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Figure 1. (A) The amino acid sequence of hIAPP. The potential deamidation sites are coloured in red. 

Key CAD MS/MS fragments of hIAPP revealing deamidation at amino acid residues after 4 weeks 

incubation at 37oC are shown (B) y5, (C) b20, (D) b21, and (E) b22. The blue/red circles indicate the 

isotopic peaks of singly/doubly deamidated fragments, respectively. 

 
 Subsequently, MS was applied to determine the deamidation rates of each 
individual deamidated site in the incubated solutions and resulting fibrils by 
calculating the percentage ratio between the non-deamidated and the deamidated 
fragment ion peak areas for each sample.  In the incubated solution, the earliest 
deamidation instance was observed on day 5, and was identified within the y5 
fragment ion (Fig. 2A), indicating the Asn-35 is the first amino acid residue in hIAPP 
to undergo deamidation, which requires 5-day of incubation at 37oC.  Deamidation at 
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the b21 and b22 fragment ions was observed on day 8, suggesting Asn-21 and Asn-22 
residues are the next amino acid residue to deamidate in hIAPP and require a longer 
incubation time for deamidation compared to Asn-35 residue.  Though the extent of 
deamidation increased with the incubation time; a similar percentage and rate of 
deamidation were found in the y5, b21, and b22 fragment ions at the various time points 
for the incubated solutions.  After 28 days incubation, each deamidated fragment ion 
(y5, b21, and b22) of the soluble hIAPP showed ~18% deamidation, indicating even 
though the initial deamidation time between Asn-21, Asn-22, and Asn-35 residues are 
different, the extent as well as the rate of deamidation of these residues are similar 
across and at the end of the incubation time.  The insoluble protein pellets formed 
over the course of the incubation were re-solubilised and showed a greater extent of 
deamidation than the soluble hIAPP species.  Deamidation was observed in the 
day-7, day-14, day-21, and day-28 samples (Fig. 2B).  On day-7, ~7.5% of the y5 
fragment ion was deamidated while no deamidation was observed for the b21 and b22 
fragment ions in the pellet.  On day-14, the extent of deamidation for the y5 fragment 
ion increased sharply to 16% and the b21 and b22 showed ~7.5% deamidation.  
After 28 days incubation, the extent of deamidation of the y5, b21, and b22 fragment 
ions were at 39%, 30%, and 29% respectively, distinctly larger than for the soluble 
hIAPP species above, suggesting the fibrils of hIAPP contains a higher extent of 
deamidation at Asn-35 compared to Asn-21 and Asn-22 residues.  The residue 
Asn-35 was the earliest deamidation site observed in the incubated solutions and 
contained the highest extent of deamidation in the fibril pellets, which agrees with the 
findings in previous deamidation studies,3, 31 suggesting that the primary sequence of 
Ser-35Asn-Thr in hIAPP had the shortest deamidation time among all the other 
segments studied.  The higher extent of deamidation observed in the fibrils of hIAPP 
compared to the incubated solutions also indicates that deamidated hIAPP tends to 
aggregate and form insoluble fibrils more rapidly than the wild-type hIAPP. 

 
Figure 2. The extent of deamidation observed in CAD MS/MS fragments; the y5 (black), b21 (red), and 
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 In order to examine the effects of mutant ((D)3hIAPP) and ((isoD)3hIAPP) in 
incubated solutions and fibrillary pellets, MS spectra of mixed wild-type hIAPP with 
various spiking percentage of mutant ((D)3hIAPP) and ((isoD)3hIAPP) were acquired 
(Fig. S4, ESI†).  The peak intensity of mutant ((D)3hIAPP) and ((isoD)3hIAPP) were 
consistently higher in the fibrillary pellets compared to the incubated and the fresh 
solutions, suggesting the important role of ((D)3hIAPP) or ((isoD)3hIAPP) in 
enhancing fibril formation.  
 The experimental results herein demonstrate the importance as well as the effects 
of hIAPP deamidation on hIAPP aggregation rate.  Deamidation of hIAPP is shown 
to occur at Asn-21, Asn-22, as well as Asn-35 residues of the incubation and a higher 
percentage of deamidated hIAPP was observed in fibrillary pellet, suggesting that 
deamidated hIAPP can accelerate the rate of hIAPP fibril formation.  The 
experimental results of the mutant hIAPP, ((D)3hIAPP) and ((isoD)3hIAPP), not only 
agree with the hypothesis of deamidated hIAPP can increase fibril formation, but also 
suggest the effect of seeding ((isoD)3hIAPP) is twice than that of ((D)3hIAPP) seeding 
into non-deamidated hIAPP solutions as the morphology of ((isoD)3hIAPP) fibrils are 
distinctly different from the fibrils formed in ((D)3hIAPP) solutions.  These results 
provide qualitative and quantitative evaluation of deamidated hIAPP on the rate of 
aggregation which could help inform further studies of the effects of deamidation on 
accelerating amyloid fibril formation.  
 
Conflicts of interest 
There are no conflicts to declare. 
 
Acknowledgements 
This research was supported by the funding from University of Warwick Research 
Development Fund (RD16003), Engineering and Physical Sciences Research Council 
(EP/F034210/1, EP/J000302/1, EP/N021630/1), Funds for Women Graduates, and 
Great Britain China Centre. 
 
References 
1. E. R. Stadtman, J. Gerontol., 1988, 43, B112-B120. 
2. J. J. Cournoyer, J. L. Pittman, V. B. Ivleva, E. Fallows, L. Waskell, C. E. 

Costello and P. B. O'Connor, Protein Sci., 2005, 14, 452-463. 
3. N. E. Robinson and A. B. Robinson, Proc. Natl. Acad. Sci. USA, 2001, 98, 

944-949. 
4. A. B. Robinson and C. J. Rudd, Curr. Top. Cell. Regul., 1974, 8, 247-295. 
5. H. T. Wright, Crit. Rev. Biochem. Mol. Biol., 1990, 26, 1-52. 

8 
 



6. H. A. Doyle and M. J. Mamula, Trends Immunol., 2001, 22, 443-449. 
7. N. E. Robinson and A. Robinson, Molecular clocks: deamidation of 

asparaginyl and glutaminyl residues in peptides and proteins, Althouse press, 
Oregon, 2004. 

8. N. P. Sargaeva, C. Lin and P. B. O'Connor, Anal. Chem., 2011, 83, 6675-6682. 
9. T. Shimizu, H. Fukuda, S. Murayama, N. Izumiyama and T. Shirasawa, J. 

Neurosci. Res., 2002, 70, 451-461. 
10. N. M. Kad, N. H. Thomson, D. P. Smith, D. A. Smith and S. E. Radford, J. 

Mol. Biol., 2001, 313, 559-571. 
11. A. J. Soulby, J. W. Heal, M. P. Barrow, R. A. Roemer and P. B. O'Connor, 

Protein Sci., 2015, 24, 850-860. 
12. R. Gupta and O. P. Srivastava, Invest. Ophthalmol. Vis. Sci., 2004, 45, 

206-214. 
13. T. Takata, J. T. Oxford, B. Demeler and K. J. Lampi, Protein Sci., 2008, 17, 

1565-1575. 
14. G. J. S. Cooper, A. J. Day, A. C. Willis, A. N. Roberts, K. B. M. Reid and B. 

Leighton, Biochim. Biophys. Acta, 1989, 1014, 247-258. 
15. E. Jaikaran, M. R. Nilsson and A. Clark, Biochem. J, 2004, 377, 709-716. 
16. S. Luca, W. M. Yau, R. Leapman and R. Tycko, J. Biochem., 2007, 46, 

13505-13522. 
17. G. T. Westermark, P. Westermark, C. Berne, O. Korsgren and T. Nordic 

Network Clin Islet, New Engl. J. Med., 2008, 359, 977-979. 
18. M. R. Nilsson, M. Driscoll and D. P. Raleigh, Protein Sci., 2002, 11, 342-349. 
19. E. B. Dunkelberger, L. E. Buchanan, P. Marek, P. Cao, D. P. Raleigh and M. T. 

Zanni, J. Am. Chem. Soc., 2012, 134, 12658-12667. 
20. L. Haataja, T. Gurlo, C. J. Huang and P. C. Butler, Endocr. Rev., 2008, 29, 

303-316. 
21. A. Clark, C. Wells, I. Buley, J. Cruickshank, R. Vanhegan, D. Matthews, G. 

Cooper, R. Holman and R. Turner, Diabetes research (Edinburgh, Scotland), 
1988, 9, 151-159. 

22. A. Lorenzo, B. Razzaboni, G. C. Weir and B. A. Yankner, Nature, 1994, 368, 
756-760. 

23. K. Potter, A. Abedini, P. Marek, A. Klimek, S. Butterworth, M. Driscoll, R. 
Baker, M. Nilsson, G. Warnock and J. Oberholzer, Proc. Natl. Acad. Sci. USA, 
2010, 107, 4305-4310. 

24. P. T. Nguyen, X. Zottig, M. Sebastiao and S. Bourgault, J. Biochem., 2017, 56, 
3808-3817. 

25. R. Akter, P. Cao, H. Noor, Z. Ridgway, L. H. Tu, H. Wang, A. G. Wong, X. X. 

9 
 



Zhang, A. Abedini, A. M. Schmidt and D. P. Raleigh, J. Diabetes Res., 2016, 
DOI: 10.1155/2016/2798269, 18. 

26. W. Y. K. Chan, T. D. Chan and P. B. O'Connor, J. Am. Soc. Mass. Spectrom., 
2010, 21, 1012-1015. 

27. P. P. Hurtado and P. B. O'Connor, Anal. Chem., 2012, 84, 3017-3025. 
28. X. Li, X. Yu, C. E. Costello, C. Lin and P. B. O'Connor, Anal. Chem., 2012, 84, 

6150-6157. 
29. J. J. Cournoyer, C. Lin, M. J. Bowman and P. B. O'Connor, J. Am. Soc. Mass. 

Spectrom., 2007, 18, 48-56. 
30. H. Yang and R. A. Zubarev, Electrophoresis, 2010, 31, 1764-1772. 
31. N. E. Robinson and A. B. Robinson, Proc. Natl. Acad. Sci. U. S. A., 2001, 98, 

4367-4372. 
32. Y. P. Y. Lam, C. A. Wootton, I. Hands-Portman, J. Wei, C. K. C. Chiu, I. 

Romero-Canelon, F. Lermyte, M. P. Barrow and P. B. O’Connor, Anal. Chem., 
2018, Submitted. 

33. P. Caravatti and M. Allemann, Org. Mass Spectrom., 1991, 26, 514-518. 
34. F. T. S. Chan, G. S. K. Schierle, J. R. Kumita, C. W. Bertoncini, C. M. Dobson 

and C. F. Kaminski, Analyst, 2013, 138, 2156-2162. 
35. T. Yang, X. H. Wang, C. L. Zhang, X. Ma, K. Wang, Y. Q. Wang, J. Luo, L. 

Yang, C. Yao and X. Y. Wang, Chem. Commun., 2016, 52, 2245-2248. 
 
  

10 
 



 

Graphic Abstracts: 
 
Deamidation sites of hIAPP were determined and the amount of fibril formed in 
mutant hIAPPs were higher than wild-type hIAPP. 
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Figure S1. Sequences of synthetic mutant hIAPPs. Asn residues at position 21, 22, 
and 35 are replaced with aspartic acid – deamidated ((D)3hIAPP) or iso-aspartic acid 
– deamidated ((isoD)3hIAPP) in order to act as deamidation mimics. 
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Figure S2.  (A) Summary of  a-, c-, y-, and z-ion fragments observed in the (B) 
ECD MS/MS spectrum of the 7+ charge state ((D)3hIAPP) dimer.  Highlighted 
sequence represents the proposed non-covalent interaction region.  The side chain 
losses were not labeled for clarity.  The assigned fragments are listed in the ESI 
Table S1. 
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