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Abstract

Hsp70 is a protein that refolds misfolded proteins and has housekeeping functions 

which regulate apoptosis and other cellular activities.  Hsp70 consists of a nucleotide-

binding domain which binds ATP and a substrate binding domain that binds misfolded 

proteins.  The substrate-binding domain contains a peptide-binding pocket which is 

covered by an α-helical lid that consists of helices A-E and a tail.  The movement of the 

lid is important for the biological activity of Hsp70.

In cancer cells, the Hsp70-1 isotype helps to inhibit apoptosis in response to stress 

and treatment with drugs.  The depletion or inhibition of Hsp70-1 results in the apoptosis 

of only cancerous cells.  This makes Hsp70-1 a good target for the inhibition of cancer 

growth.  

The design of peptides that specifically bind to the lid of human Hsp70-1 and 

restrict the movement of the lid, would make good Hsp70-1 specific inhibitors.  To this 

end peptides were designed through the modification of the structure of Pyr, an 

antimicrobial peptide that binds to the lid of DnaK and the screening of a combinatorial 

peptide library.  Ten Pyr(1-10)-NH2 analogs and a combinatorial library of 274,360 tri- 

and tetra-peptides were docked to the lid of the SBD of Hsp70-1 using Glide and 

Molegro molecular docking software, respectively.  The MD simulations of the Pyr(1-

10)-NH2 analog – Hsp70-1 complexes showed that Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-

NH2 bound to the lid of Hsp70-1,  were able to stabilize the structure of the lid and 
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restrict lid movement.  When these analogs were synthesized they had a significant 

inhibitory effect on the ATPase activity of Hsp70-1, but not Hsp70-8.  The docking of the 

combinatorial libraries to the lid of Hsp70-1 and the MD simulations of the peptide – 

Hsp70-1 complexes identified peptides that formed a stable complex with the lid and 

restricted lid movement.  Of these peptides, Arg-Glu-Val was shown to inhibit the ATPase 

activity of Hsp70-8 in addition to Hsp70-1, indicating it was not Hsp70-1 specific.

The peptides that the docking calculations predicted would bind to the lid of 

Hsp70-1 and restrict lid movement in the MD simulations, were shown experimentally to 

inhibit the ATPase activity of Hsp70-1.  This work has laid a foundation for the further 

development and refinement of Hsp70-1 inhibitors through the computational screening 

of peptides.
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Chapter 1: Introduction

1.1 Heat shock proteins

Heat  shock proteins  were first  identified  when it  was discovered  that  bacteria 

could survive at lethal temperatures if they had previously been exposed to sub-lethal 

temperatures.  This was attributed to the up-regulation of heat shock proteins that help 

refold misfolded proteins.  The heat shock proteins are not only up-regulated by high 

temperatures.  Many forms of stress can also up-regulate heat shock proteins.  In addition 

to  repairing  misfolded  proteins  they  play  an  important  part  in  identifying  damaged 

proteins  that  need  to  be  destroyed,  folding  proteins  as  they  are  synthesized  and 

participating in numerous other housekeeping functions in the cell.  Heat shock proteins 

are named on the basis of their weights in kDa, Hsp70, Hsp40, Hsp90, etc.

1.2 Hsp70

Hsp70  is  a  70  kDa  protein  that  contains  a  nucleotide-binding  domain  and  a 

substrate-binding domain that are connected by a short inter-domain linker (Figure 1). 

Most of the structural and functional information for this protein comes from the bacterial 

analog DnaK, specifically that found in E. coli.
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1.2.1 Structure

1.2.1.1 Nucleotide binding domain

The NBD domain of DnaK acts as an ATPase and consists of 2 large globular 

subdomains  (I,  II)  each  divided  into  two  smaller  subdomains  (A,  B)   The  four 

subdomains are separated by a deep cleft.  ATP binds to this cleft in a complex with one 

Mg2+ and  two K+ ions  that  contact  all  four  subdomains  [1].   The  close  approach of 

subdomains  IB  to  IIB,  as  observed  in  simulations  of  the  NBD,  results  in  a  close 

association of Trp90 of subdomain IB with Arg261 of subdomain IIB, which allows Trp 

fluoresence to be a useful tool in monitoring ATPase activity [2].

Figure 1.  The Structure of  E. coli DnaK (2KHO).  The nucleotide-binding domain 
(left) and substrate-binding domain (right) are shown with  β-sheets in red,  α-helices in 
blue, turns in green and random meander in cyan.
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1.2.1.2 Substrate binding domain

The SBD contains a peptide-binding region that forms a sandwich of two four-

stranded β-sheets, a helical lid of 5 helices (A-E) and a short tail.  The binding cavity is 

formed by β-sheets 1 and 2 and L1,2 and L4,5 and Helix B which constitutes a lid which 

closes the cavity through salt bridge and two H-bonds to the outer loops L3,4 and L5,6 [3].

Helix A of the lid connects the peptide-binding region to an anti-parallel helical 

bundle consisting of helices B-E.  Helix A acts as a hinge about which the helical bundle 

can swing by as much as 30o.  Peptide binding leads to a subtle alteration in the packing 

of the α-helical lid relative to the peptide-binding region [4].  The helical lid can swing 

about the hinge by as much as 30o that is accompanied by a shift of the inter-domain 

linker  in  the direction toward helix  A [5].   The movement of the lid  away from the 

peptide binding site seems to facilitate substrate dissociation [6].

Helix B forms the portion of the lid that covers the binding pocket.  A salt bridge 

between Asp526 on helix B and Arg445 on the inner loop and two H-bonds between 

helix B and the outer loops play a pivotal role in the proper positioning of the lid to the 

peptide-binding region in the ADP bound state, but not in the ATP bound state [7].  Helix 

B  also  impacts  the  rate  of  ATP-induced  high-to-low  affinity  conformational  change, 

which implies that the helix B is bound to the binding pocket  [8].  In lidless DnaK 

variants, in which helices C-E and the tail are removed, the C-terminal portion of helix B 
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in DnaK can unwind, starting at residue 537 allowing it to bind to the binding pocket and 

prevent peptides from binding.

The  other  helices  play  an  important  role  in  stabilizing  helix  B.   Helix  D  is 

essential  for  long-lived  DnaK-peptide  complexes  and  necessary  to  stabilize  the  lid 

structure [8].  The B and D helices are stabilized by numerous H-bonds and salt bridges 

[8].  Helix E and the tail play an important role in affecting ATP binding by promoting the 

formation  of  the  anti-parallel  helical  bundle  (B-D)  and  preventing  internal  ligand 

formation  [8].   The  tail  also  plays  an  important  role  in  Hsp70  oligiomerization  and 

binding to co-chaperone proteins.  While Hsp70 predominately exists as a monomer, it 

can also dimerize and further oligiomerize in a concentration-dependent manner [9].

1.2.2 Mechanism of Hsp70-assisted folding 

DnaK cycles from an ADP-bound high-affinity state that tightly binds unfolded 

substrate to an ATP-bound low-affinity state that weakly binds substrate.  ADP release 

permits  ATP binding  which  induces  the  high-to-low  affinity  transition  and  substrate 

release  [8].   The  mechanism  of  the  accompanying  conformational  change  remains 

unclear.  Several models have been proposed including a hinge movement [11], a pivot of 

the whole subdomain and local unfolding of regions of helix B [12, 13].  Recent coarse-

grained MD simulations have suggested that helices A and B could form a single helix 

which would leave the substrate-binding pocket open and allow the lid to interact with 



5

the NBD (Figure 2) [10].  The NBD, SBD and inter-domain linker move independently, 

but the motion of the SBD with respect to the NBD is restricted to a cone with a 70o 

opening angle and the SBD preferentially collides with subdomain IA of the NBD in the 

vicinity of the IA-IIA interface [14].

Figure 2.  Mechanism of Hsp70-assisted folding.  In the closed conformation (right) 
ADP is  bound to the NBD (cyan) and the SBD with its  β-sheets (red)  and  α-helical 
lid(blue) covering a substrate protein (S).  As ADP disassociates from the NBD and ATP 
binds to the NBD, the two sub-domains of the NBD come into closer contact with the 
ATP causing the inter-domain linker to bind to the newly exposed surface of the NBD 
bringing the SBD into contact with the NBD.  In the SBD the helical lid undergoes a 
conformational  change  that  exposes  the  peptide-binding  pocket  to  the  solvent.   This 
allows a folded substrate to disassociate or an unfolded substrate to bind to the peptide-
binding pocket.  As ATP is converted to ADP the SBD disassociates from the NBD and 
the lid covers the peptide-binding pocket.

1.2.3 Co-chaperones

The  activity  of  Hsp70  is  modulated  by  co-chaperones.   Three  groups  of  co-

chaperones  are  the  J-domain  proteins,  the  nucleotide  exchange  factors  and  the 

tetratricopeptide repeat domain co-chaperones.
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The J-domain proteins mediate ATP hydrolysis-dependent docking of substrates 

into the substrate-binding pocket to stimulate the intrinsically slow ATPase activity of 

Hsp70 [15, 16].  These proteins can increase the ATPase activity of Hsp70 5 to 10 fold 

[17, 18].  Six J-domain proteins are found in E. coli and 44 in humans.  On the basis of 

their  sequences,  these  proteins  can  be  divided  into  three  classes.   Class  I  J-domain 

proteins,  which  includes  DnaJ,  have 4  domains,  an N-terminal  J-domain,  a  G/F rich 

region, a Zn-binding domain and a C-terminal domain.  Class II J-domain proteins lack 

the Zn-binding domain and Class III shares only the J-domain region with Class I [19-

21].

The nucleotide exchange factors include Bag, GrpE, Hsp110 and HspBP1.  These 

co-chaperones catalyze the release of ADP and serve as targeting factors for Hsp70.  The 

GrpE family increase the rate of release of nucleotide but not hydrolysis [22, 23].  The 

GrpE family can also act as a thermo-sensor by reversibly unfolding in response to heat 

shock, favoring increased substrate retention until conditions improve [24-26].

The Bag [27] family of proteins has 6 members in humans, characterized by their 

C-terminal Bag domain that interacts with Hsp70.  Bag-2 competes with Hip for binding 

to  the  NBD  of  Hsp70.   They  also  possess  a  variety  of  additional  protein-protein 

interaction motifs.  Bag1 has a ubiquitin-like domain which stimulates degradation of 

Hsp70 substrates [28].
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The tetratrico-peptide repeat domain co-chaperones contain a 34 residue helical 

bundle motif that binds to the C-terminal EEVD motif [29] of human Hsp70 and Hsp90 

but not the mitochondrial or ER Hsp70 isoforms.  They include the proteins Hip, Hop and 

CHIP.  Hip interacts with the ATPase domain of Hsp70-8 where it stabilizes the ADP 

state to stimulate Hsp70 activity and prevent premature substrate release.

Hop is a component of the progesterone receptor complex.  It contains three TPR 

domains that interact with the C-terminal EEVD motifs of Hsp70 and Hsp90 [30].  Hop 

helps regulate ATP hydrolysis and preferentially binds to the ADP-bound form of Hsp70 

[31].  The Hop-mediated substrate transfer between Hsp70 and Hsp90 is important for 

some functions such as nuclear hormone signaling [32, 33].

CHIP is a TPR-domain protein that inhibits J-domain-stimulated ATPase activity 

and also has a U-box domain associated with E3 ubiquitin ligase activity which allows it 

to ubiquinate Hsp70 substrates, diverting them to the proteosome [34-37].

1.2.4 Human isotypes

In  human  cells,  eight  major  isotypes  Hsp70-1,  Hsp70-1t,  Hsp70-2,  Hsp70-5, 

Hsp70-6, Hsp70-8 and Hsp70-9 are expressed in differing amounts due to cell type, cell 

cycle, and environmental factors (Figure 3).  
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Figure 3.  Alignment of the sequences of human Hsp70-1, Hsp70-2, Hsp70-8 and E. coli DnaK.  High sequence similarity 
is shown in black and grey columns and low sequence similarity in white columns.  The NBD is not highlighted, while the 
SBD is highlighted with the β-sheet portion (brown), helix A (red), helix B (orange), helix C (green), helices D and E (cyan) 
and the tail (purple) are shown.
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1.2.4.1 Hsp70-1

Hsp70-1 has two isotypes Hsp70-1a and b that are encoded by closely associated 

stress-inducible and intron-less genes  HSPA1A and  HSPA1B that reside in the MHC III 

cluster between the complement and the TNF locus on the short arm of chromosome 6 

[38, 39].  The MHC III cluster is not involved in immunity, but its genes are between the 

MHC I and II genes on chromosome 6 and these genes primarily code for cytokines and 

the heat shock proteins [39].  The Hsp70-1 genes are activated by binding of HSF1 to the 

HSE, which are found in multiple regions upstream of the regulatory regions of these 

genes [39, 40].  In normal cells, Hsp70-1 proteins are expressed in a cell-type and cell 

cycle-dependent manner, accumulating in G1 or S phase [41, 42].  Hsp70-1 enhances the 

survival of cultured cells exposed to heat, ischemia, oxidative stress [43-51], exposure to 

activated TNF receptor family death receptors [52, 53], glucose starvation [54], ceramide 

[53],  doxorubicin [55],  UV light  [56],  microtubule disturbing drugs [51]  and cancer-

associated cell changes [57-60].

Hsp70-1 deficient mice are healthy and fertile but display increased sensitivity to 

pancreatitis, UV light, osmotic stress and ischemia and have a reduced capacity to  resist 

TNF-induced liver toxicity and inflammatory shock after preconditioning with heat [49-

51, 61-66].  Hsp70-1 has been suggested to inhibit the accumulation of protein aggregates 

and  thereby  remove  the  stimuli  that  trigger  cell  death  [67,  68].   Hsp70-1  inhibits 

lysosomal  membrane  permeabilization  [59],  activation  and  trans-location  of  pro-
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apoptotic factors such as JNK, BID, BAX, AIF and the release of cytochrome C from 

mitochondria [69].  Hsp70-1 is on the luminal side of the lysosomal membrane [59, 70-

73].

1.2.4.2 Hsp70-1t

Hsp70-1t is encoded by intron-less gene HSPA1L in the MHC class III region and 

has 91% identical sequence to that of Hsp70-1a with the major variation in the C-terminal 

region  [74].   The  HSPA1L gene  has  no  HSE in  its  promoter  and  thus,  Hsp70-1t  is 

constitutively expressed at high levels in the testis and low levels in other tissues [75].

1.2.4.3 Hsp70-2

Hsp70-2 is encoded by the  HSPA2 gene on chromosome 14.  Hsp70-2 has 84% 

sequence similarity to Hsp70-1a [76].  Hsp70-2 is consitutively expressed at low levels in 

most tissues but at higher levels in testis and the brain [76, 77].  Hsp70-2 is primarily 

expressed in male germ cells during the prophase of the first meiotic division where it is a 

component of the synaptonemal complexes [78].  Men with abnormal spermatogenesis 

frequently have reduced expression of Hsp70-2 [77].  Male  HSPA2 knockout mice are 

sterile due to massive germ cell apoptosis [79].
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1.2.4.4 Hsp70-5

Hsp70-5, which is also termed Bip, is encoded by HSPA5 gene on chromosome 9 

where it  is constitutively expressed.  It  is  localized to the ER where it  facilitates the 

transport of newly synthesized proteins into the ER lumen and their subsequent folding 

[80-82].  Hsp70-5 is found in all cell types but is highly expressed in secreting cells. [83] 

Hsp70-5 knockout mice die at embryonic day 3.5 [84].

1.2.4.5 Hsp70-6

Hsp70-6 is strictly stress-inducible and encoded by HSPA6 gene on chromosome 

1  [59].   Hsp70-6  is  induced  only  after  severe  stress  [85].   Hsp70-6  is  expressed  at 

moderate levels in dendritic cells, monocytes and NK cells in blood but is close to absent 

in other blood cells and other tissues [83].

1.2.4.6 Hsp70-8

Hsp70-8,  more  commonly  termed  Hsc70,  is  encoded  by  HSPA8 gene  on 

chromosome 11 and constitutively expressed [86].  Hsp70-8 is involved in a multitude of 

housekeeping  chaperone  functions  including  folding  of  nascent  polypeptides,  protein 

trans-location across membranes, chaperone-mediatied autophagy, prevention of protein 

aggregation under stress conditions and disassembly of clathrin-coated vesicles [87, 88]. 
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RNA interference-based knockdown of Hsp70-8 in mice results in massive cell death in 

various cell types [89].

1.2.4.7 Hsp70-9

Hsp70-9 is encoded by HSPA9 gene on chromosome 5 where it is constitutively 

expressed.  It has 52% sequence similarity to Hsp70-1a and 65% similarity to the yeast 

mitochondrial Hsp70 protein, SSC1 [90-92].  Hsp70-9 is located in the mitochondrial 

lumen where it interacts with incoming proteins and assists in the re-folding after trans-

membrane transport [92, 93].

1.3 Role of Hsp70 in cancer

Cancer cells are continuously exposed to extrinsic and intrinsic stress.  They are 

subjected to cytokine attack, hypoxia due to limited blood supply, increased amounts of 

free radicals generated as a result  of the high metabolic activity and accumulation of 

misfolded proteins due to decreased genetic  stability [94-96].   In endometrial  cancer, 

Hsp70 is associated with poor differentiation [97].  In uterine cervix cancer, Hsp70 levels 

in  cancer  tissue  correlate  with  tumor  size  and  proliferation  [98].   In  oral  cancer, 

increasing levels of Hsp70 are associated with carcinogenesis in poorly differentiated 

squamous cell carcinomas [99].  In liver cancer, Hsp70 is a marker of early hepatocellular 

carcinoma  [100].   Hsp70  is  found  in  the  blastemal  and  epithelial  components  of 



13

nephroblastomas  in  urinary  system cancer  and  levels  are  greater  after  chemotherapy 

[101].

Inhibition of the activity of Hsp70, Hsp90 and Hsp27 is lethal to tumor cells but 

not  normal  cells  [102-104].   A reduction in  Hsp70 expression  level  specifically kills 

cancer cells in cell culture and in xenograft tumor models in mice [57, 58, 105].  Cancer 

cells depleted of Hsp70 usually die via the lysosomal death pathway [59].  Hsp70 inhibits 

apoptosis (Figure 4) [106, 107].  Hsp90 and 70 exert anti-apoptotic effects by directly 

neutralizing the apoptosome (caspase-9-activating platform) [108, 109] or by inhibiting 

caspase-independent  cell  death  effectors  such as  AIF [109,  110].   Hsp70 inhibits  the 

mitochondrial pathway of apoptosis by blocking Apaf-1-mediated activation of caspases-

9 and -3 and represses the activity of caspase-3 [111-114].  Depletion of Hsp70 leads to 

rapid premature senescence in several cancer cell lines [115] which can be triggered by 

cell  cycle inhibitors p16 and p21 [116].  High Hsp70-1 and 70-2 [60] levels cause a 

decrease in the amount of p53, which can either increase the amount of p21 and lead to 

senescence through Ras, Her2, PTEN and Raf [117-119] or decrease the amount of p21 

which leads to apoptosis  through myc or E1A [119-126].  Mutations in p53 alter  the 

tertiary structure of the central DNA binding domain thus exposing high-affinity Hsp70 

binding sites that are cryptic in the wild-type molecule [127].  Hsp70 is  required for 

clathrin remodeling during endocytosis, stabilizes proteins associated with apoptotic and 

nuclear hormone signaling and assists in protein turnover [128-131].  Hsp70 can interact 

with AIF preventing nuclear import and subsequent DNA fragmentation by AIF [132].
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Figure 4.  Inhibition of apoptosis by Hsp70-1.  Hsp70 inhibits  AIF and JNK from 
initiating  apoptosis.   In  the  mitochondrial  pathway  Hsp70  inhibits  a  conformational 
change in Bax prohibiting the release of cytochrome C which leads to apoptosis through 
the Apaf-1, caspase-9 and -3 pathway.  Hsp70 also inhibits Apaf-1.  Hsp70 inhibits the 
permeabilization of the lysosome.

Hsp70 is  typically  an  intra-cellular  protein  but  in  some tumor  cells  it  can  be 

expressed on the cell surface.  In these cells, 15-20% of the cellular Hsp70 content is 

present on the cell surface [135] with the NBD attached to the membrane and the SBD 

facing the extra-cellular matrix [136].  Hsp70 is co-expressed with phosphatidylserine on 

the surface of hypoxic tumor cell lines [137].  Globoyltriaosylceramide, is the proposed 

binding partner of Hsp70 in the membrane, because salt and pH does not alter membrane 



15

expression.   Depletion  of  cholesterol  decreases  membrane  Hsp70  content. 

Globoyltriaosylceramide,  which  is  a  component  of  cholesterol  micro-domains,  is 

expressed in higher levels in cancer cells that express Hsp70 on their  cell  membrane 

[135].   Cell  membrane-embedded  Hsp70-1a  has  been  shown  to  act  as  a  target  for 

activated  natural  killer  cells  [138].   Sub-lethal  heat  shock induces  plasma membrane 

trans-location  in  viable  but  not  in  apoptotic  U-937  leukemia  cells  [136].   Increased 

protein trans-location of Hsp70 is associated with higher Hsp70 concentration rather than 

the apoptotic process [136].  Exosomes released from myobacteria-infected cells have 

been shown to be pro-inflammatory; a prominent host molecule in the exosome is Hsp70 

[139].   Hsp70 is  up-regulated and then released through exosomes following various 

kinds of stimuli, notably heat shock and stress [140-142] which can serve to alert the 

immune system and exert immunomodulatory effects [143-145].

1.3.1 Hsp70 in Breast Cancer

63% of  breast  carcinomas  have  Hsp70  expressed  on  their  cell  surface  [146]. 

Increasing Hsp70 in breast cancer decreases p53 levels [147].  Hsp70-1 expression is 

correlated with increased cell proliferation, poor differentiation, lymph node metastasis 

and  poor  therapeutic  outcome  in  human  breast  cancer  [148-150].   Hsp70-2  is  up-

regulated  in  a  subset  of  primary  and  metastatic  breast  cancers  and  has  growth  and 

survival promoting effects in cancer cells [60, 75].  Hsp70-2  levels are higher in human 

breast  cancer  tissue  than  in  adjacent  breast  tissue  in  31%  of  primary  and  44%  of 
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metastatic breast cancer patients  [60].  Prostaglandin A2 induces binding of Hsp70 to  a 

novel site on ω1 SMAR1 5' UTR wild type but not the ω17 SMAR1 UTR variant which 

is the predominate form in breast cancers and perturbs SMAR1 mediated cell-cycle arrest 

[151].  No correlation between Hsc70 and Bag-1 expression or tumor grade is seen in 

breast cancer [152].

1.3.2 Hsp70 in Leukemia

Bcr-Abl  expressing  primary  or  cultured  leukemia  cells  display  high  levels  of 

Hsp70  and  are  resistant  to  cytarabine  treatment  or  Apo-2L/TRAIL  [153].   The 

deregulated activity of the tyrosine kinase encoded by Bcr-Abl is a hallmark of chronic 

myeloid leukemia [154].  In AML and CML cells, Hsp70 prevents apoptosis signaling  by 

inhibiting the conformational change and localization of Bax to the mitochondria [155]. 

In AML and CML, cells, increasing STAT5 and Hsp70 levels lead to increasing Bcl-XL 

and Pim-2, augmenting resistance to apoptosis exerted at the mitochondrial level [155]. 

Hsp70 and a complex of proteins composed of glycosylase, AP endonuclease and DNA 

polymerase B participate in the repair  of damaged DNA, that is caused by  doses of 

ionizing radiation used in the clinical treatment of leukemia [156].  Induction of apoptosis 

in 12B1 leukemia cells (low Hsp70 expression) did not cause trans-location of Hsp70. 

[157].   Induction  of  apoptosis  in  EL-4  lymphoma  cells  (high  Hsp70  expression) 

significantly increased  the  membrane-bound  quantities  of  Hsp70  [158].   Intracellular 

Hsp70 is expressed in AML, MDS and CML patients where it is associated with poor 
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prognosis and resistance to treatment [159-162].  Circulating Hsp70 levels do not differ 

significantly  between  CML  patients  in  the  chronic  phase  and  those  in  the 

accelerated/blast phase.  However, overall, CML patients have significantly higher levels 

of Hsp70 than healthy subjects [163].  Circulating Hsp70 levels are significantly higher in 

AML and ALL than  in  MDS and healthy controls.   They also  showed a  significant 

positive  correlation with  the amounts  of  lactose dehydrogenase  and number  of  white 

blood cells in AML and ALL patients, which may reflect overall tumor load indicating 

poor prognosis [164].  In human K562 leukemia cells, the drug curcumin induces the 

nuclear  trans-location  of  HSF-1,  leading  to  an  up-regulation  of  Hsp70-1  expression, 

through the  ERK/MAP and JNK pathways [165].

1.3.3 Hsp70 isotypes in cancer

1.3.3.1 Hsp70-1 in cancer

Increases  in  the  expression  of  Hsp70-1  have  been  observed  in  breast  [166], 

colorectal  [167,  168],  kidney  cancers  [169]  and  leukemia  [159,  170].   Decreasing 

expression or inhibition of Hsp70-1 leads to lysosomal stabilization which causes G2/M 

phase arrest and cell death [96].  Hsp70-1-depleted cancer cells arrest in G2/M phase 

followed by the detachment and rounding up of the cells [60].  Analysis of HeLa cervix 

tumor  cells  by  microarray  shows  a  unique  gene  expression.   Hsp70-1  depletion 

significantly altered ( >2 fold p < 0.005 ) expression of 50 genes while Hsp70-2 depletion 
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significantly altered expression of 137 genes of which only 14 alterations were shared by 

Hsp70-1 and Hsp70-2 [60].  Surface  Hsp70-1a expression in gastric and colon cancers 

which metastasize to the liver is associated with overall survival while its' expression in 

lower rectal and squamous cell carcinomas correlates with poor prognosis as these do not 

metastasize to the liver and therefore are not subject to hepatic-NK cell responses [171].

1.3.3.2 Hsp70-2 in cancer

Hsp70-2 is required for the growth and survival of various human cancer cells 

[60, 75, 96].  In nasopharyngeal cancer a Hsp70-2 homozygous genotype is associated 

with  susceptibility  to  cancer   [172].   Hsp70-2  is  expressed  in  moderate  to  well-

differentiated and high-grade invasive urothelial carcinoma cell lines but not in normal 

urothelial cells [173].  Hsp70-2 is observed in 70% of superficially invasive and 90% of 

muscle-invasive  urothelial  cancer  patient  tumors  [173].   Depletion  of  Hsp70-2  has 

cancer-specific effects even in cells where it is expressed at levels comparable to those in 

non-tumorogenic  cell  lines  and  normal  breast  tissue  [60].   Hsp70-2  knockdown 

suppresses cellular motility, invasion of urothelial carcinoma cells (HTB-1, UMUC3) and 

tumor growth [173].  Hsp70-2 is over-expressed in cervical carcinoma (HeLa) cells and 

86% of  cervical  cancer  specimens  and knockdown significantly reduces  cell  growth, 

colony formation,  migration and invasion  in  vitro and reduced tumor growth  in  vivo 

[174].  Decreasing Hsp70-2 can cause an increase in p21 or MIC-1 which leads to G1 

arrest and cell death (Figure 5) [96].  Only Hsp70-2 depletion growth arrest is mediated 
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by the induction of macrophage inhibitor cytokine-1 (MIC-1).  In HeLa cervix carcinoma 

cells,  the  19-fold  up-regulation  of  MIC-1  is  mediated  through  the  stabilization  and 

activation of p53 but even cancer cells lacking p53 are arrested by Hsp70-2 depletion 

[60].  In spermatocytes, Hsp70-2 is an essential chaperone for the cyclinB/cdc2 complex 

during meiotic cell division [175, 176] and for transition protein-1 and -2 that are DNA-

packaging proteins involved in the post-meiotic genome reorganization process [177]. 

Cancer cells have increased DNA damage that is repaired by the same mechanisms as the 

meiotic cells employ during recombination [178].  The role of Hsp70-2 in cancer cells 

may be to assist DNA repair proteins.  Knockdown of Hsp70-2 induces DNA damage, 

followed by growth arrest and cell death [96].  The DNA damage induces p53, p21 and 

MIC-1 [60].

Figure 5.  Inhibition of apoptosis by Hsp70-2.  Hsp70-2 inhibits p53 which prevents 
apoptosis through the p21 and MIC-1 pathways.  Hsp70-2 is also involved in DNA repair 
which can prevent apoptosis.
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1.3.3.3 Hsp70-5 in cancer

ER-localized  Hsp70-5  (BiP)  is  also  implicated  in  cancer  [179].   It  is  highly 

expressed  in  glioblastomas  and  can  promote  angiogenesis  and  assist  proliferation  of 

tumor cells  [180].

1.3.3.4 Hsp70-8 (Hsc70) in cancer

Density-arrested cancer cells release Hsc70.  This is prevented by over-expression 

of the lysosomal protease cathepsin D  [181].  Hsc70 is active in human breast cancer 

cells and hyper-secreted by direct cathepsin D inhibition [181].

1.3.3.5 Hsp70-9 in cancer

Mitochondria-localized Hsp70-9 (Grp75) is a mortality factor in cancer and thus 

termed “mortalin”.  Grp75 is over-expressed in breast, colon and colorectal cancers and 

can induce malignant transformation in a mouse model [182, 183].  Its iRNA knockdown 

causes growth arrest in human immortalized cells [184].



21

1.4 Inhibition of Hsp70 activity

1.4.1  Inhibition of nucleotide binding

The development of Hsp70 inhibitors is still in an early stage and numerous drug 

targets within the protein have yet to be investigated.  The NBD can be targeted with 

nucleotide mimetics.  Unlike Hsp90, Hsp70 binds nucleotides with an actin-like fold, so 

compounds that bind to the ATP binding sites of Hsp70 do not cross react with Hsp90 

[69].  EGCG a naturally occurring flavonoid, interacts with Hsp70-5 by competing with 

ATP for  binding  [69].   MKT-077  is  a  cationic  rhodacyanine  dye  that  interacts  with 

Hsp70-9 and selectively kills CX-1 colon carcinoma cells but not normal epithelial cells  

[69].  Sulfogalactoglycerolipid and sulfogalactosylceramide interact with Hsp70-2 and 

Hsp70-8 through a non-competitive mechanism [69].

1.4.2 Inhibition of substrate binding

The SBD can be targeted by compounds such as PES or by substrate mimetics. 

PES specifically interacts with the C-terminal SBD of Hsp70-1 and DnaK [185].  PES 

exerts prominent anti-cancer effects in preclinical models by interacting with Hsp70-1 but 

not with p53, Bcl-2, Hsp70-8, Grp78, or Hsp90.  PES disrupts the association of Hsp70 

with Hsp40, CHIP, BAG-1 and APAF-1 and selectively kills cancer cells but not normal 

fibroblasts [185].  In addition, the TPR domain can be targeted by pyrimidotriazinediones 
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which  inhibit  binding  with  co-chaperones  such  as  Hop  [69].   Molecular  modeling 

predicts that the sulfonamide group of PES is H-bonded to Ala406 and  Thr429, while the 

phenyl  moiety is  packed against  the hydrophobic side-chain of  Ile427 and Val425 in 

DnaK.  The Thr equivalent of Val425 in Hsc70 does not interact with PES [185].

Substrate  mimetics  include  acyl  benzamides,  which  inhibit  the  peptide  bond 

cis/trans  isomerase  activity  of  Hsp70,  synthetic  peptides  based  on  the  DnaK  model 

substrate  NRRLTG  and  antimicrobial  peptides  including  drosocin,  apidaecin  or 

pyrrhocoricin that bind to the peptide-binding pocket.

While  the  NBD and SBD are good drug targets,  the  high sequence similarity 

between different human Hsp70 isotypes  is  likely to  limit  the specificity of designed 

inhibitors.   The lid  and tail  region of  Hsp70,  on the  other  hand,  has  more variation 

between isotypes, so, inhibitors that interact with this region should be more specific. 

The search for inhibitors that bind to the lid and tail region is inadequate.

1.5 Antimicrobial peptides

Antimicrobial peptides are produced by many animals to protect themselves from 

a wide range of bacteria.  Most antimicrobial peptides function by disrupting the bacterial 

cell membrane using hydrophilic and positively charged residues to target the negatively 

charged  membrane.   Antimicrobial  peptides  are  classified  as  cecropins,  defensins, 
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glycine-rich  peptides  and  proline-rich  peptides  [186].  The  cecropins  and  defensins 

generally have a helical or β-sheet structure, while the glycine- and proline-rich peptides 

have  a  more  irregular  structure.  The  short  proline-rich  peptides  are  not  able  to 

permeabilize  the  cell  membrane.   Rather,  they  move  across  the  cell-membrane  and 

interact with an intra-cellular target, DnaK [187, 188].  These peptides also tend to be 

highly basic and contain several argininyl residues, especially in the form of Pro-Arg-Pro 

sequence motifs [189]

1.5.1 Pyrrhocoricin

Pyr is a 20 residue member of the short proline-rich antimicrobial peptide family. 

It was isolated from the insect Pyrrhocoris apterus [190]. Its sequence Val-Asp-Lys-Gly-

Ser5-Tyr-Leu-Pro-Arg-Pro10-Thr-Pro-Pro-Arg-Pro15-Ile-Tyr-Asn-Arg-Asn20 contains three 

positively charged argininyl residues in addition to five prolyl residues.   Pyr inhibits the 

ATPase activity of DnaK and prevents chaperone-assisted protein folding [188].  Pyr is 

not toxic to healthy mice or eukaryotic cells [186].

1.5.1.1 Struture

Pyr is predominately unstructured in solution as revealed by NMR, but it does 

contain small populations of folded conformations with turn regions formed by residues 

2-5, 4-7 and 16-19 [189].
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1.5.1.2 Interaction with DnaK

The N-terminal region of Pyr, residues 2 to 10, is responsible for the inhibition of 

the ATPase activity while the cationic C-terminal region, residues 11 to 20, allows the 

peptide  to  penetrate  the  cell  membrane  [191].  Binding  measured  by  fluorescence 

polarization  shows  two  independent  binding  sites  on  DnaK  for  Pyr  [187].   The  N-

terminus binds to both the helical lid and the conventional peptide-binding pocket [188]. 

The  X-ray  structure  of  the  SBD  of  DnaK  in  complex  with  a  Pyr-derived  inhibitor 

suggests  that  Pyr  acts  solely  as  a  site-specific  competitive  and  allosteric  inhibitor, 

occupying the substrate-binding tunnel  and disrupting the latch [5].   In addition,  Pyr 

binds to and stimulates the ATPase activity of wild type and lidless DnaK with 10-fold 

lower affinity due to a 10-fold increase in peptide dissociation [8].  The truncated lid, 

however, acts as an internal ligand [8].

Pyr was shown to interact with the lid by ECD spectropolarimetry.  An Ala-scan 

of the E. coli DnaK D and E helices, residues 583 to 610, identified a continuous binding 

surface  consisting  of  Glu589,  Gln595,  Met598  as  well  as  Gln568,  Gln592,  Leu597, 

Ala601, Gln602 and Gln604 [191].  ECD measurements also indicate that the D and E 

helices  do  not  lose  helicity  upon  Pyr  binding  [191].   The  ECD  spectra  of  E.  coli 

DnaK(583-615) and  S. aureus DnaK(554-585)  bound to Pyr shows a conformational 

change in the Pyr-responsive E. coli but not in the Pyr-unresponsive S. aureus mixtures. 

The decrease  in  molar  ellipticity  at  200 nm represents  a  more  ordered  conformation 
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[191].  The antimicrobial activity of 4 Pyr-responsive and 7 Pyr-unresponsive bacterial 

and fungal strains was found to be correlated with the binding of Pyr to the multi-helical 

lid region of DnaK measured by fluorescence polarization [191].

1.6 Current objectives

The depletion or inhibition of Hsp70-1 results in the apoptosis of cancerous, but 

not non-cancerous cells.   This makes Hsp70-1 a good target  for drug design.   While 

considerable attention is being given to targeting the NBD, little has been done for the 

SBD.  The lid region is the most variable in human isoforms (Figure 3) and is, therefore, 

the most likely to yield a Hsp70-1 specific inhibitor.  Peptide-protein interactions can be 

highly specific  and span  a  larger  binding region  than  that  of  protein-small  molecule 

interactions, subsequently, protein-peptide interactions have a lower Kd.. Therefore,  the 

design of a peptide that specifically binds to the lid of human Hsp70-1, may be possible 

through modification  of  the  structure  of  Pyr,  which  binds  to  the  bacterial  version  of 

Hsp70.  To this end, a computational model of Hsp70-1 was developed using homology 

modeling and the dynamics of the lid movement was investigated with MD simulations. 

Potential inhibitors were selected by  an Ala-scan of Pyr(1-10)-NH2 as well as a screening 

of the lid region with a combinatorial library of tri- and tetra-peptides to determine which 

compounds bind to and affect the domain movement of Hsp70. The leading Pyr analogs 

were synthesized together with a fragment of the lid and tail, residues 209 to 252 of the 

SBD of Hsp70-1 to spectrophotometrically determine if they bound.  The peptides that 
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bound to the lid fragment and the leading tri- and tetra-peptides were tested using ATPase 

assays on human Hsp70-1 to determine if they had an inhibitory effect.

1.6.1 Homology modeling

In  homology  modeling,  the  structure  of  a  protein  is  predicted  by  minimally 

disturbing the structures from a database of  known structure templates on the basis of the 

local  sequence similarity between the target structures and the database of templates. 

This  eliminates  a  large  amount  of  the  conformational  space  and  thus  computational 

expense.   Homology modeling  is  often  used,  because  when the  sequence  identity  is 

greater than 25%, 90% of the main-chain atoms are modeled with an RMSD of about 0.1 

nm which  mainly arises  from the loops and side-chains  [192].   Homology modeling 

consists of four steps.

In the first step, the homologue of known structures from the PDB is identified 

and then aligned to the query sequence by methods such as PSI-BLAST [193] and hidden 

Markov models [194].  Next, a model of the protein based on the alignment using rigid 

body assembly [195-198],  segment matching [199], spatial  restraint [200] or artificial 

evolution [201] is built.  The model is then refined by tuning the alignment and modeling 

loops and side-chains.  Loop prediction is either performed  de novo, in which a large 

number of randomly chosen candidate conformations are generated,  or  with database 

methods that try to find a segment of a protein with a known structure that fits the stem 
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regions  of  the  loop  [201].   Side-chain  conformations  are  frequently  predicted  using 

rotamer libraries.

1.6.2 Molecular dynamics simulations

In MD simulations, empirical potential energy functions of a molecular system 

(solutes-solvent)  are  used  to  solve  Newton's  or  Lagrange's  equations  of  motion  to 

generate the coordinates and momenta of the simulated particles along time-dependent 

trajectories that describe the folding, unfolding or equilibrium state of the system.  One of 

the  advantages  of  MD  simulations  is  that  it  provides  information  about  the  time-

dependent folding/unfolding pathways and the native structure rather than just sampling 

the potential energy surface.

When the equations of motion are integrated,  a sufficiently small  time step is 

required to maintain the stability of the system.  The time step should be an order of  

magnitude smaller than the fastest motions of the system.  Since the bond vibration of an 

atom with a hydrogen is about 10 fs, time steps for explicit solvent systems are typically 

0.1 to 1 fs for implicit solvents.  In time-split algorithms [202], the forces are divided into 

those that are fast-varying such as bond-stretching forces that are quick to evaluate and 

slow-varying forces  such as  non-local  forces  that  require more resources to evaluate. 

Thus, integration of the slow-varying forces are carried out with a larger time step than 

the time step used for the integration of the fast-varying forces.  The computational time 
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of the simulation can be reduced by increasing the time step by constraining the valence 

geometry of  the  solvent  molecules  with algorithms such as  SHAKE [203],  RATTLE 

[204] or LINCS [205].

Different thermodynamic ensembles can be simulated with MD simulations.  A 

microcanonical ensemble is generated when the number of particles, volume and energy 

of the system are held constant.  When the number of particles, temperature and either the 

volume or the pressure are held constan,t the canonical or isothermal-isobaric ensembles 

are  generated,  respectively.   The  temperature  can  be  maintained  using  Berendsen's 

thermostat [206] which re-scales the velocities to adjust the kinetic energy of the system 

to the desired temperature.  This procedure, however, does not generate a true canonical 

ensemble [207].  More sophisticated methods such as Nose-Hoover [208, 209] or the 

Nose-Poincare [210] thermostats do produce a true canonical ensemble by modifying the 

Hamiltonian  of  the  system  to  correspond  to  the  temperature  and  not  total-energy 

conservation.

1.6.2.1 Force fields

The  most  common  all-atom  protein  force  fields  are  OPLS-AA  [211], 

CHARMM22 [212]  and  AMBER (PARAM99)  [213].   The  united  atom force  fields 

include  some  of  the  early  AMBER  force  fields  [214],  OPLS/UA [211],  CHARMM 

PARAM19 [215] and the GROMOS87 and GROMOS96 [216], of which the GROMOS 
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force fields are still widely used today.  

The OPLS-AA force field was optimized to give accurate experimental properties 

of liquids including their density and heat of vaporization [217].  The OPLS-AA force 

field  was  re-optimized  for  protein  systems  by refitting  the  backbone  and  side-chain 

torsional parameters to data from quantum chemical calculations using LMP2 to create 

the OPLS-AA/L force field [218].  Simmerling's group modified the backbone potentials 

in the AMBER ff99 force field by fitting the potentials to additional data from quantum 

mechanical calculations to create the AMBER ff99SB force field [219].  The side-chain 

torsional potentials for four types of amino acid types were modified in the AMBER 

ff99SB force field to create the AMBER ff99SB-ILDN force field [220].  Lindorff-Larsen 

and colleagues studied the ability of the current force fields to reproduce experimental 

data from the NMR structures of ubiquitin and immunoglobulin G binding protein G by 

performing 10  µs MD simulations.  They found that the AMBER ff99SB-ILDN force 

field  had better  agreement between the  calculated and experimental  scalar  couplings, 

order parameters and residual dipolar couplings than the OPLS-AA/L force field [221]. 

Li and colleagues combined the optimized side-chain torsions of the AMBER ff99SB-

ILDN force field with the optimized backbone torsions of the AMBER ff99SB-NMR 

force field to create the AMBER ff99SB-ILDN-NMR force field [222].  A comparison of 

the ability of 11 force fields to reproduce  chemical shifts and J-coupling measurements 

of di-peptides, tri-peptides, tetra-alanine and ubiquitin showed that the AMBER ff99SB-

ILDN-NMR  force  field  had  the  highest  accuracy  and  the  calculation  error  was 
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comparable to the experimental uncertainty [223].

1.6.3 Principal component analysis

Principal  component  analysis  is  used  to  reduce  the  complexity  of  the  full 

dynamics of a complex system and describe it in terms of a few generalized coordinates 

[224].   In  PCA, the  second moments  of  a  multi-variate  distribution are  computed  to 

describe deviations from the average structure in terms of a set of principal components, 

which represent collective motions [225].  The covariance matrix (C) is calculated from 

the atomic coordinates sampled from the trajectory of a MD simulation by the formula:

Cij = < Mii
1/2 (xi - <xi>)Mjj

1/2 (xj - <xj>)>

where the matrix M is a diagonal matrix listing the masses of the atoms associated with 

coordinates i and j.

The covariance matrix can be diagonalized with an orthonormal transformation 

matrix (R), where the columns are the principal components or eigenvectors in order 

from largest to smallest movements corresponding to their associated eigenvalues. 

RTCR = diagonal matrix (λ1, λ2, ... , λ3N)

The eigenvectors describe individual collective movements of the protein that can 

be  extracted  from the  trajectory  to  show each  collective  movement  separately.   The 

eigenvectors  associated  with  the  largest  eigenvalues  show  the  largest  collective 
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movements.  The magnitude of the eigenvalues typically decrease rapidly, so only the 

first  few  eigenvectors  are  needed  to  account  for  the  majority  of  movement  in  the 

simulations.  The trajectory of the simulation can also be projected onto the individual 

eigenvectors to show the movement along each eigenvector as a function of time or to 

determine correlation between two eigenvectors.

1.6.4 Analog design

1.6.4.1 Ala-scanning

Ala-scans are composed of a set of analogs, in which each residue in a series to be 

examined, is systematically replaced with Ala, the least bulky chiral amino acid.  This is 

done to determine that role of the replaced side-chain in the stability or bio-activity of a  

protein.

1.6.4.2 Tri- and tetra-peptide combinatorial libraries

Combinatorial libraries, provide a diverse set of ligands that can be used in the 

high-throughput  docking of  ligands to  a  receptor  or bio-activity assays.   The peptide 

combinatorial libraries consist of all possible combinations of a set of x number of amino 

acids in a sequence of length n residues to generate a library of size xn.



32

1.6.5 Docking

The binding of a ligand to a receptor was once thought to be as simple as a lock 

and key model  in which the ligand remains rigid and once it  binds to the receptor it 

causes  the  conformation  of  the  receptor  to  change.  This  model  has  been  challenged 

repeatedly,  because  ligands  have  been  shown  to  undergo  significant  conformational 

changes when in complex with a receptor.  This lead to the concept of induced-fit binding 

[226-229].   Modern  docking  algorithms  must  be  able  to  account  for  changes  in  the 

conformation of the ligand to yield a better fit with the ligand.  Most docking algorithms 

use a three step process of docking, scoring and ranking. In the docking step, the receptor  

is typically treated as a grid model, where a 3D grid of potential energy terms is pre-

generated using a force field. 

Ligands are treated as flexible by using a set of conformations that are generated 

through the random rotation of a set of torsional angles, typically the φ and ψ angles of 

the peptide backbone.  Each pose generated by the docking step is then scored based on 

the conformation of the ligand and its fit with the receptor grid.  The best poses are then 

ranked according to empirical scoring functions which include terms for Van der Waals 

and electrostatic interactions as well as H-bonds.
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1.6.5.1 Glide software

Glide searches for favorable interactions between a receptor and a ligand.  Each 

ligand or conformation of a flexible ligand is automatically generated by a combination 

of its position and orientation to the receptor and its conformation.   This pose of the 

ligand passes through a series of hierarchical filters  that evaluates the strength of the 

interaction between the ligand pose and the receptor.  The initial filters test the spatial fit 

and examine the complementarity of the ligand and receptor using a grid-based method. 

Then, a grid approximation is evaluated and minimized using the OPLS-AA/L force field 

to calculate the non-bonded ligand-receptor interaction energy.

Scoring  is  carried  out  with  a  discretized  version  of  the  ChemScore  empirical 

scoring function [230].  The initial scoring rewards favorable hdyrophobic, H-bonding 

and metal-ligand interactions and penalizes steric clashes.  Each pose is refined to give 

the best possible score by moving it up to 1 Å in any direction.  The best refined poses 

are then subjected to energy minimization of a pre-computed OPLS-AA/L van der Waals 

and electrostatic receptor grids followed by a full-scale OPLS-AA/L non-bonded energy 

surface optimization that includes torsional motion of the ligand.  These minimized poses 

are re-scored using the GScore which is based on the ChemScore but also includes a 

steric-clash term and adds polar terms to penalize electrostatic mismatches.

GScore = 0.065 vDW + 0.130 Coul + Lipo + H-bond + Metal + BuryP + RotB + Site

where, Lipo is the lipophilic term derived from the hydrophobic grid potential, BuryP is a 

penalty function for burried polar groups, RotB is a penalty function for freezing rotable 
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bonds and Site increases the score for favorable non-H-bond polar interactions in the 

active site.

In  Glide  XP mode,  a  custom scoring  function  designed to  identify poses  that 

would be expected to have unfavorable energies.  Then, anchor fragments of the docked 

ligands, like aromatic rings, are chosen from the set of poses and then the ligand is re-

grown bond by bond to reduce any penalties and to optimize the best scoring poses.  In 

this scoring function, additional penalties are assigned to inadequately solvated groups, 

while the occupancy of hydrophobic pockets by hydrophobic ligand groups are further 

rewarded, since they were underestimated by ChemScore and GScore.  The XP score also 

includes improvements to the scoring of H-bonds, the detection of burried polar groups 

and the detection of cation-π and π-π stacking interactions.

Flexible ligands are described by a core region and a series of rotamer groups. 

During the generation of conformations, the core region and all possible rotamer group 

conformations are handled by an extensive conformational search that is augmented by a 

heuristic scan that rapidly eliminates unsuitable conformations.  This refined group of 

conformations is then docked to the receptor as a single object through an exhaustive 

search of possible locations and orientations. 

Plewczynski  and colleagues  evaluated 7 docking programs Surflex,  LigandFit, 

Glide, GOLD, FleX, eHITS and Autodock on 1300 protein-ligand complexes from the 
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PDBbind 2007 database,  where  experimentally  measured  binding affinities  were  also 

available.  Glide was able to successfully dock over 50% of the ligands with a mean 

RMSD of 3.3  Å.  For peptide ligands, Glide performed better than the other docking 

programs with a RMSD of 4.03 Å and 46% of the 1300 top scores had an RMSD of less 

than 2 Å [231]. 

1.6.5.2 Molegro

MolDock, the docking engine of Molegro Virtual Docker, uses a hybrid search 

algorithm with guided differential evolution [232, 233] which combines the differential 

evolution optimization technique with a cavity prediction algorithm [234].  In MolDock 

SE, simplex evolution is used to generate a set of conformations for ligands with a large 

number of internal degrees of freedom.  In pose generation, a set of initial conformations 

are generated and then SE performs a combined local a global search of the poses with a 

Nelder-Mead search algorithm.  The conformations are than recombined, mutated and 

evaluated.  The best conformations then go through the cycle of selection, recombination, 

mutation and evaluation again until the conformations have an energy below a threshold 

value.

The  scoring  function  is  based  on  a  piece-wise  linear  potential  [235-237].   In 

MolDock, this scoring function is extended with a new term to take H-bond directionality 

into account [234].  In the PLANTS scoring function, [238] the score is calculated using 
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the equation:

Eplantscore = fPLP + fclash + ftors + Csite – 20

where,  fPLP is  similar  to  that  in  the  MolDock  scoring  function,  but  includes  more 

interaction types,  such as repulsive,  buried,  non-polar,  H-bond and metal interactions, 

while MolDock only has two, steric and H-bond.  The fclash and ftors take into account the 

internal ligand clashes and torsional contributions for the flexible bonds in the ligand. 

Csite is a penalty for a pose being outside of the binding site.

Thomsen and colleagues docked flexible ligands to a set of 77 protein targets 

[234].  The correct binding mode was identified in 87% and 82% of the targets using 

Moldock and Glide,  respectively.   Molegro has been used for  the binding of peptide 

inhibitors,  [239]  bio-active  peptides  [240]  and  di-peptides  [241]  to  angiotensin  I-

converting enzyme and for the binding of the tri-peptide GKR to Oxytocin [242].

1.6.6 Peptide synthesis

Solid-phase peptide synthesis  was developed by R. B. Merrifield in 1963 [243]. 

This was a major advance in peptide synthesis, because a growing peptide chain was 

attached to a solid support.  This allowed the excess coupling and deprotection reagents 

to be easily removed from the peptide through simple rinsing with no loss of peptide in 

the process.  One of the disadvantages of Merrifield's methods was the need for strong 

acids, such as HF, to cleave the peptide from the solid support and remove the t-Boc 
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protected  side-chains.  These   acids  could  degrade  the  peptide  and  were  potentially 

hazardous to use. 

The introduction of Fmoc chemistry made it possible to replace the strong acids 

like HF with weaker acids like TFA.  Removal of the Nα-Fmoc group, could be achieved 

by  treatment  with  a  weak  base  eliminated  the  need  to  use  acids  like  TFA for  the 

deprotection step.  This allowed the use of side-chain protecting groups and linkers that 

were labile in TFA [244]. 

Microwave-assisted solid-phase peptide synthesis has gained popularity, since the 

use of microwaves to reliably heat the reaction vessel to high temperatures results in 

improved reaction speeds and product yields [245-247]. 

1.6.7 ECD spectorpolarimetry

Circular  dichroism  is  the  differential  absorption  of  left-  and  right-handed 

circularly polarized light  by chiral,  optically active substances such as peptides [248-

250]. In ECD, ultraviolet light is used and the change in circular dichroism in the far UV 

region, 178 to 260 nm, results from the n→π* and  π→π* electronic transitions of the 

amide groups in the peptide backbone.  Each protein secondary structure, such as the α-

helix,  β-sheet, turn, random meander and polyproline II helix, produces a characteristic 

ECD spectrum [248].
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1.6.8 ATPase assays

ATPase assays are used to determine the activity of proteins based on their rate of 

ATP hydrolysis  as  well  as  to  determine if  added compounds inhibit  or  activate  ATP 

hydrolysis.   Most ATPase assays use a method to determine the amount of inorganic 

phosphate (Pi) released during the ATP hydrolysis.  In the MESG/PNP method, [252] in 

the  presence  of  inorganic  phosphate  the  substrate  MESG  is  converted  to  ribose  1-

phosphate and 2-amino-6-mercapto-7-methylpurine by the enzyme PNP (Figure 6).  The 

enzymatic  conversion  of  MESG  results  in  the  spectrophotometric  shift  in  maximum 

absorbance from 330 nm for MESG to 360 nm for 2-amino-6-mercapto-7-methylpurine. 

The sensitivity of this assay is in the range of 2 to 150 µM Pi [252].

Figure 6.  Enzymatic conversion of MESG by PNP.  As ATP is converted to ADP and 
Pi by the ATPase activity of Hsp70 the released Pi and excess MESG are converted by 
PNP into two by-products which have a maximum absorbance at 360 nm.
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Chapter 2: Experimental procedures

2.1 Materials

2.1.1 Peptide synthesis reagents, resins and amino acids

H-PAL-ChemMatrix,  H-Val-HMPB-ChemMatrix,  H-Tyr(OtBu)-HMPB-

ChemMatrix and H-Asp(OtBu)-HMPB-ChemMatrix resins were from PCAS BioMatrix 

(Saint-Jean-sur-Richelieu,  Quebec,  Canada).   Fmoc-Trp(Boc)-Wang,  Fmoc-Met-Wang 

and Fmoc-Asn(Trt)-Wang resins were from Advanced Chemtech (Louisville, KY, USA). 

Amino  acids  were  either  from Advanced  Chemtech  (Louisville,  KY,  USA)  or  EMD 

(Darmstadt, Hesse, Germany).  DMF was from PHARMACO AAPER (Shelbyville, KY, 

USA).  NMP and DCM were from Fisher Scientific (Pittsburg, PA, USA).  Piperidine and 

Acetic anhydride were from Sigma-Aldrich (St Louis, MO, USA).  HATU and HOBt 

were from Advanced chem tech (Louisville, KY, USA).

2.1.2 Peptide cleavage reagents and purification solvents

TFA, TIS, diethyl  ether  and phenol  were from Sigma-Aldrich (St  Louis,  MO, 

USA).  Glacial acetic acid was from Fisher Scientific (Pittsburg, PA, USA).  Acetonitrile 

was from PHARMACO AAPER (Shelbyville, KY, USA).
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2.1.3 Solvents for ECD spectropolarimetry

K2HPO4 was from Fisher Scientific (Pittsburg, PA, USA).  TFE was from Sigma-

Aldrich (St Louis, MO, USA).

2.1.4 Reagents for ATPase assays

Recombinant  human  Hsp70-1  and  Hsp70-8  were  from ProSpec  (Ness,  Ziona, 

Israel).  The EnzChek phosphate assay kit was from Life Technologies (Grand Island, 

NY, USA).  ATP and KCl were from Sigma Aldrich (St Louis, MO, USA).

2.2 Computational methods

2.2.1 Homology modeling

The  SBD  sequence  of  Hsp70-1  was  submitted  to  YASARA  for  homology 

modeling [193, 253-259] using a slow modeling method, 6 PSI-BLAST iterations per 

template search, a maximum of 20 templates in monomeric form, 5 alignment variations 

per template, 50 loop samples and a TermExtension of 10 residues.  A z-score was used to 

determine  the  confidence  in  the  model  derived  from each  template  structure,  with  a 

positive  z-score  indicating  the  confidence  in  the  model  is  greater  than  the  average 

confidence in all models.
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Homology modeling did not provide a structure for residues 236 to 252 of Hsp70-

1,   further  modeling was performed using  two models  (A and  B).   In  model  A,  the 

terminal residues were attached to the homology model of residues 1 to 235 in YASARA 

using random coil dihedrals.  This model was then subjected to energy minimization and 

refinement in YASARA using the AMBER99 force field.  Refinement was by a 500 ps 

simulation using the macro developed by Krieger and colleagues [260].  In model B, the 

tail sequence of residues 227 to 252 of Hsp70-1 was submitted for homology modeling. 

The length of the sequence was chosen so that the overlap between the model of the tail 

and the model of the SBD would be at flexible glycyl residues to minimize the impact of 

fragmentation (Figure 7).   The refined tail model and model A were then subjected to a 

10  ns  MD  simulation  using  the  GROMACS  3.3.1  package.   The  trajectories  of 

simulations of structures of models  A and  B were subjected to cluster analysis and the 

central structure  of  the  largest  cluster  was  identified.   These  central  structures  were 

superimposed  using  the  backbone  atoms  of  residues  229 and  230  of  Hsp70-1.   The 

models were then joined by forming a peptide bond between the two residues in the 

different models and energy minimization was performed.  This composite model was 

then subjected to further refinement with YASARA as described above.  

Figure 7.  Overlap (purple) between the sequences of the homology models of the 

SBD (red) and the tail (blue).  The green line represents the peptide bond used to join 
the SBD and tail homology models used to create model B.
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2.2.2 Molecular Dynamics simulations

2.2.2.1 Simulation parameters

MD simulations of structures of models A and B, Pyr and the Hsp70-1 Pyr-analog 

docked-complexes were performed using the GROMACS 3.3.1 software package [261, 

262]  and  the  OPLS-AA/L  force  field  [263].  Simulations  were  performed  in  a 

dodecahedral  box  with  periodic  boundary  conditions  [264,  265].   The  peptides  and 

proteins  were  solvated  with  TIP4P  water.   The  system  was  neutralized  using  the 

appropriate number of chloride and sodium ions by replacing water molecules with the 

largest potential  energy.  The bonds were constrained [203] using the LINCS method 

[205]. Non-bonded electrostatic interaction energies were calculated using the twin-range 

cut-off method  with rshort of 0.8 nm and rlong of 1.4 nm and a reaction-field beyond 

rlong. Lenard-Jones interactions  were calculated with a single cut-off scheme using rvdw 

of  1.4  nm.   The  solvated  structures  were  energy-minimized  by the  steepest  descent 

method [205] and then the system was subjected to  100 ps NVT simulation at 298 K and 

1 bar pressure of the positionally restrained peptide using 1000 kJ mol-1 force constant for 

the restraining force.  Finally, a simulation with a constant number of molecules, pressure 

and temperature, NPT, of the desired length was performed at 298 K and 1 bar pressure 

by coupling the system to an external heat and pressure baths, respectively,  using the 

method of Berendsen and colleagues [206]. 
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For additional simulations of the homology models, Pyr-analogs and tri- and tetra-

peptide Hsp70-1 SBD docked complexes GROMACS 4.5.5 [266, 267] were used with 

the AMBER ff99SB-ILDN-NMR force field [220, 222].  The peptides were solvated in 

TIP3P water with 150 mM NaCl.  A Particle mesh Ewald (PME) [268] method was used 

with an rlist and rcoulomb of 0.9 nm.  LenardJones interactions was calculated with a 

cut-off  of  0.9 nm.   P-LINCS [269]  was  used to  constrain  all  bonds in  peptides  and 

SETTLE 3.3.1 [270] was used to constrain the water.  

2.2.2.2 Analysis of MD simulations

Trajectories were submitted to cluster analysis  using the GROMOS method of 

clustering [271] and a backbone RMSD cutoff of 0.2 nm using structures sampled in 10 

ps  intervals.   The  structure  of  Hsp70-1  and  Hsp70-1  in  complex  with  ligands  was 

examined  using  the  central  structure  of  the  largest  cluster  of  structures  from  the 

trajectories of the simulations.   Secondary structures were determined with the DSSP 

method  [272].   The  trajectories  of  the  simulations  were  sampled  every  50  ps.   The 

number  of  intra-molecular  hydrogen bonds in  Hsp70-1  and inter-molecular  hydrogen 

bonds between a ligand and Hsp70-1 every 100 ps along the trajectory of the simulations 

was  determined.   The  backbone  RMSD of  the  lid  region,  residues  120  to  252,  was 

calculated every 50 ps along the trajectories of the simulations with a running average 

performed over each ns to examine the general trend in the RMSD.  Principal component 

analysis was performed by calculating the covariance matrices of the α-carbons in the lid, 
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residues 120 to 252, every 100 ps along the trajectories of the simulations.  Root mean 

square fluctuations (RMSF) and 2D projections of the trajectories of the simulatons along 

eigenvectors  1  and 2,  1  and 3 and 2 and 3 were used  to  examine the change in  lid 

movement.  The movement of the hinge region in the lid was examined by calculation of 

the dihedral angle between residues Ala152 and Ser162 of  helix B and residues Ala17 

and  Gly81  of  the  inner  loops  of  the  peptide  binding  pocket  every  50  ps  along  the 

trajectories of the simulations.

Binding-site distance was determined by calculating the distance from the center 

of mass of the ligand to the center of mass of the residues that Molegro indicated were 

involved in H-bonding, electrostatic and steric interactions with the ligand every 50 ps 

along  the  trajectories  of  the  simulations.   Free-energy  of  binding  calculations  were 

performed using the single trajectory method [273] of the MM/PBSA approach [274] in 

which both the receptor and ligand structures are extracted directly from the complex 

structure.  The free energy of each simulation was calculated 5 ns before and after the 

frame of the central structure of the most populated cluster of the receptor.  The free 

energy term is calculated as an average (< >) over the considered structures with the 

equation:

<G> = <EMM> + <Gsolv>

where  EMM is  calculated  from the  electrostatic  and van  der  Waals  energies  from the 

simulations.   Gsolv is calculated using the adaptive Poisson-Boltzmann solver program 

[275]  to  calculate  the  polar  and  non-polar  free  energies.   The  polar  free  energy  is 
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calculated from the energy required to transfer the solute from a continuum medium with 

a low dielectric constant to one with the dielectric constant of water using the Poisson-

Boltzmann equation with a grid spacing of 0.5 Å and a temperature of 296 K.  The non-

polar free energy is 0.0227 kJ mol-1 Å-2 multiplied by the solvent accessible surface area 

calculated using a probe of radius 1.4 Å.

2.2.3 Analog design

2.2.3.1 Ala-scan of Pyr(1-10)-NH2

The  central  structure  of  the  largest  cluster  from  the  simulation  of  Pyr  was 

modified using YASARA by deleting residues 11-20 and adding a C-terminal amide cap. 

The designated residue for  each analog was changed to  Ala.   The Pyr  analogs  were 

energy-minimized and then their three dimensional coordinates were exported in the pdb 

file format.

2.2.3.2 Tri- and tetra-peptide combinatorial libraries.

A library  of  tri-  and  tetra-peptides  was  developed  in  collaboration  with  Dr. 

Nicholas Palermo at the Holland Computing Center, UNL, Lincoln, NE.  The libraries 

consisted of all possible combinations of amino acids except Cys, which was excluded to 

prevent the formation of disulfide bonds.   The libraries consisted of 193 = 6,859 tri-
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peptides and 194 = 130,321 tetra-peptides.  Libraries consisting of these 137,180 peptides 

in both the free and the fully capped forms (N-terminal acetyl and C-terminal amide) 

were used for docking to Hsp70-1.

2.2.4 Docking

2.2.4.1 Glide

Docking was performed using Glide version 5.5 software from Schrödinger, LLC 

(New York, NY, USA) [276].  Due to the maximum size of the receptor grids, the surface 

of Hsp70-1 was scanned with overlapping receptor grids to achieve full sampling of the 

lid (Figure 8).  Four receptor grids were centered on Helix B placed at the center of mass 

of 10 residue fragments, starting from the hinge region.  Additional receptor grids were 

placed in the peptide binding pocket, the center of mass of the tail, the center of mass of 

the last four residues of the tail (EEVD sequence) and at the center of mass of helices D 

and E.  The receptor grids consisted of a 36 Å x 36 Å x 36 Å outer box and a 12 Å x 12 Å 

x 12 Å ligand diameter midpoint box.  The ligands had flexible φ and ψ torsional angles 

and were docked using the GlideXP method with 5000 poses for the initial docking, of 

which the top 400 poses were submitted to energy-minimization and re-scored.  The top 

10 poses for each ligand as determined by the most negative GScore, were saved for 

further analysis.
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Figure 8.  Locations of the receptor grids used to scan the surface of Hsp70-1 SBD. 

The receptor grids cover the peptide-binding pocket (cyan), helix B with sites A (red), B 
(orange), C (yellow) and D (green), helices D and E (blue), the center of mass of the tail 
(purple) and the center of mass of the terminal EEVD residues of the tail (light red)

2.2.4.2 Molegro

Compounds were docked to the central structure of the largest cluster of Hsp70-1 

from  the  simulation  of  model  A using  the  AMBER  ff99SB-ILDN-NMR  force  field 

simulation using Molegro Virtual Docker version 2011.5.0 from Molegro ApS (Aarhus, 

Denmark) [234].  The receptor grid was centered between the tail and the peptide binding 
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pocket with a 25  Å radius and a 0.2  Å grid resolution. (Figure 9)  For the docking of 

selected small molecules and Pyr analogs, the MolDock SE algorithm [234] was used 

with 50 runs consisting of up to 3000 iterations and a maximal population size of 50. 

Generation of poses had an energy threshold score of 100, a minimum of 10 tries and a 

maximum of 30 tries.   For SE, a maximum of 3000 steps was used with a neighbor 

distance factor of 1.00.  Poses were scored using the PLANTS method [238] and after 

docking energy minimization and optimization of H-bonds were performed prior to re-

scoring.

Figure 9.  Receptor grid (green) of the lid of Hsp70-1 SBD used for docking with 

Molegro.  The receptor grid is centered between the tail and the peptide-binding pocket.
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For tri-  and tetra-peptide dockings,  the libraries were separated into blocks of 

2000 peptides.  The same receptor grid as described above was used.  High throughput 

screening of the libraries was performed through parallel implementation of the Nelder-

Mead search algorithm, for 512 simultaneous evaluations using a Plants PLP-like scoring 

function that was adapted to optimize performance on the GPU.  Ten runs consisting of 

up to 1500 iterations were performed.  After docking, energy-minimization, consisting of 

short  Nelder-Mead  Simplex  minimizations  of  the  ligand  and  H-bond  optimization, 

consisting of the optimization of the position of the hydrogens for any H-bond donor 

atoms in the ligand or receptor, were performed before re-scoring using the PLANTS 

method.  The scores for each pose were averaged and those poses with a score greater 

than two standard deviations from the mean were examined.  The three poses with the 

lowest re-rank scores were submitted for 50 ns MD simulations.

2.3 Peptide synthesis, purification, and characterization methods

2.3.1 Peptide synthesis.

The  designed  peptides  and  the  lid  fragment  were  synthesized  using  a  CEM 

Liberty  automated  microwave-assisted  peptide  synthesizer  at  a  0.1  mmole  scale. 

Peptides with a C-terminal amide protection were synthesized on a HMPB ChemMatrix 

resin and peptides with a C-terminal acid were synthesized on a a Wang resin with the C-

terminal residue already attached.  For all synthesi Nα-Fmoc protected amino acids were 
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used.  The side-chain functions of Asp, Glu, Ser, Thr and Tyr were protected with a t-Bu 

group.  The Arg side-chain function was protected with a Pbf group.  The side-chain 

functions  of  Asn,  Gln  and  His  were  protected  with  a  Trt  group  and  the  side-chain 

functions of Lys and Trp were protected with a t-Boc group.  

During synthesis, deprotection of the N-terminus of the growing peptide chain 

was performed by removing the Nα-Fmoc group using 7 mL of a 0.1 M HOBt dissolved 

in a 20% piperidine/DMF  mixture.   The resin was heated with 35 W of microwave 

irradiation for 30 seconds to achieve a maximum temperature of 75  oC.  The resin was 

then washed before more deprotection mixture was added and then heated with 35 W of 

microwave irradiation for an additional 180 seconds with a maximum temperature of 75 

oC.  After rinsing, coupling was performed by adding 2.5 mL of a 0.2 M solution of an 

amino acid in NMP to give a 5 molar excess and then addin 1 mL of 0.45 M HATU in 

DMF and 0.5 mL of 2 M DIEA in NMP.  The mixture was heated with 25 W for 300 

seconds with a maximum temperature of 75 oC.  Arg was coupled at room temperature 

without microwave irradiation for 1500 seconds and followed by rinsing the resin, adding 

amino acid and the activators and then heated with 25 W of microwave irradiation for 

300 seconds  with  a  maximum temperature  of  75  oC.  Coupling  of  His  residues  was 

performed by initially coupling  at room temperature for 120 seconds and then heated 

with 25 W of microwave irradiation for 240 seconds with a maximum temperature of 50 

oC. The acetylation of the Nα-amino group of the peptides was performed by adding 20% 

acetic anhydride in DMF to the peptide resin and then heated with 40 W of microwave 
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irradiation for 120 seconds with a maximum temperature of 65 oC.

2.3.2 Peptide cleavage

For most peptides a clevage cocktail  of 95% TFA, 2.5% TIS and 2.5% water 

(v/v/v) was used.  For peptides containing aromatic residues the mixture was 90% TFA, 

2.5% TIS, 2.5% water  and 2.5% phenol (v/v/v/v).   For peptides containing Met  the 

mixture was 94% TFA, 1% TIS, 2.5% water and 2.5% EDT (v/v/v/v).

Cleavage was performed with an appropriate cleavage cocktail.  A 4 mL volume 

of cleavage cocktail  was used for every 100 mg of peptide-resin cleaved, due to  the 

extensive  swelling  of  ChemMatrix  resins  in  TFA.   The  peptide-resin  was  stirred 

constantly in the cleavage cocktail for 10 minutes at 0 oC and then at room temperature 

for 110 minutes.  The cleaved peptide was then precipitated with ice-cold diethyl ether 

and dried by vacuum filtration using a medium-porosity sintered glass filter.  The peptide 

was then dissolved in 10 mL of TFA, the mixture was evaporated to approximately 1 mL 

on a rotary evaporator, the peptide was precipitated with ice-cold diethyl ether and dried 

by filtration as described above.  The peptides were air-dried and then dissolved in glacial 

acetic acid.  The solution was then diluted with nanopure water to a concentration of 10% 

acetic acid in water (v/v), rapidly frozen in an acetone/dry ice bath and the peptide was 

lyophilized.  
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2.3.3 Peptide purification

HPLC was performed with a Gilson (Middleton,  WI, USA) dual pump HPLC 

apparatus.  The aqueous phase was 0.1% TFA in water (v/v) and the organic phase was 

0.09% TFA in acetonitrile (v/v).  Absorbance of the effluent was measured at 220 and 280 

nm.  For analyzing the purity of the crude peptides a 20 µL sample of a 1mg/mL solution 

of the peptides in 25% acetic acid in water (v/v) was loaded onto a Grace Vydac C8 

reverse phase column (300 Å, 5 µm, 4.6 mm x 250 mm) pre-equilibrated with 3% organic 

phase at a flow rate of 1 mL/min.  The peptides were elutted from the column with a 

linear gradient of 3% to 60% organic phase in 40 minutes.  For purifications, 10 to 15 mg 

of crude peptide was dissolved in 4 mL of 25% acetic acid in water (v/v) and injected 

onto a semi-preperative Vydac C8 reverse phase column (300  Å, 5  µm, 10 mm x 250 

mm) pre-equilibrated with 3% organic phase at a flow rate of 3 mL/min.  The peptides 

were purified with a gradient determined by the retention time of the crude peptide from 

the analytical chromatograph with a flow rate of 3 mL/min in 60 minutes.  Fractions, 3 

mL in volume, were collected every minute.   The fractions containing the peptide of 

interest were sampled by mass spectrometry to confirm the identity of the peptide.  The 

pooled fractions containing the peptide of interest were then lyophilized and then stored 

at room temperature in desiccant under a vacuum.  

The concentration of the purified peptides was determined by chromatography on 

a Phenomenex Jupiter C18 column (300 Å, 5 µm, 4.6 mm x 250 mm).  A 20 µL sample 
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of the peptide solution was injected onto the column which was pre-equilibrated with 3% 

organic phase and a flow rate of 1 mL/min. The peptide was eluted with a gradient of 3% 

to 60% of the organic phase in 40 minutes.  Peptide concentration was determined by the 

comparison of the peak area of the absorbance of the peptide at 214 nm to a standard of 

known concentrations [277].

2.3.4 Peptide characterization

The masses of the purified peptides were verified by ESI-MS with a Perkin-Elmer 

(Waltham, MA, USA) quadrupole mass spectrometer.

2.4 ECD spectropolarimetry

ECD spectra  of  the  individual  peptides  the  lid  fragment  and  mixtures  of  the 

peptides and the lid fragment in different molar ratios were recorded using a Jasco J-810 

spectropolarimeter from Jasco Inc. (Easton, MD, USA).  ECD spectra were obtained by 

averaging 10 scans from 185 to 250 nm at 100 nm/min.  The peptides were dissolved in 

20 mM KH2PO4 buffer (pH 7) or 50% trifluoroethanol (TFE) in the same buffer (v/v) and 

their spectra were measured in a quartz cell with a 0.05 cm path length.  The ECD spectra 

of the peptides were measured at peptide concentrations of 25  µM to 400  µM.  The 

solutions were kept at 10 oC with a Jasco PFD-425 single position Peltier thermostatted 

cell holder (Easton, MD, USA).  Background spectra of the solvents were subtracted. 
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Mean residue molar ellipticities were calculated using peptide concentrations determined 

by quantitative RP-HPLC [277].

CDSSTR analysis [278-280] was performed with data set 6 using the DichroWeb 

website  [280-284]  to  determine  the  percentage  of  helix,  sheet,  turn,  and  unordered 

structure of the lid fragment and the Pyr(1-10)-NH2 analogs from their ECD spectra.

2.5 ATPase assays

ATPase assays were performed using the spectrophotometric MESG/PNP method 

described by Kragol et al [191].  A 96 well plates was used with 200 µL wells.  The wells 

contained 20 mM Tris-HCl (pH 7.5), 1 mM MgCl2, 100 µM sodium azide, 1 mM KCl, 

300 mM ATP, 13  µM Hsp70-1 or Hsp70-8, 100  µM of the designed peptide, 200  µM 

MESG and 0.2 U of purine nucleoside phosphorylase and were incubated for 60 min at 

22o C.   UV absorbance at  360 nm was measured using a PerkinElmer EnSpire 2300 

multi-label plate reader (Waltham, MA, USA) immediately following the addition of the 

ATP and after 60 minutes.  In each plate, each peptide and a water control were tested in 

4 replicates.  Each plate also contained control wells in which no ATP was added and a 

phosphate  standard  from 0  to  100  pmol  Pi.   This  standard  was  used  to  convert  the 

absorbance of each well into units of concentration of Pi produced during the assay and 

then converted to  units  of   nmol Pi min-1 mg-1 Hsp70-1.   Assays  were performed in 

triplicate yielding a final sample size of 12 measurements per peptide, except for Pyr(1-
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10)-NH2 and the water control, which had sample sizes of 24 and 56, respectively.   

Hsp70 activity is reported as the average value ± standard error in units of nmol Pi 

min-1 mg-1 Hsp70.  The statistical significance of the data was determined using ANOVA 

analysis  and  the  Tukey-Kramer  post-ANOVA method  using  the  GraphPad  PRISM 

version 5.0d software (San Diego, CA, USA).  Graphs of the ATPase activity are shown 

as a percentage of the control.
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Chapter 3: Results

3.1 Homology modeling of Hsp70-1

No hybrid model of Hsp70-1 had a better scoring than the initial models, so the 

initial model based on the protein with PDB code 1DKX was used.  1DKX is a 2  Å 

resolution structure of the SBD of DnaK in complex with a substrate peptide determined 

from  type  1  selenomethionyl  crystals  with  a  final  z-score  of  0.042  (Table  1)  and 

encompassing residues 1 to 235 of the SBD.  

Since the homology modeling did not provide a structure for residues 236 to 252 

of  Hsp70-1,  further  modeling  was  performed  using  two  methods.   In  model  A,  the 

terminal residues were attached to the homology model in YASARA using random coil 

dihedrals.  In model B, the tail sequence of residues 227 to 252 of Hsp70-1 was submitted 

for homology modeling.   The PSI-BLAST search for the homology model of the tail  

yielded only one hit, a protein with PDB code 3LOF, which is a 2.40 Å resolution X-ray 

structure of the C-terminal domain of human Hsp70-1b, which produced a model with a 

z-score of -0.315.  The central structures of the most populated clusters from the 10 ns 

simulation of the tail by itself and model A were superimposed using the backbone atoms 

of residues 229 and 230 of Hsp70-1.
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Table 1.  Ranking of homology models for Hsp70-1.

Rank Z-score PDB Residues Comment

1  0.042 1DKX 1-223 Optimal

2 -0.073 3DPO 1-221 Good

3 -0.091 1DKZ 1-221 Good

4 -0.129 3DPO 1-222 Good

5 -0.147 1DKX 1-224 Good

6 -0.175 1DKZ 1-222 Good

7 -0.191 3DPO 1-222 Good

8 -0.254 1DKZ 1-222 Good

9 -0.270 1DKZ 1-225 Good

10 -0.302 2OP6 4-153 Good

11 -0.392 3H0X 4-153 Good

12 -0.442 1DKZ 1-221 Good

13 -0.447 1U00 4-232 Good

14 -0.516 3DOB 5-153 Good

15 -0.618 3DQG 5-153 Good

16 -1.176 1YUW 1-164 Satisfactory

17 -1.215 3C7N 1-157 Satisfactory

3.2 MD simulations of the homology models

3.2.1 Simulations using the OPLS-AA/L force field

The 50 ns MD simulations of the homology models were submitted for cluster 

analysis. Model  A had 448 clusters of which the most populated cluster accounted for 

3.2% and 9 clusters accounted for more than 1% of the structures.  Model  B had 370 

clusters of which the major cluster accounted for 2% and 15 clusters accounted for more 

than 1% of the structures.  Both models had similar H-bond distributions, 167.7 ± 6.8 for 
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model  A and 172.2 ± 6.9 for model  B.  The central structures for the most populated 

clusters of the models are shown (Figure 10).  In model A, the middle of helix B started 

to unwind, while in model B, helix B remained intact, but had a kink in it at residue 138. 

This suggested that model B was more stable.  Both models showed possible mechanisms 

for hinge movement.  Helix A was able to change its position and the end of the helix  

could unravel to differing degrees which could account for the lid movement.  Helix B 

was able to either bend (model B) or partially unfold (model A) which allowed the lid to 

move away from the peptide-binding pocket.

Figure 10.  The central structures of the largest cluster from the 50 ns trajectories of 

model A (blue) and model B (red) of Hsp70-1 superimposed on the peptide-binding 

region (residues 1 to 120).  Helices A, B, C, D and E are labeled.
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DSSP analysis (Figure 11) indicated that the secondary structure of the peptide-

binding region of both models are stable, since the β-sheets remained intact throughout 

the simulation, but the helices were more stable in model B than A.  In model A, there 

was significant disruption at  the beginning of helix B, residues 137 to 170, while in 

model  B only  two  residues  broke  up  the  helix  and  served  as  a  hinge  point  for  lid 

movement.  Both models showed that the tail region, residues 225 to 252, formed a stable 

structure, but in model B the tail had a larger bend than in model A.  Both models showed 

similar backbone RMSD fluctuations (Figure 12).  For model A, the RMSD increased for 

the first 1-2 ns, while the initial structure was stabilized and then started to level off 

around 15 ns.  Model B had a lower RMSD than model A, because the RMSD for model 

A was based on the initial homology model, from which it quickly moved away, while 

the RMSD of model B was based on the central structure of the most populated cluster 

from the first 10 ns of the simulation of model A.

Figure 11.  DSSP analysis of the 50 ns MD simulations of A, model A and B, model B 

of Hsp70-1.  β-sheet is red, β-bridge is black, random meander is white, bend is green, 
turn is yellow, α-helix is blue, 5-helix is violet and 3-helix is gray.
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Figure 12.  Backbone RMSD of Hsp70-1 model A (black) and model B (red).

The movement of the lid was examined by analysis of the orientation of helix B to 

the  inner  loops  of  the  peptide  binding pocket  and with PCA.  Figure  13  shows the 

variation of the dihedral formed by the residue at the apex of the inner loops and the 

residues closest to the loops in helix B.  In model A, the angle changed from -40o to 20o 

in the first  5 ns as the initial  homology model was stabilized.   After 5 ns, the angle 

gradually decreased  to  about  -15o indicating a gradual  lid  movement occurred.   This 

variation, however, could have been due to the gradual loss of helical content in helix B 

rather than lid movement.  In model  B,  fluctuation of this dihedral angle was greatly 

reduced to between 0o and 10o with brief, 3 to 4 ns, increases up to 25o to 30o.
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Figure 13.  Orientation of  the lid (helix  B) to the peptide binding pocket  (inner 

loops).  The angle is defined as the dihedral angle between atoms 1233 and 241 on the 
loops surrounding the peptide-binding pocket and atoms 2346 and 2505 in helix B for 
model A (black) and model B (red) of Hsp70-1.

The  plots  of  the  RMSF  of  the  projection  of  the  trajectory  into  the  top  6 

eigenvectors  (Figure  14)  based  on  PCA analysis  of  the  lid  region  from  the  50  ns 

simulations of the models showed that the highest fluctuations in the movement of the lid 

occurred at  the  regions  between  helices,  allowing  for  the  relative  movement  of  the 

helices, but may also indicate a destabilization of the termini of the helices.  Fluctuations 

were also present in the middle of helix B.  In model  A, this fluctuation tended to be 

broader to that in model  B,  which indicated that the motion along those eigenvectors 

describe different motions.  In model A this motion is likely to be due to the unraveling 

of  the  helix,  while  in  model  B,  the  eigenvectors  describe  the  bending  of  the  helix. 

Overall, the 50 ns MD simulations of Hsp70-1 suggests that B is a better model, because 
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it is more stable in the lid region, and shows better defined movement of the lid.

Figure 14.  RMSF plots of the top 6 eigenvectors calculated for the lid region of A, 

model A and B, model B of Hsp70-1.  The regions encompassing helices A, B, C, D and 
E are shown in red at the top of the figure.

3.2.2 Simulations using AMBER force field

Cluster analysis of the trajectory of the 200 ns simulation of model  A that was 

simulated with the AMBER ff99SB-ILDN-NMR force field had fewer clusters than the 

simulation with the OPLS-AA/L force field, 36 and 448 clusters, respectively.  The most 

populated clusters consisted of 45% of the structures from the  trajectory, while for the 

simulation  of  model  A with  the  OPLS-AA/L force  field  the  most  populated  cluster 

represented only 3% of the structures from the trajectory.  The simulation of Model  A 

with the AMBER ff99SB-ILDN-NMR force field had an average of 194 ± 7 H-bonds, 27 

more than in the simulation of model A with the OPLS-AA/L force field.   The central 

structures  of the most  populated clusters  of the models  are shown (Figure 15).   The 

central structure of the most populated cluster of model A from the simulation with the 

AMBER ff99SB-ILDN-NMR force field had more structured helices, especially helices 
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A and B, than in the simulation of model A with the OPLS-AA/L force field, where those 

helices had bends and a destabilization of the helix.  The more well-defined helices were 

in better agreement with the structures obtained by X-ray crystallography and NMR.  The 

tail  was  also  more  compact  and  the  C-terminal  was  closer  to  the  helical  lid  in  the 

simulation of  model  A with the  AMBER ff99SB-ILDN-NMR force  field  than in  the 

simulation with the OPLS-AA/L force field. 

Figure 15.  The central structures of the most populated cluster of Hsp70-1. The 50 
ns  trajectory  of  model  A using  the  OPLS-AA/L force  field  is  blue  and  the  200  ns 
trajectory using the AMBER ff99SB-ILDN-NMR force field is green.  The structures are 
superimposed on the peptide-binding region (residues 1 to 120).

DSSP analysis  (Figure  16)  of  the  simulation  of  Model  A with  the  AMBER 

ff99SB-ILDN-NMR force  field  showed  that  the  helices  were  more  distinct  and  had 
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greater stability.  The tail region was more compact with turn-like structures, while in the 

simulation of the same model but with the OPLS-AA/L force field (Figrue 12A) the tail 

was primarily bend-like.  The backbone RMSD (Figure 17) from the first 50 ns of the 

simulation of model  A with the AMBER ff99SB-ILDN-NMR force field was slightly 

lower than that from the simulation of model A with the OPLS-AA/L force field.  After 

50 ns, the smaller variation in the backbone RMSD indicated that the structure remained 

in a stable set of similar conformations throughout the rest of the simulation.

Figure  16.   DSSP analysis  of  the  200  ns  MD simulations  of  model  A using  the 

AMBER ff99SB-ILND-NMR force field.  β-sheet is  red,  β-bridge is  black,  random 
meander is white, bend is green, turn is yellow, α-helix is blue, 5-helix is violet and 3-
helix is gray.
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Figure 17.  Backbone RMSD of Hsp70-1 model A using the OPLS-AA/L (black) and 

AMBER ff99SB-ILDN-NMR (blue) force fields.

3.3 MD simulations of the structure of Pyr

The structure of Pyr was subjected to a 100 ns MD simulation using the same 

methodology as was used for the Hsp70 simulations with the OPLS-AA/L force field, 

except the NMR structure of Pyr was used as the starting structure.  Cluster analysis of 

the peptide without its terminal residues resulted in 2544 clusters with the most populated 

cluster accounting for 0.6% of the structures.  When the RMSD cutoff was increased 

from 0.1  nm to  0.2  nm,  the  number  of  clusters  decreased  to  210,  the  major  cluster 

accounted for 10.4% of structures and 23 clusters accounted for more than 1%.  This 

indicates that Pyr is flexible, but also has a stable conformation.  Pyr had an average of 4 



66

± 2.1 H-bonds throughout the simulation which also shows its flexibility.  The central 

structure of the most populated cluster of Pyr (Figure 18) shows that the central region of 

Pyr exhibits a random meander conformation that separates the N-terminal ligand binding 

region from the  C-terminal  cell-membrane penetrating  region.   The terminal  regions, 

residues 1 to 3 and 17 to 20 lie relatively perpendicular to and connected to the central  

region by a bend which is less constrained in the N-terminal region.

Figure 18.  Central structure of the most populated cluster of Pyr.  The backbone is 
represented by a tube from which the side-chains protrude.  In the backbone, random 
meander is represented by cyan and turn by green.

DSSP analysis  of the trajectory (Figure 19) shows that Pyr has a well-defined 

structure despite its flexibility, with residues 2 to 8 forming a bend-like and residues 15 to 

19 forming a turn like structure.  Between these two regions the backbone is in a random 

meander conformation.  The backbone RMSD of Pyr (Figure 20) shows that it is flexible 

with an RMSD between 0.3 and 0.8 nm from the initial NMR structure.  The RMSD 
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distribution shows a normal Gaussian distribution which indicates a proper sampling of 

the local conformational space.  

Figure  19. DSSP analysis  of  the  100  ns  MD simulation  of  the  structure of  Pyr. 

Random meander is white, turn is yellow, and green is bend.

Figure 20.  RMSD of Pyr.  A, Backbone RMSD of Pyr during the 100 ns simulation.  B, 
Backbone RMSD distribution of the structures along the 100 ns trajectory.

3.4 Docking of Pyr(1-10)-NH2 analogs to Hsp70-1

3.4.1 GLIDE

The poses with the lowest GScores for Pyr(1-10)-NH2 and its Ala-scan analogs 
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are shown for each of the receptor grids, in terms of there relative GScores (Table 2). 

The ligands docked weakly to the pocket and Site A receptor grids, with relative GScores 

of 1.54 to 12.0.  In the other receptor grids, the highest relative GScores were less than 

6.62.  The lowest relative GScores were for site D, which covers the last portion of helix 

B as well as helices D and E and a portion of the tail.  In this site, multiple analogs had 

relative GScores that were either negative or less than 0.5.  Pyr(1-10)-NH2, [Ala2]Pyr(1-

10)-NH2 and  [Ala3]Pyr(1-10)-NH2 had  the  best  relative  GScores  in  multiple  receptor 

grids.  Pyr(1-10)-NH2 had a low relative GScore for helix DE and site  C.  [Ala2]Pyr(1-

10)-NH2 had negative relative GScores for sites  B,  C and D.  [Ala3]Pyr(1-10)-NH2 had 

negative relative GScores for site D and the tail.

Table 2.  Docking of Pyr(1-10)-NH2 and its Ala-scan analogs to the receptor grids of 

Hsp70 using Glide.  Relative GScore = GScore – GScorelowest for Pyr(1-10)-NH2  

Ligand
Relative GScore

Pocket Site A Site B Site C Site D Helix DE Tail Tail_EEVD

Pyr(1-10)-NH2 3.48 4.61 1.84 0.70 1.32 0.00 1.51 3.12

[Ala1]Pyr(1-10)-NH2 12.00 4.08 1.59 3.86 5.90 1.83 -0.20 1.02

[Ala2]Pyr(1-10)-NH2 1.54 5.46 -2.04 -1.55 -0.22 2.66 1.19 2.52

[Ala3]Pyr(1-10)-NH2 11.11 10.47 6.52 4.30 -2.01 1.49 -0.12 3.02

[Ala4]Pyr(1-10)-NH2 5.25 1.57 3.50 0.17 0.66 2.92 0.51 7.62

[Ala5]Pyr(1-10)-NH2 4.65 5.53 1.75 5.42 0.43 3.31 3.76 3.72

[Ala6]Pyr(1-10)-NH2 5.56 0.46 3.91 1.43 1.11 3.28 5.49 4.12

[Ala7]Pyr(1-10)-NH2 4.06 4.68 3.70 2.84 -0.20 3.98 2.63 2.62

[Ala8]Pyr(1-10)-NH2 5.70 5.73 7.32 5.08 -0.32 2.02 0.83 4.22

[Ala9]Pyr(1-10)-NH2 5.21 3.17 3.02 2.46 -0.14 5.69 1.22 2.32

[Ala10]Pyr(1-10)-NH2 4.79 3.16 2.95 3.03 2.16 3.29 1.73 6.62
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Table 3 lists the poses with the three lowest GScore for each site.  These poses 

were subjected to MD simulations.  In the pocket receptor grid (Figure 21), the three 

poses  with the lowest  GScores,  [Ala2]Pyr(1-10)-NH2,  Pyr(1-10)-NH2 and [Ala7]Pyr(1-

10)-NH2 did not dock to the inside of the peptide-binding pocket, but rather bound to the 

outer  β-sheets and helix B.  In site  A (Figure 22) the top three poses [Ala6]Pyr(1-10)-

NH2, [Ala4]Pyr(1-10)-NH2 and [Ala10]Pyr(1-10)-NH2, bound to the hinge region between 

helices  A and  B.   In  site  B (Figure  23),  the  top  three  poses,  [Ala2]Pyr(1-10)-NH2, 

[Ala1]Pyr(1-10)-NH2 and [Ala5]Pyr(1-10)-NH2,  all  bound relatively parallel  to helix B 

with their C-terminal amide groups pointing towards the hinge region.  A similar docking 

pattern to that in site B is also seen in site C (Figure 24), where the top three poses, which 

were  different  poses  of  [Ala2]Pyr(1-10)-NH2 were  parallel  to  helix  B  and  their  C-

terminals were pointing towards the hinge region.  In site  D (Figure 25), the top two 

poses of [Ala3]Pyr(1-10)-NH2  are threaded through a triangular gap formed by helix B, 

the tail, and the loops of the β-sheets.  The third pose [Ala8]Pyr(1-10)-NH2 is bound to 

helix B and the outer β-sheets.  

For the helix DE receptor grid (Figure 26), the top three poses Pyr(1-10)-NH2 and 

two poses of [Ala3]Pyr(1-10)-NH2 their N-termini bound to helix B and C, respectively 

while their C-terminal amides interacted with the β-sheets and the tail, respectively.  In 

the tail receptor grid (Figure 27), the top three poses, [Ala1]Pyr(1-10)-NH2, [Ala3]Pyr(1-

10)-NH2 and [Ala1]Pyr(1-10)-NH2 pose 2, bound similarly to the poses in site D, where 

they are strung through a triangular gap formed by helix B, the tail and the outer β-sheets. 
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In the receptor grid centered around the C-terminal EEVD sequence of the tail (Figure 

28), the top two poses of [Ala1]Pyr(1-10)-NH2 are bound with their  C-termial amides 

bound the the middle portion of the tail and their N-termini roughly parallel to helix B 

and interacting with the first part of the tail and the last residues of helix E.  The third 

pose, [Ala9]Pyr(1-10)-NH2 is interacting with the EEVD sequence of the tail with its N-

terminus and the last few residues of helix B with the C-terminal amide.

Table 3.  GScores of the top three poses for each receptor grid.

Pocket Site A

Ligand GScore Ligand GScore

[Ala3]Pyr(1-10)-NH2 -11.58 [Ala6]Pyr(1-10)-NH2 -12.66

Pyr(1-10)-NH2 -9.64 [Ala4]Pyr(1-10)-NH2 -11.55

[Ala7]Pyr(1-10)-NH2 -9.06 [Ala10]Pyr(1-10)-NH2 -9.96

Site B Site C

Ligand GScore Ligand GScore

[Ala2]Pyr(1-10)-NH2 -15.16 [Ala2]Pyr(1-10)-NH2 -14.67

[Ala1]Pyr(1-10)-NH2 -11.53 [Ala2]Pyr(1-10)-NH2 -13.89

[Ala5]Pyr(1-10)-NH2 -11.37 [Ala2]Pyr(1-10)-NH2 -13.67

Site D Helix DE

Ligand GScore Ligand GScore

[Ala3]Pyr(1-10)-NH2 -15.13 Pyr(1-10)-NH2 -13.12

[Ala3]Pyr(1-10)-NH2 -13.57 [Ala3]Pyr(1-10)-NH2 -11.63

[Ala8]Pyr(1-10)-NH2 -13.44 [Ala3]Pyr(1-10)-NH2 -11.35

Tail Tail_EEVD

Ligand GScore Ligand GScore

[Ala1]Pyr(1-10)-NH2 -13.32 [Ala1]Pyr(1-10)-NH2 -12.12

[Ala3]Pyr(1-10)-NH2 -13.24 [Ala1]Pyr(1-10)-NH2 -12.1

[Ala1]Pyr(1-10)-NH2 -13.08 [Ala9]Pyr(1-10)-NH2 -10.76
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Figure 21.  Top three poses from the docking of the Pyr(1-10)-NH2 analogs to the 

pocket receptor grid of Hsp70-1.  Hsp70-1 is cyan, [Ala2]Pyr(1-10)-NH2 is red, Pyr(1-
10)-NH2 is green and [Ala7]Pyr(1-10)-NH2 is blue.

Figure 22.  Top three poses from the docking of the Pyr(1-10)-NH2 analogs to the site 

A receptor grid of Hsp70-1.  Hsp70-1 is cyan, [Ala6]Pyr(1-10)-NH2 is red, [Ala4]Pyr(1-
10)-NH2 is green and [Ala10]Pyr(1-10)-NH2 is blue.
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Figure 23.  Top three poses from the docking of the Pyr(1-10)-NH2 analogs to the site 

B receptor grid of Hsp70-1.  Hsp70-1 is cyan, [Ala2]Pyr(1-10)-NH2 is red, [Ala1]Pyr(1-
10)-NH2 is green and [Ala5]Pyr(1-10)-NH2 is blue.

Figure 24.  Top three poses from the docking of the Pyr(1-10)-NH2 analogs to the site 

C receptor grid  of  Hsp70-1.  Hsp70-1  is  cyan,  [Ala2]Pyr(1-10)-NH2 pose  1  is  red, 
[Ala2]Pyr(1-10)-NH2 pose 2 is green and [Ala2]Pyr(1-10)-NH2 pose 3 is blue.
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Figure 25.  Top three poses from the docking of the Pyr(1-10)-NH2 analogs to the site 

D receptor grid  of  Hsp70-1.  Hsp70-1  is  cyan,  [Ala3]Pyr(1-10)-NH2 pose  1  is  red, 
[Ala3]Pyr(1-10)-NH2 pose 2 is green and [Ala8]Pyr(1-10)-NH2 is blue.

Figure 26.  Top three poses from the docking of the Pyr(1-10)-NH2 analogs to the 

helix  DE  receptor  grid  of  Hsp70-1.  Hsp70-1  is  cyan,  Pyr(1-10)-NH2 is  red, 
[Ala3]Pyr(1-10)-NH2 pose 1 is green and [Ala3]Pyr(1-10)-NH2 pose 2 is blue.
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Figure 27.  Top three poses from the docking of the Pyr(1-10)-NH2 analogs to the tail 

receptor  grid  of  Hsp70-1.  Hsp70-1  is  cyan,  [Ala1]Pyr(1-10)-NH2 pose  1  is  red, 
[Ala3]Pyr(1-10)-NH2 is green and [Ala1]Pyr(1-10)-NH2 pose 2 is blue.

Figure 28.  Top three poses from the docking of the Pyr(1-10)-NH2 analogs to the 

tail_EEVD receptor grid of Hsp70-1.  Hsp70-1 is cyan, [Ala1]Pyr(1-10)-NH2 pose 1 is 
red, [Ala1]Pyr(1-10)-NH2 pose 2 is green and [Ala9]Pyr(1-10)-NH2 is blue.
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3.4.2 Molegro

The SBD of Hsp70-1 with the tri- and tetra-peptide libaries, Pyr(1-10)-NH2 and 

[Ala3]Pyr(1-10)-NH2 peptides  were  docked  using  Molegro  (Table  4)  to  check  the 

consistency of  the  GLIDE docking  results.   Pyr(1-10)-NH2 and  [Ala3]Pyr(1-10)-NH2 

were docked in a similar pose as was seen in the GLIDE docking.  The biggest difference 

is that the peptide interacted less with the tail, since the tail of Hsp70-1 is more compact 

and closer to helices D and E in the model used for docking with Molegro than in the 

model used in the GLIDE docking. 

Table 4.  Results of the docking of Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 to Hsp70-

1.

Ligand Rerank score Protein Internal Electro ElectorLong HBond

Pyr(1-10)-NH2 -141.65 -231.82 48.95 1.80 -1.21 -13.22

[Ala3]Pyr(1-10)-NH2 -121.67 -195.58 47.28 0.00 0.57 -9.87

3.5 Docking of tri- and tetra-peptides to Hsp70-1

The three poses with the lowest re-rank scores in the capped and capped tri- and 

tetra-peptide libraries are shown (Tables 5-8). Of the free tri-peptides (Figure 29) the top 

pose, Arg-Glu-Val is bound between helix B and the tail.  In the second pose,  His-Trp-

Met is bound between the tail and the outer loop of the β-sheet.  The last pose, Trp-Trp-

Arg is bound to the β-sheet portion of the tail.  Of the capped tri-peptides (Figure 30), the 
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top pose Ac-His-Ser-Asp-NH2 is bound between the tail and helix B.  The next two poses 

Ac-Gln-His-Trp-NH2 and Ac-Phe-Trp-Gln-NH2 are bound between the outer loops of the 

β-sheets and helix B.

Table 5.  Docked poses with the lowest rerank score from the screening of capped 

tri-peptides.

Ligand Rerank score Protein Internal Electro ElectorLong HBond

Arg-Glu-Val -121.13 -152.34 14.52 -12.46 8.69 -11.30

His-Trp-Met -116.90 -158.99 9.00 0.00 0.27 -9.40

Trp-Trp-Arg -110.62 -162.23 22.14 -8.17 -0.98 -1.96

Figure 29.  Top three poses from the docking of the free tri-peptides to Hsp70-1. 

Hsp70-1 is cyan, Arg-Glu-Val is red, His-Trp-Met is green and Trp-Trp-Arg is blue.
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Table 6.  Docked poses with the lowest rerank score from the screening of capped 

tri-peptides.

Ligand Rerank score Protein Internal Electro ElectorLong HBond

Ac-His-Ser-Asp-NH2 -120.25 -153.30 15.51 0.00 1.89 -13.40

Ac-Gln-His-Trp-NH2 -116.88 -161.14 10.40 0.00 0.00 -7.14

Ac-Phe-Trp-Gln-NH2 -111.01 -164.76 17.12 0.00 0.00 -5.18

Figure 30.  Top three poses from the docking of the capped tri-peptides to Hsp70-1. 

Hsp70-1 is cyan, Ac-His-Ser-Asp-NH2 is red, Ac-Gln-His-Trp-NH2 is green and Ac-Phe-
Trp-Gln-NH2 is blue.

Table 7.  Docked poses with the lowest rerank score from the screening of capped 

tetra-peptides.

Ligand Rerank score Protein Internal Electro ElectorLong HBond

Trp-Lys-Gly-Tyr -156.93 -224.40 35.61 1.65 -0.97 -17.54

Trp-Tyr-Gln-Trp -146.43 -211.76 22.68 0.00 -0.54 -1.79

His-Glu-Arg-Trp -143.18 -195.96 -2.72 0.00 -1.25 -6.11
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The free tetra-peptides (Figure 31), Trp-Lys-Gly-Tyr, Trp-Tyr-Gln-Trp and His-

Glu-Arg-Trp had similar poses with one residue binding to the peptide-binding pocket in 

the β-sheets and then extending outward and interacting with the β-sheet portion of the 

tail or helix B with an aromatic ring.  The capped tetra-peptides (Figure 32), Ac-His-Tyr-

Phe-His-NH2 and Ac-GluArgPheGlu-NH2, bound to both the peptide-binding pocket and 

helix B, while Ac-Lys-Trp-Arg-His-NH2,  bound to the peptide-binding pocket and the 

loop region between helices C and D

Figure 31.  Top three poses from the docking of the free tetra-peptides to Hsp70-1. 

Hsp70-1 is cyan, Trp-Lys-Gly-Tyr is red, Trp-Tyr-Gln-Trp is green and His-Glu-Arg-Trp 
is blue.
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Table 8.  Docked poses with the lowest rerank score from the screening of capped 

tetra-peptides.

Ligand Rerank score Protein Internal Electro ElectorLong HBond

Ac-His-Tyr-Phe-His-NH2 -147.64 -222.68 32.00 0.00 0.00 -8.54

Ac-Glu-Arg-Phe-Glu-NH2 -147.30 -213.52 30.85 -1.20 2.41 -14.01

Ac-Lys-Trp-Arg-His-NH2 -142.17 -230.24 43.55 -0.45 -4.66 -10.71

Figure 32.  Top three poses from the docking of the capped tetra-peptides to Hsp70-

1.  Hsp70-1 is cyan, Ac-His-Tyr-Phe-His-NH2 is red, Ac-Glu-Arg-Phe-Glu-NH2 is green 
and Ac-Lys-Trp-Arg-His-NH2 is blue.
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3.6 MD simulations of docked peptide and Hsp70-1 complexes.

3.6.1 Pyr(1-10)-NH2 analogs.

The three poses, with the lowest GScore for each receptor grid, were simulated in 

complex with Hsp70-1 using molecular dynamics with the OPLS-AA/L force field for 50 

ns.   In  the  simulation  of  the  structure  of  Hsp70-1  without  a  ligand,  cluster  analysis 

resulted in 14 clusters, of which the most populated cluster accounted for 37% of the 

structures sampled from the trajectory (Table 9).  The presence of a ligand stabilized the 

structure of Hsp70-1 in 22 of the 24 simulations.  In the simulations of [Ala6]Pyr(1-10)-

NH2 bound to Hsp70-1 in the site A receptor grid and [Ala3]Pyr(1-10)-NH2 pose 2 bound 

to Hsp70-1 in the helix DE receptor grid the ligand destabilized Hsp70-1 with the number 

of clusters increased to 14 and 20 and the percentage of structures in the most populated 

cluster decreasing to 17% and 32%, respectively.
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Table 9.  Analysis of the 50 ns MD simulations of Pyr(1-10)-NH2 analogs bound to 

Hsp70-1 using the OPLS-AA/L force field.

Binding site Ligand
Number of 

clusters

% of structures in 

largest cluster

Number of inter-

molecular H-bonds

None None 14 37 N/A

Pocket

[Ala2]Pyr(1-10)-NH2 8 50 2.6 ± 2.1

Pyr(1-10)-NH2 11 39 6.0 ± 1.6

[Ala7]Pyr(1-10)-NH2 11 47 5.4 ± 1.7

Site A

[Ala6]Pyr(1-10)-NH2 20 17 5.4 ± 2.0

[Ala4]Pyr(1-10)-NH2 12 33 4.9 ± 2.1

[Ala10]Pyr(1-10)-NH2 12 44 5.2 ± 1.9

Site B

[Ala2]Pyr(1-10)-NH2 5 79 9.7 ± 1.8

[Ala1]Pyr(1-10)-NH2 8 63 6.2 ± 1.6

[Ala5]Pyr(1-10)-NH2 8 58 5.4 ± 1.7

Site C

[Ala2]Pyr(1-10)-NH2 8 53 6.5 ± 2.7

[Ala2]Pyr(1-10)-NH2 6 59 9.2 ± 1.8

[Ala2]Pyr(1-10)-NH2 5 73 8.8 ± 1.8

Site D

[Ala3]Pyr(1-10)-NH2 8 46 5.5 ± 1.9

[Ala3]Pyr(1-10)-NH2 9 45 5.3 ± 1.7

[Ala8]Pyr(1-10)-NH2 6 81 6.3 ± 2.0

HelixDE

Pyr(1-10)-NH2 5 70 7.8 ± 1.5

[Ala3]Pyr(1-10)-NH2 6 65 7.2 ± 1.3

[Ala3]Pyr(1-10)-NH2 16 32 2.9 ± 1.4

Tail

[Ala1]Pyr(1-10)-NH2 6 70 7.1 ± 2.0

[Ala3]Pyr(1-10)-NH2 8 65 6.9 ± 1.7

[Ala1]Pyr(1-10)-NH2 7 43 6.3 ± 1.6

Tail_EEVD

[Ala1]Pyr(1-10)-NH2 8 38 7.2 ± 1.9

[Ala1]Pyr(1-10)-NH2 4 69 3.7 ± 1.8

[Ala9]Pyr(1-10)-NH2 8 46 5.1 ± 1.5
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3.6.1.1 Pocket binding site

Figure  33.   Central  structures  of  the  most  populated  clusters  of  Pyr(1-10)-NH2 

analogs bound to the pocket receptor grid.  [Ala2]Pyr(1-10)-NH2 (left), Pyr(1-10)-NH2 

(center) and [Ala7]Pyr(1-10)-NH2 (right).  The ligands are in magenta.

The  Pyr(1-10)-NH2 analogs,  docked to  the  pocket  receptor  grid,  disassociated 

from the pocket region and bound to the lid (Figure 33).  [Ala2]Pyr(1-10)-NH2 bound to 

the top of helix B and ran roughly parallel with its N-terminus towards the hinge region 

and its C-terminus interacting with the top of helices C and D.  The N-terminus of Pyr(1-

10)-NH2 remained in contact with the β-sheets, while its C-terminus moved towards the 

lid and interacted with the loop region connecting helices C and D.  In contrast to the 

extended  conformations  of  [Ala2]Pyr(1-10)-NH2 and  Pyr(1-10)-NH2,  [Ala7]Pyr(1-10)-

NH2 had a compact conformation that surrounded the loop between helices C and D.  
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Figure 34.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black)  and  Hsp70-1  in  complex  with  [Ala2]Pyr(1-10)-NH2 (red),  Pyr(1-10)-NH2 

(green) and [Ala7]Pyr(1-10)-NH2 (blue) bound to the pocket receptor grid.

These ligands stabilized Hsp70-1, since cluster analysis showed fewer clusters, 8 

or 11, than in the simulation with no ligand (14 clusters) (Table 9).  For [Ala2]Pyr(1-10)-

NH2 and [Ala7]Pyr(1-10)-NH2 the most populated clusters contained 50% and 47% of the 

structures  from the  trajectories,  respectively,  compared  to  the  37% in  the  simulation 

without a ligand.  Pyr(1-10)-NH2 and [Ala7]Pyr(1-10)-NH2 had an average of 6.0 and 5.4 

H-bonds with Hsp70-1, respectively, while [Ala2]Pyr(1-10)-NH2 only had 2.6 H-bonds.

[Ala2]Pyr(1-10)-NH2 and Pyr(1-10)-NH2 caused an increase in the RMSD of the lid by as 

much as 0.2 nm (Figure 34).  [Ala7]Pyr(1-10)-NH2 had similar RMSDs of the lid to the 

simulations with the other peptides, except between 27 and 35 ns, when the RMSD of the 

lid was 0.4 nm greater than in the simulation without a ligand.he simulation without a 

ligand.

Principal component analysis (Figure 35) indicated no restriction in the movement 
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of the lid in presence of the ligand.  The projections of the trajectory onto the eigenvector 

1,2 and 2,3 planes show that the simulations with the ligands had similar movement to 

the simulation without a ligand.  In the projection along eigenvectors 1 and 3 all the 

simulations have similar movements, but [Ala2]Pyr(1-10)-NH2 and Pyr(1-10)-NH2 also 

show local extensions in lid movement not seen in the simulations with [Ala7]Pyr(1-10)-

NH2 or no ligand.  The RMSF of the Cα atoms along the eigenvectors 1, 2 and 3 shows 

that the three eigenvectors in the simulations represent similar motions of the lid.  In 

eigenvector 1 the loop between helix C and D, residues 190 to 197, and helix D, residues 

198  to  214,  showed  greater  movement  in  the  simulation  with  Pyr(1-10)-NH2 as  the 

ligand.  The central region of the tail, residues 235 to 245, showed less movement in the 

simulations  with  [Ala2]Pyr(1-10)-NH2 and  [Ala7]Pyr(1-10)-NH2 as  the  ligand.   In 

eigenvector  2,  helices  A and  B  showed  greater  movement  in  the  simulations  with 

[Ala2]Pyr(1-10)-NH2 and  Pyr(1-10)-NH2 as  the  ligand  than  in  the  simulation  with 

[Ala7]Pyr(1-10)-NH2 as the ligand or the simulation without a ligand.  In the simulation 

with  [Ala7]Pyr(1-10)-NH2 as  the  ligand  helix  E,  residues  215  to  225,  had  greater 

movement and the tail had less movement than in the other simulations.  In eigenvector 3, 

the end of the tail has less movement in the simulation with [Ala7]Pyr(1-10)-NH2 as the 

ligand.
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Figure 35.  Principal component analysis of the MD simulations of Pyr(1-10)-NH2 

analogs bound to the pocket receptor grid.  2D projections of the trajectory of the lid 

of Hsp70-1 onto eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom 

left) and the root mean square fluctuation (RMSF) of the Cα-atoms (bottom right).  No 

ligand is black, [Ala2]Pyr(1-10)-NH2 is red, Pyr(1-10)-NH2 is green and [Ala7]Pyr(1-10)-

NH2 is blue.  
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3.6.1.2 Site A

Figure  36.  Central  structures  of  the  most  populated  clusters  of  Pyr(1-10)-NH2 

analogs bound to the site A receptor grid.  [Ala6]Pyr(1-10)-NH2 (left), [Ala4]Pyr(1-10)-

NH2 (center) and [Ala10]Pyr(1-10)-NH2 (right).  The ligands are in magenta.

Figure 37.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black)  and Hsp70-1  in  complex with [Ala6]Pyr(1-10)-NH2 (red),  [Ala4]Pyr(1-10)-

NH2 (green) and [Ala10]Pyr(1-10)-NH2 (blue) bound to the site A receptor grid.

In  the  simulations  of  the  Pyr  analogs  docked to  the  site  A receptor  grid,  the 

peptides bound to the hinge region of Hsp70-1 (Figure 36).  [Ala6]Pyr(1-10)-NH2 bound 

to  Hsp70-1  with  its  termini  interacting  with  the  β-sheets  and  its  central  residues 

interacting with the beginning of helix B.  [Ala4]Pyr(1-10)-NH2 bound roughly parallel to 
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the  end  of  helix  A  and  the  beginning  of  helix  B,  bending  at  the  hinge  region. 

[Ala10]Pyr(1-10)-NH2 bound to the opposite side of helix A than the other two peptides. 

It ran parallel to helix A with its N-terminus interacting with the hinge region and its C-

terminus interacting with the beginning of helix A.

Cluster  analysis  of  the  trajectory (Table  9)  indicates  that  [Ala6]Pyr(1-10)-NH2 

destabilizes  Hsp70 with  an  increase  in  the  number  of  clusters  and a decrease  in  the 

percentage  of  structures  from the  trajectory  that  were  in  the  most  populated  cluster. 

Simulations  of  the  structures  of  Hsp70-1  in  complex  with  [Ala4]Pyr(1-10)-NH2 and 

[Ala10]Pyr(1-10)-NH2 had slightly fewer clusters than in the simulation with no ligand. 

The percentage of structures in the most populated cluster from the simulation of Hsp70-

1  and  [Ala10]Pyr(1-10)-NH2 complex  was  greater  than  in  the  simulation  of  Hsp70-1 

without a ligand.  All the ligands had a similar number of H-bonds with Hsp70-1.  All of 

the  ligands  increased  in  the  backbone  RMSD of  the  lid  compared  to  the  simulation 

without a ligand (Figure 37).
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Figure 38.  Principal component analysis of the MD simulations of Pyr(1-10)-NH2 

analogs  bound to  the  site  A  receptor grid.   2D projections  of  the  trajectories  on 

eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root 

mean square fluctuation (bottom right).  No ligand is black, [Ala6]Pyr(1-10)-NH2 is red, 

[Ala4]Pyr(1-10)-NH2 is green and [Ala10]Pyr(1-10)-NH2 is blue.  

Principal  component  analysis  (Figure  38),  indicates  no  restriction  in  the 

movement of the lid in presence of the ligand.  The projections of the trajectory of the the 

lid movement onto eigenvectors 1 and 2 and 2 and 3 show that the simulations with the 

ligands had similar movement to the simulation without a ligand, except that the lid in the 

simulation with [Ala6]Pyr(1-10)-NH2 had greater movement along the eigenvectors.  The 

RMSF of  the Cα atoms along the first  3 eigenvectors indicated that  the eigenvectors 
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representing the movement of the lids in the simulations with the ligands were similar to 

the movement of the lid in the absence of a ligand.  In eigenvector 1, helix A and B had  

greater movement in the simulations with [Ala6]Pyr(1-10)-NH2 and [Ala4]Pyr(1-10)-NH2 

and less movement in the simulation with [Ala10]Pyr(1-10)-NH2 than in the simulation 

without a ligand.  In eigenvector 2, the lid in the simulation with [Ala6]Pyr(1-10)-NH2 

had greater movement at the beginning of helix A, while the end of the tail  had less 

movement in the simulations with [Ala4]Pyr(1-10)-NH2 and [Ala10]Pyr(1-10)-NH2.   In 

eigenvector 3, the lid in the simulation with [Ala6]Pyr(1-10)-NH2 had greater movement 

along the end of helix B and all of helix C.

3.6.1.3 Site B

In the simulations of the Pyr analogs bound to the site B receptor grid, the analogs 

bound parallel to helix B with their N-termini towards the tail and their C-termini towards 

the hinge (Figure 39).  [Ala2]Pyr(1-10)-NH2 bound with its N-terminus interacting with 

the tail and C-terminus interacting with helix B.  [Ala1]Pyr(1-10)-NH2 bound to the lid 

with its N-terminus interacting with the end of helix B, but not the tail and the C-terminus 

interacting with the top of the β-sheets.  [Ala5]Pyr(1-10)-NH2 interacts with the tail with 

its N-terminus and the top of the β-sheets with its C-terminus.
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Figure  39.   Central  structures  of  the  most  populated  clusters  of  Pyr(1-10)-NH2 

analogs bound to the site B receptor grid.  [Ala2]Pyr(1-10)-NH2 (left), [Ala1]Pyr(1-10)-

NH2 (center) and [Ala5]Pyr(1-10)-NH2 (right).  The ligands are in magenta.

Figure 40.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black)  and Hsp70-1  in  complex with [Ala2]Pyr(1-10)-NH2 (red),  [Ala1]Pyr(1-10)-

NH2 (green) and [Ala5]Pyr(1-10)-NH2 (blue) bound to the site B receptor grid.

All the ligands increased the stability of Hsp70-1.  In the simulations with the 

ligands the simulation without a ligand had fewer clusters and the most populated cluster 

had a greater percentage of structures from the trajectories of the simulations with the 

ligands (Table 9).  The Hsp70-1 – [Ala2]Pyr(1-10)-NH2 complex was the most stable with 

only 5 clusters and 79% of the structures were in the most populated cluster, compared to 
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the 14 clusters and 37% of structures in the most populated cluster in the simulation 

without a ligand.  [Ala2]Pyr(1-10)-NH2 had an average of 9.7 H-bonds with Hsp70-1, 

while the other ligands had fewer.  [Ala1]Pyr(1-10)-NH2 and [Ala5]Pyr(1-10)-NH2 had an 

average of 6.2 and 5.4 H-bonds with Hsp70-1, respectively.  The lid had a lower average 

backbone RMSD in the simulations with [Ala2]Pyr(1-10)-NH2 and [Ala1]Pyr(1-10)-NH2 

and a greater RMSD in the simulation with [Ala5]Pyr(1-10)-NH2 than in the simulation 

without a ligand.  In the simulations with a ligand, the backbone RMSD of the lid had 

fewer  fluctuations  along  the  trajectories  than  for  the  simulation  without  a  ligand, 

particularly at 25 to 30 ns and 40 to 50 ns (Figure 40). RMSD were lower than in the  

simulation without a ligand.  This indicates that the lids in the simulations with ligands 

were more stable due to the decreased fluctuations in their RMSDs.
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Figure 41.  Principal component analysis of the MD simulations of Pyr(1-10)-NH2 

analogs  bound to  the  site  B  receptor grid.  2D projections  of  the  trajectories  on 

eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root 

mean square fluctuation (bottom right).  No ligand is black, [Ala2]Pyr(1-10)-NH2 is red, 

[Ala1]Pyr(1-10)-NH2 is green and [Ala5]Pyr(1-10)-NH2 is blue.  

The lids in the simulations with ligands showed similar projections along the first 

three eigenvectors to the lid in the simulation without a ligand (Figure 41).  RMSF of the 

Cα atoms indicated that the motions described by the eigenvectors were similar for all the 

simulations.   In  eigenvector  1,  the  lid  in  the  simulations  with  the  ligands  have  less 

movement in helix A, helix C and the tail than in the lid in the simulation without a 

ligand.   The lid  in  the  simulation  of  [Ala2]Pyr(1-10)-NH2 in  complex with  Hsp70-1, 
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shows additional movement in the loop connecting helices C and D that does not occur in 

any of the other simulations.  In eigenvector 2, the last three residues of the tail had 

greater movement in the simulation without a ligand, that is not present in the simulations 

with the ligands.  In eigenvector 3, the lid in the simulation with [Ala2]Pyr(1-10)-NH2 has 

greater movement in the hinge region and the beginning of helix B and the lids in the 

simulations with [Ala2]Pyr(1-10)-NH2 and [Ala1]Pyr(1-10)-NH2 have less movement in 

the end of helix D than the lids in the other simulations.

3.6.1.4 Site C

Figure  42.   Central  structures  of  the  most  populated  clusters  of  Pyr(1-10)-NH2 

analogs  bound  to  the  site  C  receptor  grid.  [Ala2]Pyr(1-10)-NH2 pose  1  (left), 

[Ala2]Pyr(1-10)-NH2 pose 2 (center) and [Ala2]Pyr(1-10)-NH2 pose 3 (right).  The ligands 

are in magenta.
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Figure 43.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with [Ala2]Pyr(1-10)-NH2 pose 1 (red), [Ala2]Pyr(1-

10)-NH2 (green) pose 2 and [Ala2]Pyr(1-10)-NH2 pose 3 (blue) bound to the site C 

receptor grid.

In the simulations of three poses of [Ala2]Pyr(1-10)-NH2 docked to the site  C 

receptor grid, All the peptides remained bound to the lid (Figure 42).  In pose 1, the N-

terminus interacted with the EEVD sequence of the tail and the C-terminus interacted 

with  helices  B,  D  and  E.   In  pose  2,  the  N-terminus  interacted  with  the  tail,  Lys3 

interacted with the EEVD sequence of the tail and the C-terminus interacted with helix D 

and the middle portion of helix B.  In pose 3, [Ala2]Pyr(1-10)-NH2 ran parallel to helix B 

in the groove between helix B and the top loops of the  β-sheets, with its N-terminus 

interacting with the tail.

All three poses of [Ala2]Pyr(1-10)-NH2 increased the stability of Hsp70-1.  In the 

simulations with [Ala2]Pyr(1-10)-NH2, Hsp70-1 had about half as many clusters and the 

most populated clusters had a greater percentage of structures from the trajectories than 
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in the simulation without a ligand (Table 9).  Poses 2 and 3 had 2 to 3 more H-bonds with 

Hsp70-1  than  pose  1.   The  lid  of  Hsp70-1  was  more  stable  in  the  simulations  with 

[Ala2]Pyr(1-10)-NH2, especially for poses 2 and 3 which had lower backbone RMSDs 

and fluctuated less than in the simulation without a ligand  (Figure 43).  In pose 1, the 

backbone RMSD of the lid was greater than in the simulation without the ligand from 15 

to 40 ns.

Principal component analysis (Figure 44) indicated that the movement of the lid is 

not  restricted  in  the  simulations  of  Hsp70-1  with  [Ala2]Pyr(1-10)-NH2.   The  2D 

projections of the lid movement along eigenvectors 1 and 2 and 1 and 3 show a small 

restriction  in  the  movement  of  the  lid  in  the  simulations  with  [Ala2]Pyr(1-10)-NH2, 

especially for poses 2 and 3.  In eigenvector 1, the lids had similar movements in all the 

simulations, but in the simulations with [Ala2]Pyr(1-10)-NH2, the lids had less movement 

in helix C, residues 173 to 189, and in helix E and the tail, residues 215 to 252, than in 

the simulation without a ligand.  In the simulation with pose 1 of [Ala2]Pyr(1-10)-NH2, 

the lid had greater movement in the loop between helix C and D, residues 190 to 200.  In 

eigenvector 2, the lids in the simulations of pose 2 and 3 of [Ala2]Pyr(1-10)-NH2 had 

greater movement in helix B near the hinge region, residues 140 to 150, and the lid in the 

simulation of pose 1 of [Ala2]Pyr(1-10)-NH2 had less movement in this region than the 

lid in the simulation without a ligand.  The lid in the simulations with ligands also had 

less movement in the tail, especially the last 4 residues, than in the simulation without a  

ligand.  In eigenvector 3, the lid in the simulation with pose 3 also had greater movement 
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in the portion of helix B near the hinge.

Figure 44.  Principal component analysis of the MD simulations of Pyr(1-10)-NH2 

analogs bound to the  site  C  receptor grid.   2D projections  of  the  trajectories  on 

eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root 

mean square fluctuation (bottom right).  No ligand is black, [Ala2]Pyr(1-10)-NH2 pose 1 

is red, [Ala2]Pyr(1-10)-NH2 pose 2 is green and [Ala2]Pyr(1-10)-NH2 pose 3 is blue.  
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3.6.1.5 Site D

Figure  45.   Central  structures  of  the  most  populated  clusters  of  Pyr(1-10)-NH2 

analogs  bound  to  the  site  D  receptor  grid.  [Ala3]Pyr(1-10)-NH2 pose  1  (left), 

[Ala3]Pyr(1-10)-NH2 pose 2 (center) and [Ala8]Pyr(1-10)-NH2 (right).  The ligands are in 

magenta.

Figure 46.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with [Ala3]Pyr(1-10)-NH2 pose 1 (red), [Ala3]Pyr(1-

10)-NH2 pose 2 (green) and [Ala8]Pyr(1-10)-NH2 (blue) bound to the site D receptor 

grid.

In the simulations of the ligands docked to site D of the receptor grid, the ligands 

bound primarily to the tail (Figure 45).  Poses 1 and 2 of [Ala3]Pyr(1-10)-NH2 bound to 

the tail with the C-termini interacting with helix B and the outer loop of the peptide-
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binding pocket and the N-termini interacting with the tail.  [Ala8]Pyr(1-10)-NH2 bound 

similarly to [Ala3]Pyr(1-10)-NH2, but it bound tighter against the  β-sheets and the tail 

moved closer to the β-sheets to interact with the C-terminus of the ligand.

Cluster analysis (Table 9) indicated that [Ala3]Pyr(1-10)-NH2 stabilized Hsp70-1 

with 8 and 9 clusters with the most populated cluster containing 46% and 45% of the 

structures from the trajectories for poses 1 and 2, respectively.  [Ala8]Pyr(1-10)-NH2 had 

a greater impact on the stability of Hsp70-1 with only 6 clusters and the most populated 

cluster contained 81% of the structures from the trajectory.  [Ala8]Pyr(1-10)-NH2 had an 

average  of  1  more  H-bond  with  Hsp70-1  than  [Ala3]Pyr(1-10)-NH2,  due  to  the 

replacement of Lys3 with Ala.  In the simulations with pose 1 of [Ala2]Pyr(1-10)-NH2 and 

[Ala8]Pyr(1-10)-NH2 the backbone RMSD of the lid had fewer fluctuations than in the 

simulation  with  pose  2  of  [Ala3]Pyr(1-10)-NH2 and  the  simulation  without  a  ligand 

(Figure 46).
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Figure 47.  Principal component analysis of the MD simulations of Pyr(1-10)-NH2 

analogs bound to the  site  D  receptor grid.   2D projections  of  the  trajectories  on 

eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root 

mean square fluctuation (bottom right).  No ligand is black, [Ala3]Pyr(1-10)-NH2 pose 1 

is red, [Ala3]Pyr(1-10)-NH2 pose 2 is green and [Ala8]Pyr(1-10)-NH2 is blue.  

The  lid  movement  from  the  simulations  with  [Ala3]Pyr(1-10)-NH2 and 

[Ala8]Pyr(1-10)-NH2 is restricted in the 2D projection along eigenvectors 1 and 2 but not 

along eigenvectors 2 and 3 (Figure 47).  In the 2D projection along eigenvectors 1 and 3,  

the  lid  movement  is  restricted  in  the  simulations  of  [Ala3]Pyr(1-10)-NH2 pose  1 and 

[Ala8]Pyr(1-10)-NH2.  RMSF indicated that in eigenvector 1, the lid in the simulations 

with [Ala3]Pyr(1-10)-NH2 had less movement in helix C and more movement in the loop 

between helices C and D than in the simulation without a ligand.  In the simulation with 
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[Ala8]Pyr(1-10)-NH2 helix C and the loop between helices C and D had little movement. 

The  movement  in  the  tail  is  also  reduced  in  the  simulations  with  the  ligands.   In 

eigenvector  2,  the  lids  in  the  simulations  with  [Ala3]Pyr(1-10)-NH2 had  greater 

movement in  helix  A and the beginning of helix  B, residues 120 to 160, than in the 

simulation with [Ala8]Pyr(1-10)-NH2 and the simulation without a ligand.  The tail had 

less movement in the simulations with the ligands, although in the simulation with pose 2 

of [Ala3]Pyr(1-10)-NH2 the middle of the tail, residue 235 to 242, had greater movement.

3.6.1.6 Helix DE binding site

Figure  48.   Central  structures  of  the  most  populated  clusters  of  Pyr(1-10)-NH2 

analogs bound to the helix DE receptor grid.  Pyr(1-10)-NH2 (left), [Ala3]Pyr(1-10)-

NH2 pose 1 (center) and [Ala3]Pyr(1-10)-NH2 pose 2 (right).  The ligands are in magenta.
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Figure 49.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with Pyr(1-10)-NH2 (red), [Ala3]Pyr(1-10)-NH2 pose 

1 (green) and [Ala3]Pyr(1-10)-NH2 pose 2 (blue) bound to the helix DE receptor grid.

In the simulations of the Pyr analogs docked to the helix DE receptor grid, the 

peptides bound to Hsp70-1 with their N-termini interacting with the end of helix B, the 

central residues interacting either with the solvent or with the β-sheets and the C-termini 

interacting  with  the  tail  (Figure  48).   Pyr(1-10)-NH2 bound  with  its  N-terminus 

interacting with the beginning and end of  the tail  in  addition to helix  B, and the C-

terminus interacting with the middle of the tail.  In pose 1 of [Ala3]Pyr(1-10)-NH2, the N-

terminus interacted with the end of the tail and the C-terminus interacted with the middle 

and end of the tail.  In pose 2 of [Ala3]Pyr(1-10)-NH2, the N-terminus did not interact 

with the tail and the C-terminus interacted with the middle of the tail.

Pyr(1-10)-NH2 and pose 1 of [Ala3]Pyr(1-10)-NH2 stabilized Hsp70-1 with 5 and 

6 clusters with the most populated cluster containing 70% and 65% of the structures from 

the trajectories,  respectively,  compared to  the 14 clusters  in  the simulation without  a 
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ligand (Table 9).  Pose 2 of [Ala3]Pyr(1-10)-NH2 slightly destabilized Hsp70-1 with 16 

clusters and the most populated cluster contained only 32% of the structures from the 

trajectory.  Pyr(1-10)-NH2 and pose 1 of [Ala3]Pyr(1-10)-NH2 had 7.8 and 7.2 H-bonds 

with Hsp70-1, respectively, compared to only 2.9 H-bonds for pose 2 of [Ala3]Pyr(1-10)-

NH2.  The backbone RMSD of the lid (Figure 49) in the simulations with Pyr(1-10)-NH2 

and pose 1 of [Ala3]Pyr(1-10)-NH2 were lower and had fewer fluctuations than in the 

simulation without a ligand.  The backbone RMSD of the lid in the simulation with pose 

2 of [Ala3]Pyr(1-10)-NH2 was greater than in the simulation without a ligand.

The movement of the lid was restricted in the simulations with Pyr(1-10)-NH2 and 

pose 1 of [Ala3]Pyr(1-10)-NH2 in the 2D projections of the trajectories on eigenvectors 1 

and 2 and 1 and 3, but not 2 and 3 (Figure 50).  The lid movement was greater in the 2D 

projection along eigenvectors  1 and 2 and 1 and 3 in  the simulation with pose 2 of 

[Ala3]Pyr(1-10)-NH2 than  in  the  simulation  without  a  ligand.   In  eigenvector  1,  the 

movement of the lid is reduced throughout the lid in the simulations with Pyr(1-10)-NH2 

and  pose  1  of  [Ala3]Pyr(1-10)-NH2 and  greater  in  the  simulation  with  pose  2  of 

[Ala3]Pyr(1-10)-NH2 than in the simulation without a ligand.  In eigenvector 2, the lid in 

the simulations with ligands had less movement in the last 4 residues of the tail than in 

the simulation without a ligand.
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Figure 50.  Principal component analysis of the MD simulations of Pyr(1-10)-NH2 

analogs bound to the helix DE  receptor grid.   2D projections of the trajectories on 

eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root 

mean  square  fluctuation  (bottom  right).   No  ligand  is  black,  Pyr(1-10)-NH2 is  red, 

[Ala3]Pyr(1-10)-NH2 pose 1 is green and [Ala3]Pyr(1-10)-NH2 pose 2 is blue.  

3.6.1.7 Tail binding site

In the simulations of the Pyr analogs docked to the tail receptor grid, the analogs 

bound perpendicular to helix B, through a cavity formed by helix B, the tail and the β-

sheets (Figure 51).  Pose 1 of [Ala1]Pyr(1-10)-NH2 bound to Hsp70-1 with its C-terminus 

interacting  with  the  end  of  the  tail  and  its  N-terminus  interacting  with  helix  B. 
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[Ala3]Pyr(1-10)-NH2 and [Ala1]Pyr(1-10)-NH2 pose 2 had the opposite orientation with 

their N-termini interacting with the end of the tail and their C-termini interacting with 

helix B.  [Ala3]Pyr(1-10)-NH2 is in a bend conformation that doesn't fully penetrate the 

cavity compared to the extended conformations of [Ala1]Pyr(1-10)-NH2.

Figure  51.  Central  structures  of  the  most  populated  clusters  of  Pyr(1-10)-NH2 

analogs  bound  to  the  tail  receptor  grid.   [Ala1]Pyr(1-10)-NH2 pose  1  (left), 

[Ala3]Pyr(1-10)-NH2 (center) and [Ala1]Pyr(1-10)-NH2 pose 2 (right).  The ligands are in 

magenta.

Figure 52.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with [Ala1]Pyr(1-10)-NH2 pose 1 (red), [Ala3]Pyr(1-

10)-NH2 (green) and [Ala1]Pyr(1-10)-NH2 pose 2 (blue) bound to the tail receptor 

grid.
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In the simulations of the Pyr analogs docked to the tail receptor grid, the analogs 

bound perpendicular to helix B, through a cavity formed by helix B, the tail and the β-

sheets (Figure 51).  Pose 1 of [Ala1]Pyr(1-10)-NH2 bound to Hsp70-1 with its C-terminus 

interacting  with  the  end  of  the  tail  and  its  N-terminus  interacting  with  helix  B. 

[Ala3]Pyr(1-10)-NH2 and [Ala1]Pyr(1-10)-NH2 pose 2 had the opposite orientation with 

their N-termini interacting with the end of the tail and their C-termini interacting with 

helix B.  [Ala3]Pyr(1-10)-NH2 is in a bend conformation that doesn't fully penetrate the 

cavity compared to the extended conformations of [Ala1]Pyr(1-10)-NH2.

All the peptides increased the stability of Hsp70-1 with [Ala1]Pyr(1-10)-NH2 pose 

1, [Ala3]Pyr(1-10)-NH2 and [Ala1]Pyr(1-10)-NH2 pose 2 having 6, 8 and 7 clusters, of 

which the most populated clusters contained 70%, 65% and 43% of the structures from 

the trajectories, respectively (Table 9).  [Ala1]Pyr(1-10)-NH2 pose 1 and [Ala1]Pyr(1-10)-

NH2  had slightly more H-bonds with Hsp70-1 than [Ala1]Pyr(1-10)-NH2 pose 2.  All the 

peptides also increased the stability of the lid with backbone RMSDs of the lid between 

0.2 and 0.3 nm throughout the trajectory, while in the simulation without a ligand, the 

RMSD of the lid fluctuated more at 25 to 30 ns and 40 to 50 ns (Figure 52).

The  lids  in  the  simulations  with  [Ala1]Pyr(1-10)-NH2 poses  1  and  2  and 

[Ala3]Pyr(1-10)-NH2 were  restricted  in  the  2D  projections  of  the  trajectories  on 

eigenvectors 1 and 2 and 1 and 3, but not 2 and 3 (Figure 53).  In eigenvector 1, the 

beginning of helix B, residues 135 to 145, had more movement in the simulations with 
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pose  1  and  2  of  [Ala1]Pyr(1-10)-NH2 and  less  movement  in  the  simulation  with 

[Ala3]Pyr(1-10)-NH2, than in the simulation without a ligand.  In the simulations with the 

ligands, the movement of helix C is reduced in the simulation without a ligand.  The 

beginning of the tail, residues 215 to 230, had greater movement in the simulation with 

pose 2 of [Ala1]Pyr(1-10)-NH2 than in the other simulations.  The rest of the tail, residues 

230  to  252,  had  less  movement  in  the  simulations  with  [Ala1]Pyr(1-10)-NH2  and 

[Ala3]Pyr(1-10)-NH2 than  in  the  simulation  without  a  ligand.   In  eigenvector  2,  the 

movement  of  the  last  four  residues  in  the  tail  is  reduced  in  the  simulations  with 

[Ala1]Pyr(1-10)-NH2  and [Ala3]Pyr(1-10)-NH2.  In eigenvector 3, the movement of the 

end of helix D and helix E, residues 210 to 225, is lower in the simulations with pose 1 

and  2  of  [Ala1]Pyr(1-10)-NH2 than  in  the  simulation  without  the  ligand,  and  the 

movement of helix E and the beginning of the tail, residues 215 to 230, is greater in the 

simulation with [Ala3]Pyr(1-10)-NH2.
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Figure 53.  Principal component analysis of the MD simulations of Pyr(1-10)-NH2 

analogs  bound  to  the  tail   receptor  grid.  2D  projections  of  the  trajectories  on 

eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root 

mean square fluctuation (bottom right).  No ligand is black, [Ala1]Pyr(1-10)-NH2 is red, 

[Ala3]Pyr(1-10)-NH2 is green and [Ala1]Pyr(1-10)-NH2 is blue.

  

In  the  simulations  of  the  Pyr  analogs  docked  to  the  tail_EEVD receptor  grid 

(Figure 54), the ligands remained bound to the tail.  Pose 1 of [Ala1]Pyr(1-10)-NH2 bound 

to the tail with Ser5 in close contact with the end of the tail, Tyr6 interacting with helix B, 

the N-terminus interacting with the beginning of the tail and the C-terminus interacting 

with the middle of the tail.  Pose 2 of [Ala1]Pyr(1-10)-NH2 binds in a similar manner with 

the N-terminus interacting with the beginning of the tail, the C-terminus interacting with 

the middle of the tail and Tyr6 interacting with helix B, but none of the residues interact  
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with the end of the tail.  [Ala9]Pyr(1-10)-NH2 binds to the tail with Lys3 interacting with 

the end of the tail and with the C-terminus interacting with the end of helix B.

3.6.1.8 Tail_EEVD binding site

Figure  54.   Central  structures  of  the  most  populated  clusters  of  Pyr(1-10)-NH2 

analogs bound to the tail_EEVD receptor grid.  [Ala1]Pyr(1-10)-NH2 pose 1 (left), 

[Ala1]Pyr(1-10)-NH2 pose 2 (center) and [Ala9]Pyr(1-10)-NH2 (right).  The ligands are in 

magenta.

Figure 55.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with [Ala1]Pyr(1-10)-NH2 pose 1 (red), [Ala1]Pyr(1-

10)-NH2 (green)  pose  2  and  [Ala9]Pyr(1-10)-NH2 (blue)  bound to  the  tail_EEVD 

receptor grid.
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All the peptides increased the stability of Hsp70-1 with [Ala1]Pyr(1-10)-NH2 pose 

1, [Ala1]Pyr(1-10)-NH2 pose 2 and [Ala9]Pyr(1-10)-NH2 having 8, 4 and 8 clusters, of 

which the most populated clusters contained 38%, 69% and 46% of the structures from 

the trajectories, respectively (Table 9).  Pose 1 of [Ala1]Pyr(1-10)-NH2 had 2 more H-

bonds  with  Hsp70-1  than  [Ala9]Pyr(1-10)-NH2 and  3  more  H-bonds  than  pose  2  of 

[Ala1]Pyr(1-10)-NH2.  The backbone RMSD of the lid was increased in the simulation 

with pose 1 of  [Ala1]Pyr(1-10)-NH2 and decreased in  the simulations  with pose 2 of 

[Ala1]Pyr(1-10)-NH2 and [Ala9]Pyr(1-10)-NH2 (Figure 55).

Figure 56.  Principal component analysis of the MD simulations of Pyr(1-10)-NH2 

analogs bound to the tail_EEVD receptor grid.  2D projections of the trajectories on 

eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root 

mean square fluctuation (bottom right).  No ligand is black, [Ala1]Pyr(1-10)-NH2 pose 1 

is red, [Ala1]Pyr(1-10)-NH2 pose 2 is green and [Ala9]Pyr(1-10)-NH2 is blue.  
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Principal component analysis indicates that in the simulations with pose 1 and 2 

of [Ala1]Pyr(1-10)-NH2 and [Ala9]Pyr(1-10)-NH2, the movement of the lid is restricted in 

the  2D  projection  along  eigenvectors  1  and  2,  but  not  in  the  projections  along 

eigenvectors 1 and 3 and 2 and 3 (Figure 56).  In eigenvector 1, the movement in helices 

D and E, residues 190 to 220, is greater in the simulations with [Ala1]Pyr(1-10)-NH2 than 

in  the  simulation  with  [Ala9]Pyr(1-10)-NH2 or  the  simulation  without  a  ligand.   The 

movement in the tail is reduced in the simulations with pose 1 and 2 of [Ala 1]Pyr(1-10)-

NH2 and [Ala9]Pyr(1-10)-NH2.  In eigenvector 2, the movement of helices D and E and 

the tail are reduced in the simulations with pose 1 and 2 of [Ala1]Pyr(1-10)-NH2 and 

[Ala9]Pyr(1-10)-NH2.   In  the  simulations  with  pose  1of  [Ala1]Pyr(1-10)-NH2 and 

[Ala1]Pyr(1-10)-NH2,  the  movement  in  helix  A is  increased.   In  eigenvector  3,  the 

movement in the beginning of helix B, residues 135 to 145, is increased in the simulation 

with pose 1 of [Ala1]Pyr(1-10)-NH2.  The movement in helix E and the tail, residues 210 

to 252, is also reduced in the simulations with pose 1 and 2 of [Ala 1]Pyr(1-10)-NH2 and 

[Ala9]Pyr(1-10)-NH2.

3.6.1.9 MD simulations with the AMBER force field

In the 200 ns simulations of Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 docked to 

Hsp70-1 using MolDock, Pyr(1-10)-NH2  primarily bound to the tail and [Ala3]Pyr(1-10)-

NH2 bound to the side of the peptide-binding pocket and helix B.  Pyr(1-10)-NH2 bound 

to  the  tail  with  its  C-terminus  interacting  with  the  beginning  of  the  tail  and  the  N-
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terminus was exposed to the solvent (Figure 57).  [Ala3]Pyr(1-10)-NH2 bound to Hsp70-1 

with its N-terminus interacting with helix B, the middle of the tail, and the outer loop of 

the peptide-binding pocket (Figure 58).

Figure  57.  Central  structure  of  the  most  populated  cluster  of  Pyr(1-10)-NH2 

(magenta) bound to the lid of Hsp70-1 from the 200 ns MD simulations using the 

AMBER ff99SB-ILDN-NMR force field.

Figure 58.  Central structure of the most populated cluster of [Ala3]Pyr(1-10)-NH2 

(magenta) bound to the lid of Hsp70-1 from the 200 ns MD simulations using the 

AMBER ff99SB-ILDN-NMR force field .
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Table 10.  Analysis of the 200 ns MD simulations of Pyr(1-10)-NH2 and [Ala3]Pyr(1-

10)-NH2 bound to Hsp70-1 using the AMBER ff99SB-ILDN-NMR force field.

Ligand
Number of 

clusters

% of structures in 

largest cluster

Number of inter-

molecular H-bonds

Binding 

distance / 

nm

Free energy 

of binding / 

kJ mol-1

None 18 50 N/A N/A N/A

Pyr(1-10)-NH2 43 23 2.6 ± 1.6 1.10 ± 0.23 -73 ± 147

[Ala3]Pyr(1-10)-NH2 34 24 3.6 ± 1.6 0.69 ± 0.12   -8 ± 106

Figure 59.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with Pyr(1-10)-NH2 (red) and [Ala3]Pyr(1-10)-NH2 

(green).

Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 destabilized Hsp70-1 with an increase in 

the  number  of  clusters  and  a  decrease  in  the  percentage  of  structures  in  the  most 

populated cluster than in the simulation without a ligand (Table 10).  [Ala3]Pyr(1-10)-

NH2 had one more H-bond with Hsp70-1 than Pyr(1-10)-NH2.  The distance between the 

centers of mass of the ligand and the residues involved in binding at the beginning of the 

simulation was smaller  for  [Ala3]Pyr(1-10)-NH2.   The estimate of  the  free  energy of 

binding indicates that Pyr(1-10)-NH2 bound more strongly to Hsp70-1 than [Ala3]Pyr(1-



113

10)-NH2, but both had favorable free energies.  The large standard deviation in the free 

energies of binding indicates that the strength of the binding changed significantly in the 

different frames sampled.  Both peptides stabilized the lid with a lower backbone RMSD 

of the lid throughout the simulation compared to the simulation without a ligand (Figure 

59).

Principal component analysis (Figure 60) indicates that the movement of the lid in 

the 2D projections of eigenvectors 1 and 2 and 1 and 3 was restricted, but also explored 

additional  movement  in  the  simulations  with Pyr(1-10)-NH2 and  [Ala3]Pyr(1-10)-NH2 

than the simulation without a ligand.  In the 2D projection along eigenvectors 2 and 3, the 

movement  of  the  lid  was  increased  in  the  simulations  with  Pyr(1-10)-NH2 and 

[Ala3]Pyr(1-10)-NH2.   In  eigenvector  1,  helix  D,  resideus  205 to  215,  had  increased 

movement in the simulations with Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2.  The middle 

of the tail, residues 240 to 250, had increased movement in the simulation with Pyr(1-

10)-NH2.  In eigenvector 2, the loop between helix C and D, residues 190 to 198, moved 

in the simulation with [Ala3]Pyr(1-10)-NH2, but not in the simulation with Pyr(1-10)-NH2 

or the simulation without a ligand.  The tail, residues 225 to 240, had greater movement 

in the simulations with Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 than in the simulation 

without a ligand.  The last five residues of the tail had greater movement in the simulation 

with Pyr(1-10)-NH2.  In eigenvector 3, the beginning of the tail, residues 225 to 233, had 

greater movement in the simulation with [Ala3]Pyr(1-10)-NH2 and the middle of the tail, 

residues 240 to 249, had greater movement in the simulation with Pyr(1-10)-NH2.



114

Figure 60.  Principal component analysis of the 200 ns MD simulations of Pyr(1-10)-

NH2 and [Ala3]Pyr(1-10)-NH2 to the lid of Hsp70-1.  2D projections of the trajectories 

on eigenvectors 1 and 2 (top left), 1 and 3 (top right) and 2 and 3 (bottom left) and the 

root mean square fluctuation (bottom right).  No ligand is black, Pyr(1-10)-NH2 is red 

and [Ala3]Pyr(1-10)-NH2 is green.  
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3.6.2  Tri- and tetra-peptides

3.6.2.1 50 ns MD simulations

Most of the tri- and tetra-peptides selected from the Molegro docking results for 

50 ns MD simulations with Hsp70-1 using the AMBER ff99SB-ILDN-NMR force field 

remain bound throughout the simulation, except for Trp-Trp-Arg, Ac-His-Ser-Asp-NH2, 

His-Glu-Arg-Trp,  Ac-Glu-Arg-Phe-Glu-NH2 and  Ac-Lys-Trp-Arg-His-NH2 which 

dissociated from their initial binding spot during the simulation.  The majority of the 

peptides destabilized Hsp70-1 (Table 11) with an increase in the number of clusters and a 

decrease in the percentage of structures in the most populated cluster.  Trp-Trp-Arg, Ac-

Gln-His-Trp-NH2 and Ac-Phe-Trp-Gln-NH2 were the only peptides that stabilized Hsp70-

1, with cluster sizes of 7, 10 and 6 and percentages of structures in the most populated 

clusters of 86%, 57% and 68%, respectively, compared to the 13 clusters of which the 

most  populated  cluster  consisted  of  46% of  the  structures  from the  trajectory of  the 

simulation of Hsp70-1 without a ligand.  In All the simulations with the peptides, the 

backbone of the lid was more rigid than in the simulation without a ligand.  
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Table 11.  Analysis of the 50 ns MD simulations of tri- and tetra-peptides bound to 

Hsp70-1.

Ligand
Number of 

clusters

% of structures in 

largest cluster

Number of 

inter-molecular

 H-bonds

Binding 

distance / nm

None 13 46 N/A N/A

Arg-Glu-Val 22 45 3.3 ± 1.6 1.97 ± 0.23

His-Trp-Met 17 36 2.0 ± 1.5 0.28 ± 0.12

Trp-Trp-Arg 7 86 3.8 ± 1.6 0.52 ± 0.11

Ac-His-Ser-Asp-NH2 16 38 3.4 ± 1.5 0.70 ± 0.30

Ac-Gln-His-Trp-NH2 10 57 3.3 ± 1.3 1.38 ± 0.05

Ac-Phe-Trp-Gln-NH2 6 68 3.7 ± 1.0 0.59 ± 0.05

Trp-Lys-Gly-Tyr 28 43 2.6 ± 0.9 0.20 ± 0.02

Trp-Tyr-Gln-Trp 26 21 2.7 ± 1.5 0.38 ± 0.06

His-Glu-Arg-Trp 31 30 4.3 ± 1.6 1.00 ± 0.69

Ac-His-Tyr-Phe-His-NH2 28 25 4.5 ± 1.3 0.38 ± 0.04

Ac-Glu-Arg-Phe-Glu-NH2 57 10 4.0 ± 1.8 0.44 ± 0.09

Ac-Lys-Trp-Arg-His-NH2 15 33 5.2 ± 1.7 0.54 ± 0.05

3.6.2.1.1 Tri-peptides

Figure 61.  Central structures of the most populated clusters of Arg-Glu-Val (left), 

His-Trp-Met (center) and Trp-Trp-Arg (right) bound to the lid of Hsp70-1.   The 

ligands are in magenta.
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Figure 62.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with Arg-Glu-Val (red), His-Trp-Met (green) and 

Trp-Trp-Arg (blue).

Arg-Glu-Val bound to Hsp70-1 (Figure 61) with Arg1 interacting with the end of 

helix E and with the N-terminal NH3 group interacting with the end of helix B.  Glu2 and 

Val3 were exposed to the solvent and occasionally interacted with the tail.  His-Trp-Met 

bound  to  Hsp70-1  with  His1  interacting  with  the  outer  loop  of  the  peptide-binding 

pocket, Trp2 interacting with the middle of the tail and helix B, the C-terminus interacted 

with the tail  and Met3 was exposed to the solvent.   Trp-Trp-Arg bound to the lid of 

Hsp70-1 with Trp1 interacting with the middle of the tail and helix B, Trp2 interacting 

with the middle and end of the tail  and Arg3 interacting with helix  D.  Trp-Trp-Arg 

disassociated from the lid after 45.2 ns.

Arg-Glu-Val  and His-Trp-Met destabilized Hsp70-1 and Trp-Trp-Arg increased 

the stability of Hsp70-1 with 13, 22 and 17 clusters of which the most populated cluster 

accounted  for  45%,  36%  and  86%  of  the  structures  from  the  trajectories  of  the 
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simulations, respectively (Table 11).  Arg-Glu-Val and Trp-Trp-Arg had more H-bonds 

with  Hsp70-1  than  His-Trp-Met  did.   His-Trp-Met  and  Trp-Trp-Arg  did  not  move 

significantly from their initial binding spots with binding distances of 0.28 ± 0.12 nm and 

0.52 ± 0.11 nm, respectively.  The binding distance between Arg-Glu-Val and the residues 

of the lid Arg-Glu-Val interacted with at the beginning of the simulation, 1.97 ± 0.23 nm, 

was greater than in the other simulations.  This large distance was due to the movement  

of Glu2 and Val3 from between helices B and D to the solvent outside of the lid.  In the  

simulation of His-Trp-Met in complex with Hsp70-1, the backbone RMSD of the lid was 

lower in the first 25 ns and greater in the last 25 ns than in the simulation without a ligand 

(Figure 62).  In the simulations with Arg-Glu-Val and Trp-Trp-Arg, the backbone RMSDs 

of the lid were between 0.1 and 0.3 nm, while in the simulation without a ligand, the 

RMSD was between 0.5 and 0.8 nm, indicating the lid was stabilized by Arg-Glu-Val and 

Trp-Trp-Arg.

In the 2D projections of the trajectories on eigenvectors 1 and 2 and 2 and 3, 

(Figure 63) the movement of the lid was increased in the simulation with His-Trp-Met 

and reduced in the simulation with Trp-Trp-Arg, while in the simulation with Arg-Glu-

Val,  the  movement  of  the  lid  was  similar  to  the  simulation  without  a  ligand.   In 

eigenvector 1, additional movment at the beginning of the tail, residues 225 to 235, is 

present in the simulations with Arg-Glu-Val and His-Trp-Met, that is not in the simulation 

with Trp-Trp-Arg or the simulation without a ligand.  In the simulation with His-Trp-Met, 

the rest of the tail, residues 240 to 252, has increased movement than the tails in the other 
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simulations.  In eigenvector 2, the movement in the loop between helix C and D, residues 

190 to 198, was increased and the movement in the beginning of the tail, residues 225 to 

230, was increased in the simulation with Trp-Trp-Arg.  In eigenvector 3, the movement 

in  the  loop between helix  B and C was reduced in  the  simulation with  the  free  tri-

peptides.  The movement of the loop between helix C and D, residues 190 to 198, and the 

tail, residues 240 to 252, was reduced in the simulation with Trp-Trp-Arg.  The middle of 

the tail, residues 240 to 247, had increased movement in the simulation with His-Trp-

Met.

Figure 63.  Principal component analysis of the MD simulations of free tri-peptides 

to the lid of Hsp70-1.   2D projections of the trajectories on eigenvectors 1 and 2 (top 

left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root mean square fluctuation 

(bottom right).  No ligand is black, Arg-Glu-Val is red, His-Trp-Met is green and Trp-Trp-

Arg is blue.  



120

Figure 64.  Central structures of the most populated clusters of Ac-His-Ser-Asp-NH2 

(left), Ac-Gln-His-Trp-NH2 (center) and Ac-Phe-Trp-Gln-NH2 (right) bound to the 

lid of Hsp70-1.  The ligands are in magenta.

Figure 65.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with Ac-His-Ser-Asp-NH2 (red), Ac-Gln-His-Trp-

NH2 (green) and Ac-Phe-Trp-Gln-NH2 (blue).

The capped tri-peptides remained bound to Hsp70-1 for the entire 50 ns of the 

simulation of the complexes, except for Ac-His-Ser-Asp-NH2 which disassociated from 

the tail after 22.1 ns, but stayed in the vicinity of the end of helix B for the rest of the 

simulation.   Ac-His-Ser-Asp-NH2 bound  to  Hsp70-1  with  His1  interacting  with  the 

beginning of the tail and Asp3 interacting with the end of helix B (Figure 64).  Ac-Gln-

His-Trp-NH2 bound to Hsp70-1 with Gln1 and Trp3 interacting with the middle of the tail 
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and His2 interacting with the outer loop of the peptide-binding pocket.  Ac-Phe-Trp-Gln-

NH2 bound to Hsp70-1 with the N-terminus and Gln3 interacting with the β-sheets, Phe1 

interacting with the middle of the tail and Trp2 interacting with the middle of the tail and 

helix B.

Cluster analysis (Table 11) indicated that Ac-Gln-His-Trp-NH2 and Ac-Phe-Trp-

Gln-NH2 stabilized Hsp70-1 with 10 and 6 clusters, of which the most populated clusters 

accounted for 57% and 68% of the structures from the trajectories, respectively.  All the 

capped tri-peptides had a similar number of H-bonds with Hsp70-1.  The large standard 

deviation in the binding distance for Ac-His-Ser-Asp-NH2 was due to the disassociation 

from the tail.  The small standard deviations in the binding distance of Ac-Gln-His-Trp-

NH2 and Ac-Phe-Trp-Gln-NH2 indicated stable binding, since those ligands stayed close 

to their initial positions.  All the simulations with the capped tri-peptides had lids with 

lower backbone RMSDs than in the simulation without a ligand and in the simulations 

with Ac-His-Ser-Asp-NH2 and Ac-Phe-Trp-Gln-NH2 the RMSDs of the lid  had fewer 

fluctuations, indicating a stabilization of the lid (Figure 65).

Principal component analysis (Figure 66) indicated that in the 2D projections of 

the trajectories on eigenvectors 1 and 2 and 1 and 3, the movement of the lid was partially 

restricted in the simulation with Ac-Gln-His-Trp-NH2.  In the simulation with Ac-Gln-

His-Trp-NH2 an additional cluster of movement was present at 4 nm along eigenvector 1. 

The movement of the lid was not restricted in the simulations with Ac-His-Ser-Asp-NH2 
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or Ac-Phe-Trp-Gln-NH2.  In eigenvector 1, the loop between helix C and D, residues 195 

to 200, had movement only in the simulation with Ac-His-Ser-Asp-NH2.  The beginning 

of the tail, residues 230 to 240, had greater movement in the simulations with Ac-His-

Ser-Asp-NH2 and Ac-Phe-Trp-Gln-NH2, while residues 245 to 250 of the tail had greater 

movement  in  the  simulation  with  Ac-Gln-His-Trp-NH2.   In  eigenvector  2,  the  loop 

between helix C and D, residues 190 to 195, and the beginning of the tail, residues 225 to 

230,  had  increased  movement  in  the  simulation  with  Ac-Gln-His-Trp-NH2.   In 

eigenvector 3, the movement of the loop between helix B and C, residues 165 to 175, was 

reduced  in  the  simulations  with  the  capped  tri-peptides.   The  beginning  of  the  tail, 

residues 225 to 235, had decreased movement in the simulations with Ac-His-Ser-Asp-

NH2 and  Ac-Gln-His-Trp-NH2 and residues  240 to  249 had greater  movement in  the 

simulation with Ac-Gln-His-Trp-NH2.
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Figure  66.  Principal  component  analysis  of  the  MD simulations  of  capped  tri-

peptides to the lid of Hsp70-1.  2D projections of the trajectories on eigenvectors 1 and 

2 (top left),  1 and 3 (top right)  and 2 and 3 (bottom left)  and the root mean square 

fluctuation (bottom right).  No ligand is black, Ac-His-Ser-Asp-NH2 is red, Ac-Gln-His-

Trp-NH2 is green and Ac-Phe-Trp-Gln-NH2 is blue.  
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3.6.2.1.2 Tetra-peptides

Figure 67.  Central structures of the most populated clusters of  Trp-Lys-Gly-Tyr 

(left),  Trp-Tyr-Gln-Trp (center)  and His-Glu-Arg-Trp (right)  bound to the lid of 

Hsp70-1.  The ligands are in magenta.

Figure 68.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black)  and  Hsp70-1  in  complex  with  Trp-Lys-Gly-Tyr  (red),  Trp-Tyr-Gln-Trp 

(green) and His-Glu-Arg-Trp (blue).

The free tetra-peptides had stable interactions with Hsp70-1, except for His-Glu-

Arg-Trp, which disassociated after 35.4 ns, when the Arg3 side-chain left the peptide-

binding pocket.  Trp-Lys-Gly-Tyr bound to Hsp70-1 with Trp1 and Lys2 interacting with 

the  tail  and Gly3  and Tyr4  interacting  with  the  inside  of  the  peptide-binding pocket 



125

(Figure 67).  Trp-Tyr-Gln-Trp bound to Hsp70-1 with Trp1 interacting with the inside of 

the peptide-binding pocket, Tyr2 interacting with the inner loop of the peptide-binding 

pocket, Gln3 interacting with helix B and Trp4 interacting with the tail.  His-Glu-Arg-Trp 

bound to Hsp70-1 with His1 and Glu2 interacting with the outer loop of the peptide-

binding pocket and the tail when it was close by, Arg3 interacting with the the inside of  

the peptide-binding pocket, before it moved out of the pocket after 22.1 ns and Trp4 

interacting with helix B.

Cluster  analysis  (Table  11)  indicated  that  the  free  tetra-peptides  destabilized 

Hsp70-1.  His-Glu-Arg-Trp had more H-bonds with Hsp70-1 than Trp-Lys-Gly-Tyr or 

Trp-Tyr-Gln-Trp.  The binding distances for Trp-Lys-Gly-Tyr and Trp-Tyr-Gln-Trp were 

short and had low standard deviations, indicating a stable bound state, while for His-Glu-

Arg-Trp the binding distance  was greater and the standard deviation was large, indicating 

that His-Glu-Arg-Trp did not have a stable bound state, since it disassociated from the 

pocket  after  35  ns.   The simulations  with  Trp-Tyr-Gln-Trp  and His-Glu-Arg-Trp had 

lower backbone RMSD of the lid and fewer fluctuations than in the simulation with Trp-

Lys-Gly-Tyr and the simulation without a ligand (Figure 68).

The 2D projections of the movement of the lid along eigenvectors 1 and 2, and 1 

and 3 (Figure 69), indicated that the movement of the lid was restricted in the majority of  

the simulations with Trp-Lys-Gly-Tyr and Trp-Tyr-Gln-Trp, although for part of those 

simulations they sampled portions of the eigenvector space that the lid in the simulation 
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without a ligand didn't.  In eigenvector 1, the loop between helix B and C, residues 165 to 

175, the loop between helix C and D, residues 190 to 195, and residues 230 to 235 of the 

tail had increased movement in the simulation with His-Glu-Arg-Trp.  The movement of 

the end of the tail, residues 245 to 252, was decreased in the simulations with Trp-Tyr-

Gln-Trp and His-Glu-Arg-Trp.   In  eigenvector  2,  the movement of  helix  C,  the loop 

between helix C and D and the beginning of helix D, residues 175 to 205, and residues 

230 to 235 of the tail had increased movement, while the end of the tail, residues 245 to 

252, had decreased movement in the simulation with His-Glu-Arg-Trp.  In eigenvector 3, 

the loop between helix B and C had less movement in the simulations with the free tetra-

peptides.  Residues 230 to 235 of the tail had increased movement in the simulation with 

His-Glu-Arg-Trp and the end of the tail, residues 229 to 252, had decreased movement in 

the simulation with Trp-Tyr-Gln-Trp.
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Figure  69.   Principal  component  analysis  of  the  MD  simulations  of  free  tetra-

peptides to the lid of Hsp70-1.  2D projections of the trajectories on eigenvectors 1 and 

2 (top left),  1 and 3 (top right)  and 2 and 3 (bottom left)  and the root mean square 

fluctuation (bottom right).  No ligand is black, Trp-Lys-Gly-Tyr is red, Trp-Tyr-Gln-Trp is 

green and His-Glu-Arg-Trp is blue.  



128

Figure 70.  Central structures of the most populated clusters of Ac-His-Tyr-Phe-His-

NH2 (left), Ac-Glu-Arg-Phe-Glu-NH2 (center) and Ac-Lys-Trp-Arg-His-NH2 (right) 

bound to the lid of Hsp70-1.  The ligands are in magenta.

Figure 71.  Backbone RMSD of the lid of Hsp70-1 from the simulations of Hsp70-1 

(black) and Hsp70-1 in complex with Ac-His-Tyr-Phe-His-NH2 (red), Ac-Glu-Arg-

Phe-Glu-NH2 (green) and Ac-Lys-Trp-Arg-His-NH2 (blue).

In the simulations with the capped tetra-peptides, Ac-Glu-Arg-Phe-Glu-NH2 and 

Ac-Lys-Trp-Arg-His-NH2 began to disassociate  after  45 ns.   Ac-His-Tyr-Phe-His-NH2 

bound to Hsp70-1 (Figure 70) with His4 interacting with helix B, Tyr2 interacting with 

the inner loop of the peptide-binding pocket and helix B and His4 interacting with the 

inside of the peptide-binding pocket.  Ac-Glu-Arg-Phe-Glu-NH2 bound to Hsp70-1 with 

Glu1, Arg2 and Glu4 interacting with the inner loops of the peptide-binding pocket and 
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Phe3 interacting with the inside of the peptide-binding pocket.  Ac-Lys-Trp-Arg-His-NH2 

bound to Hsp70-1 with Lys1 and Trp2 interacting with the inside of the peptide-binding 

pocket, Arg3 interacting with the inner and outer loops of the peptide-binding pocket and 

His4 interacting with helix B and the loop between helix C and D.

All the capped tetra-peptides destabilized Hsp70-1, especially in the simulation 

with  Ac-Glu-Arg-Phe-Glu-NH2 the  number  of  clusters  increased  to  57  and  the  most 

populated cluster accounted for only 10% of the structures from the trajectory (Table 11). 

All the capped tetra-peptides had a similar number of H-bonds with Hsp70-1.  The small 

standard deviations in the binding distances indicates that the capped tetra-peptides had a 

stable bound state in the majority of the simulations, even though Ac-Glu-Arg-Phe-Glu-

NH2 and  Ac-Lys-Trp-Arg-His-NH2 began  to  disassociate  after  45  ns.   The  backbone 

RMSDs of the lids in the simulations with the capped tetra-peptides were lower and had 

fewer fluctuations than in the simulation without a ligand, indicating that the ligands 

stabilized the lid (Figure 71).

The movement of the lid is restricted in the 2D projections of the trajectories on 

eigenvectors 1 and 2 and 1 and 3 in the simulations with Ac-His-Tyr-Phe-His-NH2 and 

Ac-Lys-Trp-Arg-His-NH2 (Figure 72).  In eigenvector 1, the movement of the beginning 

of the tail, residues 225 to 230, is increased in the simulations with Ac-His-Tyr-Phe-His-

NH2 and Ac-Glu-Arg-Phe-Glu-NH2.  In eigenvector 2, the movement of helix D, residues 

195  to  200,  is  increased  in  the  simulation  with  Ac-Glu-Arg-Phe-Glu-NH2 and  the 
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movement of the end of the tail, residues 248 to 252, is reduced in All the simulations 

with  the  capped  tetra-peptides.   In  eigenvector  3,  the  loop  between  helix  B  and  C, 

residues 165 to 175, had decreased movement in the simulations with the capped tetra-

peptides.  The loop between helix C and D, residues 190 to 195, had increased movement 

in the simulation with Ac-Glu-Arg-Phe-Glu-NH2 and residues 245 to 248 of the tail had 

increased movement in the simulation with Ac-His-Tyr-Phe-His-NH2.

Figure 72.  Principal component analysis of the MD simulations of capped tetra-

peptides to the lid of Hsp70-1.  2D projections of the trajectories on eigenvectors 1 and 

2 (top left),  1 and 3 (top right)  and 2 and 3 (bottom left)  and the root mean square 

fluctuation (bottom right).  No ligand is black, Ac-His-Tyr-Phe-His-NH2 is red, Ac-Glu-

Arg-Phe-Glu-NH2 is green and Ac-Lys-Trp-Arg-His-NH2 is blue.  
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3.6.2.2 200 ns MD siumlations

The  simulations  of  the  tri-  and  tetra-peptides  that  did  not  disassociate  from 

Hsp70-1 after 50 ns were extended to 200 ns for further analysis of their binding.  Cluster 

analysis  of  Hsp70-1  from  the   200  ns  MD  simulations  indicated  that  the  peptides 

destabilized Hsp70-1 (Table 12) that was consistent with the results from the 50 ns MD 

simulations (Table 11).

Table 12.  Analysis of the 200 ns MD simulations of selected tri- and tetra-peptides 

bound to Hsp70-1.

Ligand
Number 

of clusters

% of structures in 

the largest cluster

Number of

inter-molecular 

H-bonds

Binding 

distance / nm

Free energy 

of binding / 

kJ mol-1

None 18 50 N/A N/A N/A

Arg-Glu-Val 27 40 2.4 ± 2.2  2.8 ± 1.24  67 ± 115

His-Trp-Met 26 31 2.7 ± 1.4 0.91 ± 0.13  23 ± 162

Ac-Phe-Trp-Gln-NH2 41 37 3.0 ± 1.4 0.49 ± 0.06 11 ± 88 

Ac-Gln-His-Trp-NH2 28 31 3.6 ± 1.4 1.40 ± 0.09  97 ± 114

Trp-Lys-Gly-Tyr 57 27 5.1 ± 2.0 0.25 ± 0.06 125 ± 164 

Trp-Tyr-Gln-Trp 30 54 4.3 ± 2.0 0.49 ± 0.09  18 ± 211

Ac-His-Tyr-Phe-His-NH2 19 62 2.9 ± 1.2 0.56 ± 0.07  91 ± 173
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3.6.2.2.1 Tri-peptides

Figure 73.  Central structures of the most populated clusters of  Arg-Glu-Val (left) 

and His-Trp-Met  (right)  in complex with the lid  of  Hsp70-1.   The ligands are in 

magenta.

Figure 74.  Backbone RMSD of the lid of Hsp70-1 from the 200 ns MD simulations 

of Hsp70-1 (black) and Hsp70-1 in complex with Arg-Glu-Val (red) and His-Trp-

Met (green).
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In  the  200  ns  MD  simulation  of  Arg-Glu-Val  with  Hsp70-1,  Arg-Glu-Val 

disassociated from the lid after 60 ns and did not bind to the lid again in the rest of the 

simulation (Figure 73).  In the 200 ns MD simulation, His-Trp-Met moved closer to the 

beginning of the tail, with His1 breaking its interaction with the outer loop of the peptide-

binding pocket and forming an interaction with the beginning of the tail.   Met3 also 

formed an interaction to the beginning of the tail, which disrupted the interaction of Trp2 

with the tail and helix B, leaving Trp2 to interact occasionally with the β-sheets. 

In  the  simulation  with  Arg-Glu-Val  in  complex  with  Hsp70-1,  the  backbone 

RMSD of the lid was lower than in the simulation without a ligand, but the standard 

deviations  in  both  RMSDs were  similar  (Table  12).   In  the  200 ns  simulations,  the 

number of H-bonds between Arg-Glu-Val and Hsp70-1 decreased from an average of 3.3 

H-bonds in the first 50 ns to 2.4 H-bonds for the entire 200 ns.  For His-Trp-Met, the 

average number of H-bonds increased from 2.0 H-bonds in the first 50 ns to 2.7 H-bonds 

for  the  200 ns  simulation.   The  binding distance  between  Arg-Glu-Val  and Hsp70-1 

increased during the rest of the simulation due to its disassociation from the lid.  The 

binding distance for His-Trp-Met increased from 0.28 nm in the first 50 ns to an average 

of 0.91 nm in the full 200 ns simulation, which is consistent with the movement of His-

Trp-Met from the middle of the tail to the beginning of the tail.  Estimates of the free  

energies of binding indicated that Arg-Glu-Val and His-Trp-Met did not have favorable 

binding.  In the simulation with His-Trp-Met, the backbone RMSD of the lid was lower 

than the RMSD in the simulation without a ligand for the first 60 ns and then greater after 
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about 140 ns, indicating that His-Trp-Met destabilized the lid (Figure 74).  The lid in the 

simulation with Arg-Glu-Val had a lower backbone RMSD than in the simulation without 

a ligand and had similar fluctuations.

Principal component analysis (Figure 75) indicated that in the 2D projections of 

the  trajectories  on  eigenvectors  1  and  2  and  1  and  3,  the  movement  of  the  lid  was 

restricted in the simulation with Arg-Glu-Val, but expanded in the simulation with His-

Trp-Met.  In the 2D projection along eigenvectors 2 and 3 the movement of the lid was 

restricted in the simulation with His-Trp-Met.  In eigenvector 1, the tail, residues 225 to 

230 and 240 to 252, had increased movement in the simulation with His-Trp-Met.  In 

eigenvector 2, residues 220 to 240 of the tail had increased movement in the simulations 

with Arg-Glu-Val and His-Trp-Met.  In eigenvector 3, the loop between helix C and D, 

residues 185 to 200, had increased movement in the simulation with Arg-Glu-Val and 

residues 220 to 230 of the tail had increased movement in the simulation with Arg-Glu-

Val.
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Figure 75.  Principal component analysis of the MD simulations of free tri-peptides 

to the lid of Hsp70-1.  2D projections of the trajectories on eigenvectors 1 and 2 (top 

left), 1 and 3 (top right) and 2 and 3 (bottom left) and the root mean square fluctuation 

(bottom right).  No ligand is black, Arg-Glu-Val is red and His-Trp-Met is green.  

Figure 76.  Central structures of the most populated clusters of  Ac-Phe-Trp-Gln-

NH2 (left) and Ac-Gln-His-Trp-NH2 (right) bound to the lid of Hsp70-1.  The ligands 

are in magenta.
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Figure 77.  Backbone RMSD of the lid of Hsp70-1 from the 200 ns MD simulations 

of Hsp70-1 (black) and Hsp70-1 in complex with Ac-Phe-Trp-Gln-NH2 (red) and Ac-

Gln-His-Trp-NH2 (green).

In  the  extension  of  the  simulation  of  Ac-Phe-Trp-Gln-NH2 with  Hsp70-1,  the 

peptide kept its original binding position, except Gln3 moved from interacting with the β-

sheets to interacting with the inner loops of the peptide-binding pocket (Figure 76).  For 

Ac-Gln-His-Trp-NH2,  during  the  rest  of  the  simulation,  the  tail  had  a  more  compact 

conformation, so Gln1 could no longer interact with the tail, but it still interacted with 

helix B and the other residues maintained their interactions.

While in the 50 ns MD simulations Ac-Phe-Trp-Gln-NH2 and Ac-Gln-His-Trp-

NH2 decreased  the  number  of  clusters  of  Hsp70-1,  in  the  extended  simulations  the 

peptides increased the number of clusters than in the simulation without a ligand (Table 

12).   The  number  of  clusters  for  Ac-Phe-Trp-Gln-NH2 and  Ac-Gln-His-Trp-NH2 

increased from 6 and 10 clusters, respectively, in the 50 ns MD simulation (Table 11) to 

41 and 28 clusters in the 200 ns MD simulation.  The extension of the simulations caused 
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the average number of inter-molecular H-bonds to increase by 0.3 H-bonds for Ac-Gln-

His-Trp-NH2 and  decrease  by  0.7  H-bonds  for  Ac-Phe-Trp-Gln-NH2.   The  binding 

distances for Ac-Phe-Trp-Gln-NH2 and Ac-Gln-His-Trp-NH2 were similar in the 50 ns 

and 200 ns simulations.  The estimates of the free energy of binding indicated that while 

neither ligand has favorable binding, Ac-Phe-Trp-Gln-NH2 had a lower free energy of 

binding than Ac-Gln-His-Trp-NH2.  The backbone RMSDs of the lid in the simulations 

with Ac-Phe-Trp-Gln-NH2 and Ac-Gln-His-Trp-NH2 were lower than in the simulation 

without a ligand, indicating that these peptides stabilized the lid (Figure 77).

Figure  78.   Principal  component  analysis  of  the  MD simulations  of  capped  tri-

peptides to the lid of Hsp70-1.  2D projections of the trajectories on eigenvectors 1 and 

2 (top left),  1 and 3 (top right)  and 2 and 3 (bottom left)  and the root mean square 

fluctuation (bottom right).  No ligand is black, Ac-Phe-Trp-Gln-NH2 is red and Ac-Gln-

His-Trp-NH2 is green. 
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The 2D projections of the trajectories on eigenvectors 1 and 2 and 1 and 3 (Figure 

78) indicated that the movement of the lid is restricted in the simulations with Ac-Phe-

Trp-Gln-NH2 and Ac-Gln-His-Trp-NH2.  In eigenvector 1, the loop between helix C and 

D had increased movment in the simulation with Ac-Gln-His-Trp-NH2.  In eigenvector 2, 

residues 220 to 240 of the tail have increased movement in the simulations with Ac-Phe-

Trp-Gln-NH2 and Ac-Gln-His-Trp-NH2.  In eigenvector 3, the lid has similar movements 

in all the simulations.  

3.6.2.2.2 Tetra-peptides

Figure 79.  Central structures of the most populated clusters of  Trp-Lys-Gly-Tyr 

(left) and Trp-Tyr-Gln-Trp (right) bound to the lid of Hsp70-1.  The ligands are in 

magenta.
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Figure 80.  Central structure of the most populated cluster of Ac-His-Tyr-Phe-His-

NH2 (magenta) bound to the lid of Hsp70-1.

Figure 81.  Backbone RMSD of the lid of Hsp70-1 from the 200 ns MD simulations 

of Hsp70-1 (black) and Hsp70-1 in complex with Trp-Lys-Gly-Tyr (red), Trp-Tyr-

Gln-Trp (green) and Ac-His-Tyr-Phe-His-NH2 (blue).

In the extension of the simulation of Trp-Lys-Gly-Tyr, the only significant change 

in the position of the ligand was that the side-chain of Lys2 changed from interacting 

with the tail to interacting with the solvent (Figure 79).  The positioning of Trp-Tyr-Gln-

Trp changed after 50 ns, with Trp1 moving away from the peptide-binding pocket to 
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interact with helix B, Gln3 changed from interacting with helix B to interacting with the 

tail and Trp4 changed from interacting with the tail to interacting with helix B.  Ac-His-

Tyr-Phe-His-NH2 (Figure 80) had the same binding pose in the extended simulation as it 

did in the first 50 ns of the simulation.

The number of clusters of Hsp70-1 in the simulations of Trp-Lys-Gly-Tyr and 

Trp-Tyr-Gln-Trp in complexes with Hsp70-1 increased from 28 and 26 in the 50 ns MD 

simulation (Table 11)  to  57 and 30 in  the extended simulation  (Table 12),  while  the 

number of clusters decreased from 28 to 19 in the simulation with Ac-His-Tyr-Phe-His-

NH2.  The binding distances of the tetra-peptides increased by 0.05 nm, 0.11 nm and 0.18 

nm  for  Trp-Lys-Gly-Tyr,  Trp-Tyr-Gln-Trp  and  Ac-His-Tyr-Phe-His-NH2,  respectively. 

The estimates of the free energies of binding indicated that none of the tetra-peptides had 

favorable binding, but of the tetra-peptides Trp-Tyr-Gln-Trp had the lowest free energy of 

binding.  The backbone RMSDs of the lids in the simulations with the tetra-peptides 

increased in the extended simulations after 80 ns (Figure 81).  The backbone RMSD of 

the lid in the simulation with Ac-His-Tyr-Phe-His-NH2 was the lowest throughout the 200 

ns with values between 0.1 and 0.3 nm, while in the simulation with Trp-Tyr-Gln-Trp, the 

lid had a backbone RMSD between 0.1 and 0.5 nm, but was still lower than the RMSD of 

the lid in the simulation without a ligand.  In the simulation with Trp-Lys-Gly-Tyr, the 

backbone RMSD was greater than in the simulation without a ligand after 80 ns.
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The 2D projections of the trajectories on eigenvectors 1 and 2, 1 and 3 and 2 and 3 

(Figure 82) indicated that the movement of the lid is restricted in the simulation with Ac-

His-Tyr-Phe-His-NH2 and  expanded  in  the  simulation  with  Trp-Lys-Gly-Tyr.   In 

eigenvector 1, the tail, residues 225 to 250, had increased movement in the simulations 

with Trp-Lys-Gly-Tyr and Trp-Tyr-Gln-Trp.  In eigenvector 2, helix A, residues 120 to 

130, helices B and C, residues 150 to 190, the loop between helix C and D, residues 190 

to 198, and the tail, residues 220 to 252, had increased movement in the simulation with 

Trp-Lys-Gly-Tyr.  In eigenvector 3, the loop between helix C and D, residues 190 to 198, 

had increased movement in the simulations with Trp-Tyr-Gln-Trp and Ac-His-Tyr-Phe-

His-NH2.   Helix E and the tail,  residues 215 to 252, had increased movement in the 

simulation with Trp-Lys-Gly-Tyr.
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Figure 82.  Principal component analysis of the MD simulations of tetra-peptides to 

the lid of Hsp70-1.  2D projections of the trajectories on eigenvectors 1 and 2 (top left), 

1 and 3 (top right) and 2 and 3 (bottom left) and the root mean square fluctuation (bottom 

right).  No ligand is black, Trp-Lys-Gly-Tyr is red, Trp-Tyr-Gln-Trp is green and Ac-His-

Tyr-Phe-His-NH2 is blue.
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3.7 Peptide synthesis.

3.7.1 Synthesis of Hsp70-1 lid fragment.

The synthesis of the [Ser214]Hsp70-1 SBD(209-252) lid fragment yielded a single 

major  compound  with  four  smaller  components  appearing  by  HPLC  (Figure  83). 

Clevage of the peptide from the resin resulted in a 45% yield of crude peptide.

Figure 83.  HPLC of crude (left) and pure (right) [S214]Hsp70-1 SBD(209-252).  214 

nm is black, 220 nm is blue and 280 nm is red.

3.7.2 Synthesis of Pyr(1-10)-NH2 analogs and selected tri- and tetra-peptides.

Pyr and the Pyr(1-10)-NH2 analogs were synthesized and yielded either one or 

two compounds in the HPLC chromatograms of the peptides (Figures 84-86).  Synthesis 

of  the  tri-  and  tetra-peptides  also  yielded  a  single  major  product  in  the  HPLC 

chromatograms (Figures 87, 88).  Cleavage of the peptides from the resins resulted in 

50% to 87% yield of the crude peptides (Table 13).
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Figure 84.  HPLC of crude (left) and purified (right) A, Pyr B, Pyr(1-10)-NH2 and C, 

[Ala3]Pyr(1-10)-NH2.  214 nm is black, 220 nm is blue and 280 nm is red.
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Figure 85.   HPLC of  crude (left)  and purified (right)  A,  [Asp3]Pyr(1-10)-NH2 B, 

[Ala3,Trp6]Pyr(1-10)-NH2 C, [Nva3]Pyr(1-10)-NH2 and D, [Orn3]Pyr(1-10)-NH2.  214 

nm is black, 220 nm is blue and 280 nm is red.
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Figure 86.   HPLC of  crude (left)  and purified  (right)  A,  [Phe6]Pyr(1-10)-NH2 B, 

[Trp6]Pyr(1-10)-NH2 C, [Cha6]Pyr(1-10)-NH2 and D, [Ser6]Pyr(1-10)-NH2.  214 nm is 

black, 220 nm is blue and 280 nm is red.
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Figure 87.  HPLC of crude (left) and purified (right) A, Arg-Glu-Val B, His-Trp-Met 

C, Ac-Gln-His-Trp-NH2 and D, Ac-Phe-Trp-Gln-NH2.  214 nm is black, 220 nm is 

blue and 280 nm is red.
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Figure 88.  HPLC of crude (left) and purified (right) A, Trp-Lys-Gly-Tyr B, Trp-Tyr-

Gln-Trp and C, Ac-His-Tyr-Phe-His-NH2.  214 nm is black, 220 nm is blue and 280 nm 

is red.

3.8 Peptide purification.

All peptide were purified to 95% or greater purity as determined by HPLC peak 

area.  The lid eluted at 23 minutes, Pyr eluted at 16 minutes, the Pyr(1-10)-NH2 analogs 
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eluted at 14 to 19 minutes, the tri-peptides eluted at 7 to 12 minutes and the tetra-peptides 

eluted at 11 to 21 minutes (Table 13).

Table 13.  Retention times and crude yields of synthesized peptides.

Peptide Retention time / min Yield (%)

[Ser214]Hsp70-1 SBD(209-252) 23.5 45

Pyr 16.34 61

Pyr(1-10)-NH2 14.10 72

[Ala3]Pyr(1-10)-NH2 15.80 70

[Asp3]Pyr(1-10)-NH2 14.91 69

[Ala3Trp6]Pyr(1-10)-NH2 18.79 64

[Nva3]Pyr(1-10)-NH2 18.17 67

[Orn3]Pyr(1-10)-NH2 14.1 62

[Phe6]Pyr(1-10)-NH2 16.05 73

[Trp6]Pyr(1-10)-NH2 17.07 71

[Cha6]Pyr(1-10)-NH2 18.60 63

[Ser6]Pyr(1-10)-NH2 11.95 74

Arg-Glu-Val 7.21 50

His-Trp-Met 15.27 87

Ac-Gln-His-Trp-NH2 11.39 86

Ac-Phe-Trp-Gln-NH2 20.01 79

Trp-Lys-Gly-Tyr 14.34 83

Trp-Tyr-Gln-Trp 21.01 74

Ac-His-Tyr-Phe-His-NH2 11.76 67

3.9 Peptide characterization.

Masses of the purified peptides measured by mass spectrometry are within 1 m/z 

of their calculated values (Table 14).  Final yields for the purified peptides were between 

15% and 44%.
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Table 14. MS characterization and final yields of purified peptides.

Peptide Measured m/z + H+ Calculated m/z + H+ Final yield (%)

[Ser214]Hsp70-1 SBD(209-252) 4212.6 4212.5 32

Pyr 2343.4 2342.7 32

Pyr(1-10)-NH2 1131.4 1131.3 34

[Ala3]Pyr(1-10)-NH2 1074.3 1074.2 32

[Asp3]Pyr(1-10)-NH2 1118.1 1118.2 28

[Ala3Trp6]Pyr(1-10)-NH2 1097.2 1097.2 31

[Nva3]Pyr(1-10)-NH2 1102.5 1102.5 29

[Orn3]Pyr(1-10)-NH2 1118.1 1117.2 25

[Phe6]Pyr(1-10)-NH2 1115.4 1115.3 33

[Trp6]Pyr(1-10)-NH2 1154.1 1154.3 28

[Cha6]Pyr(1-10)-NH2 1120.9 1121.3 24

[Ser6]Pyr(1-10)-NH2 1056.4 1056.2 31

Arg-Glu-Val 403.2 403.4 15

His-Trp-Met 473.2 472.5 44

Ac-Gln-His-Trp-NH2 512.0 511.5 41

Ac-Phe-Trp-Gln-NH2 521.7 521.5 36

Trp-Lys-Gly-Tyr 553.7 553.6 39

Trp-Tyr-Gln-Trp 682.6 682.7 34

Ac-His-Tyr-Phe-His-NH2 644.8 644.6 31

3.10 ECD spectropolarimetry.

3.10.1 ECD of the Hsp70-1 lid fragment.

The ECD spectra of the [Ser214]Hsp70-1 SBD(209-252) lid fragment in 20 mM 

KH2PO4 buffer (pH 7) indicates that the lid aggregated at 100 µM, but at 25 µM the lid 

had a spectrum with a single negative peak at 201 nm and a positive peak at 182 nm 
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(Figure 89).  CDSSTR analysis of the ECD spectra of 25 µM [Ser214]Hsp70-1 SBD(209-

252) (Table 15) indicates that the lid fragment was 8% helix, 16% sheet, 13% turn and 

64% unordered.  At higher concentrations, the amount of sheet increased and the amount 

of unordered structure decreased.

Figure  89.   ECD  spectra  of  100  µM (black),  50  µM (red)  and  25  µM  (green) 

[Ser214]Hsp70-1 SBD(209-252) lid fragment in 20 mM KH2PO4 buffer (pH 7) at 10 
oC. 
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Table 15.  Structural content (%) of [Ser214]Hsp70-1 SBD(209-252) lid fragment in 

20 mM KH2PO4 buffer (pH 7) at 10 oC as determined by the analysis of ECD spectra 

using the CDSSTR method.

Concentration / µM Helix Sheet Turn Unordered Total

100 5 32 19 44 100

50 6 25 17 51 99

25 8 16 13 64 101

Figure  90.   ECD  spectra  of  50  µM  (black)  and  25  µM  (red)  [Ser214]Hsp70-1 

SBD(209-252) lid fragment in a 50% (v/v) mixture of TFE and 20 mM KH2PO4 

buffer (pH 7) at 10 oC. 

In  a  50%  (v/v)  mixture  of  TFE  and  phosphate  buffer,  the  ECD  spectra  of 

[Ser214]Hsp70-1 SBD(209-252) has negative peaks at 205 nm and 222 nm (Figure 90). 
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CDSSTR analysis of 25 µM [Ser214]Hsp70-1 SBD(209-252) (Table 16) indicates that the 

lid fragment is 43% helix, 22% sheet, 15% turn and 19% unordered.

Table 16.  Structural content (%) of [Ser214]Hsp70-1 SBD(209-252) lid fragment in a 

50% (v/v) mixture of TFE and 20 mM KH2PO4 buffer (pH 7) at 10 oC as determined 

by the analysis of ECD spectra using the CDSSTR method.

Concentration / µM Helix Sheet Turn Unordered Total

50 23 28 18 31 100

25 43 22 15 19 99

Figure 91.  ECD spectra of 25 µM [Ser214]Hsp70-1 SBD(209-252) lid fragment in 20 

mM KH2PO4 buffer (pH 7) from 5 to 60 oC.
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The ECD spectra of [Ser214]Hsp70-1 SBD(209-252) in 20 mM KH2PO4 buffer (pH 

7) at different temperatures (Figure 91) indicates that heating causes the negative peak at 

202 nm to shift to 204 nm and decrease in intensity.  In the higher temperatures there is 

an increase in the intensity of the negative band between 215 and 235 nm.  CDSSTR 

analysis (Table 17) indicates that the increase in temperature causes and increase in the 

amount of helix, sheet and turn and a decrease in the amount of unordered structure.

Table  17.   Structural  content  (%)  of  25  µM  [Ser214]Hsp70-1  SBD(209-252)  lid 

fragment in 20 mM KH2PO4 buffer (pH 7) from 5 to 60  oC as determined by the 

analysis of ECD spectra using the CDSSTR method.

Temperature / oC Helix Sheet Turn Unordered Total

5 6 13 10 69 98

10 6 16 12 67 101

20 6 14 12 67 99

30 7 17 14 62 100

40 8 16 13 64 101

50 8 18 14 58 98

60 9 18 14 59 100

3.10.2 ECD of Pyr(1-10)-NH2 analogs.

The  ECD  spectra  of  Pyr(1-10)-NH2 indicates  that  the  peptide  aggregates  at 

concentrations greater than 200  µM (Figure 92).  At 25  µM Pyr(1-10)-NH2,  the ECD 

spectrum has  a  negative  peak at  198 nm and a  positive peak at  180 nm.  CDSSTR 

analysis indicates that at this concentration Pyr(1-10)-NH2 is 3% helix, 29% sheet, 16% 

turn and 51% unordered (Table 18).
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Figure  92.  ECD spectra  of  varying concentrations  of  Pyr(1-10)-NH2 in  20  mM 

KH2PO4 buffer (pH 7) at 10 oC. 

Table 18.  Structural content (%) of Pyr(1-10)-NH2 in 20 mM KH2PO4 buffer (pH 7) 

at 10 oC as determined by the analysis of ECD spectra using the CDSSTR method.

[Pyr(1-10)-NH2] / µM Helix Sheet Turn Unordered Total

400 2 38 17 40 97

200 2 36 18 42 98

100 2 32 16 48 98

50 1 32 16 48 97

25 3 29 16 51 99
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Figure 93.  ECD spectra of varying concentrations of [Ala3]Pyr(1-10)-NH2 in 20 mM 

KH2PO4 buffer (pH 7) at 10 oC. 

The ECD spectra of [Ala3]Pyr(1-10)-NH2 indicates that the peptide aggregates at 

concentrations greater than 200  µM (Figure 93).  At 25  µM Pyr(1-10)-NH2,  the ECD 

spectrum has a negative peak at 196 nm and a positive peak at 184 nm.  At 50 µM Pyr(1-

10)-NH2, the ECD spectrum has a negative peak at 198 and 204 nm and a positive peak at 

184 nm.  CDSSTR analysis indicates that at 25  µM [Ala3]Pyr(1-10)-NH2 is 3% helix, 

29% sheet, 20% turn and 46% unordered (Table 19), while at higher concentrations the 

amount of sheet increases
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Table 19.  Structural content (%) of [Ala3]Pyr(1-10)-NH2 in 20 mM KH2PO4 buffer 

(pH 7) at 10  oC as determined by the analysis of ECD spectra using the CDSSTR 

method.

[[Ala3]Pyr(1-10)-NH2] / µM Helix Sheet Turn Unordered Total

400 3 34 19 41 97

200 2 37 17 43 99

100 2 34 15 46 97

50 1 37 16 43 97

25 3 29 20 46 98

3.10.3 ECD of mixtures of the Hsp70-1 lid fragment and Pyr(1-10)-NH2 analogs.

In  the  ECD spectra  of  the  1:1  molar  ratio  mixture  of  Pyr(1-10)-NH2 and  the 

[Ser214]Hsp70-1 SBD(209-252) lid fragment,  the ECD spectrum of the mixture is less 

intense than the addition spectrum and is shifted from 204 nm to 200 nm (Figure 94). 

CDSSTR analysis (Table 20) of the ECD spectra of the mixtures and addition spectra at 

different molar ratios of Pyr(1-10)-NH2 to [Ser214]Hsp70-1 SBD(209-252) indicates that 

the mixtures have more sheet and turn structure and less unordered structure than was 

predicted with the addition spectra.  This indicates that Pyr(1-10)-NH2 binds to the lid 

fragment and the binding causes an increase in sheet and turn structures.
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Figure 94.  Calculated (black) and measured (red) ECD spectra of 25 µM Pyr(1-10)-

NH2 and  25  µM [Ser214]Hsp70-1  SBD(209-252)  lid  fragment  in  20  mM KH2PO4 

buffer (pH 7) at 10 oC. 
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Table 20.  Structural content (%) of varying concentrations of Pyr(1-10)-NH2 and 25 

µM [Ser214]Hsp70-1 SBD(209-252) lid fragment in 20 mM KH2PO4 buffer (pH 7) at 

10 oC as determined by the analysis of ECD addition and mixture spectra using the 

CDSSTR method.

[Pyr(1-10)-NH2] / µM Spectra type Helix Sheet Turn Unordered Total

400
Addition 2 33 17 45 97

Mixture 4 38 17 39 98

200
Addition 3 30 17 49 99

Mixture 4 34 17 43 98

100
Addition 3 24 16 56 99

Mixture 5 32 15 48 100

50
Addition 4 22 16 58 100

Mixture 6 27 16 52 101

25
Addition 4 16 14 65 99

Mixture 5 24 16 55 100

In the ECD spectra of the 1:1 molar ratio mixture of [Ala3]Pyr(1-10)-NH2 and the 

[Ser214]Hsp70-1 SBD(209-252) lid fragment,  the ECD spectrum of the mixture is less 

intense than the addition spectrum and is shifted from 203 nm to 201 nm in the addition 

spectrum (Figure 95).  CDSSTR analysis (Table 21) of the ECD spectra of the mixtures 

and addition spectra at different molar ratios of [Ala3]Pyr(1-10)-NH2 to [Ser214]Hsp70-1 

SBD(209-252) indicates that the mixtures have more sheet and turn structure and less 

unordered structure than was predicted with the addition spectra.   This indicates  that 

[Ala3]Pyr(1-10)-NH2 binds to the lid fragment and the binding causes an increase in sheet 

and turn structures.  The difference between the ECD spectra of the mixtures and the 

addition spectra was greater for Pyr(1-10)-NH2 than for [Ala3]Pyr(1-10)-NH2.
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Figure  95.  Calculated  (black)  and  measured  (red)  ECD  spectra  of  25  µM 

[Ala3]Pyr(1-10)-NH2 and 25  µM [Ser214]Hsp70-1 SBD(209-252) lid fragment in 20 

mM KH2PO4 buffer (pH 7) at 10 oC.
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Table 21.  Structural content (%) of varying concentrations of [Ala3]Pyr(1-10)-NH2 

and 25  µM [Ser214]Hsp70-1 SBD(209-252) lid fragment in 20 mM KH2PO4 buffer 

(pH 7) at 10 oC as determined by the analysis of ECD addition and mixture spectra 

using the CDSSTR method.

[[Ala3]Pyr(1-10)-NH2] / µM Spectra type Helix Sheet Turn Unordered Total

400
Addition 2 34 17 44 97

Mixture 3 36 16 43 98

200
Addition 3 30 17 50 100

Mixture 3 34 17 44 98

100
Addition 3 26 17 53 99

Mixture 3 30 17 48 98

50
Addition 3 24 16 56 99

Mixture 5 25 17 53 100

25
Addition 5 17 14 64 100

Mixture 5 20 15 60 100

3.11 Inhibition of ATPase activity of Hsp70.

3.11.1 ATPase assays of Pyr analogs and selected tri- and tetra-peptides on Hsp70-1.

The ATPase activity of Hsp70-1 was inhibited by Pyr(1-10)-NH2 and [Ala3]Pyr(1-

10)-NH2 by 35% and 55%, respectively (Table 22, Figure 96).  The inhibition of the 

ATPase activity of Hsp70-1 by Pyr(1-10)-NH2 and the full length Pyr indicates that the 

addition of the 10 C-terminal residues of Pyr did not significantly change the ability of 

Pyr(1-10)-NH2 to inhibit Hsp70-1.  Since the Ala substitution of Lys3 in Pyr increased the 

inhibition, other analogs in which residue 3 was substituted with Asp, Nva and Orn were 

tested  but  those  analogs  did  not  have  an  inhibitory effect  on  the  ATPase  activity  of 

Hsp70-1.  The Tyr6 residue was replaced with Trp for Pyr(1-10)-NH2 and [Ala3]Pyr(1-

10)-NH2, but [Ala3Trp6]Pyr(1-10)-NH2 had no inhibitory effect on Hsp70-1.  [Trp6]Pyr(1-
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10)-NH2 inhibited Hsp70-1 ATPase activity by about 30%, but not as much as Pyr(1-10)-

NH2.  The replacement of Tyr6 with Phe, Cha and Ser had a similar decrease in inhibition 

as the replacement of Tyr with Trp.  This indicates that replacement of Tyr6 causes a 

reduction in, but not an elimination of the inhibitory effect of the Pyr(1-10)-NH2 on the 

ATPase activity of Hsp70-1.  Of the tri- and tetra-peptides tested, only Arg-Glu-Val had 

any statistically significant inhibition of the ATPase activity of Hsp70-1.  Arg-Glu-Val 

had a greater inhibitory effect than either Pyr(1-10)-NH2 or [Ala3]Pyr(1-10)-NH2.

Table  22.   ATPase  activity  of  Hsp70-1  treated  with  100  µM Pyr,  Pyr(1-10)-NH2 

analogs,  tri- and tetra-peptides.  ATPase activity shown as average ± standard error.  

N > 12

Inhibitor ATPase activity / nmol Pi min-1 mg-1

None 4.18 ± 0.19

Pyr 2.64 ± 0.08

Pyr(1-10)-NH2 2.62 ± 0.20

[Ala3]Pyr(1-10)-NH2 1.95 ± 0.30

[Asp3]Pyr(1-10)-NH2 4.50 ± 0.22

[Nva3]Pyr(1-10)-NH2 4.33 ± 0.41

[Orn3]Pyr(1-10)-NH2 4.71 ± 0.38

[Phe6]Pyr(1-10)-NH2 3.03 ± 0.06

[Trp6]Pyr(1-10)-NH2 3.12 ± 0.03

[Cha6]Pyr(1-10)-NH2 2.93 ± 0.04

[Ser6]Pyr(1-10)-NH2 2.94 ± 0.12

[Ala3Trp6]Pyr(1-10)-NH2 4.07 ± 0.24

Arg-Glu-Val 1.23 ± 0.11

His-Trp-Met 4.67 ± 0.21

Ac-Phe-Trp-Gln-NH2 4.55 ± 0.19

Ac-Gln-His-Trp-NH2 4.28 ± 0.18

Trp-Lys-Gly-Tyr 4.62 ± 0.17

Trp-Tyr-Gln-Trp 4.55 ± 0.19

Ac-His-Tyr-Phe-His-NH2 4.62 ± 0.23
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Figure 96.  Inhibition of ATPase activity of Hsp70-1 by 100 µM Pyr analogs (black) 

and selected tri- and tetra-peptides (gray).  Error bars represent the standard error.  

N > 12; * p < 0.05; ** p < 0.01; *** p < 0.001

3.11.2 ATPase assays of Pyr analogs and selected tri- and tetra-peptides on Hsp70-8.

Pyr(1-10)-NH2,  [Ala3]Pyr(1-10)-NH2 and  Arg-Glu-Val,  which  inhibited  the 

ATPase activity of Hsp70-1, were tested with Hsp70-8 to determine if their inhibition of 

ATPase activity was specific for Hsp70-1.  Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 had 

no statistically significant inhibitory effect on the ATPase activity of Hsp70-8, while Arg-

Glu-Val caused a 50% reduction in the ATPase activity of Hsp70-8 (Table 23, Figure 97).
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Table  23.   ATPase  activity  of  Hsp70-8  treated  with  100  µM  Pyr(1-10)-NH2, 

[Ala3]Pyr(1-10)-NH2 and Arg-Glu-Val.  ATPase activity shown as average  ± standard 

error.  N > 12

Inhibitor ATPase activity / nmol Pi min-1 mg-1

None 6.79 ± 0.41

Pyr(1-10)-NH2 7.25 ± 0.59

[Ala3]Pyr(1-10)-NH2 5.31 ± 0.41

Arg-Glu-Val 3.14 ± 0.22

Figure 97.   Inhibition of ATPase activity of Hsp70-8 by 100  µM Pyr(1-10)-NH2, 

[Ala3]Pyr(1-10)-NH2 and Arg-Glu-Val.  Error bars represent the standard error.  N > 12; 

*** p < 0.001
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Chapter 4: Discussion

4.1  Homology modeling

A homology model of the SBD of Hsp70-1 was needed, because there was no 

NMR or X-ray structure of the entire SBD of Hsp70-1 available, due to the movement of 

the lid and tail reducing the resolution of those structures.  Homology modeling allows a 

structure to be generated, using the NMR and X-ray structures as templates with at least 

25% sequence similarity.  The homology model of Hsp70-1 was in good agreement with 

the available X-ray and NMR structures of related proteins.  The initial homology model 

was similar to the structures obtained throughout the extensive simulation indicating that 

the assigned structure was stable.  The structure determined by homology modeling of the 

tail region had a well defined structure that was conserved throughout the simulations, 

indicating that the initial model was a reasonable structure to use for the examination of 

lid dynamics with MD simulations and screening of Pyr analogs with GLIDE docking 

software.

4.2  MD simulations

The 50 ns MD simulations of models  A and B with the OPLS-AA/L force field 

indicated that the initial structures were unstable, with helices A and B breaking up and 

starting to unfold during the simulation.  The lid began to move over the front of the 

peptide-binding pocket instead of remaining on the top of the inner and outer loops of the 
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peptide-binding pocket.  Model  B was better than model A, because the lid had greater 

conformational  stability  and  its  structure  was  in  better  agreement  with  the  initial 

homology models and the X-ray and NMR structures of similar proteins.

In the OPLS-AA/L force field, the well-defined conformation of the lid began to 

unravel over time.  To determine whether the homology model was unstable, or the force 

field was inadequate to simulate the SBD, model A was simulated for 200 ns using the 

AMBER ff99SB-ILDN-NMR force field.  The central structure of the most populated 

cluster of model A had helices that did not break up like they did in the simulation with 

the OPLS-AA/L force field.  The SBD had more H-bonds and a lower backbone RMSD 

in the simulation with the AMBER ff99SB-ILDN-NMR force field.  This indicates that 

the initial homology model was good, and that the disruption of the conformation of the 

lid in the simulations performed with the OPLS-AA/L force field was due to the inability 

of the force field to stabilize the lid.  The AMBER ff99SB-ILDN-NMR force field has 

recently been shown to stabilize protein structures  and generate structures  that  are in 

better agreement with the structures and properties of proteins experimentally measured 

with NMR [222].

4.3  Docking

In the docking of the Pyr(1-10)-NH2 analogs to the eight receptor grids covering 

the  lid  of  Hsp70-1  with  Glide,  the  analogs  docked weakly to  the  pocket  and site  A 



167

receptor grids and most strongly to the site D, helix DE and tail receptor grids (Table 2), 

which indicates that these analogs bind to the tail and lid of the SBD of Hsp70-1, rather  

than the peptide-binding pocket, which further supports the hypothesis the Pyr binds to 

the lid and tail of Hsp70 or DnaK rather than the more conventional peptide-binding 

pocket.

In the docking with the Molegro molecular docking software, Pyr(1-10)-NH2 and 

[Ala3]Pyr(1-10)-NH2 bound to the tail  and helix  B,  which was similar  to  where they 

bound in the Glide docking to the tail receptor grid.  Since the two docking programs 

were able to successfully predict the binding site for Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-

NH2,  this increases the confidence in the binding of Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-

NH2 to the lid of Hsp70-1.  The tri-peptides bound to Hsp70-1, either between the tail and 

the β-sheets or between the tail and helix B, while the tetra-peptides bound to Hsp70-1 

with  one  or  more  residues  inside  the  peptide-binding  pocket  and  the  other  residues 

interacting with the tail or helix B which leads the way for two different approaches for 

docking inhibitors  to  the  lid.   The binding of  the  tetra-peptides  to  both  the  peptide-

binding  pocket  and  the  lid  and  tail  are  of  particular  interest  since  the  ligand  could 

potentially  act  as  a  tether  between  the  peptide-binding  pocket  and  the  lid,  further 

stabilizing the position of the lid and preventing the lid from opening.  In this approach 

the size of the peptide could be increased on both sides of the peptide-binding pocket 

allowing those added residues to interact with not just the tail and helix B, but also the 

loop between helices C and D that is in close proxcimity to the peptide-binding pocket.
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4.4  MD simulations of docked complexes

The  MD  simulations  of  the  ligand  –  Hsp70-1  complexes  were  needed  to 

determine if the binding of the ligands to the site on Hsp70-1 predicted by the docking 

programs was stable or if the ligand disassociated from Hsp70-1.  The simulations were 

also needed to determine how the ligands affected the stability and domain movement of 

the lid, which are important indicators for whether or not the ligands are able to inhibit 

the movement of the lid, which would in turn inhibit the ATPase activity of Hsp70-1.

The Pyr(1-10)-NH2 analogs that were docked to the pocket, site A, site B and site 

C receptor grids did not effect the movement of the lid.  Most of the analogs that were 

docked to the site D, helix DE, tail and tail_EEVD receptor grids , however, did restrict 

the movement of the lid.  This is in agreement with the known binding of Pyr to the tail 

and helix DE in DnaK.  The Pyr(1-10)-NH2 analogs that were docked to the tail_EEVD 

receptor, did not interact with the β-sheets, while the analogs docked to the site D, helix 

DE  and  tail  receptor  grids  interacted  with  the  tail,  helix  B  and  the  β-sheets.   The 

interaction with the β-sheets is beneficial, because it could prevent the lid from moving 

away from the peptide-binding pocket.  The most promising poses were of Pyr(1-10)-

NH2 and  pose  1  of  [Ala3]Pyr(1-10)-NH2 docked  to  the  helix  DE  receptor  grid  and 

[Ala3]Pyr(1-10)-NH2 docked to the tail receptor grid.  In addition to stabilizing the lid of 

Hsp70-1 and restricting the movement of the lid, in eigenvector 1, the movement of the 

entire lid was reduced for these Pyr(1-10)-NH2 analog – Hsp70-1 complexes.  This shows 
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that even at short (50 to 200 ns) time scales, these ligands have significantly inhibited the 

movement of the lid.  Since the movement of the lid is critically important for the activity 

of Hsp70, these ligands should have an inhibitory effect on the ATPase activity of Hsp70.

Unlike in the simulations of the Pyr(1-10)-NH2 analog – Hsp70-1 complexes with 

the OPLS-AA/L force field,  in the simulations with the AMBER ff99SB-ILDN-NMR 

force field, Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 destabilized the SBD of Hsp70-1 as 

a whole, but stabilized the lid and tail.  Principal component analysis indicated that both 

Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 restricted the movement of the lid in the 2D 

projection of the trajectories onto eigenvectors 1 and 2 and 1 and 3, but also explored 

additional  movement  in  the  eigenvector  space  indicating  the  lid  might  have  a 

conformation that is more resistant to lid movement.  

The negative free energy of binding for Pyr(1-10)-NH2  and [Ala3]Pyr(1-10)-NH2 

indicated that the binding is favorable.  The MM/PBSA estimate of the free energy of 

binding was used, because only a single MD simulation was needed.  Other methods 

require  more  extensive  simulations  such  as  umbrella  sampling,  which  are  time 

consuming, since they need to sample the entire conformational space of the ligand, the 

receptor, and the ligand – receptor complex.  This MM/PBSA method was successfully 

used to determine the change in free energy due to the replacement of single residues, 

such as in Ala-scans and provided results that were in agreement with the experimental 

values.  The large standard deviations of the free energy of binding estimates was due to 
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large changes in the free energy from one frame to another.  Another problem with this 

method is that it ignores the entropy term and assumes the conformation of the Pyr(1-10)-

NH2 analogs are the same whether or not they are bound to Hsp70-1.

A virtual  combinatorial  library of  tri-  and tetra-peptides  was  used,  because  it 

allows for the rapid testing of a large number of peptides to Hsp70-1.  The docking and 

simulations of the best poses to generate a small number of peptides to synthesize and 

evaluate  their  inhibitory  effect  on  the  ATPase  activity  of  Hsp70-1  is  less  time  and 

resource consuming than testing the inhibition of the ATPase activity by every peptide in 

a chemical combinatorial library. 

The 50 ns simulations were extended to 200 ns for the tri- and tetra-peptides that 

did not disassociate from Hsp70-1 in the first 50 ns.  Arg-Glu-Val disassociated from 

Hsp70-1 after 60 ns, but the other 6 peptides remained bound to Hsp70-1 for the entire 

200 ns simulation, indicating that these peptides formed a stable binding complex with 

Hsp70-1.   The movement  of  the  lid  was  restricted  in  the  simulations  of  Hsp70-1  in 

complex with Arg-Glu-Val, Ac-Phe-Trp-Arg-NH2, Ac-Gln-His-Trp-NH2, and Ac-His-Tyr-

Phe-His-NH2 and expanded in the simulations of Hsp70-1 in complex with His-Trp-Met 

and Trp-Lys-Gly-Tyr.  This indicates that Ac-Phe-Trp-Arg-NH2, Ac-Gln-His-Trp-NH2 and 

Ac-His-Tyr-Phe-His-NH2 are the best peptides for further study, because they remained 

bound to Hsp70-1 for the entire 200 ns simulation and restricted the movement of the lid.  

This suggests that these peptides would be inhibitors of Hsp70-1, since the binding is 
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stable and causes a restriction in the lid movement needed for Hsp70-1 to function.

4.5  Peptide synthesis

The synthesis of the [Ser214]Hsp70-1 SBD(209 – 252) lid fragment yielded a crude 

product with a single major compound with several minor compounds.  The synthesis of 

the Pyr(1-10)-NH2 analogs and tri- and tetra-peptides resulted in crude samples with only 

one or two major compounds for each peptide as determined by HPLC.  The crude yields  

were 45% for the lid fragment, 61% for Pyr, 62% to 72% for the Pyr(1-10)-NH2 analogs 

and 50% to 87% for the tri- and tetra-peptides.  The low crude yields are primarily due to 

the incomplete removal of all the resin from the reaction vessel.  ChemMatrix resins have 

a large surface area and swell in many solvents.  These resins tend to stick to the reaction 

vessel and the tubing used for transferring the resin.   Despite adding additional resin 

transfer cycles, up to 15% of the resin can be lost.  This is a weakness of the system itself, 

rather than a problem with the methodology.  Synthesis of Ar-Glu-Val had a low yield of 

only 50%, because it  is  hydrophillic  and could have incompletely precipitated in the 

ether.

4.6  Interaction of Pyr(1-10)-NH2 analogs with the lid fragment of Hsp70-1

The comparison of the ECD spectra of equimolar mixtures of two peptides and 

their calculated spectra from the addition of the spectra of each peptide by itself is a well  
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documented approach to determine if the two peptides interact.  This method works on 

the premise that if the peptides don't interact, than the spectra of the mixture and the 

calculated spectra would be identical.  If the two peptides interact and both undergo small 

conformational changes, than the two spectra would be different and the change in the 

spectra  could  indicate  what  types  of  conformational  changes  have  resulted  from the 

interaction of the two peptides.  

In  the  equimolar  mixture  of  Pyr(1-10)-NH2 and  the  lid  fragment,  the  ECD 

spectrum of the mixture was less intense then the addition spectrum indicating that the 

binding of Pyr(1-10)-NH2 to the lid fragment caused an increase in the amount of β-sheet 

and β-turn-like structure.  This conformational change was likely due to the binding of 

Pyr(1-10)-NH2 to the tail, stabilizing both structures by the formation of inter-molecular 

H-bonds increasing the amount of sheet and the stabilization of turns, thus reducing the 

amount of unordered structure.

The ECD spectrum of an equimolar mixture of [Ala3]Pyr(1-10)-NH2 and the lid 

fragment was also less intense than the addition spectrum.  The difference in intensity 

between the ECD spectra of the mixture and the addition spectra was greater for Pyr(1-

10)-NH2 indicating  Pyr(1-10)-NH2 caused  a  greater  change  in  the  structure  of  the 

complex  than  [Ala3]Pyr(1-10)-NH2.   The  ECD spectropolarimetry  verified  that  these 

ligands bind to and stabilize the conformation of the tail, which further indicated that 

these ligands likely inhibit the movement of the lid, and thus inhibit the ATPase activity 
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of Hsp70-1.

4.7  Inhibition of Hsp70-1 with Pyr(1-10)-NH2 analogs and selected tri- and tetra-

peptides

Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 inhibited the ATPase activity of Hsp70-1 

by 40% and 60% respectively.  This inhibition of the ATPase activity indicates that these 

peptides  should  be  able  to  induce  apoptosis  in  cancer  cells,  since  it  has  been  well-

documented  that  either  knocking down Hsp70-1  expression  or  inhibiting  the  ATPase 

activity of Hsp70-1 with nucleotide mimetics or PES, which like Pyr binds to the tail  

region, promotes apoptosis in cancer cells [57-59, 69, 96, 102-107, 115, 185].

The difference in the inhibitory effect of Pyr(1-10)-NH2 and Pyr on the ATPase 

activity of Hsp70-1 was not statistically significant.  This indicated that the addition of 

residues 11 to 20 of Pyr to Pyr(1-10)-NH2 had no effect on its inhibition on the ATPase 

activity of Hsp70-1.  This is important because those 10 C-terminal residues of Pyr are 

needed  to  penetrate  the  cell  membrane  and  would  be  beneficial  for  delivering  the 

inhibitory peptides into the cell.

Substitution of Ala3 with Asp, Nva and Orn led to Pyr(1-10)-NH2 analogs that had 

no inhibitory effect on the ATPase activity of Hsp70-1.  While Pyr(1-10)-NH2 inhibited 

the ATPase activity of Hsp70-1, [Orn3]Pyr(1-10)-NH2, in which the Orn side-chain is 1 
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carbon shorter  than  the  Lys  side-chain  in  Pyr(1-10)-NH2,  did  not  inhibit  the  ATPase 

activity of Hsp70-1.  This indicates that replacement of Lys or Ala at position 3 would 

likely result in the loss of inhibition of the ATPase activity of Hsp70-1.

Replacement  of  the  Tyr6 residue  in  Pyr(1-10)-NH2 with  other  aromatic  side-

chains, Trp and Phe, and with the non-aromatic Cha and Ser resulted in a set of Pyr(1-

10)-NH2 analogs that still  inhibited the ATPase activity of Hsp70-1 but by only 30% 

instead  of  the  40%  inhibition  with  [Ala3]Pyr(1-10)-NH2.   This  indicates  that  the 

substitution of Tyr6 results in a less effective inhibitor.  When Tyr6 was substituted with 

Trp in [Ala3]Pyr(1-10)-NH2, however, the resulting peptide [Ala3Trp6]Pyr(1-10)-NH2 did 

not inhibit the ATPase activity of Hsp70-1.  This suggests that Lys3 is required for the 

substitution of Tyr6.  

Arg-Glu-Val was the only tri- or tetra-peptide that had any statistically significant 

inhibition of the ATPase activity of Hsp70-1.  Arg-Glu-Val inhibited the ATPase activity 

of Hsp70-1 by 70% which was greater than the inhibitory effect of Pyr(1-10)-NH2 and 

[Ala3]Pyr(1-10)-NH2.   The inhibitory effect of Arg-Glu-Val on the ATPase activity of 

Hsp70-1 is a little surprising, since  Arg-Glu-Val disassociated from the lid of Hsp70-1 

after  60  ns  in  the  MD simulation.   This  suggests  that  either  extended  or  additional 

simulations may be needed when a ligand disassociates to determine if it can find a better 

binding site as the lid moves.
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Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 had no statistically significant inhibition 

of the ATPase activity of Hsp70-8.  Arg-Glu-Val, however, inhibited the ATPase activity 

of Hsp70-8 by 50%.  This indicates that Arg-Glu-Val is not an Hsp70-1 isotype-specific 

inhibitor, and thus could cause apoptosis in non-cancerous cells.

4.8  Conclusions and future directions

A homology  model  of  human  Hsp70-1  was  successfully  created  and  used  to 

identify potential peptide inhibitors of the ATPase activity of Hsp70-1 through docking of 

Pyr(1-10)-NH2 analogs  and  a  combinatorial  library  of  tri-  and  tetra-peptides.   With 

docking, several Pyr analogs and tri- and tetra-peptides were identified and then shown to 

form a  stable  interaction  with  Hsp70-1  and  restrict  the  movement  of  the  lid.   This 

provided  a  mechanism  by  which  these  ligands  could  inhibit  the  ATPase  activity  of 

Hsp70-1 by interfering with the opening of the lid.  Several of these peptides were then 

shown experimentally to inhibit the ATPase activity of Hsp70-1

ATPase assays of Hsp70-1 indicated that both Pyr(1-10)-NH2 and [Ala3]Pyr(1-

10)-NH2 as well as Arg-Glu-Val inhibited the ATPase activity of Hsp70-1.  Pyr(1-10)-

NH2 and Pyr both inhibited the ATPase activity of Hsp70-1 indicating that the addition of 

the 10 C-terminal residues of Pyr to Pyr(1-10)-NH2 did not affect the inhibition.  This is 

beneficial, since the 10 C-terminal residues of Pyr are important for penetrating the cell 

membrane and therefore serves as a delivery mechanism to the inside of the cell..  Pyr(1-
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10)-NH2 and [Ala3]Pyr(1-10)-NH2 did not inhibit the ATPase activity of Hsp70-8, which 

indicates that these peptides should be specific for Hsp70-1, avoiding the side-effects that 

could result from the inhibition of Hsp70-8  in human tissue.  Arg-Glu-Val did inhibit the 

ATPase activity of Hsp70-8, indicating it is not a good choice for further development as 

an inhibitory drug for the ATPase activity of Hsp70-1.

Of the twelve peptides selected from the combinatorial peptide library only one 

inhibited the ATPase activity of  Hsp70-1.   This  could  be due to  many factors.   The 

binding of the peptides to the lid, resulted in poses that had limited interactions to the lid  

of only one structure of Hsp70-1 which could cause them to disassociate from the lid in  

the MD simulations when Hsp70-1 is able to move and disrupt the interactions between 

the peptide and the lid that were in the initial pose.  Since the lid and the tail especially 

moved during the simulations, this makes finding a peptide that can remain bound during 

the movement of Hsp70-1 more challenging.  The current library screening could have 

been enhanced by docking the libraries to a set of representative structures of Hsp70-1 

from an MD simulation in which the libraries are docked to multiple structures and those 

peptides that have low docking scores for multiple structures of Hsp70-1.

Further work is needed to improve the activity of Pyr(1-10)-NH2 and [Ala3]Pyr(1-

10)-NH2.  These peptides need to be tested on cancerous and non-cancerous human cell 

lines  to  determine  if  they  inhibit  the  ATPase  activity  of  Hsp70-1  in  the  cellular 

environment and if they can cause apoptosis in cancerous cell lines.  This is an important 
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next step, because in the cellular environment Hsp70-1 is constantly interacting with it's 

co-chaperones and target proteins, which could affect the ability of these peptides to bind 

to and inhibit Hsp70-1 in the cellular environment.  Additionally, further testing is needed 

to determine if Pyr(1-10)-NH2 and [Ala3]Pyr(1-10)-NH2 inhibit the activity of any other 

Hsp70 isotypes, and if they do, how to refine the structure to increase selectivity.
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