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Abstract 
 

Project Code:   MRG5680003 
Project Title:   A Computational and Biochemical Drug Discovery Targeting Protein  
   Kinase  C Anti-Latency Agents towards the Eradication of HIV-1 Reservoirs 
Investigator:  Dr. Nuttee Suree 
Email Address:  nuttee.suree@cmu.ac.th 
Project Period:  3 June 2013 – 2 June 2015 
 

 Protein kinase C (PKC) isozymes are important regulatory enzymes that have been 
implicated in many diseases, including cancer, Alzheimer’s disease, and in the eradication of 
HIV/AIDS. Given its potential clinical ramifications, PKC modulators, e.g. phorbol esters and 
bryostatin, are also of great interest in the drug development. However, structural detail on the 
binding between PKC and its modulators, especially bryostatin—the highly potent and non-tumor 
promoting activator for PKCs, is still lacking. Here we report the first comparative molecular dynamics 
(MD) study aimed at gaining structural insight into the mechanisms by which the PKC delta activator 
domain is used in its binding to phorbol ester and bryostatin. Potential energy analysis revealed that 
PKC-bryostatin complex is energetically more favorable than either free PKC protein or the PKC-
phorbol ester complex. The indole Nε1 of the highly homologous Trp252 also forms an H-bond to the 
C20 ester group on bryostatin. Backbone fluctuations also suggest that this H-bond formation may 
abrogate the transient interaction between Trp252 and His269, thus dampening the fluctuations 
observed on the nearby Zn2+-coordinating residues.  
 Moreover, we have also applied the structural knowledge onto the development of 
computational methods for screening of 896 small molecules from the US NIH Clinical Collection 
against PKC. Virtual screening and affirmative re-docking, combined with Partial Least Squares 
(PLS) or Self-Organizing Maps (SOMs) were employed. As a result, we have identified various 
ligands that were predicted as effective PKC activators. The PLS model anticipated rolitetracycline 
and pancuronium dibromide with a predicted fold activation of 1.79 and 1.69, respectively, while the 
SOMs model predicted mecillinam and ketorolac with fold activation values of ca. 1.18. Virtual 
screening yielded telmisartan and irinotecan with binding affinity values of -8.6 and -8.2 kcal/mol, 
respectively. Reliability and accuracy of the predicted results from the computational models will 
ultimately be confirmed using our direct in vitro PKC biochemical assay, as well as a cell-based anti-
latency assay that we have successfully demonstrated in the case of bryostatin. This research could 
potentially identify small chemical candidates for reactivating cells that have been latently infected 
with HIV-1 and could lead to a functional cure for HIV-AIDS. 

Keywords: protein kinase C; molecular dynamics simulation; phorbol ester; bryostatin; binding 
mechanism  
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 โปรตนีไคเนสซ ี(PKC) เป็นกลุ่มเอนไซมท์ีeมคีวามสาํคญัต่อการสืeอสญัญาณในเซลล์และเกีeยวขอ้งกบั
โรครา้ยแรงหลายชนิด อาท ิมะเรง็ โรคอลัไซเมอร ์หรอืในการกาํจดัการตดิเชืmอเอชไอว-ี1 แบบแฝง ดงันั mนสาร
ทีeมฤีทธิ xในการกระตุน้การทาํงานของโปรตนีไคเนสซ ีอาท ิกลุ่มสารฟอรบ์อลเอสเทอร ์หรอืไบรโอสแตตนิ จงึ
ไดร้บัความสนใจเป็นอย่างมาก อย่างไรกด็ ีขอ้มูลเกีeยวกบัการจบัเกาะของสารกลุ่มนีmกบัโปรตนีไคเนสซยีงัมี
จาํกดั โดยเฉพาะอยา่งยิeงสาํหรบัไบรโอสแตตนินั mน ยงัไม่เคยมรีายงานก่อนหน้าใดทีeเกีeยวขอ้งกบักลไกการจบั
เกาะ ดงันั mนผู้วิจยัจึงทําการศกึษาด้วยการเปรียบเทยีบพลศาสตร์โมเลกุลจําลอง (molecular dynamics 
simulations) ของโครงสรา้งโปรตนีไคเนสซทีีeจบัเกาะด้วยฟอรบ์อลเอสเทอร ์หรอืไบรโอสแตตนิ ณ ตําแหน่ง
บรเิวณจบักบัตวัเร่งของโปรตนี ค่าพลงังานศกัยข์องการเกดิโครงสรา้งเชงิซอ้นระบุว่า เมืeอโปรตนีไคเนสซจีบั
กบัไบรโอสแตตินนั mน จะมีเสถียรภาพมากกว่าขณะจับกบัฟอร์บอลเอสเทอร์หรือแม้กระทั eงโปรตีนเปล่า 
เสถยีรภาพนีmเกดิจากการสรา้งพนัธะไฮโดรเจนระหว่างอะตอม Nε1 ของวงอนิโดล (indole) ในกรดอะมโินทรปิ
โตฟาน 252 ของโปรตนีไคเนสซ ีกบัหมเูอสเทอร ์ณ ตําแหน่ง C20 ของไบรโอสแตตนิ ค่าการแปรปรวนเชงิ
พลศาสตร ์(dynamics fluctuation) ชีmว่า เดมิกรดอะมโินทรปิโตฟาน 252 นั mนมอีนัตรกริยิากบักรดอะมโินฮสิติ
ดนี 269 ซึeงเป็นหนึeงในศนูยก์ลางจบักบัโคแฟกเตอร ์Zn2+ และการแปรผนัทศิทางของทรปิโตฟานนั mนทาํใหเ้กดิ
ความไม่เสถยีรของโครงสร้าง เมืeอทรปิโตฟานจบักบัตวัยาไบรโอสแตตนิแล้วนั mน การแปรผนัทศิทางจงึถูก
จาํกดั และกอ่ใหเ้กดิเสถยีรภาพขึmนในโครงสรา้งใกลเ้คยีงโดยรวมขึmนได ้
 ผูว้จิยัยงัไดนํ้าความรูใ้นดา้นโครงสรา้งโมเลกลุโปรตนีไคเนสซมีาช่วยในกระบวนการคน้หาตวัยาใหม่
ทีeมีฤทธิ xกระตุ้นการทํางานของโปรตีนโดยทําการคดัเลือกในฐานข้อมูลสารคล้ายยาของสถาบันสุขภาพ
สหรฐัอเมรกิาจํานวน 896 สาร เมืeอศกึษาการจบัเกาะดว้ย molecular docking และการทาํการทดลองเชงิ
ชวีเคมแีลว้จงึไดว้เิคราะหต่์อดว้ยแบบจําลองคณิตศาสตรส์องชนิดคอื Partial Least Squares (PLS) และ 
Self-Organizing Maps (SOMs) ผลของ virtual screening และ molecular docking ทาํใหค้น้พบสารคลา้ยยา
บางตวัทีeอาจมฤีทธิ xกระตุ้นการทํางานของโปรตนีไคเนสซ ีอาท ิrolitetracycline, pancuronium dibromide, 
mecillinam, ketorolac, telmisartan และ irinotecan นอกจากนีmผูว้จิยัยงัไดนํ้าเอาวธิกีารทดสอบฤทธิ xของสาร
คลา้ยยาในการกระตุน้ออกจากการตดิเชืmอเอชไอว-ี1 แบบแฝงโดยอาศยัเซลล์ทดลองจําเพาะ มาทดลองใชก้บั
สารไบรโอสแตตนิ และพบว่าประสบผลสําเรจ็เป็นอย่างด ีซึeงจะสามารถนําไปใชต่้อในการศกึษาผลของยา
ตวันําทีeคน้พบไดเ้หล่านีmในระดบัเซลล์ดงักล่าวต่อไป ดงันั mน งานวจิยันีmเป็นวธิกีารใหม่ทีeบูรณาการการคน้คว้า
หาตวัยาโดยวิธีการคํานวณด้วยคอมพวิเตอร์และทางชวีเคมเีขา้ด้วยกนั เพืeอนําไปสู่การกําจดัการติดเชืmอ 
เอชไอว-ี1 แบบแฝงและรกัษาหายขาดได ้ 
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Executive Summary 
เชืmอเอชไอว-ี1 (HIV-1, Human Immunodeficiency Virus-1) เป็นไวรสัทีeทาํใหเ้กดิโรคเอดส ์(AIDS, 

Acquired Immune Deficiency Syndrome) ถงึแมว้่าสาเหตุของการเกดิโรคนีmจะไดร้บัการคน้พบเมืeอกว่า 35 ปี
ก่อน (1) และมกีารพฒันายาเพืeอนํามารกัษาบําบดัอย่างต่อเนืeองเรืeอยมา แต่ก็ยงัไม่มวีิธีการทีeจะรกัษาให้
หายขาดได้ และยงัไม่มวีคัซนีทีeช่วยป้องกนัการตดิเชืmอ โรคเอดส์จงึยงัเป็นปญัหาสําคญัในระดบัโลก โดย
สถานการณ์เอดสล์่าสดุในปี 2555 มจีาํนวนผูต้ดิเชืmอทั eวโลกประมาณ 35 ลา้นคน และจํานวนผูต้ดิเชืmอรายใหม่
ถงึกว่า 2.1 ลา้นคนภายในปี พ.ศ. 2555  

ในประเทศไทยนั mน จากการจดัอนัดบัการสูญเสยีปีสุขภาวะของประชากรไทยระหว่าง พ.ศ. 2554 
พบว่าโรคเอดส์เป็นสาเหตุอนัดบัหกในประชากรชาย และอนัดบัเกา้ในประชากรหญงิ ซึeงอาจเป็นผลมาจาก
การใชย้าตา้นไวรสัทีeมปีระสทิธภิาพสงู (highly active antiretroviral therapy–HAART) อย่างไรกด็ ีกระทรวง
สาธารณสขุและสาํนกังานคณะกรรมการพฒันาการเศรษฐกจิและสงัคมแห่งชาตยิงัไดค้าดการณ์ไวว้่าภายในปี 
พ.ศ. 2563 จะยงัคงมจีํานวนผูต้ดิเชืmอเอชไอวสีะสมในประเทศไทยประมาณ 1,250,000 คน ยิeงไปกว่านั mน 
สาํนกันโยบายสาํนกัยุทธศาสตร ์กระทรวงสาธารณสุขยงัไดก้ล่าวว่า นอกจากประเทศไทยจะเผชญิกบัปญัหา
การควบคมุป้องกนัการแพรร่ะบาดของโรคแลว้ ยงัมปีญัหาการเขา้ถงึยาตา้นไวรสัทีeมรีาคาแพงทีeทาํใหต้อ้งเสยี
ค่าใชจ้่าย โดยเฉพาะยาตา้นไวรสัขั mนพืmนฐาน และการรกัษาโรคฉวยโอกาสต่างๆ ถงึ 85,000 บาทต่อคนต่อปี 
และมกีารประมาณการว่าหากเยาวชนตดิเชืmอเอดสต์ั mงแต่อายุ 20 ปี อาจตอ้งดูแลรกัษานานกว่า 20 ปี ทาํใหม้ี
ค่าใชจ้่ายราวคนละ 2 ลา้นบาท ซึeงในกรณีทีeเชืmอดืmอยากจ็ะตอ้งเสยีค่าใชจ้่ายเพิeมเป็นถงึ 4 ลา้นบาทต่อคน จงึ
นับได้ว่าปญัหาการตดิเชืmอไวรสัเอชไอวแีละการเกดิโรคเอดส์ยงัคงเป็นปญัหาทีeรุนแรง เรืmอรงั และตอ้งได้รบั
การจดัการทีeดอียา่งเรง่ด่วน (2) 
 ในปจัจุบนัองค์การอาหารและยาแห่งประเทศสหรฐัอเมรกิา (The U.S. Food and Drug 
Administration, U.S. FDA) ไดอ้นุมตักิารใชย้าต้านไวรสัเอชไอวจีํานวนทั mงสิmน 23 ตวัยา และ 7 สตูรยา
ผสมผสาน การบําบดัตา้นไวรสัประสทิธภิาพสงูหรอื highly active antiretroviral therapy (HAART) นั mน 
สามารถลดปรมิาณเชืmอไวรสัทีeตรวจพบในกระแสเลอืด (viral load) ไดถ้งึระดบัทีeไม่สามารถตรวจพบไดด้ว้ย
เทคนิคการตรวจสอบ (undetectable level) (3) อย่างไรกต็าม ผลทีeตามมาอกีรปูแบบหนึeงของการบําบดันีmคอื
การดืmอยาของเชืmอไวรสัทีeมอีตัราการเปลีeยนแปลงพนัธุกรรมสูงมาก ดงันั mน การพฒันายาตวัใหม่ๆ ทีeสามารถ
นํามาช่วยบําบดัรกัษาการตดิเชืmอไวรสัจงึยงัคงมคีวามจําเป็นอย่างยิeงยวดในการจดัการกบัโรคตดิเชืmอชนิดนีm 
(4) ยิeงไปกว่านั mน ในปจัจุบนักย็งัมคีวามต้องการเป็นอย่างยิeงสําหรบัยาต้านเชืmอเอชไอวทีีeมผีลขา้งเคยีงน้อย 
สะดวกในการใชง้าน และราคาไม่แพงจนเกนิไป เพราะเป็นไปได้ว่า หากเรายงัไม่มยีาหรอืวธิกีารทีeจะรกัษา
โรคนีmใหห้ายขาดได ้การตดิเชืmอเอชไอวกีจ็ะยงัคงเป็นโรคเรืmอรงัทีeตอ้งไดร้บัการบําบดัต่อเนืeองทีeสาํคญัทีeสุดของ
โลก ผลกัดนัทาํใหต้อ้งมกีารบาํบดัดว้ยยาไปตลอดอกี 20 กว่าปีขา้งหน้า (4) ดงันั mน งานวจิยัดา้นการพฒันายา
นีm หากประสบความสาํเรจ็ จะทาํใหเ้กดิวธิกีารบําบดัใหม่ทีeเป็นตวัเลอืกอกีตวัหนึeงสาํหรบัผูต้ดิเชืmอเอชไอวแีละ
ผูป้่วยโรคเอดส์ วิธกีารทีeพฒันาได้กจ็ะสามารถกลายเป็นนวตักรรมใหม่ทีeช่วยในศาสตร์การพฒันายาอืeนๆ 
ต่อไป ทั mงนีmทั mงนั mน ความรูท้ีeจะได้จากการทําวจิยันีm จะได้ช่วยทําให้ประเทศไทยก้าวเขา้สู่ความเป็นเลศิทาง
งานวจิยัเชงิเวชเคม ีและมคีวามเขา้ใจการตดิเชืmอเอชไอวมีากยิeงขึmน ซึeงในอนาคตเราอาจจะสามารถคน้พบ
วธิกีารรกัษาโรคตดิเชืmอชนิดนีmใหห้ายขาดกเ็ป็นได ้

สาเหตุทีeการตดิเชืmอไวรสัเอชไอวยีงัไม่มวีธิกีารทีeสามารถรกัษาใหห้ายขาดได ้และการทีeผูป้่วยตอ้งรบั
การบําบดัรกัษาด้วยยาไปตลอดชวีิตนีm ส่วนหนึeงก็เนืeองมาจากการติดเชืmอในเซลล์เม็ดเลือดขาวชนิดจดจํา 
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memory CD4+ T cells หรอืเซลล์ยั eงยนือืeนๆ ทีeเขา้สู่ในสภาวะแฝง (resting latency) (5) ในสภาวะนีmเซลล์จะ
ไม่มกีารแสดงออกของยนีไวรสัทีeได้ถูกแทรกลงไปในดเีอน็เอของเซลล์มนุษย์ทีeถูกตดิเชืmอ จงึไม่สามารถถูก
ตรวจพบหรอืแยกแยะไดเ้ลยจากระบบภูมคิุม้กนัของร่างกาย และเมืeอใดทีeถูกกระตุน้ออกมา เซลล์เหล่านีmกจ็ะ
ทาํการแสดงออกของยนีไวรสัออกมาไดอ้กี จงึเป็นสาเหตุทีeทาํใหผู้ป้ว่ยตอ้งรบัการบําบดัรกัษาดว้ยยาไปตลอด 
ในทางทฤษฎีแล้ว ยาทีeสามารถยอ้นคนืสภาวะการแฝง อาจทําใหย้นีของไวรสัทีeได้ฝงัตวัอยู่เหล่านั mนแสดง
ออกมา กลายเป็นอารเ์อน็เอและโปรตนีของไวรสั และเป็นเชืmอไวรสัตวัใหม่ อนัเป็นกระบวนการทีeเราสามารถ
จะกําจดัได้ด้วยตวัยาแบบ HAART เซลล์ทีeถูกกระตุ้นออกมากอ็าจจะตายไปเองจากกระบวนการการสรา้ง
ไวรสั หรอืถูกทาํลายไดด้ว้ยระบบภูมคิุม้กนัของร่างกาย (6) ดงันั mนการรกัษาใหห้ายขาดอาจเป็นไปได ้หากมี
ยาทีeสามารถกระตุน้เซลลต์ดิเชืmอแบบแฝงเหล่านีmออกมาถกูทาํลายจนหมดไป (7,8)  

โครงการวจิยัฉบบันีm จงึมวีตัถุประสงคห์ลกัเพืeอทาํการคน้ควา้ยาเพืeอรกัษาการตดิเชืmอเอชไอวแีบบแฝง 
โดยมเีป้าหมายยาเป็นโปรตนีไคเนสซ ี(protein kinase C - PKC) อาศยัวธิกีารบูรณาการเอาศาสตรแ์ละ
เทคโนโลยทีางการคาํนวณดว้ยคอมพวิเตอร ์มาผสมผสานกบัการทดลองทางชวีเคมแีละเซลล์ทดลอง เพืeอให้
เกดิเป็นกระบวนการพฒันายาแบบใหมท่ีeมปีระสทิธผิลสงู และอาจนําไปสู่วธิกีารรกัษาโรคตดิเชืmอเอชไอวแีบบ
หายขาดไดใ้นอนาคต นอกจากนีmโปรตนีไคเนสซ ี ยงัเป็นกลุ่มเอนไซม์ทีeมคีวามสําคญัต่อการสืeอสญัญาณใน
เซลลแ์ละเกีeยวขอ้งกบัโรครา้ยแรงหลายชนิด อาท ิมะเรง็ โรคอลัไซเมอร ์หรอืในการกาํจดัการตดิเชืmอเอชไอว-ี1 
แบบแฝง ดงันั mนสารทีeมฤีทธิ xในการกระตุน้การทาํงานของโปรตนีไคเนสซ ีอาท ิกลุ่มสารฟอรบ์อลเอสเทอร ์หรอื
ไบรโอสแตตนิ จงึไดร้บัความสนใจเป็นอย่างมากในวงการวทิยาศาสตรก์ารแพทยแ์ผนใหม่ อย่างไรกด็ ีขอ้มลู
เกีeยวกบัการจบัเกาะของสารกลุ่มนีmกบัโปรตนีไคเนสซยีงัมจีํากดั โดยเฉพาะอย่างยิeงสาํหรบัไบรโอสแตตนินั mน 
ยังไม่มีรายงานก่อนหน้าใดทีeเกีeยวข้องกับกลไกการจับเกาะเลย ดังนั mนผู้วิจัยจึงทําการศึกษาด้วยการ
เปรยีบเทยีบพลศาสตรโ์มเลกุลจําลอง (molecular dynamics simulations) ดว้ยคอมพวิเตอรข์องโครงสรา้ง
โปรตีนไคเนสซีทีeจบัเกาะด้วยฟอร์บอลเอสเทอร์ หรือไบรโอสแตติน ณ ตําแหน่งบริเวณจบักบัตวัเร่งของ
โปรตนี ค่าพลงังานของการเกดิโครงสรา้งเชงิซ้อนระบุว่า เมืeอโปรตนีไคเนสซจีบักบัไบรโอสแตตนินั mน จะมี
เสถยีรภาพมากกว่าตอนจบักบัฟอร์บอลเอสเทอรห์รอืแมก้ระทั eงโปรตนีเปล่า เสถยีรภาพนีmเกดิจากการสรา้ง
พนัธะไฮโดรเจนระหว่างอะตอมบนกรดอะมิโนทริปโตฟาน 252 ของโปรตีนไคเนสซี กบัหมูเอสเทอร์ ณ 
ตําแหน่ง C20 ของไบรโอสแตตนิ ค่าการแปรปรวนเชงิพลศาสตร ์(dynamics fluctuation) ชีmว่า เดมิการแปร
ผนัทศิทางของทรปิโตฟานนั mนทาํใหเ้กดิความไม่เสถยีรของโครงสรา้ง แต่เมืeอทรปิโตฟานหนัเขา้มาจบักบัตวั
ยาไบรโอสแตตนิแล้วนั mน การแปรผนัทศิทางดงักล่าวจงึถูกจํากดัและก่อใหเ้กดิเสถยีรภาพขึmนในโครงสรา้ง
ใกลเ้คยีงโดยรวมขึmนได ้

ในขั mนประยุกต์ใชง้านนั mน ผูว้ ิจยัยงัได้นําความรู้ในด้านโครงสรา้งโมเลกุลโปรตีนไคเนสซีมาช่วยใน
กระบวนการคน้หาตวัยาใหมท่ีeมฤีทธิ xกระตุน้การทาํงานของโปรตนี โดยทาํการคดัเลอืกในฐานขอ้มลูสารคลา้ย
ยาของสถาบนัสุขภาพสหรฐัอเมรกิาจํานวน 896 สาร เมืeอศกึษาการจบัเกาะดว้ยคอมพวิเตอรแ์ละการทาํการ
ทดลองเชงิชวีเคมแีล้วจงึไดว้เิคราะหต่์อดว้ยแบบจําลองคณิตศาสตรส์องชนิด ซึeงมคีวามสมัพนัธ์เชงิเสน้ตรง
และชีmใหเ้หน็ว่าสามารถนําแบบจาํลองนีmมาใชใ้นการทาํนายฤทธิ xกระตุน้การทาํงานของโปรตนีไคเนสซขีองสาร
คลา้ยยาไดจ้รงิ ผลของการจําลองการจบัเกาะดว้ยคอมพวิเตอรท์ําใหค้น้พบสารคลา้ยยาบางตวัทีeอาจมฤีทธิ x
กระตุ้นการทํางานของโปรตีนไคเนสซี อาท ิrolitetracycline, pancuronium dibromide, mecillinam, 
ketorolac, telmisartan และ irinotecan นอกจากนีmผูว้จิยัยงัไดนํ้าเอาการทดสอบฤทธิ xของสารคลา้ยยาในการ
กระตุน้ออกจากการตดิเชืmอเอชไอว-ี1 แบบแฝงโดยวธิเีซลล์ทดลองจําเพาะ มาทดลองใชก้บัสารไบรโอสแตตนิ 
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และพบว่าประสบผลสาํเรจ็เป็นอยา่งด ีซึeงจะสามารถนําไปใชต่้อในการศกึษาผลของยาตวันําทีeคน้พบไดเ้หล่านีm
ในระดบัเซลลด์งักล่าวต่อไป  

ดงันั mนงานวจิยันีm นอกจากจะเป็นการศกึษาความรูพ้ ืmนฐาน (basic science) เชงิโครงสรา้งของการจบั
เกาะตวัยาของโปรตนีเป้าหมายยาทีeมคีวามสําคญัมากแล้ว ยงัเป็นการประยุกต์สรา้งวธิกีารใหม่ทีeบูรณาการ
การคน้ควา้หาตวัยาดว้ยวธิกีารคาํนวณดว้ยคอมพวิเตอรแ์ละทางชวีเคมเีขา้ดว้ยกนัอย่างผสมผสาน เพืeอเป็น
การประหยดัเวลาและงบประมาณทีeใชใ้นการพฒันายาโดยทั eวไปทีeอาจทาํไดย้ากในประเทศไทยหรอืในวงการ
การศกึษา และอาจจะสามารถนําไปประยุกต์ใชก้บัการพฒันายาสาํหรบัโรครา้ยแรงหรอืโรคอุบตัใิหม่อืeนๆ ได้
อกีดว้ย ผลการทดสอบยาทีeระบุไดน้ั mน ยงัจะสามารถนําไปสูก่ารกาํจดัการตดิเชืmอเอชไอว-ี1 แบบแฝง และสูก่าร
รกัษาโรคตดิเชืmอแบบหายขาดไดใ้นอนาคต  
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Introduction to the Research Problem and Its Significance 
 

 Human immunodeficiency virus-1 (HIV-1) is the causative agent of the acquired 
immunodeficiency syndrome (AIDS). The development of drugs for HIV infection began soon 
after the virus was discovered 34 years ago (1), but there is still no cure or vaccine to protect 
against HIV infection. Thirty-five million people were living with HIV in 2012 (9) and facing 
numerous uncertainties about the best way to manage the disease. So far, the U.S. Food and 
Drug Administration (U.S. FDA) has approved 23 drugs and 7 drug combinations, which are 
mainly either reverse transcriptase (RT) or protease (PR) inhibitors. There are only 3 recently 
approved drugs those are targeting other steps of the HIV-1 life cycle: Maraviroc (an entry 
inhibitor targeting human co-receptor CCR5); Enfuvirtide (a peptide-mimic fusion inhibitor); and 
Raltegravir (targeting HIV-1 integrase, IN) (10). Currently, highly active antiretroviral therapy 
(HAART) composed of an HIV RT with PR or IN inhibitors successfully suppresses HIV viral 
load to an undetectable level (3). However, the effect of this therapy is compromised by 
emergence of resistant HIV strains. Therefore, there are great demands in continuing 
developing new agents for the treatment of HIV/AIDS.  

 For the past 30 years, the focus of drug discovery for HIV has been almost entirely on 
developing drugs targeting active viral replication. Although this development has 
unquestionably yielded tremendous benefits to the patients and prolongs their life expectancy 
considerably, this strategy also has its limitations. Most notably, it is not a cure, as the patients 
must take the anti-viral drugs every day for the rest of their lives. Subtle toxicities associated 
with the drugs also accumulate over decades, causing inflammation and immune dysfunction 
that have detrimental consequences. Moreover, although the viraemia is reduced, low levels of 
viral replication still persist, causing the exhaustion of immune system from battling with 
persistent infection (6,11,12).  

 Furthermore, it is likely that HIV will be one of the most common chronic infectious 
diseases in the world, forcing the drive for HIV pharmacotherapy for the next 20 years (4). 
Undoubtedly, the global resources necessary to provide complex drug regimens for those who 
need them, for many decades, are limited. Hence, it is imperative for us to develop a new 
therapeutic strategy to completely eradicate the virus from the body after a limited intervention. 
In other words, we need an effective cure for HIV infection (6,7,13). 

 Although HAART has been highly effective in suppressing HIV-1 infection and reduce 
the viraemia to undetectable level (<50 copies of viral RNA in 1 mL of the plasma, as detected 
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by PCR), this is far from an eventual eradication or a complete cure. The persistence of 
quiescent HIV infection within a small population of long-lived CD4+ T cells is currently a major 
obstacle to this goal (14,15). These latently infected cell reservoirs do not express viral 
proteins; thereby remain invisible to the immune surveillance. However, if activated, these cells 
can restart new rounds of viral replication, giving rise to new infection in other bystander cells, 
and hence forcing the patients to remain on the drugs indefinitely. In theory, drugs that can 
reverse viral latency within the quiescent cells should lead to viral expression, producing HIV 
RNA and proteins, as well as newly assembled viral particles. This process should result in 
killing of these cells or they may be eliminated naturally by the patient’s immune system. 
Therefore, a cure might be possible if the latent virus in all infected cells can be forced out of 
its latent state, leading ultimately to the death of the cells and to the elimination of the viral 
reservoir (5,15-22). Such a potential therapeutic approach is known as 'shock and kill'. 

  To this end, we aimed to develop an initial drug discovery scheme by targeting a 
physiological mechanism that can reverse HIV-1 latency in quiescent cells, namely the human 
protein kinase C (PKC) enzymes. We have applied our knowledge and expertise in 
computational biochemistry, biochemical screening and assays, virology, as well as in vitro cell 
immunology to help propel this drug development. Focus was placed on commercially 
available compounds and/or approved drugs in order to shorten the length of time spent during 
the lead optimization steps. If successful, this drug discovery scheme can become a 
prototypical pipeline for accelerated drug development under limited resources and for many 
emerging diseases. Ultimately, the discovered compounds will be optimized further and tested 
in vivo for their efficacy in reversing the viral latency. Nonetheless, this work will lay a novel 
foundation for future discoveries and knowledge in finding a cure for HIV diseases. 
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Literature Review 
 

 In the past 25 years, an unprecedented success has been achieved in the drug 
discovery for HIV/AIDS, as evidenced by many highly active antiretroviral therapeutic drugs 
approved and available to the patients, even more so than those for other viral infections 
combined (23). The currently available drugs, approved by the U.S. FDA, can be divided into 
seven categories: nucleoside reverse transcriptase inhibitors (NRTIs), nucleotide reverse 
transcriptase inhibitors (NtRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), 
protease inhibitors (PIs), fusion inhibitors (FIs), co-receptor inhibitors (CRIs), and integrase 
inhibitors (INIs). However, the use of these drugs can be limited due to their toxicity (24), 
development of drug resistance (25), and more importantly the fact that some of the newly 
infected patients are carrying the virus strains that are already resistant to the approved AIDS 
treatments (26). Some approved drugs also possess serious side effects that could shorten 
lifespan of a patient dramatically. Hence, both new therapeutic agents and novel mechanisms 
of inhibition are urgently needed (23,27). 

 In an ongoing effort to help develop novel anti-HIV molecules for complete eradication 
of HIV-1, we aimed to establish a drug discovery campaign targeting the latency mechanism of 
the virus. The purpose of such strategy was to reactivate the latently infected cells from 
quiescent state to become susceptible and destroyed by HAART. The background information 
and rationale for the project are described below.   

HIV Latency and Protein Kinase C (PKC) Enzyme 
 In an activated CD4+ T cell, once the cell has been infected and the viral DNA has 
been integrated into the host’s genome, transcription of the integrated viral DNA can be 
facilitated by both cellular transcription factors or the viral transcription activator-Tat. This gives 
rise to the production of the viral proteins, which will be assembled with the newly transcribed 
viral RNA, and subsequently formed into a new HIV particle; then the infected T cells generally 
undergo apoptosis (4,24,28-30). In contrast, in latently infected T cells the viral life cycle is 
arrested after integration, and these quiescent T cells with HIV-integrated genome possess a 
very long half-life equivalently to some normal uninfected cells. These latently infected cells 
become a replication competent reservoir for HIV that cannot be reached by HAART. Once 
HAART regimen is interrupted, the latent cells can be activated and the viral production 
resumes, causing a rebound in HIV viraemia that can be observed in nearly all patients 
(30,31). 
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 Several clinical trials were attempted to completely eradicate HIV-1 infection by 
activating these quiescent and long-lasting infection using cellular activators such as 
Muromonab-CD3 (trade name Orthoclone OKT3, marketed by Janssen-Cilag) or interleukin 
(IL)-2 (32-37). Though genotypic alterations of the viral reservoir were observed, the overall 
effect in complete activation and eradication was not achieved. Since then, the list of 
candidates includes small hydrophobic agents such as phorbol ester compounds (38), as well 
as bryostatin-1, a macrolide lactone (39). This family of compounds was found to modulate the 
protein kinase C (PKC) pathway, which ultimately induces latent HIV-1 expression (38,39). 
This discovery gave rise to the concept of ‘shock and kill’ strategy to eradicate the infection by 
specifically activating the latently infected cells, upregulating the latent HIV-1 genes in the 
quiescent reservoir, and can be combined with HAART drugs to get rid of the virus completely.   

 To reverse the latency, PKC is a logical target due to its regulation of HIV-1 
transcription via multiple mechanisms. First, PKC activates the transcription factor NF-κB, 
which binds to several enhancer sites of the HIV-1 long terminal repeat (LTR) in the integrated 
genome (40). Second, PKC activates AP-1 (c-Jun) transcription factor that binds to both HIV-1 
enhancer and to its downstream sequence elements (41-43). Finally, PKC also phosphorylates 
the viral transcription activator—Tat (a virally encoded accessory protein required for 
transcription elongation to produce full-length HIV-1 RNAs), as well as cellular TAR-binding 
factors, which directly activate the viral transcription (44,45).  

 Normally, PKC is activated by mitogens, antigens or other extracellular ligands through 
the lipid second messenger called 1,2-diacylglyceral or DAG, which binds to the C1 regulatory 
domain of PKC. This process thereby exposes the catalytic domain of PKC by displacing a 
restrictive pseudosubstrate region and induces its translocation to the plasma membrane. PKC 
are categorized into at least 12 different serine/threonine kinase isozymes, each with different 
cellular localizations, responses to inducers, and substrate specificity. Calcium-dependent 
classical PKC isoforms (cPKCs), which include PKCs α, βI, βII, and γ, require calcium for their 
activity. Calcium-independent isoforms or novel PKC (nPKC) (δ, ε, η, and θ) are independent 
to calcium but still DAG-responsive. A third class of PKCs are atypical isoforms, which include 
PKCs ξ, and λ/l, are not responsive to either calcium or DAG (46-48). 

 



5 
 

PKC Modulator Compounds 
 Potent and long-lasting PKC activation can be achieved by many naturally occurring 
compounds such as phorbol esters (fig. 1), teleocidins, and some macrocyclic lactones such 
as the bryostatins or aplysiatoxins. Nonetheless, most of these compounds have serious side 
effects such as tumor promotion, local irritation, platelet aggregation and activation of 
inflammatory cytokines, rendering tremendous problem in applying them as human 
therapeutics (38,46-49). Moreover, their highly complex structures also hinder the organic 
modification process by chemical synthesis. Therefore, recent studies have been focusing on 
the use of pharmacophore- and receptor-guided approaches to design DAG analogues that 
can bind tightly to the C1 domain of PKC (50). DAG lactones (Figure 1) are a group of 
compounds that have been found to mediate specific activation of PKC isotypes and their 
translocation to cellular compartments (51). However, chemotherapeutic treatments that can 
markedly accelerate the process of reservoir decay and yield minimal side effects have yet to 
be discovered, in order to advance toward the goal of curing HIV-1 infection.  

                                

               Phorbol Ester                               DAG                            DAG Lactone  

Figure 1. Chemical structures and corresponding pharmacophores on phorbol ester, DAG, and DAG 
lactones. 

Drug Discovery: Bottlenecks and Modern Techniques 
 The development of a new drug is a lengthy, complicated, costly and highly risky 
process (Figure 2). Moreover, it is estimated that only approximately 1 in 15-25 drug 
candidates survives the detailed safety and efficacy testing, both in animals and in humans 
(52,53). Some drugs that have been brought to market may never recover their costs of 
development in the competitive marketplace (53). Undoubtedly, this is a high-stakes, long-
term, risky process, but the potential outcomes that could benefit millions of patients with 
serious diseases provide a great motivation to medicinal chemists, both in the pharmaceutical 
industry and in academia. 
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Figure 2. A General Pipeline of a Drug Discovery. De novo drug discovery and development is a ~10–17 
year process from idea to marketed drug. The probability of success is generally lower than 10%. ADMET, 
absorption, distribution, metabolism, excretion and toxicity; EMEA, European Medicines Agency; FDA, Food 
and Drug Administration. (Figure adapted from Ref. (20))   

 One of the big problems in the drug development pipeline that causes a ‘bottleneck’ 
and impedes the progress occurs between the lead optimization and the evaluation of the 
absorption, distribution, metabolism, excretion and toxicity (ADMET) (52-55). This issue stems 
from having too much emphasis on in vitro screening of compounds against molecularly 
defined targets (53). The in vivo animal models for pharmacokinetic and pharmacodynamic 
studies, though necessary, are very expensive and, sometimes, do not represent human 
metabolism. Modern drug development concepts have addressed these issues by 
incorporating the in vitro and in silico screens that are predictive of human pharmacokinetic 
performance. Permeability and transporter assays have also been developed to characterize 
drug uptake into organs (52-55). Nonetheless, further in vivo testing is then required to show 
that the compound attains levels at the target organ commensurate with achieving the desired 
biological effect that is proposed to result from the in vitro activity. 

 Computational techniques have become more advanced and essential components for 
many drug discovery campaigns, from hit identification (virtual screening), to lead design and 
optimization (de novo design), ADMET prediction, and beyond (56-58). Docking of small 
molecules into the drug target binding sites remains a highly effective method in the in silico 
application (54,59). Once the simulated version of the mode of action has been verified, a 
high-throughput search—a virtual screening—can then be used to identify ‘hit’ compounds. 
Similar calculations can also be adapted during the lead optimization and/or novel designs, 
where modifications to known pharmacophores can quickly be tested in computer models 
before the actual in vitro testing. Incorporating of reliable computational techniques should help 
accelerate the drug discovery pipeline dramatically.   
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Objectives 
 

 The main objective of this project was to develop a novel and efficient 
chemotherapeutic treatment for HIV/AIDS by focusing on tackling the latency mechanism of 
the viral infection that can be reversed via protein kinase C pathway. Ultimately, we aimed to 
identify a few drug candidates that can be advanced toward pre-clinical (animal) testing. The 
structural knowledge gained from the structure-activity relationship and molecular dynamics 
studies would also provide basic understanding of the target proteins. This study mainly 
concentrated on the initial discovery steps, using an innovative multifaceted drug development 
approach, which attacked several technical problems in parallel to ensure the chance of 
success. We have established a multi-pronged strategy to overcome multiple issues commonly 
found in a drug discovery campaign. Specifically, there were two main aspects of the proposed 
strategy, which coincided with two objectives of this work.  

Objective 1) To investigate structural detail of the binding and to optimize virtual docking 
protocols for anti-HIV-1 latency, targeting PKC, and for a practical virtual screening platform. 

 To maximize productivity and reduce costs associated with traditional drug discovery, 
we have implemented computational methods to aid the initial drug screening. The optimized 
molecular docking and virtual screening platforms were expected to yield multiple ‘hit’ 
compounds that can be readily purchased and subsequently tested biochemically. To further 
optimize the leads identified from this approach, we also used advanced computational 
techniques such as molecular dynamics (MD) simulations to gain structural insights into the 
binding of known potent ligands, namely bryostatin. Based on the structural dynamics 
information, we hoped to implement an automated ligand assembly to yield new candidates. 
Only outstanding candidates with high predicted potency will be further biochemically tested in 
the future. 

Objective 2) To develop in vitro biochemical and cell-based assays for evaluating efficacy of 
the drug candidates. 

 To validate the virtual screening and molecular docking, we used previously 
established biochemical assay to guide the prediction, and cell-based assays to evaluate the 
small chemical compounds identified from objectives 1. These assays will be further improved 
during the next phase of discovery to gain molecular insights into the mode of action of the 
candidate compounds. 
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Research Methodology 

Equipment 
 - Three personal computers (PCs, Intel Core i7) 
 - Two refrigerators, 4 Celsius, non-automatic defrosting (for chemicals and for media/ 

antibodies) 
- Two freezers, -20 Celsius, (for chemicals and for media) 
- One deep freezer, -80 Celsius (for cells, viruses, cytokines, sera, plasma samples etc.) 
- One microcentrifuge with plate spinning 
- Micropipettes, single- and multi-channel 
- Multi-well dropper 
- Ultrasensitive balance 
- Vortex mixer 
- Temperature controlled waterbath 
- Magnetic stirrer  

Molecular Docking 
Preparation of protein structure 

The co-crystal structure of the cys2 activator binding domain of PKCδ with phorbol 13-
acetate (PRB) (PDB ID: 1PTR)(60) was retrieved from the RCSB Protein Data Bank. The PRB 
structure at the binding site of the complex was isolated from the protein structure using 
Accelrys Discovery Studio 4.0. The protein structure was then converted from ‘pdb’ into a 
‘pdbqt’ format using AutoDockTools (ADT). Resolution of the three-dimensional grid box (x, y 
and z) was set as 30×30×30 with a grid spacing of 0.375 Å. The grid center, which is based 
on the original ligand, was set to 10.903 Å, 26.391 Å and 24.495 Å for x, y and z dimensions, 
respectively. 
 
Preparation of ligand structures 

The PKC activator, bryostatin 1, structure was sketched as a ‘mol2’ file using Accelrys 
Discover Studio 4.0. Phorbol 13-acetate (PRB) structure that was initially separated from the 
starting complex, and the bryostatin 1 structure were then assigned for atom type and energy 
minimized using Tripos force field in SYBYL 7.3 suite. The ligands were then converted from 
‘mol2’ into a ‘pdbqt’ format using ADT.  
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Molecular docking for preparing ligand coordination in complexes 
All docking calculations were performed using AutoDock Vina (61) on a Linux platform. 

From output files, the best docking conformation for each complex was chosen based on 
position and non-bonding interactions of the ester group of each ligand with the five key amino 
acid residues (Ser240, Pro241, Thr242, Leu251 and Gly253) at the binding site on the PKCδ 
structure. Partial atomic charges were optimized for their geometry and were calculated for 
ESP charges with Gaussian 09W software (G09) through the ground state using Restricted 
Hartree-Fock method with a split valence basis set 6−31G(d).         

MD Simulations 
MD simulations for all experiments were performed using GROMACS 4.6.3 package, 

incorporated with Amber99SB force field (62,63). Three simulating systems, consisting of free 
PKCδ, PKCδ-phorbol 13-acetate and PKCδ-bryostatin 1, were neutralized by adding counter 
ions (sodium and chloride ions) and solvated by a cubic box with diameter of 2.0 Å with TIP3P 
water model (64). Energy minimization was completed for three systems through steepest 
descent method for 5,000 steps, followed by 80-ps of MD simulations in all ensembles using 
the Berendsen coupling method (65) with a pressure (P) of 1 bar, at a reference temperature 
(T) of 300 K. The LINCS algorithm (66) was performed to keep all the bonds containing rigid 
hydrogen atoms. The long range electrostatic interactions were investigated by using the 
particle-mesh Ewald (PME) algorithm (67,68) with a 2-fs time step. The MD production run for 
all of simulating system was set as 80 ns of constant-pressure and was carried out at 300 K. 
The atomic coordinates of the simulated structures were saved every 2 ps for the data 
analysis. 

Data analysis        
The data from all experiments were collected and analyzed by GROMACS analysis 

tools. GROMACS utilities such as g_energy (potential, kinetic, and total energy), g_rms 
(RMSD), g_rmsf (RMSF) and g_hbond (number of hydrogen bond), g_dist (hydrogen bond 
distance) were employed at various points in the process of performing molecular dynamics 
simulations. Trajectories and structures were visualized using Visual Molecular Dynamics 
(VMD) (69), Accelrys Discovery Studio Visualizer 4.0 (Accelrys Software Inc.) and PyMol v.1.3 
(Schrödinger, LLC.). GraphPad Prism 5 software was used for generating all the plots.   

Mathematical models for post-docking analysis 
Because our initial analysis for the correlation between theestimated free energy of 

binding from the dockings and the actual (experimental) activation effectiveness of the sets of 
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compounds did not yield a linear correlation (R2 = �.��), we decided to employ mathematical 
models for predicting the post-docking parameters in order to gain a linear correlation. 
Normally, a docking run from AutoDock 4 would result in 8 highly variable parameters, which 
include 1) Estimated Free Energy of Binding; 2) Estimated Inhibition Constant, Ki;  3) Final 
Intermolecular Energy; 4) van der Waal + Hydrogen Bond + Desolvation Energy; 5) 
Electrostatic Energy; 6) Final Total Internal Energy; 7) Torsional Free Energy; and 8) Unbound 
System’s Energy. Closer inspection of these parameters revealed that the trends of each 
parameter were not always in the same incremental direction, indicating a non-linear 
correlation among the parameters. Therefore, a non-linear analysis from this post-docking 
result was possible. We used two statistical methods: Partial Least Squares (PLS) and Self-
Organizing Maps (SOMs) for building a model and finding the proper usage of each parameter 
in order to more accurately predict the compound activity (Figure 4). From the docking of each 
compound, 30 conformations with various values of parameters were obtained. PLS and 
SOMs were used to selectively decide which conformation would be used based on the 
closest correlation with the actual experimental result. All of parameter values from that 
conformation were then picked and subjected to the weighted calculation to predict a 
‘predicted fold-activation’ for that particular compound. A linear plot was then generated to 
obtain a linear correlation between the ‘predicted fold-activation’ values and the ‘actual fold-
activation’ values. 

Virtual screening 
 A modern cost-effective and time-efficient technology to access a significantly larger 
portion of chemical space is to use computational techniques to virtually screen the 
commercial catalogues of chemical vendors, from which a selected number of molecules is 
ultimately purchased for experimental testing. Virtual screening was performed on the 
optimized docking structures from objective 1, and made use of similarity-based search as 
described previously (70). Because the structure-activity relationship (SAR) studies are 
generally impeded by the long process of organic synthesis of new compounds, we delayed 
this lengthy, though necessary, procedure toward the end of the initial discovery. We thus 
performed an initial virtual screening based on the commercially available library from 
ChemBridge Corp. first, using Autodock Vina.  
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Figure 3. Schematic showing the generation of predictive models using Partial Least Squares (PLS) or Self-
Organizing Maps (SOMs) 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic showing overall process for the molecular docking combined with the mathematical 
models (top part), as well as the pharmacophore similarity search (bottom part) for selecting candidates for 
PKCδ 
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 The subsequent SAR study will also be performed on commercially available 
compounds, which is the most time efficient strategy. Initially, in this report, the predicted hit 
compounds and their analogues with distinct substituents within the chemical scaffold were 
purchased directly from ChemBridge (~500-3,000 Baht/compound). As needed, we also 
sought within the ZINC database (71-73) for additional commercially available analogues that 
are sold by vendors other than ChemBridge. Biochemical assay on PKC activation was 
performed on these compounds to obtain the fold-activation values.   

Direct in vitro Biochemical Assay for Evaluating Modulatory Effects on PKC 
The modulatory effects on the activity of PKC were measured by solid phase enzyme-

linked immuno-absorbent assay (ELISA) kit from Enzo Life Sciences International, Inc. Assay 
protocols were optimized based on the manufacturer’s instructions. The assay has been 
designed for the analysis of PKC activity in the solution phase. Briefly, microplates pre-coated 
with PKC substrate were used. The microplate wells were soaked with dilution buffer and 
emptied after 10 minutes. An equal volume of the enzyme solution was then added to the 
wells, followed by the addition of ATP to initiate the reaction. After incubation for 90 minutes at 
30°C, the kinase reaction was terminated by emptying the contents of each well. The 
phosphopeptide substrate thus obtained could be immunodetected by using phospho-substrate 
specific primary antibody and peroxidase-conjugated secondary antibody as per 
manufacturer's instructions. The mean absorbance (x103) of samples was divided by the 
quantity of total protein (µg) used per assay, and the data are represented as relative PKC 
activity for each modulator compound. 

Cell-based Assays for Anti-Latency Effects 
For the cell-based latency evaluation, latently HIV-1 infected T-cell line, J-Lat 10.6, was 

obtained from the US National Institutes of Health (NIH) AIDS Research and Reagent 
Reference Program and maintained in RPMI 1640 medium containing 2 mM glutamine, 10% 
fetal bovine serum, and antibiotics. One hundred thousand cells were incubated with various 
concentrations of modulator compounds. Bryostatin-1 (Sigma) was used as positive activator 
control. After 24 hours of incubation at 37 °C under 5% CO2, each reaction was spun at 
180×g to separate the supernatant and the cell pellet. Cells were resuspended and fixed with 
4% paraformaldehyde in PBS solution. Antigen capture enzyme-linked immunosorbent assay 
(ELISA) kits were used to measure the HIV-1 p24 antigen (XpressBio) produced in the 
supernatant. Flow cytometry was used to monitor the expression of the GFP gene encoded in 
the full-length (env-) HIV-1 provirus. Percentage of GFP expression is correlated to the 
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reactivation efficacy of the cell line and thus representing the indirect in vivo PKC modulation. 
Flow cytometric graphs were analyzed via FlowJo version 10.0.7 (TreeStar).  
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Results and Discussion 

Structural Analysis of PKCδ Protein 
 In the present study, comparative MD simulations were performed on the free cys2 
activator binding domain of PKCδ (henceforth ‘PKCδ’), phobol 13-acetate (henceforth ‘phorbol 
ester’) complexed with PKCδ, and bryostatin 1 (henceforth ‘bryostatin’) complexed with PKCδ, 
in order to gain insights into the binding mode as well as to explain differences in the 
activation mechanisms among the free and the activator-bound proteins.  Focus was put also 
on the binding of bryostatin, which is one of the most potent activators for PKCs identified to 
date, in order to gain insight into how it functions. This is because, despite decades of effort 
focused on structural explanation of the mechanism, this information does not yet exist 
(74,75). 

 The free cys2 activator binding domain, as known as the C1 domain, is a part of five-
domain conventional and novel PKCs (Figure 5A). It comprises three canonical long beta 
sheets (β1, β4, and β5), two short beta sheets (β2, and β3), and a C-terminal α-helix. The 
activator binding region is between the β1/β2 loop (Met239, Pro241, Thr242) and the β3/β4 
loop (Leu251, Trp252, Gly253, and Leu254) (Figure 5B). The structure of this domain, as 
determined by X-ray crystallography (60) (PBD ID’s: 1PTQ for free protein, and 1PTR for 
phorbol ester-bound protein) revealed that its overall topology developed a global fold with two 
Zn2+ binding sites distal and proximal to the activator binding region. In good agreement with 
previous studies (60,76), the activator binding patch located at the tip of the molecule appears 
generally polar on the outer surface while a few hydrophobic residues covers parts of the inner 
wall of the binding pocket. However, most of the surface of the protein is hydrophilic, making 
this globular protein highly soluble in the cytosol (60).  
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Figure 5. Structure of the cys2 activator-binding domain of protein kinase C. (A) Schematic representation 
of C1 (cys2) domain located within PKC proteins. For both conventional (α, βI, βII, γ) and novel (δ, θ, ε, η) 
PKCs, four distinct domains (C1–C4) and five variable regions (V1–V5) are present, along with the amino-
terminal pseudosubstrate (PS) domain. The secondary structure topology of the C1A or cys2 domain is 
highlighted, showing the activator binding site located between the β1-β2 and the β3-β4 loops. (B) Crystal 
structure of the cys2 activator-binding domain of PKCδ (PDB ID: 1PTR)(60) with the activator binding site 
(residues 239–242 and 250–254) highlighted in stick representation. Phorbol ester molecule was removed 
from the original crystal structure. (C) Comparison between the crystal structure of PKCδ (PDB ID: 1PTR, 
shown in yellow and pale yellow) and the 80-ns MD simulated complex of phorbol ester molecule docked 
onto the original activator binding site of PKC (this study, shown in cyan and purple). Backbone and ligand 
RMSD between the two structures is 0.353 Å. 

MD Simulations  
 In order to gain insight into the modes of activator-binding mechanism, MD simulations 
were performed for free PKCδ and activator-bound PKCδ complexes. Initially, the crystal 
structure of phorbol ester-bound protein (PDB ID: 1PTR)(60) was used as a template protein 
for this present study. The phorbol ester (phorbol 13-acetate) molecule was removed manually 
from the protein structure to create a free PKCδ protein. Subsequently, the ligand molecule, 
either phorbol ester or bryostatin, was docked onto the activator binding region of PKCδ, and 
the MD simulations were performed for 80 ns. To confirm the validity of the docking and the 
MD simulations, an 80-ns snapshot of stable structure of PKCδ-phorbol ester complex was 
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overlaid onto the original crystal structure complex of PKCδ-phorbol ester (Figure 5C). The 
comparison yielded a good alignment with an RMSD value between the two complexes 
(backbone and ligand) of 0.353 Å, indicating that the docking and the MD simulation are 
reliable.  

 When comparing the parameters resulting from the MD simulations of the free protein 
and the protein-activator complexes, several interesting discrepancies can be found. First, the 
potential energy plots (Figure 6A) showed a quick stabilization of all molecular systems and 
they remained stable for the entire 80 ns of the MD runs. However, the potential energy from 
the PKCδ-bryostatin complex stabilized at a significantly lower level (approximately -1.67×105 
kcal/mol) than those of the free protein or the PKCδ-phorbol ester (approximately -1.51×105 
kcal/mol). Second, during the MD simulations, the RMSDs of heavy atoms, side chains, and 
Cα-atoms of all molecular systems also showed different trends (Figure 6B). For both PKCδ-
activator complexes, the monitored RMSDs fluctuated during the first 30 ns, and then became 
more stable afterwards. This is different in the case of the free protein where the RMSDs 
fluctuated throughout the 80 ns of MD. This indicated that, in the absence of activator, the 
PKCδ protein was constantly moving and was more away from the initial structure. On the 
other hand, when bound with either activator, the monitored structures initially moved slightly 
(within ca. 0.2 nm of backbone coordinates, or approximately an average of a single bond 
distance), and subsequently became stabilized after 30 ns and throughout the rest of the MD 
runs. Nonetheless, both the RMSD and potential energy trends of the complexes monitored 
during the MD simulations support the timeframe of 80 ns as adequate for analyzing the 
dynamics of both molecular systems. 
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Figure 6. Comparison of parameters resulted from the MD simulations of free PKCδ protein (black), PKC-
phorbol ester complex (red), and PKC-bryostatin complex (blue). (A) Plot of the potential energy (kcal/mol) 
during 80 ns MD of the free protein and complexes. (B) The backbone RMSD vs. MD simulation time. (C) 
RMSF of the free protein and complexes during 80 ns MD showing fluctuations among the protein amino 
acids. Activator binding regions are highlighted in the dotted lines with some key binding residues indicated. 
Downward arrows on the topology schematic line indicate the locations of two sets (red or blue) of Zn2+-
coordinating residues. The three gradient columns highlighted the regions that have the most prominent 
differences of the RMSF values from all molecular systems, which coincide with Trp252 and one set of the 
Zn2+-binding residues. 
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 Root mean-square fluctuations (RMSF) of backbone atoms (N, Cα and C atoms) 
during the molecular dynamics (MD) simulations are shown in Figure 6C. It is apparent that 
the PKCδ-bryostatin complex has the lowest values throughout the entire protein sequence, 
suggesting that lower average atomic mobility can be observed when the protein is bound to 
bryostatin. Free PKCδ protein had the highest fluctuation, and, as expected, showed the most 
prominent fluctuation towards the C-terminal loop. Interestingly, the areas with the fluctuation 
are also located in the activator binding regions (Met239–Thr242 and Trp252–Leu254), and on 
the two sets of Zn2+-binding residues (His231, Cys261, Cys264, Cys280; and Cys244, Cys247, 
His269, and Cys272). However, when comparing the trends among all three molecular 
systems, it can be observed that three particular regions showed a dramatic drop in atomic 
mobility when a free protein is bound to bryostatin (Figure 6C, gradient columns). These 
include Trp252 and one set of the Zn2+-binding residues (Cys244, Cys247, His269, Cys272). 
Notably, these two regions are in close proximity in the three-dimensional space, as the 
distances between His269 imidazole ring and the Trp252 benzene and indole rings are 
approximately 3.7 Å and 5.4 Å, respectively. This could imply a plausible π-π interaction or 
cation-π interaction between His269 and Trp252, as previously suggested (75), and possibly a 
role of Trp252 in the binding mechanism of bryostatin (vide infra). Taken together, it can be 
concluded from all the MD simulation throughout the monitored period, especially from the 
potential energy and the RMSFs, that the PKCδ-bryostatin complex is the most stable and 
shows the least fluctuation among the three molecular systems.   

Hydrogen Bonding Networks in the PKCδ-Activator Complexes 
 Figure 7 summarizes the hydrogen bonding networks that can be observed during the 
80-ns simulations. Phorbol ester forms four distinct hydrogen bonds with the activator binding 
groove of PKCδ (Figure 7A) while bryostatin forms only two (Figure 7B). As shown in Figures 
7C and 7E, phorbol ester forms one hydrogen bond with the backbone amide of Thr242, one 
bond with the backbone carbonyl of Leu251, and two bonds with the backbone carbonyl and 
amide of Gly253. Bryostatin forms one hydrogen bond with Nε1 of the Trp252 indole ring and 
one bond with the backbone amide of Gly253. The evolution of bond formation between these 
two complexes is rather different. In the case of the phorbol ester binding, the numbers of H-
bond varied greatly throughout the MD run. For bryostatin binding, on the other hand, the bond 
formation becomes much more consistent after the 30 ns time point, possibly when the H-
bond to the Trp252 has been formed (vide infra).   
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Figure 7. Hydrogen bond formations found in the complexes between the PKC protein and phorbol ester (A, 
C, E) or bryostatin (B, D, F). (A, B) Number of H-bonds between PKC and the ligands during total course of 
80 ns of MD simulations. (C, D) Three dimensional structures of the binding site of the protein focusing on 
the H-bond formations (dotted yellow lines). Key binding residues are indicated. The dotted elliptical lines 
highlight H-bond formations to Gly253(-NH) and Thr242(-NH) as color-coded in figure 7A. (E, F) Schematics 
summarizing hydrogen-bonding interactions (dotted lines) in the phorbol ester binding or in the bryostatin 
binding. 
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 When considering the H-bond formations, as indicated in Figures 7A–B, together with 
the bond distance of each (Figure 8), the identity of each H-bond could be specified roughly 
which key partner atom on the protein activator binding site is contributing to the H-bond 
formation (Figures 7A–B, side labels). Interestingly, in the case of PKCδ-phorbol ester 
complex, H-bonds of Gly253(-NH) and Thr242(-NH) exhibited almost exactly opposite bond 
formation behaviors over time (i.e. when one is present, the other is absent, and vice versa). 
The location of these two H-bonds are also on the opposite sides of the phorbol ester 

Figure 8. Hydrogen bond distances 
between PKC protein residues and 
phorbol ester (A-D) or bryostatin (E, 
F) molecules as a function of time. 
For the PKC-phorbol ester complex, 
H-bonds on Leu251 backbone -CO 
(A), Gly253 backbone -NH (B) and  
-CO (C), and Thr242 backbone -NH 
(D) are shown. For the PKC-
bryostatin, H-bonds on Trp252-Nε1 
(E) and Gly253 backbone -NH (F) are 
shown. 
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molecule (Figure 7C, dotted elliptical lines). This could imply that these two bonds are pulling 
against each other by having the phorbol ester molecule in the middle. This ‘tug-of-war’ H-
bond network may potentially cause the binding to phorbol ester to become less energetically 
favorable when compared to the bryostatin binding (Figure 6), even though it has more H-
bonds.  

 H-bond formation profile in the PKCδ-bryostatin complex (Figure 7B) can also be 
correlated with the H-bond distance (Figure 8). The evolution of H-bond formation on Gly253  
(-NH) appears more gradual than that of the one on Trp252(-Nε1). Moreover, when comparing 
all the H-bond formations in the PKCδ-phorbol ester complex, the bond formation on Gly253 
(-NH) to bryostatin exhibited much more consistent stability after 30-ns time period. The H-
bond on Trp252(-Nε1), on the other hand, was  not present before this time point. This may 
suggest a cooperative behavior of these two H-bond formations to bryostatin. It is possible that 
the Z-enoate of the B-ring on bryostatin (C13) may thread into the binding pocket first. Once 
the Gly253(-NH) of the protein starts to form a hydrogen bond to it, the side chain of Trp252 
swings its indole ring coincidentally towards the binding pocket and forms a hydrogen bond to 
the ester group on the C-ring, thus helping to stabilize the ligand in place. The movement of 
this Trp252 side chain and its possible relevance to the structural fluctuation will be discussed 
further in the next section. 

 Notably, it is possible that in both complexes, Gly253(-NH) may form a hydrogen bond 
to the activator molecule first, leading to the other H-bond formations to the ligand. If this initial 
bond is not then stabilized by the other bonds (as in phorbol ester binding) the complex may 
not be as energetically favorable as the one that helps stabilizing this initial bond (as in 
bryostatin binding). 

 The validity of these two H-bond formations on the PKCδ-bryostatin complex is 
bolstered by previous structure-activity relationship studies of bryostatin derivatives (77-82). 
For example, when the ester group on the C-ring C20, which potentially binds to Trp252, is 
absent in bryostatin 10 or in bryostatin 18, the Ki with the isozyme mixed PKCs increased from 
ca. 1 nM to 3.4-4.8 nM (80,83). Attempts by the Wender group (81,82) to replace the aliphatic 
chains after the ester group at C20 with multiple substituents also resulted in two-to-sixty-fold 
decreases in the binding affinity for the rat brain PKCs. However, on the bryopyran analogues 
(pyran scaffolds on the A and B rings), it has been discovered that various modifications after 
this ester group on the C20 of the C ring still yielded very high affinity for PKC (Ki with PKCα 
= 0.70–1.05 nM, when compared to 1.35 nM for bryostatin 1). Nonetheless, when the 
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functional effect of these bryopyran analogues was considered, they are more similar to that of 
the phorbol-12-myristate-13-acetate (PMA) as they are promoting proliferation of U937 
leukemia cells, the effect that bryostatin 1 antagonizes and thus distinguishes itself from the 
phorbol ester activity (77). Therefore, it can be deduced that the ester group on the C20 may 
be important for the binding to PKC. On the other hand, the long aliphatic chain beyond this 
ester group may neither be critical for the binding nor for retaining the unique biological 
characteristic of bryostatin. The biological characteristic may, rather, depend on the original 
substituents on the A and B rings. Taken together, these lines of experimental evidence are 
consistent with the MD structure of the PKCδ-bryostatin complex presented in this study that 
the ester group at C20 is important, but the aliphatic chain beyond this ester group may be 
dispensable. For the binding of Gly(-NH) to the C30 carbomethoxy substituent on the B-ring of 
bryostatin, it has been reported that the Z-enoate analogues (as found in the bryostatin-1 
structure) were slightly more potent in the binding than their corresponding des-enoate forms 
(79). Similar to the results from the PKC binding, Z-enoate analogues were also found to be 
more potent than the pyran form of the B-ring in their ability to reactivate latent HIV-1 
expression in the model cell line J-Lat 10.6 (79). These results confirmed that the substitution 
on the C13 of bryostatin may be critical in the activation function of PKC. 

 Furthermore, the Keck group (78) also reported a poor contribution of the A-ring C7 
acetate to the binding and the biological function of bryostatin. Biological evaluation of several 
bryopyran analogues revealed that any modifications of this location did not result in an 
enhanced binding affinity for PKC. Thus, it can be concluded that the A-ring acetate is not the 
important structural determinant for antagonizing phorbol ester-induced biological responses 
(78). These lines of experimental evidence also coincide with the MD structure of PKCδ-
bryostatin complex reported in this study that bryostatin may initially binds to the activator 
binding pocket via its C20 and C30 groups, while orienting the C7 substituents away from the 
binding site.  

The Role of Trp252 in the Activator Binding 
 The highly homologous Trp252 is also of particular interest in this study, largely due to 
its close proximity to one of the Zn2+ binding centers and to the activator site, and especially 
due to its vast side-chain movement during the MD simulations of both free protein and the 
protein-activator complexes (Figures 9A-C). Therefore, we have focused on delineating the 
role of this movement by correlating our MD structures to the backbone fluctuation data, in 
order to derive a possible model describing its relevance in the binding and activity. 
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 Although the motions of this Trp252 side chain, observed by our 80-ns MD simulations, 
appear to be similar between the free protein and phorbol ester complex (Figures 9A, B), the 
motion in the bryostatin complex revealed a distinctive behavior (Figure 9C). It is apparent 
that, in the case of the free protein, Trp252 side chain samples various conformations, toggling 
randomly in and out of the activator binding site. When the phorbol ester molecule is bound, 
no apparent H-bond is formed between this residue and the ligand (Figures 7C, E), and the 
side chain is still rotating randomly, though orienting away from the binding pocket, suggesting 
its non-involvement in the recognition. In contrast, bryostatin binding causes the toggling 
behavior of the Trp252 side chain to become much more restricted, largely due to the H-bond 
formation between the indole Nε1 and the ester group on C20 of the ligand (Figures 7D, 7F, 
and 9C). Notably, during the MD run, the aromatic rings of Trp252 starts to flip at 
approximately 30 ns (Figure 9C), which coincides with the beginning of the H-bond formation 
observed (Figures 7B and 8E).  
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Figure 9. The role of Trp252 in activator binding. Cartoon views of the activator binding site of PKC 
highlighting the movements of the Trp252 side chain in the free PKC protein (A), PKC-phorbol ester 
complex (B), and the PKC-bryostatin complex (C) are shown. The vibrational motions on residues of PKC 
structures are represented by superimposing seven snapshots at different time points during the MD 
simulations. In the complexes (B, C), 10 ns: light green, 20 ns: cyan, 30 ns: magenta, 40 ns: yellow, 50 ns: 
pink, 60 ns: light gray, and 70 ns: purple. For (C), the ligand conformation and the H-bond of only the 70-ns 
structure is represented. (D) Cartoon representation of free PKC structure showing a close proximity (3.7–
5.4 Å) between the side chain of Trp252 and the Zn2+-coordinating His269. (E) Dynamic fluctuation 
dampening model describing how the binding of bryostatin may influence a reduction of the backbone 
fluctuation of Trp252 and the proximal Zn2+-binding center. In the free protein, interaction between Trp252 
and His269 modulates the fluctuation of this area due to the toggling movement of Trp252 side chain. Once 
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bound with bryostatin, this interaction diminishes and may result in the evident reduction in fluctuation of all 
involved residues. 

 At the farthest position away from the activator binding pocket, the Trp252 aromatic 
ring  becomes in close contact and in parallel with the His269 imidazole ring (Figure 9D). 
Based solely upon this close proximity, it has also been proposed previously that these two 
side chains may interact with one another via cation-π or π-stacking interactions (75). As 
mentioned above, His269 also coordinates to a Zn2+ ion, along with Cys244, Cys247 and 
Cys272. Interestingly, Trp252 and these Zn2+-binding residues are the only areas that have 
spiked backbone fluctuations observed in the free protein and in the phorbol ester complex, 
yet these fluctuations are quenched when bryostatin is bound (Figure 6C, gradient columns). 
Hence, although more complex models are possible, the available MD data from the free 
protein and from the bryostatin complex in this study, along with the previous combined NMR 
perturbation and relaxation study (84) on the homologous Y123W mutation of PKCα C1B 
domain, are consistent with the following dynamic fluctuation dampening model. Portions of the 
loops harboring the Zn2+-binding residues are vibrationally influenced by the toggling 
movement (in a nanosecond timescale) of the Trp252 aromatic ring, which is mediated by the 
transient interaction between Trp252 and His269. Once the bryostatin molecule is bound and 
the Trp252 Nε1 H-bond has been formed, the Trp252-His269 interaction no longer exists, thus 
resulting in lower fluctuations among the Zn2+-binding residues (Figure 9E). We assume that 
these conformers may be further stabilized once the PKC-bryostatin complex tethers into the 
cell membrane lipid bilayer, where His269 becomes in close contact with the acidic 
phospholipid surface. It is possible that the previous interaction between His269 and Trp252 
may not be easily reconstituted at this stage, thereby creating a more pronounced effect than 
that from the binding to phorbol ester, which does not require Trp252. The confirmation of this 
latter hypothesis is being investigated in detail in our laboratory by both MD simulation and 
quantum mechanical studies of the PKC-bryostatin complex in the context of its membrane 
tethering process.       

 The role of bryostatin binding in PKC activation is still largely unknown and the 
structural information of the PKC-bryostatin-membrane still does not yet exist (74,75,85). 
Previous mutation and molecular dynamics studies indicated that Trp252 may have some 
importance in the binding of the activators (86,87). Recently, a combined mutagenesis, MD 
and NMR perturbation and relaxation study (84) also discovered that the homologous Y123W 
mutation of PKCα C1B domain (that resulted in a profound >100-fold increase in DAG binding 
affinity) did not alter the dynamics of the protein in the sub-nanosecond timescale, but rather 
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caused a dramatic change in microsecond-timescale conformational dynamics. This change in 
lower timescale dynamics generally suggests a “preequilibrium sampling” or  “selected fit” 
behavior, that the ligand selects a high-affinity conformer among others (88). Some variations 
of the orientation of the Trp252 side chain and its analogues are also observed in multiple 
homologous C1 domain structures, either positioning toward or away from the activator binding 
pocket (89,90).  

 When considering our PKCδ-bryostatin complex structure, there still are several 
hydrophilic parts of the ligand being exposed to the solvent. This indicates that the binding 
mechanism might not be the same as the one proposed for the phorbol ester binding by which 
the ligand simply caps the activator cleft and switches the hydrophobicity of the protein head 
and making it suitable for the membrane penetration (60). It is possible that the PKCδ C1B-
bryostatin may require another binding partner (or partners) to fulfill a complete activation. This 
hypothesis can be bolstered by the fact that the C1A and C1B domains both contribute to the 
PKC translocation induced by bryostatin (91,92), and the C1A and the catalytic (C4) domains 
may be involved in a protection from downregulation of PKCδ induced by bryostatin 
(75,92,93).  

 The mechanism by which the bryostatin-bound PKC triggers cellular localization is also 
unclear. It has been known that, in the case of hydrophobic ligands such as phorbol ester or 
12-O-tetradecanoylphorbol-13-acetate (TPA), they tend to translocate PKCs to the cell 
membrane, while hydrophilic ligands such as bryostatin (at 10-1,000 nM concentration) 
translocate them to the nuclear membrane (94). Therefore, structural biology studies on the 
C1B domain and other potentially involved domains of the PKC protein, both in the presence 
and absence of bryostatin or phospholipid bilayer, are greatly needed. Though the analyses of 
the conformational activation pathway is more complex than anticipated, our MD data 
presented here has provided structural insight into the activator binding, as well as one of the 
possible models leading to a more complete description of the mechanism and to their 
function. 

Mathematical Models for Post-Docking Parameters 
 Molecular docking using AutoDock 4 resulted in 8 energy parameters, which are 1) 

Estimated Free Energy of Binding; 2) Inhibition Constant; 3) Intermolecular Energy; 4) Van der 
Waal+Hydrogen Bond+Desolvation Energy; 5) Electrostatic energy; 6) Total Internal Energy;  
7) Torsion Free Energy; and 8) Unbound System’s Energy. Ideally, these parameters should 
be weighted and optimized based on the target protein-ligand system to match the biological 
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binding values, and the estimated free energy of binding should be linearly correlated to the 
actual (experimental) binding between entities. However, this has not been the case due to the 
imperfection within the docking technology that lacks the optimization process and cannot 
adaptively input the experimental data to automatically calibrate. Therefore, the correlation 
between the predicted ligand activity (based on the docking energies) and the actual efficacy 
of the ligands has been either non-linear or has no correlation whatsoever. Moreover, a closer 
inspection of the trends from these parameters revealed a non-linear behavior among the 
docked ligands. To this end, we have applied mathematical models to calibrate the prediction 
process to match the actual efficacy data. A statistical analysis, ‘Partial Least Squares’ (PLS), 
and an adaptive neural network protocol, ‘Self-Organizing Maps’ (SOMs), were explored. 
Briefly, 30 conformations resulted from a docked ligand were selectively chosen for the best 
energy profile (8 parameters) that agrees well with the actual biological data as a whole. The 
prediction models were built based on two-third of the ligand population (‘training set’), while 
one-third of the ligand population were used to test the predictive capability of the model (‘test 
set’).  

Initially the models were built based on the dockings of 42 isophthalic acid derivatives 
onto the activator binding region of PKCδ (PDB code: 1PTR). Twenty-eight compounds were 
randomly selected and used to build the prediction models and fourteen compounds were 
assigned to test the model. The PLS parameter analysis indicated that the fourth parameter, 
van der Waal + Hydrogen Bond + Desolvation Energy, resulted the best final correlation of 
prediction. Therefore, both PLS and SOMs were built based on this selected parameter as the 
highest priority for our selection criteria. Linear correlations between the predicted and the 
actual fold-activation efficacies were plotted for each model (Figure 10). Root mean square 
errors (RMSE) from both models were calculated, and were found to fall within the acceptable 
error range (near zero). This indicates that both models can be effective enough to quickly 
screen the ligands and distinguish the potential candidates from the remainder ligands within 
the library.    

PLS:   Traning set RMSE = 0.2405, Test set RMSE = 0.2596 (in fold-activation unit) 
SOMs: Traning set RMSE = 0.0011, Test set RMSE = 0.2319 (in fold-activation unit) 
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Figure 10. Correlation plots between the actual fold activation values (from PKC activation protein assay) 
and the predicted fold activations from either PLS model (A) or from SOMs model (B). Black dots are 
ligands within the training set, while white triangles are ligand within the test set. 
 

Virtual Screening of PKC Modulators 
The mathematical modeling results can also be further optimized by using multiple 

series of compound derivatives to imporve the predictive capability of the models for other 
unrelated ligand scaffolds. However, these proof-of-concept models were further employed for 
the ligands virtually screened, using AutoDock Vina, from the NIH Clinical Collection (896 
compounds), which were also preliminarily screened based on pharmacophore similarity (down 
to 180 compounds) before being re-docked onto the active site of PKCδ via AutoDock 4. 
Parameters from AutoDock 4 were subjected to the the PLS and SOMs analyses to predict the 
fold activation values of these compound candidates. Top 8 compounds from the PLS model 
are shown in Table 1, while top 8 compounds from the SOMs model are shown in Table 2. 
Predicted fold activation of each compounds are also indicated. Compound with the highest 
predicted fold activation values from the PLS model is rolitetracycline (Figure 11, left) and 
compound with the highest fold activation predicted from the SOMs model is mecillinam 
(Figure 11, right). Interestingly, except for pidotimod (Figure 12), none of the top 8 compounds 
from both model overlapped, suggesting that a confirmative bioassay is necessary for 
validating the model prediction. Nonetheless, all top 20 compounds from both models will be 
subjected to the PKC protein assay to increase the chance of discovering novel PKC 
modulator scaffolds. Of note, rolitetracycline is a tetracycline antibiotic, where a N-Mannich 
base prodrug can be prepared from tetracycline by condensation with pyrrolidine and 
formaldehyde to produce rolitetracycline. Mecillinam or amdinocillin is an extended-spectrum 

A B 
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penicillin antibiotic that binds specifically to penicillin binding protein 2 (PBP2), and is only 
considered to be active against Gram-negative bacteria. 

   

Table 1 Compounds within the US NIH Clinical Collection with the highest fold activation predicted by the 
Partial Least Squares (PLS) model. 

Partial Least Squares (PLS) 

Compound Name Predicted Fold Activation 
Rolitetracycline 1.793 

Pancuronium dibromide 1.689 
Artarit 1.618 

Topotican Hydrochloride 1.535 
Pidotimod 1.520 

Pefloxacin mesylate 1.428 
D-NG-Monomethylarginine 1.408 
Rufloxacin Hydrochloride 1.400 

  

 

Table 2 Compounds within the US NIH Clinical Collection with the highest fold activation predicted by the 
Self-Organizing Maps (SOMs) model. 

Self-Organizing Maps (SOMs) 

Compound Name Predicted Fold Activation 

Mecillinam 1.177 
Ketorolac 1.177 

Ozagrel hydrochloride 1.173 
Pidotimod 1.171 
Amiexanox 1.167 

Picrotin 1.152 
Loxoprofen 1.152 
Flumazenil 1.122 
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Figure 11. Chemical structures of rolitetracycline (left) and mecillinam (right), the top compounds predicted 

from the PLS and SOMs models, respectively. 

 

 

Figure 12. Pidotimod 

Molecular Interactions between PKCδ and Candidate Ligands from PLS and SOMs 

PLS and SOMs resulted in predicted fold activation values that can be ranked among 
the candidate ligands within the NIH Clinical Collection. Although all of top ligands (20-40 
compounds from each method) are under biochemical investigation in our laboratory at the 
moment, some ligands were studied for their molecular interactions to the activator binding site 
of PKCδ via molecular docking. 

1. Rolitetracycline (predicted by PLS) 

Rolitetracycline (Figure 11) or (2Z,4S,4aS,5aS,6S,12aS)-4-(dimethylamino)-6,10,11, 
12a-tetrahydroxy-2-{hydroxy[(pyrrolidin-1-ylmethyl)amino]methylene}-6-methyl-4a,5a,6,12a-
tetrahydro tetracene-1,3,12(2H,4H,5H)-trione] is an antibiotic drug within the tetracycline family 
that has been used against bacterial infection. PLS model suggested that rolitetracycline may 
have the highest fold activation for PKCδ, with a predicted value of 1.79 folds. When 
considering the interaction of the docked rolitetracycline in the activator binding site of PKCδ 

(Figure 13), it was found that hydrogen bonds between the ligand and four of the key amino 
acids contributed to the binding. These include the backbone carbonyls of Met239, Gly253, 
Leu254, and a backbone amide of Gly253. Moreover, π-σ interaction between the phenol ring 
of the ligand and the side-chain aliphatic group of Leu250 is also found as a part of the 
hydrophobic interaction.   
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Figure 13. (Left) Best docked conformation of rolitetracycline in the activator binding cleft of PKCδ, 
highlighting the H-bonds with Gly253 backbone amide and carbonyl, and Met239 backbone carbonyl. (Right) 
Schematic showing interactions between the ligand and the protein activator binding cleft. Dotted purple line 
represents the π-σ interaction and dotted red lines represent the hydrogen bonding.  

2. Pancuronium dibromide (predicted by PLS) 

 

Figure 14. Pancuronium dibromide 

Pancuronium dibromide (Figure 14) or [(¡S,�S,¢S,£R,�S,¤�S,¤�S,¤¥S,¤¦S,¤§R)- ¤§-
acetyloxy-¤ � ,¤ � -dimethyl-¡ ,¤ ¦ -bis(¤ -methyl-� ,¥ ,¢ ,¦ -tetrahydro-¡ H-pyridin-¤ -yl)¡ ,� ,¥ ,¢ ,¦ , 
§,£,�,¤¤,¤¡,¤¥,¤¢,¤¦,¤§-tetradecahydro-¤H-cyclopenta[a]phenanthren-�-yl] acetate with a 
commercial name as Pavulon® is a typical non-depolarizing curare-mimetic muscle relaxant 
generally used to relax muscles during surgery or other medical procedures (e.g. for 
intubation). It acts as a competitive acetylcholine antagonist on neuromuscular junctions 
against post-synaptic nicotinic acetylcholine receptors. PLS model also predicted that this 
coumpound should result in ca. 1.69 fold activation against PKCδ. Docking of the pancuronium 
moiety onto the activator binding cleft revealed an H-bond interaction between the O1 atom of 
the ligand and the backbone amide of Thr242 (Figure 15).  

Met-239 

Gly-253 
Met-239 

Leu-254 

Gly-253 
Leu-250 
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Figure 15. (Left) Best docked conformation of the pancuronium moiety in the activator binding cleft of 
PKCδ, highlighting the H-bond between the backbone amide of Thr242 and the ester O1 on the ligand. 
(Right) Schematic showing interactions between the ligand and the protein activator binding cleft. Dotted red 
line represents the hydrogen bonding. 

Although the binding interaction between the pancuronium moiety to the activator 
binding cleft of PKCδ did not seem to have as many hydrogen bonds as in the case of the 
rolitetracycline interaction, its hydrophobic nature may also contribute to the binding. Around 
the wall of the activator binding cleft is lined with multiple hydrophobic residues (e.g. Met239, 
Pro241, Leu250, Trp252, Leu254) which could confer to the binding of the ligand with certain 
conformation. This could be the reason for the high predicted activation value reported from 
the PLS model. Therefore, the pancuronium moiety is another interesteing class of PKCδ 
activator candidates that is worth exploring further biochemically.   

3. Mecillinam (predicted by SOMs) 

Mecillinam (Figure 11) or (¡S, ¢R, ¦R)-¦-[(E/Z)-(azepan-¤-ylmethylene)amino]-�,� 
dimethyl-§-oxo-¥-thia-¤-azabicyclo[�.¡.�]heptane-¡-carboxylic acid, similarly to rolitetra- 
cycline, is one of the penicillin family antibiotics. SOMs model predicted its fold activation 
toward PKCδ to be 1.17, which is significantly lower than the values from the PLS model. This 
could be the result of an ‘overfitting’ nature of the SOMs model that generally weighted heavily 
on the training set, thus resulted in a less accurate values on the test ligands (training set 
RMSE = 0.0011, test set RMSE = 0.2319, in fold-activation unit from SOMs prediction). 
Nonetheless, docking study also revealed significant H-bond interactions between the ligand 
and the activator binding residues, which include H-bonds between the backbone amides of 
Ser240, Thr242 and the carbonyl oxygen on the ligand. H-bond between the backbone 
carbonyl of Leu251 and the carboxylic hydrogen is also found. Further biochemical 

Thr-242 

Thr-242 

Leu-251 
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investigation and confirmation is necessary (as currently being undertaken in our laboratory) to 
validate and compare these results.    

 
Figure 16. (Left) Best docked conformation of mecillinam in the activator binding cleft of PKCδ, highlighting 
the H-bonds between the backbone amides of Ser240, Thr242 and the carbonyl oxygen on the ligand. H-
bond between the backbone carbonyl of Leu251 and the carboxylic hydrogen is also shown. (Right) 
Schematic showing interactions between the ligand and the protein activator binding cleft. Dotted red lines 
represent the hydrogen bonding. 

4. Ketorolac (predicted by SOMs) 

 

Figure 17. Ketorolac 

 Another interesting candidate predicted by the SOMs model (with a predicted fold 
activation of 1.17) is Ketorolac or (±)-¢-benzoyl-¡,�-dihydro-<brF />¤H-pyrrolizine-¤-carboxylic 
acid, ¡-amino-¡-(hydroxymethyl)-¤,�-propanediol. Ketorolac or ketorolac tromethamine is a 
non-steroidal anti-inflammatory drug (NSAID) in the family of heterocyclic acetic acid 
derivatives, used as an analgesic. Docking of this coumpound into the the activator binding 
cleft of PKCδ (Figure 18) revealed H-bonds between the backbone carbonyls of Thr242, 
Leu251, Gln257 and the carboxylic hydrogen of the ligand. H-bond between the backbone 
amide of Thr252 and the the carboxylic oxygen is also found to contribute to the binding. 
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Moreover, a π-σ interaction is found between the phenyl group of ketorolac and the aliphatic 
chain of Leu254 as its hydrophobic interaction. 

  

   

 

 

 

 

 

 
 

 

Figure 18. (Left) Best docked conformation of ketorolac in the activator binding cleft of PKCδ, highlighting 
the H-bonds between the backbone carbonyls of Thr242, Leu251, Gln257 and the carboxylic hydrogen of 
the ligand. H-bond between the backbone amide of Thr252 and the the carboxylic oxygen is also shown. A 
π-σ interaction is found between the phenyl group of ketorolac and the aliphatic chain of Leu254. (Right) 
Schematic showing interactions between the ligand and the protein activator binding cleft. Dotted red lines 
represent the hydrogen bondings and the dotted purple line represent the π-σ interaction. 

 

Interactions between the Activator Binding Cleft of PKCδ and Candidate Ligands from the 
Virtual Screening 

Virtual screening via AutoDock Vina was empoyed to select from 896 ligands within 
the US NIH Clinical Collection. This resulted in binding affinity (kcal/mol) that can be ranked, 
picked and further investigated either by a detailed molecular docking, molecular dynamics 
(MD) simulations, or biochemical assay conformation. The top 8 candidate compounds that 
were predicted as potent ligands for the activator binding cleft of PKCδ are shown in table 3.  

From the confirmative re-docking, we have selected a total of 20 compounds to 
advance to the biochemical testing. However, in this report, we will show the potential 
interactions at the activator binding site for only the top 2 (with the highest ranking binding 
affinity), which are telmisartan and irinotecan. 
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Table 3 Compounds within the US NIH Clinical Collection with the best binding affinity (lowest energy) 
predicted by the AutoDock Vina virtual screening. 

Virtual Screening 

Compound Name Binding Affinity (kcal/mol) 

Telmisartan -8.6 
Irinotecan -8.2 
Zafirlukast -8.0 

Montelukast -7.9 
Pirenperone -7.7 

MK-693 -7.6 
Cyproheptadine hydrochloride -7.5 

Imatinib -7.5 
 

1. Telmisartan (predicted by AutoDock Vina virtual screening)  

 
Figure 19. Telmisartan 

Telmisartan (Figure 19) or ¡-(¥-{[¥-Methyl-¦-(¤-methyl-¤H-¤,�-benzodiazol-¡-yl)-¡-
propyl-¤H-¤,�-benzodiazol-¤-yl]methyl}phenyl)benzoic acid is an angiotensin II receptor 
antagonist (angiotensin receptor blocker, ARB) that has high affinity for the angiotensin II 
receptor type 1 (AT1), and generally used in the management of hypertension. Virtual 
screening via AutoDock Vina predicted that this drug has the highest binding affinity toward 
the activator binding site of PKCδ, with an energy of binding of -8.6 kcal/mol. The confirmative 
re-docking (Figure 20) showed that the tight binding is mediated by an H-bond interaction 
between the side-chain hydroxyl of Ser240 and one of the nitrogens on the benzodiazol group 
of the ligand. Some other unreported hydrophobic interaction may also play an important role 
in this binding as the nature of the ligand and the lining of the activator binding cleft are 
generally hydrophobic. 
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Figure 20. (Left) Best docked conformation of telmisartan in the activator binding cleft of PKCδ, highlighting 
the H-bonds between the side-chain hydroxyl of Ser240 and one of the nitrogens on the benzodiazol group 
of the ligand. (Right) Schematic showing interactions between the ligand and the protein activator binding 
cleft. Dotted red lines represent the hydrogen bonding. 

2. Irinotecan (predicted by AutoDock Vina virtual screening) 

 

Figure 21. Irinotecan 

 Irinotecan or (S)-¥,¤¤-diethyl-�,¥,¤¡,¤¥-tetrahydro-¥-hydroxy- �,¤¥-dioxo¤H-pyrano[�’,¥’: 
¦,§]-indolizino[¤,¡-b]quinolin- �-yl-[¤,¥’bipiperidine]-¤’-carboxylate with a commecial name of 
Camptosar (Pfizer) Campto (Yakult Honsha) และ Irinotel (Atco Labs) is a drug used for the 
treatment of cancer. Irinotecan prevents DNA from unwinding by inhibition of topoisomerase 1, 
which eventually leads to inhibition of both DNA replication and transcription. 
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Figure 22. (Left) Best docked conformation of irinotecan in the activator binding cleft of PKCδ, highlighting 
the H-bonds between the side-chain amino group of Gln257 and the ester oxygen of the ligand. (Right) 
Schematic showing interactions between the ligand and the protein activator binding cleft. Dotted red lines 
represent the hydrogen bonding. 

Virtual screening of this drug indicated a good binding affinity of -8.2 kcal/mol. When 
re-docked into the activator binding cleft of PKCδ, a hydrogen bonding between the side-chain 
amino group of Gln257 and the ester oxygen of the ligand can be identified. The ligand also 
have several hydrophobic regions that could potentially contribute to the tight binding to the 
activator binding site. Confirmative MD simulations and biochemical testing for actual affinity 
and efficacy of these compounds are also being conducted in our laboratory. 

Cell-based Assay for Evaluating Anti-Latency Effects 
 Aside from the direct in vitro biochemical assay for evaluating modulatory effects of 
compounds on PKC (as seen in the building of PLS and SOMs model for ‘actual fold 
activation’), a cell-based assay was also developed for evaluating the anti-latency effect. J-lat 
clone 10.6 cells (that were derived from Jurkat cell lines), harboring a full-length HIV-1 genome 
(with no env nor nef gene) and a green fluorescent protein (GFP) gene downstream from the 
rev gene (Figure 23), were used in this step. When these cells were incubated with PKC 
modulators (e.g. bryostatin or phorbol esters) or other anti-latency agents (e.g. histone 
deacetylase inhibitor), the HIV-1 proviral gene and the GFP gene can be expressed, yielding a 
production of incomplete set of HIV-1 proteins (for safety reason) and GFP. GFP expression 
can thus be monitored by flow cytometry and correlated to the anti-latency efficacy or dosage 
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of the modulator compounds (Figure 23). Furthermore, HIV-1 protein production can also be 
confirmed by a measurement of HIV-1 p24 Gag antigen in the supernatant of the cells. 
 At this stage, we have demonstrated that this assay can be performed in our 
laboratory. Specifically, we have employed this cell-based anti-latency assay to exemplify a 
monitoring of the efficacy of bryostatin, which is one of the most potent PKC modulators. Flow 
cytometric histograms from the cell-based assays evaluating anti-latency effects (Figure 24) 
showed that J-lat clone 10.6 cells harboring a green fluorescent protein (GFP) within the HIV-1 
proviral genome, incubated with 1 µM of PKC activator bryostatin or with 1 µM of histone 
deacetylase inhibitor suberanilohydroxamic acid (SAHA), yielded 55.2% and 44.7% of GFP+ 
cell population, respectively. This level of expression is satisfactorily high and can also be 
further improved by using a combination of those two classes of anti-latency drugs. 
Nonetheless, this assay will be used in our future confirmation of those candidate ligands 
identified by PLS, SOMs or virtual screening models. The results from this cell-base assayed 
will also be compared with the direct in vitro biochemical assay for evaluating modulatory 
effects of compounds on PKC.    
 

 

 

       
Figure 23. Cell-based Assays for Evaluating Anti-Latency Effects. J-lat clone 10.6 cells (that were derived 
from Jurkat cell lines) harbors a full-length HIV-1 genome (with no env nor nef gene) and a green 
fluorescent protein (GFP) gene downstream from the rev gene (A). When reactivated with PKC modulator 
compounds, transcription and translation of both proviral DNA and GFP occur, resulted in a detectable 
expression of GFP protein (B) that can be monitored by flow cytometry in a dose dependent manner to 
acquire half-maximal response/effectiveness concentration (EC50)(C). 

 

[modulators] 
       (µM)   

A 

B C 



39 
 

      A         B                   D                E 

    
 

Figure 24. Flow cytometric histograms from the cell-based assays for evaluating anti-latency effects of 
selected compounds. J-lat clone 10.6 cells (105) harboring a green fluorescent protein (GFP) within the HIV-
1 proviral genome (env-,nef-) were incubated with either PBS (A), DMSO (B) as negative controls, or with 1 
µM of PKC activator bryostatin (C) in DMSO or with 1 µM of histone deacetylase inhibitor 
suberanilohydroxamic acid (SAHA)(D). Flow cytometric analysis was performed at 24 hours after the 
addition of the compounds on 4%- paraformaldehyde-fixed cells. Indicated percentages of GFP+ cell 
population (P2) were gated on live cells.  
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Conclusions 
 

 Protein kinase C is a family of serine/threonine kinase isozymes that has been widely 
recognized as targets for anticancer therapy, Alzheimer’s disease, HIV/AIDS eradication and 
others, due to their important role in the signal transduction of various pathways. However, 
despite many efforts focused on describing accurate structural detail of the C1 domain of PKC, 
as well as the binding to its activators, that information has been lacking, thus hampering the 
development of potential therapies. The study presented herein demonstrates that MD 
simulation can be employed to gain insight into the differences in the binding of phorbol esters, 
the tumor-promoting activator of PKC, compared with bryostatin, a more potent activator that 
does not act as a tumor promoter. Hydrogen bonding data have provided the details of binding 
mechanisms observed in both ligands, and revealed a potential binding conformation of 
bryostatin that has never been described before. These H-bond networks, when combined with 
the deviations and fluctuations of the protein backbone, have led us to propose a model that 
describes the role of the highly conserved and highly homologous Trp252 in the ligand 
binding, as well as its potential involvement in the dynamic fluctuation modulation of the 
nearby Zn2+-binding center. We have found that a toggling movement of the Trp252 side chain 
may cause the high backbone fluctuation observed in the Zn2+-binding residues, which is 
mediated by the transient interaction between Trp252 and His269. When bryostatin is bound to 
the protein and the side chain of Trp252 samples toward a conformation that forms a 
hydrogen bond with the ligand, the transient interactions abrogate, and the dynamic 
fluctuations are dampened. This finding brings new insight into the design of new activators 
that favor the latter conformation.   

 The comparison of the dynamics properties observed in the activator-bound complexes 
also sheds light on how to explain the potency differences identified for both activators. 
Although many future experimental efforts are still needed in order to confirm our model and 
fully understand the binding mode of bryostatin, along with the mechanism by which it employs 
to activate PKC, this study sets the stage for investigating the structural detail of this important 
class of regulatory proteins. This information is inevitably required for the design of new 
analogues for future treatment of many related diseases. 

 Aside from the fundamental investigation on structural biology and dynamics of the 
protein function, we have also applied this knowledge onto the drug discovery aspect. 
Molecular docking and virtual screening were employed to search for new potential candidates 
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with novel scaffolds. However, initial molecular docking energy parameters did not correlate 
well with the direct in vitro biochemical assay for evaluating modulatory effects of compounds 
on PKC. Therefore, we have used advanced mathematical and statistical models, namely 
Partial Least Squares (PLS) and Self-Organizing Maps (SOMs) to perform a post-docking 
analysis. The resulted RMSE values from the test set and the training set of ligands were 
satisfactorily improved. This suggests that our post-docking analysis is reliable and rather 
necessary to accurately predict the fold activation of the PKC modulators. 

 Virtual screening using AutoDock Vina was also employed to help selecting the 
potential candidate ligands within the US NIH Clinical Collection. Combined with the results 
from PLS and SOMs, confirmative re-docking of the virtually screened candidates were 
inspected for their interactions with the activator binding cleft of PKCδ. Several hydrogen 
bonds and hydrophobic interactions were found to contribute to the predicted tight binding. The 
structural knowledge gained from the docking can also guide future chemical modifications of 
the compounds to further improve their efficacies. These candidates will also be further 
confirmed with the in vitro PKC protein assay, as well as tested in the modeled J-lat clone 
10.6 cells that will help evaluating the anti-latency effect. The proven methods will 
unquestionably help advancing the science of drug development both domestically and 
internationally. If successful, the outcome from this ongoing study can also become a new 
alternative for treating HIV/AIDS.  
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Abstract 
Protein kinase C (PKC) isozymes are important regulatory enzymes that have been 
implicated in many diseases, including cancer, Alzheimer’s disease, and in the 
eradication of HIV/AIDS. Given its potential clinical ramifications, PKC modulators, 
e.g. phorbol esters and bryostatin, are also of great interest in the drug development. 
However, structural detail on the binding between PKC and its modulators, especially 
bryostatin—the highly potent and non-tumor promoting activator for PKCs, is still 
lacking. Here we report the first comparative molecular dynamics (MD) study aimed 
at gaining structural insight into the mechanisms by which the PKC delta cys2 
activator domain is used in its binding to phorbol ester and bryostatin-1. Potential 
energy analysis revealed that PKC-bryostatin complex is energetically more favorable 
than either free PKC protein or the PKC-phorbol ester complex. As anticipated in the 
phorbol ester binding, hydrogen bonds are formed through the backbone atoms of 
Thr242, Leu251 and Gly253 of PKC. However, the opposition of H-bond formation 
between Thr242 and Gly253 may cause the phorbol ester complex to become less 
stable. For bryostatin, hydrogen bonds are formed between its C30 carbomethoxy 
substituent and the Gly253 backbone carbonyl. Additionally, the indole Nε1 of the 
highly homologous Trp252 also forms an H-bond to the C20 ester group on 
bryostatin. Backbone fluctuations also suggest that this latter H-bond formation may 
abrogate the transient interaction between Trp252 and His269, thus dampening the 
fluctuations observed on the nearby Zn2+-coordinating residues. This new dynamic 
fluctuation dampening model can potentially benefit future design of new PKC 
modulators. 

Keywords: protein kinase C; molecular dynamics simulation; phorbol ester; bryostatin; 
binding mechanism  
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Introduction 

The protein kinase C (PKC) family of serine/threonine kinase enzymes is involved in one of 
the major signal transduction pathways (Nishizuka, 1995; Takai, Kishimoto, Kikkawa, Mori, 
& Nishizuka, 1979). PKCs have also been implicated in a wide variety of cellular growth 
controls, which could become therapeutic target candidates for many diseases, such as 
cancer, cardiovascular diseases, diabetes, stroke, lung and kidney complications, 
Alzheimer’s disease, Parkinson’s disease, autoimmune conditions, and HIV/AIDS 
eradication (Battaini & Mochly-Rosen, 2007; Das & Rahman, 2014; DeChristopher et al., 
2012; Irie, Nakagawa, & Ohigashi, 2005; Irie, Yanagita, & Nakagawa, 2012; Loy et al., 
2015; Mochly-Rosen, Das, & Grimes, 2012; Nishizuka, 1984). Diacylglycerol (DAG) has 
been shown as the endogenous regulator for most of PKC isozymes (Blumberg, 1991; 
Nishizuka, 1992), though PKCs can also be activated by plant-derived phorbol esters 
(Nishizuka, 1984) or marine bryozoa-isolated bryostatin compounds (de Vries, Herald, 
Pettit, & Blumberg, 1988). PKCs are categorized into subclasses based on their domain 
composition and respective co-factor/activator sensitivity (Hurley & Grobler, 1997; Newton, 
1995). The classical or conventional PKC isoforms (α, βI, βII, γ) are responsive to DAG, 
phospholipids and Ca2+, while novel isoforms (δ, ε, η, θ) are responsive to only DAG and 
phospholipids. In contrast, atypical PKCs (ζ, λ/ι) are unresponsive to these activators 
(Akimoto et al., 1994; Kazanietz et al., 1993; Ono et al., 1989).  

The structure of all PKCs comprises a pseudosubstrate (PS) domain, activator-
responsive C1 domain, Ca2+-sensitive C2 domain (which is absent in atypical PKCs), and a 
C-terminal catalytic kinase region that consists of the C3 (ATP-binding) and C4 (catalytic) 
domains (Figure 1A). In an inactive state, the PS domain occupies the substrate binding site 
in the kinase region. Once their regulatory domains are engaged with the appropriate 
combination of signals such as DAG, phospholipids, Ca2+, phorbol esters or bryostatin 
derivatives, the C1 and C2 domains translocate to the membrane, causing the PS domain to 
be released from the active site of the kinase region, allowing the access of substrate and the 
subsequent phosphorylation (Hurley & Grobler, 1997; Newton, 1995). The structural 
information of how the signals trigger the kinase activation has been of wide interest for 
many research groups. Molecular structures have been solved for the activator-responsive 
C1 domains from PKCα (Hommel, Zurini, & Luyten, 1994), PKCγ (R. X. Xu, Pawelczyk, 
Xia, & Brown, 1997), and PKCδ (Zhang, Kazanietz, Blumberg, & Hurley, 1995), either 
alone or bound with phorbol ester. The Ca2+-sensitive C2 domain of PKCs α, βII, δ, η, and ε 
has been described (Guerrero-Valero et al., 2009; Littler et al., 2006; Ochoa et al., 2001; 
Pappa, Murray-Rust, Dekker, Parker, & McDonald, 1998; Sutton & Sprang, 1998; 
Verdaguer, Corbalan-Garcia, Ochoa, Fita, & Gomez-Fernandez, 1999). The catalytic 
domains of PKCs βII, θ, and ι have also been reported (Grodsky et al., 2006; Messerschmidt 
et al., 2005; Takimura et al., 2010; Z. B. Xu et al., 2004). More recently, a crystal structure 
of full-length PKC βII was determined at 4.0 Å resolution, through which an allosteric 
activation mechanism, involving an interaction between the catalytic domain and the C1B 
domain, has been described (Leonard, Rozycki, Saidi, Hummer, & Hurley, 2011).  

C1 domains in both conventional and novel PKCs are of particular interest mainly 
because they are responsive to the potent activators such as phorbol esters or bryostatin. 
High affinity binding to DAG, phorbol ester, or to bryostatin triggers a protein translocation 
to the membranes (Wang et al., 2000). Accurate structural understanding of how these 
activators bind to the protein, induce a translocation to the membrane and mediate the 
subsequent activation can help guide the design of improved PKC modulators. Structurally, 
each of the tandem cysteine-rich domains, C1A and C1B, contains only approximately 50 
amino acids and binds to two Zn2+ ions. Crystal structures of the C1B domain in PKCδ 
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(PDB ID: 1PTR)(Zhang et al., 1995) revealed that the entire domain surface is generally 
hydrophilic. In the case of phorbol ester binding, however, the phorbol ester molecule caps 
the activator binding cleft, thereby creating a large continuous hydrophobic surface that is 
suitable for the membrane penetration and anchoring of the protein domain (Zhang et al., 
1995). According to the crystal structure (Zhang et al., 1995), the binding is mediated by 
hydrogen bond formations involving the backbone carbonyls and amides of Thr242, Leu251 
and Gly253 on the activator binding cleft of the protein, and the C3, C4 and C20 of phorbol 
ester. Moreover, no major conformational change was observed upon the binding.      

However, the binding and activation mechanism of bryostatin, a highly potent and 
non-tumor promoting class of compounds, is less clear. To date, traditional X-ray 
crystallography and NMR spectroscopy have been utilized to determine the structures of 
protein-ligand complexes, but rather focused on the DAG or phorbol ester binding either 
with or without a membrane-like component (Hommel et al., 1994; Loy et al., 2015; 
Rahman & Das, 2015). Structure determination might have also been hampered by the fact 
that the activator binding may not occur in a normal buffered water environment, unless 
associated with the lipid bilayer (P. A. Wender, Irie, & Miller, 1995). The information of the 
C1-ligand interaction, which would be most beneficial to the design of preclinical drug 
candidates, and its correlation to prior biochemical (Dries, Gallegos, & Newton, 2007; 
Zhang et al., 1995) and mutagenesis (Kazanietz et al., 1995) studies, have been limited to 
only the case of DAG binding. Molecular dynamics studies have also been employed to gain 
insights into the exchanging conformers and the significance of particular residues in the 
DAG binding (Stewart, Morgan, Massi, & Igumenova, 2011), or on how the PKC C1 
domains interact differently with various lipids (Li, Ziemba, Falke, & Voth, 2014). Hence, 
structural insights into the binding of bryostatin to the PKC C1 domain, in comparison to 
phorbol ester, is still lacking and greatly needed for developing a more complete 
understanding of the protein complex structure and dynamics.   

Furthermore, the role of some potentially important residues on the C1 activator 
binding cleft has not yet been fully elucidated. For example, to date, the structural role and 
the exact side chain orientation of Trp252 are still unknown (Das & Rahman, 2014). 
Sequence alignment of the C1domains in the PKC proteins showed that it is highly 
conserved (Das & Rahman, 2014). Mutation from Trp to Gly at this position also resulted in 
a reduced binding affinity to [3H] phorbol 12,13-dibutyrate (PDBu), worsening its Kd from 
0.8 nM (wild-type) to 25 nM (Kazanietz et al., 1995). Moreover, previous molecular 
dynamic simulations (Nacro et al., 2001) also suggested that the aromatic ring of Trp252 in 
PKCδ may contribute to the binding of a potent diacylglycerol analogue via a favorable van 
der Waals (VDW) interaction with the branched sn-1 acyl group of the ligand, suggesting a 
sensible importance of this residue in the binding of activator. Intriguingly, in the PKCγ 
C1A, PKCδ C1A, PKCθ C1A, and PKCθ C1B domains, the aromatic rings of this 
tryptophan is oriented toward the binding pocket, while the orientation of the homologous 
tryptophan in β2-chimaerin is away from the pocket (Das & Rahman, 2014). In Munc13.1, 
the homologous Trp588 occludes the diacylglycerol binding site and thus partially inhibiting 
the binding activity (Shen, Guryev, & Rizo, 2005). Therefore, the conformation of this 
residue or the involvement of other residues within the activator binding cleft, as well as 
their biological relevance, are still generally unknown.      

To this end, our efforts have focused on using MD simulation, which is suited for 
structural investigation of these particular protein-ligand systems. Reported herein are the 
results of comparative MD simulations of the complexes between phorbol ester or bryostatin 
and PKCδ cys2 activator-binding (C1B) domain. Potential energy, backbone dynamics and 
fluctuations have been compared between free PKC and the PKC-activator complexes. 
Hydrogen bonding networks and bond formation profiles within the phorbol ester or the 



53 
 

bryostatin complexes were analyzed. The combination of the protein dynamics, fluctuations 
and H-bond formation, have also led us to propose a model, for the first time, describing the 
roles of Trp252 in the binding to bryostatin, and in dampening the fluctuations observed in 
the proximal Zn2+-binding center. The information presented here can help advance ongoing 
development of the drug design targeting protein kinase C. 
 
Materials and methods 
 
Molecular docking 
 
Preparation of protein structure 

The co-crystal structure of the cys2 activator binding domain of PKCδ with phorbol 13-
acetate (PRB) (PDB ID: 1PTR)(Zhang et al., 1995) was retrieved from the RCSB Protein 
Data Bank. The PRB structure at the binding site of the complex was isolated from the 
protein structure using Accelrys Discovery Studio 4.0. The protein structure was then 
converted from ‘pdb’ into a ‘pdbqt’ format using AutoDockTools (ADT). Resolution of the 
three-dimensional grid box (x, y and z) was set as 30×30×30 with a grid spacing of 0.375 Å. 
The grid center, which is based on the original ligand, was set to 10.903 Å, 26.391 Å and 
24.495 Å for x, y and z dimensions, respectively. 
 
Preparation of ligand structures 

The PKC activator, bryostatin 1, structure was sketched as a ‘mol2’ file using Accelrys 
Discover Studio 4.0. Phorbol 13-acetate (PRB) structure that was initially separated from the 
starting complex, and the bryostatin 1 structure were then assigned for atom type and energy 
minimized using Tripos force field in SYBYL 7.3 suite. The ligands were then converted 
from ‘mol2’ into a ‘pdbqt’ format using ADT.  
 
Molecular docking for preparing ligand coordination in complexes 

All docking calculations were performed using AutoDock Vina (Trott & Olson, 2010) on a 
Linux platform. From output files, the best docking conformation for each complex was 
chosen based on position and non-bonding interactions of the ester group of each ligand with 
the five key amino acid residues (Ser240, Pro241, Thr242, Leu251 and Gly253) at the 
binding site on the PKCδ structure. Partial atomic charges were optimized for their geometry 
and were calculated for ESP charges with Gaussian 09W software (G09) through the ground 
state using Restricted Hartree-Fock method with a split valence basis set 6−31G(d).         
 
MD simulations 

MD simulations for all experiments were performed using GROMACS 4.6.3 package, 
incorporated with Amber99SB force field (Hornak et al., 2006; Lange, van der Spoel, & de 
Groot, 2010). Three simulating systems, consisting of free PKCδ, PKCδ-phorbol 13-acetate 
and PKCδ-bryostatin 1, were neutralized by adding counter ions (sodium and chloride ions) 
and solvated by a cubic box with diameter of 2.0 Å with TIP3P water model (Jorgensen, 
Chandrasekhar, Madura, Impey, & Klein, 1983). Energy minimization was completed for 
three systems through steepest descent method for 5,000 steps, followed by 80-ps of MD 
simulations in all ensembles using the Berendsen coupling method (Berendsen, Postma, van 
Gunsteren, DiNola, & Haak, 1984) with a pressure (P) of 1 bar, at a reference temperature 
(T) of 300 K. The LINCS algorithm (Hess, Bekker, Berendsen, & Fraaije, 1997) was 



54 
 

performed to keep all the bonds containing rigid hydrogen atoms. The long range 
electrostatic interactions were investigated by using the particle-mesh Ewald (PME) 
algorithm (Darden, York, & Pedersen, 1993; Essmann et al., 1995) with a 2-fs time step. 
The MD production run for all of simulating system was set as 80 ns of constant-pressure 
and was carried out at 300 K. The atomic coordinates of the simulated structures were saved 
every 2 ps for the data analysis. 
 
Data analysis        

The data from all experiments were collected and analyzed by GROMACS analysis tools. 
GROMACS utilities such as g_energy (potential, kinetic, and total energy), g_rms (RMSD), 
g_rmsf (RMSF) and g_hbond (number of hydrogen bond), g_dist (hydrogen bond distance) 
were employed at various points in the process of performing molecular dynamics 
simulations. Trajectories and structures were visualized using Visual Molecular Dynamics 
(VMD) (Humphrey, Dalke, & Schulten, 1996), Accelrys Discovery Studio Visualizer 4.0 
(Accelrys Software Inc.) and PyMol v.1.3 (Schrödinger, LLC.). GraphPad Prism 5 software 
was used for generating all the plots.       
 
Results and discussion 
 
Structure analysis of PKCδ protein 

In the present study, comparative MD simulations were performed on the free cys2 activator 
binding domain of PKCδ (henceforth ‘PKCδ’), phobol 13-acetate (henceforth ‘phorbol 
ester’) complexed with PKCδ, and bryostatin 1 (henceforth ‘bryostatin’) complexed with 
PKCδ, in order to gain insights into the binding mode as well as to explain differences in the 
activation mechanisms among the free and the activator-bound proteins.  Focus was put also 
on the binding of bryostatin, which is one of the most potent activators for PKCs identified 
to date, in order to gain insight into how it functions. This is because, despite decades of 
effort focused on structural explanation of the mechanism, this information does not yet 
exist (Das & Rahman, 2014; Loy et al., 2015). 

The free cys2 activator binding domain, as known as the C1 domain, is a part of five-
domain conventional and novel PKCs (Figure 1A). It comprises three canonical long beta 
sheets (β1, β4, and β5), two short beta sheets (β2, and β3), and a C-terminal α-helix. The 
activator binding region is between the β1/β2 loop (Met239, Pro241, Thr242) and the β3/β4 
loop (Leu251, Trp252, Gly253, and Leu254) (Figure 1B). The structure of this domain, as 
determined by X-ray crystallography (Zhang et al., 1995) (PBD ID’s: 1PTQ for free protein, 
and 1PTR for phorbol ester-bound protein) revealed that its overall topology developed a 
global fold with two Zn2+ binding sites distal and proximal to the activator binding region. In 
good agreement with previous studies (Das et al., 2004; Zhang et al., 1995), the activator 
binding patch located at the tip of the molecule appears generally polar on the outer surface 
while a few hydrophobic residues covers parts of the inner wall of the binding pocket. 
However, most of the surface of the protein is hydrophilic, making this globular protein 
highly soluble in the cytosol (Zhang et al., 1995).  
 
MD simulations  

In order to gain insight into the modes of activator-binding mechanism, MD simulations 
were performed for free PKCδ and activator-bound PKCδ complexes. Initially, the crystal 
structure of phorbol ester-bound protein (PDB ID: 1PTR)(Zhang et al., 1995) was used as a 
template protein for this present study. The phorbol ester (phorbol 13-acetate) molecule was 
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removed manually from the protein structure to create a free PKCδ protein. Subsequently, 
the ligand molecule, either phorbol ester or bryostatin, was docked onto the activator 
binding region of PKCδ, and the MD simulations were performed for 80 ns. To confirm the 
validity of the docking and the MD simulations, an 80-ns snapshot of stable structure of 
PKCδ-phorbol ester complex was overlaid onto the original crystal structure complex of 
PKCδ-phorbol ester (Figure 1C). The comparison yielded a good alignment with an RMSD 
value between the two complexes (backbone and ligand) of 0.353 Å, indicating that the 
docking and the MD simulation are reliable.  

When comparing the parameters resulting from the MD simulations of the free 
protein and the protein-activator complexes, several interesting discrepancies can be found. 
First, the potential energy plots (Figure 2A) showed a quick stabilization of all molecular 
systems and they remained stable for the entire 80 ns of the MD runs. However, the potential 
energy from the PKCδ-bryostatin complex stabilized at a significantly lower level 
(approximately -1.67×105 kcal/mol) than those of the free protein or the PKCδ-phorbol ester 
(approximately -1.51×105 kcal/mol). Second, during the MD simulations, the RMSDs of 
heavy atoms, side chains, and Cα-atoms of all molecular systems also showed different 
trends (Figure 2B). For both PKCδ-activator complexes, the monitored RMSDs fluctuated 
during the first 30 ns, and then became more stable afterwards. This is different in the case 
of the free protein where the RMSDs fluctuated throughout the 80 ns of MD. This indicated 
that, in the absence of activator, the PKCδ protein was constantly moving and was more 
away from the initial structure. On the other hand, when bound with either activator, the 
monitored structures initially moved slightly (within ca. 0.2 nm of backbone coordinates, or 
approximately an average of a single bond distance), and subsequently became stabilized 
after 30 ns and throughout the rest of the MD runs. Nonetheless, both the RMSD and 
potential energy trends of the complexes monitored during the MD simulations support the 
timeframe of 80 ns as adequate for analyzing the dynamics of both molecular systems. 

Root mean-square fluctuations (RMSF) of backbone atoms (N, Cα and C atoms) 
during the molecular dynamics (MD) simulations are shown in Figure 2C. It is apparent that 
the PKCδ-bryostatin complex has the lowest values throughout the entire protein sequence, 
suggesting that lower average atomic mobility can be observed when the protein is bound to 
bryostatin. Free PKCδ protein had the highest fluctuation, and, as expected, showed the most 
prominent fluctuation towards the C-terminal loop. Interestingly, the areas with the 
fluctuation are also located in the activator binding regions (Met239–Thr242 and Trp252–
Leu254), and on the two sets of Zn2+-binding residues (His231, Cys261, Cys264, Cys280; 
and Cys244, Cys247, His269, and Cys272). However, when comparing the trends among all 
three molecular systems, it can be observed that three particular regions showed a dramatic 
drop in atomic mobility when a free protein is bound to bryostatin (Figure 2C, gradient 
columns). These include Trp252 and one set of the Zn2+-binding residues (Cys244, Cys247, 
His269, Cys272). Notably, these two regions are in close proximity in the three-dimensional 
space, as the distances between His269 imidazole ring and the Trp252 benzene and indole 
rings are approximately 3.7 Å and 5.4 Å, respectively. This could imply a plausible π-π 
interaction or cation-π interaction between His269 and Trp252, as previously suggested (Das 
& Rahman, 2014), and possibly a role of Trp252 in the binding mechanism of bryostatin 
(vide infra). Taken together, it can be concluded from all the MD simulation throughout the 
monitored period, especially from the potential energy and the RMSFs, that the PKCδ-
bryostatin complex is the most stable and shows the least fluctuation among the three 
molecular systems.   
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Hydrogen bonding networks in the PKCδ-activator complexes 

Figure 3 summarizes the hydrogen bonding networks that can be observed during the 80-ns 
simulations. Phorbol ester forms four distinct hydrogen bonds with the activator binding 
groove of PKCδ (Figure 3A) while bryostatin forms only two (Figure 3B). As shown in 
Figures 3C and 3E, phorbol ester forms one hydrogen bond with the backbone amide of 
Thr242, one bond with the backbone carbonyl of Leu251, and two bonds with the backbone 
carbonyl and amide of Gly253. Bryostatin forms one hydrogen bond with Nε1 of the Trp252 
indole ring and one bond with the backbone amide of Gly253. The evolution of bond 
formation between these two complexes is rather different. In the case of the phorbol ester 
binding, the numbers of H-bond varied greatly throughout the MD run. For bryostatin 
binding, on the other hand, the bond formation becomes much more consistent after the 30 
ns time point, possibly when the H-bond to the Trp252 has been formed (vide infra).   

When considering the H-bond formations, as indicated in Figures 3A–B, together 
with the bond distance of each (Figure 4), the identity of each H-bond could be specified 
roughly which key partner atom on the protein activator binding site is contributing to the H-
bond formation (Figures 3A–B, side labels). Interestingly, in the case of PKCδ-phorbol ester 
complex, H-bonds of Gly253(-NH) and Thr242(-NH) exhibited almost exactly opposite 
bond formation behaviors over time (i.e. when one is present, the other is absent, and vice 
versa). The location of these two H-bonds are also on the opposite sides of the phorbol ester 
molecule (Figure 3C, dotted elliptical lines). This could imply that these two bonds are 
pulling against each other by having the phorbol ester molecule in the middle. This ‘tug-of-
war’ H-bond network may potentially cause the binding to phorbol ester to become less 
energetically favorable when compared to the bryostatin binding (Figure 2), even though it 
has more H-bonds.  

H-bond formation profile in the PKCδ-bryostatin complex (Figure 3B) can also be 
correlated with the H-bond distance (Figure 4). The evolution of H-bond formation on 
Gly253(-NH) appears more gradual than that of the one on Trp252(-Nε1). Moreover, when 
comparing all the H-bond formations in the PKCδ-phorbol ester complex, the bond 
formation on Gly253(-NH) to bryostatin exhibited much more consistent stability after 30-ns 
time period. The H-bond on Trp252(-Nε1), on the other hand, was  not present before this 
time point. This may suggest a cooperative behavior of these two H-bond formations to 
bryostatin. It is possible that the Z-enoate of the B-ring on bryostatin (C13) may thread into 
the binding pocket first. Once the Gly253(-NH) of the protein starts to form a hydrogen 
bond to it, the side chain of Trp252 swings its indole ring coincidentally towards the binding 
pocket and forms a hydrogen bond to the ester group on the C-ring, thus helping to stabilize 
the ligand in place. The movement of this Trp252 side chain and its possible relevance to the 
structural fluctuation will be discussed further in the next section. 

Notably, it is possible that in both complexes, Gly253(-NH) may form a hydrogen 
bond to the activator molecule first, leading to the other H-bond formations to the ligand. If 
this initial bond is not then stabilized by the other bonds (as in phorbol ester binding) the 
complex may not be as energetically favorable as the one that helps stabilizing this initial 
bond (as in bryostatin binding). 

The validity of these two H-bond formations on the PKCδ-bryostatin complex is 
bolstered by previous structure-activity relationship studies of bryostatin derivatives 
(DeChristopher et al., 2012; Gary. E. Keck et al., 2009; Gary E. Keck et al., 2009; P. A. 
Wender & Baryza, 2005; Paul A. Wender & Hinkle, 2000; P. A. Wender, Hinkle, Koehler, 
& Lippa, 1999). For example, when the ester group on the C-ring C20, which potentially 
binds to Trp252, is absent in bryostatin 10 or in bryostatin 18, the Ki with the isozyme mixed 
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PKCs increased from ca. 1 nM to 3.4-4.8 nM (P. A. Wender et al., 1988; P. A. Wender et al., 
1999). Attempts by the Wender group (P. A. Wender & Baryza, 2005; Paul A. Wender & 
Hinkle, 2000) to replace the aliphatic chains after the ester group at C20 with multiple 
substituents also resulted in two-to-sixty-fold decreases in the binding affinity for the rat 
brain PKCs. However, on the bryopyran analogues (pyran scaffolds on the A and B rings), it 
has been discovered that various modifications after this ester group on the C20 of the C ring 
still yielded very high affinity for PKC (Ki with PKCα = 0.70–1.05 nM, when compared to 
1.35 nM for bryostatin 1). Nonetheless, when the functional effect of these bryopyran 
analogues was considered, they are more similar to that of the phorbol-12-myristate-13-
acetate (PMA) as they are promoting proliferation of U937 leukemia cells, the effect that 
bryostatin 1 antagonizes and thus distinguishes itself from the phorbol ester activity (Gary E. 
Keck et al., 2009). Therefore, it can be deduced that the ester group on the C20 may be 
important for the binding to PKC. On the other hand, the long aliphatic chain beyond this 
ester group may neither be critical for the binding nor for retaining the unique biological 
characteristic of bryostatin. The biological characteristic may, rather, depend on the original 
substituents on the A and B rings. Taken together, these lines of experimental evidence are 
consistent with the MD structure of the PKCδ-bryostatin complex presented in this study 
that the ester group at C20 is important, but the aliphatic chain beyond this ester group may 
be dispensable. For the binding of Gly(-NH) to the C30 carbomethoxy substituent on the B-
ring of bryostatin, it has been reported that the Z-enoate analogues (as found in the 
bryostatin 1 structure) were slightly more potent in the binding than their corresponding des-
enoate forms (DeChristopher et al., 2012). Similar to the results from the PKC binding, Z-
enoate analogues were also found to be more potent than the pyran form of the B-ring in 
their ability to reactivate latent HIV-1 expression in the model cell line J-Lat 10.6 
(DeChristopher et al., 2012). These results confirmed that the substitution on the C13 of 
bryostatin may be critical in the activation function of PKC. 

Furthermore, the Keck group (Gary. E. Keck et al., 2009) also reported a poor 
contribution of the A-ring C7 acetate to the binding and the biological function of bryostatin. 
Biological evaluation of several bryopyran analogues revealed that any modifications of this 
location did not result in an enhanced binding affinity for PKC. Thus, it can be concluded 
that the A-ring acetate is not the important structural determinant for antagonizing phorbol 
ester-induced biological responses (Gary. E. Keck et al., 2009). These lines of experimental 
evidence also coincide with the MD structure of PKCδ-bryostatin complex reported in this 
study that bryostatin may initially binds to the activator binding pocket via its C20 and C30 
groups, while orienting the C7 substituents away from the binding site.  
 
The role of Trp252 in the activator binding 

The highly homologous Trp252 is also of particular interest in this study, largely due to its 
close proximity to one of the Zn2+ binding centers and to the activator site, and especially 
due to its vast side-chain movement during the MD simulations of both free protein and the 
protein-activator complexes (Figures 5A-C). Therefore, we have focused on delineating the 
role of this movement by correlating our MD structures to the backbone fluctuation data, in 
order to derive a possible model describing its relevance in the binding and activity. 

Although the motions of this Trp252 side chain, observed by our 80-ns MD 
simulations, appear to be similar between the free protein and phorbol ester complex 
(Figures 5A, B), the motion in the bryostatin complex revealed a distinctive behavior 
(Figure 5C). It is apparent that, in the case of the free protein, Trp252 side chain samples 
various conformations, toggling randomly in and out of the activator binding site. When the 
phorbol ester molecule is bound, no apparent H-bond is formed between this residue and the 
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ligand (Figures 3C, E), and the side chain is still rotating randomly, though orienting away 
from the binding pocket, suggesting its non-involvement in the recognition. In contrast, 
bryostatin binding causes the toggling behavior of the Trp252 side chain to become much 
more restricted, largely due to the H-bond formation between the indole Nε1 and the ester 
group on C20 of the ligand (Figures 3D, 3F, and 5C). Notably, during the MD run, the 
aromatic rings of Trp252 starts to flip at approximately 30 ns (Figure 5C), which coincides 
with the beginning of the H-bond formation observed (Figures 3B and 4E).  

At the farthest position away from the activator binding pocket, the Trp252 aromatic 
ring  becomes in close contact and in parallel with the His269 imidazole ring (Figure 5D). 
Based solely upon this close proximity, it has also been proposed previously that these two 
side chains may interact with one another via cation-π or π-stacking interactions (Das & 
Rahman, 2014). As mentioned above, His269 also coordinates to a Zn2+ ion, along with 
Cys244, Cys247 and Cys272. Interestingly, Trp252 and these Zn2+-binding residues are the 
only areas that have spiked backbone fluctuations observed in the free protein and in the 
phorbol ester complex, yet these fluctuations are quenched when bryostatin is bound (Figure 
2C, gradient columns). Hence, although more complex models are possible, the available 
MD data from the free protein and from the bryostatin complex in this study, along with the 
previous combined NMR perturbation and relaxation study (Stewart et al., 2011) on the 
homologous Y123W mutation of PKCα C1B domain, are consistent with the following 
dynamic fluctuation dampening model. Portions of the loops harboring the Zn2+-binding 
residues are vibrationally influenced by the toggling movement (in a nanosecond timescale) 
of the Trp252 aromatic ring, which is mediated by the transient interaction between Trp252 
and His269. Once the bryostatin molecule is bound and the Trp252 Nε1 H-bond has been 
formed, the Trp252-His269 interaction no longer exists, thus resulting in lower fluctuations 
among the Zn2+-binding residues (Figure 5E). We assume that these conformers may be 
further stabilized once the PKC-bryostatin complex tethers into the cell membrane lipid 
bilayer, where His269 becomes in close contact with the acidic phospholipid surface. It is 
possible that the previous interaction between His269 and Trp252 may not be easily 
reconstituted at this stage, thereby creating a more pronounced effect than that from the 
binding to phorbol ester, which does not require Trp252. The confirmation of this latter 
hypothesis is being investigated in detail in our laboratory by both MD simulation and 
quantum mechanical studies of the PKC-bryostatin complex in the context of its membrane 
tethering process.       

The role of bryostatin binding in PKC activation is still largely unknown and the 
structural information of the PKC-bryostatin-membrane still does not yet exist (Das & 
Rahman, 2014; Irie et al., 2012; Loy et al., 2015). Previous mutation and molecular 
dynamics studies indicated that Trp252 may have some importance in the binding of the 
activators (Kazanietz et al., 1995; Nacro et al., 2001). Recently, a combined mutagenesis, 
MD and NMR perturbation and relaxation study (Stewart et al., 2011) also discovered that 
the homologous Y123W mutation of PKCα C1B domain (that resulted in a profound >100-
fold increase in DAG binding affinity) did not alter the dynamics of the protein in the sub-
nanosecond timescale, but rather caused a dramatic change in microsecond-timescale 
conformational dynamics. This change in lower timescale dynamics generally suggests a 
“preequilibrium sampling” or “selected fit” behavior, that the ligand selects a high-affinity 
conformer among others (James & Tawfik, 2003). Some variations of the orientation of the 
Trp252 side chain and its analogues are also observed in multiple homologous C1 domain 
structures, either positioning toward or away from the activator binding pocket (Lin et al., 
2005; Shen et al., 2005).  

When considering our PKCδ-bryostatin complex structure, there still are several 
hydrophilic parts of the ligand being exposed to the solvent. This indicates that the binding 
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mechanism might not be the same as the one proposed for the phorbol ester binding by 
which the ligand simply caps the activator cleft and switches the hydrophobicity of the 
protein head and making it suitable for the membrane penetration (Zhang et al., 1995). It is 
possible that the PKCδ C1B-bryostatin may require another binding partner (or partners) to 
fulfill a complete activation. This hypothesis can be bolstered by the fact that the C1A and 
C1B domains both contribute to the PKC translocation induced by bryostatin (Bögi et al., 
1998; Lorenzo et al., 1999), and the C1A and the catalytic (C4) domains may be involved in 
a protection from downregulation of PKCδ induced by bryostatin (Das & Rahman, 2014; 
Lorenzo et al., 1999; Lorenzo, Bögi, Acs, Pettit, & Blumberg, 1997).  

The mechanism by which the bryostatin-bound PKC triggers cellular localization is 
also unclear. It has been known that, in the case of hydrophobic ligands such as phorbol 
ester or 12-O-tetradecanoylphorbol-13-acetate (TPA), they tend to translocate PKCs to the 
cell membrane, while hydrophilic ligands such as bryostatin (at 10-1,000 nM concentration) 
translocate them to the nuclear membrane (Wang et al., 2000). Therefore, structural biology 
studies on the C1B domain and other potentially involved domains of the PKC protein, both 
in the presence and absence of bryostatin or phospholipid bilayer, are greatly needed. 
Though the analyses of the conformational activation pathway is more complex than 
anticipated, our MD data presented here has provided structural insight into the activator 
binding, as well as one of the possible models leading to a more complete description of the 
mechanism and to their function. 
 
Conclusions 

Protein kinase C is a family of serine/threonine kinase isozymes that has been widely 
recognized as targets for anticancer therapy, Alzheimer’s disease, HIV/AIDS eradication 
and others, due to their important role in the signal transduction of various pathways. 
However, despite many efforts focused on describing accurate structural detail of the C1 
domain of PKC, as well as the binding to its activators, that information has been lacking, 
thus hampering the development of potential therapies. The study presented herein 
demonstrates that MD simulation can be employed to gain insight into the differences in the 
binding of phorbol esters, the tumor-promoting activator of PKC, compared with bryostatin, 
a more potent activator that does not act as a tumor promoter. Hydrogen bonding data have 
provided the details of binding mechanisms observed in both ligands, and revealed a 
potential binding conformation of bryostatin that has never been described before. These H-
bond networks, when combined with the deviations and fluctuations of the protein 
backbone, have led us to propose a model that describes the role of the highly conserved and 
highly homologous Trp252 in the ligand binding, as well as its potential involvement in the 
dynamic fluctuation modulation of the nearby Zn2+-binding center. We have found that a 
toggling movement of the Trp252 side chain may cause the high backbone fluctuation 
observed in the Zn2+-binding residues, which is mediated by the transient interaction 
between Trp252 and His269. When bryostatin is bound to the protein and the side chain of 
Trp252 samples toward a conformation that forms a hydrogen bond with the ligand, the 
transient interactions abrogate, and the dynamic fluctuations are dampened. This finding 
brings new insight into the design of new activators that favor the latter conformation.   

The comparison of the dynamics properties observed in the activator-bound 
complexes also sheds light on how to explain the potency differences identified for both 
activators. Although many future experimental efforts are still needed in order to confirm 
our model and fully understand the binding mode of bryostatin, along with the mechanism 
by which it employs to activate PKC, this study sets the stage for investigating the structural 
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detail of this important class of regulatory proteins. This information is inevitably required 
for the design of new analogues for future treatment of many related diseases. 
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Figure Captions 

Figure 1. Structure of the cys2 activator-binding domain of protein kinase C. (A) Schematic 
representation of C1 (cys2) domain located within PKC proteins. For both conventional (α, 
βI, βII, γ) and novel (δ, θ, ε, η) PKCs, four distinct domains (C1–C4) and five variable 
regions (V1–V5) are present, along with the amino-terminal pseudosubstrate (PS) domain. 
The secondary structure topology of the C1A or cys2 domain is highlighted, showing the 
activator binding site located between the β1-β2 and the β3-β4 loops. (B) Crystal structure 
of the cys2 activator-binding domain of PKCδ (PDB ID: 1PTR)(Zhang et al., 1995) with the 
activator binding site (residues 239–242 and 250–254) highlighted in stick representation. 
Phorbol ester molecule was removed from the original crystal structure. (C) Comparison 
between the crystal structure of PKCδ (PDB ID: 1PTR, shown in yellow and pale yellow) 
and the 80-ns MD simulated complex of phorbol ester molecule docked onto the original 
activator binding site of PKC (this study, shown in cyan and purple). Backbone and ligand 
RMSD between the two structures is 0.353 Å. 

Figure 2. Comparison of parameters resulted from the MD simulations of free PKCδ protein 
(black), PKC-phorbol ester complex (red), and PKC-bryostatin complex (blue). (A) Plot of 
the potential energy (kcal/mol) during 80 ns MD of the free protein and complexes. (B) The 
backbone RMSD vs. MD simulation time. (C) RMSF of the free protein and complexes 
during 80 ns MD showing fluctuations among the protein amino acids. Activator binding 
regions are highlighted in the dotted lines with some key binding residues indicated. 
Downward arrows on the topology schematic line indicate the locations of two sets (red or 
blue) of Zn2+-coordinating residues. The three gradient columns highlighted the regions that 
have the most prominent differences of the RMSF values from all molecular systems, which 
coincide with Trp252 and one set of the Zn2+-binding residues. 

Figure 3. Hydrogen bond formations found in the complexes between the PKC protein and 
phorbol ester (A, C, E) or bryostatin (B, D, F). (A, B) Number of H-bonds between PKC and 
the ligands during total course of 80 ns of MD simulations. (C, D) Three dimensional 
structures of the binding site of the protein focusing on the H-bond formations (dotted 
yellow lines). Key binding residues are indicated. The dotted elliptical lines highlight H-
bond formations to Gly253(-NH) and Thr242(-NH) as color-coded in figure 3A. (E, F) 
Schematics summarizing hydrogen-bonding interactions (dotted lines) in the phorbol ester 
binding or in the bryostatin binding. 

Figure 4. Hydrogen bond distances between PKC protein residues and phorbol ester (A-D) 
or bryostatin (E, F) molecules as a function of time. For the PKC-phorbol ester complex, H-
bonds on Leu251 backbone -CO (A), Gly253 backbone -NH (B) and -CO (C), and Thr242 
backbone -NH (D) are shown. For the PKC-bryostatin, H-bonds on Trp252-Nε1 (E) and 
Gly253 backbone -NH (F) are shown. 
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Figure 5. The role of Trp252 in activator binding. Cartoon views of the activator binding site 
of PKC highlighting the movements of the Trp252 side chain in the free PKC protein (A), 
PKC-phorbol ester complex (B), and the PKC-bryostatin complex (C) are shown. The 
vibrational motions on residues of PKC structures are represented by superimposing seven 
snapshots at different time points during the MD simulations. In the complexes (B, C), 10 
ns: light green, 20 ns: cyan, 30 ns: magenta, 40 ns: yellow, 50 ns: pink, 60 ns: light gray, and 
70 ns: purple. For (C), the ligand conformation and the H-bond of only the 70-ns structure is 
represented. (D) Cartoon representation of free PKC structure showing a close proximity 
(3.7–5.4 Å) between the side chain of Trp252 and the Zn2+-coordinating His269. (E) 
Dynamic fluctuation dampening model describing how the binding of bryostatin may 
influence a reduction of the backbone fluctuation of Trp252 and the proximal Zn2+-binding 
center. In the free protein, interaction between Trp252 and His269 modulates the fluctuation 
of this area due to the toggling movement of Trp252 side chain. Once bound with bryostatin, 
this interaction diminishes and may result in the evident reduction in fluctuation of all 
involved residues. 
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Figure 2 Thangsunan, et al. 
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Figure 3 Thangsunan, et al. 
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Figure 4 Thangsunan, et al. 
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Figure 5 Thangsunan, et al. 

 

 

 
 


