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Several successful Strategies have been developed to minimize oxidation, 
including the use of antioxidants. There are three classes of antioxidants. The 
’true’ antioxidants are usually phenolic compounds such as $HT, BRA, propyl 
gallate, and vitamin B. Reducing agents form the second class of antioxidants 
and include compounds such as methionine, ascorbic acid, sodium sulfite, 
thioglycerol, and thioglycolic acid. These act as oxygen scavengers in closed 
systems (where the supply of oxygen is limited) wherein they oxidize preferen-
tially over the protein. MtabisuJ1Ite has also been used extensively, despite 
problems associated with inhibition by many alcohols, aldehydes and ketones, 
decreases in ph due to metabisulfite, and reaction with rubber closures1" The 
third class of antioxidants are chelating agents such as EDTA, citric acid, and 
thioglycolic acid. These antioxidants act by removing trace metal ions that play 
a major role in initiating autooxidafion macliens. EDTA may occasionally cause 
an increase in reaction rate by binding the EDTA-metaj ion complex to the 
protein, resulting in site-specific generation of ra&cals214 The conizibution that 
each of these classes of antioxidants makes to decreasing oxidation has been 
reviewed recentiy.210 

Based on the above, the&st strategy far mithmizing protein oxidation ina 
formulation is to refrigerate (as usual), protect from light, remove oxygen, and 
adjust the pH for minimizing oxidation (Figure 6). If these straightfornrd at-
tempts do not reduce oxidation, then excipients which may have contaminants that 
catalyze oxidation should be removed and antioxidants added. It is souedmes 
necessary to further refine the formulation to stabilize the antioxidants. Finally, 
lyophilizution or freezing should be employed if these initial strategits do not 
provide the shelf life extension required. 

Oxidation, deamidatiors, and agregaUon are the major pathways for protein 
degradation. These pathways must be understood in order to develop stable formu-
ladous. The degradation ntes can be minimized either by fonmslathig \nder 
conditions where the individual reactions are the slowest, or by adding excipients 
that retard selected reaction pathways. In addition, studies of these pathways 
provide information on the degradation products, which may or may not be 
biologically active. Finally, the prediction of formulation stability is necessary for 
drug development. The prediction of protein stability can be achieved by using 
accelerated kinetics at elevated reaction temperatures. 

V. ACCELERATED STABILITY AND USE OF THE ARRHENIUS 
EQUATION 

The stability of srnal1-molec,ale drugs is usually determined over a wide 
temperature range. The rate constants determined at higher temperatures may be 
used to predict, via the Arthenius equation, the shelf life at lower storage tempera-
ones. When the kinetics clearly follow Arrhenius behavior, this approach allows 
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FIGURE 6. Strategy for minuizire oxidation of protein pharmaceuticals 

for the determination of shelf life without a real time analysis.2 Small-molecule 
drugs often degrade via a single reaction mechanism, and the resulting kinetics 
usually follow Arrheuius behavior. However, because of the greater structural 
complexity of proteins, there are numerous degradation reactions that can take 
place in a protein drug. Many of these degradation routes and mechanisms have 
been summarized and discussed in review CleS.t_ Often the degradation 
mutes at higher temperatures are not the same as those at the lower temperatures. 
It has become common practice to carry out accelerated stability testing for 
proteins, and to use the accelerated rare profiles to compare formulations and 
mithmize the degradation at the higher temperature. This approach may give 
misleading results since the degradation at higher temperamres may require very 
different formulation cotdttions for maxixnwn stability compared to the degtada-
tion occurring at the lower storage temperature. 

The complexity of potential reactions in aprotein is reflected not only in the type 
of reactions that can occur, but also in the effect of neighboring functional groups 
The effect of functional groups on the one of degradation of a nearby amino acid 
residue may be determined solely by the distance apart within the amino acid 
sequence. Examples include the kinetics of deamidation (as previously discussed in 
Section TB) that have been shown to be highly sequence specific in small peptides’" 
and hydrolysis of the peptide bond}{*Xl In addition to these nearest-neighbor 
effects, the protein conformation can dictate what reactions will dominate the 
degradation profile of a protein. The arrangement of the charged residues on the 
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surface of the protein contribute to the overall dipole moment of the molecule as well 
as the local dielectric constants of solvent around potentially reactive residues. 
Disruption of the protein conformation can alter the spatial arrangement of charges, 
which in turn cen affect the way the protein intencts with solvent molecules in 
solution.301 The protein conformation can also dictate the course of a reaction if a 
particular structural intermediate is favored by the local geometry of the polypeptide 
backbone or side chains at the degradation site. Dea,nidation of asparagine residues, 
as an example, involves formation of a cyclic imide intermediate) The crystallo-
graphic structure for trypsin determined by neutron diffraction revealed a common 
structural and hydrogen bonding motif for the three deamidated asparagine residues 
in this protein. This motif is consistent with the requirement for formation of the 
cyclic in,ide structure.’’ The combined effects of amino acid sequence and canyon-
motion ondegradation reaction rates also complicates the kinetic analysis, even when 
only one degradation mechanism is being investigated, because the Same reaction 
can proceed at very different rates at different sites in the protein. As an example, 
photooxidation of the two methionine residues in recombinant human relaxin pro-
ceeds at very different rates303 Altogether, these observations suggest that acceler-
ated stability studies and, in particular, use of the Anhenius equation to determine 

� 
shelf life would be inappropriate for protein pharmaceuticals. It is therefore not 
surprising that some authors have suggested that real time stability data be used to 
MW regulatory requirexnents?0 In fact, there are enough concerns raised about the 
applicability of determining the shelf life of protein drugs by Arrhenius behavior that 
usually real time stability data is supplied to regulatory agencies as supportive data 
for shelf life detenninations. Despite these concerns, researchers have attempted to 
determine protein stability using accelerated testing and evaluation of the resulting 
kinetics using the Arrhenius approach. The design and analysis of accelerated 
degradation testing for biologics has been presented by Kirkwood or a306 A 
summary of accelerated stability testing for proteins is presented in Table 2. In 
general, the Anthenius approach appears to be applicable to determining shelf life for 
proteins when only the activity is monitored. Most of these sbadies have been carried 
out over a temperature range where the protein undergoes thermal denaturation. 
Protein unfolding tends to be a very cooperative process as shown by the 115,10w 
range of denaturants or temperature over which the protein will unfold. If the loss of 

* activity is only the result of a global conformadonal change, rather than a covalent 
chen’iiczi degradation, than the measurement of protein activity in effect is a result 
of one reaction’ namely the unfolding of the protein to a denatured state. Although 
the product of this reaction may involve many different unfolded forms of the 
proteliz these different forms will be inactive and not distinguishable from each other 
by activity assays. If the protein, during unfolding, existed in multiple confonna-
tional forms that retained activity, then the Arrhenius plots will deviate from linear-
ity. Such a case was observed in activity studies of the enzyme a-gjucosidase isolated 
from the bacterial thermophile Bacillus thermoglucosidius." The Anhenius plots 
for inactivation of this protein showed a sharp break at 130C, indicating that the 
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TABLE 2 
Accelerated Rate Studies in Proteins and Use of Arrhenlus Kinetics 

Protein Property monitored Summary of study Ref. 

MflfrypsIn Particulate formation First order klr,elics; linear 310 
Arrhenlus plots where 
extrapolated value agrees 
well with real time data; 
activation energy 
19 kcakntol 

GalaclosylUaflsterase Enzyme activity First order kineti; linear 311 
Aræier,lus plots 

Cathepsin L Enzyme activity First order kinetics; linear 312 
ArrtletlIuS plots 

Lk,ase. a-amylase, Enzyme activity StatMty of enzymes In the 313 
pancreatin, diastase from solid state; linear ArrhenlLIs 
different biological sources plots but Over TeStItCteo 

temperature ranges 

c4-Mtibypsln Enzyme activity First order kinatics; linear 314 
Arrhenius plots; activation 
energy -26 koal/mol 

Thsue p%asTrnogen Col MIS aciMly, Sludiod over 5-Sot; 309 
activator amidolytic activity linear Nrhenlus plots for 

one- to two-chain activity, deviation above 
- conversion 4OC for choin conversion 

Recombinant human Bloactivity Studied over 25-80t; 315 
interferon-p linear Arrhentus plots 

Over entke range 

enzyme exists in a more heat-stable form below 73°C, and in a more labile form 
above this temperature that nonetheless was still very active This point was father 

� supported by investigating the loss of activity with SDS at a specific temperature. 
The triphasic behavior of the Arthenius plot showed that three conformations (which 
exhibited different susceptiblijues to SDS denaturafion) may exist It has also been 
shown that the Arrhenius equation can be applied to analysis of activity loss in 
enzymes when the unfolding kinetics are more complex and involve more than one 
pathway for unfolding and inactivation of the enzyme. Incorporation of a reversible 
and irreversible pathway into the kinetic model yielded rate constants for each 
process This analysis resulted in linear Axrhenlus plots for the rate constonts for each 
procesOm Loss of activity as a function of temperature could a3so be caused by the 
increased rate at the higher tempetatures of a covalent chemical modification, such 
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as deamidalion or oxidation. Although many reactions might occur, monitoring 
protein activity alone will usually result in linear Arrhenius behavior since the rate 
of activity loss will  be determined by the fastest reaction. .Mtematheiy, only one of 
the modifications might cause an activity loss. Monitoring protein stability by a 
variety of analytical assays, rather than by the Onod activity loss, can complicate 
inteipretation of accelerated rate studies. As an example, when the stability of 
hacdeukin-lp was studied by different analytical techniques at or below 30°C the 
degradation pathway was deamidation, whereas star above 39°C it was aggregation 
and precipitation.IM That this protein degraded by two different mechanism Pre-
eluded the prediction of shelf life from simple Arrhenius behavior. Although these 
observations do not bode well  for the use of accelerated testing to predict protein 
shelf life when chemical degradation reactions are investigated, it has been suggested 
that proper selection of temperature range and assay may allow one to generate linear 
Arrhenius plots.309 Stability studies of recombinant tissue plasminogen activator 
(tWA) resulted in apparent linear A,rhenius behavior for activity and one- to two-
chain conversion as measured by clot lysis and gel permeation chromatography, 
respectively. Unfortunately, a comparison of the rate constants determined by real 
lime anolysis at the lower temperature with rate constants determined by extrapolat- - 

� ing the Anhenius plot (from the higher temperatures to the lower recommended 
storage temperature) was not undertaken. Such an analysis would support the use of 
accelerated studies to predict shelf life of proteins. The linear Airhenius behavior 
observed lbr the one- to two-chain conversion of rtPA is likely due to two important 
factors. First, scanning calorimetry experimełts showed that the stability studies of 
rtPA were performed over a temperature range that was below the thermal transition 

of rtPA.30’ Second, the gel permeation chromatographic assay, as well  as the clot 

lysis assay, specifically monitors the conversion of one-chain to two-chain rtPA as 

a result of a proteolyæc clip at one particular site in the amino acid sequence. 
Undoubtedly, for using accclarated studies as a predictive tool, an may is required 
that specifically monitors one degradation event over a temperature range where the 

protein conformation is unchanged. If these conditions can met, than the complex 
problem of monitoring multiple reactions in a protein with different conformational 

states reduces to the study of a single chemical reaction of an amino acid in 

essenally the native confonnation of the protein. The temperature behavior of the 

is 

rate of this reaction will likely result in linear Anthenius plots. In general, accelerated 

late studies of protein degradation are useful tools for analysis of protein formula-
now if the potential difficulties are well understood. 

VI. CONCLUSIONS 

The formulation of protein pharmaceuticals is a more challenging task than the 

formulation of small-molecule drugs because proteins can undergo many diverse 

degradation reactions. The three major protein degradatioE pathways, aggregation, 
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deamidation, and oxidation, have been summarized in this review. These reactions 

can proceed at different rates depending on solution conditions such as pH 
temperature, and ionic strength. Because many of these reactions occur simulta-

neously in a protein it is difficult to find appropriate conditions whereby all the 

reactions are eliminated. For example, lowering the pH of the formulation for 

thOR zdxaes the deixæaflon rate, but it can also ealst paxticalatt formation an 

Thus, it may not be possible to choose a formulation that results in the lowest rate 

of each of the reactions. Instead, conditions are often chosen such that all reaction 

rates are minimized as much as possible. The effects of protein degradation such 

as deamidation or oxidation cannot be predicted apriori and have to be determined 

for each protein. If it can be shown that the degradation products do not reduce the 

safety and efficacy of the product, it may be possible to design a formulation that 

allows for an acceptable amount of the degradation product while minimizing all 

other degradation pathways. The development time for such a formulation is often 

longer than for small-molecule pharmaceuticals because real time stabifity data is 

often required as the result of the difficulty in analyzing the temperature depen-

dence of the reaction rates. By choosing the appropriate assay(s) and temperature 

range, traditional accelerated stability studies can be performed to measure the 

’ kinetics of a particular degradation route in proteins. An understanding of the 

individual degradation mechanisms may allow some predictions to be made re-
loading protein stability, especially if each degradation pathway can be studied 

separately. 

ACKNOWLEDGMENTS 

Many thanks to Jessica Burdman for superb technical editing. This review was 

prepared with the help and guidance of Rodney Pearlman: without bun it simply 

would not have happened. The helpM comments of Ors. Linda DeYoung and 

Andy Jones made this article all the more complete. 

REFERENCES 

1. Manain, M. C, Pate!, K,, and Borchardt, It t Stability of protein phamiaceudcals, 
?harrn. Rn,, 6, 903, 1959. 

2. Wang, Y.-C. J. and Hanson, M. A,, Pasentatal fonouladons of proteins and ppfide8. 
Stability and stabilizers!. Parenter. Sri. Technol., 42, 52, 1988. 

3. Chen, t, Formulation concerns of protein drags, Drag 0ev. India. Pliarm.. iS. 311, 1992. 
4. Jones A. J. S., Analysis of polypephdes and proteins, Ady. Drug Delivery Rev., in pItss. 
S. Ahern, T. J. and Manning, M. C. Eds, Stability of Protein pharmaceuticals. Part A-

Ciemic& not Pfrsicat Pochwc’is of Prr4ein Degradation, rkvna Pen. New York, 092. 
6. Alien, T. J. and Manning, M. C., Et., Stability of Protein Pharmaceuticals. PanB,In Vivo 

Pathways of Degradation and Strategies for Protein Stabilization, plenum Pleas, New York, 
1992. 



7, 

- 

Wu, H. A theoiy of communist and coagulabon ofproteins,Am. L ?iiysioL, 90,562,1929. 
S. Williams, D.C., VassiTivask, R. M.,Mifflal W. L., and Restated, S. 

bodies in Eschgdchia coil producing biosy,ithettc human insulin proteins, Science. 215,687, 
1981 

9. Cleland, .J. L. and Wang, D. L C., In vitro protein refolding, in Bioprocening, Vol. 3, 
Stephanopotfios, ON., E& VCH Publishers, Wiutheim, t3emiany, 1993, chap. 23. 

10, DeBernardea-Clark, E. and Georglou, G., Inclusion bodies and recovery of proteins from 
the aggregated state, in Protein Re/biding, GeO,viou, G. and DeBemardez-Clai*. E., &]s., 
ACS Symposium Stiles, Vol. 470, American Chemical Society, Washington, DC., 1991, 1. 

11, Mitrati, A., Haase-Pediugell, C.. and KIng, I, Mechanisms of inclusion body formation, 
th Protein Refolding, Oeorgiou, 0. and DeBemrdez-Uask, E., Ed, ACS Symposium Series, 
Vol. 470, American Chemical SocieW, Washingion, DC, 1991, 49 

12. Kiafbaher, 1., Rudolph, R., Kehler, a-H.! and Buchaer, J., Protein aggregaon in now 
and in vivo: a quandrative model of the kinetic compedtion between folding and aggTegaon. 

Biotechnology, 9, 225, 1991. 
13. Ellis, K. J. and van der Vas, S. It, Molecular chaperones, Ann,,. Rev: Biochem., 60.321, 

1991. 
14. Rothman, J. E., Polypepdde chain binding proteins: catalysts of protein folding and related 

processes in clls. Cell, 59, 591, 1989. 
11 Comas, I., S., Shuster, J. It, Gallegos C, Ki L, Stiamplan, M. It, Urdaa, M. S., 

Sancbez-Ptscaaor, U,, Taylor, A., anfi’Tekwnp-Olson,?, Penh Iml nptes atm of pto1’- 

0 
sulin in the yeast. Saceharomyces crevisioe, Gene, 61, 265. 1987. 

16. Marquardt, T. and Helenius, A., Misfold’ing and aggregation of newly syiithesized proteins 
in the eudeplasmic reticulum, J. Cell fbI., 117, 505, 1992. 

17, Kane, J. F. and Hattley, D. L., Formation of recombinant protein inclusion bodies in 
Escherichia song, rThTECH, 6. 95, 1928. 

18. Brusaw 0, N., &owi, P. L, � flcicer, C. W., Equilibrium denatusaon of human growth 
hormone and its cysteine-modifled forms, J. Blot. Client., 265, 5504; 1990. 

19, Slum, P., Veuigan, M., Lk, N., and Maim, A., DoaK-mediated alterations in human growth 
hormone protein inclusion bodies, Biotechnology. 10, 301, 1992. 

20, Itinderknecht, E. and Burton, U. E., Biochemical characterization of natural and recombi-
nant WN-gazmna, in The Biology of the Interferon System 1984, Kirchner. H. and Schellekeris. 
H., Eds., Elsevier Science. New York, 1925, 397. 

21, Ladcowtcz LR and Wier, U, Qishing ofprrnein flincence by oxygen. Detective 
of anctural fluctuations in proteins on the nanosecond timescale, Biochemistry, 12. 4171, 
1973, 

22. Shortle, 0., Chan, H. S., and Dill, LA., Modeling the effects of mutations on the denatured 
states of Weems, Protein Sc,, 1,201,1992. 

23. Sauer, R. T. and Lim, W. A., Mutaona1 analysis of protein stabiIJty, CLaY. Opin. Sintet, Blot, 
2, 46, 1992. 

24 lAw, W. A. and Sa.cr It T., The roleof&itemaJNostril interactions in flTnining the 
museum and stability of a protein  J. Afol. Blot, 219, 359, 199!. 

23. Eriksson, A. E., Basso, W. £, Zliang, L.J., Heinz, D. W., Ulaber, M., Baldwin, F P., and 
Matthews, B. W., Response of a protein smiettire to cavitycreathig trnitaæons and Its ,u]ation 
W the hydrophobic effect, Science. 255, 178, 1992. 

26. Dill, K. A., Dominant kites in protein folding. Biochemistry. 29, 7133. 1990. 
27, DeFeJjppj M. It., .&jter, L. A., pat, A. H., Havel, H. A., and Bodies, D. N., Evidence for 

a self-associating equilib,ium intermediate during folding of human gi’nwth honnone. 
Biochem-

istiy, 32, 1555, 1993, 
2$. Cleland, J, Land Wang, D. I. C, Refolding and aggregation of bovarbonic asthydrasa 0: 

quasi.daatic ligAt watterin analysis, Binebmaishy. 29, 11072 1990. 



V. Tandam, S. and Horowitz, P.M., Reveitible folding of rhadiese. J. Blot, Class, 264,9859, 
1989. 

30. Uren, D. N., Plaisted, S. rd. Kauffman, K W., and Have], H. A,, C,anccerization of an 
associamd eçimbtinm folding izflrmeiiate of bovine growth hormone. BlochemLTny, 25 539, 
1986. 

31, KIng, 2., Haase, C., and Yu, All, ternpemrnre’sensidve mataDors atfecflng tine C stela in 
protein’foldigg pathways in Prottht tnginaruig. Oxeader. a L. wA Fox C. F., Eds., A. K. 
Liss. Now York 1987, 10. 

32. Cigighto’., T. E., Disodpiode bonds and protein sutbititt, Ploessalu, S. 58.1988. 
33, Mjlrakf, A. and IOu L, Pxotein folding hgemediates and inclusion body (omiation,Biowch-

iiology, 7,60l 1989, 
34.

 
Tinton, S. and Horowitz, P. All Detergeut-asscciEed retciding of gsanidfrium dt,i&-
deonturtd rhodanese: to effect of amyl malroside. J. RiO!. Chem., 262.4486, 1987, 

35, Fish, W. W., Oav.iebson, A. NordRaig, K, Mmer, S. IL, I,iaso C. F., And BioS 1, 
Denaturation behavior of ardiffirombia On guanidinium chlondt: iirevenibi]ity of unfolding 
caused by agwepdon, Biocl’emisby, 24, 1510. 1985. 

36. Puke, V. Sekigpchi, Pd, and Mats.okn,fl., Nature of &tu bomeliaawtatuetccagfla-- 
tion and gelation of soybean proteins, /. Rood Set., 50, 1283, 1985. 

37. Ikal, k, Taka, S., and Nonr. H. Reattvation Idnehos of guaiiidine denawsed bovine 

carbonic arthydnse B. Arch, Blocheta, Biophys., 190, 39,19M. 
38. Cloland,J.L and Wang, D.L C. Equilibrium ensociafion ofamolteng]obwethtemle4iatein 

the mfoldthg ofbot4ne carbonic auhydrase, hPloteinRefoIding,Gors,G. oust DeBetnarditz. 

0 Qarlç E., Eds., ACS Syniposi urn Senes, Vol. 470, Ameiicsn Chemical Society. Washington, 

DC,. 1991, 169. 
39, Hav4 H. A., Kaafl’man, F. W., Flaisted, S. M., and Bren,s, D. N,, Revezible self-association 

of bose growth hormone during equiliariam unfoIdiig. Biochemistry, 25, 6533, 1986. 

40, Mltrald, A,, Beaton, J.-M, Desmadrn M. and Yon J. All, Qossi-irreversibiutty in the 
unfolding-refolding transition of pbosphoglycerate kinase induced by guanidine hydrochloride, 
Lw. .1. BiocMm, 163.29.1%?. 

41. Steiiwagen, E. and Wilgus, IL, RelafionsIp of protein themioslability to accessible surface 
area. NaIwe. 275, 342. 1978. 

42. Ghelis, C. and Von, 3., Protein Folding, Academic hess, New Yodc. ’982. 
43. Marston, F. A. 0., The ptthfication of eukaiyodc polypepddes synthesized inEsche,ichia colt, 

&ochem. .1,, 240, 1, 1986, 
44, Privalov, F Land Malthatsdze, G. L, Contribution of hydration and noncoValeUtintellctiofls 

to the brat capachy affect on protein unfoldin& J. Mo). Rio?,, 224, 715, 1992. 
45. Privalov, P. L., Thermodynamic problems of protein structure, Anna. Rev, Biophys. Biophys. 

Chfm., 18, 47,19$9. 
46, Klibanov, A. M., Stzbilizafiott enzymes against thermal instillation, Adv. App. MiCrthIOI.. 

29, I, 1983. 
47. RuU,H. U. wind great, K.,ThermM smb’iity of Manias, Arch. linwhem. Biophys,. 158, 681. 

1973. 
4S. Maeda, IL, Ilattorl, 

a, 

and Knoh, H., Conformational change and aggregation of con-
canavalia A at high temperature., Ins. I, Rio?. Wacrotnol,, It, 290, t%9. 

49, Zedna, C. R. and Goldberg, M. K, A comparative study of the thennal inacuvation of the 
isolated and ,sssoSted dornMna ,,ithin The 0, soboalt of Escawrichia Ccli wiptopliall api-- 
thease, J. Rio!. Chem., 255, 4381, 1980. 

50. Matthews, C. H., Effect of point mutations on the folding of globular proteins. Methods 
Enzpnol., 154, 498, 1987. 

51. Norde, W. and tyklema, 3., cmy proteins prefer inredaces, I. Biomoter, Set. Polymer Ed?L, 
2, 183, L991. 

36’! 



LI 

52. Sadana, A., Protein adso,pHon and inactivation on surfaces. Influence of heterogeneities. 

Clem. Rn., 92, 1199, 1992. 
53. Andraile, J. U., Hind), V., Wei, A.-Ii., Ho, C.-H, Lea, A. S., Jew, S. I., Lin, V S., and p 

Stroup. F, Proteins vi interfacost principles, mutdvari.Ie aspects, protein resistant surfaces, 

and direct imaging and manipulation ofadsorbed proteins. C/li, Mater,, ii. 67. 1992. 
54, Stadman, B. L., Thompson, K. C., Mlddauh, C. a, Mafspino, IC, Vrona, S., Lawson, 

K Q., and Lewis, R. V., The effects of suspect adsorption on the diamond stability, ofprotelns. 
Biotech. Bioeng., 

40, 8. 1992. 
55. 

- 

Edwards, E. A, and IIubm-, R. E., Suthce denaturalion of proteins: he thermal inactivation 

of 0-galactosjdase (Escherichia co/f 
) 

on wall-liquid surfaces, Bloc/tern. Cell Blot, 70, 63, 
992. 

56, gladly, V., Tainada, 1., Klllianov, A. 1W., and tanger, R., Klnedcs of insulin aggregation 

in&wius 
Sc!. USA., 88. 9377. 1991. 

57. Lougheed, W. V., Aglitter, A. Al Martindale, H. AT, Chow. J. C., and Cletnnt, ’I. R 

Physical stability of Satin formulations. Diabetes, 32, 424, 1983, 
58. Tharow, H. aid Gelsen, K., Stabilization of dissolved proteins against denaturation at 

hydrophobic interfaces. Diabeto/ogla, 27, 212, 1984, 
59. Sato, S., Ebert, C. IL, and Out, S. W., Prevention of insulin salf.Association and surface 

adsorpæon, I. P/mann. Sc!,, 72, 228, 1984. 
60, Chattels, A. S., Blnherg, L. Blabs, P., and Johnson, a, Aggregation of insulin, containing 

siar!actanls.
 

in contact with different materials. Diabetes, 34,42D. IN5. 
61. Sticker, C. H. and DeLuca, M., How to prevent losses of protein by adsorption to glass and 

plastic. Anal. Bioohcmtt., 135, 112, 1983. 
Q. Donaldson, T. t Boonstra, E. F., and Hammond, J. Al, Kinetics of protein denaturation 

at gas-liquid interfaces. J. Co//old Interface ScL, 74, 441, 1980. 
63. Reason, A. F., Mitchell, J. R,, and Mussellwhite, P. R,, The surface coagulation of proteins p 

during shaking, /, Colloid Interface Sc!., 32. 162, 1970, 
64. Cartwrg1’t, T., Senussi, 0., and Grady, Ad. D., The mechanism of the inactivation of human 

fibroblast 

interferon by mechanical sess. J. Gen. VIrol., 36, 317. 1977. 
&S. ’Virtar, PD., Narendranathan, T. 1., Roan, 1W., and Dunhill, P., Studies of the effects of 

shear on globular proteins: extensions to high shear fields and topumps. Biotech. Bioeng., 23. 
425, lOst. 

66. Brennan, J. R., Gebhart, S. P., and Blackboard, W. G,, Pmnp’induce4 instilin aggregation: 
a problem with the biost tor,D!obetes, 34,353, 1985. 

AT Mslamud, D. and Drysdale, J. W., Iscelectric points of mention: a table, Anal. Blocker’. 86, 
620, 1978. 

68. Reith4 F. J., The dissociation and association of protein anctures. 4dv. Protein Chem. IS, 
123, 1963. 

69. Ladlsch, M. It and I(olilmsnn, K. L., Recombinant human insulin. Biotechnol. Frog., 8, 
469. 1992. 

7l0. Bran., 3., Owesi., B. It, Wang, S., and ’Volund, A., Monomeric SulIns and th&tr experi-
mental and clinical implications. Diabetes Care, 13, 923, 1990. 

IL Brange, I,, Dr4er, K., Harsth, I. F.,Have&und, S., Kaarsbolm,ti. C., Melberg, S. 0., 
and Strained, A. It, Design of novel insulins with changed self-association and ligand 
binding properties, in Advances in Protein Design, International Workshop /988, Stocker, 
H., Collins, J., SchiTmid, R. D., and Schomburg, D,, lids,, Chemie Weinheim, Basal, Switzer-- 
land, 1989,139. 

72. Brems, V. N., Brown, P. L, Bryant, C., Chance, R. B., DiMarebi, R. Ii, Green, K., 
Howey, U. C., Long, II. 

u., 

Miner, A. .4., Mllbcan, R,, Behar, A. a, Shields, J. K, and 
Frank, B, H., Alteæng the salf-association and stability attention by amino acid replacemeim 

362 



inProreinFolding:Jn Vivo and In Vitro, Cleland. IL. Ed.. ACS SympDsfumSeries. Vol. 526, 
Aenc3nCt,eIuic*l Stcitty. Wshinglon, D.C., 1993, 254, 

73. Sbao, L, Li, V., Krishnanoortiiy, R.,Chermak, T., and Now, A. K_ Differential effects 
of anion c, calionic, nationals. and physioloØc surfactants on the thssociation, alpha-ohymottypic 
degradation, gstd eriteral absorption of insulin hexamea, Phann. Re,,. 10 243.19R3. 

74. Pathe, M, Cast, K., Zinser, D., Wellie, 
a, 

add Mehils, B, Insulin aggregadoa in solution, 
In,, J. Reps. Protein Res., 36, 344, 1990, 

75. Bohidar,R. R_ Dynanic Light scantring ni"dy On heat aggregaæon of UISTfl’ZI, Colloid Payee  
Sd., 267, 159, 1989 

16, Robbins, D. C., Cooper, S. M., Fineberg, S. E., and Meat], P. M., Antibodies to covalent 
awaIates of inxutirt in blond of ixnilirnusing diabttit paIn13, Oia&etes, 36,238, 1910.  

77. Flneberg, S. E., Galloway, J. A., Fineberg, N. S., and Goldman, I., EfThcts of species of 
origin, Publication levels, and formulation on insulin immunoganiolly, Diabetes, 32, 592 
1983, 

78. Plttckard, R. N., Weir, D. M., and Mcfldde, W. a, Factors influencing innime response. 
1, Effects of the physical slide of the antigen mid use of ymphoreticular cell proliferation on 
Me response to inftaveuous thjectioaefbcvine Comes, aibumininnbbiis.Ct’in. Ew.hmmnoL 
2, 331. 1967, 

79, Moon, W. V and Leppert, P., Role of aggregated human growth hormone (lION) in 
development of antibodies to linE .1, Cm. Endocrin. Mctabol., Si, 691,19M. 

80. Grodecka, B., Sfnrzec, A., Korbecki, M., Itybakowa, M., 11ttelMobrsku, N, no 
Rome., 1, Mimomedo and dim&c 1,014 in therapy of children with hypophyseal dwarfism 
Endok’ynoi. Pot. 3!, 19. 1980. 

81. DeVo, A. M., ljltsch, M., and Kossiekoff, A. A Human growth honnone and extrncehular 
domain of on receptor: crystal structure of the complex, Science, 255. 306.19V. 

82. Massa, G., vvo.year  
hormone antibodies in groth hormone deficient cftildrcn Created with recombinant human 
frandh harrower, Clip,. Endocrinology. 38. 137 1993. - 

83. TimashelT, S. N., Solvent effects on protein stability. Oar, Opts. Saiict- Rio’., 2, 35, 1992. 
84, Tlmasheff, S. N. and Arakawa, 1., Mechanism ofproteizi precipitation and stabilization by 

co-so1vnts, .1, Crystal Growth. 90, 39. 198%. 
85. Schellman, J. A., A simple model for salvation in mixed soLvense, Applications to the 

siabiliation and destabilization ofmacron,olecujar smictures, Riop/tys. Chem., 37, l21, ’990. 
86. &rakawa, T. and Ilmasbeql, S. N., The stnbmzatlon of proteins by osrnolytes,Biophys. J. 

41,41!. 198$. 
87. Arakawa, T. and Timasheff, S. q., Mechanism of poly(ethylenc glycol) interactions with 

proteins. Wochemisoy, 24, �136, ’9S3. 
88. Arakawa, T. and Timasheff, S. N., Mechanism of salting in and out by divalent cation salts: 

balance between hydration and salt binding, Biochemist. 23, 5912, 1984. 
. 89. Arakawa,t and Tlmasftelt,SN, Sublimation ofpro%oinsoisctoreby rupees, Biochemistry, 

21. 6536, 1982. 
W. Sebellrnan, J. A., Selective hawing and solvent denaturadon, Biopoiymns, 26,149,1%7. 
91. DIII, K. and Shortle, IL, Denatured states of. proteins, A,rna. Rev. Biechem,, Co. 795. 199%, 
92. Cleland, J. L. and Wan, P. 1, C., Cosolvent effects on refolding and aggregation, in 

Bioca:aiysis Design fin Stability and Specificiry, Hinuttel, M. and Oeorgiou. G. Eds., ACS 
Symposium Series, Vol. 516, American Chemicsl Society, Wathingtoo, D.C., 1993, 151. 

93. Clalaud, J. L., The impact ofprotein folding on biotechnology, in Protein Folding: In I/ho 
and In Vitro, Cleland. J. L., Ed., ACS Symposium Series, Vol. 526, American Chemical 
Society, Washington, D.C., 1993, 1. 

M. Cleland, J. L. and Randolph, T. W,, Mechanism of polyethylene glycol interaction with the 
mohengloboie oamovedome-ofbonne carbonic aydrasB,LRiot Chem., 267,3141.1992. 

363 

0 



95. Siratton, C. E. Cyclodexthns and biologloM ntacromolecules, Biopharmaceutic:, 4, 44. 
199%. 

W. Brewster. M. E., Hora, M. S., Simpios, I. W. and Bodor, N, the of 2-hydroy?ropy 
-cyclodexuin as a solubilizing and stabilizing excipicnt for prote’m drugs, Phann, Re:.. 8, 

192, 1991. 
91. SzeJtIl, I., industilal applications of cyc!odexthns. in fnch.sion Compound: III, Academic 

Pttss, London, 1984. 33!. 
98, Rom M.S.  Rotor, R. K,andSmItL,F.W.,L,ophilitformuioosoflecoThbinanItamor 

necrosis factor, Pharm. 
Rn, 

9, 33, 1991 
99. Have, M. 5, Rona, It l., Wilcox, C. L., Katre, N, V. Hlrtzer, P., Wolfe, S. N., and 

Thomson, J. W., Development of a lyophilked rTUtd.tiOrL of thterleukin4. Do. Riot. 
S,ond., 74.295, 1991. 

IN. Rosa, R., Trttgost drying a novc lep!acemern for freeze-drg’ivg, Btophannaceutics, 4, 47, 
1991. 

ID!. Levine, H. and Slade, L., Another view of ifehalose for drying and staoilizing biological 
mateiisjs, Biophnrinaccuctcs, 5, 36, 1992. 

102, Cerpenter,J. F., Prestreiski, S. J., and Arakewa, T., Sss- Specific stabilization ofprowirls 
during freezing and thying 205th American Chemical Society Nfeeflng, 1993. 

103. Prestrelski, S. .1., Aralcawn, ’r,, and Carpenter, .1. F. Separation of freezing- aM dg-
induced deuaturatioa of Iyophilized proteins using sflss-specific stabilizaÆon. U. Smictural 
%badma ’ising Wfmnd speciroscopy, Arch, Biochem. Biophys., in press. 

� 104. Pikal, It J., Freeze-drying ofprotef,is, Part 1: Process design, Biophannacezitics. 3,18, 1990, 
105. Franks, F., Freeze diying: from exupincisro in predictability. Oyo. It", II. 93,1990. 
IN. Grain; IX, Conditious and toicama for netzt-aying and forgnaiaUon; development of cØes 

for Iyophilintion. 0ev. Blot Stand., 74, 85, 1991. 
M. Prestreiski, S. J, Tedescbi, N., Carpenter, J. F., and Arakawa, 1’., Dehydration-induced 

confrontational transitions in proteins and thetx inhibition b stabilizess. Siophys. .1,, 65.661. 
1993. 

log. Eckhardt, B. M., Oeswelrr, J. Ci., and Bewley, T. A., Effect of freezing on aggregation of 
human &owth hormone, Pizami. Rex., 8,1360, 199!. 

109, Greiff, L, Wotein sticture and fretze-drying the erfeeLs of residual moisture and gases, 
Cryobiology, &, 145. 1911. 

110. lIst!, C. C., Ward, C. A., L’tarlman, R., Nguyen, H. M., Vewig, D. A., and Carley, .J. C., 
Determining the optimum issidual moiswre in lyophilized protein phannaceudca]s, Der. Riot, 
Stand,, 74,255, 1991. 

Ill, Liu, W. R., Longer, R., and Kllbanov, A. M., Moisture-indoced aggregation of lyophihzed 
proteins On the solid slate. Biotech. Bloeng., 37, In, 1991. 

112. PiJcaL M. J., Delleruian, K., and Roy, M. L., Formulation and stability of &eeze-.Mtd 
proteins, effects of moisture aodovgen on tire Stability, offreeze-&edformulations of Iminan 
growth honuote, Dcv. Blot. Stand., 74. fl. 1991. 

113. DeGrazlo, F. and Flynn, IC. Lyopinlization closures for protein based drugs,f. Punchier. Si. 
Technol., 46, 54, 1992. 

114. PIke!, M J., Freeze4lrying of proteins. U. Fotmslstion seLection, Biophanlacellits, 3, 26, 
1990. 

115. Carpenter, J. P., AraMawa,t, and Crowe, L IL, Interactions of stabilizing additives with 
proteins dining freeze-thawing and fireze-drying, Der, Biol. Stand., 74, 225, 199(h 

116. PIkil, M. J,, Deiiermaa, K. M., Roy, It L., and Riggth, RM., The effects of formulation 
vsnahlasaa Ot smannoxv of barren gro1h hormone, Phana. Re:., 8,417, 1991. 

117. Carpenter, J. F., M-akawa, 1., and Crowe, J. H, Comparison of solute-induced protein 
stability in aqueous solution and in the frozen and thied stales, J. L)ahy Sct. 73, 3627 1990. 



IIS. Carpenter, J. F. and Crowe, J. H. The mechanism of cryoprotection of proteins by 
Cryabioingt, 25.244, %98, 

119. PIkZ M. J..Yazo drying of  eüwprcctss. funimlaijon, atstabiliry, Protein Fonnula-
lions and Delivery Symposium, 205th American Chemical Society Wethtg, 1993, 

120. RobInson, A. At. and Rudd, C. I., bean,idadon of glutan,inyl and aspasaginyl residues in 
peptdes and proleuils. Carr. Top- Cell, Regut, 8, 247, 1974-

In, Wvit,H.t.,Nontt,mMio6earnidationofasparagny1andghitantrlyIresidues inproteins. 
CRC Crit, Re’, Bioche’n, Mol, Rio(.. X, 1. 1991. 

122. Flatutark, r., Multiple forms of bovine Iman cytoebrotue C: a comparathe toidy of their 
physicochemical properties and their reactions in hiologkal systems, J. 8101. Chem.. 242, 
2454, 1967. 

123. JoIuson, t mad Aswad, l\, 11nyma6c protein carboxyl methylation at pitysiologica] ph: 
cyclic intide formation eIains nmd methyl tarao’,ts, Biochem, 1., 24, 2591, 19S4. 

124. Meinwald, Y. C., Stimson, K It, and Scheraga, H. A., Deartiidatioa of the aspvigtnyi-- 
glycyl sequence, l,tt. J. Pep,. Protein Rex., 28, 79, 1986. 

325, Armand, D. ’W., 3oirnsnn, B. A., Langmacic, E, L., mid Sifirokawa, J., Modification of 
Loaspanl ptpt%&s aa4 proteins by protein carboxyl methyltiansterase horn bovine brain, in 
Advances in Post-Translational Mothfictufone jprotebu and Aging, Zappin, V., Gaaeth. P., 
and Port, It, Eds., Plerurni Ness, New York, 1952. 

126. Aswad, V. W., Stoichiomelæc methylation ofporcine adrenocorticotropin by protein cirboxyl 
methy1ansferase requires deamidation of aspamgine 25,/. Bid. Chem., 259, 10714. ’984, 

fl? RobinseuA.B&hotthl%r,3.W,aTJdMcXerTow,i.HRatesofnonenzl11OtiCrearmament 
olglotaininyl and aspaziginyl residues inpemapeptides, 1, Am- Cheat. Soc., 95, $156, 1973, 

128. Scotchier, J. W. and Robinson. A, B., Deamidanon of glutaminyl residues: dependertce on 

PH, temperature and ionic strength, Anal. Biochem., 59, 329. 1974. 
129, Robinson, A. B., MtKerrow, J. ll and Lgaz, M Sequence dependent dearnidafion rates 

for model wgmktes of cytocbrm’t C, ml. J. Pept. Protein Res., 6, 31, 974 
130, Wright H. T., Sequence and sthichira detertuiurrns of the vonenalit deatrdditüon of 

asparagine and glutarnine residues in proteins, Protein Ens., 4 283,199Z. 
131. Rossiakoff, A. A., Tertiary structure is a principal determinant to protein deaSdadon, 

Science, 2k, 191. 19S8. 
232. MeIviII%J.,Lathtglutzminepep%idtnndtheirbeming on the ongtri of the anmioniasetfree 

during the enzymatic digestion of proteins, Biechem. 1, 29, 179, 1935. 
133, SmIts, J. T., floureD, J. H., Canova-Uavis, K, Ling, V. T., Lnrame, G. R,, Winstow, 

J. W., Griffin, P. R. Rinrlerknecht, K, and Vandinn, R. L., Structural tharactezization by 
fl5S8 spectomeby massive and recombinanthuman relaxin, Bio,ned. Environ, Mass Spec/raPt, 
19,655,19M 

134. Latest, R. and Schireb, V Role of peptide cortformalioa in the rate and mtch?sdsuj of 
deamidation ofasparaginyl residues, Biochemisr,y, 27, 7671, 1988. 

S35, Lena, S.]. and Lindley, H., The kinetics of hydrolysis of Art anlide group in proteins and 
pepMa,Z. kcidby&olyMs of gcy1 sparagine and vcyl-rnsparagine, Trans. Faraday 
Soc, 49, 921, 1953, 

136. Slnbhi, L, The action of cari]oxypepddose-A on bovine insalia and related model ptp*ides. 
in Dissertations Abstracts International, University of CalUbmie, Berkeley, 1964, 25/07, 
3S2S. 

137, Coriander, F. H., Reaortsbip of smorman to biological activiLy of insulin ris revealed by 
degradathe studies, tn. .1. Med., 40, ’liG, 196& 

138. Wright, 0. T. and Robinson, A. B., CTyptic anildase active sites catalyze deamidatica in 
proteins, in From Cyclotron to Cytoonrornes, Kaplan, N. 0. and Robinson. A., Ed&, Aca, 
demic P,ess, New York, 1%2,7n. 

365 



139. Abraham, D. 3, aodteo, A. .1., Extension of the fignient method to calculate amino acid 
zwiturioo and side chain partition coefficients, Proteins Scour. Pknct Gene!., 2, 130, 1987. 

140. Gadder, T. atel Clarke, S., Deamidation. isomerizafion, and raeemlzthon of asparaginyl and 

aspanyl residues in peptides, 1.Riot. Chem., 262, 19S7. 
141, Thanuhanser, T. W. and Scheraga, H. A. Reversible blocking of halfvsnt esdts of 

proteins and an liwversiwe specilc deamidation of asparagine 7 of S-su!foriboaiioldse 

mt mild condinons, Biochemistry, 24, 7681, 1985. 
142. Tyler-Crriss,R. and &hircb, V., effects of amino acid sequence, buffers, and ionic sliength 

on the rate an rntchathsm ol deamidaæon of asparagine residue Is small peptides J.  BioL 
Cheat, 266, 22549, 1991. 

143. Clarke, S. FtopensiLy for spontaneous sucothimide formation from asptstyl aAd aSp2flgiDyl 
residues in cellular protc’Ins, Inc. J. Peptide Protein Re,., 30, 808, 1981. 

144. Borastehi, P. and Dalian, G., The specific nonen2ymatio cleavage of bovine ribonuc!ese 
Mth hydroxylamine, J. final. C/ien,., 243, 4854, 1970. 

145, Wece, S. 3. and Crtihton, T. E,, Erfect of prorein confonnafioR on rate of contribution: 
ribonijclease and its dgaot, Proteins Strict, Punts. Gent., 5, S. 1959. 

146. John"’,, IT A., Shirokawa, J. M. Hancock, W, S., SeIlman, M. W., Basa, L. j., an 
Aswaml, D. W., Formation of isoaspadate at two distinct sites during in vita aging of Ruruan 
growth hormone, J. Blot C/tern,. 264 14262, 1989. 

147. do We, A. M., l)ftsch. M., and Koslakof, A. A., Human growth hormone and ex.cellu!ar 
domoSzi of [Is recepto’: c’ystM sboohut of the complex, Science, 255, 306, 1992. 

148. Oliyai, C. and Borckardt, t T, Chtmnicetpathways of peptide degradation. W. Pathways, 
. 

kinetics, and mec,aiism of degradation ofass osparyltesictue inamodelMxaptsdt,Phorm. 
Res.. 10, 95. 1993. 

149. Patel, Land Borchardt, R. T., Deandation of asparaginyl residues in proteins: apoteirna] 
pathway for cemicai degradation of proteins in lyophilized dosage forms. J. Pareffler. Sri. 
recot., 44. 300, 1990. 

ISO. Teshlma,G.,Stu!ts,J.T., Ling, V., md Canova-Davis, E., Isolafion and cliaraoleæzation 
of succinimide vaxiarit of mnathionyl human growth lioctoone, J. Riot. Cheat., 266, 13544, 

1991. 
151. Violated, It. N. Schiltiler, f,L. K., KoIodzi, E. W., Toren, P. C., Cabonce, M. A., Siegel, 

N. it, Th4flr,, K. 1., Zabel, J. F., Sruitb, C. E. am! mu, J. S. Rotation and cherncteiization 
of vorc1e aomaloopitt contaWng a sucdnimide residue ’at place of aspaxiate 129, Protein 

Sc!.. 1, l634 1992. 
152. Bjschoff, It., Wage, P., ,Iaqulnod1 M, Caused, 0., Actcer-IQeln, M., Quote, IT, Lapertt, 

M., BoI, A., Van Doraselser, 44 and Roitsel., C., Se1uence-specthc deamidadam scm-

don and hiochemicd characterization of succininilde inten,,ediares of recombinant himdin. 
Oiochembny, 32,725, 1993. 

153. Taoi*g, A., Maftoub, M, Pontbas, C., WlOtecburcb, 0., Roitscb, C., and Picard, C., 
Chatacterizadon of the deaSdaced forms of combinant hlmthn, SiocI*emisl,y, 31, 5291, 
1992. 

154. Wjngfiehi, P. T., Pnj,top, M. Gr,.ber, P., Muse, K., flayer, J. M. Shaw, A. It, and 
Scbmssner, U., Punfioadoii and cbaracteri2adon ofhuman interleuldn.l alpha pioduced in 

Fsd,erichia Si, Ilw’. J. 8iochcni., 165, 537. 1987. 
155. WiagficId,P.T.,Mat,auano,ItJ.,MeOonaid,ll.L,Craig,a, Qore, OM.,Grofloborn, 

A. M, and Schmeissner, If., Retombinactt-dtcived 3nttse,ikiwI alpha nabilized against 
specific demidation, Protein Eng., I, 413, 1987, 

156. Drange, 1., Slcdbaek-Pedenen, IS, Langlijaer, L,, Damgaard, IL, Ego1 H., Havehmd.S,, 
fledingL.G  Jorgensen, LRLykkeberg,L Markiissen,i.,PIngel.M..add Rasmnssei,, 
IS, Gaisnics of insulin: The Physicochemfcol and Pharmaceutical Aspects of Insulin and 
Insulin Preparations. Spsinges-Vtrlag. BeTh,. M. 



157. Decker, L. K and Was, E. M., Multiple fo’ms of guIamic-oxalacedc ifanoaminase in tissue, 
pros, Soc. EWE. Rio?. Med., 112.144, 1963. 

158. Marflnn.Canioa, M., Riva, F., TuMno, C. Add Faneila,P.,Muldpls forms ofsuptnn$33t 
glutamale-upaflate wansamioase from pig heart, Biochern. Biophys. Res. Comrnwi., 20, 206, 
1965. 

159. Maroez.Carrion, MThnn C., U.iancone, &, Boa, K, Glartoslo, A., Hiva, V., and 
Fasella, P., lauivaion sfl amttainIion of moitiple jonas of gbnamale.aspartate nnsaoæ-
nass from pig heart, J. 84W. Chem, 242,2397, 1961. 

160, Berlland, I.,. U. and Kaplan, N. 0., Chicken heart soluble aspictate amino tnztsferase: 
purification and propedies. Biochemistry. 7, 134, 1968. 

161, MlcMuôa, C. M. and Maronez.Carrion, Nt, Mitoclionthial aspaztate ransanitnase. IL 
isolation and ca acter not of mthipe foams, B iochnnjszn’. S. 1095, 1959. 

162. John, K. A. and Joue, R. E., Tho nature of tuoki9le forms of cytoplasmic sapanait 
aminotlnsferase from pig and sheep haag, Bloc/tern. f., 141. 401, 1974. 

163. WiIilaws, .1. A. and John, It. A., Generebon of aspaztate aminotransfenlse multiple forms by 
4emidaoa. Biochem, L. 177, 121. 1974. 

164. SIccct’wr, A., Fysima. k, Skoct B,, Kostyo, J. L., Cameron, C. It, A4OWIIO, IL A., 
Thorogren, K. 0., and Herman, M., BioI4cat characedzeLtct of charge somets of 
human growth liomione, Acre Endocrinol., 118, 14, 1988. 

165. IX Donate, A. and D’Muslo G., Heterogeneity of bovine seruthal æbonuclens; ffiechem-
inTy, 20,7232, 1981. 

16. 
Ilisa, 

Cu, L. C., £nsos E A., Wang,  Cauenv000. ’1., Tsai, K., Visor, G. C. fluffy,  
W.-C., and Eostr, L C, $tnbffity of freretLth 1 iqstcus sohtont nsMcM 

methods, kinetics, products, and solution fonnijlation hnpicadOn5, Pharvi. Res, 8,485, 1991-
161, Nanny, G. 0., Wilder, C. L., Merenda, I Nt, McCall, A. S. Geoghegan, K. F., and 

Otterness, 1. a, Reduction ofbioloioaI activity ofmuHna itcombinont interleujdn.l-toothy 
stlecn ttamiMæon as aenä,-149 - expression in Escherichia coil, FF83 Leg, 278, 
98, 1991, 

168. Ahern, T. 3. and Kllhanov, A. 1,1., The mechanism of irreversible eazylne inactivation at 
100°C. Science, 228, 1280. 1985. 

169. Yaw, F.M.,Talent,J.M.,and Gracy, It. W.,Molaculardome for the aocwnulationofacidic 
iszymts of tnosephosftrite isorneffisri on aging, Mech. Aging Dev., 17.151, 1981, 

170, Casal, 3.!., Ahern, T. 1., Paveapurt, R. C., Petako, G. A., and KUbaov, A. M Subirnit 
Interface of tictphospha1e somemst site directed mut.&aesis end charaoteriaalion of the 
altered enzyme, Biochernishy. 26, 1258, 1987. 

171. Ahern, T.J., (3nn!4 J.L, Patsko,G.A., and Kllbanov,A. lW. Control ofollgoniericenayme 
thrrAosthMliIy by protein onginee ’ig. Proc. /tJotj. Aced. Sd. 0.54., 84. 675. 1987. 

172. Johnson, B. AStilrokAwa, LM.,and Aetwsdd? D. W, of zalsonieleft at IAUZFd[ 
and nlksline Pt quanfitnve relationships between innocents loss and the susceptibility of 
calmoduline to modification by protein carboxyl anethyItinsferase,Arch. Blochem.$iophys., 
268. 274 19E 

173. Graf,L,,liijos,G.,Prdthy,A., and Cseh,O.,Thcinfluar’ce ofdeainidthononthebiologIS 
activity of porcine edrenocorticoopic hormone (ACTH), Horm. Meech. Res., 5,142.197!t. 

174. Teshiana, a, Porter, 3, Vim, L, Lint V4 and Ouzzetta, A., Peajoidatiori of soluble 0)4 
at asparagine-52 results in reduced binding capacity for the lilY.l envelope glycopi°teia 
gp120. Blocheniisny, 30, 3916. 1991. 

175, Krooi., D. .1., Baldwia-Ferro, A., and LoThm P., Identificadon of sites of degradation in a 
tlmçeadc moncclal andbody by puptiot mappg. fln. Re,,, 9,132 1991 

176. BongerJ, Helmer,& P.,Lamhros,.1’,Pan4 Y..C. E.,CamphelI,R. K_and Felix,A- K., 
Degradation of aspa’tc acid and aspaxagine residues in human &owth hormone releasing 
factor, In,. J, Pept. Protein Res., 39.364, 1992. 

367 



In. )MAugnsfine,E. P., Gibson, B- W., Aberth, W, Kelly, M Ferrura, C. u.t, Tomooka, Y., 
Brow., C t, and Walker, Pt. Evidence for isoaspartyl (denaidzctd) f,ms of moIst 
epidennal gTowth factor, AnaL Biochern., 165, 420 1987, 

OR. Koch,LLI,FItw,T.,Btntr,V.L,andMoss,E. A.,Moilarspeciesofepidennalgrowth 
factor carrying imn’onosuppressive nativity, .1. Cell. Biochem., 25, 45, 1954, 

179. Robinson, A. B-, McKerrow, J. R, and Can, P. Controued dornidafioxi of peptides and 
Proteins; uexpeiimental hazard and apoasibte bto[agzaI timer, Proc. Nat!. Mod. Sri. USA.. 
66. 753, 1970, 

180, Ragers, S. W. � Rtttntelntr, M., Degradation of stnictuxaBy characterized proteins 
injected into hela cefls. Tests of hypothesis, /. Blot. Chen’.. 263, 19850, 1988, 

ISI. laIe, S. E. and Klibanov, A. M., Why does rihonuclease ieversiby inaothare at With 
tomperawre?.

 
Biochemistry, 26, 5432, 1986, 

182. Venkatcsh, VP. and Vithayathll, P. J., Influence of deantidation(s) in the 67-74 region of 
tihoimelease

 
on, its refolding. hit. 

£ Pep. Protein Res., 25, 27, 1 9. 
183. Ka.izniaaa, W., Sortie factors in the interpretation of protein denaturation. Ad,. Protein 

Chem.. 24, 1, 1959. - 
184- Botithler, M., Gulian, J. M., Mallet, B, Calaf, It., and Rtyismjd, 3., Ct.amotetization of 

stable confrontational variants of erythrocyte carbonic arthydrases. Biochintie, 61, 1161, 
1979. 

185. Chazin, W. J., Randal, .1., ThulIn, E,, ifofluan, T., Dral’enl,erg, T., and Forsen, S., 
Identification of an isoaspartyl tinkagn fonEed upon dewnidation of bovine ealbindin 0 (9k) 

186. 
and structural charactethatfon by 21) Iii NMJ&, Biochemistry, 28, 8646, 19S9. 
Means. G. E. and Fnaey, R. F., Chemical Modification of Prearengs, Holden-Day, Inc., San 
Francisco, 1971,35. 971,35-

187. 187. Gracy, R. W, Lu, H. S., Yuan, P. M., and Talent, J. Pt, Molecular basis for abnonnal 
iosephosp1iate isomerase during aging, in Altered Proteins and Aging, Adelman, R. C. and 

Roth, C- S.. Eds., CRC Ness, Boca laton. FL, 1983, 21. 
188. Westali, F. C., Released myelin basic protein-immunogenic factor. !m,nunochernisny, 11, 

5L3, 1974. 
189. Lukash. A. M., Pushkina, N. V., and lalbuisky, I.E., Auioandgenic propeilies ofdeamidated 

seflin) pibumln. Immnnologiya. 68, 89, 1987. 
190. Schlkhtkrull,j-, Braoe, J., Christianson, A. H., UatluM,O., Iledisig, L. C., Jorgensen, 

K. H., Rasmussen, S. 74., Sorensen, R, and Volund, A., Monocomponent insulin and its 
clinical inpUcationa, Mom. Mewb. Res, (3uppl. Se,-), 5, 134, 1974-

191- Stewart, T. A., Hollingshejtd, P. G., Pius, S. L., Chang, R., Martin, L. F., and Oakley, H,, 
7ransgenc mice as a model to test the imniunogenicity of proteins altered by sire-specific 
mutagenesis,

 
Mot. Blot. Med., 6, 275, 1929, 

192- Pearlman, H. and Nguyen, T. a, Formulation strategies for recombinant proteins: human 
growth hsnsozt aM tissue piasminogen activator, on Therapeutic Peptides and Proteins: 
Formulation, Delivery and Targeting, Marshü,  D. and Liu, 0., Eds., Corn Spring Harbor, 
New York, 1989, 23. 

193, McKerrow, J. H. and Robinson, 4. B,, Deamidatiotl of sspamginyl itsiduts as a ha8ard in 
experimeatal protein and peptide procedures, And. Biochem., 42, 565, 1971. 

194. Puget, K. and gorchard., R. 1., Chemical pathways of peptide degradation. U. Kinedos of 
deamidatiori of an asparaginyl residue in a model hexapeptide, Pharm. Ret., 7, 703, 1990. 

191 Steinhardt, 2. and Fngltt, C. H., Catalyzed hydrolysis of amide and peptide bonds in 
pmteins, 1. Res. Nat. Au,’. Stand., 29,3t5, 1942. 

196. Gilbert, J. B., Price, V. E., and Greenstelu, 3, P., Eflct of anions on the uon-eozymatic 
dguuidtiou of ghst iint. J. Dial, Client., 180, 209, 1049. 

197. Capasso, S., Mazra.-ella, L., and Zagari, A., Dearnidation via cyclic nude of aspaminyl 
Maldive; dependence on sails, buflŁrs and organic solvents, Pepi Res., 4.2M, 1991, 



’98. Pushldna, N, V. TsThukky, 1. E., and Lukash, A. I. The effect of vaæoua chemical 
conipounds nod storage conditions on the sate of non-enzymatic deamidadon of protein 
p’eptxaons, PJIkI. Biokhfm. MilooMoL 22, AN, 19S6, 

199. Breijnan, t V. and Clarke, S., Spontaneous degradation of poleptides at upaiWI and 
astagiay1resi4ust offset at one, sofWat dielectic, Protein Sd., 21 331. 1993. 

200. flatmark, T., Do the heterogeneity of beef beast cytochrome Cm. A kinetic study of the 
nonenzymatic deanlidsuon of ree main subfractions, Acts CheAt, ScaM.. 20, 1487, 1966, 

20?. Carpnter J K and Crowe, J. H., An thfrared spectroscopic study of the intetactions of 
carbohydrates with dried proteins, Biochee,fsby, 28, 3916, 1989. 

202, Carpenter, J. F., Prestrelaki, S. .7., and Au-akawa, I’., Use ofPEG/carbohyclrate mixtures to 
separate freezing and dehydration statues to labile proteins dining lyophilization. Biophys. f. 
61, *475, 1991. 

203. Hill, I. P. and Buckley, P. 0., The use of pH indicators to identify suitable erndrotunents for 
fiezing samples in aqueous and mixed aqueousinonaqueous solutions. Anal. Biochem.. 192, 
358. 1991. 

204, Gsxhrt, D. A. and Kixstb, hE, thy Mate desmidthorj of glucagon, Planar. Res., 5, 3244, 
1988. 

205, Lou, S., Ltoa, C. MCLeIIaud, J. F., tid Groove, 0.3., Fomntioa of a cyclic iinide n 
aspaflyl or asparaginyl glycyl peptides induced by heating in the thy state. fat.!. Pt Protein 
Res., 29, 728, 1987, 

206. Fried.uan,A.R.,Ichhpnrmii,A. K., Brown, D. M., IWiman, IL M., Krabill, L F,, Martin, 
B. A,, Ztsroher-Nnly, U. A., and Guido, D. M., Degradation of growth hormone releasing 
factor analozs in neutral aqueous solution is related todeamidation ofasparagineresidua. Int. 
J. Pelt. Protein Res., 37, 14, 1991. - 

207. Choibia, C,, Principles that determine the structure of proteins, Annu. Rev. Biochem., 53,562, 
1984. 

208. Fenffl,C.,PenatzM.F.,Shaai,an,Th,andFourme,R.,SthictureofhwnandtoxyhemogIobth 
at 1,74 A resolution.!. Mel. Rio!., 175, 159, 1984. 

2C9. Turrim, E. S. G., Miller, I. B., and KanilEky, 0., The oxidation or ditho1s. Biochem. 1., 
41, 62,1947. 

210. lohusen, D. M. read Go, L. C., A%toxidMiorI aM aLæSdants, m Enr,cropedia of Phanna-
ceuzIcaf Technology. Volume 1. Absorption of Drugs to Bioireailabihiy and Bioequnalence. 
Swarbdck, I. and Boylan. J. C,, Eds., ManI Defler his., New York, 19S. 

211. HallIwell, B. and Gntfeddge, M. C., Role of free radicals and catalytic metal ioos in human 
disease; an overview. in Methods in Epzymo fogy, Volume 186. Free Radicals and Metal Ions 
in Human Disease, Academic Press New York, 1990. 

212. Swallow, A. J., Effect of ionizing radiation on proteins, RCO groups, peptide bond cleavage, 
inactivation - SH oxidation, as Radiation Chemistry of Organic Compounds, Swallow, A..7., 
Ed., Pergamon Press, New York. 1960, 211. 

a 

213. Hiller, K. 0., Mssloch, B., Gobi, M, and Mains, X.-D, Mechanism of the OWradical 
r’induced 

oxidation ofmethionine th aqueous solution. .1. Am. C/tens, Soc., 103, 2734. 1981. 
� 214. Statmz, Lit, Metal into calalyzed oxidation of proteins; bicchenucal mechanism and 

biological consequences. Free Radical Blot Med., 9.315. 1990 
215, Brat, N. east Welasbacli, IL, Biccbtitsuy of methiordrt sulfoxide yesithits in psotta, 

&ofactors. 191.1991. 
216. Harris, C. M. and Hill, R. L. The carborymethylstioa of huitisit mttnyogiabin,!. Bidl. 

Chem.. 244, 2195, 1969. 
217. iloleysovaky, V. and Lazdunski, M., The structural properties of u’ypsinogen and ttypsin. 

Alkylation and oxidation of methionines. Bloc/tim, Biophys, Acts, 154. 457, 1968, 
218, Link, T. P. and Stark, G. R., S-Methylmethionine-29 ,ibonuclease A. J. Rio!, Chem., 243, 

1082, 1968. 

MI 



219, Ray, W. 1, Jr. and Kosbland, D. E. Jr. Compamdve smictural shidie of phosphcgLco-
mucssc and chymoizypsin. Brookhaven Sup. Riot, 13, 135 1960, 

� lido, LC and Kass4 B Oxidation of nwthioaine r&idt’es of porcine aM bwivo pepsiris. 

Biochemisti,. 14, 631, 1975. 
221. Penner, M. J., Yaoianki K. B., Osuga, 0. t., Babb’, fl. L, Mtarres, CF., and ?eene 

F. K, Comparative oxidadons of t3osia,s aM mtthoaiJes in ansIen4iis! hlIoThO Wn101 
ansfenia, human lanto slerrhLaMtbAcicexcNcIoamftnttArc&BiDcMnl. Biop.. 225, 

740 1981 
222, Tel,, L-C. Murphy, L. 3., llnq, N. L. Sara% A. 

$ 

Friesen, N. G., Lazaru L, and 
Cannonade, G. E,, Metbionine oxidation th human growth lionilone and human chor3,onic 

somatoInszmoopi1b ’1, Biol. Chem., 262, 642, 1987. 
223. jaurtguI-i…deI. J. and Jolla, P., Coatzibudon a l’etude du cenlie actifdu lysozyine tie Wane 

dtouf depoole action da Facide lodacedque a pff 5.5, Bitt!. Soc. C/tim, Blot, 46, 141. 1964. 

234. Rapoport, S Bertel, B,, and Hausdorf, G. Methioginc splfoxide foonadon: the cause of 
sell thachvation of reticu]ocyte Upoxygenaso, Ear..!. Bloc/tern., 139 573, 1984 

225. Well, I,., On the mechanism of flue photooxidation of amino acids aensirined by methyitne 

blue. Arch. Bloc/tern. Slop/tn., 110.57. 1965. 
226. Sysak, P. K., Foote, C. S., and Ching, T.-Y, CtteSsy of vinideto,ygen. IOcV. P000xi-- 

dation ofmethionioe. Photochern. Photofriol., 26, 19, 1911. 
227. Behrmn, R L and Edwards, 3.0., Nucitophilt displtemenm on peroxide Oxygen and 

related reactions, Frog. Plots, Org. Client, 4, 93, 1961, 
228, 

W 
Barnard, 0. flateman, L, and Cw.neen, 3.!., Oxidation of organic wlfid. OR Organic 

Salfrr Compounds, Vol. 1, Khzmsob. N,, Fit, Pergamon. London, 196’, 229. 

229 Bruice, T. C. Leaving map tendencies and the rates of mono-oxygen donation by hydrogen 

peroicie, organic hythopemxicins, and paroxycarboxyflc acids,!. Chem. Soc. Chem. Comrniin., 

141199$. 
230. PMlipson, L.. Oxidadon of 2,3.thmercaptopropanol. Bloc/tim. Riophys, Ado, 56.315, 1962. 

231. Jaqnes,LB. and Uell,B.J.,Thc reduction ofhydrogenperoxidc by fibrin, Can,f,Res..24E. 

9, 194ô. 
232. Neumann, N. P., Moore, S., and Stein, W. H., Modification of the methiouias tssithree In 

Hbonuclease, Riockemist,, 168, 1962. 
233. McKay, M. J. and Bond, J. S., Oxidation of protein usIftwdtyl groups fl Sn jijIIM tvent in 

protein degradation, in Inp-ace!lidar Protein Cawbollsm, Mast R. Liss, lix., New Voik, 19*5. 

35!, 
234. Rippa, M., SIgiiorlj* M., and Belliril, 1., Evidence for tnaiple pairs of vicin& thiols in 

some proteins,!. fbi. Chert.. 256, 45%, 18%, 
235, Scbact,ter, II., Halliday, K. L, and Dixon, G. It" An aIteraort in the reactivity of chyrno-

ypstn andupstn towards hydrogen peroxide in Me presence of specific subsnres. I.  Blot, 

C/tern,. 23g. 3134, 1963. 
236. UnIt, C. and O’rItn, P. 3, Mechanism of peroxide inactivation of the soiphydlyl enm,e P g%ycera%dthyde-3-phosphate dehydrogeosse, Lw. f, Bloc/tern,, 10, 533, 1969. 

237. Tnmazlc, S. 3. and lQlbanov, A. M., Mechanisms of ineverslble thermal Inactivalion of 

Bacillus u-arnylases, .1. Sb!. Chem., 263, 3086, 1988, 
23W Farber, J. M, and Levine, It L., Sequence of a peptide susceptible to mixed function 

oxidsUog: probable canon binding site in glulaniirie synthewe. J. Blot. C/tern., 261, 4574, 

1986. 
239. Foote, C. S., Mechanisnis of photosensitized oxidation, Science, 162, 963, 1968. 

240, Mathsson, 1. B. C. and Lee, .1. Chemical reaction rates of unint, acids with sWiet oxygen. 

Photochern. Phowbiol,, 29, 879, 1979. 
Ni. Shiylerivaa L. A. AK, P&otooSatioo. acr,sithtd by profiavine, of a number of protein 

constituents, Bloc/tim Biopiys. Actu, 60, 557, 1962. 

370 



242. McDermott, M., Cblesa, It, RoberI, 3. E,, awl DiLLon, 1., Paotooxidaon of spocifi 
residues in a-ctystahin poIypeptides,Bicchemimj, 30, 8653, 1991. 

W. Spikes, 10. and Saigbt, R. Sexinirized photoobemical pmotsws in biological ystetrs. 
Anna, Rev. Phys, Chem., IS, 409. 1967. 

244. Raft, L. A., MiIJigan, B., Rivet4 P. t, and Stewart, F. H. C. The pbotodeCOmPasition of 
ttypcophsn pepdes, Bloc/jim. Biophys. Arlo, 499, 131, 1977, 

245. Glazer, A. It, Speciflc ciemAcoJ mc4ficahiou of proteins. Anna. Rev. Bchei., P. 101, 
1910. 

M. Senyamlu, Y. Gidilo’., V., Desormeau-Dedot, Y.-P., and Robin, Y., An approach to the 
antigenic w’icturt of arginint kiBast es,æ trtam,a yaboic, Earl. &oc),em., 68, 489, 1976. 

247, Wlclxman, A., Svenaat, &, and Asdtnms, O..O., Kinetics of refolding of completely 
reduced human serum albumin. Rmgm of mm .ocht iSitatlivit, fur. J. Biochem., 7, 
339. 1977. 

248. Vyas, G. N,, Rae, K R., and Zhrahaim, A. fl. Australian antigea (bepadds B oageu I 
confonnaflonal andgen dependent of disuffide bonds. Science. ’iS, 1300, 1972. 

249. Thakur, L S. Pmificadon and chatariznon of the glycoproteth auergcn from Pars op& 
juuflora pollen, Biochem, mt., 23, 449. 1991. 

250. flhlmcl.er, L H Schroer, 3, A., Chan, C., and Shevath, F. M., Fine sincificky of cloned 
insulin araci1e7 cell hybtidomas: evidence surpoitng a role for tertjwy conformation, 3. 
Inmiwtol,, 131,2868, 1983, 

251, FN3Sr, K and Leeman, S. K, Subslant, P sulfexide; separation of substa’a P by high 
presutt liqtrd cbzo’narngtaphy, biological and irnrrnmthogical piopeffies, and chenócsi 
daction, Anal. Biochenj,, 101,498.1980. 

252. ParIsh. C. it and Stanley, P., Chemical and biological pmpertlea of bcttæs1 flag&lth 
following iodination and oxidation by chloraxnine-T, !mmunochemistry, 9,853, 1912, 

253. Tnshhjan, A. H., Onijes, P. A., and Manson, P. L., Alicyladori and oxidation ofmethionine 
in bovine parathyroid honh’one: effects on hormonal activity and anhigeniciw. Biochemistry, 
3,1175.1964. 

254. ’Tamann, ’y., Malclno, B, Todokoro, K. Ikehe, M., Yaniazaki, S., and Thada, Y., Eftct 
of pbotoozidafion of asparagiaso on the andgenic vatnuvity towards and-asparaginase rabbit 
strum h.mu,’ocheSsn’, 2, 99, 1975, 

255. Thdelcero, K, Salto, t, (3bata, SI, Yamazaki, S., Tamaura, 1., and Inada, V., Snidies 
on conformation end aatiger.Scity of ,td.tt S-mthy)ated aspangthase in compason with 
asparagimise FEBSLe,, 60,259 975. 

256. Becker, G. W,TackIUP.M.,Bromer,W.W,,I,tfeber,U.S.. and IUgu,R.M.,heaIiou 
and characterization of a sijifoxide and a desamldo derivation of biosynthetic husaat grovicli 
hormone, Biotech. App!. Btochem., 10, 326,198& 

257. Prat, All Medico, &. Garrino, C., and Comogilo, P. M., BochemioaI and hnmunologjcal 
properties of the ltunwn carcinoma antigen CAR-S defined by the monoclonal andbody DOS. 

� In,. 3. Cancer, 44, 67, 1989, 
259. Atassi, SI. Z. Anligenic smlctwo otmnyoglobirn are complett iO,WIWOCMMIEaI anatomy of 

tprcttin andcoizlu,ionieating to the utigenc smictures ofproz&ns, immunochemistry, 12, 
423. 1975. 

259. Omean, CL 5, OBties, D, A., and M.nsen, C. S., nnnochemisUy of staphyloccccal 
atteleive, I. Physical, enzymatic, and immunological sbdies of cherdcaliy modified denva, 
tives, BIochemistry, 9, 304, 1970. 

260, FUJILa, K,, lkeda, T, and Tsufriilate S., Immunological and phykochemical propet of 
a highly pwificd allergen fron Dirofliaria hn,nut. Int ,4rchs, ,4Jkrgy AppL frwwnoL. 60, 
121,1979, 

261, $lthiin, MO SawazaU, N. Tanaka, It, Tarul, S., and Nishikawa, M.,Effectofanexrosure 
o chloramine-T on the immwioreactivity of glucagon, EÆdocnoIagy, 96, 2254,1975. 

371 



X2. CeMfrao, S. A., Jones, B. N., England, It 0., Iqgnders, K. C., Conan, .1. D., and Curd. 
L S., (25.OthtdolytaJaniat3,acagon aM rn-meUdninne stflfoxidejglucagon: prapandor1, 
purification and characterization. Biochemiary, 21, 4$74, 19S2. 

263. Cohen, L It, The self, the world and autobnmuni, Sri. Am., 238, 12,1989. 
264. St.itner, K. S., Scandelia, C. .1., SkIles, P. V., and llalgwood, N. Is, Neutralizations of 

divergent HIV-1 s&aIes by coufbnnation-dapendent human antibodies to gpl2o. Science, 
254, lOS. 1991. 

265. Schulze.GakGten,UEISt,ItW,ndMeyreuTher,K,1mmunogeniciofloop-smIctured 
short synthedo peptides manicking the aridgenic site A Immomfiduffian. Eu,. 
I, Bloc/zen,., 159, 283, 1986. 

266. Jensen, P. E., Ijimtunoge&ciiy of B chain in insulin responder and nonsesponderm(a Cell. 
Jnvnunol., 130, 129. 1990, 

267, news, IL, Brett, D. J., Tile, J. P., LIre’y, M. 11., Brandin, T. A., and Rhodes, J. Galactose 
o%idetion int the design of n,,vninogetiic vactines. Science, 256, 1560, 1992. 

268, Fletcher, J. A., Darnett A. It, Pyke, 0. A., Volks,taD, 11.9., l4Mto. M., Yerrett, A. 0., 
Rhalcri, H. L., Lestherdal; 3., and Harrison, H. F., Tracs,c from arthnej insulins to 
semJsynthec human insuhn: a study in fbcir centers, Diabetes Res,, 24,151, 1990, 

269. D-h4arlo, II., Ardulal, P. Tlherti, C., Lombardi, G., Pietravalle, P., and Andreani, 0., 
biwogenicityofkoetichumaninsuUn.14pmora1 immune response in diabetic padents 
beginning Sulin trnI,.,tnt and in patients with other instifins, Diabetes Res. C/in. Pratt.. 2, 
317. 9S6. 

270. Fireman P. Flaeberg, S. F., and Galtoway,J. A., Deva[uprtt of IRE a Ubodies to Norman 
� (recombinant DNA), porcine, and bovine insulins in diabetic patients, Diabetes Care, 119, 

IM. 
271. Kapm.,S.L, Underwood, L. E., kqgn,(, 

a 

p,, Bell, J, J., Blethen, S. L, Blizzard, R. M., 
Bro,.n, D. 9., ?Iey, T. P., junta, it. L., Hopwood, N. 3., et a]. Clinical studies with 
recombinant-DNA-derived methioayl hursas growth hormone in gtovtth hormone deficient 
children, Lancet, 60.1%6. 

272. Takano, K., Shizume, K, and HIM, L, Tnrsmwnt of $0 patients with Turner’s Syndt,iue 
with meconibinani human wowrb ljortnone (YM-17798) for one yen the results Of a multi-- 
ceater thai at 3apan, Endocflnol. ,Ipn., 36, 253, 1989. 

273, TakaM, K., Shim’st; IC, and HIbI, I,, Tamer’s Syndrome: treatment of 203 patients with 
recombinant human growth honuone Na one year. A mulficentur nady, Acra Endocænol,. 
120.359, 959, 

274. Perez, E. R., Penn, C., Pbskus, E., Paladin A. C., Dornene, H. M., Mntiuez, A. S., and 
Helnrlcb,J.J.,As,tibodies against.anin’aJ growth honnones appearing in patients treated with 
Instant momthiornone: theirspeciricities and influence on growth, ActaEndo&not, 110, 24, 
1985, 

275. Rongeot, C., Marchand, P., Dray, F., Gfrrd, K, .Je, J. C. PIerson, M., Ponle, C., 

0 RothlcclolI, P., and Rappaport, It, Comparadve emdy of bioynthec liMtnzs% lowom 
hormone hmnunogeriicity in growth honnone de6ciezit children. Horin. Res., 35,76,1991, 

216. O’SoThvan, ft. Antenlus, T., Sidney, .1., Del Guerejo, M.-F., Mberison, WE, Wall, M., 
Ostroff, C., Sonlhi,00d, S., Colon, S. 114., Gaeta, C. A, and Sette, A., On lie interaction 
of promiscuous satigenic initiates -with different DR alleles, J, imynunal., 147. 2563, 99!, 

277. Davies, K. I. A., Li,,, S. W, am] PacI&I, K. F., Protein damags and degndan by oxygen 
radicals, L file!. Chem., 262, 9914, 1957. 

278. Payne, 4. W. and Tufflieli, J, M., Cleavage of pepdde-bound nethionine sulfoxide and 
methionine sulfone: possible role in ethancedproteoymis ’trjEschedchia ccli, FEYSMicrobiol. 
Lot, 12,279, 19S%. 

279. Davies, IC J. A,, hunccths%ar prottolylic systems may function as secondary andoxidant 
defenses: an 

hypothesis,!. 

Free Radicals fbi. Med., 2, 155. I96. 

372 



M. flaæts, K. J, A., prrntolytIc systems as secondaiy antioxidant defejises, in Ce!!ularAndoxj-
dom 

Denre Mechanism, Chow. C. 1<., sd,. CRC Pmss, Booa Rrnon, 1982. 25, 
281. Erol, N. And Welssbadt, IL, BIOOherIt and physiological role of methionine sdfoxldr 

asides in proteins. Arch. Bjochgni. Bioph. 223, 271. 1983. 
282. flergineysr, U. U., Besot, E, Gaweim, IC, and Mloh&, G Handling of biochemical 

reagents and samples 
Methods 

Enzyrnot 41w!., I, 158. 1974. - 
2S3. bncI, P. E. sad Frieden, C., Mother look at the cold hathifity of enzymes, Trends Biochern. 

Sci., 3, 100, 1978. 
254. Vollila, D. B. and Kllbanov, A. N., Minimizing protein inoodvacioci in Protein Freedom: A 

Practfcal Approach, Ci’eighton, T. E, Ed., flU Ptess. Oxford, fhghm, 198, I. - 
M. 8Eew44I J,aHdTacker, L Cl, ?ethcdonof chub sighillty Part  Grantham and photo1ytic 

degradaboo, Any:..!. Hosp, Pharm., IS, 111, 1955. 
226. Schv?Iwmer, S., Source Book of Food Enymolagy, Avi Publishing, Westai1, Cr, 19. 
257. Klisnov, A. M., Kaplan, N. 0. antI Kamea. a. D.,AratioMIe for sabiliastioRofoxyen 

labile ejzymes: application to a clostiidisj hydrogettase Proc. Nati. Acid. ScL USA, 75 
3640  1978. 

285. Araliawn, T. Kfta V., and Carpenter,!. F., ts-solvtnt Lttratonz n pIThUIIaCeIIuCai 
formulations, Phpnn. Rey., S. 28, 1991 

229, ArguN NL, Amaze, S., and Remain, M., Xkvt6o svadits we decomrcsilion of glmathioae I 
Decomposdon n solid state, Chem. Plwr,n, Bull., 26,20%1,1973. 

290. Benches, Ft., Mete, W. L. IL, and Columba, M. V.,Eifems of hydration in the oxyget1aon 
and autoo,ddacian of cg’bo 

monnoxyhtmog*brn powder. Biochbn. B)oplqs. Ada. 874, 19, 

0 192�. 
291. YqshlGku,S.,Me, y.jzuau,K.,anaTeno,., Shanifty  

drug, is celvtd 10 water nobility as measnreª by 110 nuclear magiieüc resonance (NMR). 
Phanti Res., tO. 109. 19)3, 

292. Knre, M., hte ndlcaisiu low moisnjre systems, in Water REA7SnS in POOdc. l>JCkWOlth, 
It B., Ed., Msdtraic Prass, New ia 1975, 431 

293. Grady, L. T. wad thoiO’r, K. 0., Stgbill’ of solid drug6c degtadadon of ergocalciferol 
(Vitarin 0,) and thoIecaioifrol (Vitnnunl)3) at high hwnidiUe$ and elevated lemporatuiCs, 
J. P,on,,. Sri., 69, 1099. 1980. 

294. Werjkare,1J.W. and llicI.aros, F. lit, The !æstldyl residues in rihoituclesse S.f-Blot, Chew., 
243. 319g, 1965, 

295. flora, M. S., Rana, R. K-, Wilcox, C. L Katre, N. V. fluter, P, Wolfe, S. N., and 
’rhomsop, 1. W., Development of a lyophilized forumlation of thterlcukin-2, fey. Bin!. 
S’on& 74, 295. 199!. 

296, Hamburger, R. Mn, E,, and Donbrow, M., Autooxidation of po!yoxyethylenic morainic 
surfactants end of polyethylene 513,0015. ?Mm,, Asia fitly., 50, 10 1975. 

297. Doahrow, M., Am, E. and Pillersdorf. 4., Autooxidatlon of po!ysorhates,i PMrm. Set., 
67, 1676, 1978. 

298. O’Fagain, C., Sheehan, II., and O’Kennedy, R., Acceiecatnd degradation acting. Mn, 
Biotechnot Lab., 

31, 1991. 
299. Oesweln, J. Q. and Shire, S. J., m,ysical biochemistry of protein drugs  Rapt. Protein Drug 

Del,, 4. 167. 1992. 
303, Earns, J. t, Cole R. 0., and Pen N. G. The IS.ecs of acid hydsolysis of dippddes. 

Biocheoj. 1,, 61, 04,106. 
301, Schult J, Aglaia, IL, mm[ crice, M., Speciticity afthtcltaVagt of prottina by dilule Anad. 

I. Release of asparlic acid from insulin, siorcsc%asse ,r.d ghcagon. ElhwhemsDy, I, W. 
1961. 

302, Mattriew. J. B, Curd, F. R. N., Carcia-Moyano, K. E, flormgan, It A. March, K. L., 
and SIjIre,S J,9H-Depea*ntprcessesln Marcos, CRC pro. Per .Biocheo’., *91.2985. 

373 

3cr 



303. Cipoa, D C. and Shire, S. i. AnalyeS of ox1dizcd human relaxin by reverse phase HPLC, 
mZ8 sptctiomeuy and bioassays, in Techniques in Protein Chemistry 11, Academic Press. 
New York. 1991. 

304. Werner, R. G. cand Lang euls-Gais, H. Meeting IM regtharny requirements for phasiiia-
ceutical production of recombinant DNA dedved products. Arzntmiuglforsohung, 39, ¶08, 
1989. 

305. Klrkwood, t B. I. and Tydeinmn, M. S., Design and analysis of acce!eited dtgindaiioa 
tests for the stability of biological standards. R. A flexible computtrpro8mm for darn analysis. 
S. Biol. Stand., 12,207, 1984. 

306. Kfrkwood, T. B. L., Dethgn and analysis of accelerated dexadadon tests for the stablli of 
biological standards. By. P*tciples of design, I, Ejol, Stand, 12,215. 1984. 

307. Suzuki, V., Nakamnea, N., Klshlgand, 1, send Abe, S., Bocilhjs thennoghwc’sidios alpha-
glucosidase. Temperature dependence of activity and stability,!. Biochen., V, 745, 1980. 

308. Yoshioka, S., lzutsu, K., Ann, V., and Takeda, Y., lnacdvation kinetics of etnymeflanta-
cautica]s in aqueous solution, Pharm. Res, 8, 480, 1991. 

309. Pearlman, B. and Nguyen, T,, Pharmaceutics of protein drugs, J. Fharm, Phannacol, 44 
ITS, 1992, 

310, Vu, C-U., ko,dorp, N., and Pusttpala, S., Physical stability of a recombinant alpha 
1-antitrypsin ia3ccUo. Fhero,. Res., 5.800. 1988. 

311. Demers, A. G. and Woag,S. S., bicreased stability of ga%sctosyltansfeiase on thunobmza. 
ion, I. App!. $iachem., 7, 122, 1955. 

312- lurk, B., Patent, I., Turk, V., and Bietlj, J G., Kinetics of the pa -induced inactivadorof 
Sweatt cathepsin L, Biochemishy, 32, 375, 1993. 

313. Sugiura. It, Karelia, 1W., Tamura, S., and I]eda, S., Kinetics of digestive euizyme stability 
in the solid stale. U. Quanthative prediction of enzyme inactivation, Chem. Phaim, Bull.. 29, 
iog6, 1981. 

314. Count, M. H. and Mitra, C., Slabilizailon of a)plia-1-pmtelnese buhUbilor by citrate. I/ox 
Sang., 46, 142, Z984. 

315. Celgert, J., Ziegler, D. L., Panscbar, B. M., Crease,, A. A., ad Ylu, C. K., Potency 
stability of recombinant (serine.17) human interferon.0. .1 inte,frron Res,. 1, W3,1997. 

316, Runt, S. S’., Simpson, 5. A., and Dean, R. T., Hydroperoxide-mediated nagmentabon of 
proteins. Bioc*eni, L, 230, 87, 1988. 

317. BehHohr, fl. A. and Switzer, H. L., Reaction of bacillus subs//is glutamine 
phospb.onbosylpy,opbzphate arnidntransfeuse

 
with oxygen: chemistry and regulation by 

ligarA. Blochemisay. M. 5673, 1981. 
318. Aaantharamalah, G. 1W, Huges, T. A., Lqbal, M., Gwish, A, Nearne, P. J., Medley, 

M. F., and SeRresl, J. P., Effect of oxidation on the properties of apolipoproseiin A-I and A-

LI. L4’idRef., 29. 309. 1988. 
319, Makino, H., Satan, K, Koroiwa, V., Yamazak, S., Tanianra (., and Inada, V., Inwni-

nochemical properties of asparaginase rnodifie4 by chemical subsbttitions. Immunccheinis/iy, 
12.183.1913. 

320. Vtgua, S. K, CInud, A. S., Reeve, J. B., Jr., and Webb, J. B., Biological activity of 

oxidized aod reduced Iadiaated tottbeeina, Peptides. 9, 923.198%. 
321. May, V. and Gerard, IX, Large-scale, one-step, pudtiioA of oxidized and reduced buns 

of bovine brain 310Gb protein by HPLC,J. Neurochem., 50, 79, L98. 
321 flouter, V. B., Nailer, L, War, R., Kahnt, F if., Byfield, PG. a, T. V., 

Galante, I,., and lWaclntyre, 1., 199. Menschlichas calcitoniu 1. isolierning and 
ch&akteæsien,mg, Help, C/jim, .4cm, 51. 1738, l68. 

323, Tables, V. IS, 3ohl, A., Born, W. Maier, It, and Fisher, J. A., identity of calcitonin 
extracted muon flomariThyoid&andsv4th syntiuecIiumaflc&citonio-O-32),BiochthI. 
Biophys. Actti. 107, 59, 1982. 

374 



324. Wolff, J Cook, 
a 

K Goldhammer, A. It, and Berkowitz, S. A., C&mcdoth’ sivt%ea 
prokaryoc adenylate oycthse, Proc. Nad, Acad. Sd. USA., 17, 3841, 1980. 

325, Baearest-Romflton, A. J., Mriar,, T. E., Chol%t, P., Aiston, t. and UtoQa, S. IL, 
OxidatioWre4ucuoa of methionint reclena in CCK & stndy by ndlohmnunoaasay and 
iccratic reverse phase high peuure Mad thiomatoa,aply, Panidn, � U, M. 

326, Wood, U.N. and Rails, A. Kq�ymMic coemigam of uchymouyptti Dial, Chent, 211. 
� 297, 1955. 

327. Ray, W. L. Jr.,iathn, K 
a. 

Jr., KatsouIisç M.,snó KosItIal4 1 K, Jr., Evidence for 
fttvot’,tinttit of z mtE1cth,e rmidue in the enzymatic action  of phoSpho1ucOmtIsse and 
chymotrpMr

 
J. /on, C$e,n, Soc., 82, 4743, 1960. 

329. 3ason, E. F., Curl, A, L., aitd Bails, A. IL, A cnsIfllllne, achve oxidation product of 
a-cbymobpain.

 
J. B4o1. flenL, in, 621, 1951. 

329. Dtman, M. L., Farmer, T. U., and Morris, C. J. 0. B., Studies on pituita’, adrenocoili-- 
oouopls. Biochem. 3., 75, 348, 1961, 

330. Diane, H. B. F,, The nnelanophore.sdinulating activity of coniconopin, Biochim, Biophys. 
Acia, 19,392, 1936. 

331. Vale. W., Spels, 3., River, C., and Rlv16r, 3., Characterization of a 41 -residue ovine 
hypothalamic peplide that stimulates secretion of cotheotopin and letg-cndozplliu, Science, 
213,13%,1981. 

332. TnJCemo*O,L., Ho.wlSz, 7., and Emmons, T., Oxidation of the N-terminal methionifle of leni 
wcqs&lin. Cur. EyeRes. Ii, 65i. 1992. 

333, Taborsky,G., Oxidative modiflcaflon of piowins in on presence of ferrous ion and air. Effect 
or ionic constimeow of the reaction medium on the nature of the oxidation pro4ucts,Dioc!wm. 
isny, 12. 1341. 1973. 

334. Giorge-NgclmeMo, C. Gyenfl, S. M., HaTh’ran, S. M.., Merr?Weatfter, I’., Valeitusla, 
K. S., Sieliner, K. S., Masian, F. t, and RandoIl*, A., Choxacterizaciot of TecOuthiflarit 
human epidormal growth factor pnaducth in yeast, Riochenutsrry, 27. 797, 1989, 

335. Follett, L Erandan, N. C., and Dorado, M., Effect of cheStal sod en2ymnS agenti on 
the toI,*calacttl4Ly of ecyto&etüi, AaQ Pii>sioL Isthioopt, U 33. I91 

336. Morley, .1. S., Tracey, H. 3., not Gvovy, R. A., SI’ncmit function n&tionmips an The 
active C.rcmiS telrapwtide sequei,ct of gathn, Nature, V17,13%, 1965. 

337, Kleçzpe, K,, The efeot of hydveont puoMdt on gI,,uost ctdae fiom A3pergIllus niger. 
Biochemistry, 5,139,19% 

338, Dagett, V., Froteut de%IS%iot the rue of rnixS Thncilon oxdase5. Phanu. Res., 4,278, 
mgi. 

339. Lev1t, R. L., Oxidative ,nothjca6on of glutamine synll3ernse, 1. Bol. Chen7., 258. 11823, 
t9%3. 

340. Pm.aqbt, A.Barren, iA., Cordero, W. RelTh, E., and Nobel!, .4,, Benayl viologe-
regimental to and an vitro inactivation of glutamine synthetue ’mMowbacterchfoocoecum, 
Mal. Cell Biochem., 49, 33, M. 

341. tnscone, 0., ElseogIlo, It 3., Bonlno, 3., and SuitOme, J. A., Oxidation of metbionine 
isidoes’mbov’me growth hormone by let J. Fept. FroteinRes., 76,299, 1980. 

342. Giant, C. B. and LI, C. B,. Reaction of bovine growTh hormoxw with hydrogen peroxide. 
Biochemistry, 13, 1044, 1974. 

343. Pearlman, R. and Bewley, T. A,, Stability and characterization of human growth hormone, 
in SaW/ky and Chaactsr(zatfon ofProtein and Pep d* Drugs: CareHisac W V. C 
and Peariman, It., Eat, Plenum Press, New York, 1993. 

344 Labnide, P., Chalulot, IL, Boumeaax, F., and Vigeron. C., Freeze drying haemoglobin in the 
presence of carbohydrates, .1. P/ian,,. P/innaco/., 32, 585, 1980. - 

345. SIIeCIIIC, t, Burstein, Y and PatchonJiç 4, Sslec1iveoxkThon of methionine redden 
W proteins. Biochsn’Lwy, 14, 4497, 1975. 

375 



34. Jenzer,fl.,Kohler,lland Broger, C,TheroJeofhydroxyradicaaininversibleeci.tiol 
oflactoperoxidase by oxccss F1102, Arch. BiochEm. Eiop.s., 258. 381 1987. 

347. Jon, 0., GaIlnu., G. Maratto, A., and ScotTone, F., Selective and reversible photooxi-
datiti’ ofThv meitdomyi tesidoes hi lysozyme. J. Riot Cites,., 243, 4272, 1968. 

34S. elno, S. V., Rucb P. A., Feldman, S. fl and Gonia S. L, PtatharchatacteHzation of the 
platinum-reactive component of the uciooboThi-receptorrocogniüon site. Blochem. .1,, 
238, 217, 1986. 

349. Aft, It L. and Mueller, G. C., Hernia mediated oxittive dedatiou of prot&ns, J, ifiel. 
Chem, 259, 301, 1984. 

350. Creelb, J. M., Cooper, B., Donald, A. S. It, and Clamp, J. R., Studies of the limired 
de6alion of mucus glycopmleias. The effect ofduuie hydrogen peroxide. Bloc/tern.!,. 211, 
323. 1983. 

35!. O’ffare, M. MT., Tesuekt., S., Aake.lnod, L., Husked, L, Johnsen. A., nod $chwarI 
T. Vt, Neuropeptide Yin flieapig, rabbit, no, and man. Identical anto acid sequence and 
oxidation ofmetliioaine-J7. Regut Pept., 20, 293, 19g&. 

352. Shechter, Y., Brirstein, Y., and Getter, A., Effect of oxidetiog of niethionine rcttdues in 
chicken ovoinhibitor on its iitibizoiy activities against aypsin, chyrootn’psin, and elastase, 
Biochemisby, 16,992, 1 M. 

353. Szm,tr,T. and ON, A,, Studies on the active -$H group of papaiti and on tile ueclmnism of 
pepsin activation by thIOS, J. Bio!. Chem., 23% 165. 1963. 

354. Glazer. A. N. and SmIIIL. C. L., Tht sulfur disthbn’ion ofpapain, J. 8102. Chem., 240. 20!. 
1965, 

355. Liii, It S., Armsts’ong, A A., and Gancher, G. M..Formefion air of papaio sulftnit 
acid. Can.!. Chant., 53, 298, 1975, 

336. Fredlnger, A. L. and ZttII, J. E., The role of the methonirie residues in the stnjcture and 
foricilon of paxalhyroid hormone, Arc/s. Bloc/tern. mop/tn., 244, 641, 1986. 

357. Ia,,rtsict, 13, A. and Lodnttoff, D. 3., hnachvadon of pisaminogen activator inhibitor by 
oxidants, 8/ochetRtslry, 25, 6351. 1956. 

355. Lindabl, T. L., Sigurdardottfr, 0., and Wlmaa, B., StabiShy of plstninogan activator 
inhibitor I (PAT-I), Thromb. 

Hoernossasic, 62, 745, 1989. 
359. Abrams, ’W. B., Elirax, A. KimbeJ, P., and Wel"baumj Gs The effect of the oxidizing 

agents chloramino-T and cigateite smoking on dog senum proteinase inhibitor(s), Alv, Lung 
Res,, 1, 211, 190. 

360. Del Mar,I?. th, Drodericis, J. W., Geokas, MC., and zargman, C, Effect oroxidatmn of 
otethAosineittpepUdtsibeuateforhumanelssthses amodel forinactivadon ofcx Iprotense 
jithibitor, Bloc/ten’. B(ophys. Res. ’Cotnm’rn., $%, 346. 1979. 

362, Harlow, K. W. and Switner, It L, Solthydryl cheruuauy of S4monctia UphumhTiam piios-
phoribosylpyTophospMtesyathetsse: identification ofiwo classes ofcysteuIl&[residuel.Arch. 

362. JorL G, Oaliano, G., Manotto, A., and Scoffone, F., 
dalion ofmethionine, Sloe/tim. Biophys. Acm, 154, I, 15 

363, CaldwelI.P, Luic. I). C. Wssbach.H..amiBroL N., C 
of Eacherichia colt rtbGsotirnL pfottiri L12 dec,eases Riv protein’s biological activity, Proc. 
Nail, Acad. SeE, USA.. 75, 5349, 1978. 

364. OOSITbSan, It A. and Cohen, I. A., The acth’e site of esterases, in Scn4cmre and Acdvhy of 
gnzymes. Goodwin, LW., Hats, 1, 1., and Hardey. 0. S., Edt., Academic Pioss,Ncw lock, 
1964, 87. 

365. SlmitTer, C. B. and Etson, 0., ’The effect on subtilisin acavhy of oxidising a methiopline 
c,sidut. I, Biol. Chin., 244, 5333. 1969. 

366, EsteTI, O. k. Grzar, T. P., and WS 3. A.. Engineering ha enzyme by site-directed 
niutagenesis to be reaistant to chemical ox4dation, I. Blof. C/tern,, M, 6519. 1985. 

376 



367, Geouv, N C and ldsMeva, tN., floForaacvIofmthlonyI msidues in sobwisins, Snid. 
Biophys,. in, 27, 19S3. 

363; liodgson,EJLandPrldovkh,1.,Theintorathoo ofhovineer3tOcyttMlperOXJdethSmUMse 
Mi], hydrogen Feroxide: incdvaIion ofthe enzyme. Thochsmisb, 14, 5294, 1975. 

369, gasse, II., The basin tr3psn iniUhilor of bovine pancreas. IL MIraon Of the tethionine 
residue, Slodiemisby,

 
3,15Z 1964. 

370. Koºholaty, W. F., Goetz, J. C., Ashley, B. D., Billings, f A,, and Lcdford, E.  
lnw,unogenic response ofthe vcnoms offer-de-lancc.Bothrops ot,zr asper, mid Ia cascabella, 
Cro(ajijs durisfl& dudssus, following oxidadve deIoxJflcafion. Toxicon, S. 153, 1968. 

371. Townsend, M. W. and DeLuca, P. P., Nature otagg,gntes for,ed duxingscorageoffteezt. 
dijed nbcsrncleaM A,!. Phans, Set, Eft 63 1991. 

372. Townsend M. W. and DeLuca, P. P., Scabfiiiy of iibonuclease A in soSon in the freeze-
dried state, /, Pham. Set, 79, 1093, 1990. 

377 



L4$ 

C 

CN?IDfl 43. XORT 

PREFO"WATION STUDY ON THE 
RUNMNISZO MOOCLOMAL ANTIBODY 

ANO226 

By 

J. Othshzng, F. ChaIIi. R. Panl4s, 

Report CnipOed by S. FIiltftlan 

(Allutth Contact: S.Flatman Manager Assay OevSopmenr 

Prepared for; Athena t4euroscences Ile -
SOOF Gateway Soul evard 
South Sail Francsca 
Califottha 94080 
USA 

prepared by; Cel]iech Ajologhcs pl 
216 Bath Road 

erlcshjre 
a! 4EN 

United Kingdom 

Date: September 1994 

Rupert Ref: Dev6l 

P1k Ret ATHENKEP.00C 



CONTENTS 

1.0 SUMMARY 

2.0 NTgoouflION 

3$ MATERLALSANDMETHODS 

3.1 Frtparatioo of len Samples 

3.13 Tm uuib4dy 

3.1,1 Fornitilation bullets 

3,1.3 th’(ier eKchaugc and vEalng 

3.1.4 Reference staridord 

3.2 Sirn’plingPlaa 

L3 Analytical Methods 

3.3.1 Appegrnuce 

3.3.2 
pa - 

3.3.3 Protein cnuce tn n and i diry 

3.3.4 G}-fl?LC 

3.3.5 rsnteLric focusing 

3.3.6 $DS-PAGE 

4.0 RESULTS AND DISCUSSION 

4.1 Appearance and Turbidity Meisurexnenti 

4,2 pH 

4,3 Protein Concentration 

4.4 GP-RPLC 

4.5 Isoelectric Focusing 

4.6 SOS-PAGE ornoti-Redoced Stwpes 



CeJltech were contracted by Athena NetjrosciCflceS Lic to perfbnttpifonmlatioo 
study on the humanised monoclonal arlibody ANt00226. 

The smdy monitored the stability oftite antibody at elevated tamp.ratuyes (+330C and 
+flt) and at the ina,ded storage temperature (+4C) for 8 weeks it IS formulations, 
toTrprisng acetate, histidine and phosphate btfiring agents ooveiing a pff range of 
pff4,0 to pH7o The wifect ofsalt (sod}onl chloride) and detergent(TwetmSQ) additives 
and freeze-thaaing on the stahWty othe antibody we nCILJded in the study. A range 
of stability indicatisg assay methods were selected for testing of san’pies basS on 
Celieoh’s seem ence wkh this type of protein. 

There were no marked changes in the samples adored at ’4C or 4-23t %Ilowfng 
storage thr week, flt soggested hat the antibody ANtOO2Z6 was relativeb’ stable in 

all 

ofThe so}ulion tormuladons evaluated. The result, ofthe tests on the RJ)IpIeS gored 
at -3C gave an Ddiea1ion ofi,,crused fragmentation ted dissodation at the owerpfl 
-vakies little; .O/5.0) and increased deacrdation and aggregation at higl,erpftv&ues 
(pFt6.5 to pH7,S) The addition of salt or detergent appeared to Intension ore rate of 
These degndatioti processes. 

from Our results ofthe study, in the pH range pR5.5 to pH6.O were 
recojwtadad for dher extensive stability trials- Ifisottloicity is a rtuinment ofThe 
lbnmiation then a p136.0 phosphate or b4stiine fontulation is preferable to acetate 

as the restslts dtmw,juated a more marked affect of Wt on degradation in acetate 
(p%5 0) than In ü$tjdjnc (p}I6.0) or phosphateHtO). 

2.0 !NTR000CIION 
The she of the study was to assess the stability orthe humanised AN100226 !g04 
antibody over a short time period (2 weeks) using a range of 15 selected fctmulaton 
based on CdUechs experience Mth the stability ofthis type of monoclonal antibody. 

It is Celkeobs experience that simple solution formulations can yields shelf’?ife in excess 
of IS months far mostoclonal arnbodies and liege have been employed 5uccens!y in 
ctrcai thait This study was based on such a strategy and thus eaIu.ttd pannieters 
that can influence protS snbihity in solution (e.g. pH, ionic strength and buffeting 

It wag assumed that the intended storage tcnspefltme for the hunianised 
AN100226 aatthody will be ’-?C to IrC and consequently the study was set up at +4 

C (to represent the intended storage at *rC o -.4°C). Accelerated stability studies were 
performed by samples at elevated tenlperatures (+2?C and +31CC) for S weeks 
to give an indication of the longer term stability of the product in solution at the lower 
intended srongt semparflurt A range of analytical methods selecS for their stability 
indicating properties were used to teat the antibody product. Particular attention was 
placed on the gel permeation dwomatography add isoelecaic focusing method, as These 
have proved the most sensitive stability indkstiag assay, in sti4es on other Sni& 
antibodies at Celttech. 



The memy was dtigntd to ganetate data that could be used to select an initial 
cot iulatior(s) foi the fiaa} bulk product of the precliriical and first clinjcal lots and to 
identify caiididate formulations for thither more extensive stability studiet. 

30 1I.QtTERJALS AND METHODS 

3.1 Ptaz,rato 01 Trans SpzAS 

3.1.1 Tht*.tlkody 

Product derived from a cdt culture su9enatant of. pTedo caD line 
(311B6) otaifted dome the  tell line selection procedures of ho 
ANIOQZZG piojeci was med for the study. The atibody was purified by 
Protein A affinity chromatography (Cetltech Notebook Retºr.nce: 
1000904 P, 10)  

UOmJ ofthe putifiad antibody at a cotcenxaticn a2.7M@VmI was 
. concentrated usütg  to itievicao stisced veb uhrafiluaæon flem Stied vith 

aTM3Q membrane (30kDa cut oft) to a concentration ofS.SmgJirJ 

(determined by AUrne, using 1.41. ThiS mattrit( Ws used to 
prepare Ute test farmulaticos. 

313 Feq,tiaa buffer, 

Solutions were prepared uskg .knatar grade reagents or equtwitot. The 
foIlowipg solutioiis were employed as forn,ulations is the st,ady: 

I. 50mM sodkm scstatt. pFl4.O. 
2. 51),11e4 sodiutn acctacç p}35 .). 

SDriThl sodium acatate l5On4 sodium citlojide pHS.O. 
4. show sodium acetate 150w sodium chiodde * 0.02% (v) 

Tweet, XO, puS.0. 
5. 30mM sadiuto ace4ate. pHs .S. 
& SOn,M histdint. pass. 
7, 50mM histidin; PHIS O. 

� 
S. 501iü4 histidIne + I50S4 sodiom chloride. pHs 0, 
9. 5On*4 Mainline, p06.5. 

0. 50mM sodium phosphate, p1T6.0. 
ii. 50r,.1 sodium phosphate * 0.32% (v(v) Tweet 20, pH6.0. 
12, 50mM larefivervir phowhatt. pH6.5. 

, 50mM sodium phosphate. pH’.D. 
4. 50rrd1 sod}irni Phosphate t I 50n’it sodium chjoride, OW.O. 

15. 50at4 sodium phosphate pH7.5. 

BuftgageutswerestlecttdtDcovtrthtpllmmgtpH.OtO pH7.5. In 
Ceuteehis ex2ecience the oporrourn pH of a formulation & this type of 
antibody irMthin the range pHs to pit. The pH4.0 sample was included 

as a condition dial in CelltecJis expetience, generates proteoIic and 



dissociation products and the pHl.S as a condition that promotes 
deamidatlon of this type of Antibody. These two conditioiis werc included 
to deroonmate the salability of the stability indicating assays to detect 
degradation products. 

Sodium chloride was included in selected foimlulations to assess the effect 
ofiothc strentll. The amount ofsab added was calculate4 to acilieve 
approximate isotonicity, as the route ofaminisiration was suggestS as a 
possible flouting Ictor in tile choice oUformulations. Tween go was 
incLuüd a cznain Rimoulabora to assess the effect of detergents in 
controUing aggregation PtOCeS$es. 

Acetate and histidine buffers were Adjusted to the appropriate pH using 
AM sodium hydroxide and coenrated hydrochloric acid, respecveIy. 

The rtqui’ed pH of the phosphate buffen was determined by titrsing the 
sodium dthydvcgen Phosphate sa’t against The eonesponding disodium 
hydrogen phosphate. 

All buffers were filtered through 0.2Mm fillers prior to use, 

3%.3 3uff exthante and vij! 

ED 10 coIuctvts(SttpIier PhaninciL PccduciNo: 114iS5I-0I) were 
equilibrated with the appropriate buffer. 

2. Smi of (he antibody (3. 1 .1) was loaded onto the column and eluted with 
3.5niI ofbuftŁr. Fractions (0.Sn,l) were cofjected and their absorhance at 
iSormi TeoTdtd. 

The Antibody eluthd prcdoaünan!y  in five to Mx 0.5 at fractions 
(approximately 2, 5-3.Ortil). The &ac*icns were combined an4 the 
resulting antibody concentration was approximately 4-5n,gSJ (see table 

2). 

P
 Passedthrough oiim BIters into sterile nucroc.nthge 

ftj bet prior to aIiuotrng. Each ttt ’D1 vn, sp’it into ten QU0tS 
(approtmately

 

25011i) in 0 5n sterile flip top pot ropl(ent 
microcentiiuige tubes. Eight of these aliquots were recuired for the study 
at Celitech. Two were sent to Athena NeurasSenoes. mc, for aotfviw 
assays at the start of the study, 



3.1.4 RelereshoeStAnditaij 

Ten aUquors (50iI) cithe concentrated lot-Wffer exchanges athbody 
(3.1.1) were stared ftO.Sml stetittpobpropyltne flip-top tubes at 1-4t 
in phohatc buffat4 silent (PBS) (pWl.0) for use sa a reference 
staadard during the std. 

3.2 SalinitiesflB 

The sam!ü’g times  enne selctttd asipS Cel)techs expeæence of degradation rain 
tr this typt of antibody. The storage of samples at -20C was included to 
e’n.hate the effect offreeze-ihawing on the product which can provide an 
udicttion ofthe potential for the protein to aggregate. 

Tube (weeks) 
Temperature (CC) 0 2 4 8 

-20 K 
+4 K K 
#23 K K 
457 X K X 

33 AaaMI& Meth..t 

The toIloviog anajytic4i methods were used to monitor the product during he 
course oldie study. Theyare based on Cefltecbs expercecfstabi(1y 
indicating assays for nionoclonal antibodies 

3.3.1 Anpnraee (GM! SOP Net 605L4C 

This is 4 sijal test tbr yacticutates ,rtdptaion) or thiscolotjratiox, of the 
wnple. 

332 DR (CL? SOP Net £0aoc6 

S The pH of each samp’e was determined USng a C&ibrated iiico-- 
electrode. 

aL) Prottiu supbsontratiess nÆ thrbithfl IG.e SOP We 62940 

Protein coitemt iftach sample was determined from the absorbanco at 

2BOnm ising an extinction coefficient (SO. 1%) of .4. The volume oftest 
sample available foe the assay was less than that reufred according to the 
SOP and ass result higher dilutions of samples had to he perknd. 

The absorbance at 340Qm of the diluted sample was reccrOd as a 
measure of turbidity to assess paniculatc levels. 



3.3.4 

GP-HPLC was performed on a standardised dedicated Zorbax (W-25(] 
colurm,. 2Olg ofantibody o,as analysed. Results were e%pressed as a 
percent monomer and percent aggregate in each simple. 

3.34 liodectric foauin. (GM? SOP No: 605120 

1soeiactrc focusing (IEF) was performed using precast agarcese gels over 
a range ofpH3 to pUb. Tht method wi} detect degradation processes 
(e.g. oxidation deglvcosylatioftand deamidatio,) that ress(t a tltngt ri 
the net charge ofthe protein. Gels were stained using Coomassie Blue. 

10g ofantibo, was tested at each timepoint. 

Densitometer scans were recorded and astased for ctmzgts in the 
product profile. A visual interpretation otthe gel was aiso recorded as 
required by tim QC specication. 

3.3.6 SD -PAGE (GM? SOP Isal 03S9C% 

SPS-PAGE ns pertbnad for both reduced and non-reduced samples 
(5-15% g 25OVf40rM linnifing per gel. until the dye front raclies 

.0cm from the bottctnofthe gtfl. lSsg ofeeticed samples and %O4 of 
non reduced samples were assayed at each test point indicated and gels 
were stained using Coomassis Blue. Reduced and non-reduced samples 
Wine prepared separarSy and run on separate gels to prevent 
coatamination oftori-reted ’n* witi. 2-mrtaptoeThano The 25g 
loads were assayed for reduced samples to increase the sernativity afthe 
assay for stability indicating purposes (QC release assays use 1009 load). 

Purity estmMn west madt from deftenornav scans 

Gels of reduced samples were also silver stained at the That tisnepoint in 
the study to detect the presence of minor (<0.1%, wlw) degndation 

� products trnng tius mom tentative stthiSg procedure. Duplicate ge)s 
were electroblotted and probed with aoti-tt] posters to detentüt the 
region of the sell body (e.g. heavy or light chain) from which thedeteaed 
degradation bands were derived. 

Samples were sent to Athena for activity testing at ThO and T8 under the 
shipping conditions dethted by Athena (2C-9-C). 

The SDS-PAGE and activity t.its were plaorad for That  ar4 8 wtSsory. 
Samples from other tirnepoints were stored frozen at -70CC and would be tested 
by these methods should the data from the S weeks tiniepi’int indicate that this 
woid provide addynioleal ir,Iorrnation. Ths proved not to be necsaiy. 



4.0 R1S!JLTh AND DISCUSSION 

4.1 ADoearapee aDd Torbiditv Me*.renieius 

All samplsain the swdyappeared as dr cok.jrless sohion There were no 
indications ofprecipitation or increase is, particulate levels. 

A340run measurements were performed at t2 weeks but due to the limited 
volume ofaaitpte viailabe a so-IN told dilution had to be performed 10 ca" 
out the assay. The need to dilute the samples to this extent diminished the 
usefonns ofthe measurements and theretbre visual ana)ysis was used at 
subsequent tlmepoints as the method for nsessing particulate levels. 

4-i RE 

The results of ,H nleaswerrrerds of samples irtthe study are prented to Tablet. 
There was no indication ofohanges in pH in any ofthe samples, Therefore the 
bfesi agent, of eath smulation wet stable icndn The toedhinn of The 
study. 

4.3 Protein C.neaitntka 

The results of protein coocentyation determinations for samples in the study are 
presented in Table 2. There were small differences between the vÆies recorded 
At TO and the cont,ponding *4C42 samples at TB, tsoweyer samples were 
diluted 30-1ao fold due to the amount of sample available and this was 
consióered to be the cause of this variation hi results. 

Certain samples at NB stored at elevated temperatures save farge (>20%) 
differences compared to the corresponding values at TO. In some Cases these 
indicated an increase in concentration and in others a decrease. There was no 
patteular trend to the reeatta and thecefore they were cos$idend to be rictiou 
of assay ’tiation. The total peak areas recorded for samples by GPHPLC 
analytha were reviewed as an aheniative measure of protein concentration. The 
total peak areas for a particular set of formulation samples were much lass 
variable than the values detennined from the absorbance at 28Onm and did not 
follow the same trend as the estimated protS concentrations. The variation 
between total peak areas of she *4CC samples and the corresponding t23C or 
+37C samples, at the Ns imtpoint, wasS 15%. Theresults suggested no 
significant change in protein concentration during the study. 

4.4 Q 

The chromatograms ofall the test samples at T -0 cintained the same peaks as 
the reference standard consisting combat Anger peak (8 142 mjR eqinvalent to 
approxirrtatsly l5OkDaj, corresponding or the intact utonomer, aM two peaks; 
eluting at earlier retention times (6.9-7.0 ruin and 7.4-7.5 mm) corTesponding to 



aggregates. The aggregate levels recorded for all formulations at Tv,() were 
slirily less (e.g. 254% in phosphate pHI) than the reference material (3.05%). 
BuftŁr excknge into altematwe befters of lower pH anor ionic strengTh at 
slightly lower protein concentration may have led to a decrease in aggregation. 
The possible effect of protein concentradon on aggregate levels should be thither 
rtdie  ifa concentration of >Smg)ml is considered for the protein concentration 
in the final dosage i9’nn ofthe product, 

A swmTiaTy of the Q?FlPLC results ior the study is shown in Table 3. For the 
acetate and histidine parevell there was A titartase in aggregate levels 
following storage ax 4-3 7C (and .23t to a lesser extent) over the contrast  
study that was loss pronounced in the higher PH tbrniularions (e.g. histidine 
2H6 .S). There was x small incmiasse 0.S%) in the aggregate levels in the 
phosphate fQrmljlatioa snwles stoced at +37C and There appeared to be a 
relationship between increase in aggregate levels and increase in FIT This might 
be e,cpvcted as the pi of the antibody determined by rEF was recorded as pH7.3-
9 .2 (Figir, 2). 

Table 4 summaries the results of the OP4WLC assay at T0 and on samples 
stored at +DC for 3 weeks. The largest changes in monomer levels were 
recorded for the scetete(omwatIons t 044.0 and pHS.O coatsiingl’aCl. As 
indicated front the results in Table3, Table 4 and Figure 1 this was due to 
fragmentation/dissociation of the antibody at elevated temperatures and not an 
ncresst in the toncezaration of aggregates. Figure I shows two distinct 

additional peaks eluting at approximately &.7 oiin and 9,6 it (eq,*taitnt to 
approximately aOkDa and 25kflarespectively) in the acetate pH4 and acetate 
0* *?ISCI formulations. 

The results for the -2OC samples at 72 (Table 3) indicated that freere-t(nw of 
the antibody can lead to an increase in agglegate levels in all fcrnwlatioas. The 
inortates were relatively small (Cl %) except in the histidine formulations pHS. 5 
(2%) and pH6.0 (I .4%) and particularly in the acoatt fonnuation pH4.0 
(>50%), 

Ogerati the pn&ct appeared reatvely, stable by OP-HPLC analysis with only 

0 
minor chas’ges in product composition in most ]mudatiocts (Table 5). kztording 
to the GP-}TPLC results the optimum connotations were acetate phi5.5 and 
iisU&e pH5.5/pH6.0/p}{6.5 

45 Is.4.cttie Focpsin. 

The lEE gel profiles at T0 bar each of the formulations; are shown in Figure 2, 
The banding pattern for all the samples comprised five distinct bands in the rang, 
p117.35 to pH&.15 md wtee companbls rnthe reference rnatesi. Therefore the 
bufter exchange process had not aftbcted the IEI profiles. For all the 
formulations stored at +4CC for S weeks to changes were detected by 1ff 

o4 



Q:) 

(Figures 3(a), 4(a) and 5(a)). The changes observed thticwzg 3torage at elevated 
temperatures were related to the formulation and are described below. 

More basic bands appeared in some of the low pH foonulatious (acetate 
pHâ.O/pJ*.o and histidinepfls.5) jj samples stored at +3 7-C during the first 4 
weeks of he study and ii, he acetate pHS.5 at B weeks. These bands were nost 
pronounced in the acetate pH4.0, acetate $15.0 + NaCI and acetate pH5.O 4 
MaC Tween formulations (ligure 3(h)). SmaJi amounts ofthe bands could 
also he seen in the t13t samples ofthese three tbnnulations at 8 weeks. The 
resatta infected an increase in these additional basic bands with decrease in pH 
and in the preseace of)4acv1ween. The changes weu concomitant with 
fragmeatthot

 
of this antibody Observed by OP-E?LC 14.4) and SOS PAGE (4.6 

and 4.7). 

Additional acidic bands were obsarved inthe phosphasepH7.S unpe stored at 
+37’17 Iowa weeks (Figure 5(b)). In the other fonmitasion no addition bands 
were recorded. burrower there was is discermbe decrease to The inereary of Thai 
most and: band ofthe original T0 banding ]rome iindl inumotim in anterady of 

* 
the acidic bands with increase in pH of the formulation in sanwlts storad at 
+37C for S weeks (Figure 5)). new changes ago those ’otmtlly essoSted 
with deamidaion. Razes ofdemnidation would be expected to incre.se’,&b pH 
over the range evaluated in the study (pH4 to fully 5)  

The telative concentration of want of the charge isofornis of the Ivessectric 
focustag proles was measured by densiton,etry scans ofgels from samples 
stored at 31-C for 3 weeks. The relative difference in the profiles for these 
samples compared to the reference was then calculated to estimate the change in 
the isothrm composition dubng The stvdy (Table 7). The least change had 
occurred in the acetatspHS 5, ttiinepH5.5, tridine pHb.o and histidine 
rH6. 0 NaCI samples, The estimated tha’its ielmive to the reference o,attri& 
corresponded to the changes seen in the [Er bonding In miss on visual 
inspection. The changes in the acetate for ulatonswen de to the generation of 
more basic bands and in the histidine and phosphate tonwalatiors due on A genenl 
acidic shift in the proOles. 

The extent of the changes in the mi detected by lEE for the acetate 
formulations (4 histidine pus5) was simi5r to that recorded by GP-HPLC 
(Table 3) and SOS-PAGE (Tables B and 9). These changes were therefore most 
probably doe to proteolysis andlor fiagnitotatfon oftils antibody, Minor changes 
were tecorded byOP-HPLC and SDS-PAGE for the phosphate foundations and 
therefore the cbanges recorded in labia? were co,,ciuded to he it result of 
dearrudattott 

From Ceiltecin e,cpecience Of the stability oftls type of nionoclon& antibody a 
percentage Qhange o(<10% by TO for sasaples stored at +37°C for $ weeks 
alan suitable long.term stability (> tZ moMhs) at 2-C -2-C. In tæs study the 
acetate pm (without saJt)acetace pN5S, bistidine pEii bitumens pH6 (with 
and without salt) histidii,e cR6.5 and phosphate pR6 fon.$aiot,a fall into this 



cttegcc. ,ocn the TeUhS of the GP-Hl (section 4.4) and It analysis the 
lead formulations at this stage Were identified as acetate pH5.5, histidine pH5 .5 
histidine ph6 and histidine pH6.5. 

4.6SOS-PAGE stNoe-R.d.ced SamIc 

At Time() the SOS-PAGE proöles of non-reduced samples were compatatle to 
he reference matezial (Figure ó(a) -(c)). Therefore the SDS-PAGE profiles of 

non-reduced sam*s wtn flot affected by ma h,ffer etchm,ge proc.s& The 
banding profile consisted of one intensely stdned band of approximately 150ItDa 
(inmet antibody) and a number of less intense bands ofiower molecular weight 
(SOkOa. 1201cDa, 401Da and a doublet at approximately I tQl<Da - representing 
possib& disscciatedl&agmented antibody). In addition a faintly stained band was 
present at the top ofthe gel (representing possibly aggregated antibody) which 
may correspond to the aggregation observed by GPHPLC (4.4). 

At Th8 the samples stored at +4C and +23-C gsvt proIu siSarto the T 
sampIs. There were no marked changes to the antibody itt any oldie 
fvrmuations stored at these temperatures (Figure 7(4) and 7(b)). 

Analysis ofthe samples stored at +rC for 9 weeks (Figure 7(c)) gave similar 
profiles fix the reference material and the rna)OTity ofthe not formulations. 
However marked changes were observed for the acetate p144.O acetate pH5.0 + 
14aC, acetate pW.O *NaCI + Tweed and to a lesser extent acetate pH5.O 
fortiulation Additional bends were in these sam$es at,noleeler 
weights of approximately lOokOs, 6010a and 20kDa. The change in profile 
relative to the refereno, materiel was determined by laser deasitornetrj for the 
acetate formulations stored at +37C for 8 weeks (Table 8). The results 
coitfirmed n,inin,aJ change in the acetate pH3.5 sample, in Agreement with the 
visual interpretation of the gels a emell change so the acetate p115.0 (-51/.) bin 
masked changes in the other acetate formulations (>15%). The changes were a 
tesult ofthe appearance of the additional bands (particularly the I OOkOa band) 
but there was also a noticeeble decrease in the BOkDa hand (e.g. from 7.5% so the 
reference sample to 24%). The results suggested dissociation or fragn,entation 
oitlte antibodies n these con,,lations 

T:!e.rla r,serveu :i the arHhodv for its formu!ntiorsdc.ned shove were 
. .terct*;c.,L [YE 2.�,i -IWLC :aa[., of 

. .. 

.. :. 

S ..... 
.. 

histidine 9H6. S as the lath formulations. 

4.1 SOS-PAGE of P.eS SsnnI 

47.1 Cao.t.e blue nains eS 

At NO the Coomassit Rbt stMyie SDS-PAOE gel ptoes of the 
reduced samples ofcash of the formulations were comparable to that of 



the reference material (Figure 8). The profiles consisted primarily ofthe 
U chain (Seth.) and L chain (271d)a) bends and three to forn othee very 
faintly staining bands with approximate mi Tom of lOOkDa, 4lkDa 
(douMet), 40kfla and IZkDa cnptctWtly. Thtrt,a3 an intcaton from 
he appearajice ofthe gels that headed Hand L chain band, were more 

itttecst in the acEate fom1aatstns, pac’try at TPA 0 and the purity 
estimates from laser densitorrietry (Table 9) supported this obsrvation. 
fcoii Ceuttehe tptrenze wth the,e we of ajaibodies low p14 
formulations can muse the generation of degradation products during the 
sesttplt preparation prottss for SDS-?AGE Therefore the increase in 
intensity, ofthe bands in the acetate formulations was thought to be due 
to the sample preparation procedure for SOS-PAGE analysis and not to 
Thai to lie product causal by the buffer exchange process. 

At T�g the profiles for the samples stored at +4CC and +23t (data not 
shown) resembled the profiles of the reference material and those seen at 
T0,but the antibody, in fonimlation,s at pH4.O-6.0, by visual inspections 
contained increased amounts of the 47kD& doublet and 32kDa bands. 

* 
The intensity of these bands appeared to increase with decrease in pH of 
the formulation buftŁr. B is known that these bands can be generated 
during he sample preparation procedure for SOS PAGE gels with this 
type of antibody in low pH (S pH6) buftŁrs and therefore this could have 
been an artefact of the method. The gels also showed evidence ofa band 
rumlingiust below the Lchain (approx. 23k0a) which for other similar 
antibodies has been shown to be the partner ofthe 32kDa band. recathg 
from cleavage of the H-chain during the sample preparation procedurn 

There were also a number of faintly stained bands ruaning Detween the H-
chain and the dye front in the acetate fOtmLItE(C!tS stored at ,23C at S 
weeks. 

Additional bands were more distinct in the acetate samples (pH4.0 p}15.0 
1- NaCI,pHS i- NaC + Twttn) storeti at 4-37C for weeks (Figure 9). A 
band at approximately 30 We appeared between the 32kDa band and the 
L-chaim lit was mosthtenseh, stthned u The acetate ph4.0, the acetate 
pHS.0 + NaCl and the acetate p115 NaCI Tween samples. A band 

0 was present at approximately ThkDa which was most rntensdy stxined in 
the acetate pH$.O 4- NaCl but also present in the acetate PUS  and to a 
lesser extent in the acetate pH4.O fonilulatiots. ’The acetate pN4.0 also 
contained a range of low rtioleoulat weight bands between the lgkfla 
band not the dye front. 

’The histidine and phosphate formulations at *37°C for S weeks showed 
rtæor chases when compared to the reference sample. A range of fairly 
stalling hands appeared between the 121Jfla band and the H-chain and 
towards the dye front (particularly its phosphate p147,01.5 foramlations). 

Laser densitonietry was performed on the TO gels and the t37C I T$ 
gels to assess changes in purity of the relevant samples analysed by SDS- - 



PAGE ofreduced sample (Table 9). The reference rnateriaJ showed a 
1-2% decrease but this was ththim the between assay vaæation oldie 
method  C– 2%) and drembre was not ablinificent. The majonly of 
samples gave a relatively sna(l decomse in ptsrit (S 51) toing 
storage for weeks at t37C. The acetate pH5.0 gave a sliglitty grater 
decrease (7.5%) but the acetate cR4.0. acetate pHS.O + NaCl and acetate 
2H3b +NaCl + Tween formulations showed masked changes in purity of 
a9pcimatb 15%. The results for Tht latter formulation are relatively 
high compared to other studies per*mled ottPer type ofsstibody at 
Ceiltech and indicate the antibody to be susceptible to proteolysis either 
chemically at the lower pH values or perhaps as a tesi4t oldie presence of 
a contmrónating acid protease. The material was generated from a single 
coluam purification step and therefore it can he expeoted that mazeæal 
from the intended msnucturirig puilfication pmcess, which contains two 
additional column steps, would produce material ofgreater purity. Further 
stability studies on antibody purified by cIt process will be required. 

47.2 SlIver strained sS. Westnnn blots And .nCi kG Ombft 

* Each ofthe test samples at 8 weeks was analysed by SDS-PAOE 
(rtced samples) and The gels developed by silver staining (Piguree 10 
and II). the most intensety staining haMs were concotnitznt v’ith dome 
observed on the Coomassie glue stained gels (Figures Sand 9). However 
the more sensitive staining technique detected additional bands. 

ThegeIofthtssj,plesstoied at44CsampIesforSweeks(Pi31Jre tO) 
indicated that the band rumilng at approximatdy tOOkflt was mast 
Prevalent is, the acetate pf{S.O, acetate pt{S + NaCI. acetate pH5 4 NaCI 
+fween and phosphate piió.° + Tweet samples and additional bands at 
appro,aatt SODa, 3%kDa and 34l0a were present in al) formulations 
at pH4.O-pHS.5. The J4kfltband was rAost int.nstin th.sctntt pH4.O 
sample, A range allow molecular wei2ht ( 201z0s) bands were deiecsed 
in all saniples. The most intensely stained of them bands was a band at 
appro,dmately I okDa in the acetate pR4.0, acetate pHS.O NaCI and 
acetate pHS.O * MaCI + Tweet’ samples and the band turareall adjacent to 
the dye front in the acetate pH4.0 sample. 

* The gel ofthe samples stored at +23°C for 8 weeks (not shown) gave 
strrdlar profiles to the euivaient Coomasaie Blue stained gela. IS 
thneubsuns ontairdng so&am cidonde number of additional bands 
were seen compared to the corresponding formulations without salt. 

The silver stained ge’s of the samples stored at +37% for 8 weeks (T8 / 
+3rC) gwe proles venj similar to those of the corresponding 
Coomassie Blue stained gets (Figure 9(a)-(C)I. The baads at 301,Da ard 
ISkDa were the most predominant additional bands to the H and L chair’ 
and were present at the highest concentration in the acetate fomitilaSns 
at PO4  to $45.0. - 



Four replicate gels otthe TS / f37C reduced samples were produced 
and the sampua western b’otted. Eatx rnen,bnna was separately pitched 
with either anti human 1g9 q and L chain), anti hwnta Feb. and hisma 

or anti human L chain probe& The complement ofdifierent probes 
were used to dene detected bands as being composed of H and/or 
chain fta%me,its Mid to dg�,e the H chain reateô bands as being 
composed of sections of he Fe and/or Pd regionL The develcped blots 
are shown in Figure 12(a)-(d) 

The ,wa(ts Of the probed western b’ots sggeslS that the majority of the 
obsen’ed degradation products are dertved from theRchain. The 3t)kDa 
and I SkDa bands in the acetate formulation were indicated to be the result 
Of proteolysis of the N chain generathig &agnents composed mainly offo 
(Ishna) aMrd (3lkDa) region,. The bw’d obsewed at %th&a appared 
to be a coajuate ofU and L chain whilst the tOOlcDa band iea on the 
silver stained gel (Figure II) appeared as two separate bands on the blots 
at approximateiy IOOkDa and I OSkDa and these bands appeared to be H 
chaAzt 0* co,$agsttz. DtiS ofthertaut for each oftheb)ots are 
given in the thllo.ing paragraphs. 

The are human igo probe (Figure 12a) detected dte H and L chain bands 
and bands at 451&3a, 4OkDa. 311,0a aml 171Da nqu!vaient to bands of 
4811l 451pDa. 3(w1m, and lElcDa On the elt). There were some 
drences in the assigned aioleoil& weight values between the blots and 
thegels wlüch was a isjnctjon ofthe precision ofthe niethod. There were 
bands of appccidmncly 8ccUa. %okD, and CSka detected in HJnPeS 
by the probes that were not detected by the silver Stained 0. The SOkDa - 
band was more intense in the phosphate formulations and the lOOlcDa in 
the p1d5.O to pfl6.0 samples The iOSkDa band was present in the 
phicei  and thsacttat,pH4.O/ pHS.O 4NaC 4-lwetm 

The and Fab probe (Figure 12b) gave profiles very similar to the anti 
human ige except the IEkDa band was not detected whilst a band at 
appmximattiy 16kOa,as visible in all sarnp4es ara1 room predorvtmarn in 
the phosphate formulations. The 3OkDa band was particularly prominent 
using these probes. 

* The anti Fc probe (Figure lie) gat a strong reaction ,æth the R chain as 
expected but also a slight cross reaction start the L chain. The 30kDa 
band was not detected with this probe whilst the lSkDa was visualised. A 
range ofbaods were visible below the 1. chain but these appeared to be 
listiact tCII Those seen by the anti jab pyat The OlcOt ioOkDa - 
lOSld)a bands were detected with both the anti Fe and anti Feb probes 

The and L chain probe (FIgure 20 gave a relatively, strong reaction to 
the I. chain but 44 ,sot detect any other bands ecctpt tbr a,, indication of 
a band at approximately SOkDa in the phosphate and possibly the WSIidIne 
formolations. Thisjogerher with the results using the other probes. 
suggested that flie SOkDa band was a conjugate olthe H and L chains. 



The results of the SOS PAGE Coornassie blue and silver staüe4 ge%s ’M western 
blotting analysis of,edcced samples were in agreement with those froth lEE, GP 
}I?LC and SDs PAGE oInon-reduced samples in terms of the formulations that 
conferred most flthj!it on the ANIOOflG antibody. The diffcrences in the silver 
stainc4 SDS PAGE gel prrnlles for the reduced samples oft& lead b,mulations 
(acetate pFi5.5, histidine pHS.5 histidine pUb and histidine pH65) identified 
æom The oTher assay results (section 4.6) were minor. However they did show 
less cimuges for the sztbody formuated in hisfitfiner pl6 and therefore according 
to SOS PAGE analysis of reduced samp’es this would be the lead ftnnuation. 

4.9 Activity Away 

The activity assays were ptrIonned by Athena Neurosdences. Inc on aampks 
taken at ThO and S weeks from the stability study. The results received from 
Athena are shown in Appendix 2. 

4 The results compared activity vaitacs obtained at T=O sad those at TS for the 
44t Md +37°C samples. There was n indication ofincresse in actMty in the 
saniples stored at l-37t lots weeks, particularly in the acetate pH4.0 and 
phosphate pH&.O formulations where an increase in activity of approximately rout 
and two fold cespecthely were obstred. There was no obvous correlation 
between changes in acthüy, and results for the other assay’ performed at CdAeth 
as part of the study. 

0 



S.0 COI4CLUSIONS 

Although instability at elevated temperatures was observed for the antibody in the 
preformutatLc stdy the overall impTession was That The antibody was relatively stable in 
most of the focrnuMLions evauated. 

Across the evaluated PH raage ofpH4,O to pH75, there was n4itation ofincteased 
fragmentation and dissociation at low pH (pH4.0 to 5.0) and deamidation and 
azg,v3atton atm, uglier pH vaucs (pH6.$ to 75). There was a ,iiggcstion that the 
inclusion oil 5Or,vl sodium chloride or 002% (vN) Tween 80 redid fOrmuIatot’ had cM 
effect ofaccelerating degradation processes. The stability ofthe antibody was similar. 
where evahiated, at the samt pH VaOtfOT thfferad Wffe’ii.g agents. Us recommended 
that the following fonmilazions be selected for more extensive evaltia$ion: acetate pF!5.5, 
bntidine p145.5, hisiidinc pH6,O and phosphate pH6.0. Should isotonicity be a 
requirement for the fomdatiori Lhen phosphate pR6.0 and histdirt pHS.O fonnuatSs 
an recommended, as the results demonstrated that addition ofsait to the acetate pHS.0 
formulation

 
red a detæniental effect on stability. 

The study has identified appropriate formulations for the first bulk purified lots of the 
antibody M’R0O2Z6 and has gtn some pointers for further formulation studies. 



Title I PH Measurements OF Formulations 

FORMULATION T* T 2 T-8 T 
WEEKS WEEKS WEEKS WEEKS 
370C 370C 230C 40C 

Acetate 4.0 41 1.1 4.2 4.! 
PH 4.0 
Actthtt 5.0 5.0 3,1 5.0 3,0 

on 

5.0 
Acetate * NaCl 5.0 5.0 5.0 5.0 5.0 
pH 5.0 
Acetate + NaCl + 4.9 £0 5.0 5.0 5.0 
Tween 

,u 

$.0  
Acetate 5.5 5,5 5.5 5,5 5.5 
PH 5.5  
Bistidjne 5.5 5.6 5.6 5.6 5.6 
PH 5.5 
thsddine 6.0 6.1 6.1 6.1 6.t 

pa 6.0  
Ritldjne 

+ 

NaCl 6.0 6.0 6.1 6.0 6.0 
PH a 
fljstjdioe 6,5 6,5 6.5 6,6 6.5 
pB 6.5  
Phosphate 6,1 6.1 6A 6.2 6.1 
PH 6.0  
Phosphate 

+ 6.1 6.0 6.0 6.0 6.1 
Tween pH 6.0  
PI,pIatt 6.5 6.5 6.5 6.5 6.6 
pH6.5  
Phosphate 6.9 6.9 6.9 6.9 6.9 
PH 7.0  
Phosphate 

+ 

NaCl 6.9 6.9 6.9 6.9 6.9 
pH 7.0  
Phosphate 7.5 7.5 7.4 1.4 7.4 
PH 7.5  



ThIe 2 Protein Concentrations of Formulations 

FORMULATION 1=0 T-2  T 8 T 8 
WEEKS WEEKS WEEKS WEEKS 
373C 370C+19°C 4°C 

g/m I j mg/ni I!/  I 
xlg/mIAcetate 4.8 5.0 4.3  4.9 

pR 4,0   
Acetate 3.6 3.6 

_______  
3.7 5.0 3.2 

pfl 5.0     
Acetate * NaCl 3,9 3.7 4.3 4.8 3,5 
PH 5.0_______  
Acetate + NaCl + 4.1 4.5 5.3 3.4 j 4.5 
Twun 
OR 50  
Acetate 3.6 3.6 3.7 3,9 3.2 
PH 5.5  
Ristiji ne 4,3 4.1 5.4 4.7 4.5 
PBS’S     
Histidioc 3.7 3.9 4,1 4,0 3.7 
pH 6.0  
flistidine + NaCl 3.9 3.8 3.9 3,8 4.1 
PH 6.0    
Ristidilie 3.6 3.5 3,9 

______ 
4.0 

________ 
3.7 

PH 6.5  
Phosphate 3.7 3,8 3,8 IS 3.9 
PH 6.0  
Phosphate + 4.6 4.9 4.8 6.6 4.3 
Tween pH 6.0 
Phosphate 

_________  
4.5 4.3 5,4 4.9 4.1 

pH6.5 _______  
Phosphate 

_________ 
5.0 

_________ 
4.7 

_________ 
5.3 5,0 4.6 

Phosphate + NaCl 4.8 5.3 5.4 5.0 4.9 
pH ’7.0  
Phosphate 4.9 4.4 5,1 4.9 4.6 
pill.5  

Protein concentration calculated using ergo, (0.1%) .4 
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Sisaffigy erGF-nflr ranks. 

OP HPLC RsuU 

fltwkt T8wk, 

t4t t3DC -lot *2YC 37C tot Cit 

*cct*tv pH 4 0$.56 99.09 35. J 98.93 *93 9291 75,63 
%aEgraIe 3.44 (3.00 64.82 .07 0.0(3 .39 0.05 

%nIo,nuec 9719 7.96 97,78 98,03 97,13 98.02 91.84 97.32 
… 2. I 2.04 7,27 9’ ITO 1.98 2.6 1,36 

xc(a4 p115 9730 NA 91,4 91.3$ *30 97.50 97.4 7430 
+ NCI 

% ajycgat 2.50 
. 3,26 2.62 .97 2.50 2.39 .5 

vttaIs p!O 91.3 95.39 9?. 0 97.6! %. 97.58 97.59 722a 
+ NaCl& T’eeg % gacc 2.69 2.12 2.90 2,39 3.70 2;42 2.4 135 

acotare pill.5 91.85 07,17 97,61 97.85 97,67 97.96 47.93 9956 
215 223 238 2,13 2.13 2.04 2.05 4,44 

%Itonojmr 97.69 97.74 95.63 97.72 gflo 97.81 97,81 98.29 
% aggrcgalc 2,31 2.26 437 2.28 2,12 2.9 2.49 .47 

hSIIduIO iU4 91.72 97.62 96,18 97.77 91.72 91,97 91.SI 97.95 
% 228 23Z 3.92 2  2.28 2.09 2.9 2.03 

ltG&tpH6 97.22 97.!? 96.99 I 97,28 97.73 97.44 92.47 9742 
+ Had 2.78 2,8] 5.91 2.72 2.63 2.56 2.53 2.38 

hsdiuic H6.5 000&1t 97,87 97.8! 97.707.92 97.84 98,09 97.98 97.95 
% 

agttgat 2.33 2,49 2.30 2,02 2.16 .9! 2.02 2,05 

I 



£isnrnrv ii OP-HP’ fl enulI 

CP HPIt Ini4t 

?tr1nustion Twks T4wks t4Nks TBwks 

IcC -WC lot +3VC +IYC *37t 

pr,haI pH6 . 97.94 9660 97,S2 97.72 9742 97.9 97.73 97.59 
% agtaw 2.20 2.40 72 23X 2, 2.22 7.4 

ØtsiImtg $16 97.49 91.24 ’1.22 97.41 97.33 97.70 NA 97.36 
% 73 2.16 273 24 7.67 230 2.64 

phQIt pH6., 92,61 93,75 77.2i 41.34 97.35 07.14 NA 97.30 
2.39 2.4 7Th 240 7,65 2.26 2.10 

pho?4u pul 97.46 94.9 96.99 H37 9107 97.60 NA . 97.03 
% ggot 2.54 2.01 3.01 2.63 2.93 1.40 2.93 

plio,pte pHI l,Ionoier 97.3  QOAS 90.9 97.07 %jS 97.34 97,20 94 
NaCl % agg,tazc Ui 132 3j 2.93 3.5 5 26 flO 2.06 

?sphaIe 9H7.$ 7.I0 9623 91.03 97.21 NA 9749 96.33 
greole 2.60 3 197 2,7 LII 63 

%mononm 9695 NA WA 96.97 NA 9710 NA 

n9di2%
 

 
emly) %ag,egMe 3.05 3,03 2,90 

Note, 

NA Not Assay4 



Table 4 Corn narisou of GP-HPLC data for form ilatiens at T 0 with, those which had been slop-ed at 3?C I.r I weeks 

Formulation T 0 weeks T S weeks +37C 
Aggregate level Moao.ner IgQ lgG Aggregate EgG MonopBer IgO Fragment 
(Y. total) level (% total) (% total) (V. total) (% total) 

Ae3am pH4 1.44 9856 005 --T563 24.32 
Acetate pHs 2.11 97.89 1.36 97.52 1.12 
Acetate PI 15 + NaCI 2.50 97.50 1,51 74.50 23.99 
Acetate pH5 * NaCI 

+ Tween 2.69 9731 1-35 72.28 26.37 
Acetate pHS. 5 2.15 97.85 1.44 98.56 ND 
H’sticlrnt pHSS 131 9709 IA7 98.19 0.34 
Ilistidine pH6 2.18 91.71 1.05 9t95 NO 
Rstidinc pH + NaCl 218 

- 97.22 
. 2 38 97.62 NO 

I 11sudior pH6. 5 2.13 97.83 2.05 97.95 MD 
Phosphate pH6 2.26 97.74 2.41 97.59 NO 
Phosphate p136 + Ttveen 2.51 9749 2.64 97.36 NO 
Phosphate pH6. 5 2.39 97.61 2.70 97.30 MD 
Phosphate p1-17 2.54 97.46 2.93 97.07 NO 
Phosphate pHI 

+ NaCI 2.85 97.15 3.06 96.94 ND 
Phosphate pHI.5 2.60 97.40 3.28 96.72 NO 

ND None Detected 
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Table S Comparison �r GP-HPLC data for formulations at 1 0 with hose which Ila4j!!pflored at +23t ror 

Formubtien T 0 weeks T = weeks +23C 

Aggrçgatc teed Motnmtc IC gC Anga%e IG Monomer lgG Fragment 
(% total) level (% total) (9’. fetal) I (% total) (% total) 

Acctate H4 44 98.56 0R8 98.91 0.21 

Acetnw pus 21’ 97.89 2.16 97.84 ND 

Acetate 1145 4. NaCI 2.30 97.50 2.39 97.46 0.1$ 

Acetate puS 4- MaCI t 2.69 97.3! 214 so 0.2’ 
wee n 

Acetate VH5 2.5 97 95 205 9195 ND 

Uistidiiie pHSi 2.31 97.69 2. 19 9781 ND 

1stde pHó 2.28 97.72 2.19 9711 NO 

Histidirte p1-16 -I NaCI 1.78 97.22 233 9747 

1-lisiLdipie PH6J 2.13 97.83 7.01 97.98 NO 

?Iiospia!e pHb 2.26 97.74 2.22 97.78 ND 

Phosphate pHG + Tween 2.5’ 97.49 NA NA NA 

Phosphate pH6.5 2.39 97.61 NA NA NA 

?shatt *7 2.54 97.46 Nh NA NA 

Phosphate pH7 t NaCI 2.85 97 15 2.80 97.20 ND 

Phosphate pH7 5 260 97,40 3.67 96.33 ND 

ND Noneoeteeted 
NA Not Assayed 



Table 6 Ci’nyon v1Z1LP1C data for torn i"lntar’s at T ft wit!’ then wl’kI, hod heeu stored at +4C for S 

V.nrn,lnion T - 0 wtoks T5 weeks +4C 

Part owner" fZG i  Monomer JiGFragment 

 (Oy 

1.9 (1 Acetate pFi4 I 44 9856 98.81 

Acetat puS 211 97$9 199 9502 ND 

Acetate QH5 * NnCL 2.50 9750 2.50 W130 NI) 

Acetate pHS I. Haft + 269 97.31 2.42 97.58 ND 
Tween 

&tttMc plis.S 2.5 97.$5 2.04 97.96 ND 

I-Iistidne pHS.5 2.3 I 97 b9 2 (9 97 .& ND 

I1isiidiie p116 2.28 97.11 2.00 97.91 ND 

Ihsiidine pI-!& NaCI 2.18 97.22 2.56 97.44 ND 

Histidine p)16 .S 2. 3 97.83 1 91 98.09 NI) 

PIpkte pFi6 1.2� 97,14 1.11 9’.B9 ND 

Phosphate pU6 + tween 2.5 I 97.49 2.30 97.70 MD 

Pbosphaie p116. 5 2.39 97.61 2.26 97.74 ND 

Phosphate pFll 2.54 97.46 2.40 9760 ND 

?hosphte pill +NaCI 2.85 97.15 266 934 ND 

Phosphate PHI  2.60 9740 152 910NT) 

 

(*) Fragment peak observed 
ND Hone De!ected. 
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Table 7 Ouaatir’carion of Cjii,wes Seen not 19F Annysis DI Samples Stored at +370C for 
Weeki by avcnln, flpi,ipinctrv 

ORMULA7]ON PERCENT DIFFERENCE TO 
REFERENCE 

Acetate piT 4.0 20.4 

Acetate pH 5.0 8.’ 

Acetate +NstCJ PH 5.0 

Acetate -* Nati Twen 20 
PH 5.0 

22.1 

Acetate pH $.5 4.4 

iTjstidir’e PH 5.5 6.0 

Uistidine pH tO 
{ 

5.1 

Eistidise 4 NCI pH 6.0 4.3 

Hlstidjne pH 6.5 8.1 

Pitosphat. pB 6.0 9.7 

Phosphate Tween 80 pR 6,0 I IS 

PhosphatepE 6.5 15.1 

Phosphate 
pa 

7.0 25.2 

phosphate + NaCI PH 7.0 26.5 

Phosphate PH 7.5 52.0 



Table 9Densitpmetn’ ResuIt for Reduced Snniples on SOS PAGE Analysis - Comparison of 
TQ to +31-C SwttIe, At T8 weeirs 

Formulation 

TO Tfl OttrtstW. 
t37C Stmptts V. Purity 

Mecate pM4,0 97.7 83.2 14.5 

Acetate pHS.0 98,1 90.6 7.5 

Acetate pHS,O t NaC] 98,2 34.4 13.8 

Acetate pH5,0 + MaO + Twten 08,2 81 6 16.6 

Acetate p}45$ 991 97.6 2.1 

Histidine pHS,5 97.3 92.4 5,4 

Hisüdine pH6.0 98.3 94.9 3.4 

}3stidIne p116.0 + NaCI 98.7 95.S 2.9 

Hjstithne pH6,$ 989 06 J 2.8 

Phosphate p146.0 99.0 96.5 2.5 

Phosphate p116.O + Tween 98.7 95.7 3,0 

Phosphate p146.5 08.5 95. I 3.5 

Phosphate pH7. 0 99.6 95.8 3.3 

Phosphate phi ,0 � NaCl 99 1 96,5 2.6 

Phosphate p147.5 94.] 97.7 1.4 

Reference 100 93.8 1.2 



pij.re I 1mp)e G?_flL CIz’opnajpiu,is of AN 00216 Praformprncion SmpI 

T81+37.0 
Ac(pH4) A4pR4) - 

Az(pB5) A e( pBS)* Ni Cr H (p B PhoS(pHI) 

0 
: 



FSn 2 
pm-la ggaros. IEF&s. Coomassie Blue stained  

2(*) Atth.tttn*ulMlon, 

2 1 4 5 6 

lMuken(pI) 
8.65 ----- . . 2 2M4.O 
835 -- .. 

.  

pH50 
NaCl 

:: 
�Tween. 

685 .-._ . . . . ’6-pH5.5 
-. 7Refrrence 

655 . . . . 
5.85  

�1 

455 . ... . 

3.75 - - - 

2(a) fl4neffl..*a te In - tias 
I 2 3 4 5 6 7 

... . 

8.65  

8,35 
tMirkas(pl) 8.15 2 Hiid{ne pHs .S N MW   fflstjdir,e p116.0 

7.35 t! 
- --. 

._- ... 
,t. 4=}sudmep}16.0 

6.85 ... . + NacI. 
. .. I 5Isd&iepH6.5 

6.55 - . . . 16 �?hospl’ateplló.O 
5.85 

- - . . 

5.2 - 

4.55 

3.75 



Fj.ura 3 IEFApfysjs prSa&o SEa’S ai 4C rid 7C for S 
pH 3-10 aprose 

my 

gels Caom,sie Blue stained. 
3(t) 44C 

I 2 3 4 5 6 7 

$65 
- 

1Markers(pI) 
835 ____ - . .- 2AcctatepH4.0 
8.15 

-  _____ 3  Acetate pHs .O . 
4 Acetate +4aC pB5.O 

735 5 AceR–eNtCI 
695 +Twen8OpH5.O 

6  Acetate pHi.5 
6.55 7ReferenceSranda,d 
535 . 

5,2 

455 

op 3,75 

Nb) +37C 

I Z 3 4 5 6 7 

8.65  
S.35 

;’i;EE;ff Rem 

655 
3.85 

5.2 

4.55 - 

3.75 



f1g2a4 1EV Antv,h Of S.,ade Stored at 4C and 31-C for  Weeks 
� PH 3- 10 tgarose rEF gtcs Coornase But stm’i. 

4(i) –Q 

2 3 4 5 6 7 

9.65 ’- . �� � � Mrkers(p1) 
835 �� � - 2 Bis6diiie pH5.5 
8.15

��� .. 
   

3S
 

=SThlianiithànne
 
pp1H6&..0

 
_ 

4Hstidioe+NCS
 

pt6.O 
735 

..

 

 n:.! .,, t2 t  .t� .�.  
685

 

� 

...?_.. -. . - ’fl4. 
____ 

� : .1 .. 
. 7-Rafret’ccStandacd 

6.55  
5,95 

5.2 . .. -.: �. 

455 .. 
�� 

.. 

375  

2 5 4 5 5 7 

�� 

8.0 
8,35  

is 
---� L.S _ 

7.35  
6A5 . , . �. . 

6.55 
585 

e . . 

5.2 

4,55 

4 3,75 



3oS 

1K? An*Zvt dfSamSe Sor.d at 4°C  And 3t for8 Wnb 
p113-10 wrose JEF eIa CootnsaRrue sII’c. 

S(a) +CC 
I 2 3 1 5 6 7 

8.65 MarJCerS(P1) 
8.35  2.Phosphate*Twoen 
81 . . - _ _____ _____ SOpH6.6 

Phosphate pHe . S 
4 Phosphate }{7,O 

1.35 . . 5 Phosphate +NaCI 

. - . 1 � 6 Phosphate pHl5 
�1 655 ____ . . ReferenceStao4ard 

5.85 
. 

5.2 

435  

3.75 

2 3 4 5 6 7 

8.65 
835  

: 

"S  

6.55 
5.95 

5.2 - 

4.55 

3.73 

C 



Li 

I 2 3 4 5 

94 
Ifli. *1. 

1t :.tkt . Ji8 

3 
- - - 

3Q: 

20 

’4
 

Key: 

- M&o,Iar wSght markers (kDa 
2,3 Piosphate pH6.O + 1wnn 
4,5’. P,osphatepH&.S 
6,7 Pko,pImt,pBl.O 
U PI.plSe pHl.O 4NaO 
IO%I 1 - Po,phtt pRis 
12’. R.fere.toe 

MW 



Ficure 7 SOS-PAG1An.rnh pfl4an-Redeed SamnI*LT.4wtz 
5 - 15% ia4ient gels. Coomassk Blue Stained 1009sA,,s. 

() ,4’c S.rjn 

4 5 6 7 2 c 10 11 12 3 14 IS 16 17 
..O1.-: 

nAs

 
.......,.. . is. ,:_. :.: ::.; ... . . ..-

I
 

. c  

� °’  

43 
0 

.1 . . . .:s ..: . .. .i�.t! .............. 

................................ 
. ., .1 - ..��  ...t. 

30 1 -- - 

20 1 

4: tft91, s

... - .... ... ........ 

Key: 

M&ecuTr weight markers (1cm) 10 Hisridine pH6.5 
2 Acetste pH4.0 I Phosphite pH5.0 
3 Acatimto PBS.0 12 Phosphate pH6.0 + twcea 
4 Acetata pB5.D -14aCI 13- Phosphate pH65 

&cetLe pH5.O NaC) + Tweea 14 Phosphate pH7.0 
6 Aatte pH3.5 IS Phosphate pH7.0 + NsCI 

= Histidi p1353 6- Phosphate PHI  
ustidtse pMG.O I’ Reference 

9 Wstidtn pR6.O * NCt 



1(b) szrcJan#1 

2 3 4 5 6 7 g 9 IC I! 12 13 14 15 .16 Il 

- - 

C 416 else stsa-?L 46 ’de attes as, 
La. 

67 
-

43

 

30 - 

1 

20  

14 

Key: 

I Molecular weight n,ark&s (kDa) 10 Histidine pH6.5 
2 Acetate Pm. 0 I -Phosphate p116.0 
3 Acetatepfls.0 12- Phosphate pR6.0 + Tweeti 

� 4 Acetate pII$.0 + Nał 13 Phosphate p116.5 
S Acetate pHO i- NaCl * Tweepi 14 Phosphate pH?.0 
6 ActThte pH5.5 Is Phosphate pH7.O + Naci 
1 flhslidine p85.5 16 Phosphate pH? .5 
S HiMliThie ç36.O I? Reference 
9Hh%idineP360+NaC) 



S 

7 +37C SamS 

2 3 4 5 6 7 8 9 10 II 12 U 14 15 16 17 

.. . . .. 

. .. .......�  _._ � 

P r!AL 1 ..... 

�4-a ass, 
- ., . ... . . .-

.,1 ii 
67 AU 

. .. ..i - .. .. -. � 
loo -. .i ...-&;- ..�.. ....�.  . . .: . 

43  

.. 
30  

........, .. � . 

IA �:: .. . .. . .-� .. - ,:?.-- 41.: . 
. 

... . ., .�.( . e. 
. . . . . 

Key 

- Moleculu w&ght markers (cta) 
2kcctalepB4.O 
3Acd*epH5.0 
4Mettp15.0*t4aC 

S 
...S Aoeute pM.0 + MaCI * Tweet 

6 Acelate 9H5.$ 
7 Hisddine p145.5 
S fliaidijie p136 .O 

9WnithoepH6.0+NaCI 

10 H$stfdine pH6.5 
I! Phosphate pH6.0 
2 Phosphate p}{6.0 + Tweat 

13 - ?hospiate pH6.5 
14 PhophRlt $420 
IS Plsp%tt phi3O + NAC 
6- Phoiphtt p17 .S 

17 Rerercnce 



Bran S SDSMGE Analysis 1 Reduced Saamks St 10 

5-1 5% gradknt gels. Coomne Blue stained. 25g/Iaoe 

S(k) 

2 3 4 5 6 1 9 10 11 12 

67*/ ..-

fl e -� 
47,/! 

.. 

3040M 
1 

-,.--- 

20 V ....c.- 
. . 

14 
j:.-. 

LVA 

MoIewiInwSgJ,t msrkcrs (kDa) 
2,3 = ACeItS pH4.0 
4.5 ActM,pH5.O 
6,7 Acetate pfls.O4NaU 
Sc Acetnte pHS.O + NCI + Twtei 
0.!! Acetate pH5.5 
2 Reference 



SM 

2 3 4 5 6 1 S 9 Ii 12 

M&ecvlw weht marker, (kDa) 
2.3 Hisiidne pHS.5 
4,5 = fti,IjthDo p140.0 
6)7 p86.G +NaO 

- ThS&1&*e pHG.5 
iO,JJa PhospMtepH6.O 
12- Jtt*rence 



3(C) 

2 3 4 S S 8 9 10 11 12 

Key: 

I Moeoalar WS8W ma,kers (koa) 
23 Phowbatb$360#7waen 
45 = Phoptac p1(6S 
47- Phosphate p!ll.O 
9,9= Phosphate pH7.ONaCI 

loll - Phosphate 
puts 

12 Reference 



Eiwt 9 SDS-PAGE ArtłtsisofRMl..ttd  Samples afterB Weta stpr.eat37 

5-15% gradient get. Cooinassk Sbt stthatd. 25pILm 

El I 2 3 4 5 6 7 � 9 10 H 12 

. . 

40 

..:‰ .. 
. 

0 

67 
< 

43
 

S 3 S S N S 

a, 

.........
 .;’. . ........,r 

2° - - 

14 

I Molecubr weight markers (kDa) 
pH 4.O 

4,5 Acsaie pH St 
Acetate 4 NaCl pHS.O 

9,9 - Atatat, INC #’Yweexi EQ pH 5.0 
10IAtttatpH5,5 
IZ KtfctncsStandu 



1 2 3 4 5 � 7 8 9 10 11 12 

S. 

1.� 
67*. � 

: 

fl 
44 Æ 

NS 
� � 

- . � - - � � 

Key; 

I-

2,3� 2,3 Thstidmc pH 5.0 
4,5 Esddne pH 6.0 
6,7. thstdnc +NaCI pH 6.0 
S,9 H1stdioe pH 6.5 
tGI%PIinspbate pH 6.0 
(2 efcceci Stzda,4 



9(c) 

1 2 3 4 5 6 7 8 9 10 II. 12 

94 -. 
a 

67 

43 
et�.u. a- -. 

t -r as 

o  

20 
14 

_ 

Key: 

I Mokooj, wdgt markers OcDa) 
2,3- Phosphate + Twecn SO 016.0 
4,5 Pboep)ate pH 6.5 
6,7’ Phosphate+ pHl.6 
89 Phosphate + NaCl pM 7.0 
10,1 PhoepIate pH 7.5 
12 Refei-encestaMard 



377 

$M-PAG Analysis of Reduced Samples After S wectIct SMrne .t C 
5-I5 gadrn gel Silver stained. 0pg,t40e 

1415 16 Il 

:..:. 
. . . - 

94 
a � 

.. � � �e � � -�, - -- 
08

 

1 
67 

- 

43
 

30 
- .- . 

S: ...aflflyWW-
 
W W W  W W’ W 

14 

IMP 

I = btec4ar wt3M narktrs (ka) 10 Hisltdineip)9[65 
� 2- AcatatepH4o H PhospbatepH6.& 

3 = Acetate pH 5.0 Phosphate + Tween $O pH 6.0 
4 Acetate + NaCJ pH 5.0 0- Phosphate VIR 6.5 

Acetate +aCI 1- Tween 80 pH 5.0 14 Phosphate PH 7.0 
6 Acatatepli 5.5 15- Phosphate 4 I’iaCi pfl 7.0 
7 }lEWiae pU 5.5 lb Phosphate pH 7.5 
S Thstidinc pR 6.0 17 tference $ts,idard 
9flistidine+NaCipH6.0 



0 

40 

Moore I I SOS-PAGE An*Jnis of Reduced Sj’rupIe After 9 Wttt Stnn i 

5-154/6 gndeiit gd. Sjver stsined. 1014g/Lane 

ac,. 

I M*s(tc wtgIit nniicer OrDa) 
2Acetstcp}J4.0 
3 - Acetate pH 5.0 
4 Acetate: 1- NaCl pH 5.0 
S kcIat Nafl +Tween 80 pH 5.0 
6 Acetate pH S. 
7lIIsdWaepH55 
B - Ijlsddjne PH 6.0 
9 $ästidjne +NaCI pH 6.0 

10 - Rhoidine pH 6.5 
Phosphate pH 6.0 
Phosphate 4 Tweto SO pH 6.0 

13 = phosphate pH 6.5 
14 - Phosphate pH 7.0 
IS Phosphate +NaCI pH 7.0 
6 Phosphate pH 7.5 

17 . Ftsfrenct Sni’dsrd 



3-5 

figure 12 And lC PmI,S Western Blot, 01 Reduced SOS-PAGE A.stns fTS wnla 
+src Sannres 

Key to blots 

= Referetce 
2 c Fligh molecular weight markers (We) 
3 Low molecular weight markers (koa) 
4 kcttte pl40 

Acetate pUlO 
6 Acetate pfl5.0 + NaCl 
7 Acetate pHS.O + NaCI + Tweer, 
8 Acetate p!fS.5 
9 Histidhie pH5.5 
W =asfidinc pR60 
U Bistidt pH6.O+ NaC 

� Histdine p116.5 
3 Phosphate pH6.0 

14 = Phosphate p!36.0 + Tweert 
15 Phosphate pF{6.S 

6 Phosphate pH7.O 
17 Phosphate pFI7.0 + NaCl 
’a 

Phosflatt PH7 5 



tt(a) VTObt I A.ti Horns" 

’2345 

100 

116 
94 

66 

45 

. 
11 

21 
4 

12(b) Py&,e2ApdPc 

116 

94 

0 
66 

45 
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Mr 
2. Objeto do la invention 

litulo do is sokeitud: "Formulation do inmunoglabulina y rnetodo do 
Dreperacion dale nhisrna". 

Seg<n las reMndcaciones 1-17 so refiere a una formulation quo comprenda 
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I. INTRODUCTION 

The major goal in designing a suitable drug formulation is to provide a 
compatible environment that enwres the maximum stability of the drug. This 
stability needs to be supported for a time period measured in years, in order to 
provide an adequate shelf life for the drug. For traditional, low molecular weight 
drugs, rational design of the formulation is well understood. It is based on an 
elucidation of the principal degradation routes and their kinetics, as well as an 
understanding of the mechanism of degradation. A significant body of literature 
exists in this field. For more complex protein and peptide drugs, no such literature 
is readily available on the pharmaceutical aspects of stability. The purpose of this 
review is to survey the biochemical literature in order to present an overview of the 
degradation mechanisms and major causes of instability in peptide and protein 
thugs. Some excellent reviews related to protein formulation have been published 
recently addressing the general stability of protein pharmaceuticals,’ effect of 
formulation stabilizers,2 protein degradation pathways, and analytical methods to 
study protein degradatio0 The stability of protein pharmaceuticals has also been 
reviewed recently as part of an in-depth series on pharmaceutical bioechnology.M 

II. PROTEIN AGGREGATION AND FORMULATION STABILITY 

With the advent of biotechnology, greater amounts of protein have been made 
available to study various degradation reactions including aggregation. Early studies 
of proteins provided insight into the mechanisms of protein aggregation, but these 
studies failed to spark the interest of researchers in biotechnology.’ After the first 
successful expression of recombinant proteins, the formation of insoluble aggregates 
was observed in the host bacteria) These insoluble aggregates, referred to as inclu-
sion bodes, reduced the yield of soluble active protein and requfred dissociation to 
recover hioactivity of the expressed protein. For successful commercialization of 
recombinant proteins, methods were developed to recover native protein from inn-
cellular protein aggregates (for reviews, see References 9 and 10). Many recent 
studies have been performed to determine the underlying mechanisms of both in vivo 

0 and in vitro protein aggregation (for reviews, see References 11 and 12). 
In contrast, there have been few detailed reviews of protein aggregation in 

formulations. The existing literature on protein formulations has usually focused 
on the chemical mechanisms for degradation and this literature is often directed 
toward research on therapeutic proteins. Usually, the therapeutic protein formula-- 
tions described in the literature were designed to minimize aggregation since 
aggregation can have several detrimental effects including loss of activity, altered 
half-life and increased irnmunogeuicity. However, these studies are rarely de-- 
signed to investigate the mechanisms of protein aggregation in the formujatiom To 
minimize or eliminate aggregation, excipients such as sugars or surfactants are 
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often empirically added to the forxrnilatiou. A different mechanism of inhibiting 
aggregation may exist for each excipient. In addition, the physical state of the 
formulation (liquid or solid) affects protein stability. For solid formulation, the 
components of the formulation (such as buffer, excipients, etc.), the method of 
achieving the thy state (such as lyophilizadon), and the conditions of the dry state 
affect prottin stability. To assure protein stability fox boil’ liquid and solid forn-
lations, the processes that cause protein aggregation must be understood. 

A. Mechanisms of Protein Aggregation 

To determine the factors influencing protein aggregation, the major causes of 
protein aggregation should be investigated. The distinction between association 
and aggregation must first be defined. Protein association is often considered a 
reversible process involving the interaction of two or more native protein mot-
cruise and association may often result in reversible precipitation of the protein 
(see Section ll.A.2). Protein aggregation usually involves the interaction of two or 
more denatured protein molecules and this process is often not reversible without 

As
 

dramatic changes in the solvent envircpanent (see Section if Al). Therefore, 
protein denaturation must occur prior to the formation of aggregates according to 
this definition. Protein denaturation in solution is primarily caused by the solvent 
environment (pH, salt, COsolvents, etc.), temperature, or surface interactions. For 
lyophilized proteins, denaturation is dependent upon the final state of the protein 
as well as the changes in the protein solution during freeze-tying (see Section 
nD). The solvent environment may affect the physical state of the protein. The 
protein assumes the most thermodynamically favorable scale in a given solvent 
environment. For example, in the presence of denaturants, the protein can assume 
a compact normative state with exposed hydrophobic residues that are normally 
buried in the protein core or it can form a random, coil structure characteristic of 
a fully unfolded protein. When a protein is heated, it may also form different 
denatured states. At elevated temperatures, proteins often become more flexible 
and their collision frequency increases, resulting in a propensity to form aggre-
gates. In addition, many surfaces used in pharmaceutical applications are hydro-
phobic and protein adsorption to these surfaces can occur. Protein adsorption at 
hydrophobic surfaces may result in the accumulation of denatured protein at the 
surface which results in an increased local concentration of darts cited protein and 
subsequent aggregation. An air interface is a hydrophobic surface and, therefore, 
agitation of protein solutions with an – interface can also cause aggregation. The 
physical state ofaprotein and its stability depend on several environmental factors. 
Detrimental changes in the protein enviromnenc can result in protein denaturafion. 
In general, the denatured state, which can be defined as any normative conforma-- 
tion, often has exposed hydrophobic surfaces that may interact with other proteins 
both in solution and on surfaces. 
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1. Denatu,at/on 

Many proteins are only marginally stable in solution; therefore, they are easily 
denatured and this results in aggregation. Nature has evolved methods to eliminate 
denatured proteins from the body and thereby reduce aggregation and prevent 
autoimmunity (see Section nB). These methods usually involve proteolytic deg-

radation or glomerular filbulion. In addition, intracellular processes remove dena-

tired proteins and solubilize protein aggregates. One class of inacellular proteins, 
referred to as chaperonins, have the ability to bind denatured or aggregated proteins 

and facilitate their renamralioa W the native state (for reviews, see References 13 

and 14). When the chaperonins become overwhelmed by the high expression level 

of a recombinant protein, intracellular aggregates (inclusion bodies) may form.’ 
Inclusion body formation of many recombinant therapeutic proteins (e.g., human 

insulin,8 human growth hormone (hGH)," and human interferon-gamma20) re-
aimed extensive protein folding studies to recover the native protein. These 

studies, in turn, have provided a basic understanding of the processes of denatur-
ation and aggregation. 

Two basic pathways have been observed for proteins during determination, and 

is 

folding. The simplest pathway involves a two-state model. In this model, the native 
state, N, exists in equilibrium with the denatured state, 1): - 

ND (I) 

The native state is not a rigid structure in solution and it can fluctuate to form 

several stable, active states that are difficult to detect by many methods.2’ The 

denatured state is an ensemble average of several nonnative protein conformations. 

The characteristics and stability of the denatured state are dependent upon the 

environment (e.g., the solvent conditions). The presence otdcrouMmIts, cosolveoLs 

(see Section ll.C), or extremes of pH can destabilize the native protein. As the 

protein denatures, the internal hydrophobic core residues are often exposed to the 

solvent." Interactions between hydrophobic residues in the interior of the protein 

determine the physical stability of the prote& Stability of proteins has been 

successfully altered by making single residue substitutions in the hydrophobic 

S core32 Thus through protein engineering, it is possible to determine the critical 

hydrophobic residues and increase protein stability. Once the hydrophobic core 

residues are exposed to the solvent, they can interact with other hydrophobic 

surfaces such as container surfaces, air interfaces, or even with other denatured 

proteins. Exposure of these hydrophobic residues may proceed through a sequen-

tial series of definable thermodynamic states referred to as intermediates. The 

formation of stable intermediate conformations that self-associate during folding 

has been observed for anumber of proteins.lZ27 The second general pathway for 

denaturation and folding would then include these stable intermediate species: 
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As shown in Equation 2, the native protein unfolds to form a native-like intenne-
diate, l and this intermediate further unfolds to form other intexmediat. Often, 
the protein will unfold to form an off-pathway or misfolded intermediate. I,. These 
misfolded intermediates are often thermodynamically stable and their rate of 
folding to the native slate can be significantly slower than the other intermediates. 
These misfolded intennediates usually contain nonnafive disulfide bonds that most 
be reduced to allow folding to the native state.32 Misfolded intermediates and 
hydrophobic intermediates on the folding pathway may form aggregates, A. Al-
though the misfolded intermediates and aggregates may eventually refold to the 
native state, the renaturation of these species is usually performed through the 
addition of denaturing agents such as sodium dodecyl sulfate (SDS), guathdihe 
hydrochloride, or urea. If the misfolded intermediates or aggregates form Mims-
rive

 disulfide bonds, the dissociation and folding to the native state require reduc-
ing agents as well as a denaturant. 

Although many physicochenlical interactions can lead to protein aggregation, 
several researchers have postulated that noncovalent interactions, specifically 
hydrophobic interactions  are the major cause of aggregation from the denatured 
5(,9337 Many studies of protein folding indicate that stable hydrophobic later-
mediates sel sociate.12-3’ Forexample, fit hydrophobic molten globule interme- - 
diates of carbonic auhydrase and bovine growth hormone self-associate during 
reMding.°t391f a thermodynamically stable intermediate state does not exist as 
suggested in the two-state model, hydrophobic interactions may still drive the 
aggregation of the protein since the gradual exposure of a hydrophobic surface will 
also increase the propensity of the protein to aggregate. For refolding of recombi-
nant hGH, association of the protein was observed at high protein concentrations, 
but an intermediate species responsible for the aggregation was not identified.27 
Hydrophobic interactions are also the strongest nonpolar forces and may be the 
driving force for refolding.26 The endothermic kinetics°°’’ and loss ofentropy0a 

observed during protein aggregation are further evidence of these nonpolar forces. 
Exposure of hydrophobic regions can occur during denaturation by chaotropic 
agents237043 or by increased ten1perature.4’ Both denaturants and tempera-
tam; have been used to study the stability of proteins. If the two-state model as 
shown in Equation I is assumed, the concentration of denaturant required to 
achieve an equal concentration of native and denatured protein will provide an 
indication of the thermodynamic stability of the protein. This approach can also be 
used to calculate the free energy of unfolding of the protein, which defines the 
thermodynamic stability of the protein." First, the fraction of denatured protein,fd, 
is calculated for a given condition (denaturant concentration, temperature, etc.) by 
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using a method that measures the extent of denaturation. Spectroscopic methods 
such as absorbance, circular dichroisn., or fluorescence are, commonly used for 
these studies. The fraction of denatured protein is than defined by the equilibrium 
between the denatured, D, and native, N, states: 

[D] Kno 
d41+Il+K 

where K is the equilibrium constant. The equilibrium constant for denaturation 
is also related to the free energy of denaturation, AG°,1,, as a function of the 
denaturant concentration IC]: 

((oflH2O +A[C])  
K,=exp 

RT 
)=eXP( 

RT 
) 

(4) 

S where AGO 1129 is the free energy of denaturation without denaturant and A cone-- 
sponds to a linear relationship between denaturant concentration and change in free 
energy. By nonlinear least squares methods, experimental data can be used in 
Equations 3 and 4 with the denatured fraction as the dependent variable and the 
denatumnt concentration as the independent variable. In addition, an equal concen-
tradon of both native and denatured protein is often achieved through heating to 
the appropriate temperature, usually referred to as the melt temperature. Tm Both 
the heating and denaturation profiles of a protein are measured at equilibrium, and 
the results are used to calculate the thermodynamic stability of the protein as 
defined by Equations 3 and 4. These analyses are based on the assumptions that the 
protein does not form a stable intermediate state and does not aggregale 

Another factor that can cause protein denaturation is surface interaction. 

Adsorption of proteins to interfaces has been extensively reviewedP’4’ Adsorption 
studies have shown that proteins will adhere strongly to hydrophobic surfaces, but 
protein adsorption to hydrophilic surfaces is very weak.52 After adsorbing to a 
hydrophobic surface, a gradual denaturation of the protein may occur with the 
denatured protein remaining bound to the suxface.’ Once the buried hydzopkzo-

bic residues in the protein are exposed and adsorbed to the surface, dissociation of 
the protein from the surface can result in aggregation of the hydrophobic denatured 
protein. This process can be described by a series of reactions: 

N+SNSDSD+SA (5) 

where N is the native state, S is the surface, D is the denatured protein, and A is 
aggregate of denatured protein. Detailed models of protein adsorption for several 
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proteins have been described previously.’ Protein adsorption to surfaces can also 
decrease the themiostability of the protein.TM For example, denatvration and inac-
tivation of [i-galactosidase occurred upon interaction with wall surfaces at low 
temperatures and the inactivation was independent of the air-liquid interfacial 
=05 Aggregation of denatured insulin on hydrophobic surfaces has been well 
studied. Monomeric insulin adsorbs to a hydrophobic surface or interface and is 
denathed. Unlike many native proteins, native monomeric insulin has exposed 
hydrophobic surfaces that may initiate the surface adsorption. Subsequent denatur- - 
adon and accumulation at the surface results in the formation of nonnative protein 
aggregates." Surface adsorption that results in denaturation of the protein can be 

I reduced or eliminated by either utilizing a more hydrophilic container or adding 
components to the formulation. Typically, glass vials are used for protein fomrn-- 
lations, but silica, a slightly charged hydrophobic surface, can readily adsorb 

I proteins. The use of more hydrophilic surfaces such as polyethylene oxide reduces 
protein adsorption and, thereby, prevents surface denaturation.53 Unfortunately, 

I these materials are not widely used in protein pharmaceuticals. For therapeutic 
proteins, components are usually added to the protein thnnulation to prevent 
adsorption to the glass surface. These additives may inhibit surface adsorption by 

I coathg the surface andior binding to the protein. Serum albumin is often added to 
formulations because it competes for surface sites to prevent adsorption of. the 
therapeutic protein. However, the addition of serum albumin may not be as 
effective as the addition of surfactants." Surfactants may bind Co either the protein 
or the hydrophobic surfaces and inhibit protein adsorption. Copolymers of ethylene 
oxide and propyl oxide block copolymers called Poloxamers (e.g., Pluronics and 
Genapol series), and other polyethers such as the polysorbate series (e.g., TweenS) 

I have been used to prevent protein adsorption In particular. Genapol PF-10,53 

Platonic F-68,6° Tween,’ and Triton X-iOO’7 have been used to prevent surface 

adsorption and aggregation of insulin. Nonpolar solvents such as alcohols" and 
I urea" also provided a signThcant reduction in surface adsorption and denaturation 

of insulin. When adding surfactants and other stabilizers to the protein formulation, 

I the effects of the additive on the pharmacological properties of the drag must be 

considered and additional toxicology studies may be required for materials that are 
not generally regarded as safe (GRAS). The additives may also cause leaching of 

I the container components and stnbiliiy studies must also address this possibility.° 
Proteins can also be denatured by other interfacial phenomena. Gas interfaces 

I and shear forces from pumping or filtration can both cause significant denaturation 
of the protein. Like many solid surfaces, gas interfaces are nonpolar and can cause 

protein denaturation. The rate of denaturation at a gas-liquid interface is dependent 

I upon the residence time of the protein at the interfaceP When shaking of protein 

solutions occurs in the presence of a gas-liquid interface, the rate of protein 

I denaturation is increased resulting in the formation of both soluble and insoluble 

protein aggregates.m Protein denaturation caused by agitation is the result of both 

the interfacial and sheer forces on the protein. Shear denaturation of proteins can 
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occur as the result of agitadon,63-s4 pumpaing,6546 or filtration." As in the case of 
protein adsorption, surfactants have been added to formulations to reduce interfa-
cial’ and shear-induced" denaturadon. The stability of many therapeutic proteins 
is often studied by subjecting the final configuration (e.g., stoppered vial) to 
shaking for several howt If the protein in the final configuration retains its native 
state and does not aggregate, the formulation is considered stable against surface 
or shear-induced denaturation. These vigorous testing procedures are performed to 
assure that the patient is not administered aggregated material as the Suit of 
storage or handling. Often, these formulations will require a stabilizing agent (e.g., 
surfactant) to prevent protein denaturation. 

2. Charge NoufralizaVon and Solubility 

Denaturation usually occurs prior to protein aggregation in solution, but the 
formation of native protein oligomers can also lead to aggregates of denatured 
protein. These phenomena often involve the association of the native protein as the 
result of changes in the solvent environment. The resulting protein oligomers may 
undergo subsequent denaturation over time as the result of the solvent conditions 
and protein-protein interactions. When a protein is placed in a high concentration 
of At, the siuface charges on the protein can become masked such that charge-
charge repulsion does not occur. This surface charge neutralization can result in the 

association of neutral protein molecules. A similar phenomenon of charge neutral-
ization can occur when the pH of the solution approaches the isoelectije point of 
the protein. As the isoeleciric point is reached, the number of neutral protein 
molecules increases and association often occurs. Both salt and pH changes may 
lead to subtle changes in protein conformation in the associated state, resulting in 
the formation of irreversible aggregates. If the association process and salt or pH 
changes do not irreversibly alter the confonngtioa of the proS dissociation con 
occur by adjusting the pH or reducing the salt concenhration. In the development 
of a stable formulation, the pH of the formulation is selected by taking into account 
factors such as the isoelecthc point of the protein, solubility, and chemical degra-
dation (e.g., deamidation). To reduce chemical degradation, the pH of many 

� 
protein formulations is approximately 5 to 7. The isoelectric point of many hor-
mones and bloodprotefns is also in the range ofpll5 to 7.67 Thus, the foundation 

PH must then be adjusted to avoid both chemical degradation and isoeleetTic 
precipitation. To ensure adequate solubility, the protein formulation is usually 
maintained at least 0.5 pH units above or below the proteins isoelectric point. 

The solubility limit for native proteins In solution is dependent upon the 
solvent environment as well as the physical characteristics of the system (e.g., 
temperature). Many therapeutic proteins can be maintained in a soluble some at 
concentrations (rgJmL to mg/niL) that are adequate for efficacy.Eachprotebt most 
be studied for its solubility in a given solvent environment even thoufl the 
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insoluble protein may not cause any adverse side effects such as increased irmnu- - 
nogenicity (see $ection llD2). Factors such as pH, excipients (see Section nC), 
and buffer components influence the protein solubility and the chemical and 
physical stability. These factors also have an impact on protein lyophili2aflon (see 
Section lii)). The protein in solution can OCCUPY a specific volume of the solution 
as the result of its tertiary structure. The sum of the specific volumes of each 
protein molecule in solution will dictate the number of molecules that can be 
packed into a specific volume of water containing buffer components and excipi-
eats. Therefore, as the protein concentration is increased, the packing density of the 
protein molecules increases, resulting in increased collisions and eventually the 
formation of a second phase (solid protein). This process usually occurs by a 
nucleation and growth mechanism where the critical nuclei are often soluble 
associated protein that rapidly grow to form insoluble protein precipitates or 
crystals. Several methods can be used to assess the solubility of a protein in a 
given solution. These methods often include adding solid protein to a solution and 
concentrating a solution by tihrafiftraüon. In  most cases, the solubility limit of 
native proteins is not observed for therapeutic applications. 

B. Pharmaceutical Consequences at Protein Aggregation 

When developing stable fonuillations for a therapeutic protein, one most 
consider the effect of the formulation on the pharmacology of the drug. In particu-
lar, if the formulation does not prevent denaturation and aggregation of the protein, 
the pharmacology, inununogenicity, and toxicology of the denatured or aggregated 
protein must be studied to determine its safety and efficacy. The Food and Drug 
Administration requires rigorous testing procedures to determine the stability of a 
pharmaceutical preparation over time. As the protein degrades chemically or 
physically, the activity, half-life, and immunogenicity of the protein can be altere– 
Therefore, several studies must be performed to determine the extent of degrada-
tion that is acceptable for administ–ation. The formation of soluble aggregates in 
a protein formulation can have a significant effect on the pharmacoithietics and 
immunogenicity of the pratt In addition, insoluble aggregates decrease the 

� product quality and are generally considered unacceptable. The end user, physician 
or patient, is usually instructed not to administer a solution containing precipitates. 
An understanding of both the pharmacokinetics and immunogenicity Of aggregated 
proteins is required for the development of a safe and efüoacious product.  

1. Activity and Biological Half-Life 

Some proteins such as human insulin reversibly self-associate to form oligo- - 
mets of the native protein. Recombinant human insulin was the first recombinant 
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therapeutic protein approved for human use. Many of the early formulation stabil-- 
ity studies were performed on recombinant human insulin. For insulin, it was 
critical to understand both association of native protein and aggregation of dean-
rated protein, both for production from Escherichia colP and for development of 
a successful product formulation. Insulin exists in several associated states that can 
reversibly dissociate to the fully active monomer. The zinc hexamer of insulin is 
a complex of insulin and zinc that results in the formation of insulin crystals.1’ This 
farm of insulin has long-acting properties (e.g., extended biological half-life) when 
administered subcutaneously because it slowly dissociates into dimers and, even-
many, monomers that diffuse through the capillary membrane and into thebloed2°  
Marty recent studies have been performed to alter the self-association properties of 
insulin to produce stable dimeric or monomeric forms that are absorbed more 
rapidly and have a reduced biological half-life for treatment of hyperglycemia 
onset after meals.7I_73 These studies include engineering navel insulin mutants that 
do not associate’0-72 and using surfactants to alter the distribution of associated and 
monomeric insulin.’ An understanding of insulin association has been required for 
successful treatment of diabetes. The study of insulin aggregation in solution has 
also been important for the development of insulin delivery devices. Light 

S scattering studies of insulin aggregation revealed the formation of large aggregates 
(100 to 200 ,un).l&14?Z Insulin aggregates larger than the native hexamer are 
deleterious since the amount of active insulin is unknown. These aggregates may 
also invoke an unwanted and perhaps, dangerous immune response.76 

2. Immunogenlclty 

Before the development of recombinant human insulin, insulin was obtained 
from animals (e.g., cattle and pigs). These animal-derived forms were immuno-- 
genic even after extensive purification.77 However, the cause of this immunogenic-

fly has never been clearly determined and it is likely that both the differences in 
the primary sequence of the human and animal derived insulin and the integrity, 
degradation, and aggregation of the extracted animal forms invoked an immune 
response. Investigations of the relationship between aggregation and immune 
response have been performed with bovine scrum albumin. These studies demon-- 
strated that the administration of aggregated protein resulted in an increased 
immune response and the production of antibodies with a reduced affinity for die 
native protein." Another recombinant therapeutic protein, hGH, has been studied 
for its immunogenicity as a function of aggregation. Initial therapies for hypopi-
tuitary dwarfism utilized hO!! extracted from the pituitaries of cadavers. The 
extracted protein often contained aggregated or degraded forms and these prepa-
rations produced measurable amounts of antibodies to hO!! after a single adnlin-- 
isiration. To assess the effect of hOff aggregation on immune response, astiidy was 
conducted with hUH in both the aggregated and monomeric forms. This study 
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indicated that aggregates of hUH were the primary cause of linniunogenicity in 
patients." Another study of hOli aggregation Involved the administration of either 
the monomer or dimer of b011. Both the dimer and monomer yielded equally low 
incidence of immunogenicity and the growth response was reported as equiva- - 
lent.20 In viva monomeric growth hormone binds and causes the dimerization of 
two growth hormone receptors.2’ Therefore, the dimer of hGH must dissociate to 
have a biological effect. In addition, the presence of antibodies to b011 may not 
alter the effectiveness of the protein? These results suggest that immunogenicity, 
although undesirable, does not always diminish the efficacy of a protein therapeu-
tic. The major concern in developing an immunogenic response to the therapeutic 
protein is the effect of this response on the patient’s own protein (e.g., autoim-
munity). Further research on the aggregation of other therapeutic proteins contin-
ues to provide a better understanding of the role of aggregation in the immune 
response. 

C. Effects of Exciplents on Protein Aggregation 

To prevent the formation of aggregates that can cause undesirable immunoge-- 
nicity or altered half-life, the protein formulation usually contains buffer compo-
nents and exciplents. Because the solvent environment dictates the ability of the 
protein to maintain its native state and avoid denamralion from physical forces 
such as bet or agitation, different excipients are empirically tested for their ability 
to stabilize the protein. These excipients can range from salts to surfactants. 
Excipients and buffer components added to solutions to increase the stability or 
solubility of the protein are often referred to as cosolvents because they affect the 
salvation of the protein. 

I. Cosol vent Effects 

The thermodynamics of solvent interactions with proteins has been studied for 
a variety of different proteins and cosolvents.5" These studies have shown that 
cosolvents may affect the physical stability of proteins by two different mecha-
nisms. tho mechanism is the preferential hydration oftthprotin, whichis defined 
as the exclusion of the cosolvent from the protein surface. The cosolvent is 
excluded from the protein surface as the result of either inert steric exclusion 
effects (e.g., polyethylene glycols), an increase in the surfacetension of water (e.g., 
sugars, some salts, and amino acids), or chemical incompatibility with the protein 
surface (e.g., charge repulsion. 2-methyl-2,4-pentanediol; MPD)P In each case, 
the protein does not interact with the cosolvent and becomes fully hydrated, 
surrounded by a cosolvent-free layer of water. The application of cosolvents that 
cause preferential hydration of the protein stabilizes compact protein contents-
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lions because cosolvent addition results in an increase in the free energy of the 
system (increased surface tension). To reduce the free energy of the system, the 
solvent-accessible surface area of the protein is minimized. These effects are 
described by a thermodynamic analysis of the system. The chemical potential of 
the protein (3pJ8m,) changes as the result of cosolvent addition and this change 
is defired by the product of 1k change in the crmicgl potential of the cosolvent 
(3jQôni,) and the preferential interaction of the cosolvent with the protein 
(3mj8m): 

Iom,1 ___ 
&nj ) &n (6) 

1. T?m L 1 .Jr.11.ji1 L S JT.Pa 

where it is the chemical potential, in is the niolality, T is the system temperature, 
P is the system pressure, and the subscripts denote protein (p), cosolvent (s), and 
water (w). The preferential interaction term (6mJSn) has been measured and is 

used 

to describe interactions between several cosolvents and proteins." If the 
preferential interaction term is negative, the cosolvent causes preferential hydra-
tion of the protein or, in other words, the binding interaction is negative. A positive 
preferential interaction is the other major mechanism of cosolvent action where the 
cosolvent binds to the protein surfaceY Cosolvent binding is either nonspecific or 
specific to sites on the protein suthce. Denaturation studies have shown tlwl 
many denaturants do not bind specific sites, but instead cause-global changes in the 
protein conformation.90 91 

Either cosolvent binding or preferential hydration have been observed for 
several cosolvents and proteins and a summary of each cosolvent effect is shown 
in Figure 1. The classification of cosolvents into these two distinct categories, 
binding and hydration, is often difficult because several additional Thctors influ-
ence their behaviorY2 Concentration effects can alter the solution behavior of many 
cosolvents. For example polyethylene glycol (PEG) at high concentrations (’10% 
w/v) exerts a nonspecific negative preferential interaction with proteins causing 
precipitation.’ On the other hand, PEG at low concentrations (<1% w/v) has been 
observed to bind to hydrophobic surfaces on denatured proteins92 The major 
difficulty in analyzing the stabilizing effect of these solvents is the inability in 
separate denaturation events from physical changes in the solvent environment. 
The interplay between thermodynamic changes in the solvent environment and 
alterations in the protein conformation determines the stability of a protein in a 
given solvent. The two-state equilibrium denaturation model described inEquation 
I is combined with Equation 6 to describe the thermodynamic contribution of the 
solvent environment to denaturation of the protein: 
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preferential interaction. The mechanism of interaction for PEG is dependent upon the PEG 
concentration and rnoiecuW weight as discussed In the text. 
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The denaturation equilibrium constant, Kan, as defined in Equations 3 and 4, is 
related to the preferential interaction of the cosolvents with each state: the 
denatured, D, or native, N, conformation. The nonideality of the cosoJvent in the 
aqueous solution is expressed as the activity coefficient of the cosolvent, a5, 

which is related to the change in chemical potential of the solution Upon addition 
of csolvent (J5m). If the cosolvcnt intetacts with the native state by prefer-
ential exclusion horn the protein surface, it will reduce the solubility of the 
protein, assuming that the protein maintains its native conformation in the 
presence of the cosolvent. In contrast, Equation 7 describes mathematically the 
delicate balance between binding and exclusion that must be applied to reduce 
or eliminate denaturation-. Thus, cosolvents that provide the greatest stability 
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against denaturation and aggregation should bind weakly to proteins without 
perturbing their tertiary, structure and should provide a lower free energy state for 
the native protein than its denatured forms. Several examples of cosolverits that 
balance these interactions have been described for protein foldinC2 vi and stabil-
ity studies.’ 83 These results indicate that each protein will behave differently in 
die presence of cosolvents, hit the geiral scheme shown in Figure I is appli-
cable for many proteins. 

2. The Role of Surfactants 

Although surfactants are generally considered cosolvents, they display several 
unique features that are not observed for other cosolvents. For example, many ionic 
sorfactants, such as SDS, cause denaturation of proteins at relatively low concern-
nations (<0.1% w/v). Nonionic sudactants do not usually cause denaturation even 
at moderate concentrations (1% w/v). The most common nonionic surfactants 
originate from either the polysorbate or polyether families. The polysorbate win-
pounds (e.g., Tweens) consist of a sodium -polyethylene oxide head group and a 

. hydrocarbon tail. The typical polyethers are PEG and polyethylene oxide-polypro-pylene
 oxide block copolymers (e.g., Pluronicsfi). With the exception of PEG, 

these polymers have the distinct surfactaut characteristics of both hydrophilic and 
hydrophobic domains. 

The pharmaceutical industry utilizes a wide variety of surfactants. Nonionic and 
ionic surfactants have been approved for use in parenteral pharmaceutical formula-
tions. Surfactants were originally added to many formulations to increase protein 
solubility or stability (see Section ll.A.l). Surfactants can assemble at hydrophobic 
interfaces such as air-liquid or solid-liquid interfaces. In addition, surfactmits reduce 
the surface tension of the solution and thereby decrease the flee energy of the system. 
As the free energy of the system is reduced. the protein-protein and protein-surface 
interactions are reduced. Proteins are not preferentially hydrated by low coricencra-- 
dons of surfactants (cl% w/v). As discussed in Section H.C.1, this effect is depen-- 
dent upon the surfactant concentration as observed for PEG interactions. The major 
rationale for using surfactsnts in protein formulations is their ability to bind to 
hydrophobic interfaces that are potential demarcation sites. gecent studies show that 
surfaciants act at hydrophobic container surfac" air-liquid interfaccs,"- and 
hydrophobic surfaces on the protein)"" By binding to the protein’s exposed 
hydrophobic surface, surfactants reduce the hydrophobic interactions between sol-
vated protein molecules, thus reducing aggregation." The dual action of surfac-- 
tants provides a mechanism for preventing or reducing surface-induced denaturation 
as well as protein-protein interactions. 

The choice of surfactant is dependent upon the physical characteristics of the 
protein, the system (e.g., container, head space, etc.), and the presence of other 
cosolvents. Several studies have investigated the ability of surfactants to prevent 



denaturation and subsequent nonspecific aggregation of msulin." These studies 
show that the type and concentration of surfactant necessary to inhibit aggregalion 
can vary with test conditions and ilt System studied. In addition, S presence of 
other cosolvents may alter the physical characteristics of the surfactants. For 
example, addition of cosol-ents that cause preferential hydration of the protein 
(e.g., sugars) may also cause hydration of the surfactant, which results in a phase 
separation (aqueous/surfactant or aqueous/solid). The concesttration of surfactant 
used in the formulation may also alter its interactions with the proteIn. Most 
nonionic siufactants, especially polysorbates, have a relatively low critical micelle 
concentration (<0.1% w/v) and, therefore, exist in micellar form in many formu- - 
lations. These micelles exist in equilibrium with the monomeric surfactant mol-
ecules. The protein can interact with either the micellar structure or the monomeric 
surfactant molecules. The system becomes extremely complex when the formula-- 
tions contain multiple components or surfactants at concentrations above their 
critical micelle concentration. Future studies should provide additional evidence 
that surfactants bind to nadve"’ as well as denatured proteins29.’4 and this re-
search, combined with an understanding of the solution properties of surfactants, 
should provide some fundamental rules for the use of surfactants in protein 

� 
formulations 

S. Recent Discoveries 

formulation research has lead to the discovery of new excipients that can 
provide increased solubility and stabillEy for pharmaceuticals. These excipients 
must meet the requirements of aqueous solubility, nontoxicity, and noureactivity. 
In addition, the excipient should stabilize the native protein conformation and 
prevent nonspecific adsorption and aggregation. Rapid clearance from the body 
and lack of biological effects are also required for suitable excipients. Mvances 
in the development of new excipients would include improvements in case of use, 
increased stability at room temperaflire, and unrestricted administration (delivery 
route or dosage). Although many of the cosolvents discussed in the previous 
section and listed in Figure 1 are used as excipients in approved plmnnaceutical 

’applications, these excipients usually do not meet all of these criteria when used 
alone. Therefore, a combination of excipients is often used to take advantage of the 
characteristics of each excipient. The characteristics of these complex mixtures are 
often difficult to measure and describe in a thcortticul context. Thus, many protein 
formulations contain excipient combinations that are chosen on the basis of the 
formulation scientist’s cxperiencc 

Recently, cyclodexlrins have been extensively studied in protein formulations 
because they have many desirable physicochemical properties Development of 
toxicology data and industrial processes have increased the potential use of 
cyclodextnins. Cyclodextrins are unique molecules that have been studied for their 
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ability to microencapsulate small molecules. Cyclodexuins have a domtt-like" 
structure of six (alpha), seven eta), or ought (gamrna} glucopyranose u2it (for 
reviews, see References 95-97). These compounds have been used in diagnostic 
kits for several years and have only recently been studied for use as pharmaceutical 
uscaphous.95 Cyclodexuins have been postulated to decrease aggregation and 
nonspecific adsorption by specifically interacting with the hydrophobic sites on 
proteIns.’6 If the cyclodexains bind to hydrophobic residues exposed on the protein 
surface, they should inhibit association reactions that are driven by hydrophobic 
interactions. These excipients have a particula, affinity for aromatic amino acids 
and may encapsulate them in the inner core of the cyclodetrinS It seems unlikely 
that cyclodtxtrin binding of aromatic residues would increase protein solubility 
and stability because few native prowS have solvent exposed aromatic groups. 
Several proteins have been studied in formulations containing 2-hydroxypropyl--
cyclodextrin (HPCD). In each case, UFCD increased protein solubility and stabil-- 
ity. When HPCI) was used in elevated temperature stabthty studies, protein ag-- 
gregation was inhibited and the proteins (interlcukin-2, tumor necrosis factor, 
macrophage colony stimulating factor, insulin, and growth hormone) were main-
tained in their native confonantion.95,94 For lyoniffization, nrC) also provided 

. improved reconstitution characteristics and prevented aggregation of tumor necro- - 
sis factor’s and thterIeukin-2° The nontoxicity and stability properties  of cycle -
dextrins justify further studies of these excipients to understand the mechanisms of 
their interaction with proteins. One drawback of their use, however, is the rela-
tively high concentrations (10 to 20%) needed to effect stabilization 

Trehalose also has many desimble physicochemical properties. It is similar in 
composition to the other disaccharides (e.g., maltose) commonly used in protein 
Inoculation, but it has a unique structure: a-B-ghscopyranosyl-u-D-glnco 
pyronoside. This structure results in a physical orientation of hydroxyl groups that 
is distinct fum other disacthandes of glucose or 14 linkages). This difference 
in strarxore may cause trehalose to have distinct physical properties. The funda- - 
mental basis for stabilization of proteins by uthalose has beenrtcently debaced.’°°’° 
The two hypotheses for tehalose stabilization of proteins arc the watcrsnbsti-
tute’ and glassy state" models, Both of these models describe the effect of 
trehalose on the stabilization of tied protein. The watersubsbtute hypothesis 

� posthates that mehadow stabilizes dried proteins by hydrating the protein at sites 
previously occupied by water)ti On the other hand, the glassy stale hypothesis 
suggests that trehalose stabilization is the result of an increased glass transition 
temperature Cr, = 77°C, see Section ffD). To date, the mechanism for enhanced 
stability of dried proteins ialtebalose formulations is not well understood and there 
have not been any published studies on the use of trehalose in aqueous formula-
tions. However, trehalose has been shown to provide enhanced stability of proteins 
when compared to several other excipients. In particular, trehalose prevents aggre-
gation of proteins in the dried or glassy state at elevated temperatures (,2C).’°°’10’ 
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For example, restriction endonucleases. commonly used for generic engineering, 
have been dried in tiohalose and have maintained activity after storage at elevated 
temperalutes (55°C) for several months. in contrast, Accumulations with other 
saccbarides (e.g. sucrose, ruannitot, and Larose) did not preserve the proteins 
under these conditioas.’ The application of trehazose to foreerallaturrus has prima- - 
zily been for stabilization during di)dng,tt More recent studs have shown that 
tiehalose does not provide adequate protection against denaturation caused by 
freezing, but trehziose can prevent dehydration-induced denawrauon.102 These 
studies indicate that trebalose is a good lyoproteclanr that preserves protein during 
drying, but not a good oryoprotectant (s-g., PEG).10410’ Most commercial applica-- 
tions of treha1oe have focused on ambient temperawre drying and, thus, have 
avoided the freezing process100 Since trehalose appears to function as a water-
substitute, causing hydration of proteins, it should also find utility in aqueous 
formulations where additional hydration of the protein may prevent donaturation 
(see Section JLC.l). Further investigations of this exeipient in both aqueous and 
lyophilhzed formulations should yield insight into its ability to enhance protein 
stability. These studies, along with toxicology data, could result in the use of this 
excipient in pharmaceuticals. 

0. Lyophilhzation Induced Aggregation 

The formulation scientist often has to choose between the development of 
either a solid or liquid formulation. The most common method for producing a thy 
final protein product is lyophilization. Often, the preferred protein formulation is 
a lyophilized solid because many of the chemical degradation reactions are re-
Larded (see chemical degradation sections) and the potential for decantation 
during handling and storage is eliminated. Lyophilization is a complex process and 
usually involves three main steps freezing, primary drying, and secoadzzry drying. 
The thermodynamics and process variables of the lyophilization process determine 
the rate of ftil product formation (thy solid) and the characteristics of the final 
product.’4’° Unfortunately, lyopliilfzation can often result in the denaturation of 
the protein Recent studies utilized Fomier-traasform infrared (FUR) sperms-
copy no assess the changes inconforniations of proteins in the thy surnsas 10 These 
experiments suggest that the dehydration of a protein can cause a measurable 
conformational change)0’ In addition to having an impact on the final state of the 
protein, lyophiizadon can affect the protein stability. For example, when hOn was 
lyophilized with a rapid freezing cycle, insoluble precipitates were observed upon 
reconstitution and the extent of precipitation was dependent upon the pB of the 
formulafion.tThus, the Major factors affecting the Sam of the, lyophilized protein 
are the residual moisture content, fonnulafiori components (e.g.. excipients), and 
the lyophilization process. 



1. En/dual Moisture Effects 

Initial studies of cryobiology revealed that the residual moisture and head 
space gases in a vial have an impact on the Mmcmre and stability of the dried 
protein these studies demonstrated that there was an optimum residual moisture 
required to maintain the stability of the formulation of several proteins?09 More 
recent studies have applied first principles to determine the theoretical amount of 
waxer required to maintain a protein in the fully hydrated state - a complete 
monolayer of water molecules. These studies focused on the fundamentals devel-
oped in gas adsorption for detezminlng the monolayer at the solid surface in 
hetetogencoi3s systems (e.g., gas-solid). Removal of the hydration monolayer in 
the absence of ecipients resulted in aggregation of the protein, but maintaining an 
excess amount of water resulted in a loss of biological activity.HO Additional 
studies have investigated the moisture-dependent aggregation of several lyophilized 
proteins (see, e.g., References Ill and 112). The effects of residual moisture Were 
studied for human growth hormone formulations. The most stable conditions were 
glyciue/mannitol formulations with a low water content to minimize aggregation. 
In contrast, excipient-free formulations were more stable at higher water contents 

0 where a hydration monolayer exists around the protein.112 These results further 
support the hypothesis that the protein must remain hydrated either by having 
increased residual moisture levels or adding water-substituting excpients. There. 

fore, every formulation and protein will have an optimum moisture content to 
minimize aggregation. After determining the optimum residual moisture, the main-
tenance of this level becomes critical to the stability of the dried fonnulation. The 
most critical variable is the stopper configsration and composition. The ability of 
different stoppers to contribute moisture to the final product is dependent upon the 
composition of the stopper. A number of elaston,eric stopper components (e.g., 

9310/50 Gray) have been designed to have low moisture absorpxion.tt3 Finally, by 
determining tile appropriate residual moisture and vial configuration, one major 
component of the lyophilized final product is defined. 

2. Exclpienf Stabilization During Lyophifizatlon 

Another important variable in the development of a stable lyophilized foonu-- 

lalion is the amount and type of excIpients used in the formulation (for reviews. see 
References 114-116). The role of excipients in lyophilization has been attributed 
W two different potential mechanisms. One potential mechanism of excipient 
stabilization of Iyophilized protein is the change in the glass transition temperature 
(Ta) of the protein mixture upon addition of excipients.°3 The ability of an 
excIpient to increase the T5 of a lyophiflzed protein formulation has been hypoth-
esized to prevent denaturation and aggregation of proteins in the solid state by 

maintaining the solid in an amorphous state at high temperaturos.CC to Another 
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mechanism postulated for the stabilizing effect of excipients is commonly nefiesmad 
to as water-substitution-1°t’"" The excipients that can act as water-substitutes 
often allow far a reduction in the residual moisture and provide increased stability 
of the protein. It addition many of these excipients (e.g., mannitol) are required 
to produce a dry cake of high quality and excipients are often added to produce a 
unifonu powder that is easily reconstituted. To assess the effect of additives on 
stabilization during drying, a model protein, polylysine, was studied by iflit 
after lyophilizatioc from different formulations. 101 These expermamm along with 
similar studies of lactate dehydrogenase and phosphofructo.inase lyopi]ilizadon, 
revealed a correlation between denaiwation and formulation composition.’’ 
The fonnulations containing both a lyoprotectant (e.g., augurs) and a cryoprotectant 
(e.g., PEG) yielded the least denaturation of the proteins. Any reduction in unfold-- 
irig during tying resulted in improved reconstitution of the proteins. The addition 
of a hydrating cosolvenr (e.g., marinitol) or the smfactant (PEG) alone did not 
Prevent denatuiation during dzying)°3 Thus, to minimize denaruration during 
lyophilizafion. the formulation must contain both ciyoprotectants and lyoprotectarns. 
The detailed mechanism of interaction for these excipients is not lcnowii. Since the 
PEG concentration used in this study was 196 wIg, it may either act as a nonspe-
cific exclusion agent or hind to hydrophobic surface residues. If a nonspecific 
exclusion mechanism is assumed for PEG then the sugars must act as water 
substitutes to stabilize the protein structure. However, to distinguish between these 
mechanisms, lower concentrations of PEG should be used EQ assess the possibility 
of surfactant-protth, interactions. Other studies have focused on the effects of 
different excipients on therapeutic proteins. In many fSmulations, salts are added 
to control the osmnolarity of the solution. Lyophilization in the presence of sodium 
chloride has caused several proteins to precipitate)14" The effect of sodium 
chloride on the freezing process (freezing point depression) may cause The ob-
served aggregatift’16 or an increased binding of the salt to the protein may occur 
during lyopbiliz2tion.$&’ To circumvent these difficulties, mannitoi or other 
sugars art often used as isotor,Icifiers. Further exarnØes of other excipients have 
been presented in an extensive study of several excipients. This study revealed a 
correlation between stability and preferential interaction mechanisms of cosolvent 
that was analogous to the relationships observed in aqueous solutions (see Section 
ThCI and Figure )),% 1m.I’115aTh However, similar analyses of other protein 
systems should be performed to validate this correlation and assess the potential 
relationship between changes in the T of a protein formulation and its stability. 

S Changes In Local Environments Owing Freezing 

In addition to excipient effects, local changes in the solvent euvironment 
during freezing may also affect the stability of proteins. One major change is the 
crystallization of excipients or buffer components with subsequent changes in pH. 
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Crystallization of excipients can result in apnifiSng of the protein and exoipient 
into separate crystalline slates and thereby reduce any interaction between them114 
Thai2 freezing, buffer components may also ciystalluze, which results in a dra-- 
matic decrease in pa10"4 in particular, disadiurn phosphate crystallizes during 
freezing and this results in a large decrease in pH whereas potassium phosphate 
crystallization does not cause a significant change in pH. For solutions that contain 
the buffer as a minor component the buffer may not crystallize and alter the pR114 
lithe solution pH changes during freezin& the protein may become densEtred wd 
aggregate upon reconstitution. A correlation between freeze-thaw stability and pU 
was determined for human growth hormone where a slight change in pH (0.4 pH 
uolts)signi&antlyreduced aggiegadon)Because the lyophilizationprocess occurs 
in the solid state at equilibrium conditions (i.e., stepwise changes over long times), 
the protein can achieve a denatured state that is thermodynamically stable. However, 
the rapid reco titutioct of the dried prolcia does not allow the protein to proceed 
through the same series of equilibrium states to mtum to the native conformation. 
Therefore, upon reconstitution, the denatured protein will often self-associate before 
it can retold to the native state, in addition to buffer components, local changes in 
excipient concentrations can also occur. Smdes of lyophilized human growth hor- 

p ’ 

’none formulations have shown that the relative amounts of incipient and protein 
vary with location within the dry cake.’ 9 The lyophilization process and choice of 
formulation components can dramatically affeci the stability of the protein. Conth-- 
tions for lyophilizaziou most be based upoct the buffer composition and concentration 
to prevent crystallization and pH changes that can denature the protein. The Iyo-- 
philizaæon conditions most also account for potential crystallization of excipients p 
and the subsequent changes in the excipient-protein interactions. 

Protein aggregation in solution or during lyophilization has a significant 
impact ott product quality, efficacy, and immunogenicity. Changes in protein 
conformation can result in protein aggregation. Alteration of protein confirmation 
and subsequent aggregation can also cause clrrnieal degradation of the protein. 
Chemical degradation can involve covalent modifications of amino acid residues. 
Of these covalent modifications, deamidation and oxidation are the most common 
types of chemical modifications that occur in proteins. In the following sections, 
the nonenzymatic deantidation of glutan,ine (Gin) and asparagine (Asn) residues 

� 

and the oxid2lion of methionine (Met), cyeine (Cys) bistidine (His), and txyp-
tophan (Trp) residues in proteins are described. The impact of this degradation on 
the development of protein pharmaceuticals is also discussed. 

Iii. PROTEIN DEAMIOATION AND FORMULATION STABILITY 

Nonenzyivatic deamnidation of Asti and Oh can occur in proteins. The 
dearnidation of Mn and Gin Is a hydrolysis reaction requiring Water, and can often 
occur at rapid rates under physiological conditions. This reaction has always been 
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considered somewhat unique when compared to other chemical modifications that 
occur in proteins because the resulting products me the naturally occurring amino 
acid residues aspartic (Asp) and giutainic acid (Otu))°n It was assumed that the 
deamidation reactions; observed in proteins were a consequence of the extraction 
and detection procedures used in the isolation of proteins. The cWst careful studies 
of protein deamidation, using cytccbrome C, showed that protein dtanndaæon cmæd 
occur   vivo. n addition toundegoingarnpledeanudattntD eve the coxboxy- - 
late, Mn can deanildate and undergo an isomerizaEion that yields an isoaspartic acid 
residuncz,ce Although this is a nonxmmral amino acid =placement, an effective 
repairmechanism may have evolved thatutilizes carboxyl methyltransferase." This 
enzyme znethylates isnçartyl residues specifically, and it has been proposed that 
this methylalion can reverse the Isomerizadon to yield the normal alpha-Asp resi-
due)flhat dils enzyme exists and may function as a repair mechanism, along with 
the observationthatproteins can dealnidate in Vito, suggests that protein deanjidation 
may have an bnponrcnt biological role. This degradation mechanism may have 
profound effects on protein clearance rates and effective delivery of The protein 
pharmaceutical. This section discusses some of the mechanisms involved in 
deamidalion, the conseqaences of this interesting reaction, and some of the strategies 

� used to minimize this degradation in the formulated protein. 

A. Mechanisms of Protein Deamidatlon 

1. Genera/ Rules 

Some of the first careful smdies of denunciation On peptides were performed 
by Robinson and co-workers and presented in a seTS of artices that are summa-
rized in a 1974 review. 20 Dcami4atio,t rates were rnrasured for a number of model 
tetra- and pentapoptides of different amino acid sequences. At 37°C, abroad range 
of nomination half-times (t.,) was observed, ranging from 6 to 3407 days. 
Generally, the Gin peptides are less prone to deginidation than the Mn peptides as 
reflected in the greater ice values for the Gin inquiries although there is some 
overlap in the measured t values of Mn- and GIn-containing pepddes. 

The determined variation in rates as a function of sequence enabled Robinson 
et to make a number of important observations regarding the role of amino 
acid sequence on deanædation. Polar residues preceding Mn and Gin residues 
(attached to the amino tenninos of Mn or Gin) resulted in enhanced rates of 
dearnidadon, whereas bulky hydrophobic residues resulted in decreased rates. 
Interestingly, neighboring serio.e (Ser) and threonine Cilir) residues also increased 
the rate of deamidation. As already mentioned, deamidalion may serve as a 
biological regulator of clearance mechanisms. Glycosylation of proteins at pUtative 
Asti sites requires the sequence Asn-X-1br or Ser (where Xis any amino acid), and 
Oda may be a possible control element to prevent deaznidation at particular sites in 
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the protehI.121 It has not been determined wbether further control of the regulatory 
process is mediated by loss of carbohydrate from the N-linked Mn sites. 

Robinson etaLtattempted to relate amino acid sequence to rates of deamidation 
in an effort to predict which sites are susceptible to deamidation. Although the 
general rules proposed can be interpreted by the mechanisms elucidated for hy-
drolysis in amides of peptides, the ability to predict deamidadon hot spots" in a 
protein is somewhat limited because protein conformation affects deantidsæon 
kinetics. The mechanisms involved have been reviewed by Wright"’ and are 
summarized below. 

Z General Acid-Base Cnfaiysls 

Deanædaflon of Aso and GIn residues is an acid- and base-catalyzed hydrolysis 
reaction. The acid-catalyzed step involves protonatioo of the anadde leaving group. 
The base-catalyzed step involves nucleophilic attack of the aznide carbonyl carbon 
by hydroxide or conjugate base (the general base DOE only may generate hydroxide 

J 
from a water molecule but also may activate another nucleophije by abstraction of 
a proton). The order of the acid- and base-catalyzed steps is detennined by reaction 
conditions such as the pH of the solution. The tramnaran Male of This reaction Is 
believed to be an oxyanion tetxabednl intermediate that can be stabilized by proton 
donorsjeadingto anenhanced rate of deamidalion (Figure 2). Because dewnidation 
is both acid- and base-catalyzed, there is a particular pH where the reaction rate is 
minimited. This conclusion is supported by studies of deamidation in Gb-contain-- 
ing pemapapfidesna and cytochrome C1" where the pH of maximum stability for 
the Mn and Gin residues was approximately pH 6. 

The observations discussed previously have been interpreted using this general 

acidfbase-catalyzed mechanism.’2° Amino acid residues adjacent to the Gin Or Aso 
residue can function as general acid groups (Thr or Set) by providing ni proton in 
the acid-catalyzed step. Other amino acids may act as oucleophiles (Asp, Glu and 
His at neutral pH), by attacking the amide carbonyl carbon. Proton donors such as 
Thr, 5cr and protonated lysine (Lys) and arghte (Arg), Stabilize the oxyanion 
transition state, which accelerates the deamidation reaction. 

S Seqoet,ce plays a major rote in governing dearnidation rates in peptides, 
However, the conformation and flexibility of polypeptide chains in a folded protein 
may bring potential catalytic residues from distant regions in the sequence into 
close proximity of the deanfidating amide side chain. "° Alternatively, constraints 
on the main-chain conformation by hydrogen bonding may inhibit the deamidadon 
of particular Mn residues in proteins. 131 It has also been suggested that iotendM 
catalytic side groups may be prevented from participating in the deamidation 
reaction because of hydrogen bonding or interactions with cofactors or lityandOt 

As discussed previously, Mn residues tend to be more prone to dearthdatiorl 
than Gin. However, GIn reacts faster than Mn when Gin is at the N-tenninus of 
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the polypeptide chain. In this case the amide carbonyl carbon undergoes nuclea-- 
phflic attack by the N-tenninal amino group, winch results in the cyclical pyro-- 
glutamic acid’" (Figure 3). Such a reaction takes place in human relaxin A chair’ 
where the N-terminal amino acid is aGIn residuej. Mn is unable to undergo such 
a cyclizadon-demnidation process because the shorter side chain would cause art 
unfavorably strained ring structure. Recently, however, Lura and Schirclalm found 
that Aso removed one residue from the N-termirLus can food acydic dearcildation 
product where again the N-tenninal amine functions as the nucleophile. The 
deagnidation of C-tctuingi Asia may also form a cyclic snuctize due to nutito-
philic attack of the carbonyl carbon of the amide by the C-terminal carbox-- 
yIatt.t3l However, unlike the dearnidafion reaction at the N-terminus, this 
cyclic anhydride structure is unstable and rapidly breaks down to aspartate. 

H0 
"5 

ONH COOH 
?02 

H4 C420 CH +r13 
I It 1 11 

-NHCH_g -NH -. NHCHC -NH -NI10ftC -NH 

0 
11 

HO-

CH2Q 

Oxyanion Transition State 

FIGURE 2. General acid and base catalysis of deamidafion. The tetrahedral oxy-
anion Intermediate is inferred to be the transition state. Stabilltation of this structure 
by protein donors will increase the rate of the deamidation reaction. 

I11 H2N \_CH C-NH-0C 

NH2 
- -NH- 4 NH3 
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FIGURE 3. Denomination of N-terminal Gin to form pyrro!idone carboxylic add. The 
dng sboctI,e Is formed afternudeophilic attack of theamide carbofl by the N-tamllflal 
amine. 
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Overall, in terms of the general acidbase-catalyzed mechanism, ,heseinwpre-- 
rations provide a fiim understanding of how adjacent amino acid residues modulate 
the deamidation reaction. What is not clear, however, is whether these interactions 
actually increase the rate of deamidation above its imeatalyred value. Wright and 

showed that the rates of deamidation of Mn and Gin in peptides were 
greatly enhanced over those determined for acetatnkfo. They concluded that if Asti 
and Gin were incorporated into proteins, the result would be increased rates of 
dean,idation, probably due to the stabilized oxyanion transition state and proximity 
to potential nucieophilic nitrogens in adjacent residues. In particular, niain-cltaitt 
amide �NH� groups function as hydrogen bond donors, and stabilize the tetrahe-- 
dral oxyanion transition state (Figure 2). Wright and Robinson’3’ proposed that the 
greater length of the Gin side chain compared to Mn makes the distance from the 
main-chain �NH� group to the negatively charged oxygen of the transition state 
too long to form good hydrogen bonds. Therefore, the formation of the oxyarijon 
transition state from Mn is favored over Gin, which results in a faster deaznidation 
rate for Am. it has also been suggested that Gin residues are capable of immobi-
lizing water molecules through hydrogen bonding to the side-chain amide and to 

4 
peplide ainide backbone proton donors or aeceptqrs,39 Mn residues are not as 
easily involved in such hydrogen bonding due to the shorter chain length of the side 
chain. It has been hypothesized that this ability to trap and immobilize water 
prevents interaction with bulk mobile water, which is required for the hydrolytic 
dealdation process 

3. Oeamldation and lsomerizatlon via a Cyclic imido Intermediate 

In their original work, Robinson in: aL demor,sUamd,batiarge bulky hyórophobic 
groups on the N-terminal side of the ainide residue reached in low rates of 
deornidadon)2° These original studies did not investigate peptides that had glycine 
(Gly) residues next to the Mn. More recent measurements of peptides containing 
Asa-Gly sequences have extended the lower range for deamidation haif-life, to 1.4 
days at 370C. 14 Additional studies of Ant-Gly, Asu-Ser, and Mn-Ma sequences in 
peptide and proteins have shown that the Asa residue desnildatea by formation of a 
cyclic imide intermediate. The cyclic imide is formed when the carbonyl cssbon of 
the Mn side-chain arnide undergoes nucleophilic attack by the main-chain peptide 
niogen from the adjacent C-terminal residue (Figure 4). The cyclic irnide foirns 
most readily when the C-terminal residue is Gly, and less so if it is Set or Ala, 
presumably because the small size of Gly does not interfere with the formation of tile 
cyclic stnxctwt. The deamidation of Gin residues is not expected to proceed by this 
mechanism because the extra carbon in the GIn side chain makes fonnatiozi of a 
cyclic iniide intennediate very unfavorable. The formation of cyclic imides from 
Aso-containing peptides has been demonsnatedt4t The breakdown of the imide 
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is Itself base -catalyzed, which involves hydrolysis of eithev one of the niuogen-- 
carbonyl bonds of the imide. Depending on which bond is hydrolyzed, the imide 
yields either the normal a-liruced or isomerizeä fruited Asp peptideul 14 (Figure 5). 
The hydrolysis reactions are completely reversible and therefore the final deanhidated 
products are interconvertible through the cyclic ftnide inter,nediate.’° Therefore, 
given the complete rvversibillry of the hydrolysis of the cyclic but bonds, Asp-Gly 
sequences may also form linide intermediates that subsequently hydrolyze to iso-- 
Asp-CRy. It hasbeen shown that tsopeptide founation is thermodyriamicMly favored 
overthe a-linked Asp peptideatequilibdum, Mostly in a 3:1 ratioUL"Q and therefore 
izomeiization of Asp-thy sequences proceeds through the same mechanism as 
deanidation of Asp-lily sequences.10 Clark extended this mechanism to proteins’43 

and showed that many of the An-Gly, Asx-Ser, or An-Ala sequences (Ass: = Asp 
or Mn) that favor hoide formation in pepddes are unable to do so in proteins because 
in native proteins these residues exist in conformations where the peptide bond amide 
cannot approach the cathonyt carbon of the side-chain made cc form the imide. 
Conformation undoubtedly plays a major role in this mechanism, but it appears that 
flexibility of the poi)peptide chain may be also very important, as shown by 

amithdon studies of æbonucleasel44tO where an Mn that ordinarily does not 
deaniid te in the native structure deamidates in the denatured protein. Further support 
for the importance of the peptide chain flexibility is the dearnidation of Mn"’ in the 
sequence Aspmr-Asn-Ser-}bs in recombinant WK. 10 This denudation appears to 
proceed throw) formation of the cyclic imidr rather than nearcst-neigbor catalysis. 
The crystal structure of hOE! shows poorly ordered polypeptide conformation in the 
region of residues 147 to 153.’ 
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FIGURE S. Forn,aion of either separate or isoaspadate as a result of 
hydrolysis of either of the carbonyl nitrogen bonds in the cyclic irTlide. 

Ina recent smdy using the hexapeptide Val-Tyr-Pto-Asn-Gly-Ala, a fragment of 
adrenocorticotropic hormone (ACTH), dcamidation was strongly base-catalyzed 
above pH 5�I4 In fact, the pH of maximum stability was significantly lower (pH 
to 4) than that observed for other amide-containing peptides and proteins including 
cytochrome C.’" Deprotonation of the peptide ornide nitrogen results in a more 
potent nucleophile, and therefore this reaction is expected to be highly base-catalyzed 
rather than acidftase-catalyzed, as in the general mechanism discussed previously. 
Below pH 4, the rate of deamidation of this peptide was much lower and probably 
proceeds through the general acid-catalyzed reaction, without isopeptide formation. 
Kinetic studies of an ACM hexapeptide with Asp SIthStItUEed for Mn showed that 
the alpha-Asp hexapepude is in equilibrium wah the so-Asp hexapepflde from p14 
6 to 10, consistent with the trade intermediate mechanism. At highly acidic pH (<3), 
the predominant dradion products were the Val-Tyr-Pre -Asp and GlyAJa pep-
tides from hydrolysis of the Asp-Gly peptide bond. Signiflcantly, the cyclic imide 
peptide was stable for up to 1400 h and constituted approximately 7% of the 
degradation products. As the pH increased, the formation of the cyclic bide-- 
containing pepde became more predominant relative to the hydrolysis of the Asp- - 
Gly bond. Although the cyclic imide-containing peptide was less stable at higher pH 
values, as much as 40% of the peptide contained the cyclic imide after 8000 hat 
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PH 4. The rest of the peptide was distributed between the peptide bond hydrolysis 
products and the iso-Asp- and Asp-containing hexapeptides. These observations 
M completely consistent with recent protein studies showing that, under certain 
conditions, the cyclic inside intermediate forms as a degradation product. The first 
demonstration that a cyclic imide could be formed during storage was in prepara.-
.tions of freeze-dried recombinant methionyl growth hormone (r-met hGH) that 
were stored at 45°C for 4 months)’° In r-met hGH, Asn129 and Asp°° residues have 
been shown to be the major sites for deamidation and isomerization, respec-
tively.’ Ion exchange chromatography and mass spectral analysis of tryptiº 
peptides showed that Asp"’ formed a stable cyclic imide. The isolation of the 
imide was possible using ion exchange techniques because the negative charge of 
Asp’" was lost upon formation of the cyclic inside. A clear demonstration that 
Am129 dea,nidated through the same route was not possible using ion exchange 
chromatography because formation of a cyclic imide from Am does not result in 
a charge change. This, apparently, is not an isolated case because similar behavior 
was found in liquid formulations of recombinant porcine somatotropin (PS’!) at pH 
5A II Alter storage at 31°C for 72 h, approximately 30% of PST had an Asp-Gly 
sequence on the protein convened to the stable cyclic imide. The optimal PH for 

� 
cyclic imide formation for PST was pH 5. Incubation of PST at pH 9 did not result 
in cyclic imide or iso-Asp formation. However, once the cyclic imide was formed, 
further incubation at pH 9 resulted in the disappearance of the cyclic imide. 
Although the formation of iso-Asp was not demonstrated in this particular experi-
ment, incubation at p139 of a PST ttyptic peptide that contained the cyclic imide 
yielded peptides with either Asp or iso-Asp. The tryptic peptides were generated 
by tiypsin digestion of PSI at pH 6, rather than at pH > 8, in order to prevent 
hydrolysis of the cyclic imide that formed during the storage of PST. The forma-
tion of a stable cyclic imide apparently is not restricted to Asp-Gly sequences in 
proteins, as shown by the recent work with recombinant hirudiri, a potent inhibitor 
of hurnan-a-drumnin.en Isolation of two cyclic imide proteins. comprising -1% 
of the total protein, was accomplished by using reversed phase chromatography. 
Mass spectral analysis of VS protSase digests showed that these cyclic itnides 
formed from Am-Gly sequences in hiradin.’rr The cyclic molds was present in the 
initial product, presumably before formulation, although the purified protein was 

0 not exposed to extremes of pH or temperature. Although the cyclic imide variants 
were not generated upon long-temi storage, this work shows that the cyclic imide 
intermediates of Asn-Gly deamidation sequences are stable enough to be detected 
and isolated. This may have further consequences for formulation of proteins. 

B. Consequences of Deamidatlon in Proteins 

Although deainidation and aspartyl immunization occurs in proteins, the 
protein formulator most determine the impact this has on the safety and efficacy 
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of the protein drug. We telex the reader to Wright’s review on the deamidation 
of specific prattusS.IU Robinson and Ruddol also have summarized research 
until 1974 on the occurrence and some effects (especially biological specific 
activity) of deainidation of proteins. This section will draw from this body of 
knowledge in discussing specific issues of interest to researchers involved in 
formulation of protein drugs. 

1. Activity 

As with most degradation routes in proteins, it is impossible to generalize the 
effect of dearnidation or cyclic imide formation on protein activity. There are many 
examples where demmehunst has no effect an the activity of the protein, such as 
in the case of interenIdn-1a"4" fl.jjISb aspartme 
bGH)M bovine serniimi ,ThonucIease,x65 and binidin)52 On the other hand, proteins 
such as cytochrome 0,t32 biterleuldn-I0,16616’ lysozyme,"I triosephosphate 

cahnodulin,172 adrenocoflicotropin" soluble C04174 OKT-3 
monoclonal antibody," and hUlL releasing factorfb exhibit decreased activity 

’ after deamidation. Thus, the effect on protein activity needs to be ascertained on 
a case-by-case basis. To further couxplicate mailers, different activities of a. protein 
my be affected differently by dearnidation. For example, dea,nidarion of marine 
epidermal growth factor (EOF) at a single site does not affect its binding to the 
EOF receptor or its niltogenic activity"’ whereas dean,idation eliminates EUF’s 
inununosuppressive biological activity.118 Than, it is important to determine if all 
activities related to the therapeutic use of the protein are unaffected by the 
doamidation reaction. 

2. Metabolic Half-Life 

Demnidalian may serve as the molecular cEock" that determines the metabolic 
in-vivo turnover time of proteS."9 Recently, the metabolic hall-lives in HeLa coils 
of 35 stnzctarally chxacterized proteins were correlated with a number of physical 

0
 

and chemical propethtL° Of all  the properties examined, only Mn and Uhi content 
showed a si ni cant inverse correlation with the in-vivo half-life. Wrightal has 
discussed how dearoidalion at Gin and Mn might affect the clearance limes of 
proteins by making the doamidated protein more susceptible to protease digestion, 
one of the first clearance mechanisms in the body. The main argument is That the 
enhanced deanMatlon rates in proteins relative to those in the free amino acids are 
greatly suppressed because of higher order structure (the enhancing effects of neigh-
boring residues is discussed in Section ITLA).US Increased flexibility or disruption of 



the polypepSe chain that includes the putative deamidation site may result in vvatly 
increased rates of deamidation. Deamidation in proteins can be a cooperative process 
whereby the initial deamidation increases the rate of deanildation at additional sites. 
This cooperative process may involve a minor structural change that moves Mn 
closer to residues that catalyze the deamidaticgt (as in bvine RNase),’2) prnoCe 
flexibility, or alter conformation in such a maener as to favor deamidation at a 
different Mn site that may be a substantial tstsnce from the first site (as in 
cytoebrome C).12’ If this process ends up being flily cooperative, then funther 
&aodation may ImAlp a molt flexible polypeplide and iltintob’ to unfolding Of 
the protein. The end result of this may be to shunt slightly misfolded forms of the 
protein into completely unfolded polypeptide chains that are more susceptible to 
proteolyfic degradation. The inhibition of refolding of denatured proteins by 
deamidation makes unfolding irreversible and allows the degradation machinery to 
effectively clear the damaged portable. If dearnidation is involved in such clearonce 
mechanisms, which may not be the case for all proteins, then controlling deamidation 
may be critical because classmate after administration may be much fastn than for 
nondeamidEed forms of the drug. Thus, even for proteins whew activity is unaltered 
by deamidation, faster clearance of deamidated protein may result in loss in efficacy 

� 
because of a more rapid removal of the protein from the body 

3. Protein Conformation 

Deantidation of Mn and Gin results in the thental denflaraijon of riboctu-- 
clease, lysozyme, and a-amylase becoming irreversible. In the case of riboirn-- 
clease. deami4ation affects the folding This is not suprising when 
Q= considers that a major chsrge change occurs at the site of modification. 
increasing the notnegativt charge on the protein may alter the delicate balance of 
different forces that are responsible for maintaining the native conformation of a 
proacm.no In addition to allowing surface charge, protein conformation can be 
radically altered, especially if the reaction proceeds through the cyclic imide 
intermediate. Viscosity, measurements of dea,nidated variants of carbonic mihy- - 
drase suggested that deaniidation is responsible for changes in structure and 

� hydration. " It is also possible that, even though gross changes in conformation are 
not detected, severe local perturbations in conformation can occur due to ho-Asp 
formation. The global conmnation of cecocnbinsm bovine calbindin, as deter-- 
mined by 20-I4MR spectroscopy, is unparbod after jUaXInIIatiOa at AsnP and all 
elements of secondary structure are intact." However, although the a-Asp form 
has identical confonnation compared to nondeamidated protein, the iso-Asp form 
s significantly perturbed in S vicinity of the daan,idation site, predominantly in 
the polypepride.segment Ly&Asps. 
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4. Self-Association and Aggregation 

Denaturation of proteins and exposure of hydrophobic interiors is a major 
cause of aggregation as discussed previously. If iirevetsible unfolding of proleins 
occurs due to deamidation, it makes them more susceptible to irreversible aggre-- 
gallon. It is also possible that if deamidation does not result in unfolding of the 
protein, the tendency to aggregate and become insoluble may in fact be reduced 
because of the greater repulsion between molecules due to the increased net 
negative charge on the protein. (Thenlical modifications such as succinylation have 
been used to increase net negative charge and disrupt the association of multisubunit 
protedia.1w Multisubunit proteins are highly susceptible to disruption of the qua-
ternary structure as shown in the case of triosephosphate isomerase 
Deamidation of Mn’5 and Asn" in both subunits results in subunit dissociation, 
presumably because of the close proximity of the deaniidation sites at the subunit 
interface and the strong repulsion beveen therievdy created negative charges. The 
resulting monomers are rapidly degraded by oypsin whereas the dinleric TN is 
resistant to proteolysis. 

5. !nlmunogenJCity 

Very little is known about the effects of deamidation on the immunogenicity of 
proteins. Dewædation to the u-Asp may have hue effect on the linmunogenicity of 
proteins, as in the case of hGflyM unless deantidation resultr in a conformational 
change and/or aggregate formation. It is possible that a charge alteration at a surface 
residue could result jut sequence that is recognized as a foreign epitope, which 
would render the protein immunogenic. The more drastic substitution of an isoasparlate 
may have an eveneater impact on the linmunogenicity of the protein. The inclusion 
of an extra methylene group in the carbon main-chain backbone of the protein way 
result in a local confonnaflonal change. The generation of newly exposed antigcnic 
determinants as a molt  of deamidtion could elicit immune responses) lit has been 
found that deamidated serum albumin is immunogenic, and it was suggested that the 
altered protein could induce autoirmmme reactions, 3e On the other hand. although 

S insuhu dearnidates by way of the cyclic made pathway to fona iso-Asp, the immu-
nogenicity in rabbits is similar to that of the unmodified protein)° Altogether, these 
data suggest that the effects of deamidation on portent immunogenicity, as in the case 
of activity, needs to be addressed on a cast-by-case basis. As more protein drugs art 
introduced into clinical trials, a greater understanding of the relationship between 
deamidadon and immunogenicity will evolve. The use of transgenic animal models 
that express the human protein will allow researchers to test the munamisuricity of 
deamidated human recombinant proteins)9’ 
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C. Parameters that Affect and Strategies to inhibit Protein 
Dearpjdation 

Ithas been argued that many proteins deamidate in-vivo, giving both deamidted 
and cyclic imide products)’ Deanudaced forms are also often generated by extrac-
tion sort pur)fication procedures used to isolate the protein from the organism. The 
impact on furicüon pharmacokinetics, and irnmunogenicity, may be critical in 
determining whether a protein can be effecovely dclhtied to the target tissues. 
Therefore, it is prudent to minjinite the deamidafion reaction as much as possible 
in the protein formulation. Some of the strategies that can be considered we now 
discussed. 

I. Effect of p11 

The mechanism of deaznidation often dictates the best choice of pH; 11 
deamidation proceeds by a general acid/base-catalyzed mechanism, then it may be 
possible to formulate at an optimum pH where both races are minimized (for 

� 
peptides �pH 6). Deamidation that proceeds through the cyclic imide intermediate 
is base-catalyzed, and therefore lowering the pH should greatly reduce the rate of 
deamidation. This may be very difficult because other routes of degradation may 
predominate at lower pH. For example lowering the pH in r-met hoff reduced the 
tate of demodulation but induced particulate fonnation)51 The presence of Asp-Gly 
sequences also make controlling deainidalion by lowering pH more difficult. The 
rate of degradation of Asp-containing hexapeplido increases near pit 3 to 5.r4s If 
this also occurs, for Asn-GIy sequences in p,oteins, then the key is to balance the 
formation of iso-Asp from Mn and Asp residues as a function of pft. In the neutral 
to basic pH range, where the formation of iso-Asp hexapreptide by the cyclic Sdt 
bexapeptide predominantly occurs, there was a fimdamental difference in the 
degradation of the Asn-liexapepdde when compared to the Asp-hexapeptide)4 
The Asn-hexapeptide degraded by base and buffer catalysis, whereas the degrada-
tion rare of the Asp-hexapeptide was independent of pH and buffer ion. Oliya and 
Borchardt have suggested that this difference is due to the nature of the leaving 

� group.’ The carxyJaw anion increases the eleebon density surrounding the 
carbonyl carbon center via resonance, making the carbonyl carbon less electro-
philic and less susceptible to micleophilic attack by the peptide amide nitrogen that 
is required for fonnation of the cyclic i,nide. As the pH of the solution increases, 
the equilibrium concentration of the deprotonated nucleophilie peptide amide 
ormeares, whereas the concentration of the more ejectrophilic potonated çarboxyl 
group decrezes. These effects appear to offset each other, resulting in a rate for 
the Asp-haxapepdde that is pH in&penderat. 
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2. Effect of Temperature 

The rate of dea,nidation in Gln-us and Mn-193 containing pentapeptides in-
crossed at higher temperatures. The variation of rate constant with temperature for 
the Gin pentapeptides was dependent on the sequence of the pentapeptide. Scotchier 
and Robinson concluded that any useful generalizations for quantitative prediction 
of temperature dependence would require additional experimentaus More recent 
experiments with the hexapeptide Val-Thr-Pro-Mn-Qly-Ma showed that, at pH 
5.0 and 7.5 and at 25 to 70°C, the mtes of deamidafion obeyed the Anbenlu 
equation (EA 22 keal/mol at both pHs).94 Determination of activation energies 
for protein dearnidation is difficult because most of the proteins undergo a change 
in conformation at higher temperatures. Such was the case for formulation studies 
of intericulm-lP where deamidation was the major more of degradation below 
30°C and aggregation above 39°C.’ 

3. Effect of Exciplents 

� 
As early as 1942, researchers observed that the deamidation was markedly 

dependent on buffer anion.195 Gilbert or a,196 investigated the deamidation of Gin 
to Glu and pyrrolidone carboxylic acid in the presence of different sodium buffer 
salts at pH Sand 37°C. The rates of deamidadon were much faster in phosphate, 
arsenate, and bicarbonate, and slightly faster in phosphate and borate. There was 
no observed rate enhancement by sulfate, nitrate, acetate, chloride, or pynivate 
anions. Determination of deamidation rates of the pentapeptides Gly-Thr-Asn-- 
Glu-Gly and Gly-Arg-Am-Arg-Gly as a function of buffer anion also showed that 
phosphate, bursts, and other anions accelerated the rate of deamidation. In panicu-
Jar, phosphate anion appeared to accelerate the deamidation rate the most in 
comparison with the other anions studied. Buffer catalysis of the Asti-hexapeptide 
was also observed in the pH range of 7 to ll.’ Recently, the deamidation reaction 
of N-terminal-blocked Boc-Asn-bly-Gly was studied as a function of different 
salts, buffer anions, and organic solvents."1 The addition of aprotic salts NaCl, 
MgSO4, and Na2804 had little effect on the observed rate constants, whereas 

� qcH4)2sO4 and K2HPO4/Kfl2PO4 greatly enhanced the rate constants. The latter 
effect was assumed to be due to catalytic effect of these buffers, but an explanation 
for this effect based on mechanism was not provided. The catalytic effect at 5°C 
of the buffers Iris, N2PO4 NH3, CO,-,and knidazole was tested with variable 
buffer onion concentration at constant I M ionic sength made up with NaCl. The 
rank ordering of enhancement of the deamidation rate was H2P047, >> CO? 
imidazole > NH3 > Tris. The deanildation rate decreased with the addition of 
organic solvents. The reduction in rate constant was directly proportional to 
concentration of the organic solvent, as well as the We of solvent. Many of the 



solvents explored were those customarily used in protein isolation and crystaflita-- 
lion, and am unlikely to be used in formulation work. However, solvents such as 
ethanol reduced the rate of dearnidation and so it may he possible to find other 
organic solvents that reduce the deamidation rate and still be pharmaceutically 
compubhk Similar experiments with polyethylene glycols (PEG 4000 and 8000) 
showed only a slight retardation of deamidation one in these peptides as a function 
of PEG concentration, Also noted was that glycerol retarded the deamidaflon rate in 
gamma globulin and serum albumin preparadoS that had been thermally denatured 
and Then stored at pH 7 at 31°C for up to RO days.w Recently, it was shown that the 
main effect on deamidation rate in the hexapeptide V -Fro-Asu-GIfAla by 
addition of cosolvents occurs because of the decrease in the dielectric constant of the 
solution.’" This hexapeØde dearndatts by forming the cyclic irnide intermediate 
that is presumably funned by nuctcopbilic attaQc by the maln.chain peptide nitrogen 
after deprotonation of the peptide hood. It was suggested that the decreasein the rare 
of deamidation is due to the destabilization of the de9rotonated peptide bond nitrogen 
anion in solvents with low dielectric constants. In contrast to these results, the rate 
of isomerization of the Asp residue in Val-Thr-Pro-Asp-Gly-Ala actually increased 
slightly with decrease in dielectric constant. In this case, it was postulated that in the 

� tow dielectric solvent the population of proonated aspaityl side chains irxzea 
This results in a superior leaving group, and may balance the effect of the destabi-
lization of the snacking nucleophile nitrogen anion. 

AD these experiments were performed with peptides or thermally denatured 
protein. Alteration of protein conformation by organic solvents may negate any of 
the effects observed regarding reduction of deamidation rate in native proteins. 
Nonetheless, these studies may prove valuable in avoiding certain salts and buffer 
ions, particularly phospbate, if deamidation is identified as the major route of 
degradation in the formulated protein. 

4. Effect of Ionic Strength 

The effect of ionic strength on the rate of dearnidation was studied using the 
fluwminylpentapeprides GIy-Leu-Gln-Ala-Gly and Gly-A g-Gin-AlsGiy, and 
the asparaginyl pentapepuide Gly-Arg-Asn-Arg-Gly193 These studies showed that 
deamidation proceeds at a faster one with higher ionic strength and supports 
previous wort with Gin. ’ These peptides exhibited similar ionic strength depen-
dence on the rates; every one unit increase in ionic strength accelerated the reaction 
rate by a factor of about two. Recent studies with the pentapeptides Val-Ser-Asn-
X-Val and ValX-Asn-Ser-VaI (where X is one of ten different amino acids) 
investigated the influence of sequence, pH, buffer catalysis, and ionic strength on 
deamidation rate. For these peptides there was no observed buffer catalysis or 
depeadtice on ionic strength atneutrM and basic p1t 142 An increase in deamidation 
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rate with an increase in ionic strength occurred in cytochrome C?° Most perennial 

formulations of proteins are isotonic and if NaCl is used as the tonicifier, then the 
ionic strength is sufficiently low so that the increased deamidation rates observed 

at high ionic strength will not be a major problem. 

5. Lyophiization 

Since deamidation is a hydrolysis reaction that requires water, an obvious 
strategy to decrease deamidation is to eliminate water. One of the most useful 
techniques for water removal from protein formulations is freeze-drying. The 
removal of all residual water in a freeze-dried product, however, often proves to 
be deleterious to the protein conformation and stability."0 Recently it has been 
suggested that various carbohydrates function as lyoprotectants, which essentially 
replace the hydrogen bonding that is lost upon removal of water.2002 The residual 
water in typical freeze-dried formulations actually allows degradation via 
deamidation to occur in the solid state. This was demonstrated for the ACTH 

’ model Asn-hexapepflde. When this hexapeptide was freeze-dried from a 10 mM 
phosphate buffer at pH 7.4 and stored for 105 days at 37°C and 90% relative 
humidity, approximately 33% of the Ixexapeptide deamidated to Asp and isoAsp 
hexapeptides.’49 It was suggested that there was sufficient moisture to initiate 
deamidation. Interestingly, when tyophilited from wattr there was no appreciable 
deamidation of the hexapeptide when stored under the same conditions as the 

sample that was freeze-dried from a phosphate buffer. Because residual moisture 
was not measured in these experiments, it is difficult to ascertain whether a 
difference in residual water content coupled with favorable pH for deamidation 
was responsible. One difficulty in this interpretation is that decreased solubility of 
certain buffer salts upon freezing causes large changes in pH.303 In patticular, the 

pH of sodium phosphate solutions decreased to as low as pH 4 upon ’freezing, 

which should be within the pH range of maximum stability for the Asn-
hesupseptide.0i Other studies of gluàaon in the dried state showed that deamidation 
could proceed but depended upon the pH and moisture content2M Formation of the 

cyclic intide was also reported for (ily-Asp-Gly and Oly-Aso-Gly thpeptides in 

* freeze-dried formulations at higher temperatures.O 

Taken altogether, these studies suggest that removing water by freeze-drying 
may not be sufficient to eliminate the deamidation reaction in peptides. However, 

the rate of deamidation in the freeze-dried product can be controlled by proper 

choice of excipientsflZ’G and will usually be slower than the rates in a liquid 

formulation. The "trade off" in choosing a freeze-dried formulation over a liquid 
fonnuladon is the exira development time for the former. In addition, other 

degradation routes suØh as aggregation may occur due to the lyophilization pm-
was. These problems need to be weighed against the benefits of reducing the 
dearthdation on a case-by-case basis. 
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6. Genetic Engineering to Remove the Deamidating Amide Residue 

There will undoubtedly be cases where alteration of pH, addition of salts or 
cosolvenis control of ionic strength and temperature, and freeze-drying Will not 
lead to a sufficiently stabilized product. As mentioned earlier, when a number of 
degradation renes ocem, it may be impossible to reduce all rates with appropriate 
formulation conditions. Such a situation can be corrected by use of recombinant 
DNA technology to selectively eliminate Mn residues. This is usually a lastresoft 
strategy and can be undertaken when all other lormtlion auempm have failed. 
Such a strategy requires that an appropriate residue be used to replace the Mn 
without disrupting protein confonnation and activity. An obvious choice ofresidue 
is Set because of its similar size and potential hydrogen donor functional group. 
Recombinant derived human lnterleulcin-1 (iL-la) with api of 595 deamidated 
at Asn3’ resulting ins product with a lower pM Replacement of Asn36 with 
yielded a protein that was homogeneous on isoelectric focusing (JEF) with a pI 
equivalent to that of undeamidated bflcht"’ Proton NMR and circular dichroistu 
experiments established that this mutant protein was identical in conformation to 
undeamidated h]L-W. The activity of hIL-la and its Ser’6 mutant were identical 

. as assessed by measurement of rectptor binding affmitiea. The M mutant had 
identical activity to hIL-la suggesting that the deamidatlon to a -Asp does not 
inactivate the protein. However, this mutant does not provide any information 
regarding activity of iso-Asp at this dearrddation site. The Set mutant Was coin-- 
pletely stabilized against base-catalyzed and temperature-induced deamidation. 
Similarly, replacement in growth hormone releasing factor of Mn8 with Sex 
resulted in a -7-fold increase In protein smbillty.sii In this particular case, 
dearnidation resulted in decreased biological activity. 

Another possible replacement residue for engineering mutant proteins that are 
stabilized against deamidation is a GIn residue. As previously discussed GIn is less 
labile to deamidation than Asi’ and replaces that residue with one that has the same 
functional group, The main problem in this strategy is that the protein conforma-
tion would have to accommodate an extra methylene group in the side chain. Since. 
most Mu and Gin residues are on the surface of proteins,20’ this may not be a major 
problem. However, the ability of Gin residues to hind water moleculesI20$ may 

� have additional consequences for the packing of protein chains in the native 
stitcuute. 

IV. PROTEIN OXIDATION AND FORMULATION STABILITY 

In addition to deamidatlon, proteins can undergo oxidation, which is one of the 
major degradation pathways, both in solution and lyophilized formulations. 
Aittooxidolton is generally thought of as the "cmcat4yzed’ thermzt oxidation of 
substrate, and is studied infrequently because the reaction can is slow?00 and often 
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vathable. Uncatalyzed or thermal protein oxidation is actually a misnomer because 

the degradation one is often governed by trace amounts of peroxide, metal ions, lig$, 

base, and free radicalinciates,210On the other hand, protein oxidation (or catalyzed 

autooxidatioa) has been swdicdex$enSely. Bven though a peat death known about 

reactive oxygen species, the unknown and variable presence of the initiators makes 

the prediction of chemical oxidation an imprecise science. For example, free radical 
oxidation involves the separate effects of ithdation, propagation, and termination as 

shown in the following reaction scheme with metal ion M of valance it 

initiation 

RH -. 

ROOR+M" -. RD + 

kOOR+M° -. ROO+ M#W 

Propagation 

R +02-. ROO- - 

ROO+RH -. ROOH+R 
-- Termination 

ROG  + ROG -. NonradicaI products 

This reaction scheme, is only one of many representative oxidative pathways avail-

able. Even a cursory inspection of this scheme shows that this mechanism may afford 

complex lumetics in which any of the steps may be rate limiting, and where the rate- - 

lin4thig slep may change dining the course of the reaction. Furdint. there are several 

reactive oxygen species inch as siniet oxygen ’O, superoxide radical Oç alkyl or 

hydrogen peroxide ROOH or hydroxyl radicals (HO or HOO-), and halide 

oxygen complexes (ClO-)" Singlet oxygen, which is probably The most important 
oxidative species in biological processes may be formed by heat, light, or surface 

catalysis, and reverts to O ith photoemission. The generally accepted order of 
reactivity of oxidants commonly found in protein fonnuladons is: 

0;>R0011,H202> ’O. CIOT>O, 

The follovdng three sections focus on important issues pertaining to protein 
foundation and oxidation, such as oxidation mechanisms and reactive amino 
acids, effect of protein oxidation on the immune response, and formulation design 
considerations (Equid vs. solid). 
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A. Mechanisms of Oxidation 

There is limited published data on the oxidation of peplides and proteins in 
pbannaeudcal formulations because only a few proteins have been developed 
thus far and not all of these are susceptible to oxidative dagradafion. Mach of 
our uderstanding of protein oxidation comes from the chemical and biochemical 
iiterawre, where the major mechanisms of protein oxidation have been described 
in derail. There are several reactive amino acids that may undergo oxidation: 
methionine, cysreine, cystine, bistidine, tryptophan, and tyrosine each With its owls 
cbemisuy. because the focus of this review is protein formulation stability only 
the pertinant amino acids are discussed below. Those interested in alternate protein 
oxidation mechanisms, including oxidation induced by bi8h energy radiation, 
photooxidation itactions, metal ion catalysis, and enzymatic oxidation by rod-
doses, may read general reviews in these Eeas.2IMI4Shovm below are the major 
oxidative mechanisms as they apply to protein formulation development 

1. Meffiionlne 

3 Methionine can oxidize to gIve methionine su1foxide and, under extremely 
oxidative conditions, metbionine sulfone. Metluoaine is very susceptible to 
auroo&idalion, chemical oxidation, and photooxidation. It reacts with a variety of 
oxidants including hydrogen peroxide, periodate, iodine, dimethytsuifoxide, light, 
chloramine-T, and N-chlorosuccfttide.215 

Oxidation of Meth(anine 

R5C141 RS(0)0H3 &S(OO)CH3 
mshitne 

tb1roid � 

Methionine residues in native proteins show vddety varying reactivity, largely 
because some are bnned within the hydrophobic regions oldie molecule and SO are 
fairly ine,ç whereas some are exposed to the solvent and are thus more reactive. 
Ear example, the inethionine residues In myoglobin"6 and nypsi&17 are com-
pletely attractive under mild oxidation conditions. In many proteins, including 
ribonuclease Aus chytnotrypsin,21 pcpsin,’° transfenin,fI hGH,t and lysosyme.m 

The methionine residues are partially exposed to solvent and react at Very different 
oxidation rata. It is difficutt to detennne the effect of the primary amino ac)d 
sequence an to methionine on oxidation because the comparison of one study 
with another is complicated by the varied reaction conditions. Even for hydrogen 
peroxide, most of thestudiesreported to date have been carried out at different pus 
and buffers using different substrate and catalyst concentrations. These factors ale 
important because the HO, catalyzed degradation of methionine is pH dependent. 
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aud may follow complex khYtdcs.u4 Mcthion3xe can also Sc photooddized by a 
free radical pathway,m via a singlet oxygen rnernsediatc or by nucleophilic 
snbRtithdon:" 

Free radical pathway 

I D.D* 

I It-S-C113+D I It-S--CU3 *0 

D. tO4-$O O*1102+RO 

I R-S-CH3* UO -+ R-S(Offl-Gi3 

R-4(OH)--CH3 * H02 R-S{Oy-U43 11202 :1 

I Singlet oxflen pathway 

I by 

I D -* 0* 

dD*t02 .4 

I R-S-C1i3+ 102 -4 R-S(0O)-Cff3 

R-s(0O)-CL{3+ R-S--cH3 4 R -S(0) --U43 
* 

R-s0)--CH9 

I

 

Nucleophilic sabsfihzthon 

H 
- - I 

R-3-GH3+HOOB .4 .0 -OH I 

OH3 I 

H 

R   * 
I K - S - - 0-011 _. 
I I p 

I CH3 
OH3 p 

This medhathsm of nuceopliilic displacement is preferTed over one in which there 
is an avid-bze equilibrium with the solvent generating the species R00R2t This 
is based on the lack of salt effects;= negative entropy of activation,’2’ and leaving 
group subsdtacut effects.’ 
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I Cystaine 

Cysteine is also easily oxidized. For example, Cysteine can react with oxygen 
to yield cystine disulfide. The rate of cysteine oxidation is usually accelerated at 
higher pH where the thiol is ôeprotonaced,’’ although exceptions to this rule are 
kio’S and me usually attributed to protein unfolding at lower ph with a conconil-- 
taut increase in the rate of thiol oxidatlo&3U 

Oxidation of Cysteine by Oxygen 

RS- +02 �4 RS +02  

RSH+03� -, RS+H00 

RS-*RS- �3 RS�SR 

The pH dependence on protein oxidation may be used to distinguish between 
cysteine and methionine oxidation- The hydtogen peroxide catatyzedoxidation of 
cysteine 

decreases as the pH is lowered, whereas the rate of methicuine oxidation 
increases slightly from pH 5 to 1. Iss Cystelue oxidation is also strongly catalyzed 
by transition metal ions, especially copper. The rate of cygteine oxidation is usually 
inversely dependent on the distance between Eliot groups and neighboring elec-- 
"negative

 groups.209 For example, the pedodate oxidation of victual thiols in 
proximal cysreine groups to form disul–ides has been observed for abiolas&" and 
other proteinsP Once the cystine disulfide is formed, it is much less susceptible 
to reaction with mild oxidants (such as H10,) than either methionine or cysteine, 
and so is often found as the stable end product in an oxidative reaction. Exceptions 
to this have been reported. Certain organic acids react with %0, toform the molt 
reactive acylperoxides and peracids, which are known to oxidize cystjne2" At 
either low cysteine concentration, in the absence of a nearby thiol for disulfide 
formation, or in dye-sensitized photooxidacion reactions, cysteine may also oxidize 
directly to give sulfenic. sullinic, or sulfonic (cystic) acids, as observed in the 
oxidation of glyceraldehyde-3-phosphate dehydrogenase?36 

S 
Oxi&ztion of Cysteine to Give Cystic Acids 

RSH RSOH- ESO H �. R$O,H 
lal?suWr wIfanIc acid a 

In some proteins cystçine can be oxidized to give products from both pathways. 
For example, oxidation of a-amyhse affords 30% sulfenio acid and .10% new 
disth1t’ 
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S. HIstidinn 

Oxidation of histidine is also one of the major degradation pathways for many 
enzymes. The oxidation of histidine in the presence of metals is determined by the 
some acids ,tar the reactive hisidine, as well as present corifoimafion, making the 
prediction of metal catalyzed oxidation uncertain. For example, His in glutamine 
synthesize is far more susceptible to oxidation tbgn other histidine residues - a 
swpæsing finding in That Hiss is broad within the sequence Met-Ui9’-Cys-}lis-
Met where all of the residues may undergo oxidanon?8 ffisddine is also susceptible 
to photooxidation, where the proposed pthnaiy mechanism is a reaction of singlet 
oxygen’" with mprotonated jnstjdjne.240.241 The reaction rates on singlet oxygen 
with various amino acids has been detemted, where bistidine Tealts 3-fold faster 
than nyptophan, and 6fbld faster ffianmethmrcinc.24dIthas been demonstrated, using 
a-crystallin, that histidines react at different rates with singlet oxygen?’ The differ-
act rates of oxidation occur because some of the histidines are boiled and therefore 
thasitt, or are protonas and therefore unreactive. An excellent review on 

kphotochemical processes involving histidine has been published.m’ 

4. Tryptophan 

Although it is genorafly, recognized that uyptophan is easily photooridized, 
there are few mechanistic studies detailing tryptophan as the predominant oxida-
tion pathway. Photooxidadon of tryptophan and tryptophan-containing polypep-
tides affords the kynurenlne, H-fonnylkynurenine, glycine, alanine, serine, and 
aspaztic acid analogs, but with poor recovery and mass balance of degradation 
products7 At neutral pH, tryptophan and histidine typically photooxidize faster 
than most other amino acids, including yrosine." At lower pHs, uyptophan arid 
methionine are the predominant photoreaclive amino scids?41 Interestingly, there 
are only a few examples of thermal protein autooxidaton where typtophan is the 
predominant reactive site. The thermal side reactions of tiyptophan have been 
reviewed, where oxidation is not as favored as iodination, ozonization, or reaction 
with aromatic sul&nyl hiides, formic acid, or N-brornosOccisimide?4 

iii - �I’i’I � ;,:’*z.it ;Jiil rEnh.nfIcm 

1. Biological Activity 

A comprehensive summary of proteins that have been oxidized is shown in 
Table 1. (For those interested in metal ion catalyzed protein oxidation, an excellent 
compilation has been published by Statman.214) Included in Table 1 is the oxidation 
catalyst(s), The primary amino acid that undergoes oxidation, and whether the 
protein retained its biological activity after oxidation. Many of these studies were 

= 



-t93 
TABLE 1 
.Comprehensive Summary of Protein Oxidation 

Reactive Bloactivity 
Protein or Peptide Catalyst amin oacld after oxidation Ref. 

Albumin bovine A,F nd. nd. 316 
Aldolase B S no 233 
Nnldotransferase C S no 317 
Apolipaproteins Al and All B M nd. SIB 
Arginine kinase J M,S.W no 248 
Asparaginase A,F M.H.V partial 319 
Bon,bgsin J M no 320 
Brain SI OOb protein C S n.d. 321 
Cadtonin J M no 322, 323 
Calmodulin C M no 324 
Chemotactic peptide t-MLF) A M no 215 
Cholecystokinirl A M n.d. 325 
Chononic somatomammoropin Pt M yes 222 
Chyrnotrypsin A,B,F,P M partial 326-328 
Corttcotropin A - M no 329, 330 
Corticotropin releasing factor A M yes 331 

4 Creaune kirmse J M.S.W no 246 
a-Crystallin G,F M,H nd. 242.332 
Cylochrome C J nd. nd. 333 
Epidermal growth factor A M yes 334 
EryThropoien B nd. partial 335 
Fibrin A M nd. 231 
FlageilIn C M nd. 252 
Gasuin J M no 336 
Glucagon C,J M,W yes 262 
Glucose oxidase A M no 337 
Glutarnine syrithetase E H no 338-340 
G-3-phpate dehy&ogenase A S no me, 
Growth hormone - bovine C M yes 341, 342 
Growth hormone 

- human F,G M no, yeS 112 116, 256, 
309, 343 

Hemoglobin C nd. nd. 344 
lnterleukin-1 C S no 186 
lrttfliith-2 G M ri.d 99 
Lactalbunhin C M n.d. 345 
LacopecSdase A nd. no 34� 
Upoxygenase G M no 224 
Lysozyrne F M no 347 
a-2-Macroglobulin A 

- M no 348 
Myoglobin J M n.& 258 349 
Myosin A I1Nl,S nd. 350 
Neuropeptide V A M Partial 351 
Ovoinhibitor 

- J M partial 352 
Papain A S no 353-355 
Parathyrold hormone A M no 253. 356 
Pepsin A M parIoJ 220 
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TABLE 1 (continued) 
� Comprehensive Summary of Protein Oxidation 

Reactive Bloaetivfty 
Protein or Peptide Catalyst amino acid after oxidation Ref. 

Phosphoglucomulase F M no 219 
Plasminogen activator inhibitor C ki no 357,358 
a-I-Proteinase inhibitor C M no 281 359.360 
PflPP-Synthetase I) S partial 361 
Ralaxin F M yes 303 
Ribonuclease D M pwtial 232,362 
Ribonuclease S F H no 284 
Ribosomal L12 A M no 363 
Substance P G M partial 251 
Subtibsin A,F M partial 364-367 
Superoxide dlsrnutase A rid, no 366 
Tansienin A,B MV paillal 221 
Trypsin A nd. partial 235 
TypsIn inhibitor A M yes 369 
Trypsl&trypsinogen A,D M partial 217 

� Venom. B. asper and F nd. no. partial 370 
C, dudssvs 

Note: Oxidation catalysts are given In the second column as follows: A hydrogen perox-
ide. B = periodate. C = Chloramlne-T. 0 = iodoacetic acid. E = MAO. F = light (and sensitized 
photooxIdation), a autooxidat{on. P = peroxIdase, J = miscellaneous oxidizes; (see 
Individual reference), nd. - not determined. The prImea amino acid oxidized is given In the 
third column using the notations: M = methionino. H histidine, S = sulphydryl, W 
tryptophan and V tyrosine. Biological activity after oxidation Is given in the fourth column 
as tollows: if 10 to 90% of biological Is retained, then $dlar Is given in column 3, otherwise 
the protein Is classified as active or inactive after oxidation. 

carried out to determine the active site of the protein. Selective oxidation of certain 
amino acids, usually methionine, was used to alter biological activity as a probe for 

strucl7ural inference. In many cases, biological activity was only partially lost 
following oxidation, with 10-90% of the original activity remaining. When bio-
logical activity after oxidation was less than 10% of the parent protein (often within 

the limits of the assays used, the oxidized protein was considered inactive. 

Inspection of Table I shows that, in most cases, biological activity was either lost 

or diminished following oxidation. Loss of biological activity OCCUTTCd even when 

the oxidation was rather mild. For example, conversion of a single methionine to 

methionine sulfoxide by H2 can result in a significant loss of bioactivity (see 

examples in Table I for references). 

2. Conformation 

There are several methods to measure changes in protein conformation, 

including physical, chemical, and immunological methods. One of the more 
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sensitive indicators of protein conformation is the protein’s ability to react with 
a component of the immune system, such as antibody binding. A molecule that 
reacts with a component of the immune system is said to be antigejic. Although 
his method is very dependent on the specific antibody used, review of the 
literature shows that oxidation usually does not alter protein ant%enicity, unless 
the protein underwent confonnational changes. For example, oxidation of argi-
nine kinase did not affect antigenicity, but reaction of creatthc kinase under 
similar conditions decreased the antigenicity by approximately 70%.’’ (Argh-
inc kinase retains much of its secondary structure upon oxidation, whereas 
creatine kinase does not). In other proteins that have a significant amount of 
tertiary structure (such as human serum albumin) oxidation or reduction affected 
antigenicity significantly.10 Similarly, the athgenic properties of hepatitis B 
antigen were found to depend on the conformational integrity of the protein, as 
identified by oxidation and reduction saidics.248 Oxidation ofPorsopisjuliflora 
pollen antigen did not affect antigenicity, whereas protease digestion laid a large 
effect.14’ Both unoxidized and oxidized insulin B chains stimulated insulin-
specific T cell hybridomas (but xenogenic insulins often did not), arguing the 
irnpottmce of confoimaüon on antigethcity."° Autooxidadon of Substance P Was 
found to show only a modest decrease iriantigenicily as tested against two different- - 
antiserain an BLISA kinnat.’ Chloram(ne-Toxidation of f]agellin, where Met" 
and Met33’ were completely oxidized, resulted fri no change in ontigetheity as 
measured by immunoprecipitafion.22 Oxidation of -parathyroid hormone did 
not affect its antigenicity as measured by complement fixation, even though all 
biological activity was lost" Similarly, photooxidation of aspariginase did not 
result in a significant change in antigenicity354 (Reduction of aspaziginase also 
did not affect, its antigenicity.) Oxidation of Met" in hUH did not affect 
ancigenicity, as measured using a dual monoclonal antibody syswm.o6 Periodate 
oxidation of a 400 Id) mucin with the CAR-5 epitope did not alter the antigenic-
ity as identified by using the monoclonal antibody BD-5’57 The complete anti-
genic mapping of myoglobm was performed using a number of chemical and 
biochemical techniques to identify antigenic determinants.’ Oxidation of the 
two methionines to methionine sulfoxide afforded a product that was antigent-
cally and conformationally indistinguishable from native myoglobin. In another 
study, the product of perfonnic acid oxidation of st.ptiylccoccd nuclease Was 
found to be filly cross-reactive in antibody binding assays with unoxidized 
,luclease.r9 Oxidation of a 20 kD allergen from Virofi (aria imin ills did not affect 
antigenicity as measured by apassive anaphylaxis assay.2W In genera], oxidation 
of methionine to give methionine sulfoxide does not affect protein antigenicity, 
probably because the gross conformational structure of the oxidized protein is 
close to the native structure. This is the case for many of the proteins mentioned 
above including myoglohin, growth hormone, and flagethn. On the other hand, 
oxidation or reduction of disulfide often does cause a large change in antigenic-

icy, presumably because modification of the disulfide causes significant confotn,a-
tional changes. Glucagon shows decreased antigenicity after oxidation;" this is 
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due to major conformational changes upon oxidation as verified by a change in the 
alpha helical content by circular dicbmistriso Most proteins lose biological activ-
ity when oxidized, yet antigenicity is not affected unless the protein undergoes I 

gross conformational changes. This suggests that antigenicity is not a sensitive 
indicator of protein quality", at least when compared with biological activity; In 
summary, protein antigenicity is usually not affected by methionine oxidation. I 

Oxidation of single amino acids often causes a change in biological activity, but 

there are only a few proteins where such a subtle change affects antigenicity. The 
literature on protein oxidation emphasizes that minimizing protein oxidation is 

Crucial for maintaining biological activity of most proteins, but most oxidation 
reacüons do not cause gross cothotmaon?jI Changes, even when assayed using 
sensitive immunological methods. p 

3. Immunoge,nlclty 

A major concern of protein degradation is that degraded proteins, even self-
proteins, may lead to an unwanted immunogenic response. lininunogenicity is 

the ability of a substance to stimulate or induce a detectable immune response. 
This response may be deleterious because antibody formation may not  only 

neutralize the desired effect of the drug, but also may result in unwanted side 
effects such as anaphylactic shock after repeated administration- The immune 
system has evolved to recognize foreign protein, with disastrous immunological 
consequences if foreign proteins are not recognized.15’ Both xenogenous (for-
eign) and autologous (self) proteins have been tested for immunogenicity. For  
eign proteins, both native and modified (e.g., oxidized), should elicit an immune 
response. Self-proteins, however, should not give an immune response due to 
sef4oltrance. Modified self-pioteins may or may not elicit st immune response, 
depending on the protein and degree of modification. This last case is of particu-
lar interest to pharmaceutical scientists because it directly addresses the problem 
of protein stability and immnunojenicity in humans. For a modified autologous 
protein to be recognized as foreign, it must have altered inunune reco&ution sites, 
possibly due to a change in the primary sequence, or a change in protein confor-
mation. (Note: from Section IV.B.2, oxidation does not usually affect protein 
conformation.) It is well established that protein conformation plays a significant 
role in immune response. For example, the neutralizing antibody response follow-
ing immunization by gpl20 is dependent on the "correct" gpl20 communication; 
some of the antibodies recognize conformational determinants and others recog- - 
nize only primary sequence determinants. Another good example is the lack of 
immune response when peptide determinants are used to elicit an immune re 
spouse, such as in Site A ofinfluenzahemagglumdrins Immunization with flagel- - 
lin and oxidized flagellin did not significantly alter antibody liters in raEs.2 
Immunization of B! O.Bl (Wk) mice with insulin B chain did not afford a sigoifi- - 
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cant response, whereas immunization with oxidized B chain gave a large immune 
iesponse. It was suggested that oxidized B chain has an epitope that forms on 
antigenic complex available for T cell recognition, whereas the unoxidized protein 
does not. There is a recent report that galactose oxidation of subunit vaccines 
increases in,munogenicity;26’ however this type of oxidation exerts its effects 
through To cell priming (a very specific mechanism) and does not directly address 
protein oxidation. Immunogenicity data have also been obtained after chronic 
administration of protein therapeutics in humans. A great deal of iminunogethcity 
data on animal and human insulin have appeared in the last twenty years, but the 
literature data suggest that the inununogenicity differences observed are likely due 
to the differences between use of human and xenogenously-derived insufla’ 
There is no evidence that oxidation affects the immtmogenicity, of insulin. It is well 
established that some patients form antibodies to hGH after repeated dosing of 
hGH. It has been reported that hGH with an additional methionine at the N-- 
ttnninal end jMet-hGH showed more antibody fonnation than Met-less hG1121 

3although these comparisons may not be valid because they suffer from different 
assay sensitivities. Usually the presence of anti-hGH antibodies does not affect 
gwth2742i In these studies, there was no evidence of protein oxidation of the 
extra methionine, where increased immunogenicity may be due to the formation of 
hGH aggregates)35 

A search of the literature for antibody formation to autologous proteins the 
repeated administration shows that many proteins (for example, ezydtropoietin) are 
not mentioned at all, even though they have been administered extensively. 

The effect of protein oxidation on imrnunogenicity is likely to be protein 
dependent; some proteins are better at eliciting an antibody response than others. 
Our immune system has evolved so that it does not recognize minor variants of 
autologous proteins as foreign. If it did recognize each variant, then ones own 
immune system would expend much energy ntounthtg an autoftrimune response 
against self-proteins that are partially degraded by oxidation or hydrolysis in the 
normal coarse of protein aging in-viva. The promiscuity of immunological 
recognition (In this case manifested as a lack of an immunogenic response to a 
modified autologous protein) has been noted before276 - and it fonts the basis of 
the hypothesis that minor modifications in protein structure (either primary or 
conformation) are allowed without an immunogenic response 

4 Biological flail-Life 

One of the major hurdles in protein formulation is to minimize the amount of 
degraded drug product in this case, oxidized protein. As noted above, many 
oxidized proteins are not biologically active, resulting in decreased formulation 
potency. Many oxidized proteins, even when biologically active, often show 
increased susceptibility to intracellular promaxestas,27ao and therefore may show 
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altered phannacokinetics, which is another undesirable pharmaceutical property. 
The proposed mechanism for the accelerated proteolysis of oxidized proteins is 
eventual denaturation and exposure of bulky or hydrophobic residues and sites that 
are susceptible to protedytic cleavage. Incubation of oxidized proteins with cell-
free extracts derived from erythrocytes, reticulocytes, skeletal muscles, cardiac 
muscles, hepatocytes, and bacteria strains have demonstrated accelerated degrada-
tion. Oxidized proteins have also been implicated in normal protein aging in 

as well as in certain disease states such as eniphysenia?’ 

C. Formulation Parameters That Affect Oxidation 

The prevention of protein oxidation in pharmaceutical formulations generally 
employs the following strategies: reduction in temperature, protection from light, 
change in formulation pH, removal of oxygen from the head space, removal of 
excipients that have contaminants that catalyze oxidation (such as polysorbates), 
and addition of antioxidants."° This section addresses the major methods for 
controlling oxidation: the effect of reduced temperatures, specifically freezing and 

� 
lyophilizing, and the effect of excipients. 

1. Freezing 

In general, protein stability can be increased by cooling of freezing, althougJ 
there have been notable exceptions?’" Usually freezing or lyophilization inhibits 
oxidation as it does for hydrolytic mechanisms, although the rate reductions for 
oxidation reactions are often not large. This is because the activation energy for 
many oxidation reactions is small, thus showing an Sensitivity to temperature21° 
However, the opposite is sometimes true, where freezing increases the propensity 
for oxidation. There are several reasons why this unusual behavior may occur. As 
freezing proceeds, the concentration of the protein in the remaining solution 
increases due to exclusion of protein from the forming ice matrix. ’This increase, in 
protein carecentratim causes a coacomitaut increase in the concatration of cys-- 
mine and cystine residues, with an increase in inira- or intermolecular disuffide 
"change or oxidation.2K Sulttdryl goups can also be readily oxidized at lower 
temperatures since the oxygen concentration in aqueous solution varies inversely 
with temperature. For example, oxygen solubility in aqueous solution at 4°C is 9.1 
rnL OJL, whereas at 25°C, oxygen solubility is 5.7 tuL OSL. The oxygen 
concentration in a ’partially frozen" system at -3°C was significantly higher than 
in solution at O°C.2 This effect may be partially offset by an increase in ionic 
strength upon freezing; a local increase in salt concentration results in a Concord-
unit decrease in oxygen solubility. This phenomenon has been used to stabilize 
oxyge-1abile C. pasteurianium hydrogenase3’ The decision to freeze a phmma-
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ceutical protein product must also consider the effect of solvent upon freezing, as 
well as the protein-solvent interaction(s).2 

2. LyophIlizallon 

The effect of water on protein stabilization in the lyophilized state is often 
complex. Trace amounts of water in lyophilized proteins may be destabilizing, as 
discussed previously, largely because the water increases the rate of hydrolysis or 
aggregafion.1 This may also occurfor oxidation reactions, e.g.. with glutathione. 
Ribonuclease demonstrates complex protein stability in the Iyophilized state; this 
protein showed a maximum stability (as measured by reaction of methionine) at 

10% water content - it was less stable at lower and higher water conteflt.370 
Alternatively, carbon monoxyhemoglobin showed maximum degradation at 18% 
water content - it was more stable at lower and higher water content"’ Lyo-
philized fi-galactosidase showed an increase in the water content gave higher water 
mobility and faster rates of degradation.29’ Oxidation may be retarded by trace 

amounts of water because water is a good scavenger for disrupting the propagation 

S 
of free radicals."’ A clear-cut example of this is the degradation of ergocaliferol. 
where a small amount of residual water decreased the rate of oxidationP3 The rate 
of oxidation may be governed by the rate of initiation, propagation, or termination, 

or a combination of activation energies. For example, the rate of glutathione 

oxidation in the solid state is independent of oxygen concenbuilon, possibly 

because initiation is rate limiting?59 Further, the rate of oxidation in lyophilized 

formulations does not always correlate well with the residual head space oxygen, 

as shown for human growth hormone "2 This has been attributed to the unloxown 

and variable amounts of oxygen in the solid phase, but might Uket)’ be due to the 

oxidation rate being limited by the arnoimt of initiator present. Photooxidation has 

also been observed in solid state proteins, albeit somewhat slower than in solu-

tion.2 

3. Excipients 

Protein oxidation in solution and lyophilized formulations may also be depen-

dent on the excipients used. For example, the addition of Polysorbate 80 to 

lyophilized interleukin-2 formulations stabilized the product somewhat but in-- 

creased the amount of protein oxylation.295 This oxidation was due to the high 

peroxide content in Polysorbate 80 remaining after purification and bleaching. 

Peroxide is known to increase with storage for prolonged periods, especially at 

higher temperaturoOK297 Even formulation excipients that should not catalyze 

oxidation (such as glycine) have been reported to show a deleterious effect on 

lyophilized formulation stability."’ 
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En vista Ic que el scæor examindor es de Ia opinion de que cuaIquen de os 
docunacnrns Dl a D6 puede 5cr considerado come el afte niÆS cerCaflO ala presente 
sohcirud, a coninuacthn nuevamcnre nos penni6rnos explicar cuales son las 
dilerencias entre dichas anræc,ndades y la solidmd en estudio, cern c fin de 
corrDborar que dichas diferencias no habrian sido evidentes pan una persona 
mechanamenre versada en la materia rØcnica. 

LI Altura inventiva de to soEcitud en estudio solace in anterioddad 
EP0841067 (Dl). 

I
 -;staanreriondad reporta una preparacidn liofilizada dc no anticuerpo monoclonal 
quecontiene on Æcido carboxilico o una Sal del mimo, Ademªs, DI rnucstra que 
as cornpoaiciones deben tener presente àcoscarbnxilicos  cQ.mp kida dtæco 
Æcido acØrico Scido oxhco Æcido succiojcjzcks de os nism. Dc hecho Dl 
sugiere que ci acido sea acido pitrico y so al sddica, como asi se pude comprobar 
en In pÆgina 4, enrre las lucas 8 a II 

Ahora bien, ’a presence invenc.iOn at encuentra dirigida a una formulaciOn acuosa 
estable que cotuprende x liumb an una cantidad de desde Di mg/mi hasta 200 
mg/mI, tin amortiguadoc Utfosfato, to coatcantadad ic desde 
0.001% hata 2.07. {,cso/volumen) y ç)oruro cit sodjo. 

Si ona petsona vetsada an la mateS tecnica conthderara las enseæanzas de D1, no 
poclria ilegar de mancra evidente a Ia prcsentc solicitud, ya que Di no .enseæani 
sueiere gut se yuedan obrener foithons de nataithiwb come las 

� men&madas en In solcimd to esrudlo, especialmenre en lo que canclenle a la 
inmunoglobulina. 

1.2 Altura inventiva tie in soiicitud en esrudic sobre Ia anterioridad 
W098221136 (112). 

Lstc documenro muestra susrancias farrnaceuticas liofijizadas de anticuerpos 
monoclonacs o policlonales. D2 suee cuc las tomposiciones contongan azflgXii 
ilna.asai-aiasthcid que puede rcner la fiiricion de terisoacflvo p S.sgente 

titki ant . El ejemplo 10 ubicado en Ia pÆna 33 de 02 rnuestra c]aramentc que 
las compostcione deben tenet a-azæcar y sustanoas WiflO Cl I3fl..2D 
cornr, tensoacflvos. 

Rn clan contrapostcion, la presenre invcnciôn muesrn una fc,rmulacidn acunsa 
esrable comprende naralizumab en una cantidad dc dede 0kmLm1 bast2 200 
mg/ml, unarnortiguador p&QthtoO an una canüdad de desdc 

1ha2./o(peso/volumen) y clomro dc sadie. Una persona 
medianamente versada en la roareria rdcaica no habria enconado ninguna 
sugerencia en D2 pan dejar de urilizar azücar o me2clas de osros con aminoicidos 
pam realizar compDsiciones estables de natali2unub. 
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1.3 Mrura inverniva de Ia solicitud en esrudio sobre in anreriocidad 
US5,908,826 (03). 

Como Va SC hxbfa manifesrado en t1uesa respscsta dei 29 de abtil de 2009. D3 a 
igual que Cl dacumento Dl, reporta peparaciones de anticuerpo monoclonal 
liofihizadas, tar cuaks son d icmItado dc Is preparaciôn dc una soILiciOo giisjnqi 
dci aqtiçwçfl,9  monoclonal a en un gçidocarboxfliv p sal del mlsm!a. Los 

e)emplos nst.nicos por esra anrcrioædnd se encuentran cncan4aados a 
prcparaciones de inmunoglobulinas dcl ripo SQ,Er.M ca dtergeis’yonio ci 

N 

Tenierido en cueUEa in antedar, una persona medianamente vetsada an Is inantera 
tØenica no habria encontrado evideate composiciones do anticuerpos. especiaimcnre 
de natlb2umab sin la presenth de ªcidns earboxüicos, ya pie D3 empleaÆcIdQ 
carboxilicos como parte fundamental an sus composiciones. En consecuencia, 03 
no tesulta tdeante paza desvirtuar Ii altura inventiva de Is presents invenciOn. 

1.4 Altura inventiva de la soiicitud en estudio sabre Is aciterioridad 
US5,94,098 (04). 

D4 reporta preparaciones cia incnunoglobuhnas para adroinistracion intravcnosa, 
dande dichas preparaciones son cstahi1zadas CDO 
n4osjutosQnpolisojbt y _poliiilengflc?. Adicionairnente, esta 

anteüoddad enseæa que las preparacinnes contienen noIivhiiyirroiidenaiJVTh. 

Si una persona medianamente vernda en Ta mateS ruviera Can cuenra las enseanzas 
4 de ease documenro, encontraria (JOe es relevance Ia presenda de aSnakilos y PVP 
- en ]as composidones va que 04 reports cspecific.aroente err nit ecmplos 1, IT, 11 

’V ubicados en Is columna 6, que ci aminoÆddo glicina panicipa en todas las 
preparaciones lcnto on cantidades de poUetilenglicoi o con polisorbato. Par In 
ranto, 04 no propotcona dingo indicio tic coinposiciones de naralizumab como 
las reclarnadas en Is  solicitud e1 estudac kido que D4 reports pie las prcparaciones 
sun put jnmrngkbiUa, To anal es corahnente diferente a Jo reportado an hi 
presence suhcitud. 

1.5 Ahura invenciva de in solicitud Can estudio sobre to antetiotidad 
’VV00212501 (05). 

Par an pare, la anteæoi-iciad E,5 utuestra ancicuerpos anti-dual inregtina que inchayen 
âcidos nuc-kicus gue Adicionalmente. eats referenda 
establece que chDa amicuerpos comprenden al memos Is reOn vathble SEQ ID 7 

8 coma se descsiben 411i. Sin embao, 115 no-revel ni enscæa foninjones de 
ntatahzurnab junro con nolisorharo 80 cloruro It sodio v an ainothauadnr de 
QfitQ. Por to tanro, was persona versada en la mateæa no encontratia tunguna 

rnotivacitiui en TO reportado en D5 para ilegar de tnanera evidente a urn 
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cnnaposicôii come Ia reclamada en Is presents  soilcitud. 

En rcsurnen, ninguna do Its referonclas ciradas por al senor exanainaclor muestra 
repotta UXL ormcdaciôn onmeicial o una forrnulaOOn hofilizada do natabrumab 
Conk) la reivindicada en la presence soliciruci. Do hecho, al rena cia cuonta la 
esttucan Mumca dd natabaumab, se pude conchjit que Is  persona vetsada en la 
matcria no encontraria ninguna sugerencia a partir on Ic naostrado en D1 a D6 para 

ller 
do aiguna inaneca evidente a Ia solicitud en esuadjo, dade que el natallaumab 

no es cstructuraimcntc scmejanre a Its ununDgklbuhnas e inciuso a las estructuras tie / 
los anricuerpos monoclonales empicados en las formulaciones tie las referencias 
citadas por ese despacho. Do hcclao> ci naralizumab y las molØculas acr.uaies tienen 
thferencia impol:ranrcs quo inciuyon diferentes reoneS constarates, diferenres 
regiones variables y diferentes blancos moleculares. Per consaguienre, no existe 
algLtna sugerencia en ci arte prexio 0 en ci cOnDclflMentO goneralmente disponibie a 
la persona medianamonre vcrsada en la mareria, pals sustituir natalizumab pot los 
anticuerpos citados en las reercncias. 

En efecto, nanguna de las referencias proporciona alguna clase do formulaciOn 
estahie <jut contenga natararnab y cut sea apropiada pan la adinmistracton 
terapØufica, ni existe aiguna expecrativa nannabie do exiro en Is combinacidn tie 
clichos documentos. Los anticuerpos no son simplemente intetcarabiables It 
macera fÆcil. Las duferencias esrrucnirales enrre los anticuerpos de las referencias 
ci natalizumab Incluven diferencias one isequieten disduras fOtLUUIaCiOttCS y 
concentracioncs a fin do ilegar a formulaciones estabics y adecuadas pan ci usc 
medico. 

Pot in tanto, nucvamcnte 1105 permitinaos docir <joe no eXisna una cxpectaflva 
rasonab]c de exist, en Its anteijoriciades pare produdr Is invention en estudio. Adn 
mÆs. una persona mediananicnte vcrsada habija torido quo hacer mÆs quo una 
cxperamentacaoia rutinaria pan Ilegar a Ia formiAacion tie naraliamnab rodamada en 
esra soilcirud, ya quc ci nataiiunaab era conocido pot 5cr un agente bastantc 

ficoltoso pan foimuarlo en un producro ostable y segml pan la adinanistracion 
en pacientes. La combinacion especifica via concentraciOn do los ingredientcs de la 
formulacitin rectarnada fueron encontradas ünicamente despuds de muchos anUs de 
invesrigacitin y tie cxperlmennacidn y de ensayos cilnicos en seres humanos. In coal 
Va rnis aliÆ del mero nivel do ensayo y error. 

Adicionalnaenre, It formulaadn reivindicada resuelve las carencaas tie esrabiiidad 
notadas en la tØcnica axitctior y cuinple con un requeærnienro mdico quo hasta la 
fecha no se habia podado sarisfaccr,ha logrado ademÆs an Site cornercial. La 
prescnre formulaciOn cubre mm formulacatin comcrcial en los Esrados Unidos tie 
Amdijca conaercialiaadg baja la rnarca Tysabrifi y en Europa para ci tratamiento do 
as formas do recaida tic escierosis naültiplc. 

4�
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En is Escicrosis Muitinipie EM, cste rncdicarnento es recomendado para pacientes 
que ban tenido rcspuesr.a inadecuada on rerapias previa, asi coma tambiØn para ci 
tratamento do Is cnferniedad activa de Crohn desde mocicrath hasta sever-a. 

En cste sentido, una persona versada en Is  materta at motnen1 de [a presenciôn 
I de Is pdoridad de la solicirnd en esrudic rec000ceria que existia not necesidad de 

proporcionar una forrnuiacian estabie de natatizumab. Es decir, que ci probkma de 
I

 
In presente invenciOn habria podido sex identiuicado per dicha persona, sin embargo, 
dicha persona no habrfa sido capaz de crear dicha fotm’alaciôn con base en lo 
niostrado on ci auto previn. 

4 En efecto, corm, Va se cicrnostrO anterionnente, Is tecnica anterior muestra quo los 
anticuapos no son �cilmente ntetcarnbiablcs cone s denim an formulaciones, 

Fcomo as1 on expone v se evidencia on ci anexo I titulado ’ribcai Retews in 
hexapeutic Drug Catriet Systems" 6e Cleland y co}aboradores AU(4) 307-377 

(1993), an donde se muesrra pc cada anticuerpo paste usia serie de catacterisucas 

I fisicas ancas qUIr difieren on gnu material C inchaven ci punto rsoeiØcco, Is 
solubilidad y las condiciones bao Its cualcs ci anricuerpo at aglomera. Put In ranto, 

I ci asic psevio faUa en ensthar unit Ionnulación  eatable que contenga nataU.umab 0 
en came Ilegar a didia formulacidn. 

Sobte cste 1,ai-dcu4ar, rcspcniosamente se hacc Slash sobrc ci hecho quo usia 
forniulacidn que comprende naralizumab, soluciôn arnorriguadora de fosfato, 
polisorbato y cloruro de sodjo no habia sido nunca reportada or sugerida en ci 

esrado dci arc. For in tanto, la evaluacion be is alloor inventiva realizada per el 
seæor examinador corresponde rnÆs a no enfoque en retrospecfiva is hindsight come 

ftSc
 It conoce anipiiamentc on & campo de Is Propicdad Jnrclecrual, (’ado que CI senor 

examinador esrÆ buscanclo de manna retrospcctiva Is conaposicidn rcclamada an los 

documentos del arte previo. 

No es obvio simpiemente sustiruir naralizumah detirro de las formulaciones de Is 
tdcnica anterior. El naralizumab es on anticuexpo IgCi4 monoclonal humanizado el 
coal hacc bianco to Its sub-unidades alfa-4 <Ic los receptores de superficie celular 

a4I y a47. Sin embargo, los anricuervos <It todos los docunientos <It la tØcnica 
anterior sDfl diferentes. El natalizurnab none blancos moleculares disuntos, regiones 
constantes diferentes v regiones variables distintas on relacidn con Los anucuerpos 
cicados en Its referencias. Dc niche, las anticuetpos no son fÆcilmcnre 
inrercambiabics on Its formulaciones canto so demuestra en ci articulo del aflexo 1. 

has difercncjas i’,icas de los diferentes anticuerpos requteren de formulaciones 
distintas pars lograr ci maxima <Ic eficacia terapØudca come  tarnbien de esrabilidad 
en ci producro. Par consrgui nrc, una petsona medianancnte versada an A matters 
no habrfa podido predecir "a priori" si uria formulaciOn scria efecriva panic 
natalizutnab ci algün otto anticuespo. 
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Las referencias citadas por esa oficina, enurneran ingredientes de formulaciOn pero 
no ensefian pot quØ esos ingredienres podrlan 5cr especlalmente beneficiosos con 
anticuerpos paraculares o con caracteristicas qujinicas y fisicas deterniinadas de 
dichos anticuerpos. En care senrido es neccsario sedalar que existe an nlmero 
ilimirado de formulaciones que podrian 5cr desarrolladas mediante In seleccidn de 
ingredientes en vanas concencracrones. Sin embargo, no existe ninguna sugerencia 
to la tØcnica anterior en cuanro a quØ combinación especiflea de ingrcdienres podrla 
hater que una formulación dc nataiizumab fuera esrable. 

En conseuencia, como se mencionO antenormente no existe sugetencia en 
ningano tie los documentos cidos pot ci senor examinador que combinado con ci 
conc)clmjento general de una persona mcclucaramentc versada en Is materia iogtaran 
conducfrla a sustituir los anflcuetpos de las referencias pot natalizumab- Ademis, 
rampoco cxsrc alguna expecrativa de exit0 razonable can hacet dicho intercambin. 

Como ya se indicó, los anticuerpos no son ficilmente inrercambiables, dado que las 
diferencias estnicrunles cnrrc ci anticuerpo de la tØcnica anterior (Dl a 06) y el 
natalizumab incluven diferencias en las regiones constanre y variable cnmo tambiØn 
en el blanco molecular. Tales diferencias requieren de formulaciones clistintas y de 
concentracionca drfcrcnres pan logar formulaciones estables y adecuadas pan use 
mØclrco. 

La presence invcncjdn no es el resultado de una cxperiinenración mourria, toda vez 
que una persona inedianamcntc versada to la materia habria tenidn que hacer ms 
que ensavos rutinarios para lograr Is formulation reclamda, dado qac ci 
naralizumsb resulta 5cr una susrancia basranre dificultosa pata su formulation en 
producros enables; v seguros para la adminisaacion en pacienres. La combinaciOn 
especifica y los tngtedicntes fuesnu enconindos bingo de arms de expeærnentaciOn 
ensayos cilnicos to seres humanos. 

En esre senudo, es desco del sohciernte poner a consideración del senor examinador 
el anexo 2 tirulado "Preformuiathn Study" hecho pot Celitech Biologics pan 
Athena Neurosciences, una compacts adquinda pore1 solicitante cue’ aim de 1996. 

La formulacidn reclamada, cuando Se emplea en el producto comercal, contiene 
nataIizumb, polisorbato, solución amortiguadora de fosfato v cloruro de sodio. 
Como se discure mis abajo, la experimenmción que se realizo con la formulación de 
In presence solicirud, no es el producto de Is  simple experimentación rurinaria o del 
ensavo/error. Si Se hubrera cmpleado la simple experiment.ación rurinaria, la 
presence formulation no habria sido dcsarrollada o probada comb se discute mÆs 
abajo. Dc hecho, Is frase ’ensayo y cute" implica que Ia persona versada intenta 
experimenta v con base en Inc resultados sss en dicha experimentación intenta un 
nuevo experimenco, continuando dicho prnccso hasta que Se alcance ci objedvo. 
Sin embargo, esce concepin ônicamenrc funciona si los resultados de los 
experimentos son capaces de proporcin ar una gala correcra. En e1 caso de la 
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presenre formulacron, los resultados de estudios pan dcrcnninar excipientes caprices 
de proporcionar unit formulación esrable y susceptible de uso para ci natalizutnab, a 
nenudo condujeron a los investigadores an la direccion equivocacla. 

En 1994, durante ci proceso de desarroilo de la fonnuladOn de natali7.umab, ci 
estudin de prc)rmuIación ’Prefonnulation Study"  we reaiizado pan monitorear In 
estaln]adad de quince formulaciones que comprendian acetato hisfidina y soluciones 
amoruguadoras de fosfato . AdcmÆs, se esrudiaban los efectos del cloruro de sodjo 
del Tween 80 peiisorbaro 80) en in esrabilidad de la fonnulación. Los resuitados 
mosti-aron que ci anticuerpo natahzumab die, al menus inicialmente, actable de 
nianera relauva en las foi-mulaciones evalL’adas duranres estudios Posteriors se 
enconrrd que esre no era ci caso, tarnbiØn dander sustento al argumento one ci / 
simple ensayo y error no era suficiente para ci desarroilo de esta fonnulación). II 

Adicionalmenre, los esrudios mostraron que ci can de cloruro de sonic, y de Tween 
80 afectaba de snanera desfavorabie la esrabilidad. 

Sobre este panicular, se dirige rcspctuosamente la atención del  scour examinador a 
la Seccidn 5.0 que conciuye que la adicion de 150 mM de cioruro de sodio o de 
0.02% de Aween 80 tenia ci efecto de acelenr ci proceso de degradacion. El esmdio 
i-econiendO que se considerara In formulacion que contenia aceraro, histidina y 
fosfato. El estudio adernÆs puso de manifiesro que cnn recomendables el fosfato ’ 
Is histidina sobre la sal debido a que is adicitin de in Sal ala formulacion de acerato 
tenfa un efecto petjudicial sobre in estabilidad de la formulacion. 

lanabiØn se notO que an estos estudios, ci cloruro de sodio fue empleado en arenas 
formulaciones para evaluar ci efecto de la fuerza iónica, pete no fue probado unto 
con polisr.>t-1,ato 80. Los investigadores conciuyeron que uno o ci oo de estos dos 
excipientes, era influyente tic Is estabi]idad de las formulaciones en estudio, pero no 
fueron intentadas las formulaciones que conrenian ambos excipientcs, cousin ci CasO 
tic Ia presente forrnulaciOn reciamada. 

Par consiguiente, este estudio brinda susrenro al argumento de que Ia for,nulaciOn 
reclamada en Is solicitud an esrudjo no Cs UD simnle resultado de ensavo y error. 
Asui ci sohcrtante realiad ensayos y los resultados, tie hecho sc 

at)
y 

condu1eron a los invesugadores lejos de Is eventual formuiaciOn disponible 
cotrercialmenre tie hoy en dia. 

En consecuencia, por lo menos se requidó de un paso inventivo con ci fin tie ft 
decide estos esrudios hacia la preente formuiacion redamada 

Luego de error estudios v basados an sus hallazgos, ci solicitante interim una 
formulacion que contents natalizumab c bastidma. La histidina Se agtegO a In 
formulaciOui, como sugerencia de los resultados del esrudio de preformulacitin. No 
obstante, esto foe rambiØn una gula equivocada. En Is prueba de forinulaciones en 
1994 y 1995, ci soiiciranre obruvo resuirados bastanre nuhiados Iva que las 
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formulacrones no fueron ni estables ni susceptibles de uso medico. 

Sin embargo, a pesar de Ia que enseæaha ci esmdio de prcformulacidri, ci solicitante 
lntcntd empicar cloture de torso part dirigirse al problems de Is isotonicidad. No 
obsc:antc, se observb que sucedia la precipitacrôn de protelna y Is conglomeracion an 
las muesrra dc formulation. Sc intent6 entonces usia segunda fonnWacion qua 
contenfa nar.alizumab. histidina, cloruro de sodio y polisorbato 80. A r,esar de It 
cjuc se habit visto previa’nente, ci solicitante intentd Is adiciOn de polisotharo 80 ya 
que to habia observads, pe ci polisorbaro 80 actuaba cono Un inhibidor del proceso 
de degradaciOn. No ohstantc, se descubrid que Is hisædina puede rcacc!onar con ci 
pohsorbato 80 an presences dc tnzas cie metal, to quo resultaba an Is deadaciOn del 
poiisorbato 80 e impurezas en la solucidn. 

La prOxima formuiación contenia natalizumab, fosfaro de sodio BmonobÆsico it 
dibÆsico), clonal-o de sodio v polisorbata 80. Esta susrituciOn resnlvio dproblems 
tie la reaction tie la histidina con ci polisorbato 80 on presenters de trans de metal. 
Esta üldma formuIaci6n fan cmplcada en ensayos clinicos que fueron realizados 
durante on rnimcro dc aæos. Pot lo tanto, a pesar tie los resuitados de los estudios 

Ptfl0 que m{,strahan los perju!cios del poiisorbato 80 y del cioruro tie sodio Is 
recomendacion dc Is hrsridina, ci solicitante produo una fonnulación que content 
polisorbato 80, fosfato y ciomro de sodio. Esta combinacion poco probable de 
excipientes propol-ciona una formulacitin que produce out base eatable Para la 
fonnuiacidn tie natalizumab on an cscenario medico. Pot lo tanto, no era ni obvio 
ni evidentc a partir de ensayos rudnaEos obrener Una formuiación tie natalizumab 
como Is reciamada en Is solicinid an estudio. 

Finairnente, respetuosamente nos pernubmos decir que Is citacidn dc 6 documentos / 
por pane del seæor examinador pone tie manifiesto que la presente solicitud no es I 
evidente para una persona medianamente versada en Is materia puts no habria sido 
evidente para dicha persona combiner tantos documentos Data ilear a has 
formulaciones rcckunadas en la solkitud on estudip. 

Habiendo atendido cabalmcnrc las objeciones presentadas par ese despacho, 
atentamente sohcitamos at conceda ci privilegio de patente de invenciOn a Is 
sohcitud an estudin o si ci seæor examinador considera que subsisten tazones pan 
objctar Is prescore invention, 1-ogamos expedir otro examen de fondo con los 
dehidos motivos y razones hue sustenten an objeciOn con ci fin tie que nuestro 
mandanre cenga Is posibilidad de cxponer sus argumentos con base en la 
interpretacidn as ins articulos 45 dc Is DecisiOn 486 -el cual otorga la facultad al 
examinador pans emitir los cxâmcnes de fondo-, 35 y 59 del Codigo Contencioso 
Adtninistrativo que sefiaia que; ’ahUndose dada oportiinidada for inreradospara e4rsr 
car oyarateef, y on hcL,-o c, &s pniehar e 22/onne.r di,ponih/es, se tomard la dedcion que rth 
motir,da a/ mesas en /rma symafia .ii a/baa apa#itwhrrs"v ’(..) deberaprn/bine ’a ded,idn 
dejinithu. I:sta .rc mahrrÆ at gus Lhedas de hecha y de de,rcha,y en tax de convenien&fa ii cx Cf 

so rcspcctivarnente (El subrayado to nuestro). 
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En consecuencia, sohctamos a ese despacho pronunciarse en re1cion con todos 
Ins argumcriros presenrados en este memoæal dando estricta apUcción al principio 
dci debido proceso consagndo cn ci athculo 29 dc la Consdmcion Nacional 

Seæor Superintende.nte, 

DILTA lilA ROI)R1UEZ D’ALEMAN 
CC, 41654.882 
TI’ 2Q824 CSJ 
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