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 โครงการวจิยันี้มจีุดประสงค์เพื่อศกึษากลไกการเกดิปฏกิริยิาไฮโดรไลซสิของการย่อย
สลายคาร์โบไฮเดรต การปรบัเปลี่ยนโครงสร้างของน ้ าตาล และบทบาทของกรดอะมิโนที่
เกี่ยวขอ้งระหว่างเกดิปฏกิริยิาเคมใีนเอนไซมไ์คติเนสบี (ChiB) โดยการประยุกต์ใช้ระเบยีบ
วธิจี าลองทางคอมพวิเตอร์ทีผ่สมผสานทฤษฎกีลศาสตรค์วอนตมัสมยัใหม่และทฤษฎกีลศาสตร์
โมเลกุลดัง่เดมิ (SCC-DFTB/CHARMM22) และทฤษฎีฟงัก์ชนัความหนาแน่น ผลการศึกษา
พฤตกิรรมของโครงสรา้งบรเิวณยดึเกาะของซบัสเตรตคอืโมเลกุลน ้าตาล N-acetylglucosamine 
(NAG) กบัเอนไซม ์ChiB พบว่าวธิ ีSCC-DFTB สามารถท านายโครงสรา้งสภาวะตัง้ต้น (ES) 
ได้สอดคล้องกบัผลการทดลอง ผลการค านวณพลงังานอสิระของปฏกิิรยิาพบว่าปฏกิิรยิาม ี2 
ขัน้ตอน และขัน้แรกของปฏกิริยิาเป็นขัน้ก าหนดอตัรา มคี่าพลงังานอสิระของการกระตุ้น ( free-
energy of activation) เท่ากบั 20.5 kcal/mol สอดคลอ้งกบัผลการทดลองในหอ้งปฏบิตักิาร(~16 
kcal/mol) ในระหว่างเกดิปฏกิริยิาพบโครงสรา้งของน ้าตาลต าแหน่ง -1 มกีารเปลีย่นรปูร่าง คอื 
boat (1,4B) ↔ half-chair (4H5) ↔ chair (4C1) นอกจากนี้ยงัพบว่ากรดอะมโินบนต าแหน่งยดึ
จบักบัน ้าตาล NAG มผีลต่อประสทิธภิาพการย่อยสลายคารโ์บไฮเดรต โดยเฉพาะ Asp142 และ 
Tyr214 นอกจากน้ี วธิกีารศกึษาดว้ยทฤษฎฟีงัก์ชนัความหนาแน่น ยงัสามารถน าไปประยุกต์ใช้
เพื่อศกึษาการปรบัเปลีย่นโครงสรา้งของวงเอสเตอรใ์นปฏกิริยิาการสงัเคราะหพ์อลเิมอร ์
 
ค าหลกั : ไคตเินสบ;ี  ปฏกิริยิาเคมขีองเอนไซม;์  วธิกีารจ าลองทีผ่สมผสานกลศาสตรค์วอนตมั
และกลศาสตรโ์มเลกุล; SCC-DFTB; เอนไซมไ์กลโคสเิดส;  

 



 

Abstract 
Project code:   MRG5680143 
Title:    Powerful Insight into the Nature of Five- and Six-Membered Ring  

Carbohydrate Conformation in Catalysis of Glycosidase from 
Combined Quantum Mechanics/Molecular Mechanics Simulations 

Investigator :  Assistant Professor Dr. Jitrayut Jitonnom,  University of Phayao 
E-mail:   jitrayut.018@gmail.com 
Project period:    3 June 2013 - 2 June 2015 
 
 The aim of this research project is to study the hydrolytic mechanism of chito-
oligosaccharide substrate and its ring conformation during catalysis of Serratia 
marcescens chitinase B (ChiB) as well as to probe the roles of conserved residues in 
the ChiB active site by using combined quantum mechanics/molecular mechanics (SCC-
DFTB/CHARMM22) simulations and density functional theory. The SCC-DFTB 
calculations could reproduce the geometries of enzyme-substrate complex determined 
by X-ray crystallography. Calculated free-energy profiles for the reaction suggested a 
two-step mechanism in which the first glycosylation step is the rate-determining step 
with an activation barrier of 20.5 kcal/mol, in a reasonable agreement with the 16.1 
kcal/mol barrier derived from the experiment. The pyranosyl substrate (bound in 
subsite -1) was found to undergo a boat (1,4B) ↔ half-chair (4H5) ↔ chair (4C1) 
conformational change along the reaction path. A variety of conserved residues in the 
ChiB active site were involved in catalysis and Asp142 and Tyr214 were found to play 
key roles for catalytic efficiency. In addition, the DFT-based protocol can also be applied 
to study the conformation of cyclic esters during the ring-opening polymerization.    
 
Keywords : chitinase B;  enzyme mechanism ; QM/MM; SCC-DFTB; glycoside 
hydrolase; ring conformation 

 



 

วตัถปุระสงค ์
1. เพื่อศกึษากลไกของปฏกิริยิายอ่ยสลายคารโ์บไฮเดรตดว้ยเอนไซมไ์คตเินสบใีนระดบั

อะตอม 
2. เพื่อศกึษาโครงสรา้งบรเิวณยดึจบัของซบัสเตรต และการปรบัเปลีย่นรปูร่างของน ้าตาล

ระหว่างเกดิปฏกิริยิาในเอนไซมไ์คตเินสบ ี
3. เพื่อคน้หาและท าความเขา้ใจล าดบักรดอะมโินทีม่บีทบาทต่อประสทิธภิาพการยอ่ยสลาย

คารโ์บไฮเดรต โดยใชเ้อนไซมไ์คตเินสบ ี
4. เพื่อทดสอบความน่าเชื่อถอืของการประยกุตใ์ช้ระเบยีบวธิ ี SCC-DFTB รว่มกบัการ

จ าลองพลวตัทิีผ่สมผสานกลศาสตรค์วอนตมัและกลศาสตรโ์มเลกุล 
 
ผลการทดลองและวิจารณ์ผล 
 กลไกการเร่งปฏกิริยิาการย่อยสลายคารโ์บไฮเดรตของเอนไซมไ์คตเินสบ ีมผีูเ้สนอไว้ดงัรปู
ที่ 1 โดยมกีรดอะมโิน Asp142 และ Glu144 ท าหน้าที่ในการเร่งปฏกิิรยิา ซึ่งจะเกดิผ่าน 2 
ขัน้ตอน คอื glycosylation และ deglycosylation โดยม ี oxazolinium ion intermediate เป็นสาร
อนิเตอรม์เิดยีต ส าหรบัปฏกิริยิาขัน้แรกนัน้จะเกี่ยวขอ้งกบัการถ่ายโอนโปรตอนระหว่างหมู่คาร์
บอกซลิของกรดอะมโินกลตูาเมตต าแหน่ง 144 (Glu144) ไปยงัอะตอมออกซเิจนของพนัธะไกลโค
สิดิก แล้วเกิดการสลายของพนัธะดังกล่าว ในขัน้ที่สองจะเกี่ยวข้องกับการถ่ายโอนโปรตอน
ระหว่างโมเลกุลน ้าที่เป็นตวัท าละลาย กบัหมู่คาร์บอกซลิของ Glu144  เพื่อเกิดปฏกิริยิาแทนที่
ดว้ยน ้าและได้น ้าตาล NAG2 เป็นผลติภณัฑ ์(ดูต าแหน่ง -1 และ -2) ขอ้เสนอดงักล่าวพบว่ายงัไม่
เคยมกีารตรวจพสิจูน์ความถูกตอ้ง ซึง่อาจเป็นเพราะการตรวจสอบกลไกนัน้ท าได้ยุ่งยาก ดว้ยเหตุ
นี้ผู้วจิยัจ าเป็นต้องตรวจสอบความถูกต้องของกลไกที่ได้เสนอไว ้โดยผลการจ าลองโครงสรา้งตัง้
ต้น (ES) ของปฏกิริยิาในตวัท าละลายน ้านาน 1.0 ns ดว้ยระเบยีบวธิจี าลองทางคอมพวิเตอรท์ี่
ผสมผสานทฤษฎกีลศาสตรค์วอนตมัสมยัใหม่และทฤษฎกีลศาสตรโ์มเลกุลดัง่เดมิ แสดงดงัรปูที ่2 
ซึง่ให้ขอ้มูลโครงสรา้งโดยรวมสอดคลอ้งกบัโครงสรา้งเดยีวกนัที่ได้จากการทดลอง (PDB code 
1E6N) ผลการจ าลองกลไกการเร่งปฏิกิริยาของเอนไซม์ไคติเนสบี ค านวณด้วยระเบียบวิธ ี
QM(SCC-DFTB)/CHARMM22 umbrella sampling MD แสดงดงัรูปที่ 3 จากกราฟจะแสดง
ความสัมพันธ์ระหว่างค่าพลังงานอิสระที่เปลี่ยนแปลงไปในระหว่างเกิดปฏิกิริยา โดยพบว่า
พลงังานอสิระของการกระตุ้นของปฏกิริยิาขัน้แรก มคี่าเท่ากบั 20.5 kcal/mol ขณะที่ปฏกิริยิาใน
ขัน้ทีส่องมคี่าพลงังานอสิระของการกระตุ้น ~6 kcal/mol จากขอ้มลูนี้จงึสรุปไดว้่า glycosylation 
เป็นขัน้ก าหนดอตัรา ผลการวเิคราะหโ์ครงสรา้งของบรเิวณที่เกดิการถ่ายโอนโปรตอน สรุปไดว้่า
ทนัททีีเ่กดิการถ่ายโอนโปรตอนจากหมูค่ารบ์อกซลิของ Glu144 ไปยงัพนัธะไกลโคสดิกิ (C1-Ogly) 
จะท าใหพ้นัธะ C1-Ogly เกดิการแตกออก ส าหรบัการถ่ายโอนโปรตอนในขัน้ deglycosylation จะ
เกดิไดง้า่ยกว่า ทัง้นี้เป็นผลมาจากความไม่เสถยีรของโครงสรา้งสารอนิเตอรม์เิดยีต (high-energy 
intermediate) และส่งผลใหเ้กดิปฏกิริยิากบัโมเลกุลน ้าไดง้า่ย ผลการวเิคราะห์โครงสร้างของ
น ้าตาลในระหว่างปฏกิริยิาทัง้สองขัน้ตอน แสดงดงัรปูที ่4 จะพบว่าน ้าตาลมกีารเปลีย่นโครงสรา้ง



 

ดงันี้ boat (1,4B) ↔ half-chair (4H5) ↔ chair (4C1) ขอ้มลูนี้จดัเป็นรปูแบบใหม่ทีพ่ึง่มกีาร
รายงานไวส้ าหรบัเอนไซมใ์นตระกูลไกลโคสเิดส 

  
 รปูท่ี 1 กลไกการเร่งปฏกิริยิาเคมขีองเอนไซมไ์คตเินสบ ี

  

 
 รปูท่ี 2  โครงสรา้งสารตัง้ตน้ (ES) ของเอนไซมไ์คตเินสบ ีโดยวธิกีารจ าลองดว้ยคอมพวิเตอร ์

SCC-DFTB/CHARMM22 
  

  
 รปูท่ี 3 กราฟพลงังานอสิระ (free energy) เทยีบกบัปฏกิริยิาทีด่ าเนินไป (reaction coordinate) 

  



 

  
 รปูท่ี 4 ผลการท านายโครงสรา้งของน ้าตาลทีม่รีปูร่างหกเหลีย่มในระหว่างเกดิปฏกิริยิาในเอนไซมไ์คตเินส

บ ีโดยมกีารเปลีย่นรปูทรงของโมเลกุลน ้าตาลจาก 1,4B ↔4H5↔4C1 
 

 
รปูท่ี 5 แสดงโครงสรา้งและต าแหน่งของกรดอะมโินทีเ่กีย่วขอ้งกบัการยดึจบักบัซบัสเตรต 
NAG5 ของเอนไซมไ์คตเินสบ ี(PDB entry 1E6N). 
 

รปูที ่ 5 แสดงโครงสรา้งและต าแหน่งของกรดอะมโินทีเ่กีย่วขอ้งกบัการยดึจบักบัซบัสเตรต 
NAG5 ของเอนไซมไ์คตเินสบ ี จะเหน็ว่าการยดึจบัของซบัสเตรตเกดิจากกรดอะมโินหลายชนิด โดย
แรงยดึเกาะส่วนใหญ่เป็นแรงทีเ่กดิจากอนัตรกริยิาชนิด hydrogen bond (H-bond) และ van der 
Waals (vdW) โดยกรดอะมโินประเภทอะโรมาตกิ (Tyr และ Trp) จะมบีทบาทโดยตรงต่อการยดึจบั
ของโมเลกุลน ้าตาล pyranose (แสดงดว้ยสเีขยีว) ส าหรบักรดอะมโินทีม่ขี ัว้ ไดแ้ก่ Asp142, Tyr214, 
Asp215 และ Arg294 พบว่านอกจากจะช่วยยดึซบัสเตรตดว้ยแรงชนิด H-bond กบัหมู ่ -OH ของ
โมเลกุลน ้าตาลแลว้ ยงัพบว่ามบีทบาทต่อการเรง่ปฏกิริยิาดว้ย ในงานวจิยันี้ผูว้จิยัสนใจศกึษา
บทบาทของกรดอะมโินชนิดมขีัว้เหล่านี้ต่อประสทิธภิาพในการเรง่ปฏกิริยิา โดยปกตกิารวเิคราะห์
หากรดอะมโินชนิดไหนบา้งมผีลต่อประสทิธภิาพการท างานของเอนไซม ์ สามารถหาไดโ้ดยวธิกีาร
กลายพนัธุ ์ (site-directed mutagenesis) ซึง่นิยมใชใ้นหอ้งปฏบิตักิารชวีเคมทีัว่ไป ในงานวจิยันี้เรา
ไดป้ระยกุตห์ลกัการนี้กบัการค านวณ โดยจะพจิารณาและเปรยีบเทยีบค่าพลงังานกระตุน้ที่
เปลีย่นแปลงไปของระบบ wildtype (WT) กบัระบบทีม่กีารกลายพนัธุ ์ (mutant) โดย mutant อาจ
เกดิจากกรดอะมโินเพยีงหนึ่งหรอืสองต าแหน่ง (single/double mutations) กไ็ด ้โดยผลการค านวณ
แสดงดงัรปูที ่ 6 ซึง่เป็นกราฟแสดงค่าพลงังานศกัยส์มัพทัธข์องระบบทัง้สองเทยีบกบัการด าเนินไป
ของปฏกิริยิา (reaction coordinate) ไดจ้ากการค านวณดว้ยระเบยีบวธิทีฤษฎฟีงักช์นัความ
หนาแน่น (B3LYP/6-31G*) จะเหน็ไดว้่าโดยรวมการกลายพนัธุม์ผีลต่อความเสถยีรของสารอนิเตอร์



 

มเิดยิตทุกๆ ตวั แต่ทีเ่หน็เด่นชดั คอื D142A และ Y214F กล่าวคอื D142A มผีลโดยตรงต่อ
เสถยีรภาพของสารอนิเตอรม์เิดยีต โดยค่าพลงังาน EI มคี่าเพิม่ขึน้ชดัเจนจาก 11.0 kcal/mol ไป
เป็น 44.9 kcal/mol การกลายพนัธุน์ี้ยงัส่งผลใหต้อ้งใชพ้ลงังานกระตุน้มากถงึ 52.8 kcal/mol 
ส าหรบั Y214F พบว่ามผีลต่อความเสถยีรของสารอนิเตอรม์เิดยีต EI สงัเกตไดจ้ากค่าพลงังาน EI ที่
ลดลงอยา่งมากเทยีบกบั WT การลดลงนี้ยงัส่งผลใหค้่าพลงังานกระตุน้ในขัน้ทีส่องมแีนวโน้มเพิม่ขึน้ 
หรอือาจกล่าวไดว้่า Tyr214 ช่วยใหป้ฏกิริยิาการแทนทีข่องน ้าในขัน้ทีส่องเกดิไดง้่ายขึน้ โดยการลด
ความเสถยีรของสารอนิเตอรม์เิดยีตลง.  
 

 
รปูท่ี 6. แสดงกราฟพลงังานศกัยส์มัพทัธก์บัการด าเนินไปของปฏกิริยิา เมือ่กรดอะมโินในรปูที ่
3 เกดิการกลายพนัธุเ์ป็นอะลานีน (A) ทัง้แบบ single mutation และ double mutation  

 
สรปุ 

1. ผลการค านวณสนบัสนุนกลไกทีเ่สนอไวส้ าหรบัปฏกิริยิายอ่ยสลายคารโ์บไฮเดรตดว้ย
เอนไซมไ์คตเินสบ ี 

2. พบโครงสรา้งบรเิวณยดึจบัของน ้าตาลต าแหน่ง -1 เกดิการบดิเบีย้วรปูร่างของวงแหวน
หกเหลีย่มของน ้าตาล pyranose ระหว่างเกดิปฏกิริยิา (boat (1,4B) ↔ half-chair (4H5) 
↔ chair (4C1)) 

3. Asp142 และ Tyr214 เป็นกรดอะมโินทีม่บีทบาทซบัซอ้นและมผีลอยา่งมากต่อ
ประสทิธภิาพการท างานของเอนไซมไ์คตเินสบ ี

4. ต าท าละลายน ้ามผีลกระทบต่อประสทิธภิาพของเอนไซม ์ 
5. ระเบยีบวธิ ีSCC-DFTB/CHARMM22 QM/MM MD เป็นระเบยีบวธิทีีม่ปีระสทิธภิาพใน

การหาค่าพลงังานอสิระของปฏกิริยิาเคมใีนเอนไซมไ์กลโคสเิดส แต่จ าเป็นตอ้งมกีาร
ตรวจสอบความน่าเชื่อถอืเพิม่เตมิเทยีบกบัระเบยีบวธิอีื่นๆ ทีม่คีวามแม่นย าและถูกตอ้ง
มากกว่า เช่น DFT และ/หรอื MPn  



 

 
ข้อเสนอแนะส าหรบังานวิจยัในอนาคต 

ส าหรบัแผนการวจิยัในอนาคต จะเป็นการต่อยอดงานวจิยัไปสู่การประยุกต์ใช้วธิกีาร
ออกแบบโมเดลที่พฒันาขึน้ เพื่อศกึษาคุณสมบตัขิองโครงสรา้งคารโ์บไฮเดรตทีเ่ป็นรปูวงแหวน
ห้าเหลี่ยมที่ต าแหน่งยดึจบักับเอนไซม์ไกลโคสิเดส รวมถึงการท านายประสิทธิภาพในการ
สงัเคราะห์โอลิโกแซคคาไรด์ด้วยเอนไซม์ในกลุ่มไกลโคสิเดส เช่น ไคติเนสบี และเอนไซม์
เบตา้กลโูคสเิดส รว่มกบัเทคนิคทางวศิวกรรมเอนไซมต่์อไป 
 
Output จากโครงการวิจยัท่ีได้รบัทุนจาก สกว. 

1. ผลงานตพีมิพใ์นวารสารวชิาการนานาชาต ิ(ระบุชื่อผูแ้ต่ง ชื่อเรือ่ง ชื่อวารสาร ปี 
เล่มที ่เลขที ่และหน้า) หรอืผลงานตามทีค่าดไวใ้นสญัญาโครงการ 
1.1 บทความวิจยัระดบันานาชาติท่ีได้รบัการตีพิมพ ์ (และ/หรือก าลงัอยู่ใน

ขัน้ตอน) ในฐานข้อมลู SCOPUS/ISI และมีค่า impact factor จ านวน
ทัง้ส้ิน 6 เร่ือง 
ก. บทความหลกัท่ีคาดไว้ในสญัญาโครงการ จ านวน 2 เร่ือง 

          Jitonnom, J., Limb, M.A., Mulholland, A.J. QM/MM free-energy 
simulations of reaction in Serratia marcescens chitinase B reveal the 
protonation state of Asp142 and the critical role of Tyr214. J. Phys. Chem. 
B. 2014, 118, 4771-83. (IF: 3.69; cited by 2) 

    Jitonnom, J.; Sattayanon, C.; Kungwan, N.; Hannongbua, S., A DFT 
study of the unusual substrate-assisted mechanism of Serratia marcescens 
chitinase B reveals the role of solvent and mutational effect on catalysis. J. 
Mol. Graph. Model., 2015, 56, 53–59. (IF: 2.022; cited by 0) 
            

ข. บทความอ่ืนๆ ท่ีต่อยอดจากงานวิจยัหลกัของโครงการ จ านวน 4 
เร่ือง 
Sarot Cheenpracha, Jitayut Jionnom, Manutchaya Komek, 

Thunwadee Ritthiwigrom, Surat Laphookhieo, Acetylcholinesterase 
inhibitory activity and molecular docking study of steroidal alkaloids 
from Holarrhena pubescens barks, Bioorg. Med. Chem., under review. (IF: 
2.951) 
          Jitonnom, J., Sontag, C. Catalytic Oxidation of Glucose with 
Hydrogen Peroxide and Colloidal Gold as Pseudo-Homogenous Catalyst: A 



 

Combined Experimental and Theoretical Investigation. Chiang Mai J. Sci. 
ASAP. (IF: 0.516) 
           Jitonnom, J., Meelua, W. The effect of silicon-bridge and p-ligands 
on the electronic structures and related properties of dimethyl zirconocene 
polymerization catalysts: A comparative theoretical investigation. Chiang Mai 
J. Sci. 2014, 41(5.2): 1220-1229. (IF: 0.516; cited by 0) 
           Sattayanon, C., Sontising, W., Jitonnom, J., Meepowpan, P., 
Punyodom, W., Kungwan, N. Theoretical study on the mechanism and 
kinetics of ring-opening polymerization of cyclic esters initiated by tin(II) n-
butoxide. Comput. Theor. Chem. 2014, 1044, 29-35. (IF: 1.368; cited by 2) 
 

2. การน าผลงานวจิยัไปใชป้ระโยชน์ 

- เชงิวชิาการ (มกีารพฒันาการเรยีนการสอน/สรา้งนกัวจิยัใหม่) 
               ผลการด าเนินงานโครงการ “ความเข้าใจอย่างลกึซึ้งในธรรมชาติ
ของโครงสร้างคาร์โบไฮเดรตที่เป็นรูปวงแหวนห้าเหลี่ยมและหกเหลี่ยมใน
ระหว่างการเรง่ปฏกิริยิาเคมขีองเอนไซมไ์กลโคสเิดส ศกึษาโดยวธิีการจ าลองที่
ผสมผสานกลศาสตรค์วอนตมัและกลศาสตรโ์มเลกุล” ได้สรา้งองค์ความรูใ้หม่
จริงต่อวงการวิชาการ โดยทีมนักวิจ ัยเป็นกลุ่มวิจยัแรกของโลกที่สามารถ
อธบิายกลไกการย่อยสลายไคตินในระดบัโมเลกุล พร้อมทัง้ระบุบทบาทของ
กรดอะมโินทีเ่กี่ยวขอ้งไดอ้ย่างชดัเจน และได้ตพีมิพ์ลงในวารสาร Journal of 
Physical Chemistry B (Jitonnom et al,, J. Phys. Chem. B, 2014, 118, pp 
4771–4783) ซึ่งเป็นวารสารชัน้น าทางดา้นเคมเีชงิฟิสกิส์ นอกจากนี้บทความ
วจิยัเรื่องนี้ยงัได้รบัการอ้างองิลงในวารสาร ACS Catalysis (Zhang et al., 
ACS Catal., 2015, 5, 2559–2572) ซึง่เป็นวารสารชัน้น าของโลกที่มคี่า 
impact factor สูงถึง 7.572 โดยเนื้อหาของบทความมกีารกล่าวอ้างถึง
ผลงานวจิยัหลายครัง้ ซึ่งสะท้อนให้เห็นถึงความส าคญัของงานวจิยัในครัง้นี้ 
นอกจากนี้เทคนิค small quantum cluster ทีไ่ดศ้กึษาคน้ควา้ภายใต้โครงการ
ดงักล่าว พบว่าสามารถน าไปประยุกต์ใช้เพื่อศกึษาโครงสรา้งของสารประกอบ
เชงิซอ้นทีม่โีลหะทรานซชินัได ้ 
               โดยสรุปผลการด าเนินโครงการในช่วงระยะเวลา  2 ปี ผู้วจิยั
สามารถตีพิมพ์บทความวิจัยหรือหนังสือในระดับนานาชาติที่มีค่า impact 
factor ไปแล้ว จ านวน 5 เรื่อง (โดยมคี่าการอ้างองิ เท่ากบั 4) และก าลงัรอ
ตีพิมพ์ จ านวน 2 เรื่อง โดยมีการน าผลงานวิจยัไปเผยแพร่ในงานประชุม
วชิาการระดบันานาชาติจ านวน 2 ครัง้ (7th AOUPO/9th PST และ 
MACRO2014)  งานสมัมนาวชิาการ จ านวน 3 ครัง้ (ณ คณะวทิยาศาสตร ์ม.



 

เชยีงใหม่ และ ณ ส านักวชิาวทิยาศาสตร์ ม.วลยัลกัษณ์) รวมไปถงึการน าไป
บูรณาการกบัการเรยีนการสอนในรายวชิา 242413 เคมคี านวณเบือ้งต้น และ 
256449 งานวจิยัแนวใหมท่างเคมเีชงิฟิสกิส ์ของคณะวทิยาศาสตร ์ม.พะเยา 
 

3. อื่นๆ (เช่น ผลงานตพีมิพใ์นวารสารวชิาการในประเทศ การเสนอผลงานในทีป่ระชุม
วชิาการ หนงัสอื การจดสทิธบิตัร) 
3.1 ผลงานตพีมิพใ์นวารสารวชิาการในประเทศ 

จติระยุทธ ์จติอ่อนน้อม. การยอ่ยสลายคารโ์บไฮเดรตโดยเอนไซมไ์กล 
โคสเิดส: ทศันะเชงิกลไกและการประยกุตใ์ช้, วารสารวทิยาศาสตร ์มข., ฉบบัที ่ 
3 ปีที ่41, 582-594, (2556). 

จติระยุทธ ์จติอ่อนน้อม. การประยกุตใ์ชเ้ทคนิคการจ าลองพลวตัเชงิ
โมเลกุลทางดา้นวทิยาศาสตรโ์ปรตนี, วารสารนเรศวรพะเยา, ฉบบัที ่1 ปีที ่7, 
6-16 (2557). 

 
3.2 การเสนอผลงานในทีป่ระชุมวชิาการ 

1. Jitrayut Jitonnom and Adrian J. Mulholland, Understanding protein 
dynamics and enzyme catalysis: insights from modeling and simulations, 
the 7th AOHUPO/9th PST Conference at CRI, Bangkok, 6-8 August 
2014, (poster presentation) 

2. Wijitra Meelua and Jitrayut Jitonnom, Cationic Ring-Opening 
Polymerization of ε-Caprolactone by Bis(cyclopentadienyl)-Based Group 
4 Metallocene: A Theoretical Study on the Chain Propagation, The 2014 
IUPAC World Polymer Congress (MACRO2014), Chiang Mai 
International Convention and Exhibition Center, Chiang Mai, Thailand, 6-
11 July, 2014. (poster presentation) 
 

3.3 บทหนงัสอื (Book chapter) จ านวน 1 เรือ่ง 
Jitonnom, J. (2014) Computer-aided pesticide design: A short review. 

Short Views on Insect Biochemistry and Molecular Biology, (Eds.) 
Chandrasekar, R., Tyagi, B.K., Gui, Z.Z., and Reeck, G. International Book 
Mission, Academic Publisher, Manhattan, KS, USA. Chapter-30, Vol. (2): 
685-707. 



QM/MM Free-Energy Simulations of Reaction in Serratia marcescens
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ABSTRACT: Serratia marcescens Chitinase B (ChiB), belonging to the glycosidase family 18 (GH18), catalyzes the hydrolysis of
β-1,4-glycosidic bond, with retention of configuration, via an unusual substrate-assisted mechanism, in which the substrate itself
acts as an intramolecular nucleophile. Here, both elementary steps (glycosylation and deglycosylation) of the ChiB-catalyzed
reaction are investigated by means of combined quantum mechanics/molecular mechanics (QM/MM) umbrella sampling
molecular dynamics (MD) simulations at the SCC-DFTB/CHARMM22 level of theory. We examine the influence of the
Asp142 protonation state on the reaction and the role that this residue performs in the reaction. Our simulations show that
reaction with a neutral Asp142 is preferred and demonstrate that this residue provides electrostatic stabilization of the
oxazolinium ion intermediate formed in the reaction. Insight into the conformational itinerary (1,4B ↔4H5↔

4C1) adopted by the
substrate (bound in subsite −1) along the preferred reaction pathway is also provided by the simulations. The relative energies of
the stationary points found along the reaction pathway calculated with SCC-DFTB and B3LYP were compared. The results
suggest that SCC-DFTB is an accurate method for estimating the relative barriers for both steps of the reaction; however, it was
found to overestimate the relative energy of an intermediate formed in the reaction when compared with the higher level of
theory. Glycosylation is suggested to be a rate-determining step in the reaction with calculated overall reaction free-energy barrier
of 20.5 kcal/mol, in a reasonable agreement with the 16.1 kcal/mol barrier derived from the experiment. The role of Tyr214 in
catalysis was also investigated with the results, indicating that the residue plays a critical role in the deglycosylation step of the
reaction. Simulations of the enzyme−product complex were also performed with an unbinding event suggested to have been
observed, affording potential new mechanistic insight into the release of the product of ChiB.

■ INTRODUCTION

Glycoside hydrolases, or glycosidases (GHs), are the largest
group of glycan-degrading enzymes in nature. They are
responsible for hydrolysis of glycosidic bonds in carbohydrates
and help to catalyze a wide range of important biological
functions, such as glycan processing in glycoproteins,
remodeling cell walls, and polysaccharide modification and
degradation.1 In addition to their numerous roles in
biochemistry, they are highly efficient enzymes, accelerating
reactions by as much as 1017 times over the spontaneous rate.2

GHs have been extensively studied, with >130 different
families of GHs reported in the literature;3 however, despite

advances in understanding of the mechanisms underlying GH
catalysis, the specific mechanistic details of many GHs remain
an important challenge. The first general mechanism for GHs
was proposed by Koshland4 in late 1953: he suggested an acid−
base type catalysis, which could proceed with either a retention
or an inversion of the anomeric configuration of the substrate.
In the ensuing years, a wealth of research (extensively reviewed
elsewhere5,6) has provided a more detailed description of GH
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function. In brief, inverting GHs operate by a single
nucleophilic substitution with only one transition state, whereas
retaining GHs follow a double displacement mechanism,
proceeding via a stable covalent glycosyl−enzyme intermediate
(glycosylation step), followed by the subsequent hydrolysis of
this intermediate to form the cleaved reaction product
(deglycosylation step). Inverting and retaining GHs usually
require the presence of at least two key residues in the active
site of the enzyme, one acting as the general acid and the other
as the general base, in order for efficient catalysis to take place.
In some GHs, however, suitable residues required to perform
these specific roles are absent from, or poorly positioned, within
the enzyme active site and therefore cannot contribute to
catalysis in this proposed manner. This has led to an alternative
mechanism, known as the substrate-assisted mechanism, to be
proposed for these types of GHs.
Glycosidic bond hydrolysis occurring via a substrate-assisted

catalytic mechanism is an unusual case observed in some
glycosidases, where the substrate itself acts as an intramolecular
nucleophile instead of an enzyme residue.7 This mechanism is
thought to be used by some retaining GHs enzymes (families
18, 20, 56, 84, and 85) acting on substrates containing an N-
acetyl (acetamido) group at the C2 position, several GH3 and
GH22 enzymes,8,9 and inverting GH19 enzymes.10 Addition-
ally, participation of the N-acetyl group has also been proposed
to take place in glycosyltransferase.11 It is believed that all these
enzymes share a common mechanistic feature, where in the
absence of a suitably positioned nucleophilic residue in the
enzyme active site, the acetamido group on the substrate is
instead directly involved in the formation of the intermediate
(proposed to be either an oxazoline or oxazolinium) in the first
step of the reaction.7 Several crystal structures of GH18, GH20,
GH56, GH84, and GH85 family enzymes have been solved,
and in conjunction with several experimental12−15 and
computational investigations,7,16,17 the substrate-assisted mech-
anism is suggested to be an accurate description of the enzyme-
catalyzed reaction in these enzymes.
S. marcescens Chitinase B (ChiB), belonging to the GH18

family, degrades chitin [an insoluble linear polymer of β-(1,4)-
linked N-acetylglucosamine (NAG)n], which is the second-
most abundant biopolymer in nature after cellulose. ChiB has

received much attention as an attractive system for the
development of new inhibitors with chemotherapeutic
potential.18,19 It has also been applied in biotechnology for
conversion of insoluble polysaccharides into a commercially
valuable product.20 It is proposed that ChiB catalyzes the
hydrolysis of the glycosidic bonds found in chitin via the
aforementioned substrate-assisted mechanism (see Scheme 1).
Previous studies on ChiB have indicated that the enzyme’s
catalytic function depends on a relatively large number of
residues:21 Glu144 is proposed to act as a catalytic acid/base,15

Asp142 and Asp140 are suggested to be involved in the binding
of substrates as well as catalysis,21 and a variety of other
conserved residues (e.g., Tyr10, Ser93, Tyr214, and Asp215)
have also been found to influence the catalytic activity of the
enzyme.21 Of these residues, Asp142 and Tyr214 are of
particular interest because their mechanistic roles are still not
fully understood.
In our recent theoretical study, we modeled the glycosylation

reaction of ChiB using QM/MM potential energy surface
calculations, treating the Asp142 as a neutral residue.7 Our
calculations suggested that Asp142, when in its neutral form,
plays a critical role in catalysis by electrostatically stabilizing the
transition state and oxazolinium ion intermediate formed in the
glycosylation step of the reaction. The study provided useful
insight into the preferred catalytic pathway for the reaction
when the Asp142 is treated as a protonated residue. However,
when comparing the protonation state of the Asp142 residue in
ChiB to its analogous residue in a variety of similar GHs
(Asp313 in Streptomyces plicatus hexosaminidase, GH20,22 and
Asp174 in human O-GlcNAcase, GH84),23 all of which proceed
via a substrate-assisted mechanism, it is found that these similar
enzymes follow a reaction mechanism where the deprotonated
form of the residue is favored. Consequently, it is still not fully
understood why the protonated form of the Asp142 residue is
preferred in ChiB and what the fundamental impact this
difference has on the role of the residue in the reaction.
Therefore, in order to investigate the origin of this preference
for the neutral protonation state of this vital active site residue,
both possible protonation states of the residue were modeled,
by simulating three possible reaction pathways for the ChiB-
catalyzed reaction (Scheme 2).

Scheme 1. General Representation of the Substrate and Product of the ChiB-Catalyzed Hydrolysisa

aChiB catalyzes the cleavage of the β-1,4-glycosidic bond between the NAG residues in subsites −1 and +1 of chitin, a polysaccharide (4 units
shown) consisting of N-acteylglucosamine (GlcNAc or NAG) units linked by β-1,4-glycosidic bonds.
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Tyr214, in conjunction with Asp142 and Asp215, is
proposed to interact with the substrate upon binding.
Specifically, Tyr214 has been observed in the crystal structure
to form an interaction which contributes to the distortion of the
N-acetyl group on the −1 sugar.15,21 Despite the presence of
this apparently favorable interaction with the substrate,
mutagenesis study21 has shown that kcat, and not Km, is affected
by the Y214F mutation (0.117 ± 0.011 s−1), resulting in a 160-
fold decrease in the kcat compared with the wild-type (17.8 ±
2.3 s−1) at pH 6.3. Similar perturbations to the rate have also
been observed in Y390F in ChiA,24 Y183F in hevamine,25 and
Y227F in ChiNCTU2.26 The reason for this significant
reduction in the rate and also catalytic activity upon mutation

of Tyr214 remains largely unresolved. Currently it is proposed,
based on evidence from experimental studies looking at the
binding of reaction intermediate analogues27,28 and our recent
theoretical study,7 that the Tyr214 plays an important role in
destabilizing intermediates formed during the enzyme-catalyzed
reaction and, hence, it is this that could account for the
observed decrease in the kcat upon mutation on the residue. In
our computational study, the calculations concluded that
destabilization of the oxazolinium ion intermediate is provided
by a hydrogen bond formed between the Tyr214 hydroxyl
group and the N-acetyl group of the −1 subsite NAG; however,
any further insights into the role the residue plays in the later
parts of the reaction was not obtained, as our calculations did

Scheme 2. (A−C) Three Reaction Pathways for Hydrolysis of Chitin by ChiB Modeled in This Study Utilizing QM/MM
Umbrella Sampling MD
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not include modeling of the deglycosylation step of the
reaction. In this study, the catalytic role of the two conserved
residues, Asp142 and Tyr214, was investigated by performing
combined QM/MM (quantum mechanics/molecular mechan-
ics) molecular dynamics (MD) simulations. Three different
reaction pathways (see Scheme 2) were modeled to investigate
the most likely protonation state of Asp142 residue in the
reaction (neutral/protonated or ionized/deprotonated) and to
provide a more detailed understanding of the catalytic
mechanism of S. marcescen ChiB at the atomic level. Both the
glycosylation and the deglycosylation steps of the reaction were
modeled utilizing adiabatic mapping calculations.7 For the first
time, the free energy for the complete catalytic reaction for the
ChiB was calculated, in order to determine the most likely
pathway of the full ChiB-catalyzed reaction. Higher level energy
corrections (using hybrid density functional theory) were also
performed on the structures obtained to validate the computa-
tional methods used for the reaction pathway calculations. The
role of Tyr214 in catalysis was examined via hydrogen bond
analysis, and free-energy calculations were utilized to assess the
quantitative contribution of this residue to the calculated free-
energy barrier of the reaction in ChiB.

■ COMPUTATIONAL DETAILS
The initial structure of the enzyme−substrate (ES) complex
was taken from the X-ray structure of the E144Q mutant of S.
marcescens ChiB with a chitopentaose substrate bound (PDB
code 1E6N).15 The wild-type was recovered by manually
altering Gln144 to Glu144. Two different models (neutral and
negatively charged/ionized), differing in the protonation state
of the catalytic residue Asp142, were prepared to test the
proposed catalytic mechanisms (Scheme 2). These were
generated from the wild-type structure using a standard patch
in CHARMM to adjust the Asp142 protonation state. All
crystallographic water molecules were retained. Hydrogen
atoms were added using the HBUILD subroutine in
CHARMM, and the titratable residues in the enzymes were
assigned based on the pKa estimated by PROPKA 2.0 (http://
propka.ki.ku.dk)29 at their physiological pH. The protonation
state of the catalytic triad (Asp140-Asp142-Glu144) for the two
models was different: in both, Asp140 was deprotonated and
Glu144 was protonated, with Asp142 deprotonated in the
ionized model but treated as protonated in the neutral model.
All other aspartate and glutamate residues were treated as
deprotonated. Histidine residues (none of which are located
near the active site) were modeled in their neutral states, with
their tautomeric state assigned on the basis of the hydrogen-
bonding network using WHAT-IF (http://swift.cmbi.ru.nl).30

All simulations were performed using the CHARMM program
(version c27b2).31

For the QM/MM MD simulations, the system was
partitioned into two regions: a QM region consisting of a
relatively small number of atoms directly involved in the
reaction and a MM region consisting of all the remaining atoms
in the system in order to include the important long-range
effect of protein/solvent environment in the calculation. The
QM region (see Figure 2c) for the glycosylation step consisted
of the side-chains of the Glu144 and Asp142 and the NAG
residues at subsites −1 and +1 of the substrate (chitobiose), for
a total of 72 and 73 atoms for ionized and neutral Asp142
model, respectively. The QM region for the deglycosylation
step was different to the one used to model the first step of the
reaction and consisted of the NAG monomer at subsite −1 of

the substrate (a chitose unit), the side-chains of Glu144 and
Asp142, and a catalytic water molecule, for a total of 45 and 46
atoms for ionized and neutral Asp142 model, respectively. The
selection of the catalytic water molecule for the deglycosylation
step was based on the product of the preceding glycosylation
step, where the water observed in the QM/MM MD
simulations (Figure S1 of the Supporting Information) to be
best positioned for nucleophilic attack was treated with QM
methods. In addition, the aglycon leaving group at subsites +1,
+2, and +3 was removed from the enzyme active site and
replaced by TIP3P water molecules for the deglycosylation
step. The QM regions were treated using a self-consistent
charge-density functional tight-binding (SCC-DFTB) meth-
od,32 as implemented in CHARMM.33 SCC-DFTB has
successfully been applied to study reactions in several important
enzymes.34−36 The MM regions for both reaction steps,
consisting of all the remaining enzyme, substrate, and solvent
molecules not included in the QM region, were described with
the CHARMM22 all-atom force field37 and additional
parameters for the NAG moieties, as used in our previous
study.7 Hydrogen “QQ” type link-atoms38 were placed along
covalent bonds crossing the QM/MM boundary and were
situated between the Cβ and Cα atoms of the enzyme residues
and along the C−O bond of the glycosidic linkage for both
sugar moieties in the substrate (requiring 4 H-link atoms for
the glycosylation step and 2 H-link atoms for the
deglycosylation step).
The systems were prepared for QM/MM MD simulations

using the same protocols applied successfully in our earlier
study.7 In brief, the ES complex was solvated by a 25 Å radius
sphere of pre-equilibrated TIP3P model waters37,39 centered on
the anomeric C1 carbon (see Scheme 1). A spherical
deformable boundary potential40 with a 25 Å radius was used
to prevent the water from “evaporating” from the system. All
atoms outside the 25 Å sphere centered on the anomeric
carbon were deleted, while protein heavy atoms in the buffer
zone (21−25 Å) were subject to Langevin dynamics with
positional restraints using force constants scaled to increase
from the inside to the outside of the buffer. All atoms within a
21 Å sphere of the reaction zone were subjected to Newtonian
dynamics with no positional restraints. The ES complex for
each system was thermalized in the NVT ensemble at 310 K
with 1 ns of stochastic boundary QM/MM MD simulation,
following the procedure described in refs 7 and 41. An
integration time-step of 1 fs was used, with all of the bonds
involving hydrogen atoms constrained using SHAKE.42

Several snapshots were taken from the equilibrated QM/MM
MD simulations, 300−1000 ps, to ensure a diverse range of
enzyme−substrate conformations were sampled, which has
been found to be important in similar studies.7,43 These initial
geometries, extracted from MD, were subsequently energy-
minimized with the Adopted Basis Newton−Raphson method
until the gradient was <0.01 kcal/(mol Å), to be used as
starting points for QM/MM adiabatic mapping calculations.44

For modeling of the reaction by adiabatic mapping, the reaction
coordinates for both steps of the reaction (glycosylation and
deglycosylation) along the paths A−C (Scheme 2) are linear
combinations of interatomic distances as defined in Figure S2
of the Supporting Information. Potential energy surfaces
(PESs) were calculated, and the geometries representing the
minimum energy pathway (MEP) through the surfaces were
used as the putative reaction coordinates for the free energy
(potential of mean force, PMF) calculations.
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The free-energy profile for each pathway was computed
using QM/MM umbrella sampling MD simulations requiring a
series of simulations to be performed with a harmonically
restrained reaction coordinate utilizing a force constant of 200
kcal/(mol Å2). All other aspects of the umbrella sampling
simulations were the same as the QM/MM MD simulations
described above. Each simulation (window) consisted of 60 ps
of equilibration and 40 ps of sampling dynamics. The free-
energy profiles were obtained by combining the statistics from
all of the simulations performed for each reaction using the
weighted histogram analysis method (WHAM).45 These
approaches have been applied successfully in previous work
for other enzymes,46,47 including the GH5 member Cel5A
cellulase.34

■ RESULTS AND DISCUSSION
QM/MM MD Simulations of Enzyme−Substrate

Complex. Two 1 ns QM/MM MD simulations of the
Michaelis complexes, with Asp142 treated as ionized and
neutral, were conducted to obtain the initial average active-site
structures for reaction modeling. The simulations indicate that
both ES complexes stable, reaching the equilibrium after the
first 300 ps of the simulations, as indicated by the root-mean-
square deviations (RMSD) relative to the starting structure
calculated for the simulations (Figure 1a). The ionized model
(0.28 ± 0.01 Å) exhibits a slightly higher RMSD compared to
the neutral model (0.24 ± 0.01 Å). Snapshots of the ES
complex for both models are shown in Figure 2 (panels a and
b). The substrate was found to bind within the enzyme active
sites via a combination of hydrogen bonds (H-bonds) and van
der Waals interactions for the majority of the simulation. These

interactions maintained the distortion of the pyranose ring in
the −1 subsite in the boat conformation (see angles C2−C1−
O5−C5 and C3−C2−C1−O5 in Table S1 of the Supporting
Information), consistent with the experimentally determined
crystal structure.15 Tyr214 and Asp142 both make major
contributions to this distortion by forming tight H-bond
interactions with the N-acetyl group of the −1 sugar (d6 = 1.93
± 0.13/1.68 ± 0.08 Å and d9 = 1.70 ± 0.10/1.75 ± 0.11 Å for
neutral/ionized models, respectively; Figure 2c and Table S1 of
the Supporting Information), enabling the oxygen atom of the
N-acetyl to move toward the anomeric carbon (d4 = 2.85 ±
0.13/2.92 ± 0.14 Å for neutral/ionized models, respectively;
Table S1 of the Supporting Information), thus helping to
promote intramolecular nucleophilic attack by narrowing the
distance between the two atoms. The other sugar subsites (−2,
+2, +3) remained in a chair conformation, stabilized by the
solvent-exposed aromatic residues (e.g., Trp97 and Trp220)
and, to a lesser extent, by hydrogen bonding. Interestingly, a
loss of the H-bond interaction between Asp142 and Glu144
(see Figure 1b) was observed in some parts of the simulation in
the ionized model; this meant the Glu144 side chain could
move away from the Asp142 carboxyl group and point toward
Tyr145 (Figure 2b). In this new position, the side chains of
both Asp142 and Glu144 were now exposed to the solvent
(Figure S3 of the Supporting Information), therefore
preventing them from interacting effectively with substrate.
Despite this observation in the ionized model simulations, the
Glu144 residue on average, in both models, was found to be
well-positioned for proton donation to the glycosidic bond, as
required for the first step of the reaction, with a favorable d2
distance of ∼1.8 Å maintained over the course of both
simulations.

Protonation State of Asp142 and Catalytic Mecha-
nism of S. marcescens ChiB. Two carboxyl residues (Glu144
and Asp142) in ChiB are proposed to play a crucial role during
hydrolysis; while Glu144 is known to function as a catalytic
acid/base, the influence of the chosen protonation state of the
Asp142 residue and its impact on the residue as an electrostatic
stabilizer7 is still not fully understood. Here, three reaction
pathways were modeled in order to determine which was the
most likely description of the ChiB-catalyzed reaction and to
investigate the effect of the protonation state of Asp142. The
mechanistic details of the pathways modeled are shown in
Scheme 2. In the first pathway (denoted as “path A”), the
reaction proceeds via an oxazolinium ion intermediate with
Asp142 treated as protonated, helping to stabilize the reaction
species electrostatically,7 as proposed by Van Aalten et al.15 The
second pathway (denoted as “path B”) is similar to path A and
is consistent with the mechanism proposed for GH20 β-
hexosaminidase,17 where an oxazolinium ion intermediate is
formed in the reaction; however, in contrast to path A, Asp142
is treated as deprotonated and acts as a charged residue
providing electrostatic stabilization of the oxazolinium inter-
mediate. For the third pathway (denoted as “path C”), an
alternative mechanism was proposed in which, Asp142, in
conjunction with Glu144, acts as a proton-shuttle during
hydrolysis, resulting in a mechanism which proceeds via an
oxazoline intermediate similar to the one proposed to be
formed in GH84 O-GlcNAcase16 and GH85 endohexosamini-
dases.12 The free-energy profile for each path was calculated,
and the results obtained are shown in Figure 3. Representative
geometries of the QM region along the reaction pathway are
also displayed. Geometric details of stationary structures, as

Figure 1. (a) RMSD of the protein heavy atoms and (b) Asp142 Oδ2
− Glu144 Oδ2 distance relative to the starting structure during 1 ns of
QM/MM MD simulations of enzyme−substrate complex (ES) with
neutral and ionized Asp142.
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well as the conformations of the NAG moiety in subsite −1
along paths A−C, can be found in Table S2 and Figure S4 of
the Supporting Information.
Mechanism via Oxazolinium-Ion Intermediate. Paths A

and B both involve formation of an oxazolinium cation
intermediate (in glycosylation) which then collapses upon
hydrolysis (deglycosylation). In Figure 3 (panels a and b), it
can be seen that the ES structures from paths A and B have
similar geometries, with both displaying a twisted glycosidic
bond linking the two glucosyl moieties in the −1 and +1
subsites. It was observed that a H-bonding network consisting
of Asp142 and Glu144 helps to position the substrate in a
reactive orientation within the active site. Additionally, a H-
bond formed between Tyr214 and the acetamido group of the
subsite −1 NAG residue (d9) was also found to contribute to
the distortion of this acetamido group. This distortion facilitates
a reduction in the distance between the two atoms involved in
the intramolecular nucleophilic attack (d4 = 2.83 ± 0.06 and
2.91 ± 0.05 Å for paths A and B, respectively) and thus helps to
promote the first step of the reaction.

As shown in Figure 3a, three H-bonds are conserved
throughout pathway A: Asp142 forms hydrogen bonds with the
carboxylate group of Glu144 (d7) and with the H−N bond of
the acetamido group within the subsite −1 NAG (d6) and
Glu144 acts as a proton donor, forming a hydrogen bond to the
scissile glycosidic linkage (d2), with this later H-bond found to
be formed at a shorter distance in path A (1.77 ± 0.09 Å)
compared to the same H-bond observed in path B (1.85 ± 0.12
Å). The increased length of this H-bond, as observed in path B,
coincided with the loss of the H-bond interaction between
Glu144 and Asp142 (see Figure 3b). It therefore follows that
the Asp142−Glu144 interaction must be present to enable the
Glu144 to interact strongly with the substrate (supporting our
previous conclusions made when investigating the D142N
system).7 Additionally, these findings support our previous
observations from adiabatic mapping that the presence of these
H-bonds and their ability to stabilize the oxazolinium cation
species electrostatically contribute to a lower reaction barrier.7

In the glycosylation step, two chemical processes were
involved in the cleavage of the glycosidic bond. The formation
of EI was found to be concerted but asynchronous in both

Figure 2. Snapshots of the equilibrated enzyme−substrate (ES) complex from QM/MM MD simulations containing (a) neutral and (b) ionized
Asp142. (c) QM region for the glycosylation step (in red) and its structural parameters referred to in the text.
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paths A and B. Starting from ES, Glu144 completely donates its
proton to the glycosidic oxygen (d2; 1.03 ± 0.03 Å for path A
and 1.13 ± 0.03 Å for path B), while at the same time, the
scissile glycosidic bond is cleaved to form TS1 (d3; 2.48 ± 0.06
Å for path A and 2.29 ± 0.05 Å for path B). After this concerted
step, it was observed that the covalent bond in TS1 between
the N-acetyl nucleophile and the anomeric carbon is too large
to be considered fully formed (d4; 1.98 ± 0.06 Å for path A and
1.99 ± 0.05 Å for path B). Therefore, in an asynchronous
process, intramolecular nucleophilic attack takes place, resulting
in a narrowing of the N-acetyl oxygen and the anomeric carbon
distance and the formation of the fused bicyclic ring found in
the oxazolinium cation intermediate (EI). On the basis of the
calculated geometries, the results indicate the reaction for paths
A and B proceed first, with the transfer of the Glu144 proton
onto the glycosidic oxygen before the oxazolinium intermediate
is fully formed. Then, in a distinct step, nucleophilic addition of
the N-acetyl oxygen at the anomeric center takes place,
completing the formation of the intramolecular carbon−oxygen
bond (d4) and forming EI.
During the deglycosylation, the reverse process takes place.

Nucleophilic attack of a water molecule at the anomeric center
results in the collapse of the intermediate and the subsequent
formation of the reaction product (EP). In TS2, the catalytic
water was found to be positioned close to the anomeric carbon
[d3; 3.03 ± 0.07 Å (EI) → 2.04 ± 0.05 Å (TS2) for path A and

3.23 ± 0.06 Å (EI) → 2.00 ± 0.05 Å (TS2) for path B], while
the fused oxazoline ring is spontaneously broken [d4; 1.62 ±
0.07 Å (EI) → 2.33 ± 0.05 Å (TS2) for path A and 1.53 ± 0.04
Å (EI) → 2.21 ± 0.04 Å (TS2) for path B]. No proton
abstraction was found at this stage in path A, as indicated by a
distance of 1.53 ± 0.09 Å (d1) between the water hydrogen and
the Glu144 carboxylate oxygen, which is too large to be
consistent with the formation of a bond. In contrast, path B
indicates that proton abstraction between these two atoms had
already taken place, with distances of 1.20 ± 0.01 Å and 1.25 ±
0.04 Å observed between the hydroxide water (−OH) and its
corresponding proton (d2) and the same proton with the
Glu144 carboxylate oxygen (d1). These distances are
representative of the formation of two transient bonds,
indicating the transfer of a proton from the catalytic water
onto the Glu144 residue. After TS2, in both paths A and B, the
hydrogen abstraction was fully completed, resulting in the
formation of the EP. The results of the calculation suggest that
in path A the breakdown of the glycosidic linkage takes place
prior to the proton abstraction of the water by Glu144, while
these two steps are observed to be concerted in path B.
The calculated free-energy barriers for glycosylation and

deglycosylation are 20.5 and 6.3 kcal/mol, respectively, for path
A (Figure 3a) and 21.2 and 17.6 kcal/mol for path B (Figure
3b). For path A, an overall free-energy barrier of 25.8 kcal/mol
was found, compared to a barrier of 32.9 kcal/mol determined
for path B. These results therefore indicate that path A has a
lower overall free-energy barrier to reaction. In the calculated
free-energy profiles for both paths, deglycosylation was
observed to be the rate-determining step in the reaction. The
reactive conformation of the substrate was found to contain a
glycosyl moiety at subsite −1, which was distorted away from
its lowest-energy chair conformation. The conformation
itinerary adopted by the NAG moiety at the subsite −1 of
both pathways (Figure S4 of the Supporting Information)
followed a boat (1,4B) → half-chair [4H5]

‡ → chair (4C1)
pattern for glycosylation. However, for deglycosylation the
conformational changes of the moiety in the −1 subsite for
path A, chair (4C1) → half-chair [4H5]

‡ → boat (1,4B), was
different from path B, chair (4C1)→ boat [2,5B]‡ → chair (2C5),
despite both pathways following a similar reaction mechanism.
The calculated energies and observed conformational

itineraries for the reaction profiles showed that the major
difference between paths A and B (and therefore the impact of
a protonated Asp142 compared to a deprotonated Asp142) was
in the deglycosylation step of the reaction. The smaller overall
free-energy barrier calculated for the reaction proceeding via
path A could be attributed to the reaction taking place through
a lower-energy transition state (TS2) compared to the one
observed in path B. This energy difference is likely due to the
stronger H-bond network formed by residues Asp142, Glu144,
the catalytic water, and the H−N bond of the acetamido group
(d1, d6, d7; Figure 2c) with these interactions providing more
stabilization of the half-chair glycosyl moiety in TS2 of path A
than the boat conformation formed in path B. These geometric
observations are supported by the stabilization calculations
performed on the system (Figure S5 of the Supporting
Information) that show that the enzyme provides ∼5 kcal/
mol of stabilization of the reaction in enzyme in path A
compared to minimal stabilization observed in path B.
In contrast, in the glycosylation step of the reaction, path B,

despite representing a less energetically favored overall pathway
and greater barrier to glycosylation, indicated that the

Figure 3. Free-energy profile for paths A−C calculated with QM/MM
umbrella sampling MD. Representative geometries of the QM region
at the stationary points (ES, TS1, EI, TS2, and EP) along the profile
are displayed with important structural parameters labeled in units of
Å. The unbroken line represents glycosylation, and the dashed line
represents deglycosylation.
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unprotonated Asp142 stabilized the oxazolinium ion species
(EI) more effectively than the protonated Asp142 in path A
(presumably because of the ion−ion interaction between the
negative charge of the ionized Asp142 and the developing
positive charge of the oxazolinium intermediate). Conse-
quently, a shorter d6 distance at the EI (EI1/EI2) was observed
for path B (1.41−1.58 Å, Table S2 of the Supporting
Information) compared to path A (1.60−1.77 Å, Table S2 of
the Supporting Information). These findings therefore provide
some evidence to explain why the analogous residue to Asp142
in similar GHs (GH20) is believed to be deprotonated in the
active enzyme.17,22

Mechanism via Oxazoline Intermediate. In contrast to
paths A and B, path C consists of a mechanism that proceeds
via an oxazoline intermediate with both Asp142 and Glu144
acting as the catalytic acid/base residues. The calculated
energies and geometries for path C are shown in Figure 3c.
The starting geometries of the substrate and active site residues
in path C are almost identical to that observed in path B, as
would be expected due to both systems containing Asp142 in
the same protonation state. During the glycosylation, cleavage
of the glycosidic bond was found to occur concomitantly with
the proton abstraction by Asp142 (which acts as a general base)
from the H−N bond of the acetamido group at the NAG
subsite −1. This event is likely to be assisted by the H-bond
polarization at the glycosidic bond by Glu144. Additionally, it
was observed in TS1 that two transient bonds (d5 =1.34 ± 0.01
and d6 =1.23 ± 0.04 Å) between the acetamido group and the
Asp142 carboxylate oxygen, and a further two transient bonds
(d3 = 2.06 ± 0.04 and d4 = 2.16 ± 0.04 Å) between three atoms
of the glycosidic oxygen, anomeric carbon, and carbonyl oxygen
were formed, indicating that the Glu144 proton had not
transferred fully onto the oxygen in the scissile glycosidic bond.
After TS1, the Glu144 proton is fully transferred onto the
cleaved glycosidic oxygen and the acetamido proton is bonded
to the Asp142 carboxylate oxygen, leading to the formation of
the oxazoline intermediate. In deglycosylation, the aglycon
leaving group is removed and the nucleophilic attack of the
oxazoline intermediate was performed. In this final step of the
reaction, proton abstraction from a water molecule by Glu144
occurs concomitant with the proton transfer from Asp142 to
the acetamido group, indicated by d1, d2, d5, d6 distances in the
range of 1.20−1.29 Å observed in TS2 (see Figure 3c). On
completion of the deglycosylation step, EP is obtained,
consisting of a substrate which has retained the original
stereochemistry of its anomeric carbon with respect to the
reactant, as observed for paths A and B.
The calculated free-energy barriers for glycosylation and

deglycosylation are 16.2 and 37.8 kcal/mol, respectively.
Deglycosylation, as observed in paths A and B, was found to
be the rate-determining step in the free-energy profile
calculated for path C. The conformation of the ring in the
−1 subsite in path C was found to adopt boat (1,4B) → half-
chair [4H5]

‡ → chair (5C2) for the glycosylation, and chair
(5C2) → boat [B2,5]

‡ → boat (B2,5) for the deglycosylation.
Why is Path A Energetically Favored?: Comparison of

SCC-DFTB and B3LYP Results. From our calculations, path
A has the lowest free-energy barrier (25.8 kcal/mol) of the
three pathways modeled, with paths B and C calculated to have
overall barriers of 32.9 and 31.3 kcal/mol, respectively. The
barriers for each step of the reaction (glycosylation and
deglycosylation) differ significantly among the three pathways
with deglycosylation found to have the most variation in barrier

height; it is also predicted to be the likely rate-determining step
of the reaction. The barrier to glycosylation was lowest in path
C (16.2 kcal/mol) followed by paths A (20.5 kcal/mol) and B
(21.2 kcal/mol). In contrast, the barrier to deglycosylation
(calculated as the difference in energy between TS2 and EI2)
was lowest in path A (6.3 kcal/mol) followed by paths B (17.6
kcal/mol) and C (37.8 kcal/mol). Path A therefore represents
the most energetically favorable pathway for the ChiB-catalyzed
reaction, with a free-energy barrier of 25.8 kcal/mol. This is
significantly higher than the experimentally derived barrier of
16.1 kcal/mol (kcat = 28 s−1); this is probably due to limitations
of the SCC-DFTB QM method used in the calculations.48

Small model, single-point (SP) calculations utilizing a higher
level of theory (B3LYP) were used to estimate the relative
accuracy of the energies calculated with the SCC-DFTB
method. In order to perform this comparison, representative
geometries of the QM region of the stationary points found
along the SCC-DFTB/MM free-energy paths A to C were
extracted. SP calculations were then performed on each of these
structures with SCC-DFTB and B3LYP to compare the relative
energies of the structures calculated with the different methods.
Additionally, the basis set dependence of the B3LYP-calculated
energies was assessed by performing SP B3LYP calculations
with a variety of different-sized basis sets: 6-31G(d),
6-31G(d,p), and 6-311++G(d,p) (Table 1).
The SP corrections performed on path A show that the

relative energies of the stationary points representing TS1 and
TS2 obtained with SCC-DFTB are in good agreement with

Table 1. Comparison of Relative Potential Energies (in kcal/
mol) of the QM Region at the Six Stationary Points (ES,
TS1, EI1, EI2, TS2, and EP) for Both Glycosylation and
Deglycosylation Among Three Reaction Pathways (A, B, and
C)a

glycosylation deglycosylation

path:methods ES TS1 EI1 EI2 TS2 EP

path A: US(SCC-
DFTB/CHARMM)

0.0 20.5 19.5 0.0 6.3 −9.9

SP(SCC-DFTB) 0.0 19.7 13.9 0.0 11.6 −11.8
SP[B3LYP/6-31G(d)] 0.0 19.2 7.9 0.0 9.5 −15.6
SP[B3LYP/6-31G(d,p)] 0.0 17.7 5.9 0.0 10.3 −14.1
SP[B3LYP/6-311+
+G(d,p)]

0.0 17.1 4.7 0.0 11.4 −11.2

path B: US(SCC-
DFTB/CHARMM)

0.0 21.2 15.3 0.0 17.6 0.9

SP(SCC-DFTB) 0.0 32.8 28.7 0.0 21.2 −5.2
SP[B3LYP/6-31G(d)] 0.0 29.3 22.8 0.0 21.0 −9.5
SP[B3LYP/6-31G(d,p)] 0.0 28.0 22.3 0.0 21.0 −8.1
SP[B3LYP/6-311+
+G(d,p)]

0.0 27.3 20.2 0.0 20.7 −6.6

path C: US(SCC-
DFTB/CHARMM)

0.0 16.2 −6.5 0.0 37.8 21.2

SP(SCC-DFTB) 0.0 21.9 5.4 0.0 27.2 −3.2
SP[B3LYP/6-31G(d)] 0.0 30.0 9.5 0.0 25.0 −5.5
SP[B3LYP/6-31G(d,p)] 0.0 28.4 8.8 0.0 23.3 −5.6
SP[B3LYP/6-311+
+G(d,p)]

0.0 28.7 7.4 0.0 26.5 −2.1

exptla 16.1

aActivation energy as estimated from the experimental rate of
reaction48 by using transition state theory. aValues are single-point
(SP) energies calculated at SCC-DFTB and B3LYP with a different
basis set. Umbrella sampling (US) QM/MM free energies are also
included for comparison.
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B3LYP/6-31G(d). SCC-DFTB was found to only slightly
overestimate the energy of these two points by 0.5 and 2.1
kcal/mol for TS1 and TS2, respectively, indicating it is a
reasonably accurate method for estimating the relative barriers
for the glycosylation and deglycosylation steps.
For paths B and C, the B3LYP/6-31G(d) relative energies

calculated for TS2 are also found to be in good agreement with
SCC-DFTB (with a difference of 0.2 and 2.2 kcal/mol between
the methods for paths B and C, respectively), while a larger
correction was observed when comparing the energies obtained
for TS1. These corrections show, first, that the SCC-DFTB
calculated barriers to glycosylation for these paths are not
consistent with the higher level of theory and, second, despite
the difference in the relative energies of TS2 calculated by the
two methods, the correction to the TS2 energy has no
significant influence on the overall barrier to reaction. This is
because, despite accounting for the large correction to the TS2
energy, deglycosylation is still found to be the rate-limiting step
for both paths. Consequently, the overall conclusions drawn
from analyzing the SCC-DFTB/MM calculated free-energy
profiles are still valid.
In contrast, the SP calculations performed to correct the

relative energy of EI1, formed after the glycosylation step, has
significant implications in the analysis of the free-energy profile
obtained for path A. The SP B3LYP energy for EI1 shows that
SCC-DFTB overestimates the relative energy of the inter-
mediate by 6.0 kcal/mol. Therefore, accounting for the fact the
EI1 is calculated to be more stable with the higher level of
theory but recognizing SCC-DFTB accurately calculates the
relative barrier to deglycosylation, the correction shows that
glycosylation, and not deglycosylation, is in fact the rate-

determining step of reaction in path A. This is because
correcting the SCC-DFTB energy of EI1 now lowers the
energy of TS2 relative to ES, resulting in TS1 now representing
a structure with the highest relative energy on the reaction
pathway.
For paths B and C, despite SP calculations showing similar

discrepancies for the calculated relative energies of EI1 between
two methods, the paths exhibit either a significantly higher
barrier for deglycosylation [path C, TS2:25.0 kcal/mol B3LYP/
6-31G(d)] or a higher-energy intermediate (path B, EI1:22.8
kcal/mol). As a result, although SCC-DFTB overestimates the
energy of EI1 compared with B3LYP, the correction to the
SCC-DFTB energy would not be enough to stabilize TS2 such
that it is lower in energy than TS1 in paths B and C.
Consequently, deglycosylation remains as the rate-determining
step for both of these paths with a slight increase in the height
of the overall barrier to reaction for path C (by 2.1 kcal/mol).
In summary, the corrections indicate path A is still the most

energetically favorable pathway but importantly indicate that
glycosylation, and not deglycosylation, is in fact the rate-
limiting step of the reaction due to SCC-DFTB overestimating
the energy of EI1 in the free-energy profiles obtained
previously. Further support for this conclusion is provided by
a comparison of the free-energy profiles for the wild-type and
mutant (D142N) reactions. The results (Figure S6 of the
Supporting Information) from these calculations indicate that
mutation affects the glycosylation step most significantly, with a
relatively high free-energy barrier calculated for the glyco-
sylation step in the mutant compared with the barrier in the
wild-type. This finding is in line with experimental studies that

Figure 4. Analysis of Tyr214 in the deglycosylation step of ChiB catalysis. (a) Schematic representation of orientations adopted by Tyr214 with (I)
and without (II) the hydrogen bond to the oxygen in the oxazolinium ring. (b) Relevant distances (Y214−H···O7 and C1−O7) related to the two
orientations adopted by Tyr214 during 1 ns QM/MM MD simulation. (c) Clusters of calculated potential-energy barriers to deglycosylation (SCC-
DFTB/CHARMM22) for selected snapshots extracted between 200 and 500 ps during QM/MMMD simulations. (d) Calculated free-energy profile
(for deglycosylation) with Tyr214 in orientations I and II.
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have shown the D142N mutant catalyzes the reaction less
efficiently than the wild-type.21

SP calculations with different basis sets indicate that there is a
small dependence of the calculated energy with respect to the
size of the basis set used for the B3LYP calculation. Calculating
the standard deviation of the B3LYP energies of each of the
stationary points for the three paths indicates that the largest
basis set dependence was observed for the energy of EI1 in path
A (σ = 1.6 kcal/mol) and the lowest for energy of TS2 in path
B (σ = 0.2 kcal/mol). It was also found that increasing the size
of basis set used in the calculation resulted in a lowering of the
overall barrier to reaction, with a decrease of 2.1, 2.9, and 0.6
kcal/mol for paths A, B, and C, respectively, when increasing
the basis used for the calculation from 6-31G(d) to 6-311+
+G(d,p). This shows that an increase in the size of the basis set
used, as well as employing a higher level theory to calculate the
energy of the QM region, would likely result in a lower free-
energy barrier to be calculated for the reaction, thus improving
the agreement with the experimental calculated barrier of 16.1
kcal/mol.
Catalytic Importance of Tyr214. To better understand

the role of Tyr214 in the reaction, further analysis was
performed on the EI2 complex (with neutral Asp142) by
running a 1 ns QM/MM MD simulation in order to assess its
stability and examine the influence of the H-bond formed by
Tyr214. The RMSD plot from the simulation, shown in Figure
S7 of the Supporting Information, indicates a stable MD
trajectory was obtained after 200 ps. Interestingly, during the 1
ns simulation, two different orientations (I and II) of Tyr214
were unexpectedly observed (Figure 4, panels a and b): one
conformation (I) in which the residue could form a hydrogen
bond with the oxazolinium oxygen (observed between 0−200
ps and 300−1000 ps) and the other (II), where its side-chain
pointed away from the substrate (observed between 200−300
ps). To analyze the impact of the reorientation of the Tyr214
on the reaction energetics, several snapshots representing one
of the two observed orientations, I and II, were chosen from
the QM/MM MD and used as a starting structure for reaction
modeling. In a similar manner as performed previously,
umbrella sampling MD based on adiabatic mapping was then
performed on the extracted snapshots in order to simulate
reaction pathway A. II was not observed in any previous MD
simulations on the ES complex (Figure 5a), and therefore, a
restraint was imposed on the system to ensure a H-bond
distance between the acetamido O7 oxygen of subsite −1 NAG
and the hydroxyl group of Tyr214 could not be formed. This
allowed II to be formed in ES and ensured that this orientation
was maintained during the simulation of the glycosylation step
of the reaction.
The calculations showed that different orientations of the

Tyr214 resulted in significantly different reaction barriers for
the reaction (Figures 4c and 5b). The deglycosylation step of
the reaction was found to be most affected by this change in
orientation, with a calculated free-energy barrier relative to the
intermediate (EI1) of 6.3 and 14.8 kcal/mol, for I and II,
respectively (Figure 4d). In contrast, the glycosylation step was
affected less by the reorientation, with a calculated barrier to
glycosylation of 20.5 kcal/mol compared to 16.7 kcal/mol for I
and II, respectively. These calculations reveal new insight to the
importance of the Tyr214 residue and specifically the influence
of this H-bond with the substrate on each individual step of the
enzyme-catalyzed reaction.

In glycosylation, the presence of the Tyr214 H-bond (I)
results in a higher barrier for the formation of the oxazolinium
ion. This is probably due to the H-bond interacting with and
reducing the nucleophilicity of the O7 oxygen, as well as
hindering the movement of nucleophilic oxygen as the C1−O7
NAG distance is reduced during intramolecular nucleophilic
attack. Conversely, in deglycosylation, the H-bond is shown to
have an opposite and greater effect on the barrier to reaction
(Figure 5). In I, the relative energy of EI1 indicates that the
Tyr214 H-bond acts to destabilize the oxazolinium ion
intermediate and, as a result, this lowers the barrier to
deglycosylation (by 8.5 kcal/mol). In II, in the absence of the
Tyr214 H-bond, the destabilizing effect on EI1 is not observed
and the barrier of the deglycosylation step is raised and results
in deglycosylation now becoming the rate-limiting step of the
reaction. These free-energy calculations performed with I and
II show that, although the Tyr214 influences the efficiency of
the glycosylation step, it plays a more vital role in the
deglycosylation step of the reaction, reducing the barrier of this
step such that it is no longer rate-determining. This subtle
observation provides new evidence to explain the origin of the
reduced rate observed in the Y214F mutant observed in the
experiment, as well as its analogous residue in other GH
enzymes, and confirms previous stabilization calculations
performed on the system that showed that the Tyr214 H-
bond destabilizes the transition state and enzyme intermediate
in the glycosylation step of the reaction.7

QM/MM MD Simulations of Enzyme−Product Com-
plex. To gain further insight into the dynamics and stability of
the enzyme−product complex after the catalytic reaction, two
additional QM/MM MD simulations with different semi-
empirical treatments of the QM region (i.e., SCC-DFTB/
CHARMM22 and AM1/CHARMM22) were performed. The
RMSD plots for the heavy atoms in the enzyme−product
complex indicate that both simulations are reasonably stable

Figure 5. Analysis of Tyr214 in the glycosylation step of ChiB
catalysis. (a) Relevant distances (Y214−H ···O7 and C1−O7) related
to the two orientations adopted by Tyr214 during 1 ns QM/MM MD
simulation. (b) Calculated free-energy profile (for glycosylation) with
Tyr214 in orientations I and II.
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(Figure S8 of the Supporting Information). The simulation
performed with SCC-DFTB/CHARMM22 reached an equili-
brated structure faster than in the AM1/CHARMM22 MD
(indicated by low RMSD, Figure S8 of the Supporting
Information). A difference in the binding stability of the
products was also observed. In the SCC-DFTB/CHARMM22
simulation, Asp142, Glu144, and Tyr214 were found to bind
the reaction product more tightly at the −2 and −1 binding
subsites of the enzyme (d2 = 1.64 ± 0.01 Å, d6 = 1.98 ± 0.16 Å,
and d9 = 1.73 ± 0.11 Å) compared to the binding observed in
the AM1/CHARMM22 simulation (d2 = 2.09 ± 0.01 Å, d6 =
5.75 ± 0.61 Å, and d9 = 4.64 ± 0.75 Å). Furthermore, the
AM1/CHARMM22 simulation contained an interesting
unbinding event, where the Asp142 side chain rotated in,
allowing the N-acetyl group of subsite −1 NAG to flip its
orientation, thus facilitating the release of the product (Figure
6). The boat conformation was observed at subsite −1 during
the simulation. This observation provides further evidence to
support the role of the −OH group on Tyr214 and Asp142 in
contributing to the distortion of the N-acetyl group of the −1
subsite NAG and underlines the importance of their
interactions in contributing to the binding of the substrate.

■ CONCLUSIONS

In this study, the QM/MM umbrella sampling MD free-energy
simulations have been performed on the unusual substrate-
assisted mechanism of S. marcescens ChiB. The contribution of
two conserved amino acid residues, Asp142 and Tyr214, to
enzyme catalysis was investigated. In particular, the role of
Asp142, and the influence of its protonation state on the
reaction mechanism7 were examined through the three different
reaction pathways modeled (paths A−C), treating the residue
as either ionized or neutral. Our simulations show that the
system containing a neutral Asp142 residue stabilizes the
transition state of the deglycosylation step more effectively than
in the other paths (outweighing the observed destabilization of
the transition state in the glycosylation step). This resulted in

the lowest overall free-energy barrier among the three pathways
to be calculated for path A, supporting our previous theoretical
study and in agreement with experimental findings7,15 and
underlining the important contribution of the Asp142 in the
second step of the reaction. Analysis of two different possible
orientations of Tyr214 enabled the important role of the H-
bond formed by the residue with the substrate to be
investigated. Our results showed that the interaction was
necessary to facilitate efficient deglycosylation and prevent it
from being the rate-limiting step in the reaction.
Small model, single point B3LYP calculations with a variety

of different-sized basis sets indicated that SCC-DFTB over-
estimates the destabilization of the intermediate formed in the
enzyme-catalyzed reaction. This emphasized the importance of
validating semiempirical methods with higher level methods
and provided evidence to suggest that glycosylation and not
deglycosylation was the rate-determining step of the reaction.
A complex conformational change of the chitose unit in the

subsite −1 along the reaction pathway was found to take place
adopting boat (1,4B) → half-chair [4H5]

‡ → chair (4C1) for the
glycosylation step and the reverse conformations for
deglycosylation: chair (4C1) → half-chair [4H5]

‡ → boat
(1,4B). Further QM/MM MD simulations of the enzyme−
product complex were also performed in which an unbinding
event is suggested to have been captured, affording new
mechanistic insight into the release of the product of ChiB.

■ ASSOCIATED CONTENT

*S Supporting Information
Position of the nucleophilic water for the deglycosylation from
QM/MM MD (Figure S1); definition of the reaction
coordinate used in this work (Figure S2); snapshot of the ES
complex when Asp142 is ionized (Figure S3); distorted
conformations of NAG subsite −1 along the reaction
coordinate of paths A−C (Figure S4); calculated stabilization
energy profiles for paths A−C along the reaction coordinate of
glycosylation and deglycosylation steps (Figure S5); free-energy

Figure 6. Snapshots showing the important conformational changes associated with the product unbinding event observed in the AM1/
CHARMM22 MD simulation on the enzyme−product complex. d1 = HN2−Oε2(Asp142), d2 = O7−Hε2(Asp142), and d3 = Oε2(Asp140)
−Hε2(Asp142).
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profiles for the D142N mutant (Figure S6); RMSD curves from
the QM/MM simulations of the EI2 and EP complex of path A
(Figures S7 and S8); geometric parameters for ES snapshots of
both neutral and ionized Asp142 models (Table S1) and for
stationary points along the reaction coordinates of paths A−C
(Table S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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a  b  s  t  r  a  c  t

Serratia  marcescens  chitinase  B (SmChiB)  catalyzes  the  hydrolysis  of ˇ-1,4-glycosidic  bond,  via  an  unusual
substrate-assisted  mechanism,  in  which  the  substrate  itself  acts  as an  intramolecular  nucleophile.  In this
paper,  the  catalytic  mechanism  of SmChiB  has  been  investigated  by  using  density  functional  theory.
The  details  of  two consecutive  steps  (glycosylation  and  deglycosylation),  the  structures  and  energetics
along  the whole  catalytic  reaction,  and  the  roles  of solvent  molecules  as well  as  some  conserved  SmChiB
residues  (Asp142,  Tyr214,  Asp215,  and Arg294)  during  catalysis  are  highlighted.  Our  calculations  show
that  the  formation  of  the  oxazolinium  cation  intermediate  in  the  glycosylation  step  was  found  to  be
a  rate-determining  step  (with  a barrier  of  23  kcal/mol),  in line  with  our  previous  computational  stud-
ies  (Jitonnom  et  al., 2011,  2014).  The  solvent  water  molecules  have  a significant  effect  on a catalytic
efficiency  in  the  degycosylation  step:  the  catalytic  water  is essentially  placed  in  a  perfect  position  for
nucleophic  attack  by  hydrogen  bond  network,  lowering  the barrier  height  of  this  step  from  11.3  kcal/mol
to  2.9  kcal/mol  when  more  water  molecules  were introduced.  Upon  the  in  silico  mutations  of  the  four
conserved  residues,  their  mutational  effects  on  the  relative  stability  of the  reaction  intermediates  and  the
computed  energetics  can  be  obtained  by  comparing  with  the  wild-type  results.  Mutations  of  Tyr214  to
Phe  or Ala  have  shown  a profound  effect  on  the relative  stability  of  the  oxazolinium  intermediate,  empha-

sizing  a  direct  role  of  this  residue  in  destabilizing  the  intermediate.  In line  with  the  experiment  that  the
D142A  mutation  leads  to almost  complete  loss of SmChiB  activity,  this  mutation  greatly  decreases  the sta-
bility  of  the  intermediate,  resulting  in  a very  large  increase  in  the activation  barrier  up  to 50  kcal/mol.  The
salt-bridges  residues  (Asp215  and  Arg294)  were  also  found  to  play  a role  in stabilizing  the  oxazolinium
intermediate.

©  2014 Elsevier  Inc.  All  rights  reserved.
. Introduction

Serratia marcescens chitinase B (SmChiB), belonging to the gly-
osidase family 18, degrades chitin (an insoluble linear polymer of
-(1,4)-linked N-acetylglucosamine (GlcNAc)n) which is the sec-
nd most abundant biopolymer in nature after cellulose. SmChiB
as received much attention as an attractive system for the devel-
pment of new inhibitors with chemotherapeutic potential [1,2]. It

as also been applied in biotechnology for conversion of insoluble
olysaccharides into commercially valuable product [3,4]. SmChiB
as been suggested experimentally [5] and theoretically [6–8] to

∗ Corresponding author. Tel.: +66 05446 6666x1834; fax: +66 05446 6664.
E-mail address: jitrayut.018@gmail.com (J. Jitonnom).

ttp://dx.doi.org/10.1016/j.jmgm.2014.12.002
093-3263/© 2014 Elsevier Inc. All rights reserved.
catalyze the hydrolysis of ˇ-1,4-glycosidic bonds found in chitin,
via an unusual substrate-assisted mechanism (see Fig. 1). In brief,
SmChiB catalyzed the glycosidic bond hydrolysis via a two-step
mechanism in which the formation of oxazolinium intermediate
takes place in the first step (glycosylation), followed by hydrolysis
of the intermediate in the second step (deglycosylation), yielding
the sugar product with retention of configuration at the anomeric
center. After catalytic reaction, the product is then released from
the substrate binding cleft of SmChiB which is suggested to proceed
via the unbinding event [6].

The catalytic function of this enzyme has been found to depend

on a relatively large number of residues [9]. Asp140, Asp142 and
Glu144, conserved in most family 18 chitinases, form a catalytic
triad in the active site of SmChiB. Glu144 is known to act as a cat-
alytic acid/base [5]. Asp142, together with Asp140, are suggested

dx.doi.org/10.1016/j.jmgm.2014.12.002
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2014.12.002&domain=pdf
mailto:jitrayut.018@gmail.com
dx.doi.org/10.1016/j.jmgm.2014.12.002
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Fig. 1. Schematic presentation of substrate-assisted (r

o be involved in binding of substrate [9] and catalysis [6,7].
ther conserved residues (e.g., Tyr10, Ser93, Tyr214, Asp215 and
rg294) have also been found to influence the catalytic activity of

he enzyme [9]. Among these, Asp142, Tyr214 and a salt-bridge
Asp215 and Arg294) are of particular interest as they are located at
he catalytic center of SmChiB and participate directly to the bind-
ng of substrate at subsites −1 and +1, in cooperation with other
ydrophobic residues including Trp97, Trp220, and Trp403 (see
ig. 2). Moreover, Tyr214, in conjunction with Asp142 and Asp215,
s proposed to interact with the substrate upon binding and has
een observed to contribute to the distortion of the N-acetyl group
n the −1 sugar [5,9]. In addition to their role in substrate binding,
hey have been proved to be critical for SmChiB catalysis: Asp142
as been found, in its neutral protonation state, to be important

n stabilizing the transition state and the intermediate, by elec-
rostatic interactions [6,7]. Recently, Tyr214 has been shown by
ur group to play a critical role in the deglycosylation step of the
eaction, by destabilizing the intermediate via its H-bond formed
ith the substrate [6] and thus lowering the energy barrier in this

tep by about 8.5 kcal/mol. Similar role of analogous tyrosine was
lso found in GH1 beta-glucosidase [10]. Meanwhile, the role of
he Asp215 and Arg294 salt-bridge is likely to contribute electro-

tatically to the reaction. While the catalytic role of these residues
eems to be well described, it is of particular importance to probe
he influence of these residues on each individual step of SmChiB
eaction.

Fig. 2. X-ray structure of the active site of SmChiB complexes with N-acteylgluc
ng) mechanism of Serratia marcescens ChiB (SmChiB).

To  further investigate the roles of these conserved residues
(Asp142, Tyr214, Asp215 and Arg294) and in particular their funda-
mental impact on energetics of each individual step of the SmChiB
reaction, a theoretical study on the catalytic mechanism of SmChiB
with hybrid density functional theory (DFT) method has been car-
ried out to provide structural information of intermediates and
energetics along the whole catalytic reaction of wild-type SmChiB.
Upon the wild-type geometry, several mutants corresponding to
those four conserved residues (see Fig. 2) were in silico made and
their computed energetics was then obtained for comparison with
the wild-type results. In addition, we also modeled different num-
ber of water molecules in the second half of the reaction and have
demonstrated the role of solvent during chitin hydrolysis.

2.  Computational details

The  initial structure of the enzyme–substrate (ES) complex was
taken from the X-ray structure (PDB entry 1E6N) [5] of the E144Q
mutant of S. marcescens ChiB with a chitopentaose (GlcNAc)5 sub-
strate bound along subsites −2 to +3 (see Fig. 2). The wild-type
was recovered by manually altering Gln144 to Glu144. The enzyme
active site was  truncated via C� carbon atoms, generating a quan-

tum cluster model of ES for the first (glycosylation) step that
consists of side-chain atoms of Asp142, Glu144, Tyr214, Asp215
and Arg294 and one chitobiose molecule (occupying at GlcNAc sub-
sites −1 and +1). In the next (deglycosylation) step, another cluster

osamine substrate, (GlcNAc)5, (coordinates taken from PDB entry 1E6N).
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odel (denoted as EI2) was built based on the final geometry
f the last step of glycosylation (denoted as EI1) with one chi-
ose molecule occupying at GlcNAc subsite +1 removed. One water

olecule was added at a position of leaving group oxygen (Ogly),
enerating a nucleophilic water model (1wat). To test the solvent
ffect on the catalysis, additional water molecules were explicitly
dded into the EI2 model by gradually placing a water molecule
round the (optimized) catalytic water and computing their config-
rations and energetic. Note that six water molecules were added
ut only four could maximally be modeled with stationary point
ound during the geometry optimization. The failure to find the
ptimized geometry of the higher number of water molecules (i.e.,
ve and six waters) is probably due to the small size of the EI2 model
hich may  not large enough to contain those waters. Finally, four
ifferent number of water models were studied and denoted as
wat, 2wat, 3wat and 4wat, respectively. All cluster models were
ubjected to geometry optimizations with zero net charge. The
ecke-3-Lee-Yang-Parr (B3LYP) exchange correlation functional
nd a standard basis set (6–31G(d)) [11] were used. Using quantum
hemical cluster calculation, a computational method that has been
idely applied in modeling enzymatic reaction [12], the geome-

ries of stationary points were obtained with truncated atoms (C�
toms) constraint to their corresponding positions from the X-ray
tructure, keeping the optimized structures close to those obtained
xperimentally. Frequencies were calculated at the same level of
heory as the geometry optimizations to confirm the nature of
he stationary points and also to obtain zero-point energies (ZPE).
ince some atoms were frozen to their crystallographic positions,

 few small negative eigenvalues usually appear, in this case all
elow 50i cm−1. These frequencies do not contribute significantly
o the ZPE and can be ignored [13,14]. Effects of implicit solvent
nd protein environment (with the conductor-like polarized con-
inuum model) [15] as well as energy correction at larger basis set
B3LYP/6-311++G(3df,3pd)//B3LYP/6-31G(d)) were also tested on
he optimized structures, which give a similar result in terms of
elative energetics and mechanism (see Table S1; Supporting Infor-
ation). The energy profile of glycosylation was calculated using

he ES as reference while that of deglycosylation was calculated
ith respect to the EI2. All calculations reported in this work were
erformed using Gaussian 09 [16].

. Results and discussion

In  order to understand the mutational effects of the conserved
esidues on the catalysis of the wild-type SmChiB, all structural
nd energetic information for the wild-type reaction need to be
stablished as a reference. As mentioned above, the first step (gly-
osylation) of the reaction involves formation of an oxazolinium
ntermediate which then collapses upon hydrolysis in the second
tep (deglycosylation), yielding the sugar product. The detailed
nformation for the two consecutive steps is described as follows.

.1.  Enzyme–substrate complex

The structures and energetic along the glycosylation and deg-
ycosylation paths as calculated by the DFT cluster method at the
3LYP level are shown in Fig. 3. Key structural parameters are sum-
arized in Table 1. Let consider the geometry at the ES complex

hown in Fig. 3A. As seen, the quantum cluster model of ES generally
epresents the geometry observed for the X-ray structure of mutant
E144Q) SmChiB (see Fig. 2 and Table 1). In particular, a twisted gly-

osidic bond within the (GlcNAc)2 substrate could be maintained
hrough seven hydrogen bonds (a–g), assisted mainly by several
nzyme active site residues, and thus supporting the role of these
onserved residues in the substrate binding. Asp142, Glu144 and
hics and Modelling 56 (2015) 53–59 55

Tyr214 are fully responsible for the substrate distortion: the two
carboxyl residues form a strong hydrogen-bonding network (see
distances a, b and g) that essentially places the substrate in a reac-
tive orientation while Tyr214 helps the two residues in twisting
the N-acetyl group of the −1 GlcNAc via a hydrogen bond (distance
c). This distortion facilitates a decrease in the C1 ONAc distance
involved in the intramolecular nucleophilic attack and thus helps
to promote the formation of oxazolinium intermediate in the first
step (glycosylation) of the SmChiB reaction.

3.2. Glycosylation path

As shown schematically in Fig. 1, the glycosylation step is the
formation of an oxazolinium cation intermediate where two  chem-
ical processes are involved, that is, the proton transfer from Glu144
proton to the scissile glycosidic oxygen (see a; Ogly HO(Glu144))
and the nucleophilic addition of the N-acetyl oxygen at the
anomeric C1 carbon (C1 ONAc). Our DFT models indicate that these
two processes occur simultaneously in an asynchronous manner.
Starting from ES to TS1, Glu144 completely donates its proton to
the glycosidic oxygen (see a; Ogly HO(Glu144) = 1.10 Å), activating
the cleavage of glycosidic bond. At the same time, the scissile glyco-
sidic bond (Ogly C1) is elongated (1.48 Å at ES to 2.27 Å at TS1) and
the C1 ONAc distance between the anomeric carbon (C1) and the
N-acetyl oxygen (ONAc) becomes shorter (3.08 Å at ES to 2.29 Å at
TS1). At this stage, the −1 GlcNAc ring was found to adopt a copla-
nar geometry (0.6◦) between atoms C3, C2, C1 and Oring, featuring
a 4H5 half-chair conformation, which is in agreement to our pre-
vious observations [6,7]. Upon the cleavage of the glycosidic bond,
the intramolecular nucleophilic attack takes place in a synchronous
process, resulting in a narrowing of the N-acetyl oxygen and the
anomeric carbon distance and the formation of the bicyclic struc-
ture of the oxazolinium intermediate, which is characterized by
an intramolecular covalent bond formed (C1 ONAc = 1.57 Å) inside
the sugar at the EI1. The glycosylation step is endothermic by
11 kcal/mol with a calculated activation energy of 23.0 kcal/mol
(see Fig. 3B). The conformation itinerary adopted by the GlcNAc
moiety at the subsite–1 of this step is also depicted in Fig. 3B, which
is found to follow a boat (1,4B) → a half-chair (4H5)‡ → chair (4C1)
pattern.

3.3. Deglycosylation path

The  second step (deglycosylation) of the reaction requires an
essential water molecule near the anomeric carbon (C1) to act as a
nucleophile during the breakdown of the intermediate formed in
the first step. In our previous study, we found that there are at least
three water molecules participating in a near-attack position close
to the C1 atom during the 1 ns QM/MM  MD  simulation of enzyme-
intermediate complex (EI2) [6]. However, only one water molecule
having the best positioning for nucleophilic attack was  chosen to be
treated quantum mechanically in the QM/MM  reaction modeling.
Here we included more water molecules explicitly in our cluster
model. The higher number of water molecules was modeled to
understand the role of the solvent on the catalytic efficiency of the
SmChiB enzyme, which is often ignored in most theoretical studies
of glycosidase reaction [6,7,10,17–23]. Representative structures
and energetics along the deglycosylation path with one to three
water molecules modeled (1wat, 2wat and 3wat) are shown in
Fig. 4. This step is represented by the 2wat model as this is a min-
imum model that could produce a water nucleophile in a perfect
position for reaction and its geometric parameter is included in

Table 1. Additional geometric parameters for the remaining water
models are summarized in the Supporting Information (Table S2).

In  an opposite direction to the first step, the second step is ini-
tiated by nucleophilic attack of the catalytic water at the anomeric
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ig. 3. Structures (A) and energetic (B) along the glycosylation path of SmChiB re
mitted for clarity.

enter, following by the collapse of the intermediate (EI2) and the
ubsequent formation of the reaction product (EP) as shown in

ig. 4A. At TS2, the catalytic water was found to be positioned close
o the anomeric carbon (C1 Owat; 2.88 Å (EI2) → 2.42 Å (TS2)) while
he fused oxazoline ring is spontaneously broken (C1 ONAc; 1.55 Å
EI2) → 2.14 Å (TS2)). A fully bonded Owat Hwat distance of 1.01 Å

able 1
elected structural parameters (interatomic distances and angles) of the stationary point

Distance (Å), angle (◦) Expta Glycosylation 

ES TS1

Ogly C1 1.39 1.48 2.27
C1  ONAc 2.98 3.08 2.29
Ogly HO(Glu144) (a) 3.19b 1.90 1.10
C1  Oring 1.45 1.38 1.28
Owat C1 – – – 

Hwat O(Glu144) – – – 

Owat Hwat – – – 

HNAc O(Asp142) (b) 2.89c 2.01 1.79
ONAc HO(Tyr214) (c) 2.66b 1.80 1.91
C6OH  O(Asp215) (d) 2.64b 1.61 1.59
O′

NAc HN(Arg294) (e) 3.09c 1.95 1.90
C6:HO  HO:C3′ (f) 2.61b 1.71 1.79
O(Glu144)  HO(Asp142) (g) 2.71b 1.74 1.43
C3  C2 C1 Oring −41.0 −33.0 0.6 

a Values taken from the experimentally determined X-ray structure of E144Q mutant C
b O O distance.
c N O distance.
. Conformation of the −1 GlcNAc is also included with some hydrogen atoms are

at TS2 indicates that no proton abstraction occurs at this stage, that
is, the transfer of a proton from the catalytic water onto the Glu144

residue does not occur, in agreement to our previous observation
[6]. After TS2, the proton abstraction was achieved with the fully
Hwat O(Glu144) bonded distance of 1.00 Å, resulting in the forma-
tion of the EP and a subsequent release of the product, which is

s on the potential energies of glycosylation and deglycosylation paths.

Deglycosylation (2wat)

 EI1 EI2 TS2 EP

 2.87 – – –
 1.57 1.56 2.14 2.96

 0.99 – – –
 1.34 1.34 1.28 1.38

– 2.92 2.42 1.46
– 1.78 1.59 0.99
– 0.98 1.02 1.86

 1.55 1.54 1.84 2.08
 2.13 2.04 1.86 1.77
 1.65 1.72 1.64 1.67

 1.93 – – –
 1.81 – – –
 1.05 1.50 1.46 1.74

26.4 26.5 12.1 −16.3

hiB (PDB entry 1E6N, chain A) from Ref. [5].
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Fig. 4. Representative structures (A) and energetic (B) along the deglycosylation path of SmChiB reaction with different number of water molecules modeled near C1 atom.
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nitial  optimized structures of EI2 (C) for 1wat, 2wat and 3wat are demonstrated w
gure  legend, the reader is referred to the web version of this article.)

roposed to be triggered by the rotation of Asp142 side chain in
oncomitant with the flip of the N-acetyl group of subsite −1 NAG
6].

In this deglycosylation, a reverse conformations of the −1 Glc-
Ac sugar was found as chair (4C1) → half-chair [4H5]‡ → boat

1,4B).
As  shown in Fig. 4B, the barrier height of the second step was

ignificantly decreased (from 11.3 kcal/mol to 2.9 kcal/mol) when
ore number of water molecules were introduced in the model sys-

em, emphasizing the essential role of water molecules for efficient
atalysis. While all model systems seem to have a similar geome-
ry, a minor difference for the position of the water nucleophile is
till seen at the EI2 (see Fig. 4C) where a hydrogen bond (H-bond)
etwork playing a role. As shown, a large barrier (11.3 kcal/mol)
bserved at TS2 of 1wat is observed due to a weak H-bond stabi-
ization provided by water molecules. On the other hand, increasing
umber of water molecules (for either 2wat or 3wat models)
ppears to create more H-bond network and helps in positioning
he nucleophile water in a perfect position for reaction, as evident

y the shorter C1 Owat distances of 2.92 Å (2wat) and 2.87 Å (3wat)
ompared to that (4.45 Å) in 1wat. Thus, the more water molecules
ould provide a stronger H-bond stabilization that leads to a lower

nergy barrier in the deglycosylation step. In addition, they also
ygen atoms colored in yellow. (For interpretation of the references to colour in this

contribute to the product stability (see Fig. S1 in the Supporting
Information).

The lower energy barriers for the second step (in range
of 11.3–2.9 kcal/mol relative to the EI2) comparing to that
(23.0 kcal/mol) for the first step (Fig. 3B) suggest that the glyco-
sylation path is the rate-determining step of the overall reaction of
SmChiB.

3.4. Energetic analysis of mutants

To further understand the mutational effect on the energetic
along both glycosylation and deglycosylation pathways, several in
silico mutations were made based on the geometry of the optimized
structure of the wild-type SmChiB. We  selected the 2wat system
as a representative model of the second step for energetic analysis
of mutants.

3.4.1. Y214F
Our  previous simulation [6] has shown that the Tyr214 residue
could adopt two  orientations, corresponding to the different H-
bond interaction formed between the OH-group of Tyr214 and the
oxazoline ring within the intermediate, and we  found that this H-
bond is essential for an efficient deglycosylation step in the SmChiB
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ig. 5. Relative potential energy profiles for overall reaction in wild-type (black)
nd  Y214F mutant (grey) SmChiB based on the two waters model (2wat) system.

eaction, which provides explanation to the origin of the reduced
ate observed in the Y214F mutant observed in the experiment,
s well as its analogous residue in other GH enzymes [24–26].
owever, this conclusion was drawn based on energetic analy-

is of the wild-type, not the Y214F mutant, that does not account
or the electronic effect of the Tyr214 residue (as this residue was
reated classically during the simulation), which provides only an
ndirect implication to the reduced rate of Y214F mutant. Here,
he electronic effect of Tyr214 is fully described and the Y214F

utant was generated based on in silico mutation of the optimized
eometry of the wild-type SmChiB. Calculated reaction energet-
cs for each individual step of the mutant is shown in Fig. 5, in
omparison with the energy profile of the wild-type. Clearly, the
214F mutant causes only a small effect on the glycosylation step
ith a slightly lower barrier at TS1 (22.5 kcal/mol). On the other
and, the mutant has a profound effect on the deglycosylation step,
nd in particular the relative stability of oxazolinium intermediate
EI1/EI2) formed in the glycosylation step: it stabilizes the interme-
iate more effectively as indicated by a large decrease in the EI1/EI2
nergy from 11.0 kcal/mol in wild-type to 4.1 kcal/mol in Y214F.
his result also implies that Tyr214 exhibits a stronger destabi-
ization to the intermediate compared to the Phe residue, as the
yrosine residue polarizes, via its H-bond, the oxazoline ring formed
n the glycosylation step, thus facilitating an efficient deglycosyla-
ion. More interestingly, the reduction of the EI energy leads to an
ncrease in a barrier height of the deglycosylation step from 6.0 to
.8 kcal/mol in wild-type and Y214F, respectively. This result was
lso found in other water models (see Figs. S2 and S3 in the Sup-
orting Information). A similar change of the energy profile was
lso found in the case of Y214A mutation, as described below. This
nergetic analysis indicate clearly that the Y214F mutation has a
ominant effect on the second step of the reaction, not on the first
tep, further supporting our recent study of the vital role of Tyr214
n deglycosylation [6] in which the residue plays a role in destabi-
izing the intermediate via hydrogen bond. This information would
lso explain why mutations of similar analogous residue (Y217F
nd Y228A) decreased hydrolytic activities with improved trans-
lycosylation ability in endo-beta-N-acetylglucosaminidases [27]
nd Serratia proteamaculans ChiD [28], respectively.

.4.2. Other mutants
To  further probe the reaction energetic of other mutants, several

lanine mutations on residues surrounding the −1 and +1 Glc-
Ac were performed and their corresponding energetics along the
eaction were examined, as shown in Fig. 6. The mutations were
nvolved two single mutations of Asp142 and Tyr214 and a dou-
le mutation of Arg294 and Asp215. We  found that the Y214A
utation exhibited a similar reaction energy profile to that of
Fig. 6. Relative potential energy profiles for both glycosylation and deglycosylation
paths  of SmChiB reaction for wild-type (black) and other alanine mutations.

the Y214F. Interestingly, D142A was found to be most affected
on both energetics and mechanism. Instead of a two-step mech-
anism the mutant proceed the reaction, via one transition state,
that required a very large energy barrier of 52.8 kcal/mol. This
result supports our previous observations [7], emphasizing a neces-
sary of the Asp142–Glu144 interaction and their ability to stabilize
the oxazolinium cation species electrostatically, leading to a lower
reaction barrier. The large barrier generated by the D142A muta-
tion not only reflects a decreased rate of SmChiB hydrolysis, but
also provides evidence to support the improved transglycosylation
activity observed in variants of Asp-142/313, analogous residues in
SmChiB and SmChiA, respectively [27,29]. The salt-bridge residues,
Arg294 and Asp215 are likely to give an opposite role. By com-
paring to that of wild-type reaction, the D215A was attributed
to the higher energy barrier for glycosylation and deglycosylation
whereas R294A was found to lower the barriers of both steps to 18.6
and 1.8 kcal/mol, respectively. The role of these salt-bridge residues
can be further seen from the double mutation which clearly showed
an increased barrier for both reaction steps, with the deglycosyla-
tion having the most effect. Like Asp142, this salt-bridge was also
found to play a role in stabilizing the oxazolinium intermediate as
this double mutation gives a higher energy of the EI compared to
that of the wild-type.

4.  Conclusions

In this study, quantum cluster models with density functional
theory are successfully used not only to describe the unusual
substrate-assisted mechanism at a molecular level but also to
demonstrate the influence of four conserved residues (Asp142,
Tyr214, Asp215 and Arg294) at the catalytic center of SmChiB on
catalysis. Structural and energetic information of the reaction in
wild-type SmChiB were provided by the models, supporting the
two-step mechanism involving the formation of an oxazolinium
intermediate and the subsequent collapse of the intermediate upon
hydrolysis yielding the sugar product. The first step was found
to be the rate-determining step of the overall reaction with the
calculated activation barrier of 23.0 kcal/mol, in agreement to our
previous studies. In the second step, the reaction barrier was found
to be lower (from 11.3 kcal/mol to 2.9 kcal/mol) when more water
molecules were introduced in the model systems, emphasizing

the important role of solvent in catalytic efficiency. By comparing
with the wild-type results, the mutational effect of four conserved
residues in the SmChiB active site on reaction energetics of each
individual step was allowed to be studied. Mutations of Tyr214 to
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he or Ala have shown a profound effect on the relative stability
f the oxazolinium intermediate, which exhibits the decreased EI
nergy that turns out to raise the energy barrier in the deglycosyla-
ion step. This observation has confirmed another important role of
yr214 residue in intermediate destabilization and deglycosylation
ctivity, besides its role in substrate distortion. The D142A muta-
ion greatly decreases the stability of the intermediate, resulting in

 very large increase in the activation barrier up to 50 kcal/mol. The
alt-bridges residues (Asp215 and Arg294) were also found to play

 role in stabilizing the oxazolinium intermediate. Our modeling
pproach may  be useful as a computational probe to understand
he influence of key conserved residues on the individual step of
nzyme reaction, complementary to the site-direct mutagenesis
xperiment.
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a b s t r a c t

The coordination–insertion mechanisms of ring-opening polymerizations (ROP) of c-valerolactone (GVL),
d-valerolactone (DVL) and L-lactide (LL) initiated by tin(II) n-butoxide were investigated using hybrid
density functional theory at the B3LYP level with a mixed basis set. Analysis of geometries and corre-
sponding energies revealed six intermediate states (including two transition states) observed in all three
ROP reactions, which confirmed a coordination–insertion mechanism. Calculated energy profiles demon-
strated exothermicity for each ROP reaction with a rate-determining step found for the first transition
state that involved the attraction of an oxygen atom of the monomer to the metal atom of the initiator.
By using the resulting energy barriers and transition state theory, the thermal rate constants could be
obtained with the predicted rates of GVL and LL found to be equal and faster than that of DVL. In addition,
by comparisons of the ring-strain energies and the barrier heights, we found that the effect of ring strain
was at most only a partial driving force for the ROP reactions.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Polyester was first approved for use as biodegradable suture in
the 1960s. Since then, various products based on cyclic ester have
been produced as biocompatible materials [1–3]. A cyclic ester is
the most potentially useful monomer for preparing biodegradable
polymer in industries. Compared to a hydroxyl carboxylic acid as a
monomer used in polycondensation reactions to directly produce
polyester, the cyclic ester does not give any water as a by-product
in the reaction. Without producing any by-product, high molecular
weight of desirable polyester could be achieved. Ring opening
polymerization (ROP) is one of the most widely used and effective
technique for obtaining polyesters with high molecular weight
[4–6] and metal alkoxides has been widely used as effective initi-
ators for ROP of cyclic esters. Various organometallics derivatives
of metals with d-orbitals of favorable energy such as Al, Sn, Y,
Nd, Yb, Sm, La, Fe, Zn, Zr, Ca, Ti and Mg have been developed in
the ROP of cyclic esters [5–7]. The ROP of cyclic esters is proposed
by Kricheldorf et al. [8] to proceed via a coordination–insertion
mechanism that involved in an insertion of monomer into the
metal–oxygen bond of initiator (see Scheme 1).

For decades, Sn(Oct)2, a well-known metal alkoxide, has been
used in both academia and industries to synthesize polyesters from
the ROP of cyclic esters [4,9–14] but its own drawbacks in terms of
long induction time and uncontrollable molecular weight of
polymer makes it unfeasible for current use in industries. On the
other hand, tin(II) alkoxide, Sn(OR)2, initiators have increasingly
been used in the ROP of cyclic ester [15,16].

In our previous work, we studied kinetics model with computa-
tional tools to predict theoretical rate constants for the ROP of
e-caprolactone (CL) and tin(II) alkoxides [17]. The thermal rate
constants were calculated, which give the predicted values in
excellent agreement with the experiment, and we found that tin(II)
n-butoxide (Sn(OBu)2) is the most effective initiator in the Sn(OR)2

series studied. Here, we extend our previous theoretical study to
gain more understanding of the ring strain effect on ROP of cyclic
monomers using the best Sn(OBu)2 initiator. Three cyclic ester
monomers, c-valerolactone (GVL) [18], d-valerolactone (DVL)
[19], and L-lactide (LL) [20], which cover both steric and ring strain
effect were chosen for this investigation, as shown in Fig. 1. Usu-
ally, the ROP of cyclic monomer is thought to be driven mainly
by the ring strain of monomer; however, there are some cases
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Scheme 1. Coordination–insertion mechanism of ROP of cyclic monomers initiated by Sn(OBu)2.

Fig. 1. Three cyclic ester monomers used in this study: (a) c-valerolactone (GVL),
(b) d-valerolactone (DVL), (c) L-lactide (LL) and one monomer is, (d)* e-caprolactone
(CL) as the reference from our previous work [17].
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where ROPs might not be driven by this effect. For instance, the
rate constant of basic hydrolysis of c-butyrolactone and CL
reported by Ya and Leonid [21] at comparable conditions are close
to each other (1.5 � 10�4 and 2.6 � 10�4 mol�1 L s�1, respectively),
although their corresponding ring strains were found to be ener-
getically different (5 vs �29 kJ mol�1) [22–24]. These experimental
observations emphasize the need for further sophisticated studies
in order to fully understand the ring strain effect on the ROP of cyc-
lic esters.

In the present work, we provide a comparative theoretical
investigation that demonstrates such important effect through fol-
lowing calculations. The mechanism for ROP of three cyclic ester
monomers (GVL, DVL and LL) initiated by Sn(OBu)2 were initially
modeled with quantum chemical methods following the coordina-
tion–insertion mechanism, as depicted in Scheme 1. Geometries,
energies and vibrational frequencies of all stationary points
(reactant, transition state, intermediate and product) were then
characterized and identified along the reaction energy profiles.
Using the activation barriers obtained from the energy profiles,
the thermal rate constants for ROP of three monomers (GVL, DVL
and LL) initiated by Sn(OBu)2 were estimated by using transition
state theory.
2. Computational details

Hybrid density functional theory (DFT) at B3LYP level [25] with
a mixed basis set, which is a popular and computationally cost
effective method [26–28], was used to investigate the ROP mecha-
nism of three cyclic ester monomers (GVL, DVL, LL) using Sn(OBu)2

as initiator. For the metal atom, a double-f-valence quality basis
set LANL2DZ was assigned for a Sn atom, which is relativistic elec-
tron core potential (ECP) developed by Hay and Wadt replaced the
Sn core electron [29,30]. For non-metal atoms, a valence triple zeta
with polarization function (VTZ2P) at cc-pVTZ was assigned for C,
H, and O atoms. This B3LYP method with mixed basis set has been
successfully used in our previous study on the ROP of CL and tin(II)
alkoxides [17]. Geometry optimizations were carried out without
any symmetry or geometric constraints, and energies of all station-
ary points (reactant, complex, transition state, intermediate and
product) along the reaction path were computed to obtain the rel-
ative energy profiles. The nature of the minima (intermediate) and
the extrema (transition states) were confirmed with analytical fre-
quency calculations [26,31]. Furthermore, the pathway that con-
nects reactants, transition state and products was checked with
the assistance of the intrinsic reaction coordinate (IRC) [32]. The
default IRC procedure using the hessian-based predictor–corrector
integrator (HPC) [32,33] was carried out using the step size of 20
and maxpoint of 10 both forward and reverse directions which
means that reaction coordinate was calculated every 0.2 amu1/2

bohr. The energy barrier heights of all reactions were corrected
by including the zero-point energy corrections [34]. All calcula-
tions were performed with the Gaussian03 software package
[35]. The electronic density was analyzed using the natural bond
orbital (NBO) analysis. The degree of charge separation between
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positive and negative charges of all points along the reaction path
was provided using the dipole moment data.

The obtained information from the quantum chemical calcula-
tions was employed to determine thermal rate constants of the reac-
tions. These rate constants in a temperature range of 100–120 �C
were calculated using a conventional transition state theory (TST)
method [36] by University of Utah’s web-based kinetics module
within the Computational Science and Engineering Online suite
(CSEOnline) [37]. This TST method was developed as a predictive
tool for thermal rate constants based on the potential energy surface
with a statistical representation of classical dynamics. TST is a well-
known developed formula for obtaining thermal rate constants of
chemical reaction [38]. Let us consider a general reaction for any ini-
tiation step of the polymerization reaction, where the reactant
monomer (M) is being initiated by the initiator (I) to form the acti-
vated complex (MI) or the transition state (TS) and after that the
product (P) is achieved.

Mþ I$MI! P

The thermal rate constant, k(T), for the initiation step is given by
Eq. (1) below

kðTÞ ¼ kBT
h

Q MIðTÞ
Q MðTÞQ IðTÞ

ef�DV–=kBTg ð1Þ

where kB is the Boltzmann’s constant, T is the temperature, h is the
Planck’s constant. DV– is the classical barrier height; that is, a
different energy between the M and TS. QM and QI are the total
partition functions of the M and I, respectively. QMI is the MI or
TS partition function [38]. The partition functions of the M and TS
can be computed by providing the frequency information into
TheRate [39] and the thermal rate constants of all ROP with differ-
ent ring strain monomer initiated with Sn(OBu)2 are calculated.
3. Results and discussion

3.1. Coordination–insertion mechanism of ROP

The ROP mechanisms for GVL, DVL and LL monomers initiated
by Sn(OBu)2 were investigated using DFT(B3LYP) and mix basis
set method. The optimized geometries and corresponding energies
for each step (shown in Scheme 1) of the GVL reaction are depicted
in Fig. 2, respectively. Since all three ROPs share the same mecha-
nism with six intermediates observed, we thus discussed in detail
only on the ROP of GVL as a representative case for other cyclic
ester monomers (DVL and LL). More detailed information for the
mechanism of DVL and LL are given in Figs. S1 and S2 of the Sup-
plementary data, respectively. In general, the ROP mechanism
shown in Fig. 2 is described below.

The ROP reaction is initiated by a direct insertion of a carbonyl
oxygen (O2) of GVL to the metal center (SnAO2 = 2.67 Å) which
leads to formation of a stable complexation (Complex) between
GVL and the initiator as indicated by a lower energy
(�7.14 kcal mol�1) compared to the reactant energy. Then, the
Complex is transformed into Int1 via the coordination–insertion
mechanism (see TS1 ? Int1), which involved a geometric rear-
rangement between the butoxy group (O3ABu) and the SnAO2

bond, forming a coordinated geometry featuring a spiral bicyclic
species having the two oxygen atoms (O2 and O3) bridged between
the Sn and C1 atoms. A single negative (imaginary) frequency
(158i cm�1) was observed at TS1 (see Table S1) with a smooth
IRC curve connecting Complex and Int1 (Fig. S3 in the Supplemen-
tary data). The SnAO2/SnAO3 distances are around 2.2 Å represent-
ing the forming/breaking bonds, respectively. A shortening of
C1AO3 distance (C1AO3 = 3.47 Å) at Complex to 2.01 Å at TS1 indi-
cates that this bond is formed. Such rearrangement resulting in TS1
requires at least 13.83 kcal mol�1 of energy before it can proceed to
the intermediate species (Int1) with C1AO3 bond.

During the formation of Int1, rotation of GVL ring around the
C1AO2 bond is required to make the SnAO1 distance shorter
(3.77 Å at TS1 to 2.42 Å at Int1), allowing the SnAO1 bond to be
formed at Int2 (Fig. 2). The newly formed C1AO3 bond is 1.41 Å
with a sp3 hybridization observed on the C1 atom (changing from
sp2 in Complex). The energy of Int1 is 11.23 kcal mol�1 above that
of Complex. The next step is the formation of TS2, which is
achieved through the insertion of the oxygen atom (O1) of GVL to
the Sn atom that leads to another coordinated geometry, similar
to that observed at TS1 (see angles in Table S5). This step requires
energy of 1.34 kcal mol�1 for GVL. The TS2 structure features a dis-
torted four-membered ring fused with the five-membered ring of
monomer having the SnAO1/SnAO2 distances of 2.19 Å. The true
structure of TS2 was confirmed, by vibration frequency and IRC
calculations, with an imaginary frequency of 216i cm�1 and the
appearance of a saddle connecting Int1 and Int2, respectively
(see Table S1 and Fig. S4 in the Supplementary data). A highly con-
straint geometry of GVL was observed in TS2 as indicated by a fast
elongation of C1AO1 bond as well as shortening of SnAO1/C1AO2

bonds. As a result, ring-opening of the monomer occurred via
C1AO1 bond, producing Int2. Finally, the C1 atom of carbonyl group
regains the sp2 hybridization at Product.

3.2. Natural bond orbital analysis

Changes in NBO charges on some selected atoms of all interme-
diates found along the ROP of GVL with Sn(OBu)2 are illustrated in
Fig. 3. This analysis provides a more qualitative way to understand
the chemical changes occurring at atomic level, as demonstrated
by previous studies [34,40] which showed a good correlation
between the charges of nucleophilic center and reactivity (i.e.,
the more negative the charge, the higher the reactivity). Here, only
the O1, O2, O3, C1, and Sn atoms are considered as the nucleophilic
center. As the reaction progresses, all three oxygen atoms (O1, O2

and O3) show a large change in charge distribution with the O1

and O3 charges found to change in an opposite trend: the O1

increases in negative charge while the O3 shows a decrease in neg-
ative charge. This change could be expected as the two oxygen
atoms (O1 and O3) have evolved during the bond breaking and
forming processes, respectively. For the O2 atom, the increasing
and decreasing curve can be seen as it evolves in both processes,
that is, bond forming (Complex ? Int1) and bond breaking
(Int1 ? Int2). A slight change in the Sn and C1 charges was
observed, which is probably due to the charge compensation from
the O2 and O3 to Sn at Complex and TS1 (Fig. 3), which was also
observed in our previous study [17]. Such changes in the NBO
charges are also similar for DVL and LL (Fig. S6 in the Supplemen-
tary data).

3.3. Dipole moment

In addition to the NBO analysis, dipole moment can be used as
an indicator for the degree of separation between positive and neg-
ative charges in a molecule. As plotted in Fig. 4, the calculated
dipole moments of Int1 and Int2 are smaller than that of Complex.
Thus, a solvent with low-polarity (nonpolar solvent) could stabilize
Int1 and Int2 and a fast monomer insertion reaction could be
expected, which was reported by experimental studies [41,42]. In
addition, ROP mechanism of DVL and LL initiated by Sn(OBu)2

are generally similar to that of GVL in terms of bond lengths and
NBO charges found on the reaction intermediates (Complex, TS1,
Int1, TS2, Int2). More information on vibrational frequencies and
IRC calculations along the reaction intermediates are given in the
supplementary data.



Fig. 2. ROP coordination–insertion mechanism of GVL initiated with Sn(OBu)2. Bond lengths are noted in Å and formation energies are reported in kcal mol�1.
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3.4. Comparison of the barrier height, effect of ring strain and thermal
rate constants

Calculated relative energies of key intermediates observed in
the ROP of GVL, DVL, LL and CL initiated by Sn(OBu)2 based on
DFT calculations were summarized in Table 1 and plotted in
Fig. 5. As shown, the stability of Complex is found in the following
order: DVL > GVL > LL. The formation of TS1 for all monomers
requires a moderate energy of around 5–10 kcal mol�1: DVL
(10.69) > GVL (6.69) > LL (5.49). However, while the formation of
TS2 requires a lower energy than that of TS1, the TS2 energies
share the same order as TS1: DVL (4.91) > GVL (2.85) > LL (2.10).
All monomers indicate the formation of TS1 to be the rate-
determining step and LL was found to have the fastest rate con-
stants with the lowest barrier height. More detailed information
on the comparison of rate constants calculated for the ROP of these
monomers will be discussed in the next paragraph.
Theoretically, the trend of barrier heights should be in the fol-
lowing order: CL > DVL > LL > GVL according to ring strain of cyclic
monomers [43,44], in which the ring size of each monomer is:
CL = 7, LL = 6, DVL = 6, and GVL = 5. However, as shown in Fig. 5,
the trend of our calculated barrier heights (DVL > CL > GVL > LL;
the lower barrier, the faster rate) does not follow the theoretical
prediction. Therefore, the ring strain of cyclic monomer is not the
main driving force for the ring-opening polymerization. So the
detail analysis on the stability of transition state formation is
needed to clarify the main driving force. Many researchers [45]
have suggested that the polymerizability of cyclic monomers can
be evaluated by its free energy of polymerization (DGp). However,
a complete sampling of the configurational space of the polymer is
required to obtain the DGp, which is very difficult by the compu-
tational techniques available at present time. In this work, DFT
calculations were employed to obtain the internal energy differ-
ence between reactants (initiator plus cyclic monomer) and their



Fig. 3. Changes in NBO charges (e) of selected atoms for the reaction intermediates
observed in the ROP of GVL.

Fig. 4. Calculated dipole moments of the reaction intermediates observed in the
ROP reaction of GVL, DVL and LL.

Table 1
Calculated relative energies (in kcal mol�1) of key intermediates observed in the ROP
of GVL, DVL, LL and CL initiated by Sn(OBu)2.

Reaction coordinate Relative energiesa

GVL DVL LL CLb

Reactant 0.00 0.00 0.00 0.00
Complex �7.14 �8.14 �6.85 �7.53
TS1 6.69 10.49 5.49 7.05
Int1 1.51 3.19 0.90 1.67
TS2 2.85 4.91 2.10 11.29
Int2 �10.41 �11.28 �6.21 �3.45
Product �3.18 �8.91 �11.80 �9.37

a All energies were calculated in relative to the reactant energy.
b Ref. [16].

Fig. 5. Relative energy profiles for the ROP of GVL (black), DVL (red) and LL (blue)
initiated by Sn(OBu)2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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TS1 (rate-determining step) (Table S4), which provided an estima-
tion of the enthalpy of polymerization (DHp). Generally, the DHp is
directly related to the ring strain, which is released through the
polymerization process to provide the main driving force for the
polymerization of cyclic monomers [46–49]. The experimental
DHp energy of different cyclic lactones was reported [44] and their
corresponding values are in the following order: CL (�6.89) > DVL
(�6.6) > LL (�5.4) > GVL (1.2 kcal mol�1). This order is in well
agreement with the calculated DHp by Refs. [43,46,49]. Moreover,
the estimated energies of ring strain for different cyclic monomers
were reported to be following this order: CL (11.7) > DVL
(9.9) > GVL (7.4) > LL (5.5 kcal mol�1) [6,49]. From these estimated
values, the thermal rate constants of ROP of CL should be the fast-
est and that of LL should be the slowest compared to other cyclic
monomers. However, these values are solely from free cyclic
monomers which are only applied for self-ring opening polymeri-
zation but not for the ROP with catalysts. Therefore, taken only ring
strain effect into account for the prediction of thermal rate con-
stants is not enough, other factors need to be considered in order
to explain the relative heights of our calculated reaction barriers
(TSs).

Since the TS1 is the rate-determining step, we analyzed the
important bond angles relevant to their original cyclic esters (\O1-

AC1AC (see Fig. 2), or angle a in supplementary data,) and the val-
ues of all three systems are given in Table S4 of the Supplementary
data. It is found that angles at position \O1AC1AC are ranked in
this order: CL (118�) [17] > DVL (116�) > LL (113�) > GVL (108�).
These values suggest that GVL has the highest ring strain and the-
oretically may lead to the highest rate constants. Moreover, the DH
values of the formation of TS1 are found to be 7.45, 6.70 [17], 6.61,
5.20 kcal mol�1 for DVL, CL, GVL, and LL, respectively. These values
imply that LL should have the fastest among the ROP of cyclic
monomer initiated with Sn(OBu)2.

The calculated rate constants of all there system are summa-
rized in Table 2. The order of the calculated rate constants is
GVL = LL > CL > DVL which is in accordance with the trend of
barrier height and the DH of TS1. The agreement between the
calculated rate constant of CL and DVL with their corresponding
ring-strains energies (CL (11.7) > DVL (9.9 kcal mol�1) is observed,
following the theoretical prediction with the higher ring strain, the
faster rate constant. However, the ring-strain energies of GVL and
LL are 7.4 and 5.5 kcal mol�1, respectively, and our computed
angles at position \O1AC1AC shows that the TS1 of GVL (108�) is
more strain than that of LL (113�). If the driving force for the poly-
merization process is dependent only on the ring strains of the TS1,
the calculated rate constants for GVL with Sn(OBu)2 should be lar-
ger than that of LL with Sn(OBu)2. However, the calculated rate
constants of GVL are almost equal to those of LL, which is caused
from the lower barrier height of LL. These findings suggest that



Table 2
Calculated rate constants for the ROP of GVL, DVL, LL, and CL initiated by Sn(OBu)2

under various temperatures.

Temperature (�C) Thermal rate constants (L mol�1 min�1)

GVL DVL LL CLa

100 421.88 0.61 436.69 33.57
102 447.89 0.66 458.36 –
104 474.98 0.72 481.48 –
106 503.51 0.78 504.96 –
108 533.13 0.85 529.52 –
110 564.56 0.92 555.16 45.01
112 597.42 1.00 581.89 –
114 632.10 1.08 609.34 –
116 668.22 1.17 638.24 –
118 706.15 1.26 667.86 –
120 745.88 1.36 698.92 59.56

a Ref. [16].
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the principal driving force for the ROP of cyclic monomers is not
only from the ring strain but also from the energy required to over-
come the rate-determining step.

4. Conclusion

DFT calculations on coordination–insertion mechanism and rel-
ative energy profile were carried out for the ROP of three different
cyclic monomers (c-valerolactone (GVL), d-valerolactone (DVL)
and L-lactide (LL)) initiated by tin(II) butoxide, Sn(OBu)2. Results
indicate that the TS1 for all three systems is the rate-determining
step, which is similar to that of e-caprolactone (CL) with tin(II) alk-
oxides [17]. The order of barrier heights is found to follow this
order: DVL (10.69) > CL (7.05) > GVL (6.69) > LL (5.49 kcal mol�1),
which is not the same order as their corresponding ring-strain
energy CL (11.7) > DVL (9.9) > GVL (7.4) > LL (5.5 kcal mol�1)
[6,49]. The transition state theory was used to estimate the thermal
rate constants for all systems in which the order of the rate con-
stants are found to be: GVL = LL > CL > DVL, which is with the trend
of their corresponding barrier heights. The similar rate constants of
GVL and LL as well as the disagreement in term of the order in the
ring-strain energy and barrier heights are explained by the partial
driving force of ring strain for the polymerization process.
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ABSTRACT
Group 4 metallocene has gained more attention recently as a potential catalyst for

ring-opening polymerization of lactones. Introduction of a silicon-bridge and/or modifications
of biscyclopentadiene (Cp2) ligand with different π-ligands such as bisindene (Ind2), mixed
indene/cyclopentadiene (CpInd) or mixed uorene/cyclopentadiene (CpFlu) have been found
to significantly help improve catalyst activities, polymer yields and molecular weight. In order
to relate the silicon bridge (B) and π-ligand (L) effects with the catalyst activities, molecular
structures and properties of those bridged dimethylzirconocene complexes as well as their
insertion behaviors with ε-caprolactone were investigated by using the density functional theory
method. Calculations showed that different π-ligands had a profound effect on the electronic
geometries and related properties of the title complexes. All bridged catalysts were geometric
constraints compared to the unbridged catalysts. The HOMO-LUMO gap and dipole moments
were decreased as the large π-ligands were introduced (Cp2 > CpInd > Ind2 > CpFlu). Only
Si and Zr atoms were observed to carry a positive charge with Si having the most. For the
monomer-inserted complexes, most catalyst structures shared the same orientation of
ε-caprolactone with its ester group pointing away from a methyl group of Zr atom, except
the catalyst with Ind2 ligand due to steric hindrance. A planar conformation of the monomer
was observed in all catalysts and, hence, is required for each insertion. The data provide a
structural basis for both inactivated and activated bridged-dimethylzirconocene complex
catalysts with different π-ligands, which will be helpful for further studies on the lactone
polymerization initiated by group 4 metallocene.

Keywords: silicon-bridge, zirconium, metallocene, density functional theory

1. INTRODUCTION
Ring-opening polymerization (ROP) of

lactones represents a growing field of polymer
research because the produced polyesters are

biodegradable and biocompatible materials
potentially used for biomedical and
pharmaceutical applications as well as
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environmentally friendly materials [1-3].
Several metal complexes have been well
established for the ROP of lactones, such as
alkoxides of Li [4], Al [5], Sn [6], Zn [7], Ln
[8] and Ti [9]. Apart from these metal
alkoxides, group 4 metallocenes have drawn
increased attention, as an interesting group
of transition metal complexes potentially
applied for the ROP of lactones.

Previous studies have reported the
use of dimethylzirconocene complexes, as
pre-catalyst for the ROP of lactones with
various substituted cyclopentadienyl (Cp),
indenyl (Ind) and uorenyl (Flu) ligands and
a bridge in the catalytic systems. Hayakawa
et al. [10] was one of the first to report
the ROP of lactones initiated by zirconocene-
borate complex catalysts, which was
found to proceed via cationic mechanism
(Figure 1). Their catalytic system used is
based on bis(cyclopentadiene), Cp2ZrMe2

and CpCp*ZrMe2 (Cp*: pentamethyl
cyclopentadiene) with high molecular weights
and low polydispersities of polylactone
obtained. Kostakis et al. [11] reported the
polymerization of ε-CL and δ-VL using
various catalytic systems consisting of a
combination of three C2v zirconocene
complexes and three borate cocatalysts.
They introduced the bis(indene) ligand,
Ind2ZrMe2, and also the Cp2ZrMe2, (tBuCp)2

ZrMe2 in the zirconocene catalytic systems to
initiate the polymerizations, producing
polymers with relatively high molecular
weights and narrow molecular weight
distributions. Recently, Villase or et al. [12]
have first introduced the ansa-zirconocene
complex with silicon methyl (Me2Si) as a
bridge for the ROP of ε-CL. They

successfully synthesized mixed indenyl/
cyclopentadienyl zirconocene systems,
CpIndZrMe2, with and without the silicon
bridge and used them in the polymeriza-
tions, yielding the resulting polymer with
impressive quantitative outcome without
cocatalyst (medium molecular weight
polymers with moderate to broad
polydispersities). Based on those studies,
modifications of the π-ligands and the
bridge in the catalyst are key factors to
improve the catalytic activity, and thus
guiding a development of group 4
metallocene complexes for the use as
potential catalysts of the ROP of lactones.
This has inspired us for a requirement of
fundamental understanding of electronic
effect of the π-ligands and the bridge on
the efficiency of ansa-zirconocene catalysts
in the ROP of ε-CL.

In this work, the electronic structures
and related properties of four ansa-
dimethylzirconocene complexes (I-IV)
bearing Cp, Ind or Flu ligands (see Figure 2)
were comparatively investigated by means of
density functional theory. We analyzed
the electronic geometries of the catalysts
when the ansa-bridge and the ε-ligands are
introduced to understand their structural
basis. We continued analyzing the
regioselectivity of the ε-CL monomer to
the four catalysts during the monomer-
insertion step by finding the most stable
structure of the monomer-inserted
complexes for each catalyst. To the best of
our knowledge, the comparisons of the
electronic structures and properties of
catalysts I-IV have not been investigated
theoretically.
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Figure 1. Cationic ROP mechanism of lactones initiated by dimethylzirconocene catalyst,
Cp2ZrMe2.

Figure 2. Generic structure of silicon-bridged dimethylzirconocene complex with different
π-ligands.

2.  MATERIAL AND METHODS
Geometries at the standard state (298

K and 1 atm) of all title complexes were
optimized using Hartree Fock (HF) and
Density Functional Theory (DFT) at the
B3LYP level with the Gaussian09 program
[13]. This popular and computationally
cheap method predicted reliable geometries
and quantum chemical results. We used a
double-ζ basis set (6-31G*) for all non-metal
atoms and the effective core potential
double-ζ basis set (LANL2DZ) [14] for
zirconium and silicon atoms. This mixed
basis set was created through the use of the
GEN keyword in Gaussian09. Both of these
basis sets have been widely used along with
DFT methods for the study of transition
metal containing systems [14, 15]. Note that
the chosen DFT methods were used only

for describing the gas-phase structures of
catalysts, which does not account for the
dynamics of monomer and/or catalyst in
solution.

3. RESULTS AND DISCUSSION
3.1 Comparison of the Computed
Structure with the X-ray Structure

Although the popular DFT method is
widely used for locating the stable geometries
of transition metal complexes [15], it is
important to compare the DFT optimized
structure of the investigated system with the
available crystal structure in order to test the
reliability of the method. To this end,
catalyst II was chosen as a test model to
compute its geometry at HF/LANL2DZ
and B3LYP/LANL2DZ methods. The
results are summarized in Table 1, along
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with the experimental observation from the
literature [12]. In general, the optimized
geometry of catalyst II from the B3LYP/
LANL2DZ method is more reasonably
agreement with the X-ray crystal structure
than that from the HF/LANL2DZ
method, as evidenced by a relatively low
mean absolute error (0.48 for B3LYP/
LANL2DZ and 0.64 for HF LANL2DZ).
The HF method gave an overestimation for
most bond lengths compared to those
structural parameters from the B3LYP
method, for example, the distances of Zr-

Cen1 and Zr-Cen2 bonds are calculated at
2.326/2.359  (HF) and 2.289 2.320 
(B3LYP), higher than the X-ray observation
(2.222/2.264 ), respectively. The Cen1-Zr-
Cen2 angles are calculated at 124.8° (HF)
and 126.3° (B3LYP), which is close to the
X-ray structure (128.1°). This result
represents a case where the exchange and
correlation functional is necessary,
supporting the benefit of the B3LYP
method over the HF method for studying
the transition metal complex.

Table 1. Experimental and calculated bond lengths and bond angles for catalyst II.

[a] Taken from Ref [11]. [b] Refers to the average bond length between Zr and the carbon atoms of the C5 ring of the
corresponding cyclopentadienyl moiety. Cen1 and Cen2 are the centroids of C11–C15 and C21–C25, respectively. For
clarity, the figure representing a chemical structure of catalyst II is included without the hydrogen atoms.

Bond length, angle
Zr–C1
Zr–C2
Zr–C21
Zr–C22
Zr–C23
Zr–C24
Zr–C25
Si–C3
Si–C4
Si–C11
Si–C21
Zr-Cen1
Zr-Cen2
av Zr–C(Cen1)[b]

av Zr–C(Cen2)[b]

C1–Zr–C2
C3–Si–C4
C11–Si–C21
Cen1–C11–Si
Cen2–C21–Si
Cen1–Zr–Cen2
Mean absolute error

X-ray[a]

2.267
2.271
2.485
2.500
2.600
2.670
2.580
1.860
1.866
1.880
1.867
2.222
2.264
2.531
2.567
96.4
107.4
97.1
160.6
161.5
128.1

HF
2.285
2.295
2.552
2.561
2.685
2.79
2.703
1.895
1.899
1.911
1.893
2.326
2.359
2.599
2.658
96.0
104.9
96.6
163.9
164.0
124.8

error
0.018
0.024
0.067
0.061
0.085
0.120
0.123
0.035
0.033
0.031
0.026
0.104
0.095
0.068
0.091
0.4
2.5
0.5
3.3
2.5
3.3
0.64

B3LYP
2.271
2.282
2.536
2.537
2.661
2.777
2.686
1.897
1.901
1.908
1.894
2.289
2.320
2.588
2.639
98.5
105.5
96.6
162.5
162.7
126.3

error
0.004
0.011
0.051
0.037
0.061
0.107
0.106
0.037
0.035
0.028
0.027
0.067
0.056
0.057
0.072
2.1
1.9
0.5
1.9
1.2
1.8
0.48

Calculation
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3.2 The Bridging Effect on the Electronic
Geometries of Catalysts I-IV

The optimized structures of catalysts
I-IV calculated at the B3LYP/LANL2DZ
level of theory are illustrated in Figure 3 and
their corresponding geometric parameters are
listed in Table 2. It appears that silicon bridge
(Me2Si) has a significant effect to the catalyst
structure compared to the unbridge one: it
reduces the angle (α) formed between the
metal and the two π-ligands and increases the
angle (β) formed between the plane of
π-ligands: for catalyst I the α and β values are
calculated at 124.9° and 59.9°, respectively, for
the bridge but are 133.8° and 46.1° for the

unbridge. Similar observation was also found
for other catalysts (see Table 2). More
compact structures were observed for all
bridging catalysts, as evidenced by the
decreased distances between two centroids
of π-ligands (Cen-Cen) and between the
metal and the centroid (M-Cen) shown in
Table 2. With a constrained geometry in
the catalysts, the metal must arrange itself
to fit with the packed structure, leading to
increase the D distance in all four catalysts,
especially in the catalyst III (with the
maximum extent of D = ~0.4 ). This
metal extension may facilitate the cocatalyst
activation and/or monomer insertion.

Figure 3.  Optimized structures of catalysts I-IV calculated at the B3LYP/LANL2DZ level
of theory.

Table 2. Geometric parameters for the optimized structures of catalysts I-IV calculated at
the B3LYP/LANL2DZ level of theory. The geometric structures of the unbridged silicon of
catalysts I-IV are also indicated in parenthesis.

Catalyst

I

II

III

IV

Φ

81.98

81.95

89.83

96.74

Cen-Cen
( )
4.05

(4.20)
4.14

(4.22)
4.15

(4.90)
4.20

(4.32)

D
( )
1.05

(0.89)
1.03

(0.99)
1.30

(0.95)
1.04

(0.92)

α
(°)

124.9
(133.8)
128.8

(132.1)
117.9

(140.3)
127.2

(133.8)

β
(°)

59.9
(46.1)
60.4

(51.9)
68.7

(43.1)
65.9

(53.3)

γ
(°)

17.9

10.0

12.0

13.5

δ
(°)

87.5
(88.7)
87.0

(85.0)
84.1

(85.3)
82.7

(83.1)

M-Cen
( )

2.284
(2.286)
2.270

(2.337)
2.522

(2.643)
2.267

(2.270)

M-X
( )

2.280
(2.287)
2.275

(2.275)
2.265

(2.286)
2.267

(2.270)

X-M-X
(°)

39.9
(99.3)
40.1

(98.1)
40.0

(41.0)
98.1

(98.3)

E-M
( )

3.383

3.359

3.351

3.325
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3.3 The πππππ-Ligands Effect on the
Electronic Geometries and Properties of
Catalysts I-IV

Considering the size of the π-ligands in
catalysts I-IV, the number of aromatic ring
is in the order of I < II < III = IV. This
increment in the size of the π-ligands within
the catalysts was found to have a significant
effect on the electronic geometries of the
catalysts. We observed a decrease in the angle
(δ) formed between the metal and the centroid
changing from 87.5° (I) → 87.0° (II) → 84.1°
(III) → 82.7° (IV). This is due to an increase
in the van der Waals (VDW) interaction
between the aromatic ring of the π-ligand
and the methyl groups at the Zr atom.
The lowest angle (δ) observed in catalyst IV
is due to the VDW interaction between two
methyl groups and two benzene rings of the

fluoryl ligand. With the strong VDW in catalyst
IV, the X-M-X angle was found to be two-
fold large (~98°) compared to that for other
catalysts (I-III) (~40°), as shown in Table 2.
Among the four catalysts, catalyst III has
the most steric hindrance between one
methyl group of Zr atom and the two
benzene rings of the indene ligands. That is
why the highest value of both β and M-Cen
was observed in catalyst III.

The π-ligand introduction has a significant
effect on the electronic properties. We found
a decrease in the HOMO-LUMO energy gap
for the four catalysts in the order of I > II >
III > IV, as shown in Figure 4, associated
with the decreased dipole moment (Table 3).
We also observed a positive charge on the
Si and Zr in all catalysts, with Si carrying
the most.

Table 3. Energy, frontier orbital (HOMO,LUMO), dipole moment and Muliken charges (e)
of catalysts I-IV.

Figure 4.  HOMO-LUMO energy gaps and frontier orbitals of catalysts I-IV.

Catalyst

I
II
III
IV

Energy
(a.u.)

-596.040
-749.672
-903.303
-903.306

LUMO
(eV)

-1.225
-1.197
-1.252
-1.361

HOMO
(eV)

-6.177
-5.470
-5.306
-5.170

∆(LUMO-HOMO)

4.95
4.27
4.05
3.81

Dipole moment

2.01
1.78
1.62
1.47

Mulliken charges (e)
of Si/Zr

1.228/0.765
1.242/0.785
1.252/0.788
1.239/0.805
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3.4 Analysis of Regioselectivity of εεεεε-CL
from the Monomer-Inserted Complex
Structure

To understand a regioselectivity for
the monomer-insertion step of the ROP of
ε-CL using those title catalysts (I-IV), the
electronic structures of the monomer-inserted
complex with different monomer insertions
were analyzed. The optimized structures for
the monomer complexes (I-IV) were
calculated at the B3LYP/LANL2DZ level of
theory and the results are illustrated in
Figures 5-8. We found that the possible
number of monomer-inserted complex
depends on the symmetry of the catalyst.
Two possible orientations of the monomer
are observed for catalyst I and IV due to the
C2v symmetry, as shown in Figures 5 and 8.
On the other hand, catalysts II and III with
the C1 symmetry gave four possible

orientations of monomer. Excluding of
catalyst III, the most energetically stable
structure for each catalyst was found to share
the same conformation with the ester group
of the monomer pointing away from the
methyl group at Zr atom (see complexes I-a,
II-a, and IV-a in Figures 5, 6 and 8).
The orientation of the catalysts was found to
correspond well with the shortest distance of
Zr-O1 bond (~2.18 - ~2.19 ). In case of
catalyst III, the most stable structure was
found in complex III-c in which the ester
group still keeps pointing to the catalyst but
its monomer is situated at the other side,
due to a steric influence from the π-ligand.
A planar conformation in the lactone ring
was also observed in all catalysts, with the
C1-C2-O2-C3 torsion angle of -4.41° - 3.45°,
suggesting that the geometric rearrangement
is required for each insertion

Figure 5. Activated complex structure of catalyst I with different ε-caprolactone insertions
calculated at the B3LYP/LANL2DZ level of theory. Relative energies are indicated in
parenthesis.
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Figure 6. Activated complex structure of catalyst II with different ε-caprolactone insertions
calculated at the B3LYP/LANL2DZ level of theory. Relative energies are indicated in
parenthesis.

Figure 7. Activated complex structure of catalyst III with different ε-caprolactone insertions
calculated at the B3LYP/LANL2DZ level of theory. Relative energies are indicated in
parenthesis.
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Figure 8. Activated complex structure of catalyst IV with different ε-caprolactone insertions
calculated at the B3LYP/LANL2DZ level of theory. Relative energies are indicated in
parenthesis.

4. CONCLUSIONS
In this paper, we present the

computational analyses for the electronic
structures and properties of four bridged
dimethylzirconocene catalysts (I-IV) bearing
different π-ligands such as cyclopentadienyl,
indenyl or fluorenyl ligands. The introduction
of the silicon-bridge and the π-ligands had a
profound effect on the electronic geometries
and properties in all four catalysts.
In comparison with the unbridged catalysts,
we observed a constrained geometry for all
bridged catalyst with the Zr atom moving
away from the catalyst center to some extent.
The energy intervals between LUMO and
HOMO and the dipole moments for the four
catalysts are in the order of I > II > III >
IV. The positive charges are observed only
on Si and Zr for each of the four complexes.
We then examined the monomer-inserted
complexes of all catalysts and found that,
excluding of catalyst III, most energetic
favorable structures of the complexes have
the shortest Zr-O distance with a stable
conformation having the ester group of the
monomer pointing to the catalyst. A steric
hindrance is dominant in catalyst III,
thus giving the different complex structure.

In addition, a planar conformation in
the lactone ring was also observed in all
catalysts. These data provide a structural
basis of dimethyl zirconocene and dimethyl
zirconocene-monomer complex, which will
be helpful for further experimental and
theoretical investigations on the ROP of
ε-CL initiated by group 4 metallocene catalyst.
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ABSTRACT
Gold nanoparticles have been proved to act as oxidation catalyst for glucose oxidation,

offering a “chemical” synthetic route to gluconic acid and gluconates - nowadays commercially
produced by an enzyme catalyzed oxidation. Our investigations of the gold catalyzed oxidation
route showed that gold nanoparticles produced by a modified Turkevich method have a high
activity for this pseudo-homogenous catalytic reaction. Under mild reaction conditions, glucose
could be oxidized in good yields (~70%) and the resulting gluconate could be isolated by
column chromatography and precipitation as calcium salt. The catalytic oxidation reaction was
found to follow the first-order kinetic with a rate constant of 4.95 h-1, in good agreement
with previous finding. The underlying reaction mechanism is discussed, assuming that the
formation of  a gold-glucose cluster intermediate is a key catalytic step. Several structures of
the gold-glucose intermediates were examined using density functional theory methods.
The molecular behavior of glucose adsorption in gold colloid solution is present.

Keywords: colloidal gold catalyst, glucose oxidation, gold nanoparticle, gluconic acid, DFT

1. INTRODUCTION
Gold nanoparticles (Au NPs) as highly

effective green catalysts for oxidative
processes have become a research topic of
wide-spread interest in recent years [1-5],
representing a bridge between homogeneous
and heterogeneous catalysis. Au NPs are
among the most popular metal nanoparticles
due to their stability and fascinating properties.
They have applications in very important fields
such as catalysis and medicine [5,3,6].

Catalysis by Au NPs has been emerged
by the discovery of gold nanoparticles as
highly active supported catalysts for oxidation
of CO into CO2 by atmospheric air [7]. Since
then, much effort has been tried to understand
the catalytic activity of Au NPs [8-10]. With
high potency of Au NPs, they have attracted
many industries utilizing metal-catalyzed
chemical processes. Among those reactions,
the gold-catalyzed oxidation of glucose to
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gluconic acid by Au NPs has received much
attention in recent years [11-14,10,15].
In addition, the glucose-gluconic acid
oxidation reaction have shown to be a
promising “chemical” synthetic route to
sodium gluconate [14], which is commercially
produced by a fermentation process [16],
making a catalytic chemical reaction of high
industrial interest. The product gluconic acid
is an important compound with cation
complexing abilities and is used as additive
with many applications in the pharmaceutical,
food and detergent industry as mild, non-toxic
acid [16].

The glucose oxidation can be efficiently
catalyzed by using supported and unsupported
Au NPs. The carbon-supported gold catalysts
have been widely used for the liquid-phase
oxidation of glucose due to their high activity
compared to conventional catalysts. Biella
et al. [15] firstly used the carbon-supported
Au NPs as catalysts for aerobic oxidation of
D-glucose, exhibiting a much higher activity
than the conventional platinum and paladium
based catalysts. Further work by nal et al.
[14] found that D-glucose oxidation to
D-gluconic acid over Au/C catalysts is
structure sensitive. The kinetics of glucose
oxidation to gluconic acid with Au/Al2O3
catalyst has also been reported by Pr e and
co-workers [11] with a modified oxidative
dehydrogenated mechanism proposed.
Despite the rare use of unsupported colloidal
gold catalyst compared to those supported
catalysts, it was found that catalysis by colloidal
gold showed a surprisingly high activity in the
aerobic oxidation of glucose, comparable
with the supported Au/C catalyst and an

enzymatic system [10,13]. Presently,
unsupported Au NPs as catalyst for glucose
oxidation with hydrogen peroxide have been
examined yet only by Comotti et al. [12],
showing good results in terms of  reaction
time and yield.

The reaction mechanism for the glucose
oxidation with Au NPs catalysts has been
proposed recently [11]. The first reaction
step is the formation of  the Au-glucose
intermediate, which is initiated by the
nucleophilic attack of a hydroxide ion on
glucose followed by adsorption of the
resulting alkoxy group to a gold particle.
As a result, the relative high electro-negativity
of gold is generated (Scheme 1). The
oxidation step could occur via either
gold hydride anion [11] or peroxygen [12]
depending on the present of oxygen.
In hydride anion pathway, the oxidation
proceeds by transferring the carbon-bound
hydrogen together with two electrons to the
gold particle, releasing the gluconate anion.
Subsequently, the transferred hydrogen
could be transferred to hydrogen peroxide
as hydride anion, reducing it to water
and hydroxyl (Scheme 2). In peroxygen
pathway, the addition of  oxygen (from the
decomposition of hydrogen peroxide) to the
Au-glucose adduct was proposed (Scheme 3).
It is interesting to note that both pathways
share common specie of Au-glucose
intermediate, which is thought to be critical
during catalysis [11,12]. At present, no
structural information of  the key intermediate
has been reported and, thus, the complete
understanding for the glucose oxidation
mechanism is limited.
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Scheme 1. The formation of  the Au-glucose intermediate

Scheme 2. The decomposition of  the Au-glucose intermediate via hydride anion if  the oxygen
is absent

Scheme 3. The decomposition of  the Au-glucose intermediate via peroxygen if  the oxygen
is present
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In this study, the conditions for a high-
yield oxidation of glucose by hydrogen
peroxide using unsupported Au NPs were
examined, together with a theoretical model
to explain the structure of the key Au-glucose
intermediate as well as its molecular behavior
of glucose adsorption in gold colloid solution.
Our study indicates that, even in very low
concentration (about 30 ppm), gold colloid
is an effective catalyst for the oxidation of
glucose to gluconate salts with hydrogen
peroxide under mild, alkaline conditions.
The underlying mechanism for the glucose
absorption on gold nanoparticle is also
discussed.

2.  EXPERIMENTAL
2.1 Chemicals and Equipment

D(+)-glucose monohydrate (for
biochemical use), sodium hydroxide p.a.
grade (Aldrich), hydrochloric acid conc.
(Aldrich), silica gel for chromatography
(Aldrich) and hydrogen peroxide solution
50% (commercial grade) was used. As gold
precursor, gold leaves of 96.5% purity
(“Thai gold”) were used. For the recording
of  the VIS spectra, a Jasco V-530 UV/VIS
spectrometer was used.

2.2 Preparation of the Nano Gold
Catalyst

A small gold leave (weight 3 mg) was
dissolved in ca. 0.5 ml conc. HCl and 0.5 ml
hydrogen peroxide (50%) by gentle heating
in a test tube. The resulting clear yellow
solution was evaporated to dryness in a
water bath to eliminate all traces of HCl.
The residue was dissolved in 5 ml of distilled
water. In an Erlenmeyer, 100 ml distilled
water with 5 ml 1% trisodium citrate solution
was heated to boiling under magnetic
stirring. Compared to the classical Turkevich
method [18,19], a higher water volume
showed to produce smaller nanoparticles

with better reproducibility. The above
solution of chloroauric acid was added
quickly under vigorous stirring. After 10
minutes of boiling and stirring, the solution
was allowed to cool to room temperature
and a VIS-spectrum was taken to confirm
the particle size of  the gold nanoparticles.
The reaction mixture was used as catalyst
without further treatment.

2.3 Oxidation of Glucose
1.8g (10 mmol) of glucose and 2 ml

(26 mmol) of hydrogen peroxide (50%) was
added to the nano gold suspension and
the mixture was heated under stirring to
50C. With the use of a pH meter, the pH
was continually adjusted to 9 by drop wise
addition of 0.2M NaOH. The progress of
the reaction:

R-C(=O)H + H2O2 + OH-  R-C(=O)
O- + 2 H2O

could be estimated by the amount of
sodium hydroxide - to obtain 100 % yield, a
total of 50 ml is required (10 mmol
hydroxide).

2.4 Isolation of the Product
In order to separate the product (sodium

gluconate) from remaining glucose and
catalyst, the reaction mixture was concentrated
to about 20 ml by rotation evaporation.
A column with diameter of 3-4 cm was filled
with slurry of silica gel in iso-propanol
(about 50 ml). The reaction mixture was
passed slowly through the column using
iso-propanol as solvent. The out-coming
fractions were tested for product by TLC
(using iso-propanol/water 4:1). The product
containing fractions showed an oily layer
which is supposed to be sodium gluconate
dissolved in iso-propanol. This gel-like
product could not be crystallized, so it was
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transferred to the calcium salt: the product
fractions were evaporated to dryness resulting
in a light brown gel, which was dissolved in
about 10 ml distilled water. About 1 g of
calcium chloride was added forming a clear
solution. Slow addition of iso-propanol
resulted in a white precipitate, which could
be filtrated to give 1.6 g of calcium-gluconate
(3.65 mmol), corresponding to 73% yield.

3. THEORETICAL
Previous studies [20-24] have shown that

the DFT calculations are quite useful for
understanding the adsorption orientation of
a molecule on a metal nanoparticle at
molecular level. Here, two models of glucose
(Glc) and glucose substituted with hydroxide
from metal alkaline (GlcOH) absorbed on the
gold atom were chosen to represent the
formation of  key gold-glucose intermediate.
Two orientations of  the glucose were
considered in which an aldehyde or a C6-OH
end-group of glucose is preferred to
adsorb with the gold atom. A total of four
models were thus modeled in this study.
The D-glucose isomer was considered in
the models. A single Au atom was used as a
representative surface of gold nanoparticle.
Despite the gold model used is very simple,
it has also been applied in several literatures
[21-23], which is enough for the purpose of
the present study. All system structures were
fully optimized using the Density Functional
Theory (DFT) method with the Becke three
parameter hybrids functional with Lee-Yan-
Parr correlation function (B3LYP) level of
theory. An effective core potential basis set
LANL2DZ (Los Alamos set of double-zeta)
[25] was used for a description of Au atom.
The energetic of the adsorption process were
calculated at the same level as geometry

optimization using following equation:

Eads = Ecomplex – Eglucose – EAu

where Ecomplex, Eglucose and EAu are the
total ground state (electronic) energies of
the Au–glucose complex, the isolated glucose
(Glc or GlcOH) and the isolated Au,
respectively. The more negative the adsorption
energy, the stronger the adsorption. All
calculations were performed using
Gaussian09 program [26].

4. RESULTS AND DISCUSSION
4.1 Characterizations of Gold
Nanoparticle Size, Optimum pH and
Temperature for the Reaction and the
Gluconate Product

Figure 1 shows the VIS spectrum of the
gold NP suspension after preparation with
sodium citrate and after the completion of
reaction with glucose and hydrogen peroxide
at pH 9. It is clearly shown that addition of
glucose significantly changes in both color
of the gold suspension and the spectrum.
The color of the suspension changed during
one hour from wine-red to dark-blue (data
not shown) and a part of the particles
agglomerated giving rise to a second mai
peak around 600 nm, as would be expected
in an alkaline solution with sodium anions
[27]. Haiss et al. [28] have demonstrated
that there is a good correlation between the
medium particle size of gold NP and the
wavelength of the absorption maximum in
visible light. According to them, the particle
size can be estimated using the formula:
d ~ ln[(max – 512)/6.53]/0.0216 nm. With
an absorption maximum at about 520 nm,
it can be concluded that the particle sizes are
in the magnitude of 10 nm.
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To find the optimum conditions for the
oxidation reaction, it has to be ensured that
the pH and temperature are well below the
critical limits when caramelization of glucose
occurs. This phenomenon [17] could be
qualitatively followed by observing the
color of a solution of 10 mmol glucose in
diluted sodium hydroxide at different
pH. Several solutions were prepared
with different pH values and heated at
60C, which, according to [11], could be
the maximum reaction temperature. It could
be detected that glucose starts to decompose
into brown-colored by-products at pH >=
10 at T >= 55C within 1 hour. From this
finding, a pH of 9 and 50C were chosen to
avoid this decomposition reaction during the
oxidation with hydrogen peroxide.

To characterize the products after
completed reaction and after re-crystallization
as calcium salt, standard TLC plates with
silica on aluminum were used. A mixture of
i-propanol with water (4:1) is a suitable
solvent. To develop the TLC, the plates were
heated on a hot plate where the products
appear as brown spots. Figure 2 shows a TLC
of the sodium gluconate from the reaction

mixture, which has a spot at significant lower
Rf than glucose (0.24 vs. 0.64). The final
product, the calcium salt, does barely move
on the plate and has an Rf close to zero, shown
in the right part of Figure 2.

Figure 1. VIS spectrum of gold NP suspension directly after the preparation with sodium
citrate (black line) and after one-hour-reaction with glucose and hydrogen peroxide at pH 9
(grey line)

Figure 2. TLC of sodium gluconate (left) and
calcium gluconate (right) vs. glucose in i-
propanol/water 4:1
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4.2.  Reaction Rate
Following the addition of  sodium

hydroxide to the reaction mixture of glucose
and hydrogen peroxide in gold NP
suspension, a theoretical yield of nearly
90% could be detected after 30 minutes.
The amount of added sodium hydroxide to
maintain pH 9 declines during the reaction,
indicating a first order kinetics with respect to
glucose. The remaining glucose concentration
in mol/L can be calculated from the
consumption of NaOH: 1 ml of 0.2M

NaOH corresponds to the loss of 0.2 mmol
of glucose, corresponding to 2 mmol/L.
For a first order kinetics, the natural logarithm
of the glucose concentration over time
should give a straight line with the slope
representing the reaction constant. The result
is shown in Figure 3. A rate constant for
the first-order reaction was found to be
4.95 h-1, in good agreement with the kinetic
observation of  Comotti et al. [12], who
estimated a rate constant of 4 h-1 for the
product formation.

4.3 Proposed Glucose Adsorption on Gold
Nanoparticle

In order to understand the molecular
behavior of glucose adsorption in gold
colloid solution such as adsorption orientation
and interaction, four models of glucose
absorbed on gold nanoparticles were
calculated using the DFT calculations with
LANL2DZ basis set. The optimized
structures (Model I-IV) of the Au-Glc and
Au-GlcOH complexes with one Au atom
absorbed on the oxygen atoms of the
aldehyde and C6-hydroxyl end-group
of glucose are illustrated in Figure 4.
The calculated adsorption energies for the
four models are listed in Table 1. For the
Au-Glc complexes, the Au atom is preferred

to adsorb with the C6-hydroxyl oxygen of
glucose end-group (see Model II; Figure 4b,
right), as suggested by the energetically
favorable structure and a shorter Au-O
distance of 2.54  compared to those from
Model I (Figure 4a, left). For the Au-GlcOH
complexes, the GlcOH molecule is most
likely to adsorb on the Au atom through the
carbonyl oxygen of the aldehyde end-group
of  glucose, shown in Model III (Figure 4b,
left), with the lowest energy structure found
among the four models (Table 1) and a short
Au-O distance of 2.25 . This orientation
was found to give the most favorable
absorption with the lowest adsorption energy
of -22.56 kcal/mol, indicating that the
glucose adsorption is an exothermic process.

Figure 3. Plot of the logarithm of the remaining glucose concentration during the oxidation
reaction in alkaline H2O2 over the reaction time.
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Based on the obtained calculations, the
glucose may weakly interact with the gold
nanoparticles through the CH2OH
end-group then it may react with the NaOH
prior to adsorb with the gold nanoparticles

as shown in Figure 5. However, it is also
possible that the glucose may react
with NaOH to generate the glucose anion
and then adsorb on the gold nanoparticles.

Figure 4. Optimized structures of four models (I-IV) representing the Au-Glc (a) and Au-
GlcOH (b) complexes with Au absorbed on the oxygen atoms from the aldehyde (left) and
C6-OH (right) end-group of  glucose. The unit of  energy is in kcal/mol.
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Figure 5. Possible glucose adsorption on gold nanoparticles during the formation of  key Au-
glucose intermediate as suggested by the present calculations.

Table 1. The adsorption energies for the four models (I-IV) from Figure 4.

Model
I
II
III
IV

total energies/relative energies(kcal/mol)
-516168 / 0.0
-516171 / 2.9
-563801 / 0.0

  -563781 / 20.0

adsorption energy(kcal/mol)
4.3
1.4

-22.6
-2.5

5. CONCLUSIONS
Our investigations of the gold catalyzed

oxidation route showed that the gold
nanoparticles produced by a modified
Turkevich method have a high activity for
this reaction, which then becomes a pseudo-
homogenous catalysis. It was found that
nanoparticles in the magnitude of around
10 nm could be produced in higher dilution
and citrate concentrations as by the classic
method. Under mild reaction conditions,
glucose could be oxidized in good yields
(72%) and the resulting sodium gluconate
could be isolated by column chromatography
with iso-propanol on silica gel. Since the
underlying reaction mechanism for the
glucose oxidation is most likely based on
the formation of  Au-glucose intermediates,
four possible reaction intermediates of

Au-glucose complexes were examined based
on DFT methods and the calculations showed
that the GlcOH molecule gives a stronger
adsorption to the gold atom compared to
the Glc molecule, emphasizing the requirement
of alkaline conditions in the glucose oxidation.
Based on the present calculations, the glucose
adsorption on gold nanoparticles during the
formation of  Au-glucose intermediate was
explained for the first time, demonstrating
that the aggregation of  the alkoxy-group to a
gold-cluster is indeed thermodynamically
favored.
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Abstract 
 
With a large resistance globally to available insecticides used today, a new, effective, safer strategy 
for insect control is highly demand for agrochemical industry. For this reason, a rational approach 
that could be used to produce more selective and harmless insecticides is urgently needed. 
Computer-aided molecular design has been shown for many years to play essential roles in the 
field of insecticide discovery, providing useful information that could guide the design and 
development of new and better insecticidal agents. A short overview of recent applications of 
computational methods on the rational design of insecticides is presented through several 
insecticide-targeting receptors, including acetylcholinesterase, voltage-gated sodium channel, 
cytochrome P450 monooxygenase and nicotinic acetylcholine receptor. 

 
Key words: insecticides, docking, 3D-QSAR, acetylcholinesterase, voltage-gated sodium channels, 
cytochrome P450 monooxygenases, nicotinic acetylcholine receptor, computer-aided molecular design 
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1. Introduction 
 
 With the human suffering and financial losses worldwide caused by insect pests, 
new and environmentally safe insecticides are urgently needed to cope with these 
serious problems. Insecticides are commonly used as chemical agents (e.g., 
organophosphate or carbamate) or biological origin (e.g., biological controls or plant 
derived inhibitors) to control insects. Controlling the insect may occur from killing the 
insect or otherwise preventing it from engaging in behaviors deemed destructive. They  
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have been used for a long time as a major strategy of choices for insect control in 
agricultural fields. However, the use of insecticide can cause not only the ecological 
damage to non-target organisms but also resistance to other non-target insects. This 
results in a large increase of insecticide resistance in many insects and other organisms, 
causing a serious global problem of insect control in agriculture (1,2). DDT and related 
organochlorines are, for example, the best-known insecticides with massive use, 
causing a great impact to human and environmental health. Consequently, these 
insecticides were banned in 1970s and have progressively been replaced by alternative, 
more specific and less toxic chemicals partly because of the emergence of insecticide 
resistance in the target species (3). Currently, over 500 species of insects and mites 
have been reported to develop resistance to a wide range of insecticides (4). Many of 
these cases involve two major mechanisms of insecticide resistance i.e., either 
modification of target sites and/or enhancement of metabolic and detoxification 
processes. For target site resistance, the resistance can occur from direct changes to the 
protein active sites that normally bind to the insecticides. Modification of this binding 
site can lead to insensitivity toward a variety of insecticides. For example, mutations in 
acetylcholinesterase, an important enzyme target to organophosphates and carbamates, 
have been well documented in many insect species (1-3). Other similar examples of 
target site modifications have been reported for cases of knockdown resistance to 
pyrethroids, DDT resistance through reduced sodium channel sensitivity (5,6), 
resistance to spinosad and neonicotinoids through modification of nicotinic 
acetylcholine receptors (7-10) and modification of the γ-aminobutyric acid-regulated 
chloride channel leading to resistance to dieldrin and fipronil (11,12). For metabolic 
resistance, this resistance involves the enhanced detoxification. There are three groups 
of enzymes, the cytochrome P450, the carboxylesterases and the glutathione-S 
transferases that have been identified as potentially being largely responsible for this 
metabolic resistance (13). Much effort has been directed to understand the resistance 
mechanism of these enzymes (1,14-17). 

 

 Since increasing numbers of insects have evolved resistance to a wide range of 
pesticides, greater efforts are thus being directed towards the development of new 
insecticides with the ability to minimize resistance and preserve the utility of 
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insecticides. More importantly, the newly designed insecticides should have optimal 
insecticide activities with minimal toxicity to humans and environment. 
 
 In the past, designing insecticides as lead discovery is often difficult with random 
hit and thus a better and efficient approach in lead screening is needed. At present, it is 
clear that this challenging task become as a routine job with an increase of hit rate. The 
change of such history may be appreciated by the highly development of combinatorial 
chemistry (18) and high-throughput screening (19). This advance progress, however, is 
still limited in industrial company where the useful data is hardly accessible and does 
not provide as public data (20). 
 
 Computer-aided molecular design is a rational approach that is often used in drug 
design (21-23) as an essential tool for lead was screening and optimization and the 
design of new potent inhibitors including insecticidal agents (24). This approach has 
increasingly been applied during the past years as a result of the current advance of 
biochemistry and structural biology. It has also been expected to be more powerful for 
development of better and effective insecticides when it incorporates with the 
development of a global mechanism of action model including high-throughput 
screening and/or a predictive quantitative structure–activity relationship model (Fig.1). 
Considering a rapid rate of lead hitting of new natural and synthetic compounds with 
high insecticidal activity and low toxicity (25-32) and the advance of the computational 
methods, one might expect a dramatic growth for a number of insecticides in the 
market with new, presumably safer, modes of action in the future. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.1 A schematic diagram illustrating the rational drug design process. 
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 This short review will provide some recent applications of computational methods 
in guiding the design and development of new insecticidal agents. In this context, four 
insect enzyme targets including acetylcholinesterase, voltage-gated sodium channel, 
cytochrome P450 monooxygenases and nicotinic acetylcholine receptor will be 
described as case studies, highlighting the growing field of computer-aided insecticide 
discovery. 
 
2. Computational Methods  
 
 With a rapidly growing field of molecular biology and structural biology, 
computer-aided molecular design become as a promising rational approach in the field 
of agrochemistry (33,34), allowing one to rationale the experimental data and guide the 
design of new and better insecticides. Computer-aided molecular design of insecticide 
is sometimes referred as structure-based design (SBD) of insecticide (20,35). This SBD 
method has been successfully used in many insecticides based on protein structure of 
insect receptors. When the structural data is limited, ligand-based approaches (36) 
become an essential tool for insecticide design. The ligand-based approaches include 
quantitative structure-activity relationships (QSAR) and three-dimensional 
quantitative structure-activity relationships (3D-QSAR), including comparative 
molecular field analysis (CoMFA) and comparative molecular similarity indices 
analysis (CoMSIA). Both structure and ligand- based methods are a powerful tool that 
has been used nowadays in the field of computer-aided discovery of pesticides and 
insecticides to understand the structure-activity relationships of various insecticide 
compounds (20,35-39). They also provide a structural basis for the insecticide binding 
and resistance, which can guide the rational design of new and better insecticidal 
agents. More information on the methodology of computer-aided pesticide design can 
be found elsewhere (21-24,36-41). A short overview of those methods is described as 
following. 
 
 Homology modeling is a useful technique for protein structure prediction (42,43). 
Due to limited structural information of insect protein, this approach is often used as a 
primary tool for understanding the structural basis of insect enzyme. The predicted 
structure is based on sequence-structure alignment of a target sequence with a set of 
homologous sequence in which its 3D structure is known and will be used as 
template(s) (44). In insect, the templates are usually taken from available mammalian 
or other related species. 
 
 Molecular docking is a molecular modeling technique (45) that is basically used 
to describe the interactions between receptor and ligand when they are in a complex 
form. The strength or binding affinity between the receptor and the ligand is evaluated 
via the scoring functions (46). Several protein-ligand docking software with efficient 
searching algorithms are available, such as DOCK (47), GOLD (48) or AutoDoCK 
(49,50). The docking technique has now become a standard tool in the discovery of 
drug and insecticide. For insecticide design, this method is used to gain insight into the 
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structural basis of insecticide binding and resistance as well as an identification of key 
amino acid residues responsible for the binding. 

 

 Molecular dynamics (MD) simulations provide more insights into the dynamics 
and structural properties of ligand-receptor complex in solution (51,52). It can be used 
together with molecular docking to evaluate the thermal and structural stability of the 
docked complex (53). It can also allow one to estimate the binding affinity of 
insecticide in target active site through the use of pairwise interaction energies 
approaches, such as MM-PBSA/MM-GBSA (54). The reliability of the MD simulation 
depends mainly on the quality of force fields. Many force fields have been developed 
for biomolecular simulations and implemented in various software packages, such as 
AMBER (55), CHARMM (36) and GROMACS (56). The advantage of MD 
simulation is that it could predict the ligand-receptor interactions extremely well within 
the protein receptors whose binding sites are highly flexible. 

 

 Quantitative Structure-Activity Relationship (QSAR) models are standard 
approaches for rational design and development of new insecticides since they are 
efficient in rapid prediction and virtual pre-screening of insecticidal activity (38, 
57,58). There are many examples available in the literature in which QSAR models 
have been applied successfully for the screening of compounds for insecticidal activity 
(59-62). In principle, a good QSAR equation is required to correlate the biological 
activity (most often expressed by logarithms of equipotent molar activities) to a wide 
variety of parameters, including structural elements (Free Wilson analysis), 
physicochemical properties (Hansch analysis), or fields (3D-QSAR). The 3D-QSAR 
methods have been widely used since they require the 3D conformers of the molecule 
that were introduced by Cramer called Comparative Molecular Field Analysis 
(CoMFA) (58). Further developments on CoMFA lead to other alignment-dependent 
based methods such as Comparative Molecular Similarity Indices Analysis (CoMSIA) 
(57). The interpretation of these 3D-QSAR models are graphically described in terms 
of steric, electrostatic, hydrophobic, and hydrogen bond donor and acceptor molecular 
field interaction contributions. CoMFA and CoMSIA often provide a practical solution 
to an otherwise intractable problem of proper characterization of ligand–receptor 
interactions when a 3D structure of the receptor protein is absent. The QSAR models 
have also been developed together with the pharmacokinetic and pharmacodynamic 
(PBPK/PD) models and used as predictive models for human risk assessment to several 
insecticides such as pyrethroid (63), carbamate (64) and organophosphorous 
insecticides (68). 
 

3. Recent Applications of Computational Methods in Insecticide Design 
 

 In order to demonstrate the impact of current computational methods on the in 
silico design of insecticides, four attractive targets specific to various insecticides 
including acetylcholinesterase, voltage-gated sodium channel, cytochrome P450 
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monooxygenase and nicotinic acetylcholine receptors were described by some selected 
published works. 
 
3.1 Acetylcholinesterase 
 
 Acetylcholinesterase (AChE) is a serine hydrolase vital for regulating the 
neurotransmitter acetylcholine in mammals, birds, and insects. This enzyme has a deep 
and narrow active-site gorge with a catalytic site at the bottom and a peripheral site at 
the entrance (see Fig. 2). AChE is a key enzyme of the cholinergic system because it 
regulates the level of acetylcholine and terminates nerve impulses by catalyzing the 
hydrolysis of acetylcholine, a neurotransmitter in many organisms including insects 
and humans. The significance of AChE in nerve system makes it an efficient target in 
developing pesticides. Its inhibition by interference of the building up of acetylcholine 
causes death. Organophosphate and carbamate compounds are current AChE 
insecticides that are believed to exert their activity by irreversible inhibition. Despite 
the proven efficacy of these insecticides, resistance-modified AChEs are still shown in 
many insect species (66-71), which lead to insensitivity of AChEs toward a variety of 
organophosphate and carbamate based compounds (72-76). Unfortunately, these 
insecticides, which contaminate air, water, soil, and food, are toxic not only to insects, 
but also to people and other animals. This is because the insecticides target a catalytic 
serine residue of AChE which can be found in both insects and mammals. Based on this  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Cartoon representation of the active-site gorge of AChE showing the locations of the 
peripheral and catalytic sites and conjugation of chlorpyrifos with the catalytic serine residue. 
Adapted from Pang et al. (80). 

 
 
issue, many computational studies aim at designing and developing more specific and 
selective inhibitors/insecticidal agents (77) based on the SBD rational approach. For 
example, Doucet-Personeni et al. (78) described an SBD approach to design a novel 
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reversible inhibitor with a view to developing insecticides with an improved selectivity 
for target species. They designed such inhibitor by combining the binding features of 
two previously known classes of AChE inhibitors i.e., tacrine and trifluoromethyl 
ketone as shown Fig. 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  A. close overlap between the experimentally observed (green carbon atoms) and predicted 
(purple carbon atoms) binding modes of the novel, reversible AChE inhibitor as designed by SBD 
approach. Adapted from Doucet-Personeni et al. (78). 

  
 
 Recently, Yuan-Ping Pang and his research groups (79,80) at the Mayo Clinic's 
Computer-Aided Molecular Design Laboratory in USA has discovered a novel and 
viable target site of AChEs through the use of computer-aided pesticide design, which 
leads to the new design and development of effective and environmentally safe 
insecticides. The new target site is a cysteine residue that presents at the active sites of 
greenbug and aphid AChEs but absents at those of mammalian AChEs and this residue 
could serve as a direct target for a new insecticide that would not affect humans and 
animals. In particular, Pang created 3D computer models based on genomic 
information of AChEs obtained from the greenbug (Schizaphis graminum) and the 
English grain aphid (Sitobion avenae) and discovered the pest-specific cysteine residue 
(C286) located at the opening of the AChE active site as shown in Fig. 4. He also 
carried his blueprint work with the Aphid AChEs (81) and the mosquito AChEs (82), 
providing a structural basis of insecticide binding that could be very useful for pest 
management control. 
 
 Rowland and co-workers (83) have utilized computer modeling together with the 
biochemical experiment to investigate the inactivation of aphid AChE by two 
sulfhydryl reagents, 5,5'-dithiobis(2-nitrobenzoic acid) and N-ethylmaleimide. Several 
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mutants were biochemically generated based on two key cysteines (Cys310 and 
Cys466, a cysteine homologous to Cys310) which were expected by the authors to be 
involved in inactivation by the sulfhydryl reagents. A computer model was used to 
explain different activities observed experimentally and revealed that the cysteine near 
the acyl pocket (Cys466) was more accessible. The authors also speculated that this 
inactivation might be due to the presence of Cys466 and proposed that this residue 
could be a target for a specific insecticide. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Cartoon representation of the Schizaphis graminum AChE that is covalently bonded to   
an inhibitor upon binding to the active site. Adapted from Pang, (79). 

 
  
 Understanding the functional roles of AChE genes could be another important 
step for future insecticide discovery. While two AChE genes can be found in most 
insect species (84), their functional roles, on the other hand, are less known. A recent 
study by Lu and co-workers (84) has successfully discriminated a significant role of 
these two genes from the red flour beetle (Tribolium castaneum; TcAce1 and TcAce2) 
by completely deduced the genes and computationally predicted their 3D protein 
models by using homology modeling and MD simulations. The corresponding 3D 
protein models suggested that the TcAce1 protein is a robust acetylcholine (ACh) 
hydrolase and has susceptibility to sulfhydryl agents whereas the TcAce2 protein is not 
a catalytically efficient ACh hydrolase. These data provide researchers a better 
understand for the gene-function relationship of AChE enzyme and a promising 
strategy for future AChE-specific insecticide. 
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3.2 Voltage-gated sodium channels 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. A schematic representation of a Nav channel. The pore-forming α-subunit consists of a single 
polypeptide chain with four internally homologous domains (I–IV), each having six transmembrane 
helices S1–S6. The domains assemble to form a central aqueous pore, lined by the S5 and S6 helices and 
the S5–S6 linkers (P-loops). The S1–S4 helices of each domain assemble to form four physically 
discrete voltage sensors. The voltage dependence of channel activation is thought to derive from the 
movements of the four positively charged (+) S4 segments. The identity and location of some of the 
mutations associated with kdr resistance are shown (●), with residues numbered according to the 
sequence of the housefly (Musca domestica) Nav channel (EMBL accession: X96668). Adapted from 
Davies et al. (88). 

 
 Voltage-gated sodium (Nav) channels are pore-forming membrane proteins 
responsible for generation and propagation of action potentials in neurons and other 
excitable cells. They are well-known as the primary target of DDT and pyrethroid 
insecticides (5,85). These insecticides are so called “open channel blockers” affecting 
the Nav channel by slowing both activation and inactivation, which leads to 
hyperexcitability and death. Pyrethroid insecticides, which constitute a major class of 
insecticides used worldwide, bind to voltage-sensitive sodium channels and modify 
their gating kinetics, thereby disrupting nerve function (86). The pyrethroid binding 
site on the Nav channel has not been defined at the molecular level and remains a major 
unresolved issue in sodium channel pharmacology. To date, more than half a dozen 
mutations have been demonstrated to reduce the sensitivity of insect Nav channels to 
pyrethroids and a knockdown resistance (kdr) is concerned as a major mechanism of 
the resistance caused by point mutations in the Nav channel gene (6,87-90). Most 
resistance-conferring mutations were found in domain II and III of the transmembrane 
protein, particularly in the region comprised between transmembrane segments 4 and 6 
(IIS4–IIS6 region) as shown in Fig. 5.  
 
 Since the existence of resistance to pyrethroid and DDT insecticides, the structural 
information of Nav channels are of particular importance for computer-aided 
insecticide design (91). Many efforts have been made to understand the binding 
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structure of insecticide inhibitors and their corresponding mode of action through the 
use of computer modeling. Reilly and co-workers attempted to build a housefly Nav 
channel model in an open conformation (92) based on available X-ray structures of 
potassium channels (Kv). Their predicted model provides for the first time for the 
location of binding sites for several pyrethroid insecticides including DDT, 
highlighting the role of IIS4–S5 linker and the IIS5 and IIIS6 helices and the 
involvement of M918, T929 and F1538 in pyrethroid binding (Fig. 6).  
 

 
Fig. 6 Docking predictions for DDT (left-hand panel), deltamethrin (middle panel) and fenfluthrin 
(right-hand panel) with the voltage-gated sodium channel (insecticide structures shown in stick 
format). The IIS4–IIS6 regions are shown in cartoon (yellow, cyan, brown and blue respectively). 
Residues implicated in pyrethroid binding in various pest species (M918, L925, T929 and L932) are 
shown in green stick format. Adapted from Davies et al. (88). 
 
 
 The model also predicts that several additional residues in IIS5 and IIIS6 could be 
part of the pyrethroid binding site and might contribute to the different sensitivities 
between insect and mammalian Nav channels. Further analysis of twenty residues in 
IIIS6 of the cockroach Nav channel essential for the action of pyrethroid insecticides 
has been performed by using alanine-scanning mutagenesis and computer modeling 
(93). The experiment identified four residues, Ile1514, Gly1516, Phe1518 and 
Asn1522, involved the Nav channel insensitivity to pyrethroid insecticides. The 
Kv1.2-based homology model of the open Nav channel revealed that side chains of 
Ile1514, Phe1518 and Asn1522 are exposed towards helix IIS5 and linker IIS4-IIS5, 
which contain previously identified pyrethroid-interacting residues, whereas Ser1517 
and Leu1521 face the inner pore where the batrachotoxin (BTX) receptor is located. 
Further work by this research group has also been done on the same target for other 
insecticides including BTX, deltamethrin, and BTG 502 (an alkylamide insecticide) 
and the computer model revealed the overlapping binding sites of those insecticides 
(94). 
 
3.3 Cytochrome P450 monooxygenases 
 
 Cytochrome P450 (CYP) monooxygenases are detoxifying enzymes important in 
pyrethroid metabolism. They have been implicated in insecticide resistance in many 
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insects (95-97). Pyrethroids are synthetic substances based on compounds of the 
natural insecticide pyrethrum in Tansy flowers (Tanacetum). They have been 
successfully applied in fruit, vegetable and crop farming for decades. In insects, little 
information is available about the CYP structure. To date, crystal structures of insect 
CYPs have not been resolved and structural studies relying on in silico homology 
modeling approaches have been used to gain insight into the molecular basis of 
insecticide binding (53,98-104).  
 
 Chiu and co-workers (100) used molecular modeling, as supported by enzyme 
characterization, in deciphering the catalytic site geometry of CYP6Z1 and CYP6Z2 
regarding to the mechanism of DDT metabolism. In particular, DDT and two 
pyrethroid insecticides (carbaryl and xanthotoxin) were docked into the binding 
pockets of two homology models of CYP6Z1and CYP6Z2. The binding predictions 
indicate that these two proteins have different catalytic sites with CYP6Z1 predicted to 
metabolize DDT and CYP6Z2 predicted not to bind this insecticide. These data have 
suggested that CYP6Z1 is considered as potential target for the design of inhibitors 
capable of reducing An. gambiae resistance to DDT and other insecticides. 
 
 The neonicotinoid imidacloprid is one of the most important insecticides 
worldwide. It is the newest and fastest-growing class among the major insecticides of 
chlorinated hydrocarbons, organophosphorus compounds, methylcarbamates, and 
pyrethroids. It is used extensively against the whitefly Bemisia tabaci (Hemiptera: 
Aleyrodidae), an insect pest of eminent importance globally, which was also the first 
pest to develop high levels of resistance against imidacloprid and other neonicotinoids 
in the field. Recent reports indicated that, in both the B and Q biotypes of B. tabaci, the 
resistant phenotype is associated with over-expression of the CYP6CM1 gene. 
According to this observation, Karunker and co-workers aimed at examining the 
potential target of the biotype Q variant of the CYP6CM1 enzyme (CYP6CM1vQ) for 
insecticide design (53). Using molecular docking and MD simulations, important 
interactions (see Fig. 7) between imidacloprid and the CYP6CM1vQ could be 
revealed. This predicted binding mode was found to be consistent with the biochemical 
experiment. 
 
 Jones and co-workers (102) predicted the CYP6G1, CYP12D1 and CYP6A2 
homology models, which can provide a structural insight into insecticide resistance in 
flies overexpressing CYP enzymes with broad substrate specificities. Homology 
models are presented for CYP6G1, a CYP associated with resistance to DDT and 
neonicotinoids, and two other enzymes associated with insecticide resistance in               
D. melanogaster, CYP12D1 and CYP6A2. The models are based on a template of the 
X-ray structure of the phylogenetically related human CYP3A4, which is known for its 
broad substrate specificity. The model of CYP6G1 has a much smaller active site 
cavity than the template. Comparison of the DDT-CYP6G1 complex and a 
non-resistant CYP6A2 homology model implies that tight-fit recognition of this 
insecticide is important in CYP6G1. The active site can accommodate differently 
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shaped substrates ranging from imidacloprid to malathion but not the pyrethroids 
permethrin and cyfluthrin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 A snapshot for the binding site model of the CYP6CM1vQ-imidacloprid complex taken from 
the MD simulations. Adaped from Karunker et al. (53). 

  
Lertkiatmongkol and co-workers (103) have constructed homology models for 

CYP6AA3, CYP6P7, and CYP6P8 to understanding of molecular mechanisms 
underlying their binding sites toward insecticide substrates and inhibitors. They found 
differences in active site topologies among CYPAA3, CYP6P7, and CYP6P8 enzymes 
and suggested that the differences in metabolic activities among CYP enzymes in 
insects could be attributed to structural differences resulting in selectivity and different 
enzymatic activities against insecticides. Moreover, they also added a comment that 
information obtained using homology models has the potential to enhance the 
understanding of pyrethroid metabolism and detoxification mediated by CYP 
enzymes. 

 
 Stevenson and co-workers (104) have predicted the binding mode of deltamethrin 
and metabolites in CYP6M2 model. The availability of recombinant CYP6M2 and 
structural models provides an opportunity to identify the critical amino acid residues 
affecting substrate specificity and insecticide binding. For instance, their modeling 
studies indicate that two aromatic residues in particular, Phe 108 and Phe 121, may 
play a pi-stacking role in orientating deltamethrin in the active site. These residues are 
the subject of current mutagenesis studies. 
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3.4 Nicotinic acetylcholine receptor 

 

 Nicotinic acetylcholine receptors (nAChRs) are major excitatory neurotransmitter 
receptors that are still one of the most attractive target sites for exploration in 
insecticide discovery (105). They are a target for insect-selective neonicotinoid 
insecticides (106). Because of the massive use of the neonicotinoid insecticides to 
control a variety of insect pest species (107), it is not surprising to observe evidence for 
the neonicotinoid resistance occurs by target site mutation (108). Current efforts 
(109-112) on computer-aided neonicotinoid design focus on understanding the source 
of diverse action and target-selectivity of the neonicotinoid insecticides, such as 
imidacoprid (113) and various computational approaches play essential roles in 
interpreting the biochemical results and in providing structural insight into the nature 
and the diversity of neonicotinoid-nAChR interactions, which will be useful for 
receptor structure-guided design of novel insecticidal compounds (114). An attempt to 
find an effective prediction pharmacophore model for neonicotinoid insecticides by 
using 3D-QSAR based on a series of nAChR agonists has been reported (115) and the 
obtained model can provide theoretical basis for designation and development of 
higher active insecticides. 

 

 Liu and co-workers (116) have used molecular modeling to understand selectivity 
of imidacloprid for fruit fly versus rat nAChRs. In particular, 3D models of fruit fly 
α1β2 and rat α4β2 nAChRs were generated by homology modeling, using the crystal 
structure of the acetylcholine-binding protein of Lymnaea stagnalis and the nAChR of 
Mus musculus as the templates, respectively. The conformational stability of the two 
models was studied by MD simulation and the quality of the models was confirmed. 
Especially, imidacloprid was docked into the putative binding site of the fruit fly α1β2 
and rat α4β2 nAChRs by Surflex-docking. The calculated docking energies were in 
agreement with the experimental data and the putative binding sites were also 
consistent with the results from labeling and mutagenesis experiments. This research 
group has also applied the similar approach with γ-aminobutyric acid (GABA) 
receptors (117). 

 

 Li and co-workers (118) have successfully applied various computational 
approaches, together with available neonicotinoid database, to address the structural 
determinants for the novel potent inhibitors of Drosophila melanogaster nAChR (Dm- 
nAChR) and Musca domestica nAChR (Md-nAChR). In particular, 78 imidacloprid 
analogues of Dm-nAChR and Md-nAChR were collected and analyzed using 
3D-QSAR models including COMFA and COMSIA. Homology modeling, MD 
simulation, and molecular docking were then used to probe the binding mode of these 
inhibitors of Drosophila and Musca containing the Y/S mutation associated with 
neonicotinoid resistance. The interaction of Dm-/Md-nAChR with neonicotinoid 
insecticides was explored and consistent with the 3D-QSAR analysis. Based on the 
computational analyses, the authors could be able to predict the essential features of 
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imidacloprid-based nAChR inhibitors (Fig. 8), guiding the design of novel nAChR 
inhibitors with desired activities. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 8 Predicted binding feature of imidacloprid-based nAChR inhibitors toward Dm-nAChR    
(a) and Md-nAChR (b). Adapted from Li et al. (121). 

 

 Very recently, Cerón-Carrasco and co-workers (119) provide new insights for the 
key residues essential for the binding mode of imidacloprid by using ONIOM method 
(120). The calculations indicate the importance of Trp147 and Cys190–191, through 
weak CH···π interactions and both van der Waals and hydrogen-bond interactions, 
respectively. Furthermore, H-bonds between hydroxyl groups of both Ser189 and 
Tyr55 and the imidacloprid nitro group are pointed out. The participation of Ile118, 
whose main chain NH and carbonyl group are hydrogen-bonded with the imidacloprid 
pyridinic nitrogen through a water molecule, is characterized with the simulations 
indicating a significant contribution of this residue through van der Waals interactions. 
The contribution of a halogen-bond interaction between imidacloprid and 
acetylcholine binding protein, recently proposed in the literature, was confirmed. 
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Fig. 9 Contour diagrams of steric (A) and electrostatic (B) fields with imidacloprid. In (A), the 
green and yellow areas indicate the steric-permissible and unfavorable regions for the receptor 
affinity, respectively. In (B), the red and blue areas indicate the regions where the more negative 
and positive electrostatic interactions with the receptor binding site increase the receptor affinity, 
respectively. Adapted from Nishiwaki et al. (121). 

 
 Recent studies have reported the combine use of simple synthesis and virtual 
pre-screening of series of neonicotinoid compounds of insect nAChR (121-123) and 
3D-QSAR methods were used to guide the rational design of novel nAChR inhibitors. 
Nishiwaki and co-workers (124) present a series of imidacloprid derivatives with an 
alkylated imidazolidine ring via asymmetric synthesis and evaluate the insecticidal 
activity of those compounds against adult female housefly, Musca domestica nAChR. 
QSAR analysis of the receptor affinity demonstrated in Fig. 9 that the introduction of a 
substituent into the imidazolidine ring was fundamentally disadvantageous, but the 
introduction of a substituent at the R-5-position was permissible in the case of its small 
size. The binding model of the synthesized derivatives with the receptor supported the 
QSAR analysis, indicating the existence of space for a short alkyl group around the 
R-5-position in the ligand-binding site. Positive correlation was observed between the 
insecticidal activity and receptor affinity, suggesting that the receptor affinity was the 
primary factor in influencing the insecticidal activity. Other neonicotinoid derivatives 
have also been reported for virtual pre-screening and 3D-QSAR analysis (32). When 
combining new synthesis approaches with computer-guided neonicotinoid design, 
novel neonicotinoid insecticides with high affinities could be obtained, such as 
bis-neonicotinoid (125,126), where its unique binding mode and interaction is shown 
in Fig. 10. 

 
5. Conclusion 
 
 Current applications of molecular modeling and computational methods on the 
rational design and development of insecticidal agents were emphasized in this review  
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Fig. 10 A unique binding mode and interaction of novel bis-compound with acetylcholine-binding 
protein as obtained by molecular docking and MD simulation. Adapted from Ohno et al. (127). 

 
by some recent published literatures. Computational methods such as docking and 
QSAR models are actively used nowadays and become a standard tool for insecticides 
design that can provide important insights into the nature of the compounds that act 
selectively and efficiently as potent inhibitors of the insecticide-targeting receptors, as 
exemplified by those of acetylcholinesterase, voltage-gated sodium channel, 
cytochrome P450 monooxygenase and nicotinic acetylcholine receptor. The advance 
of parallel synthesis methods and technology, the growing number of chemical and 
biological databases, and an explosion in currently available software tools are 
providing a much improved basis for the design of novel insecticides based on scaffold 
structure of known insecticides with desired activities and low toxicity. 
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