/0,!G(-H((,!&.-!.,8!@)8#!0,!:E:F/,!&!:0,+/+-(,-!

H/-'!*)(W/03+!)(*0)-+!=Z.,2!(-!.F%!N<<I[!\.,2!(-!.F%!N<<I[!@/+2)0W(!(-!.F%!N<<$?%!

!

!"#$%&' ()*@+' ?%0@)>".0".#' =3/C&1' 3.' /;/4".' <+' ](+/83(+! F/,/,2! -'(! *0:R(-! .)(! +'0H,! /,! +-/:R!
)(*)(+(,-.-/0,!/,!=>?%!&'(!/,-().:-/0,!09!OXY5&.-!=;.2(,-.?!H/-'!:E:F/,!&!.-!-'(!+.;(!*0:R(-!/+!+'0H,!/,!=@?%!
&'(!+3)9.:(!09!:E:F/,!&!/+!)(*)(+(,-(8!.+!90)!1/23)(!45NN%!!

!

Tyr175

Phe176

Asn180

Thr179

Arg251

Arg254

Asn43
His183

Gln46

Gln56

Asn60

HIV-Tat

A B



! "I<!

!

&'(! +(:0,8! /,-().:-/0,! +/-(! /+! .-! )(+/83(+! "T$5"$#! 09! ABC6%! ! &'(+(! )(+/83(+!

/,:F38(! -'(! '/2'FE! :0,+()W(8! R/,.+(! B1U! ;0-/9! .-! -'(! +-.)-! 09! -'(! .:-/W.-/0,!

+(2;(,-! .,8! .)(! F0:.-(8! /,! -'(! >&S5G/,8/,2! +/-(K! :F0+(! -0! -'(! A5'(F/Q%! A0))(:-!

0)/(,-.-/0,! 09! -'(! B1U! )(+/83(+! /,! -'(! *'0+*'0)EF.-(8K! :E:F/,5G03,8! .:-/W(!

:0,90);.-/0,! 09! -'(! R/,.+(! .F/2,+! -'(! >&S! 90)! *'0+*'0-).,+9()! -0! -'(! *)0-(/,!

+3G+-).-(%!!

!

L0)(!(Q-(,8(8!)(2/0,+!.99(:-(8!GE!@)8#!.)(!F0:.-(8!.)03,8!-'(!-H0!/,-().:-/0,!

+/-(+! /8(,-/9/(8! .G0W(! .,8! -'(! 2)00W(! G(-H((,! -'(! ABC6! A5-();/,.F! F0G(! .,8!

:E:F/,!&%! &'(+(! )(2/0,+! (Q-(,8! -')032'! -'(! 2)00W(! -0! -'(! G.:R! 09! -'(! ABC! .,8!

:E:F/,%!O(F/:(+!O"K!OIK!ONP!.,8!O4P!/,!:E:F/,!&!H()(!*)0-(:-(8!GE!@)8#!9)0;!ODB!

(Q:'.,2(%! !13)-'();0)(! -'()(!H.+!)(83:(8!ODB!(Q:'.,2(! /,! -'(!A5'(F/Q!.,8!.-!

-'(!G.:R!09! -'(!>&S!G/,8/,2!*0:R(-! /,!ABC6%!&'(+(! )(+3F-+! .)(! :0,+/+-(,-!H/-'!

-'(!R/,(-/:!.,8!^L]!8.-.!+'0H/,2!-'.-!@)8#!/,-().:-+!H/-'!G0-'!ABC6!.,8!:E:F/,!

&K! .,8! -'.-K!;0)(0W()K! -'(! G/,8/,2! 09! @)8#!'.+! .,! /;*.:-! 0,! -'(! )(+/83(+! -'.-!

/,9F3(,:(!-'(!).-(!09!-'(!R/,.+(!)(.:-/0,%!

!

!"!"#$ %&'(')*+,-'+*.,'/,01*,2&+34565.78,9,5'-(.*:,

&'(! :0;G/,.-/0,! 09! /,90);.-/0,! 8(-();/,(8!H/-'/,! -'/+! -'(+/+K! .,8! R,0HF(82(!

9)0;!*)(W/03+FE! 8(-();/,(8! :)E+-.F! +-)3:-3)(+! .FF0H!3+! -0! +322(+-! .!;08(F! 90)!

-'(!/,-().:-/0,!09!@)8#!H/-'!:E:F/,!&%!&'(!^L]!.,8!ODB!(Q:'.,2(!8.-.!*)(+(,-(8!

.G0W(! /8(,-/9E! -H0! @)8#! /,-().:-/0,+! +3G+/-(+! H/-'/,! ABC6D:E:F/,! &! .,8K!

;0)(0W()K!8(9/,(! -'(!0)/(,-.-/0,! /,!H'/:'!@)8#!G/,8+!G(-H((,! -'(+(! -H0!+/-(+%!



! "I"!

&'(! @)8#5G/,8/,2! +/-(! 0,! :E:F/,! &! 0W()F.*+!H/-'! -'(! +/-(! .-!H'/:'! .,!!5'(F/:.F!

)(2/0,!09!-'(!OXY!&.-!*)0-(/,!G/,8+!-0!:E:F/,!&!/,!-'(!ABC6D:E:F/,!&D&.-!:0;*F(Q%!

>+! -'(! A5-();/,3+! 09! @)8#! .80*-+! .,! !5'(F/:.F! :0,90);.-/0,! 0,! G/,8/,2! -0!

.,0-'()! 09! /-+! G/,8/,2! *.)-,()+K! ,.;(FE! OSY5"T! _NK! .! ;08(F! /+! +322(+-(8! /,!

H'/:'!-'/+!+.;(!A5-();/,.F!'(F/Q! /,-().:-+!H/-'!:E:F/,!&!.-!.!+/;/F.)!*0+/-/0,!-0!

-'.-!.-!H'/:'!-'(!&.-!'(F/Q!G/,8+%!!@E!-'/+!;08(FK!-'(!W()E!A5-();/,.F!)(+/83(+!09!

@)8#!.)(!*)0*0+(8!-0!/,-().:-!H/-'!-'(!:E:F/,!&K!90FF0H/,2!.!*.-'!+/;/F.)!-0!-'.-!09!

&.-K! -0H.)8+! ABC6K! H'()(! -'(! ;0)(! ^5-();/,.F! )(+/83(+! 09! @)8#="4NN5"4TN?! .)(!

*)0*0+(8!-0!/,-().:-!.-!-'(!+(:0,8!/,-().:-/0,!+/-(%!

!

M(`3(,:(!.,.FE+/+!09! -'(!'(F/:.F!)(+/83(+!09!&.-!.,8!@)8#!+322(+-! -H0!8/99()(,-!

'(F/:.F! )(2/+-()+! /,!H'/:'! @)8#!;.E! G(! .F/2,(8! -0! &.-! /,! 0)8()! -0! 2(,().-(! .,!

.-0;/:!;08(F!09!-'(!:0;*F(Qa!-'(+(!:0))(+*0,8!-0!.F/2,/,2!@)8#!)(+/83(+!"4I<5

"4I$!=L08(F!"?!0)!@)8#!)(+/83(+!"4#T5"4I4!=L08(F!N?!0,!)(+/83(+!4I5#N!09!&.-!

=1/23)(! 45NI?%! ! >**FE/,2! -'(+(! .F/2,;(,-+! -0! -'(! .-0;/:!;08(F+! 09! @)8#! =9)0;!

SB@!N^^b?!.,8!&.-!=.+!0G+()W(8!/,!SB@!9/F(!4LX>?!*)083:(!-H0!8/99()(,-!.-0;/:!

;08(F+!90)!-'(!@)8#D:E:F/,!&!/,-().:-/0,%!^0!)(;08(FF/,2!09!-'(!+/8(!:'./,+!H.+!

80,(! /,! -'/+! .,.FE+/+%! ! >F-'032'! +0;(! +/8(:'./,! )(.)).,2(;(,-! H03F8! G(!

)(`3/)(8! -0! ;/,/;/c(! +-()/:! :F.+'(+! 2(,().-(8! GE! -'/+! )(F.-/W(FE! +/;*F(!

+3*()*0+/-/0,K!-'(!8.-.!.W./F.GF(!H.+!,0-!:0,+/8()(8!+399/:/(,-!-0!;.R(!*0++/GF(!

+3:'! .! )(9/,(;(,-! 09! -'(! +/;*F(! ;08(F+! 8(+:)/G(8! '()(%! @0-'! ;08(F+! +'0H!

+(W().F!+-)(,2-'+!-'.-!+3**0)-!-'(!:E:F/,!&!*0:R(-!.+!.!*0++/GF(!/,-().:-/0,!+/-(!09!

@)8#%!



! "IN!

!

!"#$%&'()*D+'E&F$&./&)>26&0'24"#.B&.1'3-'?%0@'2.0'GHI)<21+'&'(!-H0!.F/2,;(,-+!*)0W/8(!-'(!G.+/+!90)!
-'(!;08(F+!09!@)8#!G03,8!-0!:E:F/,!&%!

!

&'(! -H0!;08(F+!09!@)8#!0W()F.E!H(FF!H/-'! -'(!'(F/:.F! -3),+!09!OXY5&.-! =1/23)(!

45NT?%!>+!-'(!@)8#!'(F/Q!/+!F0,2()!-'.,!-'(!&.-!'(F/QK!:F.+'(+!.)/+(!/,!G0-'!;08(F+!

09!@)8#%! X,!L08(F!"!-'/+!)(+3F-+! /,!.!:F.+'!.-!-'(!^5-();/,3+!09!@)8#a!H'/F(!-'/+!

;.E!/,8/:.-(!.,!())0)!/,!-'(!;08(FK!/-!/+!.F+0!*0++/GF(!-'.-!-'(!@)8#!'(F/QK!H'/:'!

H(!G(F/(W(!-0!90);!0,FE!3*0,!G/,8/,2!-0!_N!0)!:E:F/,!&K!/+!.GF(!-0!;(F-!-0!*)(W(,-!

-'/+%!X,!L08(F!N!/-!/+!-'(!A5-();/,3+!09!@)8#!-'.-!:F.+'(+!H/-'!-'(!A5-();/,.F!'(F/Q!

09! -'(! :E:F/,! &! :0,+-)3:-%! &'/+! :E:F/,! &! '(F/Q! '.+! G((,! +((,! -0! .80*-! 8/99()(,-!

:0,90);.-/0,+! /,! 8/99()(,-! :)E+-.F! +-)3:-3)(+! 09! ABC6D:E:F/,! &%! ! >::0)8/,2FEK!

(/-'()!-'(!A5-();/,3+!09!-'(!@)8#!'(F/Q!;.E!.80*-!.,!!5'(F/:.F!:0,90);.-/0,!0)!

-'(! A5-();/,.F! :E:F/,! &! '(F/Q!;.E! .80*-! .! 8/99()(,-! :0,90);.-/0,! /9! -'/+!;08(F!

.::3).-(FE!)(9F(:-+!-'(!G/,8/,2!;08(!09!@)8#!0,!ABC6D:E:F/,!&%!



! "I4!

!

!"#$%&' ()*J+' H.1&%2/1"3.' 3-' <21' K"1A' 7,89:/;/4".' <' 2.0' =%3=36&0' B30&46' 3-' ?%0@' 7)1&%B".$6'

".1&%2/1"3.'K"1A'/;/4".'<+'=>?!.,8!=@?!/FF3+-).-(!-'(!/,-().:-/0,!09!OXY5&.-!=;.2(,-.?!H/-'!ABC6D:E:F/,!&%!
=A?! .,8! =B?! /FF3+-).-(! -'(!L08(F!"!09!@)8#! /,-().:-/,2!H/-'! :E:F/,!&!H'/F+-! =_?! .,8! =1?! /FF3+-).-(!L08(F!N%!
L08(F! "! /+! +'0H,! /,! GF3(! .,8!L08(F! N! /+! +'0H,! /,! :E.,%! X,! =>?K! =A?! .,8! =_?! ABC6D:E:F/,! &! /+! +'0H,! /,!
:.)-00,!90);.-%!=@?K!=B?!.,8!=1?!+'0H!-'(!+3)9.:(!09!ABC6D:E:F/,!&!H/-'!-'(!ODB!(Q:'.,2(!.,.FE+/+!8(*/:-(8!
H/-'!-'(!+.;(!:0F03)!+:'(;(!.+!*)(W/03+FE%!!&'(!SB@!3+(8!90)!-'(+(!9/23)(+!H.+!4LX>%!

!

X,!-'(!.F/2,;(,-!3+(8!-0!2(,().-(!L08(F!"K!UF,"4I<!=@)8#?!/+!*0+/-/0,(8!.-!-'(!

+/-(! 09! UF,4I! =&.-?! =1/23)(! 45N$?%! ! >! 'E8)02(,5G0,8/,2! /,-().:-/0,! 0G+()W(8!

G(-H((,!UF,4I! =&.-?! .,8!>+*"7<! =:E:F/,!&?!H03F8! -'()(90)(!G(!;./,-./,(8!GE!

UF,"4I<! 09! @)8#%! ! &'(! )(;./,/,2! )(+/83(+! 0,! -'(! 'E8)0*'0G/:! 9.:(! 09! -'(! &.-!

'(F/Q! -'.-! /,-().:-!H/-'!:E:F/,!&!.)(! )(*F.:(8!GE!'E8)0*'0G/:! )(+/83(+! /,!@)8#%!



! "I#!

&'(+(!.)(!'0H(W()!F(++!G3FRE!/,!@)8#!.,8!H03F8!F/R(FE!)(+3F-!/,!)(83:(8!+3)9.:(!

:0,-.:-+%!!

!

!"#$%&'()*L+'<A&'".1&%2/1"3.'6"1&6'3-'/;/4".'<'2.0'?%0@'-3%'1A&'1K3'B30&46'=%&6&.1&0+'=>?!L08(F!"!09!
@)8#!=GF3(?!.,8!=@?!;08(F!N!09!@)8#!=:E.,?!.)(!+'0H,!H/-'!OXY5&.-!=*/,R?!90)!:0;*.)/+0,%!&'(!+3)9.:(!09!
:E:F/,!&!/+!+'0H,!H/-'!:()-./,!)(+/83(+!8(*/:-(8!.+!+-/:R+%!!SB@a4LX>%!

!

&'(! +(:0,8! ;08(F! +'0H+! UF,"4I<! 09! @)8#! /,! :F0+(! *)0Q/;/-E! -0! O/+"74! 09!

:E:F/,!&%! &'/+! '/+-/8/,(! /+! F0:.-(8! 8((*! H/-'/,! -'(! G/,8/,2! *0:R(-! .,8! -'(!

/,-().:-/0,!G(-H((,!-'/+!UF,!.,8!O/+!H03F8!9.W03)!-'/+!!5'(F/:.F!.F/2,;(,-%!&'(!

)0-.;()/:! :0,90);.-/0,! -'.-! L(-"4#$! .80*-+! /,! -'(! _N! +-)3:-3)(! +-()/:.FFE!

Asp1346
Gln35

Phe1349
Phe38

Ile1345
Cys34

Leu1353
Leu43

Asn1348
Cys37 Asp1352

Lys41

Gln1350
Ile39

His183

Phe176

Asp180

Gln1350
Gln35

Leu1353
Phe38

Phe1349
Cys34 Asp1352

Cys37

Ile1356
Lys41

Leu1354
Ile39

His183

Phe176

Asp180

A

B



! "II!

:F.+'(+! H/-'! :E:F/,! &! )(+/83(+! /9! +/;*FE! +3*()/;*0+(8%! &'/+! ;.E! G(! .W0/8(8!

(/-'()!GE!.!;(F-/,2!09! -'(!'(F/Q!G(90)(! -'/+! )(+/83(!0)!GE!.! )(.)).,2(;(,-!09! .!

:0;G/,.-/0,! 09! F0:.F! +/8(! :'./,+%! &'(! *'(,EF.F.,/,(! *0+/-/0,! /+! ;./,-./,(8!

G(-H((,! @)8#! .,8! &.-! /,! -'/+! .)).,2(;(,-! .,8! H03F8! -'()(90)(! F/R(FE! G/,8K!

*)0W/8/,2!.!+/;/F.)!:0,-)/G3-/0,!-0!-'(!+-)(,2-'!09!-'(!/,-().:-/0,%!!

!

!"!"#! %1')(1'&6.;07'8, '/, 2&+3, 78, 01*, <=0*&-78;., &*>7'8, 7817?70), 70), 5;(;5706, 0',

;507@;0*,%=9AB?,

&'(!A5-();/,.F!)(2/0,!09!@)8#!=)(+/83(+!"NN#5"4TN?!:.,!G(!*'0+*'0)EF.-(8!GE!

SFR"!!"#$!%&'!=d.,2!(-!.F%!N<<6?%!C,0H/,2!-'.-!-'(!#<;()!:0,+-)3:-!-'.-!/,-().:-+!

H/-'! ABC6D:E:F/,! &! :0,-./,+! 0,(! -')(0,/,(! .,8! -H0! +()/,(! )(+/83(+K! X!

'E*0-'(+/c(8! -'.-! *'0+*'0)EF.-/0,! ;.E! 0::3)! .-! -'(+(! +/-(+! .,8! *)0W/8(! .,!

.88/-/0,.F!F.E()!09!)(23F.-/0,!-0!-).,+:)/*-/0,!09!@)8#58(*(,8(,-!2(,(+%!

("# $!%&'K! *'0+*'0)EF.-/0,!GE!SFR"! 0,! -'(!@)8#="N$65"4TN?! ! :03F8! G(!8(-(:-(8!GE! .!

G.,8!+'/9-!.,8!GE!8(-(:-/0,!09!4NS!/,:0)*0).-/0,!9)0;!4NS5"5>&S!=H/-'!-'(!+.;(!

.**)0.:'!.+!3+(8!90)!-'(!ABC6!R/,.+(!.++.E+?!=1/23)(!45N7?%!!13)-'();0)(K!_MX5

LM!/8(,-/9/(8!.!:'.,2(!/,!;.++!G(-H((,!3,*'0+*'0)EF.-(8!.,8!*'0+*'0)EF.-(8!

@)8#="4NN5"4TN?! (`3/W.F(,-! -0! -'.-! H'/:'! H03F8! G(! (Q*(:-(8! GE! .88/-/0,! 09! 4!

*'0+*'0)EF! 2)03*+%! ! X-! :.,! -'()(90)(! G(! :0,:F38(8! -'.-! !"# $!%&'! .FF! +()/,(! .,8!

-')(0,/,(! )(+/83(+! H/-'/,! -'(! A5-();/,.F! #<! )(+/83(+! 09! @)8#! :.,! G(!

*'0+*'0)EF.-(8!GE!SFR"%!!

!

!

!



! "IT!

>!

!

@!

!

A!

!

B!

!

!

!

!

!

!"#$%&'()*M+' H.'5"1%3'=A36=A%3;421"3.'3-'?%0@'7<N+' X,:0)*0).-/0,!09!*'0+*'.-(!H.+!8(-(:-(8!GE!G.,8!
+'/9-+!=>?!.,8!4NS!/,:0)*0).-/0,!=@?!/,-0!@)8#="N$$5"4TN?%!=A?!L.++!+*(:!8.-.!09!*'0+*'0)EF.-(8!@)8#="4NN5"4TN?!
+'0H+!.,!/,:)(.+(!/,!;.++!:0,+/+-(,-!H/-'!/,:0)*0).-/0,!09!4!*'0+*'.-(+%!=B?!&'(!+(`3(,:(!09!@)8#="4NN5"4TN?!
H/-'!)(+/83(+!-'.-!.)(!*'0+*'0)EF.-(8!+'0H,!/,!)(8!-(Q-%!

!
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! "I$!

X,! 0)8()! -0! 8(-();/,(! /9! -'(! *'0+*'0)EF.-/0,+! .99(:-(8! -'(! .G/F/-E! 09! @)8#! -0!

.:-/W.-(!ABC6D:E:F/,!&K!R/,.+(!.++.E+!H()(!:.))/(8!03-K!.9-()!*3)/9E/,2!-'(!@)8#!

.H.E! 9)0;!:0,-.;/,.-/,2!SFR"!.,8!>&S%!C/,.+(!.++.E+!09!ABC61eD:E:F/,!&d&! /,!

-'(! *)(+(,:(! 09! *'0+*'0)EF.-(8! @)8#="4NN5"4TN?! *)(+(,-! +'0H(8! .! +/2,/9/:.,-!

8/99()(,:(! /,!.:-/W.-/0,!09! -'(!R/,.+(!.:-/W/-E! -0! -'.-!09!3,*'0+*'0)EF.-(8!@)8#!

=1/23)(!45N6?%!&'/+!;.E!)(+3F-!(/-'()!9)0;!-'(!*'0+*'0)EF.-(8!@)8#!G(/,2!3,.GF(!

-0! G/,8! -0! ABC6D:E:F/,! &! 0)! 9)0;! -'(! *'0+*'0)EF.-(8! @)8#! G/,8/,2! -0!

ABC6D:E:F/,! &! G3-! 9./F/,2! -0! .:-/W.-(! -'(! R/,.+(! /,! -'(! +.;(! ;.,,()! .+!

3,*'0+*'0)EF.-(8! @)8#%! ! >-! '/2'()! :0,:(,-).-/0,+! -'(! R/,.+(! .:-/W/-E! 09!

ABC6D:E:F/,! &! /,:)(.+(8! )(+(;GF/,2! ;0)(! :F0+(FE! -'.-! 09! 3,*'0+*'0)EF.-(8!

@)8#!.:-/W.-/0,%!&'/+!/+!F/R(FE!83(!-0!+0;(!3,*'0+*'0)EF.-(8!@)8#!G(/,2!*)(+(,-!

H/-'/,!-'(!+.;*F(K!.,8!-'()(90)(!:0,-)/G3-/,2!-0!-'(!/,:)(.+(8!.:-/W/-E!.-!'/2'()!

@)8#!:0,:(,-).-/0,+%!

!

!"#$%&' ()*9+' OA36=A3%;421&0'?%0@PQ(**)Q(J*R' 03&6' .31' 2/1"521&' 7,89:/;/4".'<' 13' 1A&' 62B&' &S1&.1' 26'

$.=A36=A3%;421&0' ?%0@+' >,.FE+/+! 09! 90F8! /,:)(.+(! /,! .:-/W/-E! 09! ABC61eD:E:F/,! &d&! /,! -'(! *)(+(,:(! 09!
/,:)(.+/,2!:0,:(,-).-/0,!09!@)8#!*)0-(/,+%!_Q*()/;(,-+!H()(!)(*(.-(8!4!-/;(+!.,8!-'(!())0)!G.)+!)(*)(+(,-!
+-.,8.)8!())0)+%'

!""#$%&'"&()'*+)',-./%#0&1,02&'3&453/*#&/$%565%-

7
78
9
78
:
;8
<
<8
2
28
=
>8
:

;8
?

78?

;87

;8?

<87

@
'
.0
&53
$
,#
/
*
#
&/
$
%56
5%-

A'3$#3%,/%5'3&1,02&B!CD

()'*+)'E1,02 1,02



! "I7!

!

!"3 C7)5D))7'8,

!"3"# E787-;.,<CFG4565.78,9,780*&;5078>,/&;>-*80,'/,2&+3,

&0! 8.-(! +(W().F! /,-().:-/0,! +/-(+! G(-H((,! ABC6D:E:F/,! &! .,8! @)8#! '.W(! G((,!

;.**(8%!&'(!G)0;080;./,+!09!@)8#!H()(!/,/-/.FFE!/8(,-/9/(8!.+!/,-().:-/,2!H/-'!

:E:F/,! &! )(+/83(+! =#NT5I"T?! =Z.,2! (-! .F%! N<<I?%! M3G+(`3(,-FE! 8(F(-/0,! .,.FE+/+!

/8(,-/9/(8!/,8(*(,8(,-!/,-().:-/0,+!G(-H((,!-'(!A&]!=+*(:/9/:.FFE!-'(!A5-();/,.F!

4#! )(+/83(+?! 09!@)8#!.,8!G0-'!ABC6!.,8! :E:F/,!&! =@/+2)0W(! (-! .F%! N<<$?%! M/,:(!

-'(,! 93)-'()! +-38/(+! '.W(! :0,9/);(8! -'(! /,-().:-/0,! 09! @)8#! H/-'! :E:F/,! &!

)(+/83(+!#NT5I"T!=A'0!(-!.F%!N<<$?!.,8!/8(,-/9/(8!-'.-!G)0;080;./,!N!:.,!G/,8!.!

*(*-/8(!09!:E:F/,!&!.:(-EF.-(8!.-!)(+/83(!46<!=Y0FF;3-'!(-!.F%!N<<6?%!!

!

X,!.2)((;(,-!H/-'! -'(+(!*)(W/03+FE!*3GF/+'(8!)(+3F-+K! -'(!G)0;080;./,+!H()(!

3,.GF(! -0! /,-().:-!H/-'! ABC644<! .,8! -'(! :E:F/,! G0Q(+! 09! :E:F/,!&%! ! 10)! -'(! 9/)+-!

-/;(K!X!'.W(!+'0H,!-'.-!-'(!9/,.F!#<!.;/,0!.:/8+!09!@)8#!.)(!+399/:/(,-!-0!/,-().:-!

H/-'!.!;/,/;.F!.:-/W(!90);!09!ABC6D:E:F/,!&%!&'/+!H.+!:0,9/);(8!GE!)(+3F-+!9)0;!

*3FF580H,!.,.FE+/+K!.,.FE-/:.F!2(F!9/F-).-/0,!.,8!^L]%!13)-'();0)(!^L]!H.+!.GF(!

-0!8/+-/,23/+'!-'.-!-'(!W()E!A5-();/,.F!"4#N5"4TN!)(+/83(+!09!@)8#!/,-().:-!H/-'!

:E:F/,!&!.,8K!GE!/,9()(,:(K!)(+/83(+!9)0;!-'(!)(2/0,!"4NN5"4#"!/,-().:-!H/-'!-'(!

ABC%!

!

!



! "I6!

!"3"$ 2&+3,H507@;0*),<CFG4565.78,9,

@)8#!/+!*)0*0+(8!-0!.:-/W.-(!-'(!-).,+:)/*-/0,!09!0W()!"<f!09!2(,(+!-).,+:)/G(8!

/,! U"! =L0:'/c3R/! (-! .F%! N<<7?! .,8! E(-! @)8#! '.+! G((,! +322(+-(8! -0! )(83:(! -'(!

.:-/W/-E!09!ABC6D:E:F/,!&!0,!UM&5A&B!=g'03!(-!.F%!N<<6G?%!O()(! X!+'0H!-'.-K! /,!

.88/-/0,!-0!/-+!)0F(!/,!S5&_1G!)(:)3/-;(,-!-0!-'(!-).,+:)/*-/0,!+-.)-!+/-(+K!-'(!A5

-();/,.F!)(+/83(+!09!@)8#!:.,!/,:)(.+(!-'(!R/,(-/:!.:-/W/-E!09!ABC6!-0H.)8+!-'(!

S0F!XX!A&B!+3G+-).-(%!!!

!

LE!)(+3F-+!+'0H!-'.-!@)8#!.:-+!.+!.,!.:-/W.-0)!0)K!;0)(!.::3).-(FEK!.!;08().-0)!

09!ABC6D:E:F/,!&%!&'(!2(,().F!R/,(-/:!+:'(;(!90)!.!+/,2F(5+3G+-).-(!)(.:-/0,!H/-'!

.,!.:-/W.-0)!/+!+'0H,!/,!1/23)(!454<!=H'()(!]!/+!-'(!)(.:-.,-+K!_!/+!-'(!(,cE;(K!>!

/+! -'(! .:-/W.-0)! 0)! /,'/G/-0)K! .,8! S! )(*)(+(,-+! -'(! *)083:-+?%! ! >! )(.:-/0,!

;(:'.,/+;! -'.-! /,:F38(+! .! ;08().-0)! '.+! -H0! R/,(-/:! :0,+-.,-+! 8(+:)/G/,2!

/))(W()+/GF(!*)083:-!90);.-/0,%!M-38/(+!*)(+(,-(8!.G0W(!*)0W/8(!/,90);.-/0,!09!

-'(!.:-/W/-E!09!@)8#!0,FE!3,8()!+-.,8.)8!R/,.+(!.:-/W/-E!:0,8/-/0,+%!13FF!R/,(-/:!

.,.FE+/+! H.+! ,0-! 3,8()-.R(,! 83(! -0! -'(! :0;*F(Q/-E! 09! +3:'! .,! .,.FE+/+K!

*.)-/:3F.)FE! 90)! -H05+3G+-).-(! )(.:-/0,+K! .,8! -'(! 8/99/:3F-E! 09! *)(*.)/,2! -'(!

*)0-(/,!+3G+-).-(K!UM&5A&BK!.,8!@)8#!.-!+399/:/(,-FE!'/2'!:0,:(,-).-/0,+%!!

!

>a!X,'/G/-0)!+:'(;(!

!

!

R+E+A

!

" RE+A# E+A+P

!

R+EA " REA

K1



! "T<!

@a!L08/9/()D>:-/W.-0)!+:'(;(!

!

!"#$%&'()(T+'8".&1"/'B&/A2."6B6'-3%'%&2/1"3.6'".'1A&'=%&6&./&'3-'".A">"13%6'3%'B30"-"&%6+''

!

&'(!(99(:-!09!@)8#!0,!-'(!R/,(-/:!:0,+-.,-+!09!ABC6D:E:F/,!&!/,8/:.-(8!-'.-!@)8#!

/,9F3(,:(+! -'(! *'0+*'0-).,+9()! )(.:-/0,! GE! ABC6D:E:F/,! &%! >88/-/0,.F!

(Q*()/;(,-+!8(;0,+-).-(8!-'.-!@)8#!/+!.F+0!.GF(!-0!.:-/W.-(!ABC644<D:E:F/,!&K!.!

90);! 09! -'(! (,cE;(! /,! H'/:'! +3G+-).-(+! .)(! G03,8! /,! .! ).,80;! 0)8()%! &'(!

.:-/W.-/0,! GE! @)8#! /+! -'()(90)(! +'0H,! -0! G(! /,8(*(,8(,-! 09! -'(! +(`3(,-/.F!

0)8()(8! R/,(-/:!;(:'.,/+;! /;*0+(8! GE! -'(! ABC! A5-();/,.F! -./F! =@.3;F/! (-! .FK!

L.,3+:)/*-!/,!*)(*.).-/0,?%!!

!

&'(!/8(,-/9/:.-/0,!09!.!@)8#!G/,8/,2!+3G+/-(!:0;*)/+/,2!-'(!.:-/W.-/0,!+(2;(,-!09!

ABC6!+3**0)-+!0,(!;(:'.,/+;!GE!H'/:'!@)8#!;/2'-!.:-/W.-(!ABC6%!!&'(!G/,8/,2!

09!@)8#!8(:)(.+(+!ODB!(Q:'.,2(!.-!-'(!A5'(F/QK!(/-'()!GE!/,-().:-/,2!H/-'!/-!0)!GE!!

)(83:/,2!/-+!9F(Q/G/F/-E%!@0-'!-'(!.:-/W.-/0,!+(2;(,-!.,8!-'(!A5'(F/Q!.)(!/,W0FW(8!

/,! :.-.FE+/,2! *'0+*'0-).,+9()%! &'(! )(+/83(+! .99(:-(8! /,! -'(! .:-/W.-/0,! +(2;(,-!

/,:F38(! -'(!B1U!;0-/9%!d/-'/,! -'/+!;0-/9! -'(! .+*.)-.-(! /+! R,0H,! -0! :'(F.-(! -'(!

;.2,(+/3;!/0,+!/,!-'(!.:-/W(!+/-(%!&'/+!:0,-)/G3-(+!-0!-'(!:0))(:-!0)/(,-.-/0,!09!

-'(!*'0+*'.-(!2)03*+!09!>&S!90)!+3::(++93F!*'0+*'0-).,+9()!09!-'(!"5*'0+*'.-(!

-0!-'(!+3G+-).-(!*(*-/8(!=O.,R+!.,8!O3,-()!"66I?K!.,8!+-.G/F/c(+!-'(!G3/F8!3*!09!

,(2.-/W(! :'.)2(! -'.-! .::0;*.,/(+! 90);.-/0,! 09! .! *'0+*'0)EF! 2)03*%! UF3TT! /+!

F0:.-(8!H/-'/,!-'(!A5'(F/Q%!&'/+!)(+/83(K!H'(,!/,!*0+/-/0,!90)!:.-.FE+/+K!'E8)02(,!

R+E+A

!

" RE+A# E+A+P

!

R+EA " REA # E+A+P

K1

K2



! "T"!

G0,8+!H/-'!eE+#7K!H'/:'!/,!-3),!*0+/-/0,+!-'(!!5!.,8!#5!*'0+*'.-(+!09!>&S%!_W(,!

/,! -'(! .G+(,:(! 09! @)8#! -'(! )(+/83(+! /,W0FW(8! /,! *'0+*'0-).,+9()! .)(! :0))(:-FE!

.F/2,(8%!O0H(W()K!@)8#!H.+!+'0H,!GE!R/,.+(!(Q*()/;(,-+!-0!/,:)(.+(!-'.-!Y;.Q!

H/-'!)(+*(:-!-0!G0-'!>&S!.,8!-'(!A&B%!@)8#!;.E!.:'/(W(!-'/+!GE!+-.G/F/c/,2!-'(!

)(+/83(+! /,W0FW(8! /,! *'0+*'0-).,+9()K! /,:)(.+/,2! -'(! *)0G.G/F/-E! 09! *)083:-/W(!

-).,+/-!.F0,2!-'(!)(.:-/0,!:00)8/,.-(K!H'/F+-!+-/FF!.FF0H/,2!+399/:/(,-!9F(Q/G/F/-E!/,!

-'(!R/,.+(!-0!(,.GF(!+3G+-).-(!)(:)3/-;(,-K!*'0+*'0-).,+9()!.,8!*)083:-!)(F(.+(%!

!

M(W().F!0-'()!+-38/(+!/,W0FW/,2!ABC6!.,8!0-'()!ABC+!'.W(!+'0H,!.,!/,:)(.+(!/,!

.:-/W/-E! /,! -'(! *)(+(,:(! 09! .! -'/)8! G/,8/,2! *.)-,()%! O0H(W()K! ,0! +-38E! '.+!

.,.FE+(8!-'(!R/,(-/:+!-0!-'(!+.;(!(Q-(,-!.,8!0G+()W(8!-'(!+.;(!*'(,0;(,0,!.+!

+((,!'()(%!&'(!9/)+-!+-)3:-3).FFE!8(+:)/G(8!;08().-0)!09!ABC6D:E:F/,!&K!OXY5&.-K!

G/,8+!-0!ABC6D:E:F/,!&!.,8!.F-()+!/-+!+3G+-).-(!+*(:/9/:/-E!-0!*'0+*'0)EF.-(!M()I!

09!-'(!]^>!*0FE;().+(!A&B!=U.)G()!(-!.F%!N<<<?%!&'/+!80(+!,0-!.**(.)!-0!G(!-'(!

:.+(! 90)!ABC6D:E:F/,!&! /,! -'(!*)(+(,:(!09!@)8#%! !>! :'.,2(! /,! -'(! +*(:/9/:/-E! -0!

.FF0H!*'0+*'0)EF.-/0,!09!.!H/8()!).,2(!09!*0-(,-/.F!+/-(+!/,!-'(!UM&5A&B!;08(F!

+3G+-).-(! H03F8! G(! (Q*(:-(8! -0! )(+3F-! /,! .,! .**.)(,-! /,:)(.+(! /,! +3G+-).-(!

:0,:(,-).-/0,! .,8! -'()(90)(! .! F0H()(8! .**.)(,-! C;! -0H.)8+! -'(! A&B! /,! -'(!

*)(+(,:(!09!@)8#%!&'(!8.-.!*)(+(,-(8!+'0H+!0,FE!.,!/,:)(.+(!/,!Y;.Q!-0H.)8+!-'(!

A&BK!H/-'!.,!3,;08/9/(8!.**.)(,-!C;%!O(,:(K!3,F/R(!&.-K!@)8#!*)0G.GFE!80(+!,0-!

.**(.)!-0!.F-()!-'(!+3G+-).-(!+*(:/9/:/-E!09!ABC6D:E:F/,!&%!!

!

ABC$D:E:F/,!O!.:-/W/-E!/+!/,:)(.+(8!GE!+(W().F!09!/-+!G/,8/,2!*.)-,()+%!AXX&>K!.!:05

.:-/W.-0)!09!LOAXX!2(,(!(Q*)(++/0,K!H.+!+'0H,!-0!G0-'!)(:)3/-!ABC$!-0!+*(:/9/:!

2(,(!*)0;0-()+!.,8!-0!(,'.,:(!M()I!*'0+*'0)EF.-/0,!GE!ABC$!=M*/F/.,.R/+!(-!.F%!



! "TN!

N<<4?K!:F0+(FE!*.).FF(F/,2!-'(!(99(:-+!09!@)8#!0,!ABC6D:E:F/,!&%!ABC$D:E:F/,!O!/+!

.F+0!+-/;3F.-(8!/,!-'(!*)(+(,:(!09!L>&"K!.!*.)-,()!-'.-!/,:)(.+(+!ABC$!.:-/W/-E!

.2./,+-! G0-'! ABCNK! /-+! :(FF5:E:F(! -.)2(-K! .,8! .! :0,+-)3:-! :0,-./,/,2! #! A&B!

:0,+(,+3+! '(*-.8! )(*(.-+! =\.,R3F0W! .,8! @(,-F(E! "66$[! @3++0! (-! .F%! N<<<?K! .!

;08(F! *(*-/8(! )(F.-(8! -0! /-+! -).,+:)/*-/0,! -.)2(-%! &'(! ;.2,/-38(! 09! -'/+!

.:-/W.-/0,K!N54!90F8K!/+!09!.!+/;/F.)!0)8()!09!;.2,/-38(!-0!-'.-!0G+()W(8!90)!ABC6!

/,!-'(!*)(+(,:(!09!@)8#%!^0!R/,(-/:!+-38/(+!'.W(!G((,!3,8()-.R(,!-0!8(-();/,(!

-'(!8(-./F+!09!.:-/W.-/0,!GE!L>&"!0)!AXX&>!.,8! /-! /+!3,:F(.)! 9)0;!-'(!*3GF/+'(8!

)(+3F-+!'0H!-'(+(!/,:)(.+(!R/,.+(!.:-/W/-E%!!X,!-'(!:.+(!09!L>&"K!/-!/+!.F+0!3,:F(.)!

H'(-'()! -'(! R/,.+(! +*(:/9/:/-E! /+! .F-()(8%! &'/+! ;083F.-/0,! 09! -'(! .:-/W/-E! 09!

-).,+:)/*-/0,.F!R/,.+(+K!.:'/(W(8!GE!/,:0)*0).-/,2!8/99()(,-!/,-().:-/0,!*.)-,()+!

/,-0! ;3F-/*)0-(/,! ABC! :0;*F(Q(+K! ;.E! *)0W(! -0! G(! .! 2(,().F! ;(:'.,/+;! GE!

H'/:'!-).,+:)/*-/0,!/+!:0,-)0FF(8%!!

!

d'(-'()! .,! /,:)(.+(! /,! .:-/W/-E! 09! ABC6D:E:F/,! &K! (99(:-(8! GE! @)8#K! '.+! .,!

/,9F3(,:(!0,!-).,+:)/*-/0,!H/-'/,!-'(!:(FF!/+!.!:)3:/.F!`3(+-/0,!-'.-!)(;./,+!-0!G(!

.,+H()(8%! ! &'()(! .)(K! '0H(W()K! +(W().F! ;(:'.,/+;+! GE! H'/:'! .:-/W.-/0,! 09!

ABC6D:E:F/,!&!:03F8!G(!(Q*(:-(8! -0! /,9F3(,:(! -).,+:)/*-/0,K!.! 9(H!09!H'/:'!.)(!

+322(+-(8!G(F0H%!!

!

&'(! .:-/W.-/0,! 09! ABC6D:E:F/,! &! GE! @)8#! H.+! 0,FE! +-38/(8! '()(! 3+/,2! .! A&B!

;08(F!+3G+-).-(%!O0H(W()K!-'(!/,:)(.+(!/,!.:-/W/-E!H.+!+'0H,!-0!G(!.!Y;.Q!(99(:-K!

).-'()! -'.,! .! C;! (99(:-K! +0! -'.-! /-! ;/2'-! G(! *)(8/:-(8! -'.-! -'/+! (99(:-! H/FF! G(!

)(*)083:(8! H/-'! ^_e1! .,8! BMX1! .+! -.)2(-+%! X,:)(.+/,2! -'(! .:-/W/-E! 09!

ABC6D:E:F/,!&! -0H.)8+! -'(+(! +3G+-).-(+!H03F8! (,.GF(! .!;0)(! ).*/8! -).,+/-/0,!



! "T4!

9)0;!*.3+(8! -0! (F0,2.-/,2!S0F! XX! /,! )(+*0,+(! -0! +/2,.F/,2! :.+:.8(+! -'.-! )(:)3/-!

@)8#!-0!*)0;0-()!)(2/0,+%!

!

@)8#! /+! G0-'! F0:.-(8! .-! -'(! *)0;0-()! .,8! :08/,2! )(2/0,+! 09! .! 2(,(! =A'0! (-! .F%!

N<"<?%! !&'/+!W.)/.GF(!8/+-)/G3-/0,!09!@)8#! F0:.F/+.-/0,!'.+! -'(!*0-(,-/.F! -0!.F-()!

-'(!M()N!*'0+*'0)EF.-/0,!8/+-)/G3-/0,!0,!-'(!A&B!.-!8/99()(,-!F0:.-/0,+!H/-'/,!.!

2(,(5:08/,2!)(2/0,%!B/99()(,-!M()N!*'0+*'0)EF.-/0,!*.--(),+!0,!-'(!A&B!*)0W/8(!

.F-(),.-/W(! :0;G/,.-/0,+! 09! G/,8/,2! +/-(+! 90)! -).,+:)/*-/0,! 9.:-0)+%! &'(+(!

.F-(),.-/W(+! ;.E! *)0W/8(! .,! .88/-/0,.F! ;(:'.,/+;! -0! .:'/(W(! -'(! -/;(FE!

)(:)3/-;(,-!09!+*(:/9/:!9.:-0)+!-0!-'(!A&B%!!

!

!"3"! <65.78,9,@;&7;80),

ABC6!/+!*)/;.)/FE!903,8!:0;*F(Q(8!-0!:E:F/,!&"!=7<f?K!H'/F+-!:E:F/,!&N.!="<f?!

.,8!:E:F/,!&NG!="<f?!G/,8!-'(!)(;./,/,2!ABC6!=B(!e3:.!(-!.F%!N<<4?%!AE:F/,!&"!

.,8! :E:F/,! &N! +'.)(! +/;/F.)! (Q*)(++/0,! *)09/F(+K! G0-'! W.)E/,2! (Q*)(++/0,! /,!

8/99()(,-!:(FF! -E*(+!=B(!e3:.!(-!.F%!N<<".[!B(!e3:.!(-!.F%!N<<"G?%!O0H(W()K! -'(E!

'.W(!:()-./,!8/99()/,2!*)0*()-/(+%!AE:F/,!&N.!.,8!:E:F/,!&NG!.)(!3,.GF(!-0!/,-().:-!

H/-'! &.-! .,8! &>]! H'()(.+! '3;.,! :E:F/,! &"! /,-().:-+! .,8! *)0;0-(+! &.-!

-).,+.:-/W.-/0,! =d/;;()! (-! .F%! "666?%! AE:F/,! &N.! .,8! :E:F/,! &NG! .)(! +*F/:(!

W.)/.,-+!.,8!0,FE!8/99()!.-!-'(/)!W()E!A5-();/,/%!&'(!.,.FE+/+!3,8()-.R(,!'()(!/+!

09! -'(! :E:F/,! G0Q(+! 09! :E:F/,! &NK! H'/:'! .)(! /8(,-/:.F! G(-H((,! :E:F/,! &N.! .,8!

:E:F/,!&NG%!AE:F/,!&"!.,8!:E:F/,!&N!.F+0!.)(!(.:'!/,8/W/83.FFE!)(+*0,+/GF(!90)!-'(!

3*)(23F.-/0,!09!.!+3G+(-!09!2(,(+!=].;.R)/+',.,!(-!.F%!N<""?!%!

!



! "T#!

@)8#! /,:)(.+(+! -'(! .:-/W/-E! 09! ABC6D:E:F/,! &"! .,8! ABC6D:E:F/,! &N! (`3.FFE%! X-+!

.:-/W.-/0,! 09! S5&_1G! /+! -'()(90)(! /,8(*(,8(,-! 09! -'(! :E:F/,! /+090);! H'/:'! /+!

:0;*F(Q(8! -0! ABC6%! ! A0))(+*0,8/,2FEK! 83)/,2! -).,+:)/*-/0,! 09! 2(,(+K! @)8#! /+!

*)(8/:-(8! -0! +'0H! -'(! +.;(! (99(:-! 0,! -).,+:)/*-/0,! /))(+*(:-/W(! 09! -'(! :E:F/,!&!

/+090);!H/-'/,!-'(!S5&_1G!:0;*(Q%!X-!/+!-'()(90)(!+322(+-(8!,0-!-0!G(!.!9.:-0)!/,!

8(-();/,/,2!-'(!.F-(),.-/W(!2(,(!(Q*)(++/0,!G(-H((,!:E:F/,!&!/+090);+%!

!

!"3"3 2&+3,?78+78>,)70*),'8,<CFG4565.78,9,

>,.FE+/+! 09! -'(! /,-().:-/0,! GE!ODB! (Q:'.,2(!;.++! +*(:-)0;(-)E! '.+! /8(,-/9/(8!

-H0!*)/;.)E!+/-(+!09!/,-().:-/0,!09!@)8#!0,!ABC6D:E:F/,!&K!0,(!0,!-'(!:E:F/,!.,8!

-'(!0-'()!0,!-'(!ABC%!^L]!8.-.!+'0H+!-'.-!-'(!(Q-)(;(!A5-();/,.F!*.)-!09!@)8#!

=)(+/83(+!"4#N5"4TN?!G/,8+!-0!-'(!:E:F/,!.,8!-'()(90)(K!GE!/,9()(,:(K!-'.-!-'(!^5

-();/,3+!09!-'(!#<;()!G/,8+!-0!-'(!ABC%!&'/+!8(W(F0*+!0,!-'(!*3FF580H,!.,.FE+/+!

09!@/+2)0W(!)%# *+! -'.-! +'0H(8! -'.-!@)8#! /,-().:-+! .-! /,8(*(,8(,-! +/-(+!0,!G0-'!

ABC6!.,8!:E:F/,!&!=@/+2)0W(!(-!.F%!N<<$?%!!

!

&'(! )(+/83(+! 09! -'(! G/,8/,2! +/-(! 0,! ABC6! /,:F38(! -'(! .:-/W.-/0,! +(2;(,-%!

S)(W/03+FEK!;3-.-/0,+!09!ABC6!)(+/83(!M()"$I!H()(!/8(,-/9/(8!-0!8/+)3*-!S5&_1G5

@)8#!/,-().:-/0,+!=\.,2!(-!.F%!N<<I?%!>F-'032'!-'/+!)(+/83(!H.+!3,90)-3,.-(FE!,0-!

:0W()(8! GE! -'(! ;.++! +*(:-)0;(-)E! .,.FE+/+! .,! .8h.:(,-! +(2;(,-! 09! )(+/83(+!

=)(+/83(+!"TT5"$4?!H.+%! !^0-.GFEK!-'.-!+(2;(,-!H.+!'/2'F/2'-(8!.+!G(/,2!G(--()!

*)0-(:-(8! 9)0;! ODB! (Q:'.,2(! GE! -'(! *)(+(,:(! 09! @)8#! /,! .2)((;(,-! H/-'!

*)(W/03+FE! *3GF/+'(8! )(+3F-+%! M()"$I! '.+! G((,! /8(,-/9/(8! .+! .! )(+/83(! -'.-!

:0,-)0F+! ABC6! .:-/W/-E! 8(*(,8/,2! 0,! /-+! *'0+*'0)EF.-/0,! +-.-(%! O0H(W()K!



! "TI!

:0,9F/:-/,2!)(*0)-+!+'0H!G0-'!3*)(23F.-/0,!.,8!80H,)(23F.-/0,!09!-'(!R/,.+(!GE!

*'0+*'0;/;(-/:!;3-.-/0,! =A'(,! (-! .F%! N<<#[!>;;0+0W.! (-! .F%! N<""?%!&'(!ODB!

(Q:'.,2(! (Q*()/;(,-+! 8(+:)/G(8! '()(! +322(+-! -'.-! -'/+! )(+/83(! ;.E! G(!

/;*0)-.,-!/,!-'(!/,-().:-/0,!09!@)8#!.,8!:03F8!)(*F/:.-(!-'(!.:-/W.-/,2!93,:-/0,!09!

-'(!*'0+*'0)EF.-/0,%!!

!

L3-.-/0,+! 09! )(+/83(! &')"7TK! -'.-! /+! *'0+'0)EF.-(8! 90)! 93FF! .:-/W.-/0,! 09! -'(!

R/,.+(K!'.+!*)(W/03+FE!G((,!+'0H,!,0-!-0!.99(:-!@)8#!G/,8/,2!=\.,2!(-!.F%!N<<I?K!

.F-'032'! !"# $!$'! @)8#5:0,-./,/,2! S5&_1G! :0;*F(Q(+! '.W(! G((,! +'0H,! -0! G(!

3,*'0+*'0)EF.-(8!0,!&')"7T!=A'(,!(-!.F%!N<<7?%!&')"7T!/+!+0!).*/8FE!(Q:'.,2(8!

-'.-!.,.FE+/+!GE!ODB!;.++!+*(:-)0;(-)E!*)0W/8(8!,0!93)-'()!/,90);.-/0,!0,!-'(!

/;*0)-.,:(!09!&')"7T!*'0+*'0)EF.-/0,!+-.-3+!90)!@)8#!G/,8/,2%!

!

!"3"I <'-(*078>,<CFG4565.78,9=5'80;7878>,5'-(.*:*),

X-!/+!H(FF!(+-.GF/+'(8!-'.-!OXY5&.-K!O(Q/;"!.,8!@)8#!.)(!:.*.GF(!09!:0;*(-/,2!90)!

ABC6D:E:F/,! &! -0! (,+3)(! -).,+:)/*-/0,! 09! -'(! OXY5e&]K! /,'/G/-/0,! 09!

ABC6D:E:F/,!&!0)!)(F(.+(!09!S5&_1G!9)0;!-'(!F.)2(!/,.:-/W(!:0;*F(Q!)(+*(:-/W(FE!

=L/:'(F+! (-! .F%! N<<4[! Z.,2! (-! .F%! N<<I[! M:'3F-(! (-! .F%! N<<I[! \.,2! (-! .F%! N<<I[!

@.)G0)/:!(-!.F%!N<<$[!@/+2)0W(!(-!.F%!N<<$[!C)3(2()!(-!.F%!N<"<?%! !B(W(F0*/,2!03)!

+-)3:-3).F! 3,8()+-.,8/,2!09! -'(+(!;3-3.FFE! (Q:F3+/W(! :0;*F(Q(+!09!S5&_1G!H/FF!

'(F*! -0!3,8()+-.,8! -'(! )(23F.-/0,!09!ABC6D:E:F/,!&!G0-'! /,! i,0);.Fj! .,8!OXY5

/,9(:-(8!:(FF+%!!

!



! "TT!

>! :)E+-.F! +-)3:-3)(! 09! ABC6D:E:F/,! &D&.-! '.+! G((,! +0FW(8! +'0H/,2! -'(!

/,-().:-/0,!+/-(+!09!&.-!0,!G0-'!ABC6!.,8!:E:F/,!&! =&.'/)0W!(-!.F%!N<"<?%!&'(+(!

H()(!8(+:)/G(8!.+!/,:F38/,2!.!)(2/0,!F0:.-(8!0,!-'(!.:-/W.-/0,!+(2;(,-!09!ABC6K!

.,8!.!2)00W(!-'.-!(Q-(,8+!G(-H((,!-'(!:E:F/,!)(*(.-+!.,8!-'(!OIP!'(F/Q!09!:E:F/,!

&%!&'(!O(Q/;"!/,-().:-/0,!'.+!G((,!+322(+-(8!-0!/,-().:-!H/-'!)(+/83(+!NI#5N$N!

09!:E:F/,!&!=U.)G()!(-!.F%!"667[!L/:'(F+!(-!.F%!N<<4[!M:'3F-(!(-!.F%!N<<I?%!

!

&'(! -H0! /,-().:-/0,! +/-(+! /8(,-/9/(8! '()(! G(-H((,! ABC6D:E:F/,! &! .,8! @)8#!

*.).FF(F!-'0+(!09!&.-!90)!ABC6D:E:F/,!&%!VW()F.E!09!-'(!@)8#D:E:F/,!&!/,-().:-/0,!

+/-(!0,!ABC6D:E:F/,!&D&.-!+'0H+!-'.-!-'/+!2)00W(!/+!F/R(FE!-0!G(!(Q*F0/-(8!GE!G0-'!

@)8#! .,8!&.-%! ! 13)-'();0)(K! -'(!ODB!(Q:'.,2(! (Q*()/;(,-+! +322(+-! -'.-!@)8#!

:0,-.:-+! )(+/83(+! 0,! ABC6! .8h.:(,-! -0! -'(! >&S! G/,8/,2! +/-(K! 0W()F.**/,2!H/-'!

-'0+(! -'.-! /,-().:-!H/-'!&.-%! X-! .**(.)+! 9)0;!03)! )(+3F-+! -'.-!@)8#!'.+!.! F.)2()!

900-*)/,-! 0,! -'(! ABC6! +-)3:-3)(! -'.,! 80(+! &.-%! &'()(90)(! @)8#! .**(.)+! -0! G(!

.GF(!-0!:0;*(-(!H/-'!&.-!G0-'!0,!-'(!ABC!.,8!:E:F/,!+3G3,/-%!!

!

&'(!&.-!+(`3(,:(!.,8!@)8#!+(`3(,:(!+'0H!F/--F(K!/9!.,EK!'0;0F02E%!&.-!:0,-./,+!.!

*)0F/,(! )/:'! )(2/0,! .,8! /,:F38(+! +(W().F! c/,:! 9/,2()+%! A0,-).+-/,2FEK! @)8#!

:0,-./,+! ,0! *)0F/,(+! H/-'/,! -'(! A5-();/,.F! #<;()K! .,8! '.+! ,0! :E+-(/,(+! 0)!

'/+-/8/,(+%!@0-'!@)8#!.,8!&.-!:0,-./,!.,!.)2/,/,(!)/:'!+-)(-:'K!G3-!H'()(.+!-'/+!/+!

^5-();/,.F! /,! @)8#K! /-! /+! A5-();/,.F! /,! &.-! =.,8! ,0-! *)(+(,-! /,! -'(! :)E+-.FF/+(8!

+-)3:-3)(?%!!X-!/+!-'()(90)(!+0;(H'.-!+3)*)/+/,2!-'.-!-'(E!.**(.)!.GF(!-0!:0;*(-(!

90)!-'(!+.;(!/,-().:-/0,!+3)9.:(+%!

!



! "T$!

X,!.88/-/0,!-0!&.-K!@)8#!.,8!O(Q/;K!AXX&>!.,8!&.Q!:0;*(-(!90)!-'(!G/,8/,2!+/-(!

0,!:E:F/,!&%!AXX&>!:0;*(-(+!H/-'!G0-'!O(Q/;"!.,8!&.-! =C.,.c.H.!(-!.F%!N<<<?!

=C0'03-(R!(-!.F%!N<<T?%!&.Q!/+!.!-).,+:)/*-/0,.F!.:-/W.-0)!(,:08(8!GE!-'(!'3;.,!

&5FE;*'0-)0*/:!W/)3+!-E*(!"!=O&eY5"?K!H'/:'!:.3+(+!.83F-!&5:(FF!F(3R(;/.%!X-!'.+!

G((,!+'0H,!-'.-!&.Q!:0;*(-(+!H/-'!@)8#!90)!G/,8/,2!09!ABC6D:E:F/,!&!G3-!-'.-!

-'/+! :0;*(-/-/0,! /,W0FW(+! -'(! @)8#! G)0;080;./,D:E:F/,! &! .:(-EF5)(+/83(! +/-(!!

=A'0! (-! .F%! N<"<?%! >88/-/0,.F! +/;/F.)/-E! (Q/+-! G(-H((,! &.Q! .,8! @)8#! .+! G0-'!

/,83:(! ABC6! .3-0/,'/G/-/0,! GE! *'0+*'0)EF.-/0,! 0,! ABC6! &')N6! ! =g'03! (-! .F%!

N<<T[! g'03! (-! .F%! N<<6G?%! ! X-! '.+! G((,! +322(+-(8! -'.-! @)8#! /+! )(:)3/-(8! -0! -'(!

-).,+:)/*-/0,!+/-(!H'()(!/-!/,/-/.-(+!*'0+*'0)EF.-/0,!0,!ABC6!&')N6!=g'03!(-!.F%!

N<<6G?%! ](F(.+(! 09! -'/+! *'0+*'0)EF.-/0,! H/FF! -'(,! (,.GF(! ABC6! .:-/W/-E! .,8!

:0,-)0F!-).,+:)/*-/0,.F!(F0,2.-/0,%!&'/+!;(-'08!09!:0,-)0F!;.E!G(!+*(:/9/:!-0!-'(!

W/).F!*)0;0-()+!.+!/-!'.+!,0-!G((,!0G+()W(8!/,!:(FF3F.)!2(,(!)(2/0,+%!!

!

&'(!+*(:/9/:/-E!09!&.-!90)!-'(!8/99()(,-!:E:F/,!&!W.)/.,-+!/+!F/R(FE!-0!8()/W(!9)0;!-'(!

/,-()9.:(! G(-H((,! -'(! :E:F/,! &"! .,8! -'(! A5-();/,3+! 09! &.-! .,8! &>]%! &'/+!

/,-()9.:(K! F0:.-(8! 8/+-.FFE! -0! -'(! ABC5G/,8/,2! /,-()9.:(K! /+! H'()(! -'(! /+090);+!

8/99()!;0+-!/,!+(`3(,:(K!.,8!/+!)(;0-(!9)0;!-'(!)(2/0,!X!*)0*0+(!-0!;(8/.-(!@)8#!

G/,8/,2!=1/23)(!454"?%!



! "T7!

!

!"#$%&' ()(Q+' U5&%42;' 3-' 7,89:/;/4".' <:<21' 61%$/1$%&6+' M3)9.:(! )(*)(+(,-.-/0,+! 09! ABC6! =2)(E?! .,8!
:E:F/,!&!=GF3(!.,8!0).,2(?!.)(!+'0H,%!@F3(!)(+/83(+!.)(!:0,+()W(8!G(-H((,!:E:F/,!&"!.,8!:E:F/,!&N!H'()(.+!
0).,2(!.)(!,0-!:0,+()W(8%!&.-!=*/,R?!.,8!&>]!=0).,2(!G.:RG0,(?!.)(!+'0H,!.+!:.)-00,!+-)3:-3)(+%!!SB@!/8+a!
4LX>!.,8!NdNO%!

!

!"3"J E'+*.,'/,01*,565.78,942&+3,780*&;507'8,

1)0;! -'(! 8.-.! *)(+(,-(8! /,! -'/+! -'(+/+! .,8! *)(W/03+FE! *3GF/+'(8! +-)3:-3)(+! X!

*)0*0+(! .! +-)3:-3)(! 09! @)8#! G03,8! -0! :E:F/,! &%! X! +322(+-! -'.-K! /,! .! +/;/F.)!

/,-().:-/0,!-0!&.-K!@)8#!/,-().:-+!H/-'!.FF!:E:F/,!&! /+090);+!-')032'!.,! /,83:(8!

!5'(F/:.F! +(2;(,-K! .,8! -'(,! -).W()+(+! -'(! :F(9-! G(-H((,! ABC! .,8! :E:F/,! -0!

/,-().:-!H/-'!-'(!.:-/W.-/0,!+(2;(,-!09!ABC6%!!&'(+(!;08(F+!.)(!:0,+/+-(,-!H/-'!

;3-.2(,(+/+!.,8!/,-().:-/0,!.,.FE+/+!09!)(+/83(+!H/-'/,!-'(!A5-();/,3+!09!@)8#!

3,8()-.R(,!GE!@/+2)0W(!(-!.F!=@/+2)0W(!(-!.F%!N<<$?%!

M(W().F!*)(8/:-/0,+!.)/+(!9)0;!-'(!;08(F+!+322(+-(8%!1/)+-FE!-'.-!-'(!A5-();/,.F!

N<!)(+/83(+!09!@)8#! /,-().:-!H/-'!:E:F/,!&%!>::0)8/,2FEK! -'/+!+-)(-:'!09! )(+/83(+!

H03F8! G(! 3,.GF(! -0! /,-().:-! H/-'! ABC6! .,8! -'()(90)(! H03F8! G(! :.*.GF(! 09!

CDK9

CyclinT

TAR RNA

TAT



! "T6!

G/,8/,2K! G3-! ,0-! .:-/W.-/,2! ABC6D:E:F/,! &%! ABC6D:E:F/,! &! R/,(-/:! :0;*(-/-/0,!

.++.E+! H/-'! @)8#="4NN5"4TN?! .,8! @)8#="4#"5"4TN?! H03F8! -(+-! -'/+! 'E*0-'(+/+%!!

M/;/F.)FEK! @)8#="4#"5"4TN?! +'03F8! G(! :.*.GF(! 09! :0;*(-/,2! H/-'! &.-! 90)! -'/+!

/,-().:-/0,!+/-(%!13)-'();0)(K! +(F(:-(8!;3-.-/0,+!09! )(+/83(+!0,!(/-'()!@)8#!0)!

:E:F/,!&!:03F8!8/+-/,23/+'!G(-H((,!-'(!-H0!*0++/GF(!@)8#!;08(F+!*)0*0+(8!'()(%!!

!

!"3"K 91*,);-*,&*)7+D*),'/,2&+3,?78+,A$,;8+,<CFG4565.78,9,

&'(! )(23F.-/0,! 09! -).,+:)/*-/0,! GE! -'(! OSY! _N! *)0-(/,! /+! +-/FF! ,0-! 93FFE!

3,8()+-008K!H'/F(! -'(! /,9F3(,:(! -'.-!@)8#!'.+!0,! -'(!W/).F! -).,+:)/*-/0,! /+!.F+0!

,0-!:F(.)!=O.;/8!(-!.F%!N<<6?%!&'(!.G/F/-E!09!_N!-0!)(*)(++!-).,+:)/*-/0,!'.+!G((,!

+322(+-(8! -0! G(! G0-'! 8(*(,8(,-! .,8! /,8(*(,8(,-! 09! @)8#! =d3! (-! .F%! N<<T[!

M:'H(/2()!(-!.F%!N<<$?%!&'(!3,:()-./,-E!09!H'(-'()!_ND@)8#DABC6D:E:F/,!&!:.,!

90);! .! `3.-(),.)E! :0;*F(Q! '/,8()+! -'(! 3,8()+-.,8/,2! 09! -'/+! :0;*F(Q! +E+-(;!

=\.,!(-!.F%!N<"<?%!!!

!

OSY!_N!/,-().:-+!H/-'!@)8#!-')032'!-'(!A5-();/,.F!)(+/83(+!09!@)8#!=>GG.-(!(-!

.F%!N<<T?%!b*0,!G/,8/,2K!-'(+(!A5-();/,.F!N<!)(+/83(+!09!@)8#!.)(!/,83:(8!/,-0!.!

'(F/:.F! +-)3:-3)(! -0! /,-().:-! H/-'! -'(! -).,+:)/*-/0,! )(23F.-0)E! 80;./,! 09! _N%!

d'/F(!-'(!/,W0FW(;(,-!09!.,!/8(,-/:.F!*.)-!09!@)8#!/,!-'(!/,-().:-/0,+!H/-'!_N!0)!

:E:F/,! &! ;/2'-! +322(+-! -'.-! -'(! -H0! /,-().:-/0,+! .)(! ;3-3.FFE! (Q:F3+/W(K! -'(!

*0++/G/F/-E! 09! .! `3.-(),.)E! :0;*F(Q! :.,,0-!G(! (Q:F38(8%! X,! +3:'! .! :0;*F(QK! _N!

;/2'-! G/,8! -0! 0,(! 9.:(! 09! -'(! @)8#! A5-();/,.F! '(F/Q! .,8! ABC6D:E:F/,! &! -0! -'(!

0**0+/,2! 9.:(%! >,! .F-(),.-/W(! 'E*0-'(+/+! /+! -'.-! .,! (Q-(,8(8! +(:-/0,! 09! @)8#!



! "$<!

/,-().:-+! H/-'! _N! .,8! -'(! A5-();/,.F! N<! )(+/83(+! 09! @)8#! .)(! ,0-! )(`3/)(8! -0!

;./,-./,!.++0:/.-/0,!H/-'!_N%!!

!

&'()(! .)(! -')((! )(.+0,+! -'.-! *)(W(,-! -'(! (Q:F3+/0,! 09! .! `3.-(),.)E! :0;*F(Q!

90);/,2%! 1/)+-FEK! -'(!'(F/Q!09!@)8#! /,! -'(!_N5@)8#! +-)3:-3)(!G/,8+!,0-!0,FE! -0! .!

*)/;.)E! _N5;0F(:3F(K! G3-! .F+0! -0! .! :)E+-.FF02).*'/:.FFE! )(F.-(8! _N! ;0F(:3F(%!

L0)(0W()K! -'(! :)E+-.F! :0,-.:-! /,W0FW(+! .! +/;/F.)! +3)9.:(! .)(.! .+! -'(! *)/;.)E!

@)8#5_N!/,-().:-/0,K! /,8/:.-/,2!-'(!*0-(,-/.F! 90)!*)0-(/,5*)0-(/,!/,-().:-/0,+!0,!

G0-'! 9.:(+! 09! -'(! '(F/Q! =1/23)(! 454N?%! M(:0,8FEK! -'(! @)8#! A&B! =.F-'032'! .!

:0,+-)3:-!-'.-!/+!F0,2()!-'.-!-'(!N<;()!'(F/Q?!'.+!G((,!+'0H,!-0!+/;3F-.,(03+FE!

/,-().:-!H/-'!SFR"!.,8!-'(!OSY5I!_N!*)0-(/,!=d.,2!(-!.F%!N<<6?%!>,8!-'/)8FEK!-'(!

@)8#5_N! .,8!@)8#5ABC6D:E:F/,!&! /,-().:-/0,+! +'0H!8/99()(,-! 8(*(,8(,:/(+! 0,!

+.F-! :0,:(,-).-/0,+! =\.,2! (-! .F%! N<<I[! >GG.-(! (-! .F%! N<<T?%! &'(! @)8#5_N!

/,-().:-/0,!/+!+-.GF(!3,8()!'/2'!+.F-!:0,:(,-).-/0,+K!+322(+-/,2!.!*)(80;/,.,-FE!

'E8)0*'0G/:!/,-().:-/0,!+3)9.:(K!/,!.2)((;(,-!H/-'!-'(!/,-()9.:(!0G+()W(8!/,!-'(!

:)E+-.F!+-)3:-3)(%!@)8#K!0,!-'(!0-'()!'.,8K!8/++0:/.-(+!9)0;!ABC6D:E:F/,!&!3,8()!

)(F.-/W(FE!F0H!+.F-!:0,:(,-).-/0,+K!/;*FE/,2!-'.-!-'(!G/,8/,2!+3)9.:(!/+!;(8/.-(8!

GE! *0F.)! :0,-.:-+%! ! &'(+(! 0G+()W.-/0,+! +322(+-! -'.-! @)8#! ;.E! G(! :.*.GF(! 09!

G/,8/,2!-0!G0-'!_N!.,8!ABC6D:E:F/,!&!0,!8/99()(,-!@)8#!+3)9.:(+!+/;3F-.,(03+FE%!!

!

&H0! 09! -'(! -')((! )(+/83(+! H'0+(! *(.R+! +'/9-! -'(! ;0+-! /,! -'(! ^L]! :E:F/,! &!

-/-).-/0,! 8.-.! .)(! F0:.-(8! 0,! -'(! i+0FW(,-5(Q*0+(8j! +/8(! 09! -'(! @)8#5_N!

/,-().:-/0,%! d'/F+-! S'("4I$! /+! G3)/(8! /,! .! :'.)2(8! *0:R(-! 09! _NK! e(3"4I#!

0::3*/(+! .! )(.+0,.GFE! 'E8)0*'0G/:! *0:R(-! 09! -'(! :)E+-.FF02).*'E! )(F.-(8! _N!

;0,0;()! .,8! >F."4#4! =-'(! ^5-();/,.F! )(+/83(! /,! -'(! :)E+-.F! +-)3:-3)(?! /+!



! "$"!

*.)-/.FFE! +0FW(,-! (Q*0+(8%! &'(+(! )(+/83(+! ;.E! G(! :.*.GF(! 09! /,-().:-/,2! H/-'!

ABC6D:E:F/,! &! H'/F+-! ;./,-./,/,2! -'(! !5'(F/Q! +((,! /,! -'(! _N5@)8#! :)E+-.F!

+-)3:-3)(%!1)0;!-'(!)(+3F-+!*)(+(,-(8!/-!-'()(90)(!)(;./,+!/,:0,:F3+/W(!.+!-0!/9!.!

`3.-(),.)E!:0;*F(Q!:0;*0+(8!09!ABC6K!:E:F/,!&K!_NK!@)8#!:.,!(Q/+-%!

!

13)-'()!R,0HF(82(!09!-'(!/,-().:-/0,!G(-H((,!@)8#!.,8!ABC6D:E:F/,!&!H/FF!'(F*!

8/++(:-/,2!-'(!/,9F3(,:(!09!-'(!8/99()(,-!*)0-(/,+K!-'(!+/2,.F/,2!*.-'H.E+!.,8!-'(!

W.)/03+!+/-3.-/0,+!/,W0FW(8!/,!-'(!:0;*F(Q/-E!09!_N!-).,+:)/*-/0,!)(23F.-/0,%!!

!

!"#$%&' ()(*+' H.1&%2/1"3.' 3-' ?%0@' K"1A' V*' ".' 1A&' /%;6124' 61%$/1$%&+' _N! =*/,R?! .,8! @)8#5A&]! =GF3(?!
)(*)(+(,-!;0,0;()+! /,! .! +/,2F(! 3,/-! :(FFK! .,8!_NP! =*.F(! */,R?! .,8!@)8#P! =*.F(! GF3(?! .)(!;0,0;()+! /,! .,!
.8h.:(,-!3,/-!:(FF%!!

!

!"3"L H++707'8;.,&*>D.;07'8,?6,(1')(1'&6.;07'8,'/,2&+3,

S'0+*'0)EF.-/0,!/+!.!*)/;.)E!;(-'08!09!)(23F.-/,2!-).,+:)/*-/0,%!>-!.FF!+-.2(+!-'(!

*'0+*'0)EF.-/0,! +-.-(! 09! R(E! *)0-(/,+! 8(-();/,(+! H'(-'()! -).,+:)/*-/0,! :.,!

E2
E2’

Brd4-CTR

Brd4-CTR’



! "$N!

*)0:((8! 0)! /+! '.F-(8%! _W(,! H/-'/,! -'(! S5&_1G! .,8! /-+! /;;(8/.-(! /,-().:-/,2!

*)0-(/,+K! *'0+*'0)EF.-/0,! /+! .! ;(-'08! 09! )(23F.-/0,%! &'(! /,:0)*0).-/0,! 09!

ABC6D:E:F/,! &! /,-0! /-+! .++0:/.-/,2! :0;*F(Q(+! .F+0! 8(*(,8+! 0,! -'(!

*'0+*'0)EF.-/0,! 09! -'(! *)0-(/,+K! +3:'! .+! O(Q/;"K! H/-'! H'/:'! /-! /,-().:-+!

=A0,-)().+!(-!.F%!N<<$?%!

!

S'0+*'0)EF.-/0,!09!@)8#!*)0W/8(+!.!*0-(,-/.F!;(:'.,/+;!GE!H'/:'!-'(!:(FF!;/2'-!!

:0,-)0F! ABC6! )(:)3/-;(,-! -0! .! +3G+(-! 09! 2(,(+%! O()(! H(! +'0H(8! -'.-! -'(! A5

-();/,.F! )(2/0,! 09! @)8#! :.,! G(! *'0+*'0)EF.-(8! !"# $!%&'%! &'/+! *'0+*'0)EF.-/0,!

.**(.)+!-0!8/)(:-FE!.F-()!-'(!.:-/W.-0)E!(99(:-!-'.-!@)8#!(Q()-+!0,!ABC6D:E:F/,!&K!

.,8! /+! -'()(90)(! F/R(FE! -0! /,9F3(,:(! 2(,(! -).,+:)/*-/0,%! X-! H/FF! G(! 09! /,-()(+-! -0!

8(-();/,(!/9!-'/+!*'0+*'0)EF.-/0,!*)(W(,-+!-'(!G/,8/,2!09!@)8#!-0!ABC6D:E:F/,!&K!

0)! 0,FE! -'(! +3G+(`3(,-! .:-/W.-/0,! 09! /-+! R/,.+(! .:-/W/-E%! 13)-'();0)(K!

ABC6D:E:F/,!&!*'0+*'0)EF.-(+!;.,E!09!/-+!G/,8/,2!*.)-,()+K!.,8!+0!;.E!.F+0!G(!

:.*.GF(! 09! *'0+*'0)EF.-/,2!@)8#! /,! .! 9((8G.:R!;(:'.,/+;%! M3:'! .,! .88/-/0,.F!

*'0+*'0)EF.-/0,! H03F8! G(! (Q*(:-(8! -0! *)0W/8(! .,! .88/-/0,.F! F.E()! -0! -'(!

)(23F.-/0,!09!-).,+:)/*-/0,!/,!:(FF+%!

!

!"3"G <'85.D+78>,-'+*.,'/,2&+3,78,0&;8)5&7(07'8,

X! *)0*0+(! -'()(90)(! -'.-! -'(! A&]! 09! @)8#K! :0,+/+-/,2! 09! -'(! A5-();/,.F! #<!

)(+/83(+K!G/,8+!ABC6D:E:F/,!&!R/,.+(!.,8!:E:F/,!80;./,+! )(+*(:-/W(FE!.,8! -'.-!

-'(!G)0;080;./,+!09!@)8#!/,-().:-!H/-'!.,!(Q-(,8(8!+(:-/0,!09!:E:F/,!&!G(-H((,!

)(+/83(+! 46<5I"TK! /,:F38/,2! -'(! +/-(! 09! .:(-EF.-/0,! 0,! :E:F/,! &%! X,! G/,8/,2! -0!

ABC6D:E:F/,! &K! @)8#! :0;*(-(+! H/-'! O(Q/;"K! .! :0;*0,(,-! 09! -'(! $MC! +,]^S!



! "$4!

/,'/G/-0)E!:0;*F(QK!.,8!-'()(GE!F0:.F/c(+!S5&_1G!.-!+/-(+!09!.:-/W(!-).,+:)/*-/0,!

/8(,-/9/(8!GE!.:(-EF.-(8!'/+-0,(+%!X,!.88/-/0,K!@)8#!/,:)(.+(+!-'(!R/,(-/:!.:-/W/-E!

09!ABC6! /,:)(.+/,2! -'(!).-(!09!*'0+*'0)EF.-/0,!0,!S0F! XX!A&B!.,8K!*)(+3;.GFEK!

BMX1!.,8!^_e1%!&'/+!(,.GF(+!.!).*/8!-).,+/-/0,!09!S0F!XX!/,-0!-'(!(F0,2.-/0,!*'.+(!

09!-).,+:)/*-/0,!.,8!.!:0,+(`3(,-!/,:)(.+(!/,!;]^>!*)083:-/0,!09!-'/+!+3G+(-!09!

.:-/W.-(8!2(,(+%!!

!!!!

@)8#! .F+0! '.+! -'(! *0-(,-/.F! -0! )(23F.-(! -).,+:)/*-/0,! GE! 0-'()! ;(:'.,/+;+%!

1/)+-FE! @)8#! /,83:(+! /,'/G/-0)E! .3-0*'0+*'0)EF.-/0,! 09! ABC6! =g'03! (-! .F%!

N<<6G?%! M(:0,8FEK! H(! '.W(! +'0H,! -'.-! *'0+*'0)EF.-/0,! 09! -'(! A5-();/,3+! 09!

@)8#! .**(.)+! -0! *)(W(,-! -'(! .:-/W.-/0,! 09! ABC6%! &'(+(! )(23F.-0)E!

*'0+*'0)EF.-/0,+K! /,83:(8! GE! 0)! H/-'/,! @)8#K! .88! .,! .88/-/0,.F! F.E()! 09!

)(23F.-/0,! -0! .,! .F)(.8E! :0;*F(Q! *)0:(++! -'.-! /,W0FW(+! -'(! :00)8/,.-/0,! .,8!

:0FF.G0).-/0,!09!;.,E!+/2,.F/,2!*.-'H.E+!-0!)(23F.-(!-).,+:)/*-/0,!GE!S0F!XX%!

!



! "$#!

3 <'85.D)7'8,;8+,/D0D&*,+7&*507'8),
!

A0))(:-! -).,+:)/*-/0,! )(23F.-/0,! /+! :)3:/.F! -0! -'(! ;./,-(,.,:(! 09! .! '(.F-'E!

:(FF3F.)!+-.-(%!ABC6D:E:F/,!&!)(23F.-(+!.!R(E!-).,+/-/0,!/,!-).,+:)/*-/0,!/,!H'/:'!

]^>! *0FE;().+(! XX! (,-()+! -'(! (F0,2.-/0,! *'.+(! 9)0;! -'(! *.3+(8! +-.-(%! &'/+!

-).,+/-/0,!'.+!G((,!/8(,-/9/(8!.+!.!;.h0)!+-.2(!09!)(23F.-/0,!90)!2(,(+%!&'/+!-'(+/+!

'.+! 8(+:)/G(8! (990)-+! -0! 8(W(F0*! -'(! 3,8()+-.,8/,2! 09! ABC6D:E:F/,! &! .-! .!

;0F(:3F.)! F(W(F!.,8!'(,:(!8(W(F0*!03)!R,0HF(82(!09! -'/+! -).,+/-/0,!09!S0F! XX! -0!

-).,+:)/*-/0,!(F0,2.-/0,%!!

!

X,!-'/+!-'(+/+!X!'.W(!8(+:)/G(8!H0)R!0,!-'(!/,'/G/-/0,!=GE!+;.FF!:'(;/:.F!*)0G(+?!

.,8!.:-/W.-/0,!09!ABC6D:E:F/,!&%!!!

!

B(W(F0*;(,-!09!+*(:/9/:!/,'/G/-0)+!09!'/2'!*0-(,:E!-0H.)8+!ABC6!'.+!.!-H0590F8!

.8W.,-.2(%!1/)+-FE!;0)(!+*(:/9/:!/,'/G/-0)+!H/FF!(,.GF(!:(FF!G/0F02/+-+!-0!3,8()-.R(!

(Q*()/;(,-+!-0!*)0G(!ABC6!93,:-/0,!H/-'!;/,/;.F!:)0++5)(.:-/W/-E!.2./,+-!0-'()!

:(FF3F.)! R/,.+(+%! M(:0,8FEK! .+! ABC6! .:-/W/-E! /+! .F-()(8! /,! +(W().F! 8/+(.+(! +-.-(+K!

+-38/(+!09!/,'/G/-0)+!(,.GF(!.,!/;*)0W(8!3,8()+-.,8/,2!09!-'(!ABC6!>&S!G/,8/,2!

+/-(! .,8! '(,:(! (,.GF(! +-)3:-3)(5./8(8! 8)32! 8(W(F0*;(,-%! X! '.W(! 8(+:)/G(8! -'(!

/,-().:-/0,+! 09! .! :F.++! 09! ABC6! /,'/G/-0)+! /,! :0;*F(Q! H/-'! ABC6D:E:F/,! &! .,8!

ABCND:E:F/,!>%! &'(+(! '.W(! (,.GF(8! .! :F(.)()! 3,8()+-.,8/,2! 09! -'(! ABC6!>&S5

G/,8/,2! +/-(K! .,8K! G.+(8! 0,! 9.W03).GF(! .,8! 3,9.W03).GF(! *)0-(/,5/,'/G/-0)!

/,-().:-/0,+! /8(,-/9/(8K! *)0W/8(8! +322(+-/0,+! 90)! -'(! 93)-'()! 8(W(F0*;(,-! 09!

-'(+(!/,'/G/-0)+%!S)02)(++!-0H.)8+!;0)(!+*(:/9/:!/,'/G/-0)+!H/FF!,0H!)(`3/)(!-'(!



! "$I!

+E,-'(+/+! 09! :0;*03,8+! G.+(8! 0,! -'(+(! +322(+-/0,+! .,8! +3G+(`3(,-! R/,.+(!

/,'/G/-/0,!.,.FE+/+!.2./,+-!.,!.)).E!09!R/,.+(+!/,:F38/,2!ABC"N!.,8!ABC"4%!

!

&'(! +(:0,8! 90:3+! 09! -'/+! -'(+/+! /+! 0,! -'(! /,-().:-/0,! G(-H((,! @)8#! .,8!

ABC6D:E:F/,! &K! H'/:'! '.+! G((,! *)0G(8! '()(! GE! G0-'! R/,(-/:! .,8! +-)3:-3).F!

.**)0.:'(+%! @)8#! /,-().:-+! H/-'! G0-'! -'(! ;(8/.-0)! :0;*F(Q! .,8! .:(-EF.-(8!

'/+-0,(+! .-! +/-(+! 09! .:-/W(! -).,+:)/*-/0,%! >88/-/0,.FFE! /-! /,-().:-+! H/-'!

ABC6D:E:F/,! &! .,8! )(:)3/-+! -'/+! :0;*F(Q! -0! -'(! *)0;0-()! )(2/0,! -0! (,.GF(!

*'0+*'0)EF.-/0,!09!^_e1K!BMX1!.,8!-'(!S0F!XX!A&B%!S0F!XX!:.,!-'(,!*)02)(++!/,-0!

-'(!(F0,2.-/0,!*'.+(%!!!

!

1)0;! +-38/(+! X! '.W(! 8(+:)/G(8! H/-'/,! -'/+! -'(+/+! -'(! ;/,/;.F! ABC6D:E:F/,! &5

/,-().:-/0,! )(2/0,! 09! @)8#! '.+! G((,! ;.**(8%! 13)-'();0)(! -'/+! 9).2;(,-! '.+!

G((,! +'0H,! -0! /,:)(.+(! -'(! .:-/W/-E! 09! ABC6D:E:F/,! &! GE! /,9F3(,:/,2! Y;.QK! .,8!

-'.-!;.E!-'()(90)(!G(!/,8(*(,8(,-!09!-'(!/8(,-/-E!09!-'(!+3G+-).-(%!>88/-/0,.FFEK!

9)0;!.!).,2(!09!/,-().:-/0,!+-38/(+K!X!'.W(!*)0*0+(8!.!;08(F!09!@)8#!G/,8/,2!-0!

ABC6D:E:F/,!&!-'.-!H03F8!G(!;3-3.FFE!(Q:F3+/W(!H/-'!-'(!G/,8/,2!09!-'(!OXY5&.-!

*)0-(/,%! 1/,.FFE! X! '.W(! +'0H,! -'.-! /-! /+! *0++/GF(! -'.-! *'0+*'0)EF.-/0,! 0,! @)8#!

;083F.-(+!/-+!/,-().:-/0,!H/-'!S5&_1GK!.,8!;.E!-'()(90)(!G(!.,!.88/-/0,.F!*0/,-!

.-! H'/:'! S5&_1G! )(:)3/-;(,-! .,8! '(,:(! -).,+:)/*-/0,! (F0,2.-/0,! :03F8! G(!

)(23F.-(8%!!!

!

A0,9/);/,2! -'(+(! !"# $!%&'! 0G+()W.-/0,+! 09! -'(! /,-().:-/0,+! G(-H((,! @)8#! .,8!

ABC6D:E:F/,! &! H/-'/,! .! :(FF3F.)! :0,-(Q-! /+! :)3:/.F! -0! -'(! 8(W(F0*;(,-! 09! 03)!



! "$T!

3,8()+-.,8/,2! 09! -'(! 93,:-/0,! 09! @)8#! H/-'! )(+*(:-! -0! ABC6D:E:F/,! &! .,8! /-+!

/;*0)-.,:(!/,!-'(!)(23F.-/0,!09!-).,+:)/*-/0,%!

!



! "$$!

H" M*8*&;.,.;?'&;0'&6,-*01'+),
!

H"# E'.*5D.;&,5.'878>,

H"#"# <'-(*0*80,5*..,(&*(;&;07'8,;8+,0&;8)/'&-;07'8,

,-# .'+!! +-)./,+! ke"520F8! .,8! >):-/:! (Q*)(++! H()(! *)(*.)(8! 90)! +3G+(`3(,-!

-).,+90);.-/0,+!GE!-'(!90FF0H/,2!*)0-0:0F%!>!+/,2F(!:0F0,E!H.+!2)0H,!0W(),/2'-!

.-!4$°A!/,!"<;F!e@%!N<<;F!e@!H.+!/,0:3F.-(8!H/-'!-'(!:(FF!:3F-3)(!.,8!2)0H,!.-!

4$°A%!!>-!.!:(FF!8(,+/-E!;(.+3)/,2!VBT<<!<%#5<%T!:(FF+!H()(!*(FF(-(8!.-!47<<2!90)!

"<!;/,3-(+!.-!#°A%!S(FF(-+!H()(!)(+3+*(,8(8!/,!.!-0-.F!W0F3;(!09!#<;F! /:(5:0F8!

+-()/F(!&1@"!G399()!=4<;L!*0-.++/3;!.:(-.-(K!"<<;L!)3G/8/3;!:'F0)/8(K!"<;L!

:.F:/3;!:'F0)/8(K!I<;L!;.,2.,(+(!:'F0)/8(K!"If!2FE:()0FK!*O!I%7?%!M3+*(,+/0,+!

H()(!/,:3G.-(8!0,!/:(!90)!4<!;/,3-(+%!A(FF+!H()(!.2./,!*(FF(-(8!3,8()!-'(!+.;(!

:0,8/-/0,+!.+!.G0W(%!!&'(!:(FF!*(FF(-!H.+!)(+3+*(,8(8!/,!7;F!/:(5:0F8!+-()/F(!&1@N!

="<;L!LVSMK!$I;L!:.F:/3;!:'F0)/8(K!"<;L!)3G/8/3;!:'F0)/8(K!"If!2FE:()0FK!

*O!T%7?%! >9-()! /,:3G.-/0,! 0,! /:(! 90)! .! +3G+(`3(,-! "I!;/,3-(+K! :(FF! +3+*(,+/0,+!

H()(!.F/`30-(8! /,!N<<!µF! .F/`30-+K! 9F.+'! 9)0c(,! /,! F/`3/8!,/-)02(,!.,8! +-0)(8!.-!!!!!!

57<°A%!

!

10)! -).,+90);.-/0,K! I<5"<<µF! :0;*(-(,-! :(FF+! H()(! /,:3G.-(8! 0,! /:(! 90)! I!

;/,3-(+!H/-'!.!&.*!"<<,2!*F.+;/8!B^>%!A(FF+!H()(!'(.-+'0:R(8!.-!#N°A! 90)!4<!

+(:0,8+!.,8!*F.:(8!G.:R!0,!/:(%!<%$;F!+-()/F(!e@!H.+!.88(8!-0!-'(!:(FF+!.,8!-'(E!

H()(! +3G+(`3(,-FE! /,:3G.-(8! .-! 4$°A! 90)! 4<! ;/,3-(+%! A(FF+! H()(! *(FF(-(8! GE!

:(,-)/932.-/0,!90)!#!;/,3-(+!.-!T<<<2!.,8!)(+3+*(,8(8!/,!"<<µF!e@%!A(FF!:3F-3)(+!

H()(!*F.-(8!0,-0!e@5.2.)!+3**F(;(,-(8!H/-'!-'(!.**)0*)/.-(!.,-/G/0-/:+%!!



! "$7!

!

H"#"$ %.;)-7+,CNH,(&*(;&;07'8,

B^>!*F.+;/8+!H()(! -).,+90);(8! /,-0!,-.'+!!ke"520F8! :(FF+%!>! +/,2F(! :0F0,E!H.+!

2)0H,! 0W(),/2'-! .-! 4$°A! /,! 45"<! ;F! e@! H/-'! -'(! .**)0*)/.-(! .,-/G/0-/:%! A(FF+!

H()(! *(FF(-(8! .,8! *F.+;/8+! H()(! *3)/9/(8! 3+/,2! -'(! l/.2(,! L/,/*)(*! C/-%!

&E*/:.FFE!B^>!H.+!(F3-(8!/,!4<!µF!H.-()%!!

!

H"#"! %&'+D507'8,'/,N'@*.,<.'8*),

B^>!9).2;(,-+!H()(!.;*F/9/(8!3+/,2!(/-'()!S'3+/0,!*0FE;().+(!=^(H!_,2F.,8!

@/0F.G+?! 0)! O():3F.+(! *0FE;().+(! =>2/F(,-! &(:',0F02/(+?%! &'(! SA]! )(.:-/0,+!

H()(!+(-!3*!.::0)8/,2!-0!-'(!+-.,8.)8!*)0-0:0F+!90)!-'(+(!*0FE;().+(+%!S)/;()+!

H()(! +E,-'(+/c(8! GE! X,-(2).-(8! B^>! &(:',0F02/(+%! &'(! SA]! *)083:-+! H()(!

*3)/9/(8!3+/,2!-'(!SA]!S3)/9/:.-/0,!C/-!=l/.2(,?%!](+-)/:-/0,!8/2(+-+!H()(!:.))/(8!

03-! H/-'! (,cE;(+! 0G-./,(8! 9)0;! ^(H! _,2F.,8! @/0F.G+%! &'(! )(.:-/0,+! H()(!

:.))/(8!03-!.::0)8/,2!-0!-'(!;.,39.:-3)()P+!803GF(!8/2(+-!*)0-0:0F+!.-!4$°A!90)!

.-! F(.+-! "! '03)%! B/2(+-(8! B^>! *)083:(+! H()(! +(*.).-(8! GE! "f! .2.)0+(! 2(F!

(F(:-)0*'0)(+/+!.,8!*3)/9/(8!3+/,2!-'(!U(F!_Q-).:-/0,!C/-!=l/.2(,?%!!B/2(+-(8!SA]!

*)083:-+! .,8! W(:-0)+! H()(! F/2.-(8! 3+/,2! -'(! ].*/8! B^>! F/2.-/0,! R/-! =]0:'(?%!

e/2.-/0,!+0F3-/0,+!H()(!-).,+90);(8!/,-0!,-#.'+!#ke"520F8!:(FF+%!SF.+;/8!B^>!H.+!

*)(*.)(8! 9)0;! :(FF! :3F-3)(+! 2)0H,! 9)0;! +/,2F(! :0F0,/(+%! M(`3(,:(+! H()(!

:0,9/);(8!GE!B^>!+(`3(,:/,2!3,8()-.R(,!GE!M03):(@/0+:/(,:(K!B(*.)-;(,-!09!

@/0:'(;/+-)EK!VQ90)8%!

!



! "$6!

H"#"3 ED0;>*8*)7),

S)/;()!8(+/2,!.,8! +/-(58/)(:-(8!;3-.2(,(+/+!H.+!3,8()-.R(,!.::0)8/,2! -0! .,8!

3+/,2! -'(! l3/R:'.,2(! XX! +/-(! 8/)(:-(8! ;3-.2(,(+/+! ;.,3.F! =M-).-.2(,(?%! ! B^>!

*F.+;/8+! H()(! *)(*.)(8! .,8! -'(! /,-)083:(8! ;3-.-/0,+! H()(! :0,9/);(8! .+!

8(+:)/G(8!.G0W(%!

#

H"$ !"#$78)*50,5*..,-;780*8;85*,

H"$"# E;780*8;85*,

/01! /,+(:-!:(FF+!H()(!;./,-./,(8!/,!M956<<!XX!M1L!="Q?!;(8/.!=U/G:0?%!_W()E!N54!

8.E+! -'(E!H()(! 8/F3-(8! -0! .! 8(,+/-E! 09! <%I5"!;/FF/0,! :(FF+! *()!;F! -0!;./,-./,! .!

8(,+/-E!09!mI!;/FF/0,!:(FF+D;F%!A(FF+!H()(!/,:3G.-(8!.-!NT°AK!H/-'!2(,-F(!+'.R/,2!

="N<!)*;?%!

!

H"$"$ 2;5D.'@7&;.,(.;)-7+,0&;8)/*507'8,;8+,@7&D),;-(.7/75;07'8,

SF.+;/8! B^>! H.+! -).,+9(:-(8! /,-0! /01! /,+(:-! :(FF+! 3+/,2! -'(! @B! @.:3F0U0F8!

&).,+9(:-/0,!C/-! =@B!@/0+:/(,:(+?%! !O/2'()! -/-)(! +-0:R! +0F3-/0,+!H()(!*)083:(8!

9)0;!+3G+(`3(,-!)03,8+!09!.;*F/9/:.-/0,%!Y/)3+(+!H()(!)(.;*F/9/(8!GE!/,9(:-/0,!

09!:(FF+!=.-!"!;/FF/0,D;F?!H/-'!SN!W/)3+!+-0:R%!>9-()!45#!8.E+!:(FF!+0F3-/0,+!H()(!

:(,-)/932(8! .-! )00;! -(;*().-3)(K! .,8! -'(! W/)3+5:0,-./,/,2! +3*(),.-.,-! H.+!

+-0)(8!.-!#°A%!!

!



! "7<!

H"! %&'0*78,*:(&*))7'8,

M*(:/9/:!8(-./F+! 90)!(Q*)(++/0,!.,8!*3)/9/:.-/0,!09!(.:'!*)0-(/,!.)(!*)(+(,-(8!/,!

-'(! ;(-'08+! +(:-/0,! H/-'/,! -'(! ;./,! -(Q-%! ](:/*(+! 90)! ;(8/.! *)083:-/0,! .)(!

*)0W/8(8!/,!&.GF(!>!n!"%!

eE+02(,E!G)0-'!=e@?! "<2!-)E*-0,(!
I2!E(.+-!(Q-).:-!
"<2!^.AF!

e@!.2.)! "<2!-)E*-0,(!
I2!E(.+-!(Q-).:-!
"<2!^.AF!
"T2!>2.)!

="I^?!;/,/;.F!;(8/3;! N<<;F!IQL6!;(8/3;!
";F!<%"L!A.AFN!
!N;F!"L!L2MV#!
N<;F!N<f!2FE:()0F!
N<;F!7%If!E(.+-!,/-)02(,!G.+(! =H/-'03-! .;/,0! .:/8+!
0)!.;;0,/3;!+3F9.-(?!
"I;F!"<f!="I?^O#AF!

IQ!L6!;(8/3;! T#2!^.NOSV#%$ONV!
"I2!CONSV#!
N%I2!^.AF!

&())/9/:!G)0-'!=&@?! "N2!-)E*-0,(!
N#2!E(.+-!(Q-).:-!
#;F!7$f!2FE:()0F!
"<<;F!"<Q!+.F-+!

"<Q!+.F-+!=90)!&@?! N4%"42!CONSV#!
"N4%#"2!CNOSV#!

<2>4&'W')'Q'N&/"=&6'-3%'>2/1&%"24'/$41$%&'B&0"2'P=%&=2%21"3.'-3%'3.&'4"1%&R'

!
!

H"!"# A",5'.7,%&'0*78,*:(&*))7'8,

10)!.FF!*)0-(/,+K!H/-'!-'(!(Q:(*-/0,!09!ABCND:E:F/,!>K!-'.-!H()(!(Q*)(++(8!/,!,-#

.'+!K! *F.+;/8+!H()(! /,/-/.FFE! -).,+90);(8! /,-0!,-# .'+!! .):-/:! (Q*)(++! :(FF+%! &'(+(!

H()(! 2)0H,! .-! 4$°A! 0W(),/2'-! 0,! e@! .2.)! *F.-(+! +3**F(;(,-(8! H/-'! -'(!

.**)0*)/.-(! .,-/G08E! ="<<µ2D;F! .;*/:/FF/,! 0)! 4<µ2D;F! R.,.;E:/,?%! A0F0,/(+!

H()(! */:R(8! .,8! 2)0H,! /,! .!&.*! I;F! e@! :0,-./,/,2! .,-/G/0-/:! .-! 4$°A! (/-'()!

0W(),/2'-!0)!90)!.!&.*!I!'03)+%!>!9).:-/0,!09!-'/+!:3F-3)(!H.+!-).,+9())(8!-0!9F.+R+!



! "7"!

:0,-./,/,2!-'(!.**)0*)/.-(!;(8/.!.,8!.,-/G/0-/:!90)!F.)2(5+:.F(!(Q*)(++/0,%!>9-()!

/,83:-/0,! H/-'! XS&U! -'(! :(FF+! H()(! '.)W(+-(8! 9)0;! F.)2(! +:.F(! :3F-3)(+! GE!

:(,-)/932.-/0,!.-!#°AK!90)!N<!;/,3-(+!.-!#<<<2%!!

!

H"!"$ !"#,%&'0*78,*:(&*))7'8,

10)!*)0-(/,!(Q*)(++/0,K! :(FF+! =.-!";/FF/0,D;F?!H()(! /,9(:-(8!H/-'! 9)(+'!W/)3+%!>!

).,2(!09!LVX!=;3F-/*F/:/-E!09!/,9(:-/0,?!H.+!3+(8!90)!-'(!/,9(:-/0,+%!X,9(:-(8!:(FF!

+0F3-/0,+!H()(!/,:3G.-(8!90)!$N!'03)+!G(90)(!'.)W(+-/,2!:(FF!*(FF(-+!.-!#°AK!90)!N<!

;/,3-(+!.-!I<<2%!

!

H"3 %&'0*78,(D&7/75;07'8,;8+,51;&;50*&7);07'8,

H"3"# H//78706,(D&7/75;07'8,'/,(&'0*78),

U).W/-E! 9F0H!.99/,/-E!:')0;.-02).*'E!H.+!:0,83:-(8!3+/,2!:0F3;,+!H/-'!.!G(8!

W0F3;(!09!oN;F!.,8!H.+!:.))/(8!03-!.-!#°A%!10)!UM&5-.22(8!*)0-(/,+K!2F3-.-'/0,(!

M(*'.)0+(! #@! =U_! O(.F-':.)(?! 2).W/-E! 9F0H! :0F3;,+! H()(! 3+(8%! ! O/+5-.22(8!

*)0-(/,+!H()(! *3)/9/(8! 0,!^/5^&>! .2.)0+(! =l/.2(,?! 2).W/-E! 9F0H! :0F3;,+%!O/+5

-.22(8! .99/,/-E! *3)/9/:.-/0,+! H()(! .FF! 3,8()-.R(,! /,! G399()+! :0,-./,/,2! mN;L!

B&&! -0! *)(W(,-! )(83:-/0,! 09! -'(! ,/:R(F%! >9-()! F0.8/,2!H/-'! :F.)/9/(8! FE+.-(K! -'(!

G(.8+!H()(!H.+'(8!H/-'!.-!F(.+-!N<;F+!09!-'(!.**)0*)/.-(!H.+'/,2!G399()+%!

!

H"3"$ M*8*&;.,B%O<,PB;)0,(&'0*78,.7QD7+,51&'-;0'>&;(16R,-*01'+),

X0,5(Q:'.,2(! .,8! 2(F! 9/F-).-/0,! :0F3;,+! H()(! )3,! 0,! pR-.! 1SeA!

A')0;.-02).*'/:! +E+-(;+%! A0F3;,+! H()(! *)((`3/F/G).-(8! /,! .! ;/,/;3;! 09! "!



! "7N!

:0F3;,!W0F3;(!09!G399()!*)/0)!-0!*)0-(/,!/,h(:-/0,%!>FF!-'(!*)0-(/,+!H()(!8(-(:-(8!

GE! bY! .G+0)G.,:(! .-! N7<,;K! H/-'! -'(! (Q:(*-/0,! 09! @)8#! *)0-(/,+! -'.-! H()(!

8(-(:-(8!.-!NI#,;%!!

!

H"3"! S.0&;/7.0&;07'8,;8+,(&'0*78,5'85*80&;07'8,+*0*&-78;07'8,

S)0-(/,+!H()(!:0,:(,-).-(8!/,!Y/W.+*/,!+.;*F(!:0,:(,-).-0)+!=U_!O(.F-':.)(?!.-!

#°A%!@)8#"4NN5"4TN!H.+!.FH.E+! :0,:(,-).-(8! /,!.!N;F!4<<<5LdAV!:0,:(,-).-0)%!

S)0-(/,! :0,:(,-).-/0,+! H()(! 8(-();/,(8! GE! bY! .G+0)G.,:(! .-! N7<! ,;! 90)! .FF!

*)0-(/,+! H/-'! -'(! (Q:(*-/0,! 09! @)8#%! _Q-/,:-/0,! :0(99/:/(,-+! H()(! :.F:3F.-(8!

G.+(8! 0,! -'(! *)0-(/,! .;/,0! .:/8! :0,-(,-! 3+/,2! S)0-*.).;!

='--*aDDH(G%(Q*.+E%0)2D*)0-*.).;D?%!@)8#!:0,:(,-).-/0,!H.+!8(-();/,(8!3+/,2!

-'(!A00;.++/(!*)0-(/,!.++.E!)(.2(,-!=S/():(?!.,8!bY!.G+0)G.,:(!.-!I6I!,;%!@M>!

+0F3-/0,+!09!R,0H,!:0,:(,-).-/0,+!H()(!3+(8!90)!:.F/G).-/0,!90)!-'/+!-(:',/`3(%!!

!

H"3"3 %'.6;5&6.;-7+*,>*.,*.*50&'(1'&*)7),

&)/+5-)/:/,(! .,8! &)/+52FE:/,(! 2(F+! H()(! 3+(8! -0! +(*.).-(! .,8! /8(,-/9E! *)0-(/,+%!

@)8#! +.;*F(+! H()(! *)/;.)/FE! )3,! 0,! "Tf! &)/+5-)/:/,(! 2(F+K! H'/F+-! .FF! 0-'()!

+.;*F(+!H()(!)3,!0,!&)/+52FE:/,(!2(F+! ).,2/,2! 9)0;!75"If!.:)EF.;/8(!:0,-(,-!

=+((!&.GF(!>!5!N! 90)!2(F!.,8!G399()!+0F3-/0,+?%!M.;*F(+!H()(!;/Q(8!H/-'!IQ!MBM!

F0.8/,2!G399()!=NI<;L!&)/+!*O!T%7K!I<<;L!B&&K!"<f!MBMK!<%If!G)0;0*'(,0F!

GF3(K! I<f! 2FE:()0F?! *)/0)! -0! G(/,2! F0.8(8! /,-0! -'(! H(FF+! 09! -'(! 2(F%!

_F(:-)0*'0)(+/+!09!&)/+5-)/:/,(!2(F+!H.+!:.))/(8!03-!.-!"<<YK!.,8!&)/+52FE:/,(!2(F+!

H()(!)3,!.-!"I<5N<<Y%!U(F+!H()(!'(.-(8!/,!-'(!;/:)0H.W(!90)!"!;/,3-(!/,!H.-()K!



! "74!

90FF0H(8! GE! "! ;/,3-(! '(.-/,2! /,! +-./,! =<%<"f! :00;.++/(! UK! <%"f! OAFK! "<f!

(-'.,0F?%!>FF!2(F+!H()(!;.8(!3+/,2!-'(!@/05].8!L/,/!S)0-(.,!4!+E+-(;%!

!

! &)/+52FE:/,(! &)/+5-)/:/,(!
M-.:R/,2!2(F!! #%";F!ONV!

";F!4<f!.:)EF.;/8(!;/Q"!
<%$I;F!"L!&)/+!=*O!T%7?!
<%<T;F!"<f!MBM!
<%<T;F!"<f!.;;0,/3;!
*()+3F9.-(!
<%<<T;F!&_L_B!

7;F!ONV!
";F!>@54N!
4;F!U(F!G399()!=4Q?!
<%<6;F!"<f!.;;0,/3;!
*()+3F9.-(!
<%<<6;F!&_L_B!

](+0FW/,2!2(F! 4%#5T%6;F!ONV!
#%<5$%I;F!4<f!.:)EF.;/8(!;/Q"!
4%7;F!"%IL!&)/+!=*O!7%7?!
<%"I;F!"<f!MBM!
<%"I;F!"<f!.;;0,/3;!
*()+3F9.-(!
<%<<6;F!&_L_B!
=&0-.F!W0F3;(!a!"I;F?!

$;F!ONV!
"<;F!>@54N!
"<;F!U(F!G399()!=4Q?!
4;F!2FE:()0F!
<%";F!.;;0,/3;!
*()+3F9.-(!
<%<";F!&_L_B!

A.-'08(!G399()!!
="Q?!

NI;L!&)/+!
NI<;L!2FE:/,(!
<%"f!MBM!

<%"L!&)/+!*O!7%NI!
<%"L!&)/:/,(!
<%"L!MBM!

>,08(!G399()!!
="Q?!

M.;(!.+!:.-'08(! <%"L!&)/+!*O!7%6!
<%<NNIL!OAF!

U(F!G399()!=4Q?!! ^D>! 4L!&)/+!*O!7%#I!
"L!OAF!
<%4f!MBM!

<2>4&'W' )'*+'N&/"=&6' -3%' 1A&'=%30$/1"3.'3-'<%"6)#4;/".&'2.0'<%"6)1%"/".&'#&46' -3%'E,E)OWXV'2.24;6"6+'
"4<f! =HDW?! .:)EF.;/8(a<%7f! =HDW?! G/+.:)EF.;/8(%! M-0:R! +0F3-/0,! 4$%If! =S)0-02(F?%!
N>:)EF.;/8(a@/+.:)EF.;/8(!=4Na"?%!M-0:R!+0F3-/0,!#7f!=M(W(),!@/0-(:'?%!

!

H"3"I E;)),)(*50&'-*0&6,

S)0-(/,+!H()(!:0,9/);(8!GE!(F(:-)0+*).E!/0,/c.-/0,!;.++!+*(:-)0;(-)E!=_MX5LM?%!!

M.;*F(+! H()(! 8(+.F-(8! *)/0)! -0! _MX5LM! 3+/,2! g/*-/*+! :0,-./,/,2! A#! )(+/,!

=L/FF/*0)(?%!

!
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B. Crystallography Tables 
 

  CDK2/CycA/S3‐35  CDK2/CycA/S77  CDK2/CycA/S68  CDK2/CycA/S2‐106  CDK2/CycA/S2‐104 
Data collection           
Beam line  Diamond I‐04   Diamond I‐03  Diamond I‐03  Diamond I‐04  Diamond I‐02 
Space group & unit cell (Å)  P212121 

a=77.20;  b=140.37; 
c=155.17 
α=β=γ=90° 

P212121 
a=73.81;  b=134.55; 
c=149.17 
α=β=γ=90° 

P212121 
a=73.90;  b=133.81; 
c=148.38 
α=β=γ=90° 

P212121 
a=77.08;  b=141.16; 
c=155.52 
α=β=γ=90° 

P212121 
a=74.05;  b=135.08; 
c=148.19 
α=β=γ=90° 

Resolution  
(highest resolution shell) (Å) 

29.86‐2.05  
(2.16‐2.05) 

29.83‐2.26  
(2.38‐2.26) 

52.36‐2.05  
(2.16‐2.05) 

52.26‐2.40  
(2.53‐2.40) 

49.91‐2.10  
(2.21‐2.10) 

Total observations  381071 (37285)  308028 (43211)  296524 (43881)  209450 (25810)  350905 (51105) 
Unique  101828 (12695)  69656 (9807)  92057 (13331)  65528 (8880)  87330 (12605) 
Rmerge  0.044 (0.544)  0.071 (0.0496)  0.080 (0.537)  0.127 (0.464)  0.085 (0.549) 
Multiplicity  3.7 (2.9)  4.4 (4.4)  3.2 (3.3)  3.2 (2.9)  4.0 (4.1) 
Mean I/sI  17.9 (2.0)  13.4 (2.8)  8.6 (2.0)  5.1 (1.7)  11.9 (2.5) 
Completeness  96.5% (83.7%)  99.2% (96.6%)  99.2% (99.4%)  97.9% (93.0%)  99.9% (99.9%) 
           
Refinement Statistics 
(highest resolution shell) (Å)  

 
(2.08‐2.05) 

 
(2.29‐2.26) 

 
(2.07‐2.05) 

 
(2.43‐2.40) 

 
(2.12‐2.10) 

Total number of atoms  9667  9233  9356  9333  9678 
Number of waters  628  363  519  331  687 
R   19.98 (32.9)  18.10 (23.09)  18.87 (24.92)  20.20 (31.71)  18.38 (25.19) 
Rfree (highest resolution shell)  23.98 (37.13)  21.71 (28.66)  22.60 (28.48)  24.86 (38.73)  21.91 (28.26) 
Rms bonds  0.019  0.003  0.005  0.016  0.004 
Rms angles  1.586  0.702  0.902  1.499  0.774 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 CDK2/CycA/S2‐83  CDK2/CycA/E29  CDK9/CycT/ S3‐35  CDK9/CycT/S2‐104  CDK9/CycT/(S)‐CR8 
Data collection           
Beam line  Diamond I‐02  Diamond I‐03  Diamond I‐02  ESRF ID14‐EH4  Diamond I‐02 
Space group & unit cell (Å)  P212121 

a=74.07;  b=135.41; 
c=148.63 α=β=γ=90° 

P212121 
a=74.30;  b=134.80; 
c=147.90 α=β=γ=90° 

H3 
a=b=174.11; 
c=99.261 
α=β=90°; γ=120° 

H3 
a=b=174.59; 
c=99.42 
α=β=90°; γ=120° 

H3 
a=b=173.25; 
c=99.24 
α=β=90°; γ=120° 

Resolution  
(highest resolution shell) (Å) 

59.54‐2.45  
(2.58‐2.45) 

74.30‐2.11 
(2.23‐2.11) 

60.04‐3.10  
(3.27‐3.10) 

50.40‐3.16  
(3.33‐3.16) 

50.01‐3.00  
(3.14‐3.00) 

Total observations  191491 (28077)  297822 (42616)  73375 (10822)  69409 (9897)  76157 (11267) 
Unique  55186 (7979)  85111 (12263)  20202 (2943)  19246 (2800)  21867 (3222) 
Rmerge  0.107 (0.534)  0.055 (0.483)  0.064 (0.593)  0.104 (0.548)  0.074 (0.542) 
Multiplicity  3.5 (3.5)  3.5 (3.5)  3.6 (3.7)  3.6 (3.5)  3.5 (3.5) 
Mean I/sI  7.3 (2.1)  16.2(2.6)  10.8 (2.0)  8.2 (2.1)  9.7 (2.1) 
Completeness  99.3% (99.7%)  99.2 (99.1)  99.3% (99.5%)  99.6% (99.0%)  98.4% (99.3%) 
           
Refinement Statistics 
(highest resolution shell) (Å) 

 
(2.51‐2.45) 

 
(2.14‐2.11) 

 
(3.18‐3.10) 

 
(3.24‐3.16) 

 
(3.14‐3.00) 

Total number of atoms  9111  9418  4597  4598  4589 
Number of waters  287  428  8  6  9 
R   19.59 (32.07)  18.30 (24.82)  17.35 (32.5)  16.50 (29.8)  16.23 (26.99) 
Rfree  (highest resolution shell)  25.8 (37.14)  21.85 (29.73)  21.99 (40.7)  20.89 (34.9)  21.47 (33.57) 
Rms bonds  0.006  0.008  0.006  0.007  0.009 
Rms angles  0.964  1.052  0.882  1.041  1.153 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 CDK9/CycT/S68  CDK9/CycT/E29  CDK9/CycT/S77  CDK9/CycT/S2‐83  CDK9/cyclin TF241L 
Data collection           
Beam line  Diamond I‐03  Diamond I‐03  Diamond I‐03  Diamond I‐03  Diamond I24 
Space group & unit cell (Å)  H3 

a=b=172.32; 
c=98.82 
α=β=90°; γ=120° 

H3 
a=b=173.51; 
c=98.14 
α=β=90°; γ=120° 

H3 
a=b=172.80; 
c=98.88 
α=β=90°; γ=120° 

H3 
a=b=174.18; 
c=98.30 
α=β=90°; γ=120° 

H3 
a=b=173.61; 
c=97.47 
α=β=90°; γ=120° 

Resolution  
(highest resolution shell) (Å) 

82.39‐3.01  
(3.17‐3.01) 

86.75‐2.66  
(2.81‐2.66) 

86.40‐3.08  
(3.25‐3.08) 

87.09‐2.96  
(3.12‐2.96) 

81.79‐3.23  
(3.41‐3.23) 

Total observations  61068 (8985)  151585 (13692)  70331 (10036)  121625 (18367)  58769 (8830) 
Unique  20836 (3057)  31058 (4184)  20079 (2956)  23220 (3407)  17300 (2557) 
Rmerge  0.049 (0.386)  0.037 (0.434)  0.058 (0.511)  0.068 (0.581)  0.070 (0.489) 
Multiplicity  2.9 (2.9)  4.9 (3.3)  3.5 (3.4)  5.2 (5.4)  3.4 (3.5) 
Mean I/sI  13.5 (2.4)  23.4 (2.4)  15.4 (2.4)  16.3 (2.8)  9.9 (2.4) 
Completeness  96.2 (96.6)  98.6 (91.1)  99.0 (99.6)  99.9 (99.9)  98.8 (99.7) 
           
Refinement Statistics 
(highest resolution shell (Å)  

 
(3.01‐3.09) 

 
(2.66‐2.73) 

 
(3.09‐3.17) 

 
(2.96‐3.04) 

 
(3.23‐3.32) 

Total number of atoms  4595  4564  4645  4618  4506 
Number of waters  12  33  12  14  0 
R   18.62(27.3)  19.39 (32.6)  18.79(31.4)  18.68 (30.5)  16.67 (27.2) 
Rfree  (highest resolution shell)  22.05 (29.7)  22.00 (34.7)  21.27(34.6)  21.93 (32.0)  21.79 (36.1) 
Rms bonds  0.0102  0.006  0.008  0.009  0.018 
Rms angles  1.325  0.942  1.121  1.251  1.81 
           

 
Table B ­  1. Crystallographic parameters
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C. Determination of Initial Rate conditions 

C.1 Method 

Standard conditions 

For  comparison  with  the  kinase  experiments  carried  out  in  Chapter  3,  the 

following description is for reaction volumes of 10µl. 10ng CDK9/cyclin T, 15µg 

GST‐CTD in 1x kinase buffer (10mM MgCl2, 50mM Tris pH 8.0, 1mM DTT) in the 

presence or absence of Brd4(1322‐1362) were incubated together.  150ng Brd4(1322‐

1362) was added per reaction in CDK9FL/cyclin TWT experiments, 500ng Brd4 was 

added  per  reaction  in  CDK9330/cyclin  TWT  experiments.    Kinase  activity  was 

initiated  with  100µM  ATP  (final  concentration)  and  0.5µCi  32P‐γ‐ATP.  Total 

reaction volume was 140µl. The reaction was incubated at 30°C. After 1, 2, 3, 4, 5, 

6, 7, 8, 10, 15, 20, 40, 60, 120 minutes 10µl  of  the  reaction was  terminated by 

addition  to SDS‐PAGE  loading buffer.  Subsequent SDS‐PAGE gel  separation and 

phosphor‐incorporation analysis was carried out as described before.   

 

1mM ATP analysis 

The  same  conditions  were  used  as  for  the  Standard  conditions method  above 

with  the  following  exceptions  and  clarifications.  Only  the  CDK9FL/cyclin  TWT 

complex  was  assessed  in  the  absence  or  presence  of  150ng  Brd4(1322‐1362). 

Reactions  were  initiated  with  1mM  ATP  (final  reaction  concentration)  with 

0.25µCi 32P‐γ‐ATP present per 10µl reaction. Total reaction volumes were 150µl 

from which 10µl was removed at each time point. 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C.2 Results 

A series of experiments were undertaken to confirm that CDK9/cyclin T kinase 

assays, undertaken in conditions used in this thesis, were measured under initial 

rate conditions for appropriate enzymatic analysis. Analysis of phosphorylation 

incorporation  into  the  CTD by  CDK9/cyclin  T  over  a  time  period  indicates  the 

region at which initial rate kinetic models can be applied.  This was confirmed for 

standard  experimental  conditions  for  both  constructs  of  CDK9  and  in  the 

presence and absence of Brd4 (Figure C ‐1). 

 

The  graph  shows  a  primarily  linear  tendency  for  the  first  10  minutes  of  the 

experiment.    Therefore  experiments  undertaken  in  less  than  10  minutes  are 

within a suitable range  to be analysed according  to standard Michaelis Menton 

kinetics. All CDK9/cyclin T kinase experiments in this thesis were carried out for 

5 minutes to ensure this condition. 

 

Figure C  ­ 1. Analysis of CDK9/cyclin T kinase activity, under standard conditions, defines that the 
assay  is within  the  linear  range kinetics  for at  least 5 minutes. Curves were  fitted  to  an  exponential 
association and all had R‐square goodness of fit >0.98. These results are from a single experiment. 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To ensure experiments in which the ATP concentration was varied were within 

the  linear  range,  a  similar  approach  was  used.  Analysis  of  the  reaction  in 

conditions  of  1mM  ATP  was  also  confirmed  to  be  linear  within  a  5  minute 

incubation  time  (Figure  C  –  2).    This  ensured  no  significant  product  inhibition 

contribution to the reaction. 

 

 

Figure C – 2. Analysis of CDK9FL/cyclin T kinase activity at 1mM ATP concentrations defines that the 
assay under these conditions is within linear range kinetics for at least 5 minutes. Curves were fitted 
to an exponential association and all had R‐square goodness of fit >0.98. These results were from a single 
experiment. 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D. NMR  
 
This appendix by no means delves into the depths of the theory of NMR. Nor does it 

cover the extent to which NMR can provide information on proteins and nucleic 

acids. It is meant as a brief summary to aid the understanding of the techniques used 

within this thesis. For more detailed information on the theoretical and practical 

aspects of NMR the following books can be recommended (Rattle 1995; Cavanagh 

2007). 

 

Basic principles 

NMR spectroscopy detects the transition between nuclear spin states within specific 

atoms, including 1H, 15N and 13C.  The spin states of these atoms are affected by 

magnetic fields and applying a magnetic field produces a split in energy of the 

different nuclear spin states. Within this magnetic field the nuclear spins precess with 

a magnetic moment at the Larmor frequency, ω, 

 

ω = γ B0 

 

 

This frequency (ω) is dependent on the applied magnetic field (B0) and the 

gyromagnetic ratio of the atom (γ).  

 

Applying a second electromagnetic field (B1) to the atoms perturbs the nuclear spins 

from their equilibrium state. Removal of this field enables the nuclear spins to relax 

back to the original state. This relaxation is measured during the experiments and is 
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known as the free induction decay (FID). Fourier transformation of the FID produces 

the typical NMR frequency spectra. 

 

Each nucleus within the magnetic field is affected by its local environment. The 

surrounding electron clouds are also effected by the applied magnetic field and 

therefore provide a shielding effect (σ) on the nucleus. This results in nuclei of the 

same atom type possessing different resonance frequencies. To account for the 

different magnetic fields applied to the nuclei by different spectrometers, the chemical 

shift (δ) is used as a measure of resonance position, vobs. 

 

€ 

vobs =
γB0(1−σ)
2π  

 

and, 

 

€ 

δ =
vref − vobs
vref

x106  

where vref is the reference frequency at 0ppm. 

 

The properties of the nuclear spin depend on both the atom and the chemical 

environment that it is found in. Therefore the chemical shift can provide information 

on both of these factors. 
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2D/3D experiments 

More complex electromagnetic pulse sequences, with differing time variables, are 

used to correlate a range of frequencies. These frequencies can be based on the 

properties of different nuclei (e.g. 1H and 15N). This information can then be used to 

ascertain information about correlated atoms. Higher dimensional spectra also provide 

improved resolution. 

 

HSQC (Heteronuclear Single Quantum Correlation Spectroscopy) 

1H-15N HSQCs are common NMR spectra obtained for proteins. These display a peak 

for each correlated 15N and 1H within the protein. Each peak therefore corresponds to 

one residue within the protein.  However, prolines are not represented in these spectra 

as they do not contain a N-H within their peptide bonds. In addition, side chains of 

residues containing N-H’s will produce additional peaks. 

 

In the absence of full chemical shift assignments HSQCs provide limited information. 

The dispersion of peaks provides qualitative information on the folded state of the 

protein. Information about the global effects of different buffer conditions and ligands 

on the labeled protein can be obtained by HSQCs. However, without full residue 

assignments, little detailed information can be determined.    

 

Assignment of spectra 

For structure determination and binding studies there are various different approaches 

that can be used to assign peaks to specific residues. These primarily depend on the 

isotopic enrichment of atoms within the protein. 
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Three different experiments were used in this thesis for assignment of the 15N labeled 

protein. These were NOESY- HSQC, TOCSY-HSQC and HSQC-NOESY-HSQC. 

 

In practical terms, NOESY-HSQC and TOCSY-HSQC spectra enable atoms, related 

through space and through covalent bonds, respectively, to be correlated. For 15N 

labeled proteins TOCSY-HSQC provides information on the type of amino acid that 

each peak in the HSQC corresponds to, whilst NOESY-HSQCs allow sequential 

residues to be identified. A HSQC-NOESY-HSQC spectrum displays cross-peaks 

corresponding to NOEs between NH protons only. Combining this information, in 

theory, provides sufficient information to unambiguously assign all peaks within a 

HSQC spectrum to a residue. However, the behaviour of the protein sample does not 

always enable ideal data to be collected.   

 

Additional labeling of a protein with 13C enables a much more extensive range of 

experiments to be undertaken. This allows peaks to be more confidently assigned and 

additional residue characteristics can be determined.  

 

Protein‐protein interaction studies 

NMR  is  a  valuable  technique  for  studying  protein‐protein  interactions.  It  can 

provide  information  on  the  location  of  interaction  sites,  binding  affinity, 

stoichiometry  and  interaction  kinetics.  As  mentioned  above,  the  resonance 

frequencies and relaxation times of  the nuclear spin depends on both the atom 

and  the  environment  that  it  is  within.    Change  in  environment  on  binding  a 

second protein could be due to an altered conformation of the labeled protein or 

direct interaction with the binding protein. 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There are three primary effects that binding interactions can have on the HSQC 

spectra of a protein. These depend on the timescale of the dissociation constant 

of the protein interaction being measured (Figure D ‐ 1). 

 

During slow exchange two chemical shifts are observed. One shift corresponds to 

the bound state and the second corresponds to the apo protein.  In this scenario 

an  increase  in binding protein concentration results  in a shift  in  intensity ratio 

between  the  two  peaks  from  the  unbound  state  to  the  bound  state.    In  this 

scenario,  the  line  widths  provide  information  on  the  exchange  rates  of  the 

interaction.  

 

A  fast  dissociation  rate,  relative  to  the  NMR  timescale,  results  in  a  single 

frequency  that  is  a  weighted  average  of  the  bound  and  unbound  states.    This 

results  in  the  classical  NMR  shifts,  seen  as  peaks  migrating  across  the  HSQC 

spectrum.   The dissociation constant  can be determined by  titrating  increasing 

concentrations of binding protein and measuring the chemical shifts. 

 

In  the  third scenario,  the  interaction occurs within an  intermediate  time  frame 

(relative to the NMR timescale). In this case the peaks decrease in intensity due 

to  line  broadening  and  may  disappear.  This  is  therefore  the  least  favourable 

kinetic state  to observe  interactions by NMR.   However, altering the conditions 

that the spectra are collected in may change the exchange regime of the system 

to either fast or slow exchange. 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It is also worth noting that it is possible to see a combination of these effects in 

the  HSQC  frequency  of  the  protein.  This  may  be  a  result  of  chemical  shift 

differences between the  free and bound states  for different residues within the 

protein.  Another  comment  to make  is  that  broadening  of  peaks may  occur  on 

binding due to a decreased tumbling rate when a larger complex is formed. 

 

Figure D ­ 1. Peak distribution under fast and slow exchange rates. 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E. Progress towards Structural studies of Larp7 
 

E.1 Introduction 

The CDK9/cyclin T  inhibitory particle  is composed of proteins Hexim1, MePCE, 

Larp7 (La‐related protein 7) and RNA 7SK. Larp7 was initially identified as being 

significantly mutated  in  gastric  cancers  (Mori  et  al.  2002).  It  has  subsequently 

been  shown  to  influence  expression  of  tumor‐promoter  genes  through  its 

regulation of P‐TEFb (He et al. 2008). Only recently has Larp7 been recognized 

as  binding  and protecting  all  7SK within  the  cell  and  a member  of  the  P‐TEFb 

inhibitory complex (He et al. 2008; Krueger et al. 2008; Barboric et al. 2009). The 

Larp  family  of  proteins  also  contains  Larps  1  and  4  (Bousquet‐Antonelli  and 

Deragon 2009). Much less is known about the function of these Larps but it has 

been  suggested  that  they  influence  mRNA  metabolism  and  stability  and  are 

involved in mitosis, cell migration, and muscle development (Bayfield et al. 2010; 

Burrows et al. 2010). 

 

The human La (hLa) protein, which shares the domain structure of Larp7 (Figure 

E  ‐ 1), has been studied  in  some detail.  In a  similar manner  to Larp7, but with 

considerably less specificity, hLa protects pre‐processed RNAs transcribed from 

Pol  III  and  Pol  II.  These  include  pre‐tRNAs,  snRNAs  and  nascent  7SK  RNA 

(reviewed in (Bayfield et al. 2010)). 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Figure E  ­ 1:  Larp7 and hLa  comparison.  (A) Domain  structure of hLa  and Larp7.  (B)  Structure of hLa 
bound  to  RNA  oligomer,  UGCUGUUUUOH.  The  La  motif  (green),  RRM1  (dark  blue),  and  RNA  strands 
(magenta and cyan) are all drawn as cartoons (PDB: 1ZH5). (C) A more typical structure of a RRM domain 
bound  to  nucleic  acid  oligomer.    The  structure  shown  is  that  of  hnRNP  A1  RRM  in  complex  with  a 
polydeoxyribonucleotide (PDB: 1U1Q). The RRM is shown in the same orientation as that of hLa. 

 

hLa  and  Larps  contain  an  N‐terminal  La  domain,  that  consists  of  a  La  motif 

adjacent  to  an  RNA  recognition  motif  (RRM).  Both  hLa  and  Larp7  contain  an 

additional  atypical  C‐terminal  RRM.  The  residues  involved  in RNA  interactions 

within  the  La  domains  of  Larp7  and  hLa  are  highly  conserved  suggesting  a 

similar  interaction  mechanism  with  RNA.  The  similarity  between  the  two 

domains is such that in the absence of hLa the Larp7 La domain can protect RNA 

3’  ends  from  degradation  (He  et  al.  2008).  The  atypical  RRM3  of  Larp7  is 

La RRM1

1 13-92 113-182 231-327 408

hLa

Larp7

A

RRM3

La RRM1 RRM3

1 38-112 127-188 454-552 582
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required for incorporation of Larp7 into the 7SK snRNP complex and therefore is 

likely  to  provide  the  specificity  of  Larp7  for  7SK  RNA  binding  (Barboric  et  al. 

2009).  

 

Larp7 interacts with several of the components of the 7SK snRNP. The La motif 

and  RRM1  domain  of  Larp7  and  the  3’  hairpin  loop  of  7SK,  particularly  the 

3’UUUU‐OH nucleotides, are required for the interaction between 7SK and Larp7 

(He  et  al.  2008;  Markert  et  al.  2008).  Furthermore,  Larp7  has  been  shown  to 

interact with MePCE (Xue et al. 2010), CDK9 (Markert et al. 2008) and Hexim1 

(He et al. 2008; Markert et al. 2008). 

 

To date there are no structures of the Larp proteins, La or RRM domains, either 

apo  or  in  association  with  RNA.  There  are,  however,  structures  of  the  hLa  La 

motif and RRM1 (Alfano et al. 2004; Dong et al. 2004; Teplova et al. 2006).  The 

La domain of hLa consists of an atypical winged helix‐turn‐helix encoded by the 

La motif  and a  typical RRM domain. The crystal  structure of  the N‐terminus of 

hLa bound to RNA shows the interaction surface primarily between the La motif 

and  the  RNA  (Teplova  et  al.  2006).  Unexpectedly  the  RNA  binds  to  the  RRM 

surface  in an alternative  interaction region to the common RNA binding face of 

RRMs (Figure E ‐ 1). RRMs usually interact with RNA through their β‐strand face 

and  loops  (Clery  et  al.  2008).  This  face  in  hLa  remains  available  for  additional 

protein‐protein  or  protein‐RNA  interactions.  It  is  therefore  of  interest  to 

determine if this is a common feature of Larp family of proteins and if the RRM1 

domain has additional functions. 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Figure E ­ 2. Sequence alignment of La­related proteins. Illustrated below the sequences are the La motif 
(green  line),  RRM1  (blue  line)  and  residues  that  interact with  the  3  3’  RNA  nucleotides  (stars).  The  hLa 
secondary structure is illustrated above the sequences.  

 
Figure E  ­ 3.  Interactions between  the 3 3’ nucleotides and hLa  (PDB:1ZH5). Dashed  lines  show  the 
hydrogen bonds between the phosphodiester oxygen and residues not conserved between hLa and Larp7. 
RNA is shown in magenta and hLa in green. 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The majority of the residues in the La motif that form the interaction with the 3’ 

end of  the RNA are  conserved between hLa and Larp7  (Figure E  ‐ 2). On close 

inspection  however  there  are  a  few  anomalies:  in  particular,    residue Y24  and 

R57 are not conserved. The sidechain of Y24 and  the backbone peptide of R57 

hydrogen  bond  with  a  non‐bridging  phosphodiester  oxygen  between  the  final 

two bases of the RNA (Figure E ‐ 3).  Although an alternative residue at position 

57 would be predicted to be accommodating, alternative residues at position 24 

have shown a loss in RNA binding to hLa (Teplova et al. 2006). In particular the 

Y24F mutation prevents RNA binding. Surprisingly the corresponding residue in 

Larp7 is a phenylalanine. By solving the structure of Larp7 it may be possible to 

discover  if  the  RNA  binding  site  at  this  position  is  maintained  in  the  same 

location on the La motif and if so how this mutation is accommodated to interact 

with 7SK.  

 

E.1.1 Objectives 

The  main  objective  of  the  work  presented  in  this  chapter  was  to  develop 

purification protocols of a range of constructs for protein crystallisation with an 

aim to structure determination. These constructs also provide a basis for future 

dissection  of  Larp7  protein‐protein  and  RNA‐protein  interactions  by  in  vitro 

analysis. 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E.2 Methods 

E.2.1 Cloning 

E.  coli  constructs  to  express  Larp7  were  a  gift  from  Professor  Fischer 

(Department of Biochemistry, Theodor‐Boveri‐Institute, University of Wurzburg, 

Germany). These included Larp7 (fl), Larp7 La motif (1‐123), Larp 7 LaRRM1 (1‐

189) and Larp7 RRM3 (375‐589) (Markert et al. 2008). Further Larp7 constructs 

(Table  E  ‐  1)  were  produced  by  PCR  fragments  amplified  using  Phusion 

polymerase, digested with SalI and BamHI, and ligated into pGEX vectors.  

 
Protein  Construct  Vector 
Larp7  16‐187  pGEX 
Larp7  22‐187  pGEX 
Larp7  29‐187  pGEX 
Larp7  12‐199  pGEX 
Larp7  16‐199  pGEX 
Larp7  22‐199  pGEX 
Larp7  29‐199  pGEX 

Table E ­ 1 Constructs of Larp7 cloned for experiments. Throughout the text, constructs are identified by 
including the residue numbers bracketed in subscript after the protein name. 

 
 

E.2.2 Expression and purification 

GST‐Larp7  constructs were  expressed  at  20°C  overnight  in E.  coli  strain  Arctic 

express  induced with  0.2mM  IPTG  at  OD600 ~0.6.  The  cells were  harvested  by 

centrifugation at 4°C, for 20 minutes at 4000g. Cells were resuspended in 500mM 

NaCl, 20mM Tris pH 8.0, 5mM DTT and 10% glycerol, flash frozen and stored at   

‐20°C. 

 

Cells were thawed, benzonase was added to the suspension, and the cells were 

lysed by sonication on ice. The lysed cells were then centrifuged at 48,000g for 1 

hour  at  4°C.  The  lysate  was  diluted  to  <150mM  NaCl  before  purification  on  a 

heparin  column.  The  column was washed  in  150mM NaCl,  20mM Tris  pH  8.0, 

5mM DTT and eluted  in 1M NaCl, 20mM Tris pH 8.0, 5mM DTT, 10% glycerol. 

The eluate was then bound to glutathione 4B Sepharose and washed sequentially 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with buffer consisting of 1M NaCl, 20mM Tris pH 8.0, 5mM DTT, 10% glycerol, 

followed by buffer  containing 200mM sodium sulfate, 20mM Tris pH 8.0, 5mM 

DTT and 10% glycerol, and finally in buffer containing 150mM NaCl, 20mM Tris 

pH 8.0,  5mM DTT. The protein was  eluted  in 150mM NaCl,  20mM Tris pH 8.0, 

5mM DTT supplemented with 20mM glutathione and cleaved with 3C protease, 

loaded onto a heparin column and eluted over a linear concentration gradient of 

NaCl.  Finally  the  protein  was  purified  by  gel  filtration  in  200‐500mM  NaCl, 

20mM  Tris  pH  8.0,  5mM  DTT,  10%  glycerol.  Larp7‐containing  fractions  were 

concentrated, flash frozen and stored at ‐80°C.   

 

E.2.3 Limited proteolysis and N‐terminal sequencing 

20µg protein was digested with 1.2µg protease. Trypsin digests were incubated 

at 37°C and chymotrypsin at 25°C.   Samples were  incubated  for 1, 3, 10, 30, 60 

minutes before being  terminated by addition of  SDS‐loading buffer. N‐terminal 

sequencing  was  performed  by  Tony  Willis  (Protein  Characterisation  Facility, 

Department of Biochemistry, Oxford) 

 

E.2.4 Crystallisation trials 

Crystallisation  trials  were  set  up  in  a  sitting  drop  format  in  96  well  plates. 

Reservoir  volumes were  80µl  and  the  drops  were  composed  of  100nl  protein 

solution and 100nl reservoir solution. Plates were incubated at 4°C and 20°C. 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E.3 Results and Discussion 

E.3.1 Larp7 Expression 

For  structure  determination,  constructs  of  the  La  domain,  La‐RRM1  domains, 

RRM3  domain,  and  the  full‐length  protein were  expressed.    All  these  domains 

were purified and the La domain, RRM3 domain and full‐length protein were put 

into crystallisation trials (Figure E ‐ 4).   

 

 
Figure E ­ 4: Gel filtration chromatogram of full­length Larp7 and selected fractions analysed by SDS­
PAGE.  

E.3.2 Larp7 limited proteolysis 

To establish optimal Larp7 domain boundaries  for  further crystallisation  trials, 

full‐length  Larp7  and  La‐RRM1  were  digested  with  chymotrypsin  and  trypsin 

(Figure E ‐ 5). Several bands were identified as more stable constructs resistant 

to degradation. These samples were sent for N‐terminal sequencing. Results both 

from these experiments, and a stable fragment protein that co‐purified with the 

La‐RRM1  construct,  allowed  the  identification  of  a  stable  La‐RRM1  fragment 

within residues 12‐185. Based on these results, secondary structure predictions 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and  the hLa  structure,  several  additional  constructs were designed  in  order  to 

optimize the protein for crystallisation trials.  

 
 
A (i) 

 

A (ii) 

 

B 
 

 

 

 
Figure E ­ 5: A: Time courses of protease digestion. (i): Digest of full‐length Larp7. (ii): Digest of La‐RRM1 
domain of Larp7. B: “Contaminant” protein that copurifies with La‐RRM1 domain.  X ‐  undigested sample. * ‐ 
Fragments sent for N‐terminal sequencing.  

 

E.3.3 Expression tests and purification 

Although expression tests of the new constructs indicated soluble expression of 

the GST‐fusion proteins, larger scale purifications proved problematic (Table E ‐ 

2).  Both  Larp7(16‐199)  and  Larp7(22‐187)  constructs  precipitated  heavily  during 

overnight  3C  cleavage.  Although  increasing  the  reaction  temperature  and 

incubating  for  shorter  time  periods  reduced  this  problem  it  became  apparent 

that  the  removal  of  GST  generated  protein  that was  prone  to  both  N‐terminal 

degradation and to aggregation. 

 

Construct  Cloned  Expression tested 
16‐187     
22‐187     
29‐187     
12‐199     
16‐199     
22‐199     
29‐199     

Table  E  ­  2.  Table  of  Larp7  constructs  designed,  successfully  cloned  and  then used  for  large­scale 
expression tests. 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From this analysis, construct Larp7(12‐199) was generated and found to be stable 

following removal of the GST tag.  This construct was purified and concentrated 

to 11.5mg/ml.  

 

E.3.4 Crystallisation trials 

A  range  of  crystallisation  screens  was  set  up  at  different  temperatures  with 

various  Larp7  constructs  (Table  E  ‐  3).  Unfortunately,  to  date  these  have  not 

yielded any diffracting protein crystals.  

Temperature 
(°C) 

Construct   Protein  Concentration  
(mg/ml) 

Screen 

Index 
Wizard 
JCSG 
Pact 

RRM2  9.8 

MD1/2 
MD1/2* 8.0 
Pact* 
JCSG 
Pact 
MD1/2 

FL 

7.0 

Wizard 
Pact* La   9.0 
MD1/2* 
Stura/Natrix 
Wizard 
Index 

4 

Larp7  
(12‐199) 

11.5 

JCSG 
Index 
Pact 
JCSG Plus 
Wizard 

RRM2  9.5 

MD1+2 
Wizard  
JCSG 
Pact 

20 

La   9.0 

MD1/2 
Table  E  ­  3.  Crystallisation  trials  of  Larp7  constructs.  *  ‐  indicates  screens  set  up  with  a  2:1  ratio 
protein:reservoir solution. 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E.4 Conclusion and future directions 

Having  tested  many  crystallisation  conditions  for  several  different  constructs, 

Larp7 appears not to be amenable to crystallography. Larp7/7SK complexes may 

provide  a  more  suitable  crystallography  target.  It  will  be  interesting  to 

determine minimal double or single stranded RNA fragments that  interact with 

the  Larp7  protein  constructs  produced.  This  will  not  only  develop  our 

understanding  of  the  Larp7‐7SK  interactions  but  also  provide  suggestions  for 

Larp7‐7SK co‐crystallisation trials. 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