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ABSTRACT

']

" The process of racemization in fossil proterne is
modelled by heatlng some small peptides and peptlde ; ,
der1vat1ves at 148.5° in pH 6. 8 phosphate buffer. In
addition, racemization of peptides conta1n1ng one or two
chlral centres 1is modelled by computer s1mulat10ns of
k1netrc;schemes oﬁ various levels of sopH1st1cat10n. In

4

this way, the effécts of peptide decomposition and

asymmetrlc 1nduct10n,;an be explored.

3‘7"

Asymmetric induction is observed during the heatxng
of'L—prolyl-L-leucylglycylglycihe as excess D-proline is
found in the total hydrolysis. mlxture. The D/L ratio‘for
proline attains a maximum value of approx1mately 2.1 after
90 minutes. The D/L ratio then slowly approaches unlty.
A similar-observation is recorded when L-prolyl L leuc1ne
is,beated‘under»the same cohdiﬁlons. The excess D-proline
is attribdted'to the formation of a 2.3:l mixture of the
diketopiperazlnespcyclo-(D—prolyl—Lvleuc 1) andocyclo—(L—
prolyl L- leucyl) | o 7 |
These two species account for most of the 1eu3ine and
‘proline in the final mixture after the peptxdes are no
longer detectable. Oonly small amounts of prolylleuc1ne
~can be detected‘after 50 h0ursf It is suggested that the

above peptides undergo internal aminolysis.

»The peptide derivatives blocked at the nitrogen

iv
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'termxnus show a decreased rate of racemization. This is

interpgeted to mean that the protonated nitrogen terminus

promotes ;acemxzatxon. There is also. some imdication that

‘the carboxylate anion at the C-terminus inhibits

racemization. . ‘ ; .
Leucine in glycyl L—leucqulycylglycxne racemxzes \E

.

» three times faster than in L-prolyl-L-leucylglycyl-

glycine. This shows that an amino acid residue in a

peptlde chain does have an effect on the'racemiigtion of a
nexghbouring amxno acid resxdue. upon heating, glycyl L-
leucylglycylglycxne gives c!clo-(glycylleucyl). As in_ the

other ‘cases where diketopxperazxneq were xsolated, ‘leucine

racemizes fastest when in this form. Moreover, formation

of dlketopxperazxnes is compet1t1ve with racemization. It

,'is questionable whether peptide racemxzat1on can be

measured usxng the total hydrolysxs,miXture.
A discussion of the geochem1ca1 implications of the

results is 1ncluded.
<



. ! , .
" ACKNOWLEDGEMENTS

1 would like to thank Professor ﬁ:b. Crawford most
sincerely'£o€ﬂhis patience and generosity while guiding me’
through this project. Many thanks are due to Professgor
%enniéﬁD.vfgnner fof alléwing'me io use instrumentation in

his laboratory. ] am also indebted to the non-academic
. . . : e kg

- « Pl
staff of the Department of Chemistry whoaﬂ@. R

- HQ \ "

Ase in
all fields made this work possible. Speciaf‘tﬁf e
be giQen to Miss Annabelle Wiséman for her word-processing
mﬁgic. To my wife also, foy invaluable aid during the
preparation of the thesis an' for sharing both times of
frustratioﬁ and elation. Finally, I wish to%thank the
\\Department of Chemistry_and the Universi:y.of Alberta for -

\
financial support.

ks are to

5‘5&



TABLE OF CONTENTS

CHAPTER o : R

iy

INTRODUCTION.flay.0.lO'00.‘0.0.0.‘00"..".0...clto.

Mechanism of Amino Acid and Peptide Racemization.

Racemization in Peptides and Proteins............

Racemization in Peptides and Proteins......ec.o.0.

Factors Céusing peviation from Simple Behaviour

Described by the Canonical Equation...........

/

‘Peptides: Deviations from Simple Behaviour......

Diketopiperazines in Protein Hydrolysis..........

Alternative Explanation for Dipeptide

Racemization BehavioOuUr..sceeveecosccossosoccocon

Summary.-nyo._o.-oo'a-oaooolooo..oucic.o..ooc..t.c.l‘

Objectives.noo..-noc.o00.c..ooo.-l...ooooolvtuo.00

MATHEMATICAL MODELS FOR PEPTIDE RACEMIZATION.....

Peptides with One Epimerizing Centre.....

Peptides-with Two Epimerizing Centres....

Summary of Analysis of Kinetic Models.....

I. Accuracy of Rate Constants Derived

from Canonical PlotsS.....coeeeccncns

II. 'Asymmetric Induction....
EXPERIMB&TAL..;..............
MaterialsS..eececsccssscacscnas
Derivatization Procedure.....

hS

vii

o s 00 o0

'Kinetic»”odels.c.oa--oc.onoco'aooloo.ot.tooo..aoo

o 00 0 00

o 00 8 00

e o o0 0 0 0

¢ ® o0 08 0

.

PAGE,

14

16

32
37

g

45
54
54
57
60
61
80

89

89
90 |
91
91

99



CHAP¥’R : ’ ‘

Racemxzatxon‘u$ Synthetic Peptides..

Ed

Mass SpPeClra...sesereesoassonsasonss

Proton NMR Spectra......ceeeeeevonss

Synthesis of Diketopliperazines.... k.

Kinetic Procedure. ... ceee'ees

w

ets o

ideqtification‘of Hydrolysts Products..

Calibratvion of UV Detector.

Time StudieS...coeeueeensnn
Competitive StudiesS........

4. RESULTS AND DISCUSSION.....

® e s 8 00 59 0

Racemization and Decomposition

e e s ¢ 0 o

e 0 v e

e o s @ 0

o e

* s 0

LI A

.

of L-pro-L-

4 18U"‘Ql'{"'gly.-....-..-....-.-......-.,

o

Racemization and DecompoSithn ot L-pro-L-leu

.

Asymmetric Induction 1in DiketOpxperazxne“

- .
Epimerlzation.......-.-.-........

. Racemization of Gly-L-leu-gly-gly...

Racemization ot Peptide Derivatives.

S . CONCLUSTON . o v v eesnvenensnsncnnnannn

[ R BB N

REFERENCE S i e ceeeessvesesscssasssccosnces

APPENDIX 1
APPENDIX 2

APPENDIX 3

s vili

ALGEBRAIC SOLUTION OF
ALGEBRAIC SOLUTION OF

ALGEBRAIC SOLUTION Of

SCHEME

SCHEME

SCHEME

[laty

PAGE
103
103

105

124
127
140
146
151

153

160

204

231
235
237

255

263
273
283

297



CHARTER \ - PAGE

APPENDIX. 4 NUMERIGAL SOLUTION OF SCHEMES 6, o
( 7 AND 8.....;..........,................{.‘320
APPENDIX 5. - DETERMINATION OF ERROR.IN TEMPERATURE. ‘
(MEASUREMENT‘DUE TO TEMPERATURE
OSCILLATIONS s esvecssonsenssnsassoasenses 350
‘APPENDIX 6. STANDARD D/L PROLINE CALIBRATION «

’MIXTURBS..-.cotoo.-o..'o-.o‘-oooooooo--o. 352

Pl



TABLE

1.

10..

11.

12.

LIST OF TABLES .

»

Effect of temperature oscilllations on averaye
temperature extractéd f rom racémization |
kinetics......j..............................
Comparison of true and observed rate
constants from simulated kinetic runs........
Value of extracted rate constant (kl) in
SCHEME St veeresosnveeorsescsnsscnssssscnssoseoass
Effect of steady-state in a + a* on extracted
rate constant k, (Scheme 5)....ccccvcennnneen
Comparison of true rate constants with
extracted initial values from total

hydrolysis canonical plotS....cceeceecncecescnn

Conditions for asymmetrlc InduUCtlON. ..eseceeen

Melting points and yields of peptide

GerivVatilVesS.iseeeesssssernoscsscsssesoneocancs
200 MHz lH NHR sbectral data for CBZ-L-pro-L-
leu-gly-gly in DMSO-dg.vuenvenvnancrnsononenns
200 MHz H NMR spectral data for CBZ—L—pro—L-
leu-gly-gly in 50% DMSO-dg, 50% D9Ouvvnnnnno.
FAB-MS of peptides and peptide derivatives...
200 MHz 1H NMR spectral data for CBZ-L-pro-L-
leu-gly-gly anilide in acetone-dge..ececeocancs
200 MHz LH NMR spectral data for L-pro-L-leu-

gly-gly anilide in DpO.ececveveercnecncnccnne

x

PAGE

.. 75

»
.. 77
ce 79
... 84
.. 92
.. 94
.. 95
.. 96

.. 100



TABLE PAGE
13. 200 MHz lH NMR spectral gata tor L-pro-L-leu-

gly-gly anilide iﬁ)methanol~d4.............:..... 101
14. Optical purity of peptide derivativesS.ceeeescesss 104
15. 200 MHz IH NMR spectral data for L-pro-L-leu-

gly=-gly 1n D20..............; ......... cesecsoenc .. 106
16. 200 MHz 1H NMR spectral data for glycyl-L-

prolyl-L-léucyl-glycine in DyO..eevierennanensnes 107
17. 200 Miz lH NMR spectral data for CBZ-gly-L-

pro-L-leu-gly in DMSO-dg..cccveecnrnarcccccnenncs 108
18. 200 MH? 1y NMR spectral data for CBZ-gly-L-
pro L-leu-gly anilide in acetone-dg..... veesseess 109
19. 200 MHz 14 NMR spectral data for gly- L pro-L-

leu-gly anilide in DyO.cvvevenrerenoncarcncecnnen 110l
20. 200 MHz 'H NMR spectral data for yly-L-leu-

gly-gly in DMSO-dgeeeerenscocnnanarecccrcecennnes lli
21. 200 MHz lH NMR spectral data for glycyl-L-

leuc —giycyl—glycine in Dy0..... ;.....;...;..... 112
22. 200/::> ly NMR spectral data for CBZ-gly-L-

leu-gly-gly in DpOeceeenvanecteenrnnecnnnnecrecens 113
23. 200 MHz,lH NMR spectral data for CBZ-gly-L-

leu-gly-gly anilide in acetone-dg.ccececccccnccns 114
24. 200 MHz‘lH NMR spectral data for gly-L-leu-

gly-gly anilide in DoOueveeeseennersuonnnannenen: 115 7

25, 400 MHz ly NMR spectral data for c-(L-pro-L-

leu) in.CDClB-...-.............. oooooo .0---..-'..‘0 119



L4

TABLE

26.
";7.
. 28.

29,

30,

32.

,.34r

35,

36.

| 4

400 MHz 1H'NMR"spectral data for c-(gly-L-

lEU) ln CDC13¢.-ooulo..o.oon.‘.ooo‘co;o..o..ota.ocn
: a

N

Chem1cal 1onlzat10n (NH4C1) mass spectral

data fOI‘ C-(prO—g )‘oooo-‘n-o,ooo-'co.‘u'n-“no-ov.'oc.n‘t-c

Chemlcal 1onlzat10n (NH4CLl) mass spectral

y.data for c—(gly leu)...,.......;;...,.....;,,.ﬂ..

'Melting points of synthetic diketopipérazines.,..

Predlcted change 1n chemlcal Shlft of protons
R AY . [

near peptlde term1n1 as pH is changed from

neutrallty.oooo-.ooo.t-.o.‘o‘-oooto.oococ.ﬁ’t'on;oo-

6200 MHzZ" ly. NMR spectral data for dlastereomerlc

-

tetrapeptldes‘as a&functlonvof pH;,.,..a..,.....h

) . ) . : T .
Change "in chemi@al.shift for piastereomerlc

tetrapeptldes as a functlon ofva............}...

400 MHz B NMR spectral data (coc13) for
g;(L—pro-L-leu) from decomp031t10n Qf‘i' B
t;profL-leU:giy—gly;.i.fu;...sg;,..ﬁ.:..:.;;;..;._
'400‘8H2‘1H‘NMR spéctrai datav(CDC13)\f§r |
'E:KD-pto-Leleu)tfrom'déCoﬁéééition of

L‘pl'.'O-L—leU-g].Y';gly. .'.'. o‘o.. -o oo s 2 0 0 008 s 0 o"-'- .. ; v eee ov.

200 MHz }H NMR_spectral data foft

diastereomeric dipeptides as a fdnctiondof,pH;.{

~Chamge in”chemical’shift’for,diasteteomeric

" dipeptides as'atfunctjon'of pH...Jz;.....:f....;.

x1i

PA%E
120
121

'{22

123
‘i32'
133

1134
136

137

.. 138

139



TABLE |

- 37. 400 MHz ! NMR spectral data (CDCl;) for c-

:.(gly L—leu) from the decomposition ot

4 gly L leu gly gly.........................
'BBJ‘,Measurement,of relative extinction T
toéfficientg'at 230 nm DL'compnunds.....:.

39. Relative extinction coefficients at 230 nm

: . , .
from calibration standards..cecveviirecenns

of peptide hydrolysate, 148.5°, pH 6.8, 27

41. Récemization (D/L) of‘leucinetpeptrde,unit'

cogponents'isolated by TLC‘during hydfolys

> of glycyl L 1eucyl glycyl glyc1ne, 148.5°,.

42 Leuc1ne eplmerlzatlon rate constants for

'~ components 1solated by TLC: durlng the

o decomp051t10n of gly L= leu-gly gly, 148.55,

\

pH68 7-71 ‘mM....-.........'.-F...‘.'...‘..‘.-..
43, Decomposition of pro-leu-gly-gly, 148%5°,

'.6.-8l 8.45 .m&-oo---on‘o'..&oc-?-i-'\..io-o_- ‘e o";)".

v
|

e o5 0 s

4@._ D/L. ratios from components isoléted-from.TLC

0 min..
in

is

44, Raéemization (D/L) of the leucine peptide

J
unit in’codponents from,the décomposition
“L-pro-L-leu-gly-gly, 148.5°, pH 6.8, 8.45
45, . Racemization (D/L) of the proline peptide

unit in components from the decomp051t10n

L-pro-L- leu- -gly- gly, 148.5°, pH 6.8, B8.45

Coxiid

//
/
/
//
/
/
L
an
o‘/..u"o
,/ :
e
pH
.'..4..
of
mM.....

of

mM..; .
N

PAGE

141

149

150

155

/

/

‘pHGB, 771 mM..-...........-.........-........./157

159

166

170

171

A}



TABLE

46.

PAGE
Racemization (ﬁ<L) of the proline peptide

unit in components from the decomposition of

L-pro-L-leu=gly-gly, 148.5°, pH 6.8, 8.45 mM..... 172

47.

Racemization (D/L) of the proline peptide \

unit in components from the decomposition of. -

 L-pro-L-leu-gly-gly, 148.5°, pH 6.8, 8.45 mM..... 173

48.

;Measbrement of ki/kl; for c-(pro-=1leu) andglf*]’w

g;(Dfth—léu) isolated during decompositjﬁhfoﬁ-,f

49.

50;

~ 51,

52.

§3,

-

L-pro—L—fqu—gly-gly, 148.5°, pH 6.8,-3}45/mnﬁ£;.; 187

Sen51t1v1ty\of k2 to ki + k'l.....:.:

. :ffi9LVn

Racemlzatlon of the leucine peptlde unlt
. \ '

the total hydrolysate of L—pro L=~ leu—glyvgly,'
148 50 pH 6 8, 8 83 mh1 .-ooa.‘oo’ooo‘o.. o“‘ 0:&-’. Q:bﬂo 200 o

\

Experlmentally determlned rate constants (l()4

-1) for L-pro-L-leu-gly-gly, 148.5°%, pH 6.8,
: S TN . .

N,

R : \ N , .
8.45 mM.oool. o s e s s o0 00w '\1"000\0.‘60000; ooooo ¢ o s o o 201

. ’ . ' ' \\ - . ' ‘ P Al
Racemization (D/L) of the leucine peptide %k-

unit in components from ‘the decomposition of
L—p:o—L-;zu, 148.5°, PH 6.8, 9.01 MM.ueereeeeare. 206
Racemization (D/L) of the proline peptide

unit in components from' the decomposition of

- pro-=L- leu, 148.5°, pH 6.8, 9.01 mM....... ceeaes 207

54.

Racemization (D/L) of the proline peptide.

'unit in components. trom the decompoSition of -

L-pro-L-leu, 148.5°, pH 6.8, 9.01 mM......oounnn. 208

X1iv



TABLE | | | , PAGE
55. ~Racemization (D/L) of the proline peptide
| unit in cohponents from the décompositipn of _
L-p;o-L-leu,‘lgé.5°,}pH 6.8, 9.0] MM.ocoevovenaaes 209
56. Decomposition of L-pro-L-leu, 148.5°, pHm6.8. |
9.01 mM;...;.................,............;...... 215
57. Experimenially_determined rate constants (1094
| s~1) for L#pro;L—leu,‘148.5°{ pH 6.8, 9.01 mM.... 225
58;: 13¢c-n c0upiing constants for S:(L-prOQL—leu)
ANG Cm(DPro=Lol1€U) «usesensessennseennsneecnnnnes 233
59." Decomposition of gly-L-leu—gly;gly, 148.5°,
PH 6.8, 9200 MMuuneneennenneeoneseosonesnesnenees 236

\
60. Racemization (D/L) of the leucine pepti&e

-Qn;t in components:from the décomposit;gn of -
" gly-L-leu-gly-gly, 148.5°, pH 6.8, 9.00 mM....... ¥38

61. 1Leucine epimérization iﬁ recovered §gbstrate
148.5°, pH b e i B X J

62. Proline!eplmerizat;on in recovered substrate
1B .5%, DH 6B eueseeeereneeesneeuenneseunens ... 248

63. Leucine epimerization in total hydrolysate of
model  peptides, 148.5°, PH 6.8.....-. e 252

¢4. Proline epimerization in total hydrolysate of *

-——

model peptides, 148.5°, PH 6.8..cecueucsscnnnens. 253

XV



LIST OF FIGURES

4

FIGURE

XV1

PAGE
c oo e 3
ceeen. 20
ceeese + 23

eeense 49

Yoo s 50

1. Racémization of an amino a8Cid..eceeencceses
2, Kinetics df'epimerizatioﬁ of isQleuéiné in
heated Mercenaria at.152°C .;.;............
3. Kinetics of epimerization of isoleucine in
heated Mercenaria at 152°C T R TR
4. Dikepopiperaziné formation by'intérnél
aminéfySis..;.................:......;.....
5; 'Predicﬁed canohical plot, kl > ki; showing
‘the effect of hydrolysis of the'dipeptiée.l...;,. 48
6. Predicted canonical plot, Koy > K5, showihg .
the effect of cyclization of the dipeptide to
‘the d1KetOpPIpPEraAzZIiNe.eeeeesoesooosasscasscen
7. .Experimental canoniéal plbt from the work ot
Kriausakul and Mitterer.....cceececescncacses
8. The canonical plot................;........
9. fhe effect.of hydrolysis on the canonical
piot.........;..;.....;...........w..............' 66
10. The effect of hydrolysis on the canonical
plot........,.................................... 67
11. Simulated canonical plot for a fossil total
hydfolysate...............~..................L... 69
12. Simulated canonical plot;.;.....a.............;., 72



13.

14,

15.

16. .

17.

18.

19.

20.

- 21.

FIGURE | | L ©© PAGE

simulated canonical plot for thé total

hydrolysate, showing the difficulty in. - \g

obtaining an accurate initial S1OPE.eeressssasaaes 18

Simulation of epimerization in the total

hyﬁrolysate from a fossil protein..........,..{.. 81

,Asymmetric induction in peptides with two

epimerizing chiral CENEYESeseeorisvsnscsosassnsaess 87

Asypmetric induction in peptides with :two

epimerizing chiral CENEYESeeeesessssssosaseascses BB

Mixture of racemic amino acid N—pentafiuoro-

propionyl isopropyl‘esters.,ll.}..,}.....:..,..;;_;02
Assignment ofl200 MHz lH NMR spectruﬁ QEfEF
pro—LQIeu—giy—gly by selective decoupling in

D,0, PH 680 1 s enneennerueesreennensenneranasnee 116
AssignmentAof,?OO MHz lH NMR spectrum of'L—' k
prp—L;leuvby selective decoupling in DZO;‘pH#

7-33.00-.ulocoo.oocolooo -.o...ont.ooltocoooo.lo-oo 117

HPLCAtrace of the mixtu e’produCedAafﬁer

heating L-pro—L-Ieu—gly—gly for 30 min at
148.5°, PH 6.8.ceneees et eeaeeae, 128
HPLC trace of the mixture prodgced'after

heating L-pro-L-leu for 60 min at 148.5°F pH

6-80-0.....;0..-.0‘. oc.o.uooo.-.'.o-o.o.o'ocanoo 129

, xvii



FIGURE

22.

: 23.

24.

25,

26.

27.

28,

HPLC trace otothe mixture produéed atter

heating.gly—ﬁileu—gly-gly‘for 300 min’at

148050' pH 6.8';ooocf-_¢v-o"..o.o-onn-oo-'cooouo-

400 MHz ‘lH NMR of the mixture of L-pro-L-leu-

4]

gly-gly and D—pfd—L-leu-gly—gly isolated

during the hyd}olys;s of L—pro-L—ieu—gly-gly,

148.50' 30 miﬂ, pH 6.8' 8045 mM...............

The same sample as in Figure 23 was spiked

with authentic L—pro-L—leu-glyQQIy.........;..

400 MHz 1H NMR spectrum of the mixture of D-

=

pro-L-leu and L-pro-L-leu isolated during the

decomposition of L-pro-L-leu after 30 minutes

at l48|5°'pH 6.80000.\.0‘000..l‘¢00..'00.0'0.-".0._.

The same Sample as 1n Figure 25 has been

spiked with authentie L-pro-L-leu.:...........

Part of the 400 MHz 1H NMR spectrum of the

mixture of E;(D—ﬁro-L-leui and ¢-(L-pro-L-

leu) isolated during phe.dwwbmpoSXtion of D-

pro-L-leu-gly-gly, 148.5°, 30 min, pH 6.8,

9.01 mMCQOlQCQODO_QOQQIOUlI.'.l..l’l.....'........

Part of the same spectrum as in Figure 27.

The expansion shows the signals due to the

methyl protons.....

e85 0 00 s 0 s a0 s

xviii

¢ e 8 s 0 00 v

.

PAGE

130

142

143

144

147

148



FIGURE : . ‘ - PAGE
29, Racemxzatxon of the leuc1ne peptide unit 1%
components isolated by TL¢fdur1ng the

decompositibn*of‘glycyl-L;leucyléglycyI-

glycine, 148.5°, pH 6.8, 7.71 mM.:.......;....... 158
30. Racemxzatlon of prol1ne peptide unit in toﬁal '

hyd;olysate and total c-(pro-leu) isolated .

. during the decomposition of;L-pro-L-iep-glyQ

Gly, 148.5°, PH 6.8, B.45 MMueeeesuaneeocensesees 161
31. Decomposition of L-pro-L-leu-gly-gly, 148.5°,

OH 6.8, 8.45 mM.......%,5.,.......;...{.......... 165
32. Decomposition oﬁL-pro-L-ieu—giy-gly, ‘ |

148.5°, pH 6.8, 8.45 mM....:.........l.........., 167
33. Decomposmtlon of L-pro- L leu—gly gly, 148 5¢,

pH 6. 8, .45 mMJ..z.............................. 168
34. Racemization of the proliﬁé peptide‘unit in

total pro-leu-gly=-gly 1solated durlng the

decomp051t10n of L-pro- L-leu-gly gly, 148. 5%,

pH 6.8, 8.45 mM...................,.............. 174
35. Racemization of. the brollne peptide unit ‘in

the total tetrapeptlde 1solated durlng the .

decomposition of L-pro- L leu-gly-=gly, 148. S°

pH 608':80454““...00to\o.oo....o.'00'00.000*00-.‘... 176

Xix



8\3 e

‘:7:} w

FIGURE ‘ ' PAGE

'

36. Racemization of the leucine peptide unit in
D—pfo-Lfleu-glngly isolated diring “
hydrolysis of L-pféﬁL—leq-gly-gly, 148.5°; pH
6.8.‘8.45'mM,............,..;.:..........:;...... 180

| i

37. Racemization of the leucine peptide unit in“total
pro-leu—gly—gly isolated during the
decomposition of L—pro—L-léu-gly—giy, 148.5°,‘
pH 6.8, B.45 L T I I £ 3
38. Racemization of the leqcine péptidé*unit in
pro-leu-gly~-gly isolated during the -
decomposition of L—pro-L-leu-q}y-gly, 148.5°,
PH 6.8, 8.45 hn..............f...}.,.......,..... 182
39, Racemization of the proline peptide unit in
projleu-g}yfgly isolated durinyg the
decomposition of L-pro-L—leu?giy—gly, 148.5°,
pH 6.8, 8.45 A A 183
40. kacemizétion of the proline peptide unit in
total c-(pro-leu) isolated during the
:decomposition of L-pro-L-leu-gly-gly, 148.5°,
PH 6.8, B.45 MM...vuuuseereonoanoscssanondannassss 186
41. Racemization of the proline peptide unit 1in |
| c-(pro-leu) isolated during the decomposition

of L-pro-L-leu-gly-gly, 148.5°, pH 6.8, 8.45

mMooc‘.fc-.o.oO'0'0O-ooo-a.--o.-.o'o......no'.‘oo s192

XX



FIGURE _ . PAGE

42. Racemization of the leucine peptide unit in
‘ . .‘/ Ry
c-(pro-leu) isolated during the decompositii

»

of L-pro-L-leu-gly-gly, 148.5°, pH 6.8, 8.
mM............'...........'.‘.....‘.'..."':;2‘.....‘. 193

43, Racemization of the proline peptide unit

MMt tneeennneeananosennncennneens l“k_. 194
44. Racemization of the leucine in c-(pro-leu) “

isoiated during the decomposition of L-pro-L-

lgg-gly—gly, 148.5°, pH 6.8, Be45 MM.uveseeosonsaes 195
45. Racemization of the leucine peptide unit in

the fotal g;(pro—léu) isolated during the

.decbmposition of L-pro-L-leu-gly-gly, 148.5°,

pH 6.8, 8.45 mM....;.........................a;..,196
46. Racemization of the leucine peptide unit

determined by measuring c-(D-pro-D-leu)/c-(L-

Pro-L-leu).ceieeessesescsssessossssnssscssssnnsosas 197
47, Racemization of the leucine peptide unit in

'the tqtal hydrolysate of L—pro-L—leu;ély—gly, ’

148.5°, pH I PO SR 1
48, Racemization of the proling peptide unit in

the total hydrolysate and totai c-(pro-leu)

',;isolated during the decompositién of L-pro-L-
1 :

I
leu, 148.5°, PH 6.8, 9.0l MMuvueesernooonnennaenee 205

?

(i Xxi



FIGURE

49. Racemization of the leucine peptide unit in

SO.
51.
52.

53.

54.

55.

56.

pro-leu isolated during the decompositidn of

L'pro-L-leU' 148-50' pH 6-8' 9.01 mM.....'-.

Decomposition of L-pro-L-leu, 148.5°, pH 6.8,

9.01 mM..l.“l.lI‘I.l‘.

® s 9 % 4 00" s e o

Decomposition of L-pro-L-leu, 148.5°, pH 6.8,

9001 mMs.-n..o.-.oo...coco.ooocc'o.u-couaO-

Decomposition of L-pro—L-leu. 148.5°, pH 6.8,

9.01 mM'uQ....‘CO'."Oo.-.-..‘..".‘-.'..'.'O

Racemization of the proline peptide unit in

total pro-leu isolated during the

decomposition of L-pro-L-leu, 148.5°, pH 6.8,

9-01 m.Mo...o'-ooooo.oco--oc.oocoot-.coovtococ-.

Racemizatirn of the proline peptide unit 1n

total diketopiperazine isolated during the

decomposition of L-pro-L-leu, 148.5°, pH 6.8,

9.0]1 MM...vieeeonnns

kacemization of the proline peptide unit in

of L-pro-L-leu, 148.5°, pH 6.8, 9.01 mM.........
Racemization of the leucine peptide unit 1in
c~(pro-leu) isolated during the decomposition

of L-pro-L-leu, 148.5°, pH 6.8, 9.01 mM..........

Xx11

c-(pro-leu) isolated during the decomposition

PACT

211
212
213

214

218

219

220



FIGURE

57. Racemization of the proline peptide unit in
E}(pro—leu) isolated during the decomposition
of L-pro-L-leu, l48£5°, pH 6.8, 9.01 MM........

58. Racemization of the proliﬁe peptide unit
determined by measﬁr*hg g;(L—pro-D—leui[gf(Dj
pro—L-leu)...,.,........;..;...f...............

59, Racemization of the proline pept}de"unit
‘determined by measuring E;(D—pro—D—leu)/g;(L-
pro~L-leu)................,.,.533:;....;.......

60. Racemization of the leucine peétide unit 1in

c-(pro-leu) isolated during the decomposition

61. Racemization of the leucine peptide unit in
the total hydrolysate of L-pro-L-leu, 148.5°,
pH 6.8, 9.01 mM.............fﬁ............;....

62. Racemization of the leucine peptide unit 1in
c-(glycyl-leucyl) isolated during the
decomposition of glycyl-L-leucyl-glycyl-
glycine, 148.5°, pH 6.8............J....:...,..

63. Racemization of the, leucine peptide unit in
gly-leu-gly-gly isolated during the
decomposition of glycyl-L-leucyl-glycyl-

glycine, 148.5°, pH 6.8, 9.00 MM.iveeseeonnnenns

xxii1l

Of L—pfO“L'leU, 148|5°’ pH 6.8, 9.01 mM."......'..

PAGE

221

222

1223

224

228

239



FIGURE

64.

65.

66.

670

68.

HPLC traces of CBZ-l-pro-L-leu-gly-gly anilide
bef.r¢ an? after heating tor 90 min at 148.5°, pH
£ B v eeeceaceassosaoyaorssecssesesrs s
HPLC traces of CBZ-L-pro-L-leu-gly-gly before

and after heatingy for{90 min at 148.5°, pH

6.8.‘--0..-0.-..-0.ooc-tco.o*.o.noconoaoo.lco.‘o--o

%

HPLC traces of L-pro-L-leu-gly-gly anilide

before and after heating for 90 min at

148.5°, PH 6.Bciveereasononsssacessecanncuncnones
Matrix representation of the twelve

differential equations déscribing Scheme 7...000.
Matrix representation of the twelve

‘ : 4
differential equations describing Scheme 8...¢¢44

CXX1V

PAGE

244

245

246

325

326



CHAPTER 1

INTRODUCTION

one of the primary concerns of geologists and
archeologists is the reliability of the techniques used to
determine the age of foss&lized remains. What ts needed
is é method of dating which requires only a small amount
of material, is simple to perform so that any reasonably
equippea 1aboratogy could do the ahalysis, has a fast turn
around of samples and is inexpens¥ve. The discovery of
:amino acids in fossils by Abelsonl seemed to be most
,providentiai as the analysis of low concentrationg of
amino acids was well developed. The process of amind acid
racemization (slow at ambient temperature) was seenjéo
have promise as a potential tool for the dating ofxd
fossils.2 Up to this point, radiocarbon dating* was lﬁe
singlé host important dating method available but is
generally considered to be accurate only to between 30000

and 50000 y.B.P.3

Dating, using tree-rings is also important. In areas
where sufficient samples are available this technique can
be extended to 8000 y.B.P. U-series dating is also
available for a similar age range as radiocarbon dating
and suffers from the same drawbacks. :

1
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~acidgois such that thlS 11m1t could be extended.‘ Until

'7recent1y, the radlocarbon method requlred up to ten grams_

hY
. Sm
- of.sample._ COnsequently4 it was 1mp0551ble to date

tobjects of small 51ze orrof.great a}oheological value.

Rbcent developmehts in radlocarbon datlng methodology
e

allow the sa ple size to be lowered to the mllllgram

3

- level.” Nev rtheless radlocarbon datlng is an expen51ve

‘ technlque réquiring dedlcated 1nstrumentat10n and thus

: -3
1ncreases the attraction of the amino acid method.

Geolog1ca1 dating by amlno acid racemlzatlon is based

on the conver51on of a naturally occurrlng L amino acid to
,1ts D isomer. The 1nterconver51on depicted in Flgure l'

) Wthh beglns‘after the death of the organlsm (except in

Bthose tlssues which are not repalred) has ‘a half life at
amblent temperature varying from about 20000 to 300000

years depend1ng on the amlno ac1d used for datlng 4

»

Equation 1 descrlbes amino ac1d racemlzatlon exactly

el [1oeB) |
~In : In : = —(ky+k_y)t
k 1+ +BL 1+ D] 1 1
L) 19 ‘
t=0 ‘ (1)
.whefe K' = E:%

v

© A common procedure for extractlng amino acids-from fosSils
»and,measurlng the D to-L ratlo of the 1nd1v1dualfam1no
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acids 'is as follows-5 a small amount (100 mg) of the

" fossil is ‘ground and then cleaned by sonication in 2N HCl

+

and sonication in water to remove surface contamination

1nclud1ng amlno acids which leaching may have deposited on

‘the sample. The sample is then treated with 5.5N HCl and

heated 1n a sealed tube to decompose the fossil matrix ‘and

‘hydrolyze the remaining protein re51due. Inorganlc salts

from the_foesil matrix -are :emoved from the solution by
precipitation'with HF or by ion exchange. The extract>i§§
evaporated and volatile der1vat1ves of the amino ac1ds are
prepared for GC analysis. If a GC column wlth a chlral
statiepary pha%E is used, the ahino_acids are first
esterified by heating with aeidified 2-propanol. If a
non—chirai column is used, the esterification is performed
with (+f—2—butanel in order to obtain the dies£ereomers.
In either eese, tfie resulting.esterified amino acids are

subsequently acylated with pentaflueropropionic

' anhydride,‘ The derivatives are then analyzed by GC.

Ultimately, the useful range, of amino acid dating

- depends on two major factors. First, the temperature to

which the fossil has been exposed is important since the

1

rate of epimerizaﬁion depends on temperature according to

- the Arrhenius -equation. The second factor concerns the

concentration of peptides in the fossil., The process of

hydrolysis of the protein contained in the fossil is

/
competitive with epimerization.6 Eventually, the amino



acid containing species in the fossil'will consist of
amino acids” and small peptides which can be more readily
exchanged with the environment. This factor clearly
place upper limit on the age of fossils- which the
eminovacid techniqee can measure.'

Other practical prOblems exist with the amino acid
daeing‘technique. it was hoped that degree of |
racemization found for one speéies of fossil would be'the
sahe for another, ;,but it has been found that this, in
general,nis not the case. @pr eXample, in a cave
containing'material dated iﬁdependehtly to be 11000 years
old, preserved plant matter of different species were -
found to have quite different amino ac1d D/L ratios for
the same amino acid.? A similar species dependence has
been shown for foraminiferae'at the same geographicai

8 pespite this problem, the use of diffefent ¢

location.
‘spec1es to establish geologlcal dates is still

widespread. This is due ‘in part to a partly successful
technlque of callbratlon introduced by Bada. 9'10‘ In this
method, a single fossil from a!ayrtlcular s1te is dated by

an independent method (usually ;adlocarbon). The D/L

ratio for the amino acid of choice is measured and an

In the thesis, an amino 301d bound in a peptide or
proteln will be denoted by "peptide unit". A free amino
acid, 1i.e. not ‘bound in a peptide or protein, will be
denoted by "amino acid". :

{
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average rate constant for. the site 1is extracted from the
reversible first-order rate expression (Eg. 1). This raté
coﬁétaht is”then used forbail other samples taken from ihe
éame location in'diffef?nt’strata. It is assumed that any
enviroﬁmental factors which the.siﬁe'has expefieneqd will
have beeﬁ hoﬁogeneous. Unfortﬁnately there abpear‘ to be
many examples where this aéproach fails.ll one of the
most spectacular was in the dating of the Dead:'Sea
scrolls. It was found that the aspartic acid D/L-ratios
va:ied‘considefably'for different samples on the same
piece of pafchment.12

A further problem with the amino acid dating
technique concerns the composition of the fossil. It is
not guaranteed that—the kinetics of epimerization for the ’
pfotein'will follow the 'simple rate law.for amino acids |

(Eq. 1). Most of the protein in fossils is from collagenf

*Collagen i{s a class of glycoproteins consisting of three
protein chains organized in a coiled coil having overall
dimensions of approximately 15 x 3000 Angstrom units and
containing between 0.4% to 5.8% carbohydrate linked to the
alpha chains through hydroxylysine. Two of the alpha
chains are in general identical and the entire length of
the chains has a unique non-repeating seguence. The
proline and hydroxyproline composition is quite variable
(2 to 200 per 1000 residues) but -is typically about 100.
There is cross linking of the alpha chains of the
N-terminus where there is also no coiling of the peptide
chains. After the fifteenth to twentieth residue the
coiling of the peptide chains begins, the repeating
‘'sequence -gly-X-¥Y- being a necessary requirement for the
coiled structure. The coiled region of §he peptide always
begins with the sequence —gly—pro-met—.1 v
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since this.class ef proteins is the most abundant in
living tissue. '

Much research has been done on the analysis of
collagens in fossilized remaxns.6 There is a consxderable
diffe}ence in the.ehino acid composition of fossil versus
'ﬁodern bones of the same species and likewiee there is a
plethora of peptide fragments present in'fossilized
protein. This result indicaies a‘large amount of
hydrolysis of the protein. It has been stated that the;
kinetics of epimerization of aﬁino acids in protein will
necessarily be complex and the rate constants which are'
extracted will be some composite rate constant with
contributions from peptide units in different positions in.

~each of the various peptides in thé fossilized
rerﬁains.“'15 The hydrolys}s of the collagen requires
water and it is not likely that watef will evef be
excluded. Hence, the compositﬁ%n of fossil proteins Xand
the kinetics of epimerization) is always complex.
Moreover, since the peptide composition of the fossil
changes with time, the rate constant for the racemizatiqn
of the mixture will be chang;ng._ This complication makes
interpretation of the kinetics in terms of amino acid
racemizatioﬁ]somewhat suspect.

The best candidate for preserved proteins” aﬁd

limited contamination seems toO be the inner port1on of

bones which have been less exposed to the environment.

gy



Another approach is to idenﬁify a peptide in the fossil
matrix which has some resistance to hydrolysis and could
be isolated. ‘This.would circumvent the problem of unkhown
compos1t1on. 'Osteocalcin* has been suggested as a
sultable peptide to be used for datlng of fossil bones but
asﬂyet ‘has not been isolated from f0351ls.16 Even if such
a peptlde were found, there would still remain the problem

of unknown kinetics.

Mechanism of Amino Acid and Peptide Racemization

‘The aim of this thesis is to provide insight into the
mechanism of peptide and pfotein racemization. The |
mechanism of amino acid raeemizatioh is understood and‘
provides a good starting'point for a discussion of studies
dealing with the'racemization of peptides and proteinsﬂ

Neuberger was the firse to seview fhe mechanism of
‘amino acid racemization;17 He suggested,that the proposed
1ntermed1ate (1) in base catalyzed racemization was a
carbanlon since high concentratlons of base were necessary
to cause significant racemlzatLLn. Since the formatlon of
the intermediate requires the formation of a dianion, any

structural change to the amino acid which removes the

Osteocalcin is a small protein (M.W. 6000) found in
bone. It is characterized by a high content of the
calcium binding amino acid y—carboxyglutamlc a01d. The
structure of osteocalcin varies with species.

T



carboxylate function would enhance thé?f%ﬁe. Substitution
on the alpha carbon or on the amino fupction with
electfonegative groups should likewise increase the rate

sl
of racemization, . A

Mo : 5 /0
R-C-8-0"+"OH —= R-?-c—o' - R-C=C ,-
[
NH, NH, NH,
1

It has been found that‘the rate of deuterium exchangéjis
ﬁhe same as the rate of racemizétibn_and_é;tabliéhes that
removal of the alpha'protoh is likely the‘first step in
amino acid racemization.18:19 gstudies on substituted

amino acids measuring the rate of exchange in basic

solution agree with Neuberger's prediction. Matsuo found .

that for the following pairs of derivhtives:20

PhCHCO,H < PhCH,CO,H

I

NH,

CHB?HC02H.( CH3CH2C02H

NH2>

RNHTHCOZH > HZNTHCOzH

NH, Ph
R = Ac, CH3CH,CO
RNHCHCO,H > H,NCHCO,H

CH3 ‘ CH;

e



the order of reactivity of the derivatives was found to

be:
R'CONHCHRCONH2'>> R'CQNHCHRCOzH,> HZNCHRCOzR' > HzNCHRCOZH

The result of substitution on the alpha ¢§rbon was tested
- with the N-benzoyl anilide derivatives of am1no acids and
again was found to be consistent w1th the predicted

beh‘;nviour:z1

PhCONHCHRCONHPhO

+

R = Ar >> ArCH, > Me > iBu > Et >> iPr

In the ac;d catalyzed case, Neuberger proposed that
racemxzatxon proceeds via protonation of the carbonyl

group:17

: 1
RﬁHCOﬂi P~ “‘f‘c\ou == Rﬁ-c
*NH, *NH o *NH,

Smith has studied the kinetics of racemization for
aliphatic amino acids and for arylglycines.ls'lg'22 In
both cases racemization follows pseudo reversible first

‘order kinetics. In the case of arylglycines, it was shown

10



that the rate of exchange as determined by tritium
incorporation was equal to the rate of racemization. This
would appéar to eliminate a mechanism involving a "push-

pull"” intermediate 2.18

\ [ ]
3

F 44

:.-./.o...:
o

A Hammett plot of log (k/kg) (k, = rate constant for
phenylglycine) versus o yielded a p value of 1.6
(calculated at 25%° from a value of 1.}5yat 110.5°). This
was considered to be slightly low for a fully developed
negat%ye,charge in a transit}on state (2.11 for thé
ionizatibn of phendlé at 25°). It was suggested that the
protonated amino group was attenuating the effect of the
substituents by an electrostatic stabilization like that
proposed by Néuberge;. ,

Smith also measured the activation parameters for the
racemization of the series of arylglycines and found the
enthalpy of activation was effectively constant for the
entire series. The eﬁtropy of activation appears to

provide the necessary variation to account for the

substituent effect. Smith proposes that for arylglycinés,
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the chahge in entropy of activation arises from solvation
differences. Aliphatic gmiho acids racemize about 60
times slower than arylglycines. - This is caused by
differences in both the enthalpy and entropy of
activation. The enthalpy term‘is about 9 kcal/mol higher
in the aliphatic case. If this were‘the only difference,
the arylglycines would’racémize about four orders of
magnitude faster than%ihe aliphétic amino acids. The
diffegence in the'entropy of activation (8 - 10 e.u. more
negative) for the afylglycines attenuates the effect of
the'enthalpy change and may be indicative of the ordering
of the medium in the case of the bulkier arylglyci;és.

S The effect of pH was studied for L-alanine and D-
phenylglycine. It Q&syfound that there is less than an
order of magnitude change in rate when the acid |
concentration is changed by fourteen ordefs of magnitude
with a relatively level portion around the isoelectric
point of the amino ?cid. This behaviour is simiiar ﬁo
that of other amino acids which have been studied.?23
Assuming that the observed rate consisted of components of
specific acid and base catalysis involving the
zwitterionic, anionic and cationic species; Smith was éhen
able to calculate that the most reactive species in
solution is ghe zwitterion. However, Smith observed
general base catalysis for racemization of L-alanine and

phenylglycine. An increase 1in the rate of racemization was

12
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:w,d when the concentration of phospate buffer was
incré;sed ét constant ionic strenqth ana constant pH.
Tbgrefore, the conclusion thaﬁ the zQitterion is the most
Yy , . ,
reactiQe species may not be correct.

The effect of ionic strength was also examined. At
pH 7, the effect is modest with a doubling of the ionic
strength resulting in oniy a 10% increase in rate. At pH
10, the samevchange in ionic strength results in about a
20% change. This concurs with ;he above modest éffect of
ionic strength since reactions involving zwitterions would
be expected ;o.show less dependence on ionic strength than
those with anions.?8 o |

A Taft plot using the rates of raéémizatiog for the
aliphatic amino acids and the order of entropieé of
activgtion (ala S val > ile) indicated to Smith the
presence of a steric effect, but the order of rate (ala >
leu > ile > val) must be considered to arise from
elecpronic factors as well. h

Smith proposes that the mechanism of racemization
involves a polarized transition state 3. The mechanism is
consistent with the experimental facts and is patterned
after the mechanism determined for the ionization of
_nitroalkanes.24 The similarity of the p values provides
Smith with the justification to propose this pathway for

amino acid racemization. A deuterium isotope effect of

2.0 indicating a rate determining deprotonation is
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‘. '
- |
B+ N'C\CO = "‘-uﬂ‘“c\co-
0“.(3 ’“H‘ 2
3
siow .9 ?0;
P m—— " -
- - z‘-:‘.’-:: [ X XN of XJ HB
r co, BHe- lc\“:
*NH, R* R NH,
3
19

consistent with the above scheme. R

It should be pointed out that there are other
mechanisms which are kinetically indistinguishable from
‘Smith's mechanism, Iﬁ particular, protonation of the
carboxylate prior to thewrate determining removal of the
alpha proton could also lead to a flat pH profile and

might be expected to show general base catalysis.

Racemization in Peptides and Proteins

In neutral aqueous medium a peptide is predominantly

present as a zwitterion:

0o

H R, o H JRn-
R L. &("“%0
O HR, |
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The rate of racemization of the C-terminal peptide unit is
expected to be less than the rate of racemization of the
interior peptide unit since the carboxylate anion woﬁld
inhibit the formation of a carbanion. Similarly, the N-
term;nal peptide unit is expected to racemize faster than
the interior peptide units since the positively charged N-

terminus can inductively stabilize the incipient

carbahion:”'25

"

H'- R‘ . » R1

H}i see ————. .Haﬁ)'\.oo

There is the possibility of a similar effect in the
£

interior of the peptide chain. Since the bond linking the

carbonyl group with the nitrogen atom in peptides is

shorter than an isolated carbon-nitrogen single bon‘d,26 the

peptide bond is considered to be a resonance hybrid:

o~
0O
ooo/kNH/..' ooo/kN/...
+

This resonance form might contribute to the stability of
the carbanion formed durfng racemization in the same way
as the protonated N-terminus. Thus, the prediction that

the N-terminal peptide unit will racemize fastest is not

N
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firmly based. On thefcontrary, there may be no special
preference for racemlzatlon to occur at the N-terminus for

electrostatic reasons.v This does not preclude the =

possibility,that‘the‘N;termlnus may racemize quickly by

the action of another effect..

As in neutral media, racemizatioh under basic
g ndltlons should be enhanced in the peptide chain. Early
Q

research by Levene on the racemlzatlon of alanine

oligopeptides“in alkali showed some indication that

interior peptide units racemize more quickly since as the

length of the peptide chain was increased, the raté of

~racemization alSO»increased.27

-Also, in basic solution several p:oteins'(albuﬁin,

casein) edestin, fibrin andbgeletin)'show enhanced rates
of racemizatlon compared to amino acids not bound in a
28

pept1de cha1n. Levene also studled the racemlzatlon of

dlketOplpera21nes in alka11 and found that these compounds

racemize more qu1ckly than the'correspondlng‘

27 the relative stability[of dipeptides was

dipeptides-
suggested to arlse from the prox1m1ty of the carboxylate

A 2
manlon (at least for the C- termlnal re51due) in

17

d1pept1des. AS‘mentloned above, the negative chégoe

,would inhibit the formation of a carbanion at the

-asymmetric centre 4.

16



The relatively rapid epimerization of diketoOpiperazines

5

was seen to be a result of theMGOntribution“from a dipolar

resonance form having a positively charged nitrogen atom

adjacent to the asymmetric centre (5).
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"It was discovered later'bylx-fay studies that th%%six—

2y

~membered ring in diketoplperazines 1S essentially flat as

in E_-—(glycyl—glycyl)30.'31 and_<_:__-(D—alanyl—L-alanyl)32'33~

c- denotes the cyclic structure of the diketopiperazine.

¢

17




or puckered as io g;(L—alanyl-L—alanyl).33 This 1is
presumably due to the contribution‘of therdipo;ar
resonance"form 5. The ease of racemization of
‘d1ketop1perazlnes may be attributed to the relative
stab111ty of the conjugated system 7 in resonance with the

carbanion 6 produced by removal of the asymmetr1c proton.

e

Amino acids isolated from foss111zed materials were
found by Hare34'35'36 to be racemized to a greater degree
than similarly treated free amino acids. ihisAled some
investigators to propose‘that racemization is’concommitant

with hydroly51s of the peptide chain.34

HoweVer, it was,
earlier demonstrated that theré seems to be no connectlon
between theltwolproceSSe%. Leveneg showed for
diketopiperazines37 andfﬁrotein538'39‘and Darge for a
‘dipeptide40 that in strongly basic solution the rate of
‘hydrolysis is faster than the rate-of racemization. If

the same substrate is then treated with dilute base,

hydroly51s is found to be slower than racemlzatlon.

Another proposal to explaln the anomalously high degree of

racemization of free amlno acids found in fossils 1nvolves
”hydroly51s of the proteln through some spec1es (eig. a
dlketoplpera21ne like species from 1nternal am1n01y51s,

vide infra) which is highly susceptible to both

e

. p
- racemization and removal from the fossil matrix either by

leaching or by rapid hydrolysis to free amino acids.

y
<
<
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“Kriausakul and Mitterer were among the first to under-
take a systematic investigation of peptide racemization

' * . 3 » | . ' .
using small isoleucine contailning peptides under mildly

).41 The elevated

basic conditions (pH 8.0,.152°
‘tempefatdre is necessary for racemization to proceed at a
measurable rate. -In this study, Mittererwdemonstrated that
racemization occurred hore rapidly in the peptide chain
than in the free amino acid. By using a series of |
dipeptides, the tripeptides ile—gly—gly and gly-gly-ile;
several naﬁural peptides of known sequence and collagen |
from shell, Mittefer érrived at the conclusion tha£ aminé
acids racemize depending on their position in the peptide
chain: N-terminal > C-terminai >> interior > frée.k As
with proteins, racemization. of thé pept .did not follow
reversible first order kiné&@bs: In all ases thé initiai

rate of racemization was largg%fthan the final rate which

i

in turn was equal to the rate of racemization of the free

*x X
amino acid (Figure 2) . . By assuming that there are only

Epimerization in isoleucine produces the diastereomer
alloisoleucine. It 1is therefore not necessary to use
optically active materials for determining the degree of
_racemization of this amino acid 'and for this reason is
widely used for the dating of fossils by the amino acid
technique. )

*Alth0ugh Mitterer was the initiator of this type of =
analysis, he was not its sole.user. Freidman and
Masters, while studying the racemization of casein in
dilute alkali, compounded the problem by attempting to
use rate constants extracssd in this manner in a linear
free energy relationship. smith and Evans also '

(cont'd)
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Kinetics of epimerization of isoleucine in heated

Mercenaria at 152°C- (Ref. 41).
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two components in the hydrolysis mixture, Mitterer

*
interpreted the initial slope of the canonical plot as

observed 'gwo linear portions™ in the racewgzation of
collage’n.2 Lajoie,,wihmillet and Kennedy™~ and
separately, wehmiller? presented qualitative models in
which the plots are considered as consisting of two
linear portions. The authors recognized the limitations
of the model and yet persisted in its use because of “a
failure to realize that hydrolysis can affect the
magnitude of the rate constants extracted by this
method. 1In order to further generalize, Wehmiller
proposed a two component. model in which there are two
epimerizing groups of amino acids: 1) amino acids bound
in a peptide chain and 2) free amino acids racemizing
more slowly and being produced from group 1. This model
would certainly predict a curved first order plot.
wehmiller used the model to attempt to produce an
empirical method to compare the racemization behaviour

(and thus the ages extracted by the amino acid method) of

fossils from different species. There was no attempt to
incorporate either of the models into a mechanism for
protein or peptide racemization. )

The racemization rate constant is extracted from a plot

of the left-hand side of . Equation 1 versus time. If k) =

then the slope of this plot is equal to -2k

k_ "
Ot%erwise ghe slope is equal to -(ky+k_1) . It %as become
standard practice to extract rate constants from initial -
slopes of plots of this type even when the behaviour. is .

seen not to obey Equation 1. For this reason, these
plots will be called "canonical plots”, Equation 1 will

be called the "canonical equation” and the left-hand side

of Equation 9 will be called the "canonical expression".
It is common for Equation 1 to be rearranged so
that:’

{D) 1o« 42
l*m ‘—lh{ H ’ - (k, + k

)] x 1t R
1 - X9y 1= X117 eeo

The slopé of a plot of the left-hand of this
equation versus time will be positive. Since
racemization involves a decrease in optical activity,
except for comparisons to the literature a convention
will be adopted wherein the canonical plot will have
negative slope. The two representations are equivalent
and are related by reflection in the t-axis.
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representing the rate of racémization of the starting

" material. Héwever, in the cases where there is sufficient
data to permitvthe measurement of the initial rate, there
is no initial linear portion to the canonical plot (Figure
. . : , . L

3). It is not clear that these are only two component
systems and there is considerable evidence in the
literature that the mixture from the hydrolysis of

' péptides will con;ain diketopiperazines as well as the
dipépiidés”and free'amiﬁo acids. Indeed, there is
evidence in ﬂitterer;s work that diketopiperazines are
present. He éﬁowed that the rate of epimerization of ile-
gly-gly is hore than twenty ;imes,fastef than that of
qu?qu—ilé. At the séme time, the rate of production of
free isoleucine 1is reverséd with ile-gly-gly producing
isoleucine some 30 times slower than gly-gly-ile. If
“hydrolysis of ﬁhe peptidas_proceeds by the formatipp of
the more easily racemized diketopiperazine by internal
amindlysis (Figure 4) and subsequent hYdroly;is to free
amino acids then the above obsgfvations would be
expecﬁed.' Cleétly, without separation of the hydrolysis
mixture it ismdifficult to justify any of these '

~

conclusions.
In the following paper, Kriausakul and Mitterer45
reported the activation energies for hydrolysis and

epimerization for ile-gly to be 20.9 and 23.1'kca1/molj‘
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Kinetics of epimerization of isoleucine in heated
Mercenaria at 152°C (Ref. 41).

This is the same data

gshown in Figure 2 omitting the solid lines.
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respectively.* The lower activation energy for
epimerization compared to that of thé free amino acid (29-
30 kcal/mol) was attributed to the faster racemization of
the N-terminal residue. Agaih.Mitterer did not attempt to
separatévthe conﬁributionldf’diketopipéraz{ne to the total
racemizétioﬁ‘rate of the dipeptide. ‘More interesting is
the first éttempt to separate a fossil protein hydrolysate
accérding to molecular weight.. when this was done,
Mitterer discoveéed that the most highly racemized
fraction (aside from the fraction contaihing"free amino
acidg) was the oﬁe containing prote;n f;agments having a
molécular weight less than sdo. Mitﬁerer contended that
the high degree of racemization observed in"the fraction
‘is due to the increased number of N-terminal reSidués.
This observation is also consistent with the présence of
diketopiperaéines. .
More recently Kriauéakul and Mitterer described the
pea;urement of the degree of racemization in the
C-terminal position of dipeptides produced from the

hydrolysis of fossil protein.46, It was found that this

position was the most racemized of all, quite at odds with
L 4

For epimerization log A = 10.588; for hydrolysis log A =
8.263. At 15° epimerization is calculated to be about 4
times faster than hydrolysis while at 150° this increases
to a factor of about 16. It should be noted that the rate
of hydrolysis is measured by the production of ile, not
from the disappearance of the dipeptide.

’
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the observation that the N-terminal position in dipeptides
* A
racemizes fastest. Mitterer attributed this observation

to the formation of easily epimerized diketopiperazines

*There is an important inconsistency in Mitterer's
reasoning which has not been commented upon previously.

In the case of protein racemization with concommitant
hydrolysis there will be few terminal residues near time
zero. If the termini do indeed racemize faster than
internal residues (as suggested by the model studies using
dipeptides) in order to reflect the build-up of terminal
‘residues there should be a portion of the curve near time
zero where the slope is increasing. This has never been
reported. Mitterer argues that the similarity of
dipeptide and protein kinetics allows the extrapolation of
dipeptide behaviour to proteins. The observation of a
gradual decrease in rate constant is inconsistent with the
predicted increase of the number of rapidly epimerizing
terminal residues.

observed

predicted

1.+ D/L
In —_—
1 - D/t

time

The lack of predicted behaviour could be due to the
difficulty in obtaining data around time zero, but could
equally reflect an important difference in kinetic
behaviour between dipeptides and proteins. Mitterer
observed similar behaviour for tripeptides indicating some
degree of continuity between dipeptides and proteins.
However, under the condition of high temperature it is
likely that after a short period no tripeptide would be
left due to rapid formation of dipeptides and
diketopiperazines (vide infra).
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and subsequent transfer of the epimerized peptide unit to
a C-terminal position by hydrolysis. There is a
difficulpy with this rationale. 1f the hypothesized
diketopiperazines are arising from dipeptides it seems
reasonable that this enhanced rate of epimerization for
the C-terminus would have been observed in the series of
dipeptides studied previously. This was not observed for
any of the dipeptides. In order to explain the protein
result it may be necessary to propose the e;istence of
additional species which are undergoing rapid
epimerization. | \

smith and Sol have done a complementaryfstudy on
dipeptide racemization but found that in the case of
sterically unhindered.dipeptides'gly—X (X = ala, leu, phe,
asp, met) and for alanine in val-ala, leucine in val-leu,
phenylalanine in val-phe and aspartic acid in val-asp, the
amino acid racemized fastest when in the C—terminal
position.47 The amino acids isoleucine and Qal;ne both
Qith secondary carbons in the beta positidn show faster
N-terminal racemization. Proline appears to cause the
other amino acid residue in the dipeptide to show faster
N-terminal racemization. Like Mitterer, Smith overlooked
the possibility of diketopiperazine formation during the
heatiﬁg~of dipeptides. This alone would be sufficient to
cast doubt on the conclusions drawn from the study of

these dipeptides, but it also is useful to scrutinize in



detail the mechanisms presented.
Smith attributed the affect of proline to the cis-

trans equilibrium found for dipeptides of the form X-pro:

co,/

) 2
i o —e
v o
X €O, X
cis ‘ trans

He argued that the énhanced rate for the N-terminal
residue is due to the relatively close proximity of the

carboxYlate anion of proline: N

smith cited the work of Dorman and Bovey48 and that'of'
Grathwohl and thhrich44 where the preference of cis over
trans was reported for phe-pro and ala-pro respecti;ely in
strongly basic solution. This preference was subsequently
'documented for the dipeptides X-pro (X = ala, leu, phe,
trp, tyr).50'5l At neutral pH, there is very little
general preference for cis over tf%gs with .78% Eié_for
.phe—pfo, tyr-pro and trp-pro and from 37% to 518 for gly-
52

pro, ala-pro, glu-pro and his-pro. Therefore, the use

of this conformational argument to explain the

28



in the formation of epoxides and anhydrides.

racemization kinetics exaggerates the cis-trans

- » . "
equilibrium phenomenon.

smith and Sol propose that the unexpected result
(C-terminus > N-terminus) arises from some intramolecular
interaction of the N-termimnal amino grodp by either
stabilization of the incipient carbanion by "solQation" by
the protonated N-terminus, 8 or from the free amino group
actingyas a base to aid in the removal of the alpha

proton, 9.47 ™

smith stated that the reverse trend in isoleucine and
valine containing dipeptides is dué to the removal ot
these possible effects for steric reasons as 1is found for
Sn2 reactions. on the contrary, 1in intramolecular Sy2
reactions bulky groups can in fact speed up a reaction as
53

Long also

uses the concept of "steric acceleratiorf! to explain the

29
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rapld ring closure to dlketoplperazines in some sterically

54

’

hlndered dlpeptldes. It appears that Smith's mechanlsms e
need to be adjusted to account for these facts.

Prev1ous work on the racemlzatlon of peptxdes has f
| given results contrary to the work of Mltterer and
smith. In the treatment .of the peptlde hormone glucagon
with 1 N sodium hydroxlde (with, little hydroly51=), Epand -
and Epand observed that w1th carboxypeptldase the treated

Y

peptide gave lower yields. of the internal amino acids than

for the untreated pept1de.55

The same result was obtained
for 1euc1ne amlnopeptldase. Since the enzymes are less
effective at cleav1ng peptlde bonds involving D isomers it
was concluded that the 1nter10r of the peptide contained
more of the’ blologlcally 1nact1ve amino ac1ds residues.
The’conclusion to be drawn here is that the interior amino
acid residues racemlze faster than the termini.

similarly, when adrenocortlgen was treated-with 0.1 N -
‘sodlum hydrox1de at 100° - (agaln with little hydrolysx@r

it was found that the. phenylalanlne re51due at the

C- termlnus was unracemlzed whereas the internal ‘E

6,57

Y

phenylalanine re51due was exten81vely racemlzed 5 In

~a third study, the activity of.melanocyte Stimulating

mibase (meaning

hormone was maintained after treatment wil
that the actlve N-terminus still maintains the L
‘conf1guratlon) wh1le the internal res1dues phe and arg

-were found to be racemized.58 S



More direct evidence is available that internal

. residues racemize faster than the termini.sgﬂ The amount
of deuterium exchange :as measured by NMR for a series of
glycine dontaining peptides. At pH 11 to 13.5 after 21
hours there is nO'exchange {n either glycine or.glycyl—
glycine. However, there is notlceable exchange in the
middle methylene group of trlglyc1ne af ter only five
hours. Likewise in the peptides acetyl—glycylglyc1ne,
tetraglycine, pentaglycine, diglycine—amide, acetyl-
alanylglydine and atetY1;eerylglycine, there is exchange
only }n the internal residues. The effect could be due to
elastostatic repulsion between hYdrexide ion and the
carboxylate anion as predicted by ﬁeuberger, since the
methylene group in the residue ad jacent to the N-terminus
in tetraglycine exchangee faster than the methylene group
in the residue.adjacent to_the'C—termings; The exchange )
is occurrlng most rapldly farther away from the
carboxylate anion. The free amlnd group might also retard
the rate of exchange p0551bly by an inductive

interaction. The observation that in trlfluoroacetyl-
triglycine, the N-terminal methylene is exchanging at a
much faSterirate than the internal residue is consistent
with thls mechanlsm. The substituent also plays an
important role. In g1ycy1alanylglycylglyc1ne, the alanlne

is only . 5% exchanged when the adjacent glyc1ne re51due

(towards the C- termlnus) is 95% exchanged. 59

31
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There is conv1nc1ng evidence that in certain cases
the internal amino acid resxdues racemize faster than the
termini. The above studies were performed under strongly
basic conditions SO extrapolation to neutral pH must be
done with care. The 0bser§ations may be applicable at'
least for the C-terminus since even at neutfal pH the
carbexylate anion is presgent in a predominant amount.
with this eaveat in mind, the above observatipns are
completely opposite to the expectations derived from tpe
dlpeptlde studles. The relevance of dipeptide
racemization to that of proteins must be seriously
qnestioned. ‘ K ;

‘ O

Factors Causing Deviation,from'simpleABehaviour Described

by the Canonical Equation

&

It is already evident that some dipeptides and
protelns do not dbey the simple rate law given by Eguation
1+ The factors whlch result in thlS dev1atlon will be the
focus of thlS sectlon.‘ The factors Spec1al to peptldes
will. beygﬁscussed later.ﬁwThe measurement of temperature

w B .
is of pqrtlcular interest to geologists. The‘measurement
of fossil age: by the amlno ‘acid technique is dependent ofi
the knowledge of the temperature history of. ‘the
f0551l 1l This problem of unknown temperat;re history can
be overcome by use of the callbratlo method described

previously_9,10 s ',,
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The amino acid technique in. concert with some

calibration dating method can also be used to measure

*

geological temperature. Smith has pointed out that the

temperature obtained -by measuring rates is different from

60

the time-averaged temperature. Since the rate of

reactlon has an equgeﬂt’al dependence on temperature, the

rate—averaged temcl .will be somewhat hlgher than the

time-averaged temperature.l This idea can be extended ih_
an analysis of the effect on rate of racemizationmfrpm
fluctuations in_temperature; Geologically, the mest
obvious periodic change in temper;ture concerns the
seasenal oscillation in the’da;ly average temperature.
The difference betweem the‘rate—averaged‘anmual
temperature and the true aﬁerage annual temperature is
certalnly prOportlonal to the amplltu0e of the seasonal
osc1llat10ns. The size of the effect can be estimated.

If a 51nu501dal time dependence of temperature is

Y

included, the Arrhenius expression becomes:

k = Axexp(E /R(ATsin2nt + Tgy)) (2)

where iav is the true average temperature and AT is the

amplitude of the temperature oscillation. The rate law in

33




equétion (1) then becomes:

T x Ea x sin2nt _
Rx (T x (Tav + AT x sin2xt)

dx/x = -2k x exp dt

av
. av

(3)

The rate constant extracted from (1) as.before is the

¥

effective rate constant K, anﬂ the expression upon\

. . * %k
integration over one period yields:

T x Ea x sin2nt .
at (4)

g x ToulTay * é$51n2nt)

¥ .

The integral 1is best evaluated using Simpson's Rule and a
short computer progggﬁ;was written to this end (Appendix
5). The difference between the effective average

' b

temperature and the true average temﬁgrature can be

calculated by'substitution into the expression: jﬁ
»n
Ty = Tay =(-R/E5 x (In(kp/kay) + Tay) - Tay) (5)
* 1 D/L
x = ln(TjI-B7E)
* *

It is assumed in this model that one period (year% is
the same as the next, as in the Bada/smith model. 0O Tne
averages will be unaffected if the integral is evaluated
over only one period.

&
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'Examining the case for T,y = 283.15 K, AT = 10°C, E,

= 29.4 kcal/mol (Table

1) shows that the temperature that

is extracted by the amino acid method gives a result which

is approximately 3.7° higher than the true average

.t
temperature. '

It may be argued that this potentially important

temperature effect is not present for a 1érge proportion

of the existence of a fossil. For example, fossils in the

ocean' bed have been at
it is claimed that foss
maintained at @ constan

However, this argu
gossibility of brief fl

e

* Co ;
For Edmonton: min, Ja
+13°C.®?’

TAn estimate can be mad

a constant average temperature and
ils found in certafn céves,are.also
t temperature.

ment does not eliminate the

uctuations in temperature Or

n -22°C, max. July +22°C, av.

e of the error 'in an age

determination resulting from using the rate-averaged'

temperature. The rati
averaged temperature a
calculated using the a

expl

r‘
LI}

exp!

"

1.97

o of the ages derived from the rate-
nd the true average temperature 18
bove data in the Arrhenius equation:

a, 1 1
L - =) )
R Tav Tr
29400 1 o1 ))'
1.9872 '283.15  2686.87

The age determined from the rate-averaged temperature will

be too high by a facto

r of two.
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Table 1. Effect/of Temperature Oscillations on Average Temperature

\

O
Extr§pted from Racemization Kinetics (Equation 5)
/ .
| .

True Effective

Average Oscillation Activation Average - Error
Temperature Amplitude Energy Temperature (Tr-'rav)a

(K) (°C) (cal/mol) (K) (°C)

273.15 //-§ 1 29400 273.197622 .0476219654
273.15 2 29400 273.339062 .189062357
273.15 5 29400 274.275238 1.1252377
273.15 10 29400 277.07152 3.92152023
273.15 15 -~ 29400 280.67517 7.52516985
273.15 20 29400 284.631236 11.4812357 &!
278.15 1 29400 278.195901 .0459010601
278.15 2 29400 278.332324 .182323933
278.15 5 29400 279.23854 1.0885399%6 "
278.15 10 4 29400 281.970762 - 3.82076192 £%
278.15 15 - 29400 285.524875 .  7.37487472
278.15 20 29400 289.446785 11.2967852
283.15 1 29400 283.19427 .0442703962
283.15 2 29400 283.325929 .175929189
283.15 5 29400 284.203409 1.0534091
283.15 10 29400 286.872504 3.72250414
283.15 15 © 29400 290.376397 7.22639692
283.15 20 29400 294.263298 11.1132978
288.15 1 29400 288.192723 .0427234173
288.15 2 29400 288.319855 .169855475
288.15 5 29400 289.169773 1.01977277
288.15 10 29400 291.776754 3.62675369
288.15 15 29400 ' 295,229834 ©7.07983339
288.15 20 29400 299.,080881 10.9308813
293,15 1 29400 293.191255 .0412549973
293.15 2 29400 293.314083 .164082646
293.15 5 2%‘00 294,.137562 .98756218
293.15 10 29400 296.683508 3.53350818
293.15 15 #3400 300.085274 6.93527365
293.15 20 2400 303.899643 10.7496426
298.15 1 29400 298. 18986 .0398597717
298.15 2 DR 298.308591 .15859127
298.15 5 Caid 299,.10671 956709743
298.15 10 VT 301.592757 3.44275713
296.15 15 G 304.9428 6.79280031
298.15 20 2940° 308.719687 10.5696871
a) Tr = effective average temperature; Tav = true average

temperature



oscillations of long period. Depending on the time-sééle,
the duration of the present "constant temperature” may be
‘geologically insignificanﬁ. But as shown above, the
period of the oscillation has no effect whereas the

amplitude certainly does affect the effective'averége

temperéture. ' ///

Peptidesﬂ,‘beQiations ffom Simple Behaviour

There appear to be two major gonceptual differences
between amino acid and peptlde/proteln racem12at1on-
first, as mentiqﬁed befo;e, peptides -can yleld through
hydrolysis a nuﬁber‘of different empimerizing species.
Second, the racemization’ of any particular amino acid 1in
the peptide chain can be affected by a néighbouring amino

acid. THKis effect may be manifested by a positional
4 . B .

A

dependence as squéﬁted by Mitterer and. Smith (ut supra)

~

or by(askpmetric induction. The possibility of achieving
a D/L ratio in excess of unity (except for the caseiof
isoleuciné) has not been explored. This would clearly
represent a large deviation from thé behaviour typical of
amino.acidé. By analoéy with isoleucine, the value of K'

in Equation (1) will not be unity. In order to measure

. ©

the rate of epimerization in proteins and peptides it will

be necessary to determine a value of K' for each species

‘produced by hydrolysis. 4!’
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Diketopiperazinés in Protein Hydrolysis

‘0f the possible fragments from the hydrolysis of
proteins, diketopiperazines are especially interestiny
since they racemize significantly faster than the

27 p discussion of the formation

corresponding dipeptides.
of diketopipefazines may help to explain the observed
racemization behaviour in the model systems discussed’
previouély.

The incidence of Aiketopiperazines is weil known in
the bartialvhydrolysis of proteins in dilute (Eé;_0°1N)
HC1 at elevated tém-;’)erature.62 1t was of particular
conéefn to Sanger in the determination of the amino acid
sequence of insulin when N-terminal valine was ogserved
.from the héating'of glycylv.aline.63'64 HoweVer,'partial
hydrélysis of proteiné with 12N HC1l at 37° does not in
fgenéral'produce-inversions of this type.

At - about the same time as Sanger's work,(Hirohaté and
coworkers studied the acid hydrolysis ?f dipeptides in 1N
HéSO4 at 100° in order to gain an insight into the -
relative stabilities of the peptide bond involving
different amino acids.®> Iﬁ‘Qas‘discovéred th;t
diketopiperazines formed readily for dipeptides of the
form gly-X (X = dl-ala, dllnval, l1-leu, dl-amino-butyric
acid, dl-ileu, dl-nleu} dl-val, aminoisobutyric acid,
dl-ival) as well as for dl—vai—dl—val (25% HyS04) .

Hirohata later did a similar study with a range of



dipeptides in 1.5N HCl at 100°.66 In this work, it was
found that peptides of the'form‘x-val and X-ile gave
diketopiperazines (X = ala, leu, phe, tyr, met, lys).
Diketopiperazine was not observed during the
hydrolysis of x—glyﬂ ‘Hirohata exélained this by using a
steric argument, He reasoﬁed that the two peptide bonds
in the diketopiperazine (11) formed from dipeptides (10,
12 xlt.val)-would be cléaved at'different rates (k_; ¥
k_5)e The relativé rate of ring opening (R_z > ko1) was
explainéd by a more hindered approach Pf solvent to the
carbonyl adjacent to the side chain. fhé difference could
also be due to the relative steric reguiremeﬁts of the two
tetrahedral intermediates. if also k.2 >> kp then no
diketopipéraéine would be observed. Evidence for this will

be discussed further.

o ,
ky '/kNH ky
9"_'.| e — ) ~H P —— '.|_'|y
: k HN\'/&' K
10 -1 0Py -2
o ' 12

The proline containin;‘diketopiperazine s:(pfo-gly)
has been observed frequently in protein hYdrolysates.67
It has also been produced in essentially qdantitative
yield 1in tﬁe caﬁalytic hydrogenation of cafbobenzoxy-
glycylproline amide.®”7 The formation of this:
diketopiperazine is so facile that a solution of

glycylproline or glycylhydroxyproline (pH = 8.0 in pure

water) standing at room temperature will gradually yield



40

-the correspénding diketopiperazine. Because of the
relevance to protein seqguencing most ot the studies of
dipeptide hydrolysis have beén done in acidic agueous
solution.68 Abderhalden and Komm were amonyg the first to
stﬁdy the hydrolysis of t:ipeptidés under acidic
conditions.69 They found that in 1% HC1 (as'well as
dilute H2804) at 150° the diketopiperazine c-(gly-leu) was
formed in good yield from l-leu-gly-l-leu, gly-dl-leu-gly,
gly-dl-leu, and dl-léu-gly¥gly. of more relevance to ‘
racemization model studies at a neutral pH, Abderhalden
also performed the hydrolysis in pure water at 150- 3
16O°.7O He found that for the dipeptides gly-gly, gly-dl-
leu, gly-1l-leu, dl-leu-gly, gly-dl-phe, dl-leu-dl-leu and
dl-ala-gly, the corresponding diketoéiperazines wefe
formed in greater than §O% yield. It is therefore not
surprising that Bada and Steinberyg observed predominant
dlketOplperazinegformatlon dquring the hydrolysis of thé
tripeptides leu-gly-gly and gly-leu-gly unger neutral
conditions (0.1 ﬁ_phdSphate buffer, ionic strength 0.5,
100° or '130")-’71 or for .the dipeptides 1le—gl; anc gly-1i1le’
{pH 5—8).72 The hydr@ly51s'of the ﬁe;apeptlde phe-gly-
leu-giy—val—gfy was 1nferred to proceed. stepwise via the
diketopiperazines E}éphe—gly), c-(leu-gly: and c-{val-gly’
(o = 7.26, 100"‘).7‘l A noteworthy observation was the

feversirle 1somerizaticn of levu-gly-uly £0 sly-leu-gly

-y
i

presumar ly tnrougn 2 cyclic intermediate.

§
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There is unequivocal evidence that diketopiperazines

are formed during the hydrolysis of proteins. However, 1t

is unclear whether they are formed upon direct hYdrdlysis
of the protein or peptide (Figure 4) or via an
intermediate dipeptide.

The presence of diketopiperazines in the hydrolysis
of péptides and their effect on the rate of hydrolysis 1s

well documented. Long and coworkers published a series of

careful kinetic studies on the hydrolysis of tripeptides

1n 2N HCl at temperatures less than 114° and found that
the cleavage of the dipeptide from the N-terminus was
faster than that from the, C-terminus by ~ 'actor of about

four.73

£

The. tripeptides gly-leu-gly ar- s . ~-gly-1leu
hydrolyzé to a mixture of the dipeptides ygly-leu and leu-
gly”along with the free amino-acids. There was a mass *
halance over the entire course of the hydrolysis
indlcating that 1f diketoplperazines were formed, they are
present in a minor amount. Analysis was performed by 1on
exchange chromatography using the ninhydrin reaction74 to
detect the components in the mixture. Hence, any
Glketoplperazines 1n the mixture would not be observed.
The possitulity of dlketoplperaiine formation was not
addressec until the observation of seguence lnverSLOﬁ ;n

tne hydrolysis ot glycylphenylaldnlng.75

The formation ot
inverted phe-gly was assumed toC recuit from

diketopiperazine formation followed by cleavage of the

41
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original peptide bond although in this case diketopiper-
azine was not detected. Long then examined the effect of
diketopiperaiine formation in the earlier wprk and
discovered that this secondary hydrolytic pathway was ,
significantly affecting the extracted rate constants.

Long pursued the problem of fsequence inversion and found
that the bhenomenon occurs in the dipeptides leu-thr, gly-
leu, ala?gly, gly-val and their sequence inverted
isomers.”? The dipeptides were divided into two groups
with gly-ala, ala-gly, gly-leu and leu-gly in a group
havin§ hydrolysis fastervthan sequence inversion and with
gly—val val-gly, leu-thr and thr-leu in a’group ;hereAthe

rate of hydrolysis is less than or equal to the rate of

seguence 1nversion. 1In the former group, the enthalpy of

activation 1s 6 to 10 kcal/mol greater than in-the latter

the latter group of dlpeptldes were respon51ble“£or the

B - :.‘ i

lower value of AH . The N- and C-termlng aqe then fgrced

together aiding ring closure producing,

"steric acceleration":

..U’l" p
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The large negative entropy of activation (~40 e.u.) v
indiéated to Long a high?y ordered transition state. In
the former group of dipeptides, the steric restrictiqps
are less important.

* At higher pH Long'observed a stoichiometric
deficiency of material in the hydrolysis of dipeptides
when the above analysis technique was used.’® From pH 3.8
:to 6.6 there was a measurable amount of diketopiperazine
present in the hydrolysate.

Noné of the studies on the hydrolysis of dipeptides
sgrve.to'explain the behaviour of larger peptides or
proteins. }t is clear that some of the diketopiperazine
could arise from dipeptidés but it is equally clear that
some of the diketopiperézine could be formed directly from
the peptide or protein. The stability of dipeptides and §§
consequently their common gppearance%in acid protein
hydrolysates is considérngio be a result of the
protonated N-terminus. For electrostatic reasons, the
pésitive charg; onAphe nitrogen atom inhibits the
protonation of the carbonyl of the N—tefminal residue, a
step necessary for hydrolysis.62 As the distance from the
N-terminus increases, the rate of peptide bond cleavage

should likewise increase:
R

o]
._S;J\(NH\/‘K )
i
electrostatic repuision + / i

HZO-H



The observation of'increasing rate of hydrolysis in the

homologous serles of d1g1y01ne

B

to Support tbe electrostatic effect

[

to hexalecine would seem

77'78 However, Long

and coworkers found that the rate of cleavage of the C-

termlnal glyc1ne re51due in thi

was the same for gly gly gly to pentaglyc1ne.79 Also, the.

s same . serles of peptldes

*r

rate of cleavage for the’ interior peptlde bonds was about

N

B 3»

the same except for the centrafiam1de bond in hexaglyc1ne,

wh1ch was observed to cleave at about twice the rate of

s

-the other 1nter10r peptlde bonds. This and the more

‘

negatlve entropy of actlvatlon

peptldes ‘of this length.

Sterlc effects are also ev

i

contalnlng N- term1na1 vallne or

has been attrlbuted to the ster

4 .

© 7 steric. repulsion.

for hydrolysis of the

vaN ~-terminal re51due was seen to be a result of the coilina

ofvthe peptide chaln, a phenomenon whlch is observed 1n

1dgpt in the hydroly51s of

: dlpeptldes. The re51stance to hydroly51s of dlpeptldes'

leucine 1s well known and

ic restrlctlon of the 51de-

g
chaln on- the approach of a hydronlum jon.52 Long observed

o e
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'a similar effect in the hydrolysis o

g A - a5

-leu-gly and leu-

73  The C-terminal pepti

"

gly-leu. .in the former

- peptide hydrolyzes at about one- half the rate of ‘the

latter. As in gly- leu, the . 1sobutyL group in gly leu—gly
aga1n ‘is con51dered to be 1nterfer1ng ‘with the approach of
the protonating species. These observatlons can also be

explained by initial internal aminolysis to yield

"d1ketop1peraz1ne. The steric restrictions of the side-

chains could also be expected to influence
dlketoplpera21ne formatlon. The formation of dipeptides
may be the .result of> hydroly51s of initially formed y

diketopiperazine favoured by the thermodynamlc stablllty

of the 51x—membered p1perazlne ring. The retarded
7y
b '

productlon of free amino-acids from cleavage of the &

N-terminus, relative to the productlpn of dlpeptlde, can

still be‘rationalized by the electrbstatic argument used
to explaln the stablllty ‘of dipeptides. HoweVer, the

extrapolatlon of dlpeptlde hydroly51s behav1our to ‘that of
hlgher peptides 1is questlonable as the eV1dence 1s
uncertaln for the operatlon of the electrostatlc effect

further than the peptide bond adjacent to the N-terminus..

o .

Behav1our R ~ : -

Alternative Explanation for Dipeptide Racemization

>
Sy

The competltive pnocesse% Of hydroly51s and
j."‘ £
dlketoplpera21ne formatlon can effect the apparent rate of

racemlzatlon, partlcularly when,the total m1xture of
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peptides, dlketOplpera21nes and hydrolysis fragments is

used. It is possible to provide an,altgrnatlve
explanation for the racemizatiqp’behaviourqu,dipeptidesg
studied by Smitb‘and Mittérer.

Qonsiaer the}h?ﬁétheticél situat%on where a dipeptide

-

X-Y and its seqguence 1inverted isomer Y-X are undergoing

competitive cyclization to the diketopipérazine and

- hydrolysis to the amino acids X and Y (Scheme 1),

”

K, . P ‘ ) KL
' L . k-z .. .-2 .
SCHEME 1

%

It is assumed for this system that the amino acids

racemize slowest and the diketopiperazime fastest in

-~

> 45,46 "
accord with the observatlons of:.ltterer and ‘ o

Smith2> 47’for dlpeptldes ‘and Bada72 for dlketoplper-

azines, It wil] also be assumed that the rate of

racemization of X or Y in the dipeptide i& independent of

position. Suppose that X-Y hYdrblyzes faster than Y-X, Ky

> ki. Ignoring the effectléfvcyglization, the effect on

the shape of the canonical’ plot ‘can be determlned Sinée
-Y 1is yleldlng more slowly racemlzlng ‘amino aclds faster

than y-X, the bbserved rate constant for elther X or Y
» L ‘

N ¢ &
* . A
For dipeptides, the hydrolysis fragments are amino acids.

¥ o

46

PN

o’
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centres‘f0und in the total mixture taken from a canonical
plot for the total hydroly51s mlxture,'wxll approach the
‘values for the amlno acids faster for X-Y than for Y-X
(Figure 5).

It will appear that X ‘is facémizing faster at ﬁhe C- .
terminus. than at the N;terminus and that Y 1s racemizing
faster at the N-terminus than at the C-terminus.

A similar analysis can be doae for the cyclization to
diketopiperazine. Suppose ihat»an gi&es diketopipérazine
vfaéte: than Y-X. In this situation (ignoring the |
ﬂdifferent rates of(hydro%ysis of X-Y aad‘Y-X), the
canonical\plotwwillbapéear as in fiéare 6.
| The result of the effect of diketopiperaziWe
forﬁation‘is reQersed in this situation. It will now
,_appea; that X is‘;acemiZing £astef at the N-terminus than
at thé'C—terminus‘and that 'Y 1s racemizing faséer at the
C—tarminus than at the N-terminus siﬁce'X—Y produ;gs the.
'more'fapidlyAracehizing diketopiperazine fasterathan L

5

Y-X. These scenarios should be compared with the result |

from the literature (Figure 7);. o

«

Two thlngs are apparent from this analysxs.' First,

u.’.»‘*‘

1f X racemizes faster an‘gneﬁﬁerm1nus than at the other

terminus, the .opposite wlll be, true for Y. Second, the
relative. magnltude of the rate constants for cycllzatlon

and hydrolysis will'determine_ Lr termlnus w1ll tacewzze

G g

faster. ' : ‘ .
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time

Predicted canonical plot, ke 2 k!, Scheme 1,

effect of hydrolysis of the dipeptide.

showing the



in

-h

i
~\0

g

10

Figure 6.

L)

‘diketopiperazine.

time

predicted canonical plot, k, > kj, Scheme 1, showing the

effect‘of cyclization of the dipeptide to the

3
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ile-gly

gly-ile

time 3

Experimental canonical plot from the work of Kriausakul

and Mitterer. (I:?ef, a1 .
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The rates of acid hydrolysis of dipepﬁides provide
info;mation which can be used to predict the outcome of
dipeptide racemization. In géneral, gly-X hydrolyzes.
faster than x—gly’- This result is interpreted to arise
frog‘ster1c 11m1tat1ons imposed on the approachlng solvent
moleéule by the 51de—cha1n of X. 1In gly-X (13), the side-

chain is beta to th9”carbony1 which is to be attacked by

the solvent during hydrolysis.

+ ) i H R ) 0
HaN /YNH N -
B

I 0 : *, .
E ‘R o . H3;AH/NH\)\O-

13 14

-

In X-gly (14), the side-chain is alpha to the carbonyl.
The carbonyl isvmore hindered in this case, resdlting in a
lower rate.of hydrolysis.

The importance 6f.the size of X as well as the
proxiﬁi£y to the carbonyl for the acid hydrolysis of gly-X
dipeptides'(l.SN HC1l, 100°) has.beén'demonstrated. The
rate follows the order>x = pro > ala > leu > val >
ile.64'54"80'81 In Smith's study,zs'47 the dipeptides X*-
pro (X = vél, phe, leu, glu, ala), val*-X (X = asp, phe,
leu, ala) and X*-gly (X = val, ile, ser) showed N-terminal
.racemlzatlon to be faster than C-terminal racemization for
“the 1ndxcated (*) peptlde units (e.g. for racemization of

phe in phe-pro -and pro phe, phe-pro > pro phe). The
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dibeptides X-val (X = ala, leu, phe, asp) showed C-~
ﬁerminal racemization faster than N-terminal racemiiation
for peptide unit X. These results may be seen as‘a
consequence of compe;ing hydrolysis. It is expected from
the hypothetical case Lhat X-val and pro-X will hydrolyze
faster than their sequenée inverted isomeré. “For example
‘ala-val is predicted to hydrolyze faster than yalvalé.
Since ala-val will be producing the more slowly racemizing
amino acids faster than val%ala, both the val and ala.
peptide units in Qal-ala should be observed to racemize
faster than the same peptide'units in ala-val. This is
tpe observed behaviour for this pair of dipeptides as well
as for the two series of dipeptides above.

The dipeptides'm—gly (ﬁ = ala, leu, phe, asp, met)
show C- termlnal racemization to be faster than N-terminal
racemization. Smlth suggests that this behaviour results
from intramolecular interaction of the N- terminal ahino
group with the alpha proton of the C-terminal pept1de$@m1t 1

- T $
as in 8 and 9. ’

Rl
H, -»
H N---C""'CO'

R::;_Nal 'T....B

-

Since glycine 1s the leaét'stericallyihemanding amino

S . . \ . : .
acid, this interaction 1s especlally noticeable in gly-X



dipeptides. Gly-X produces sequence inverted X-gly faster
(and by implication, diketopiperazfne) than X-gly produces
gly-Xx (X = ala;’leu, val).'54 Indications of this tendency
are evident in-a study by Bada’? where X = ile.

The alterﬁative proposal to Smith's hypothesis
invoives preferential c?clizatign of gly-X to

diketopiperazine compared with X-gly. As in the

hypothetical dipeptide X-Y, the observed rate of

racemization for the C-terminal peptide gly-X 1s perceived

to be faster than for X-gly.

In this analysis the rate of epimerization of a

“peptide unit in dipeptide has been assumed to be

independent of the position 1in the dipeptide. The
preference for faster racemization of a peptidé unit at
the N- cor C-terminus 1S sgamped by the competling processes
of hydrolysis and cyclization. This analysis fails for
only oné pailr éf ﬁxpeptldes, val-i1le and ile-val. Heré,
N~terminal val and ile racemize faster than Cfterminal val
and 1le. It is noteworthy £hat first, this 1s the only
changye Where‘both of the peptide units have branching at
the beta carbonr and second, ghat racemization 1s slower
f5r this pair qf‘dlpeptldes than for any othe:.54 Both

L

nvdrolysis and coyclization may be retarded allowin for a
Y Y Y

tnir® factor to become dominant, '

The nydrolysis behaviour at neutral pH and their

tendenc, to Cyclize 1s largely unknown. in articular,
bt Y 4€ 1

53
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there appeafs to be no information available on the

relative magnitudes of the‘rates of:hydfolysis and

éyclxzatxon. However, 1t 1S Kknown that diketopiperazines s
) - . .

are observed in greater amounts as the acidity of the

solvent i§ reduced. ® Knowledge of the relative

magnitudes of the rates of ﬁydrolyéis and cyglization will

determine the viability of the alternative ‘explanation

proposed here.

Summary

) Peptide hydrolysis, cyclization to diketopiperazines
and aSymmeﬁric induction are processes which can have a
‘large effect on the observed rate of racemization for an
amino acid in’a peptige or protein. Tests for the effect
of the brimary structure of peptides on the racemization

of the peptide units have given conflicting results.

Objectives

The use of amino acid facemiégtion as a tool for
geological dating has created the need to better
understaﬁd racemization in peptides and proteins.
Racemization of a peptide has been tieated as if it were
occurring in discrete amino acids. For the purposes of
gedlogical dating and stratigréphy, the first order (or

pseudo first order) rate law has been assumed to be

operating for amino acids, peptides, proteins and protein



hydrolysates of changing composition. Thié simplification
ignores both the asymmetry of peptides and competing
qleavage of\peétide bonds. It has never been clearly
demonstrated that the process of epimerization in peptides
qbeys the simple first order rate law, Furthermore,
previous investigations have not involved the separation
of the substrate beptide from the hydrolysis mixture.
There have been no time studies carried out on a model
peptide where both hydrélysis'ahd racemization of the

- peptide are followed. The effect of the presence of more
than one epimerizing centre has not been adeguately
addressed, particularly with respect to the potential for
asymmetric induction. | |

In order to model the protein situation, the
racemization of tetrapeptides and théif N-terminal and
C~terminal derivaéives were studied.

By studying model péptides some of the proberties of
peptides were studied which can complicate the
“interpretation of peptide racemization.w-asurementsiused
for dating fossils. BY studying peptides which differ by
only onevpeptide uﬁit it was possible to establish the
effect of neighbourihg peptide units on: the ;ate of
racemization. By examining peptides having more than one
epimerizing chiral céntre it was possible to observe
asymmetric induction. This pré%&ﬁed défrﬂi%é~indica:ion

that the pseudo first arder rate law for amino acid does

.55



N
not"apply in the case of peptides. ' ‘ v
- In previous model studies the rate constant extracted

% o
‘from the protein hydrolysate has been taken to ,be o

representative of the protein. These rate constants hgée
then been used in structure reactivity arguments. The ’
validity of this reasoning was tested by comparing the
épime:ization rate constants of the isolated. tetrapeptides
with those of the hydrolysate. The specieé which cause
the change in the rate constant of the hydrolysate were
identified. |
In.general, an attempt to»exiract mganingful rate
constants for racemizatipn of proteins from plots using
the simple pseudo first order rate law will fail. Models
were devised to include tﬁe influence of asymmetric
induction and hydrolysis. In light of the agreement
betweer the theoretically predicted and the experimentally
observed behaviours of the tetrapeptides and thé observed

similarity between proteins and tetrapeptides, the

racemization of proteins can be better understood.

o {”f‘

‘%%?4%%
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f*different chiral centres in the peptide. For a peptide

i CHAPTER 2 &

MATHEMATICAL MODELS FOR PEPTIDE RACEMIZATION

&

From the discussion in the Introduction it is evident

v,_"'i

that peptide and protein racemization will be complicated
by hydrolysis and the intermediacy‘of diketopiperazines
and intermediates formed by internal aminolysié. The
féiiure of Equation 1 to handle these situations is
intuitively obvious. A precise mathematical treatment of
the p0551b1e effects of hydrolysis and diketopiperazine

formatlonmhas not been done. The purpose of the following
9

dxscu551on is to explore the scope of these effects u51ng

maEhemat1ca1 models of varylng degrees of sophistication.

h The most general mathematical treatment of peptide

” (29

" racemization wguld 1pvolve many rate equations including

¥

m;hﬁﬂraté constants for the epimerization of each of the

W
with n chiral cehtres there will be 2" diastereomers

';(ekcept.in.the case of accidental symmetry). These must

be solved for from 20 dlfferentlal equations. In addition
the hydroly51s of the peptlde must be accounted for as
thls process leads to more spe01es which like the
dlastereomers of the original peptlde, epimerize at

different rates. Even for relatively small peptides

'
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‘containing a few amino acid monomer units, the prospect of

solving such a set‘of,differeptial\equations is
‘ ' A
1nt1m1dat1ng.

The purpose of this- work is to model the racemization

of - amind ac1ds present in proteln w1th small pept1des

contalnlng one or two ch1ral centres., Restricting ‘the

N

‘model 1n ‘this way Jhas the advantage of reducing. the number

of hydrolysls products and dlastereomers 50 that a o

‘vcomplete exper1menta1 p&cture of the system is ,at least

“fea51ble. L1kew1se, the mathematlcal solutlon is w1th1n

. grasp. An accurate mathematlcal treatment is essentlal to

¢

La thorough understandlng ‘of the 51t&atlon. "Any

;data and thus glve an 1dea of the val

'mathematlcal model ‘may or’ may not fit

he experlmental

S

Aof the theory, b but

’hthe réal 1mportance of thls mathematlcal ana1y51s ds in e

"slope of the llne produced by. plottlng the canOnlcal

the potentlal for dlscoverxng caSes where’ the eXperlmental

>

data may be 1nterpreted 1ncorrectly oFor example, the

+

74l -

'VexpreSSLQn Versus tlme -may. not decessarlly contaln only

’to~be stralght.’

the rate constants for ep1merlzatlon,,even 1f 1t appears
Wl . . 3.
‘,l

&

~The ‘above cr1t1c1sm is most readlly apparent in the. .

" work done by Mitterer and Krlausakul41 45 46 in wh1ch they

are conCerned w1th the comparlsoﬁ of the rates of

~ -

eplmerlzatlon of protelns and model dlpeptldes. wlthout

t N
N

1531
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' the rate of hydgp1y51s and a ‘check on- the degree og

s K “

exceptlon the canonical plots are curved having an
¢

initial slope greater than that of the free amino acid and

»

the final slope equal to that of the free amino acid. The

authors qulte reasonably take the 1n1t1al slope as belng

equal to twice the rate of epxmerxzatlon for the initial

'peptlde and state that the curvature 1n theﬁtanon#faﬁwplot-

14

~is due to the contrlbutlon of the varlous cémﬁbneqﬁ

solution which: eventually all hydrolyze to free amlno

ac1ds. Of course the problem with thlS approach is malnly

«

w1th the dlfflculty in obta1n1ng data- near time zero.
'Therefore, the rates’ of eplmerlzatlon whlch are quoted in
'studles u51ng the 1n;t1al slope method should always be

' taken as. approxlmatlons of the actual rates. Further, it

':f%?cal 51mulat10ns of»these exact )

xlu.‘y E

3 w

51tuat1ons, that th% canonlcal plots aretln general always
: N

L

curved " The dev1atlon from 11near1ty and hence the degree
o to Wthh the slope of- the canOnlcal plot does ‘not reflect

‘the rate of eplmerlzatlon depends upon thel values of the

.y o

rates of eplmerlzatlon of the varlous species 1in solutlon

as well-as the rates of hydrolysrs. Clearly,pthe meanlng

[

of the value of the initial slope in studies of this

o - A
; ) .

a ] . R ) . * "1,\.“ . . . . A
nature 1S unknown wlthput an rndependent_measurement of

_' %‘.6? xR,
ch y"" "9.#

._rever51b111ty., M1tterer and Krlausakul do try to meesﬁ

the rate of hydroly51s follow1ng the productlon of f@?ﬁﬁ
%V.'
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giv&ng a lower limit for the rate of hydrolysis of

e

specles other than the free amino a01d nor do

,protelns as it does not account for initial hydrolys

!

for the reversibility offany'of the hydroly51s steps.

v

Klnetlc Models

In der1v1ng the rate expresslons

been made. Fxrstly, the et

present 1n living systems 1s cq@plebely ignored. -

racemization of the amino acilds proceeds;

"rabemizes' as well:

fect of

(Equation 9 and

~amino acid. However, this methodvmust be criticized for

is to

es 1t allow

£y

.Appendlces 1 through 4y t WO important assumpt ions have

the chiral environment

As

.

over the other produced by the chiral: ‘environment is

gradually dlmlnlshed .with t

ime. However,

‘the environment

Any preference .for one egpntiomer

it appears that

such an effect, which could be present even in the case Tof

]

racemlzatlon studles.

T

- A . v . . -
amino acids containing only one chiral.centre,

observed at the concentfations employed "in the

is not

A\

Secondly, it is assumed that the starting material is

homogeneous. Here "homogen
: . LI

‘'
.«

eous" means that the starting

material»consists of’ only one conformer with a single rate'

P

of ep1mer12at1on or that these conformers arg

»

equlllbratlng at a rate muc

;

hydroly51s. ThlS assumptlon allows the substltutlon ot

this mixture of conformers by a single species.

>

h faster thadweplmerlzatlon or

4

LA

\ ,\“
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* ‘Here and in the appendlces concentratlon b

.Peptldes with One Eplmer121ng Centre

The derivation of the simplest case will be detailed

here and the more complex cases reledated'to the

v . N &

appendlces. ' -

The L and D isomers of a peptlde contalnlng one
chlral ggnter are denoted by A and A* reSpectlvely | fhe
enantlomers can undergo reversxble eplmerlzatlon as -well
. as 1rrever51ble hydrolysls ‘to shorter peytxdes, aminc

O

.acids énd dlketoplpera21nes. ThlS 1s teyresented 1n the
. ' b .

v . _,;,q.

‘followihg SCh,é}."fgl50  ' |
A 5 Y *
. \\1\ : ‘:;.
S 2 :
. ‘—JC B
» =
) . . ’
. o  SCHEME 2 S )
, EW ’
1 L . R ) . ’ . ‘ ‘ ‘ " K‘:’

off for clarlty. The ra;e of change with'respect to time

14

of the enantiomers can be written as:

~ .
.t — v b
?j"t—~' "’(kl + kz)A + klA* . ‘Jv
o (6)
' i i’
dA* - : ' ‘* )
dt)_ klA - (kl +,.k2)A

Sp{f&‘*{ . . .
' : i

.

It  follows that:

- ’ . Q ’ ¢
.

rackets are left

61
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R
Ej——(A+A") = -k, (A+A*) 7
.and *
12
) ‘ C_(a-A*) = “:( + koo (A=A%) (8
, 513 -' LT R " -
' Thésékdifferential_equations‘1E§,ea511y so1ved:
N Ce T ’ :
ClgeEa o E i ) ) N
m ¥ c o LAR s * —kpt o
2 SR S (RsAT) = (Asatig e
. R A L
: ‘ LWL .
¢ : :’w‘ . - .
’ < - { 2K1*K2 R :
- JﬂﬁA* = (A-A%)5 e a .
) L e .
: e
RGN ¥y ) .
L/ ‘ y ' . ‘
where t = 0, A+A* = (5*5?)d@aﬁd'AﬁA' = (a%@')o.'
! A ,.N by ?x‘
‘- ¥ . o4 o
and the canonical Eguation 11 1s obtained by dividing the .
:8econd solution by the flrsti v j% ,
" CALA* (ArA')O -2kt ,
ATAY ~ (A+A*). °© (10)
} : -0 .
} ’ “" )
- A* /A _ 1 - A*/Ay ' o
lnfj————17- = 1“(T“:*§f7§). -2kt - (11)
t=0
| S : .
A plot of the left-hand side of Equation 11 (the camonical
expre551on}—versus time will yiéld a,stxaightvline;with W' Lo
‘the magnltude of the slope exactly equal to twice the 3
/ N
R !
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ey resembling the .camorfical equation is:

L 4
ep1mer1zat10n rate constant. More than one 1rreversxbgﬁ
hydrole1s pathway could  be 1ncluded with an 1dent1ca1
‘result; the canon1cal plot (Figure 8) w1ll always yield a

stra1ght line 1ndependent of hydroly51s.

The presence of another chiral centre whlch does not

e

epimerize (for example 1soleuc1ne), co
3

51derab1y
X .

“ A

complicates the 51tuation. The eq;f'” g lue of. A*/A
. Lt ‘ N h\‘ ‘
1s no lowger ugxty:(l\3=1.4vfbr is %' Similarly

N i

thqii?;es$pf hydrolysis:for the D ' V‘\Lamérs will not

necessarily be th
derthinn of thﬁ‘u k%< 'on pertaining to this kinetic "

scheme:

‘+ ' .
i
) k
2y —— AT —3
* ﬂv
SCHEME' 3 K .
s/
3 S ’ '
P
. . |
The .,solution to this system expressed in a form most ;)
¥ ST « T ; /

’ . e
s

k4

‘ whére>ﬂ§i*{’y ang z are functions of all four rate
constants. .The exact expressions are invAppendix 1. The
degeneraté case where kj = kjy does have a’ simple.

solution. The above equation simplifies to:
[ .. o

- & e

=1lny-,I+t (12)
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The canonical plot. .
constants see Scheme 2.
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v" ’

B

&

4
1 - K' A*/A 1 - K'A*/A
ln( ® ). = 1n( W ) o= (kyp # ko jt
T + A%/A T A"["f\,;. 40 1 1
| SRR (13)
» wher”e K' = k__'klw/Kx‘l.. ) a-

jqﬁAgalnﬂthe slope of the canonical phot is 1ndependent of

8

‘%Hydrcéysxs.‘ However, 1if k2 # k3 the sltuatlon is entirely

.different.' The effect of hydroly51s 1% a number,of

. ‘_0 . .
: ) Ly
simulations is quite apparent; T #n Flgure g the caﬁon1cal

pfbt isvthe expected"tralght line when ky, = k3l When ko
f k3 but still w1th the values qulte slmllar, there 1s a

pronounced curvature. If the canonical expre551on (11) 1is
A s

extended to its more general form (12), the curvature 1is

elxmxnatéd (Flgure 10) although a contrlbutlon from
hydroly51s to the slope 3 clearly present.

The curvature prodi:ced by hydrolxhls in the canonical
plot (and also the effegt on the observed rﬂ%e constant)

-~

was prevxously thought to arise from the presence of, more

“

-~
than one eplmef\21n§'Spec1es. The above 51mu1at10ns show

a completely(ﬁlfferent sort of éffect which can occur in a

/
S stem W 1ch 1s more com lex than the s stem in which.
Y p Y

.y

, /
there is nOﬁﬁydroly51s. . The magnltude of the curvature 1n

the canonlcal plot for a single spec1es is dependent on.
L4
the size"df the hydrolysis rate‘constants but wlll not, be

S 4 ; /

~

<
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(k.

run 1 2 3, 4
Ko 1.1 1 1.2 1.3 ~0 s
k3 1.1 1.2 1 0.8
o ky = 1.4 k_y = 1.0 F
- Definition:
£172 1n2

) . +r02

o124

Figure 9.

[ 19

A\ . 4
The effect of hydrolysis-o
Equation 13.

chosen for time. « o
>

»

¥

n t%f
In Figures 9 thrdugh 16,
and the units of the the rate constarits are not given.
“units of the rate constants arce the reciprocal of those

canonical plot, Scheme 3,
fhe units of time
The
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Figqure 10. The effect of hydrolysis on the canonical plot, Scheme 3,

Egnation 12. . : o - i
« } ‘
- . . .
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apparent unless there are d1astereomers and the rates of
hydrolysis for the dlastereomers are dlfferent.

For the simple tetrapeptide gly-leu-gly-gly, the
above effect will not be observed since there are no
diastereome}s. This does not preclude the possibility of
other kinetic schemes which can lead to curvature of the
canonical plot. Specifically, a,mechaﬁism which in#lves
more” than one epimerizing pair of enantlomers can produce
curvature in 3%non1cal plots of the total hydrolysate.
This is -the same phenomenon which Mitterér (and others)

described and 'is depicted :.n Figure 11. This simulation

was produced uéing‘the scheme belo

.

%.

L4

SCHEME 4

¥

o
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cal plot for a fossil total hydrolysate, Scheme

Simulated canoni

Figqure 1.



. : )
1n the example 1n Figure 11, the curvature in the

- " canonical plot for the total hydrolysis mlxtufe is
‘produced as a result of the ineguality of 'ky and k3.

key = 0 thxs example represents a simple model of ‘the

typical fossil situation where there 1s a gradual
. ' . o AN
irreversible change 1in the composition of the fOSSLj,m
Y o : -
peptide mixture with a concomitant change 1n the @ggg

b

racemipg/tion rate constant. A slightly more sophisticated

mode LwWhich cons1sts of three pairs of enantiomers 1s
‘ ; p :

]

shown Delow:
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From a geochem1ca1 poﬁnt"of view, /D//Ja{r A and A* might
represent the orlglnal péi&eln while pair a and a*
represents the set of components produced by partial
hydroly51s of the substrate protexn. This mixture
eventually hydrolyzes to the free amino acid pair a« and .
a*. As will be demonstrated oelow, curvature in the
canonical plot of A and A* results only when the
reversible step (k_z) is included. As in the simpler
models, curvature of the canonical plot for the cotal
hydrolysate is possible without the reversiblé sted“
Appendix 2 contains the derivation of’the rat™ expressions
for this ki;etic Scheme and the computer program which
generated the simuiétions.

The prescnce of curvature in the canonical plots
presents'an obrious éroblem for the extraction of accurato
rate constanFs and can be stated as a theorem: . <

Curvature in a canonical plot 1nd1cates that the |

rate constant extracted from the slope ‘is in
erroxg.

“

A corollary to this theorem might be expressed as:

~Thé slope _ a‘canonlcal plot exhibiting straight-
line behavi®ur 15,equal to twice: the eplmerlzatlon
rate constant.

The corollary is tested by simulation in Figure 12.
A worker who produced these plots after separatlonggf the
<3hydrolysis mixture would)pe ecstatlc with his good’

fortune. The canonical plot of the starting material (A

-



0.28

0.5

A/ A
1 + aA°/a

0.75
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Figure 12. Simulated canonical plot, Scheme 5.
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in F1gure 12) shows some initial curvature. Linear o _‘J
‘regressxon of the data produces correlatxon coefflcxents : ‘ ﬁ
in excess of 0.999 in all three cases. The ‘rate

v

constants” extracted from the slope of the canon1ca1 plcts‘ - _ i
. are shown in Table 2 along with the true values used an ' '“}
the simulations. It is apparent that the corollary stated ?
above is false. It was thxs k1nd of reasonlng wh1ch was
used in some reports on peptlde racemlzatlon M

‘1t should be noted that the rate constants extracted
_for intermediate hydrolyfis ffagments can be significantly,
different from the true.values. ‘This is also t\rué for the
" free amino acid if the rate constant is extracted frcm
~data taken when there are even/;mall amounts of the |

\precursor species present 1n the hydroly51s mixture. The o '

epimerization rate constan extracted for the substrate

IR

approximates the true rate constant when k_o is nearly

equal to 2ero (Table~3): It would be useful to have some

. -

1nd1cators of the 1naccuracy of the, rate constant

extracted for the Substrate. From anal¥51s of 51mu1ated

kinetic runs it appears that these 1nd1cators are:- (1) . . o0
curvature of the{canonlcal plot for the substrate hear

tine~zerc and,(25'regression'y-intercept of the canonical

piot_not equa}bto those of the intermediates'andffree/

amino acid. ;,
A ;
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Table 2. Comparison of True and Observed Rate Constants

[}

from Simulated Kinetic Runs - Scheme 5.

ky Ky ks
* true 0.100  0.200 0.300
_obs  0.121 . 0.132 - 0.223
r . 0.999 1.00  1.00

.l‘)

kg = 0.5; k_p = 0.2; kg = 0.5
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Table 3. Value of Extracted Rate Constant (k;) in Scheme 5

k2
’ , ke, 0.2 0.5
.0 - 0.100 0.100
0.2 0.107  0.122
0.5 0.108 ~ 0.121

‘ky = 0.1; k3 =0.2; kg = 0.5; ks = 0.3
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. The steady—state situation is also capable: of
produc1ng straxght 11ne canon1ca1 plots with the slope
approxlmatlng the true ecxmerlzatlon rate cgnstant.
~Extracted rate constants for this degenerate case w1th LY
>> k_o are shown in Table 4. The case 1s ;t partlcular
_1nterest when consxderlng the possible existence of
.1ntermed1ates isomeric w1th the substrate“peptlde.

The accuracy with whxch a rate constant can be
extracted from the cenonicsl plot of tﬁe total'hydrolysis
mixture is shcwn'(Figures 11-13). The,initial slopes
(Table 5) appear to ﬁeve lxttle in common w1th the true ‘iv .
values of the rate c0nstants of any of the spec1es in the
hydroly51s ‘mixture. In theory, it should,be possible to |
extract the true.rate constant from the ‘initial slope.
The unkncwn'vslues ofvthe hYdyolysis_rate ccnstants
. coupled with the di%ficulty of obtaining data near time
zero meke theichénCes‘for the success of this method very

In the Introductlon 1t was mentloned that the

slim.

canonlcal plot of the total hydroly51s mlxture should havex
a portlon near t1me zero where the slope is 1ncrea51ng 1f
“the 1ntermed1ate hydroly51s fragments epimerize at a rate
- faster than the substrate. This effect is visible only to
a modest degree in :mst cases (Figures 11 13) but is qu1te

apparent 1n.51tuat10ns where there is some reversibility
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‘Table 4. Effect of Steady-State in a + a* on Extraéted
Rate Cor;stant ky - Scheme: 5

,' Ky 4

| kep © 0.1 1 10 A
) 0.0 0.100 0.100 - 0.100
‘ 0.1 - 0.143 . 0.106  0.1001
0.5 0.135 0.112 0.1002
1.0 . 0.126  0.117  0.1004

‘ &
ky = 0.1; Ky =00.5; ky = 0.2; kg = 0.3
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gpble.s. Comparlson of True Rate Constants w1th Extracted
o
In1t1a1 Values from Total Hydroly51s Canon1ca1

“Plots
Figure Kerue  Kobs
11 0.200 0.185
» . ‘ N T
14 0.000  0.091 ,
~ ' , _ :ﬁ;Qr&ufb
13- 0.010 0.023  Suprgd’!
i /’ _ . l ;w*.&f ;3 LA
1342 0.010 0.052 :
/- :
|



A
i the initial hydrolysis step and a large difference in
the epimerization rate constants (Figure 14). This
relatively rare event underscores the serious limitations

of extracting rate constants from initial rate data since

80

it will not always be apparent that this procedure will be -

incorrect.
From these computer generated simulations the

prospect for measuring epimerization rate constants free

of contributions from hydrolysis seems quite bleak. There

appear to be oﬁly two chances thqt true rate constants can
be measured. Firstly, if there is no reversibility in.the
initiél hydrolysiS«step; the.epimerization r;te‘constant
_may be obtained. Alternatively the rate constants for all
the process couldibe measured by time studies of all the
componéﬁts in the hydrolysis mixture. . This is clearly a

formidable undertaking even more cémplex than the studies

undertaken by Long and coworkers on the hydrolysis of

peptides.54

Peptides‘with Two Eg;merizing Centres
The‘kineﬁié scéeme for the case including
diastereomeré is shown in Scheme 6. This situation cén b;
considéred to be an extension of the models discussed in
the prgvious‘section.' Since the singlé-centred case is a

degenerate twofcehtred case, it will be taken as*proven'

_that all the problems assaciated with the proper:
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-

interpyetation of‘experimental results are applicable here
as well. '

"What remains to be discussed for the two-centred case
is the possibility of aéymmetric induction. The algebraic
solution of Scheme 6 is presented in Appendix 3 where it
is shown that asymmetric induction in either of the chirél
centres is possible under certain éircumstances. From the
information in Table 6 it 'is evident that it is not
possible to observe as?mmetric induction at both centres
at the same time. )
A computer program was developed to model the more »
complex situations shown in Schemes 7 and 8. Herec the
additional epimerizing species and the possibility .of
reversal of the‘fi;st hydrolysis step makes the aésbciated
algebra unwieldy. Therefore, iterative techniques were
used]to solve the gssociated differential equations. The
details of these solutions are given in Appehaix'4.

Each hoyizontal plane in Scheme 7 contains a set of
four equilibrating diastereomers. The planes are
‘conneéted by hydrolytic pathways. Only the lower | .
hydrolysis,pathway.is reversible, a condition set up to
model the irreversible formation of diketopiperazine from
the substrafe peptidé. The dikétopiperazines‘in turn are

interconverting with the corresponding dipeptides. The

accompanying figures (Figures 15" and 16) were generated by
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Table 6. Conditions for Asymmetric Induction

Centre \ Conditions
/ ,
A kl > k_2 and (ks - k()) > 2(k"‘l - kl)

B4
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'this program for the situation identical to the simpler
algebraic model shown at the beginning of this section.
The results are in accor& with those obtained for the ‘
.algebraic solution. .
Scheme 8 sho;s‘a situation in which only the upper
hydrolysis pathway is reversible, This mddel was designed
“"to simﬁlate the reversible formation of an intermediate,
isdheric with the substrate peptide. The intermédiate cén
hidrolyze irreversibly to a set of intérconvertgng
dhastefeomers in the bottoﬁ plane of Scheme 8. |
| The fig@res show the range of possible curves for the
canoﬁical piots for any horizontal ievel in Scheme(7 (énd
for thé total hydrolysate as well), The proof thatbﬁheéé
‘are the only forms possible with this model is given in

Appendix 3.

Summary of Analysis of Kinetic Models

I. Accuracy of Rate Constants Derived from Canonical Plots:

'Substrate
1. Any reversibility of the initial hydrolysis step will
be rgflected by a deviation in the siQQe f?omlits
wtrve® value. | | \-wﬁjv/, ,
2. 'The rate of the feversiblé step and ﬁhe;diffefence
béthén the‘epimérization rate;constanté of the
subét:age and the intermediate will determine the

amount of deviation.



o

L

'Total Hydrolysate

The extrapolated rate constant at time zero will not

be accurate if hydrolysis is competitive with

epimerization.

All Components

-

A straight—line canonical plot is not a guarantee-
that the true rate constant for epimerizationvcan be

extracted. It is in general a linear combination of the

rate constants for all processes occurring in the mixture.

IT. Asymmetric Induction

This phenomenon can occur at only one centre at a
time in the same experimeht. ~Asymmetric induction .is
another way in which curved canonical plots can be

obtained.
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CHAPTER 3

EXPERIMENTAL

Materials

4]

Comme:ciai peﬁtides were found to be pute by
electrOphoresis (3000 6.,pH”1.8, 45 min) and by HPLC
(conditions below). "Benzyl’chloroformdte, DMSO,‘
N—methylmorpholine} isobufyl chloroformate and aniline
were,purifiéa by ‘distillation uﬁder vachum. .Etﬁyl%‘ |
acetate was pufifieduby washing with sodium‘bicarbonate,w
water and saturated sodium chloride, dryinq‘with “

T

anhydrous potassium carbonatevand-diStillation from 3A

‘molecular sieves. Water used in lyophilization was

deionized, doubly distilled, and deionized again.

Derivatives. of peptides_@ere prepared according to

vBodanszky.82'83  Me1ting~poiﬁts,and yields are given in

Table 7. Examples of the synthetic preparations follow.

-

N—Behgy]oixgarbonx} L-pro-L-leu-gly-gly

L4pro—leeu—gly-gly (Bachem, Torrance CA) (146.2 mg,
0.427 mmol) was dissolved in 20 mL water containing.eXCess
(18;2:mm01, 1.53 g) sodium bicarbdnate; Benzyl
chlbrqurhaie'(lq mmol, 2.0 mL) was added>and the mixture

mechanically stirred for five hours at room temperature.

91
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Table 7. Mel;ing Points'and Yields of Peptide Derivatives

Peptide

CBZ-plgg:

CBZ-glgg

CBZ-plgg-NHPh

CBZ-glgg-NHPh -~

CBZ-gplg~-NHPh
plgg~-NHPh
glgg-NHPh
gplg-NHPh

gplg -

CBZ

—
1]

leucyl

ced

m.p. (°C)

"{uncorrected)

204-205

140 (d)
115-118
160-162

191-193

-160 (d)

180 (d)

160 (d)

183-185

[

purified Yield (%)

62

58

79

78
87
85

36

54

CgHgCHOCO-; Ph = CgHg-; g = glycyI, p = prolyl,
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' oxycarbonylFL-prolyl-L—leucyl-glycyl—glycine.was

g
R

i

Reaction times in excess of this caused significant
hydrolysis of the starting material. After this period,
the mixture was extracted with two 20 mL portions of
diethyl ether .to remove the excess benzyl chloroformate. -
5 M HCl was added dropwiée dntii the solution reached pH
4.‘ The'eolution was then extracted with three 25 mLj
portions of ethyl acetate. After drying the organic layer
over magnesium sulfate, the solvent was removed on a
rotary evaporator. The resulting white crystalline solid
was recrystal}ized'from ethyl.dcetate/petrOIeum ether to

give 125.5 mg (62%) of material. The product, N-benzyl-

characterized by its proton NMR (Tables 8 and 9) and

FAB-MS' spectra (Téble 10).

N-Benzyloxyéarbohyl‘L—prolyl—L—leucyl-glycyi-glxcine anilide

’N—Benzyloxycarbodyl-L-prolyl—L—leucyl—glycyl—glycine
(0.120 mmol, 57.3 mg) was partially dissolved in
ethylacetate (25 mL) and cooled to -15°. Enough dimethyl

sulfoxide was added to dissolve all of the startlng

- material’* N—methylmorpholxne (0. 144 mmol, 15 wl) waé

’added by syringe followed 1mmed1ate1y by 1sobuty1 chloro-

formate (0.144 mmol, 20 wL). After five mlnutes

"activation" time aniline (0.l _was dnded:

The mlxture was mechanlcally stirred at.-15 for one .

hour. Cloudiness developed ip/ the solution and a solid
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Table 8. 200 MMz "M NMR Spectral Data for CBZ-L-pro-L-leu-gly-gly in
pnso-db, Bruker WP-200, TMS standard : '

+

Chemical Shift Intensity Multiplicity®  Assignment®
(8 {number of protons) g
8.06 3 g m
7.31 , : s

' . . 5 .
~ ‘ 2 -;) '
4.98 q8
3.72 ‘ 4 : : ad
3.36 2 m
2.1 1 m proy
1.81 ' 3 m ~ proy + pro8
1.50 _ 3 A m leuCHCH,
0.84 s : ad  CH,

a) s = singlet; d = doublet; t = triplet; g = AB quartet; 4ad =

' doublet of doublets; b = broad singlet; TT = triplet of triplets
b) a = proton on asymmetric carbon; gly, = nth glycine peptide unit
from N-terminus; proa, prof, proy, prod refer to the structure:

A = 13: & = 5.10; &, = 4.98

d) Jpp = 13; &, = 5.00; by = 4.96



95

Table 9. 200 MHz ‘H NMR Spectral Data for CBZ—L-pio—L-leu-qu-gly in

508 DMSO-d¢, 508 D,0, Bruker WP-200

Chemical Shift Intensity
(6 (number of protons)
B8.54 3
7.5 ‘ 5
5.23 2
4.46 2
4.01 4
3.69 2
2.42. 1 *
2.05 3
1.79 1
1.66 2 -
1.00 6
a) See footnote a) Table 8
b) See footnote'b) Table B
c) Jpp = 12.5 Hz; &y = 5.26; 65 = 5.20
) at 5.28 6

Multiplicity®

Assignmentb

NH

C6H5
benleic CH,
leua + proa
gly CH,
prob

propB

proB + proy
leuCH

leuCH2

CH



Table 10.

Peptide

glgg®
plag®
gplg

CBZ-glgg
CBzZ-plgg
cB2z-gplg®

96

FAB-MS of Peptides and Peptide Derivatives (MS-9, glycerol

matrix,

.

M+1-8P

16.6
2.0

%53
M+1-CO,H

13.9

- 25.5

CB2-glgg-NHPh

CBZ~plgg-NHPh

. CBZ-gplg-NHPh

glgg=NHPh
plgg-NHPh
gplg-NHPh

‘a) M+1 =

b) B = (CH3),CHCHy; Mass = 57

100

55.6
M+1~CH,

6.5
4.0
5.8

M+1~B

7.4
0.7
15.6

Xenon aas)

C M+1-G

Fragmenta

)

d

49.6
24.5
33.3

M+1-CqHg

6.7
18.2
17.4

M+1-CBZ

90.5
72.0
116.7

M+1-NH,Ph

38.5

34.6

37.6

c¢) Commercial material (Bachem, Torsance, CA)

d) G = NH2CH2C02H; Mass

M+1-CBZ

73.5
89.6
87.2 -

e) Commercial material (Peptide Research Foundation, Japan)
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appeared on the surface of the solvent. On warming to
room temperature, the solid and the cloudiness
disappeared. The mixture was mechanically stirrea at room
temperature for an additional six hours followed by
washing with 25 mL each of 5% sodium bicarbonate, water, 1
M HCl and again wa#er. The organic layer wasfdried over
magnesium sulfate and evaporated to‘bive a white solid
which was recrystallized from ethylacetate/heptane to give
35.4 mg (56%) of N-benzyloxycarbonyl L-prolyl-L-leucyl-
glycyl-glycine anilide. The product was characterized by

its protbn NMR (Table 11) and FAB-MS spectra (Table 10).

L—prolyl-L-leucyl-glycyl-glycine anilide

N-Benzyloxycarbonyi L—prolYl-L-led%yl-glycyl—g1ycine
anilide (0.0919 mmo}, 50.8 mg) was dissolved in 45% HBr in
ac%}ic a¢id (2 mL) and stirred for 30 minutes. -The

solutinn was evaporated to dryness and.lyOPhilized §evera1
times With.wa;er.' Thése derivatives proved the most
difficult to purify but adequate materiél‘was obtained by
the following procedure. After the above treatment, the
solid was\disgolved in 1 mL of ethanol. The dérivative
was precipitated with methylene chloride and the solid
filtered and washed with methylene chloride. This
procedure was repeated until . the material obtained was
white. L—prolyl-L-leucyl-glycy{-glycine anilide was

obtained in 87% yield (33.4 mg). The product was

97
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Table 11. 200 MHz 'H NMR Spectral Data for CBZ-L-pro-L-leu-gly~gly
Anilide in Acetone-dg *
Chemical Shift Intensity Multiplicity® AssignmentPsC
' (& (number of protons)

8.82 1 b NH K

8.13 1 b NH .

7.90 1 b NH

d
7.78 2 d Ha
7.33 5 benzylic C.H
‘; s Yy 6%
7.25 2 9 Hy,
L
d

7.00 1 tt H

5.10 2 q® benzylic CH,

5.02 1 b NH

4.26 2 m leua + proa

3.84 4 m gly CH,

3.45 2 m prob

1.69 3 m leuCHCH,

0.90 6 d CH;
a) See footnote a) Table 8
~b) See footnote b) Table 8

Ho w,
c)
HCGN

d) Jyp = 7.5 VHz; Jac = 1.2 Hz



characterized by lgs'protonuNMR (Tables 12 and 13) and
& _ o S

FAB-MS spectra (Table 10)

‘tv,.\ *

: . S
v ,.,\peptlde gly L*Pr0°L‘1e“‘91Y was °btamed by the
same procedure. |

RY
AY

- Derivatization Procedureﬁ"
L " N 'a

“ﬁhe peptlde hydrolysate, peptlde or. amino ac1d

)

,standard mlxtu es (approx;mately 0.1 mg) were dissolved in

2 mL 5.5'_&, HC1 fa{n'd he‘ated at'l'10° for 20 'h-‘followed by
4 - :
- removal of th

biodryer. 'fhe.resultlng mlxture of amino ac1ds was then

acid solutlon -by u51ng the centr1fugal

at llO° for 20 mlnutes.n,The~f2—propanol was removed under

a ﬁtream of nlt‘bgen‘and*the re51due treated w1th 0 1 mL
,pentafluoroproplonlc anhydrlde 1n 1 mL of methylene |
chlorlde at 110° for f1ve m1nutes.~ The solvent was
evaporated, The re51due'Was evaporated to dryness three
times with 2 mL methylene chlorlde The derlvatlzed amino
ac1d enantlomers were separated on.a 0.2 mm I.D. qlass |
caplllary column coated w1th Chlra81l~Val (Applied
:sc1ence);_an optlcally act1ve statlonary phase.v The
‘column was mounted in a: Hewlett -Packard gas chromatograph
model HP5840A " Figure l7 shews the chromatogram for‘a

,mlxture of seven racemic amino acid derlvatlves. Typical

P condltlons are glven ‘in Elgure 17 as well,

e
Pl

'yesterlfled by treatment with 0. 5 mL 3 M HC1 in -2—propanol

99



Table 12.

Chemical Shift

a)

b)

c)
a)

e)

(8)

Anilide in D20

N

7.47

3.37

2.41

1.99

1.72

0.98

See
See

See

footnote a) Table

footnote b)}T;ble

footnote C) Tablek

1.8 Hz

3.8 Hz

R Ny
§

Intensity
(number of protons)

w

k iy &t

RN

. 1
i ;

i

Multiplicity®

. 100

200 MHz'1H NMR Spectral Data for L-pro-L-leu—-gly=-gly

Assignmentb'c

proa + leua
gly CHj

gly CH,-

prod

prof

prof + 2 pfoyi
leuCGHCH,

CHj
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Table 13. 200 MHz TH NMR Spectral Data for L-pro-L-leu-gly~gly

Anilide in Methanol-d4

‘Chemicai>Shift "Intensity Multipliéitya . AssignmentPsC
(& (number of protons) ,
7.59 ' 2. ad Hy
7.19 2 td ﬁb
7.09 . 1 td H.
4‘4.03 _ 3 me glyZCHi;aleu -
. 3.91 - 2 af gly {CH, % \
3.07 | 2 | o om prod
2.20 1 ,. ‘ " m | proB
1.81 3 m proB +‘proy
1.63 ¢ 3 m | ‘leuCHCH,
0.97 - 6 | v t CHy ‘ , g

,'a) See footnote a) Table 8
b) See footnqte b) ‘Table 8
c) See footnote c) Table 11

1.2 Hz e,

d) J,, = 8.4 Hz; J,_ =
e). JAB = 16.8 Hz; 6}\ = 4.07;.‘6B = 3.98
£f) Jpg = 16.8 Hz; 6A = 3f98; by = 3.84

-~
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" Racemization of Synthetic Peptides.

The optical purity cf the commercial peptides and the
synthe51zed der1vat1ves was determ1ned usxng the procedure
outlined above. The results are tabulated in Table 14.

.The peptide’deriyatives were characterized by their‘

mass (Table 10) and proton NMR spectra (see Table 13).

Mass Spectra - ,

owing to the low volatility of the—peptides and

derivatives, the mass spectra of these compounds were

"obtalned by Fast Atom Bombardment Mass Spectroscopy
‘(FAB -MS) in a glycerol matrlx (Table 10). This method
. yielded strong M+l peaks. The small number of add1t10na1

‘peaks can be rationalized by a reasonable fragmentation

pattern; _
The sxmllarlty in fragment pattern among. the same
derlvatlve of the three dlfferent peptldes argues

favourably for the purlty of the compounds.

"purification of the products arlslng from removal of

the carbobenzoxy protecting group wagvd1ff1cult. The mass

\/

spectrum of these products (anilides 'and gplg) shows no

evidence of the‘apprOpriate_precursors,



Table 14. | Optical Purity of Peptide Derivatives:

D/L Optical Purity (%)
Compound (pro)  (leu) (pro) (leu) NMR Table
plgg .0091 .0107 ~ 98.2 . 97.9 15
CBZ-plgg - : <0106 . .0203 - 97.9 96.0 8, 9
CPZ-plgg-NHPh .0080 0167 98.4 ' 96.7 11
plgg-NHPh .0099 L0175 98.0 96.6 12, 13
gplg .0083  .0126 - - 98.4 "~ 97.5 . 16
CBZ-gplg ~.0094 .0130 . 98.1 S 97.4 17
CBZ-gplg-NHPh .0116  .0188  97.7 96.3 18
gplg-NHPh ~.0112 .0180 97.8 96.5 19
glgg - L0166 - 96,7 20, 21
CBz-glgg - 0158 - o - 96.9 22
CBZ-glgg-NHPh - 0215 - 95.8 23
glgg-NHPh - .0196- - 96,2 24

S

CBZ = CgHgCH,0CO; Ph = CgHg; p = prolyl; 1 = leucyl; g = glyeyl
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?roton'NMR Spectra

The purity and the identity of the peptide

derivatives was conflrmed by 200 MHz proton NMR'spectra

v(Tables 8,9,11f24).' The spectral ass1gnments are based on

selective decoupling experiments performed on L-pro—L-leu-

gly- g%? (F1gure 18) and L-pro-L-leu (Figure 19) as well as

the pH behav1our in aqueous solutlon of these two
compounds. ThlS latter experlment is descr1bed below in
the discussion concerning the 1dent1f1cat10n of the‘
components present in the hydrole1s mlxture.

F1nd1ng a suitable solvent for NMR of - the peptlde

derivatives was d1ff1cu1t as amldes are generally

Sparlngly soluble 1n most ‘organic solvents. 020 was found

to be a good ch01ce for the underlvatlzed peptldes._ The

'anilides and carbobenzoxy derivat1ves were«only slightly

soluble in water at room temperature whereas the

A der1vat1ves with both term1n1 blocked were essentlally

insoluble. A variety of solvents were tried (CDC13,
DMSO-dg methanol d4, acetone-dg) with varying degrees of
success. To overcome the solublllty problem,,the number

/’ \

of scans was 1ncreased (1024 was not unusual).,

Consequently, any impurity in the NMR solvent appeared in

the Spectrum as a”signiflcant absorptlon. For example,
the s1gnal from the protons -in—the 1sotop1c 1mpur1ty of

acetone-dg was by far the largest s1gnal in samples u51ng

105
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Table 15. 200 MHz H NMR Spectral Data for L-pro-ﬁ-leu-gly-gly in

Chemi

a)
b)
c)

d)

cal

(8

4.43

4039

3.96

3.77

. v
See

See

AB

AB

D,0, DOH standard

Shift Inténsity
{number of protons)

1

footnote a) Table 8

footnote b) Table 8

-

Multiplicity® AssignmentP

A

m . proa

n 7 leua

¢ gly,CH,

q? _91?2CH2 5
m | prob

m ' prof -

m o proy + prof
m 1euCHCH,
.dd . CHy

= 17.0 Hz; &y = 4.01; &y = 3.91

= 17.0 Hz; & = 3.80; by = 3.74

P

106
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Table 16. 200 MHz

1

glycine in D,0, DOH standard

Chemical Shift Inten;ity _ Muléiplicity‘
. (0 (number of protons) '

4.46 | _ » 2. l‘ om
4.03 2 q°
3.78 | 2 q¢
3.62 2 m
2.50 1 m
2.04 3 m
1,67 3 m
0.92 6 dd

a) See footnoté af Table B

b) Séé footnd;e‘b) Table 8

€)' Jp = 16.5 Hz: by = 4.06; 68‘5 4.00

ar

Jpp = 17.3 Hz; 6A = 3.84; 63 = 3,72 .

g
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N\

H NMR Spectral Data for Glycyl-L-prolyl-L-leucyl-

Assignmentb

leua proa

gly 1CH 2

‘glyZCHz

 prod

proB

~2proy + prof

leuCHCH2

CH3‘



Table 17.

. .
in DMSO—dG, TMS standard

Chemical Shift
(6)

8.28
7.96

7.92

Intensity
(number of protons)’.

1

a) See footnote a) Table 8

b) See footnote b) Table 8

c) Partially hidden by HOD

Multiplicity®
\

dad

o8

200 MHz ,H NMR Spectral Data for CBz-gly-L-pro~L-leu-gly

Assignmentb

‘NH

NH

NH

NH + C6H5
benzyiic CH,
proa + leua
gly CH,

gly CHj,

prob

“proB

proy + proB

leuCHCHz'

CH, g' V*\g
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Table 18. ‘200 MHz 'R NMR Spectral Data for CBZ-gly—L~pro—L41eu-
gly Anilide in Acetone-dg, TMS standard
Chemical Shift Inténsity Multiplicity® Assiqﬁmentb'c
A0 (number of protons) -,
8.87 . 1 o | b NH
7.86 ~ 1 b NH
7.79 2 ) aa Hy
7.74 1 o b NH
7.32 5 5 benzylic CeHe
7.25 | 2 | tt Hp
701 | 1 e H,
6.55 1 b NH
5.04 - é oqd | benzylic CH,
4.39 . 1 ;:_y m leua
422 1 m, ~ proa.
3.90 4 t gly cué
3.68 ‘ 2 ) | mo . probd
1.68‘ 3 N * m leuCHCHz
0.88 6 t CHy '

a) See footnote a) Table 8
'b) See footnote b) Table 8
¢c) See footnote c) Table 11

d) J,p = 12.5 Hz; &, = 5.06; & = 5.02
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Table 19. 2% MHz 1H NMR Spectral Data for Gly-L-pro-L-leu-gly
Ti; ide in D,0, DOH standard
Chemical Shift Intensity Multiplicitya Alsignmentb'c
(5 (number of protons)
7.44 | 2 d Hy
7.42 2 ] Hy,
7.30 “ 1 m H.
4.50 1 m ‘ leuq
4.4 1 m proa
4.09 2 d glyZCHz
3.97 ’ 2 3 g1y1CH2
3.52 | 2 m proév
2.12 1 | m prof
-1.96 3 m | proB.f proy
*1.72 ‘ 3 m leuCHCH,
0.99 6 ' ad CHy

a) See footnote a) Table B

b) See footnote b) Table 8

c) See footnote c) Table 11
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Table 20. 200 MHz 'H NMR Spectral Data for Gly-L-leu-gly-gly in

DMSO-d6 , TMS standard

Chemical Shift Intensity Multiplicitya Assignmentb
(6 (number of protons)
8.79 o a NH
B.62 1 dad ' NH
7.20 . 1 dad | NH
4.23 1 ‘ m leua
3.59 \ 2 4 gly3CH2
3.50 2 s gly,CH,
3.39 2 m b\ gly,CH,
1.49 3 m‘ leuCHCH,
0.85 6 ' . ad CH3

a) See footnote a) Table 8

b) See footnote b) Table 8
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Table 21. 200 MHz TH NMR Spectral Data for Glycyl-L-leucyl-glycyl-

glycine in D,0, DOH standard

Chemical Shift Intensity Multiplicity® Assignm;ntb
(6) (number of protons)
4.40 1 . t leua
3.98 2 gt gly,CH,
3.86 2 5 gly 4CH,
3.80 2 » 5 glysCH,
1.68 3 » m ' 1euCHCH,
0.95 ’ 6 ad CH,

a) See footnote a) Table 8
©) See footnote b) Table 8

©) Jpp = 17.5 Hz; & = 4.01; & = 3.95 .
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A
¥.1

Table 22. 200‘MHz 1H NHR.Spectial Data for CBZ~gly-L-leu-gly-gly in

D,0, .DOH standard |

 Chemical Shift _ Inteﬁéity Multiplicity® AssignmentP
S - (number of protons)
7.40 g R CeHs
S22 0. 2 - B ‘ s - benzylic CH,
4.35 _l_ : ' 1 . m »  leua
3.93 2 RN - glyCH,
3.e7 . 4 a4 gly. -CH
. ‘ ~ - B 912, 3CH
1.62 3 o om ~ leuCHcH,
- 0.90 6 . &a ..o eHy

¥,

é) See footnote a) Table 8

b) See footnote b) Table .8

n

c) J = 2.6 Hz

d) I = 2:4 Bz
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Table 23. 200 MHz 'H NMR Spectral Data for CBZ-gly-L-leu-gly=-gly

Anilijde in Acetone-~dg, TMS standard

Chemical Shift . Intensity . Multiplicity® Assignment®sC
’ (& (number of protons) ‘ ’

g.84 1 , b - NH

. 8.10 ' 1 b NH
7.76 3 4,9 H_ + NH
7.30 B 6 _ m -’ : benzylic CgHg + NH

d
7.24 2 tt . Hb
7.00, 1 o - wed - H
: | o ' c o

6.64 1 ‘ b NH
5.02 : ‘ 2 [ benzylic CH,
4.32 1 g m leua,

- 3.89 o 2 m ~glyCH,
1.64 : 3 : m » leuCHCH,
0.87 6 Tt . CHy

a) See footnote a)'Table 8
b) ‘ See footnote b) Table 8
c) See fbotnote c) Table 11

d) Jab = 7.5 Hz; Jac = 1.5’H;



e ' ' 115

Table 24. 200 MHz 'H NMR Spectral Data for Gly-L-leu-gly-gly Anilide

in DZO' DOH standard

Chémical Shift ' ; Iﬁtensity - Multiplicitya Assignmentb-
(& (number of protons) :
:7.46 o ' 2 | . ] Ha
7.44 | 2 s . Hy
7.32 1 m HC
4.42 ) 1 . ' : t leua
1.66 ' 3 . 0m leuCHCH,,
0.92 . b | t CHy

a) See footnote a) Table'B

b) See footnote b) Table

B o o]

Véjﬁg See footnote c) Table 11
[ ,

| \/ ‘ | | | . -ﬂ‘l’
. o . g
j & % R
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thiSusolVent. Smaller, but still significant signals are
obtainederom‘HOD and HOH and from anofhef unidentified
peak.in the solvent.

‘Theée probiems were minimized by obtaining the
spectrum'in‘more than one éolvent. A_changéfin'solvent
did affect the chemical shift of some of the protons; ~The
prdﬁons on the alpha carbdns aﬁpeared to be most sensitive‘
to solvent, an effect whiéh_can be rationalized by the
effect‘of solvation_of the adjécent amide functional
groups. | |

Synthesis of Diketopiperazines

Ef(L;prolyl—L-leucyl) and Ej;glycyl—L—lchyl)'were
Synﬁhesized by heating the torre;ponding dipeptide in
“phenol (purified by sublimation) under nitrogen at 145°
for i h. The phenol was removed by ;ublimation. The
':ésuiting whiéz'éolid was’recfystallized from ethano1-
water. »E;(L-pfolyl—L—leuéyl)‘yieldedrhexagonal‘p&ates'
upon crygtailization whiie E;(glycyl—L-leucyi),produéed~a
_white powder, The compounds were identified by their
characteristic proton NMR (Tabies 25 and 26)‘and‘chemical
ionization mass SQeétra (Tables 27 and 28). 'The melting

points~agfeed well with the values reported 'in the

literature (Table‘29);84'ﬁs
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Table 25. 400 MHz e NMR ‘Spectral Data for c—(L-pro—L—leu) in CDC13,
: Bruker: WP 400, TMS standard

1

Chemical Shift - Intensity : Multiélicity‘ | Assignment?

(5) (number of protons) ' ‘
7.02 ‘ R s . NH
4.13 _ ' 1 ’ ‘ : L S proa

4.02 - i _ : aa leua
3.58° o (i: 2>"g>:. o m | : prob
2.34 : ) 1 ";" m‘ YIA  proB

¥»2ree | R | 3 , “ . m o pféf ; éroB
88 o2 ‘m . leucH,CH |

- 1.54 : o " o m : leuCH,
0,97 - e ) v: .dd = CH3-

a) See footnote.a5>T§b1e 8

b) See footnote b) Table 8
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Table 26. . 400 MHz 'H NMR Spectral Data for c-(gly-L-leu) in‘CDCl3,

, ®
TMS standard :
Chemical Shift Intensity ‘Multiplicity® l}ssignmentb '
: (6) (number of protons) S _
6.19 o ' by, NH
‘ ) : ’ : . , . ~ .
6,08 1 B ' NH
4.02 2 ‘ s - gly CH, .
“3.98" : : 1 o Awfm " leua
1.72 - 3 7 m 1euc'HCH2
0.98 6 v dd CHy
© a) See footnote a) Table 8
b) See footnote b) Tabie 8



Table 27. Chemical Ionization‘(NH401) Mass Spectral Data for

a)

b)

c)

d)

e)

f)

g)

c-(pro-leu)

Compound 211 (%)

. c-(L-prolyl-L-leucyl)P 100
X c

c-(D-prolyl-L-leucyl) 100
ET(L-prOfL-leu)c © ~100
Ej(pro-leu)d 100
_g_—(pro-leu)e ' 100
. _ _ f , . -
L-pro-L-leu . 2.8
D-pro-L-leu? 32

Q

Ej(pro-léu): M+1 = 211; M+18
pro-leu: M+1 = 229

Synthesized from L-pro-L-leu

Isolated from the decomposition‘mixture of plég; 148.5°, pH 6.8,

10 min by HPLC separation

Isolated for the decomposition mixture of plgg;‘148.5°,'pH 6.8,

300 min by extraction with CHCl3

Produced by heating of L-pro-L-leu in methanol at 110° for 22 h

followed by HPLC separation

Commercial material (Serva)

Isolated by HPLC from decomposition of L-pro-L-leu; 148.5°, pH

6.8, 60 min,

228

Massa

228 (%)

25.7
41.0
55. 1
85.4
14.9

0.7

229 (%)

100

100
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Table 28.

a)

b)

c)

d)

Commercial material (Serva)

c-{(gly-leu)

Compound 171 188
c-(gly-L-leuw)P 2.4 100
gj(gly—leu)c S 7.7 100
L-leu-glyd 0.3 0
gly-L-leud 0 0

Q—(ML-leu): M+1, 171; M+18, 188

gly-leu: M+1, 189; M+18, 206

Synthesized from gly-L-leu

Isolated by HPLC from thé decomposition mixture of glgg; 148.5°,

- pH 6.8, 90 min

’

Mass?

189

10.0
11.1
100

100

Chemical Ionization (NH,Cl) Mass Spectral Data for

206

0.6

3.0

25.8

A
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Table 29. Melting Points of Synthetic Diketopiperazines

m.p. (°C)2
Compoﬁnd‘ obs
c~(L-prolyl-L-leucyl) 157-158

Ej(glycyl-L-leucyl) 251-252 (d)

a) Uncorrected

H

b)° Reference 84

c) Reference 85

1lit

157-158P

250-251°
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Kinetic Procedure

Kinetic runs were carried out in phosphate.buffer (pH
6.8, 25°) with a total phosphate concentration of 0.050
M. Two millilitres of‘~10 mM peptide solution were placed
in a glass tube and sealed after five freeze-pump-thaw
cycles. The tubes were placed in a ﬁhermostated oil®bath
at é temperature of 14é.50 + 0.05°. The bath was found to
be stable to this degree of precision for a period (24 h)
exceeding the maximum time used for the kinetié runs.
After the glass tubes were removed from the oil bath, the
hydrolysis mixture of partially racemized material was
separated by TLC or HPLC.

The hydrolysis mixture was separated oﬁ silica gel
TLC plates (Whatman LK6DF, 250 ) develOpea with 4:1:1
n-butanol:acetic acid:Qater. The components in the
mixture were visualized by:spraying with ninhydrin reagent
{90 mL,'D.B wt% aqueous’'solution of ninhydrin and 10 mL of
a solution of 3 g cadmium acetate in 300 mL acetic acid
and 156 mL water) or with a UV lamp. The components 1in
the mixture were isolated by scrapiny off the appropriate
sectjhn of silica yel followed by extraction with 5.5 M
HCl. After filteringy the acid extracts (2 um Metriceli
the samples were deriva£ized and the extent of
racemi:ation measured as described above).

Separation of the hydrolysis mixture by HPLC was
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achieved by using a C-18 reversed phase radial compression
column (Waters Associates) connected to a Perkin-Elmer
Series 2 liquid chromatograph solvent delivery s&stem;

The components of the hydrolysis mixture were detected by
UV absorption;at 230 nm. The analogue output of thelyy
detector (Perkin-Elmer LC-55B) was interfaced to a‘Vé&ian'
Vista terminal for data collection or to a strip-chart
recorder. The separation was per formed isocratically
using 0.1 M ammonium écetate (pH 7) containing 10%
acetonitrile. Ammonium acetate was purified by
~sublimation. The water used for the separation was
deionizéd'and distilled from potassium permanganate.' HPLC
‘gradebacetonit:ile (Caledon) was used untreated. The
'solvenﬁ was degassed by bubbling>helium through the
mixture for two minutes.

Typically, one millilitre of the reaction mixture was
separated by repetitive injections of iOO pL. The
hydrolysis fragments were collected ménually as they
eluted from the column after passing through the UV
detector. Six fractions were collected for the hydrolysis

and racemization studies of pro-leu-gly-gly and pro-leu:



1

1. LL* + DD peptide

2. DI = LD peptide

3. LL + Db + DL + LD peptide
4. DL + LD DKP

5. LI. + DD DKP

6. DL + LD + LL + DD DKP

In the case of gly-L-~leu-gly-yly, three fractions
were collected: N

Ry,
1. initial fraction containing dipeptides

2. substrate emantig

3. c¢-(3ly-L-leu)

For all three peptﬁl S portion of the total

hydrolysis mixture was saved to obtain a measurément of
racemization of the total hydrolysate. The HPLC solvent
was removed from the fractions in a centrifugal -
biodryer. The identity of the hydrblysis components was
determined by FAB-MS and by NMR speétroscopy (vide
infra). The extent of racemization of the separated

components was subsequently determined by the GC method

outlined above.

(2%

*
e.g. DL refers to the sequence D-pro-L-leu in the
tetrapeptide or dipeptide. DKP = diketopiperazine.

v
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BE
Sample chromatograms and condltlons are shown for
pro leu-gly~- gly (Flgure 20), pro- leu (Figure 21) and gly-

N

'_1eu—glyégly (Figure 22).

Y]

Identification of Hydrolysis Products

The dried eluate from-chromatography was analyzed by
FAB-MS in the case of the peptides ot’by.chemicali‘
ionization»mass specttoscopyh(CI) in the case of ths
diketopiperazines (DKP).‘ The absolutelconfiguration of
the alpha'carbons of the hydrolysiskproduCts was
. determlned by the GC method
Be51des the .substrate peptlde, the hydroly51s of pro-
{leu gly gly ylelded three major components. The component
having the shortest retentlon tlme‘after the substrate was
‘found to have'an'M+1 peak at mass 343. GC analy51s showed
that it con51sted of D—prollne, L—leuc1ne and glyc1ne.
Although 1t is temptlng to a551gn the structure’ D—pro L-
‘leu—gly—gly to this component, there is a potent1al

complication. The formation of a’cyclic tetrapeptide7l'

L)

from the substrate followed by hydrolysis could in
7,

.;kprlnc1ple yleld four isomeric tetrapeptldes plgg; lggp,”

ggpl or_gplg.d; The sequence of the peptlde units was

;It is assumed that the peptlde pglg is ‘not. po@slble. The
ﬁormatlon of this peptide would requlre the breaking of

(cont d)
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Figure 2.

Limd tmin

RS
HPLC vtr‘ace of the mixture produced after heating lL-pro-L-
leu-gly-gly for 30 min at 148.5°, pH 6.8.

Chromatographic conditions: reversed phase C-18 columr
(Waters), 0.1 M NH,0COCH;, 108 CH;CN, 1.2 mL/min. The
major peaks in order of increasing retention time are L-
pro-L—leﬁ-gl'y,-gly, D—pro—L-leu—gly-gly, _c_—.(D-pro-L—leu)

and c-(L-pro-L-leu).
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fyme (mun)

Figure 21. HPLC trace of the mixture produced after heating Lepro-L-
' 1euwfor 60 min at 148+ 5°, pH 6.8. Chromatograph*c

;1bns 4 reversed phase c-18 columr (Waters), 0.1 M

HﬁOCOCH3, 10% CHBCN 1.0 mL/mAn-p The peaks in order of
‘intreasing. retentlon time are L-pro-L-leu}y D—pro—L leu,
_j(Dvpro L-leu) and E}L~pro L-feu).

—/
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time (mun’

CFigure 22. HPL® trace of the mixture produced after heathq gly~L-
S leu-gly-gly for 300 min at 148.5¢, pH 6.8,
kCH:omatographlc condltlons; reversed phase c-18 columﬂ.

(Wwaters), O. 1 M NH40COCH3, 10% CHBCN’ 9.5 mL/mln. The
two largest ‘peaks 1in order of increasing retentlor time

are gly ~-leu- gly gly and c~ gly-leu

an
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R

determined. by’ exploltlng the ac1d base chemlstry of
| peptides. At neutral pH, the peptlde w111 exist
predomlnantly in the zw1tter10n1c form. When the medium
is made. strongly ac1d1c, the carboxyl terminus will be
probonated thus remov1ng the negatlve charge. In Strong
base, the N termlnus, protonated and pos1t1ve1y charged at
wneutral pH, is- deprotonated and becomes nncharged. The
removal of charge is predicted to have an effect on the
chem1ca1 shift of those protons near to .the centre of
charge 86'89 ‘The predlctlons are: summarlzed in Table 30
The pH behav1our of the unknown peptlde from the
' heatlng of L—pro -L-leu- gly gly was compared to the
behav1our of an authentlc samgle of L-pro -L-leu-gly- gly
(Table 31) A comparlson of the change of chemlcal shift
.as a function of pH fog the two- compounds shows that the
' behaviour,is identlcal (Table 32),. WlUﬂ this ev1dence the
lstructure/b;pro—L—leo+glyfgly‘is assigned to this -fﬁ“b
component from the heat ing experrment. |
The Cl mass Spectra of the other two components in

the hydroly31s mixture each showed "an M+1 Peak at maSS

V2Id correspondlng to c- (prolyl~leucyl)4(Table 27). The

ithe pro—leu and the gly- gly amide bonds followed'by the
'condensatlon of proline, glycine and leu-gly. ' The
probablllty of this occurrence is llkely prohlbltlve.i

bpectral a531gnments of 1H Spectra are based on select1VL
deCOupllng eXper1ments on L-pro L leu- gly gly (Figure .21)

L]
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Table 30. Predicted Change in Chemical Shift of Protons Near Peptide

Termini as pH is Changed from. Neutrality

Terminus ' ~ Medium
’ACid , Base
N 0 -
C + | 0

+
it

downfield shift

upfield shift

0 = no change
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component thh the shorter retentlon time was shown by GC

nalysxs to consist of D-proline and L-leucine whxle the

a

 other consisted of L—prollne and L-leucine. The proton

NMR and mass spectra of authentic c- (L—prolyl—L—leucyl)
and the latter component were identical (Teble 25 and
‘Table 33). ‘The spectra of the former component was
.oonsistent with thehstructUre E;(D—prolyl—L-leuoyl) (Table
34) . -

nThere were also three major components from the
neatlng of L-pro-L-leu, two of wh1ch correspond to the
DKPs: c-(D-pro- L—leu) and C*(L—pro L—leu) obtained from
_the'heating of the tetrapeptlde. The mass spectrum (CI)
of the other component eluting-after the substrate had an
'M+]1 peak at mass 229.(Tab1e 27). GC analysis of this
compound showed that it consisted of D-proline and L-
leucine.. géin, thevsequence of the peptide units 1s
amblguous and was determlned from the pH dependence of

chemlcal shift 1n the proton NMR (Tables 35 and 36). The

a551gnment of the resonances 1s based on selectlve

decbupllng experlments on the - authentlc dlpeptlde L-pro-L- -~

leu (Figure 22). The pH behaviour of the dipeptide and

the unknown component'from the heating experiment was the

same, demonstrating that the structure was‘D-pro—L—leu.
The conponent from the heating experihent with'gly—L—

leu-gly-gly with largest retention time gave a mass

135
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g
rable 33. 400 MHz 'H NMR Spectral Data (CDCl,) for c-(L-pro-L-leu)

from Decomposition of L-pro-L-leu-gly-gly, TMS standard
N “J
)

’

Chemical Shift Intensity Multiplicity® K‘Assignmentb'c
(0 (number of protons) *
5.74 _' 1 b NH
4.07 o 1 t ‘ proa
3.97 | . }'1 _ v m leua
3.52 S 2 T m ’ prod -
2.28 . 1 | ﬁ proB
0.92 6 ad CH,4

a) See footnote a) Table B
b) See footnote b) Table‘e ,

c) Region from § 2.2 to 1.2 contains signals due to compénents in

HPLC solvent



137

Table 34. 400 MHz "W NMR Spectral Data? (CDC13) for ¢-(D=-pro-L-leu)

from Decomposition of L-ﬁro-L-leu-gly-gly, TMS standard

2

Chemical Shlftb Intensity Multiplicity A#signmentc
(8 » (number of protons) ‘
6.20 v b NH
4.03 . ' ad - _ proa
3.89 1 m . leua
3.58 2 m. proé
2.45 ' 1 . m . profB
0,.9.1 6 ad CHy

a) see footnote a) Table 8
b) See footnote b) Table 8
c) Region from § 2.2 to 1.2 contains signals 'due to components in

HPLC solvent
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spectrum (CTI) with an M+l peak at mass 170 (Table 28).

The, preton NMR and mass spec#ra of this compound were
identical to the spectra obtained for authentic c-(glycyl-
L-leucyl) (Table 26 and Table 37). The proton NMR
spectrum of the least retained component indicated that it
was a mixture. The composition was tentatively assigned

to a mixture of glycine and leucine containing dipeptides.

Calibration of UV Detector

+

Sinqe'authentic D-pro-L-leu-gly-gly, b-pro-L-leu and

E;(D—pro-L—leu)wwere not available, the extinction

coefficients of these compounds could not be measured
directly. To accomplish this, the ratio of diastereomers
recorded from the output.of an UV detector was compared

w1th the ratlo obtalned from the 400 MHz proton NMR

]

spectrum of the mlxture coblected from thHe chromatograph
s

Figure 23 shows part of'the "400 MH; proton NMR

&

fspectﬁum‘bf the mixture of L—pro—L—leu—gly—gly and D-pro-

i

L-leu-gly- gly "isolated during the decomp051t10n of L-pro- '
L-leu—gly—gly. The protons on the glyc1ne peptlde uhits
of the diastereomers'were dlst1ngulshed by spiking the
sample with pure L—éfo—L—leuegly—gly‘ﬁfigure”24). A
51m11ar experiment was: performed on the mlxture of L- éro—

L-leu and D-pre-L-leu (Flgureb 25 and 26) Even at 400

MHz, the diastereomers could not be cqmpletely

-

¢ . - B



Table 37.

~fromhthe.Decomposition of gly—L-leu;gly-gly

- Chemical Shift
(&)

,.a) :See footnote a)

400 MHz

1

Intensity

{(number of protons)

Table 8

b) See footnote b) Table 8

1

Multiplicity®

ad

- glyCH,

141.

H NMR Spectral Data‘(CbCIB) for c-(gly-L-leu)

¥

Assignmentb

NH

'NH

Fy

leva -

CHCH2

CH4 o
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separated. By using the 51gnals from the- alpha prétons an
approximate measurement of the ratio of dlastereomers was
obtained. |

«The diastefeomers of thé'ﬁikeﬁOpiperagine c-(pro-leu}

were distinguishable by their alpha protons (Figure 27),

by their methyl protons (Figute 28) or by the imino

&

proton. The amount of each dlastereomer was measured

by the 1ntecrabed peak area in the liquid chromatogram

The relative'extinction coefficients were measured by

takina the NMP spectrum of "the mixture (Table 38). ‘
The relative extinction'coefficients for the?

remalnder of the.compounds obtained from\the heating

 exper1ments were measured by preparlng samples of

authentic cowpounds with a known composatlon and 1n3ect1n
these into the liquid”chromatograph. ‘The':esults'of this

calibration are given in Table 39.

_heatiny bath at times betweeng% and 300

The hydr01151s and racem12atlon kxmetlcs of L-prolyl-~

N

L—leucyl-glycyl-glyc1ne, (plgg), glycyl-L- leucyl glycyl-

glycine, (g5lg13), and-L—prolyl—L7leuciné, (pl), were

measured at 148.50 + 0.05°. Eight to ten samples were

analyzed for the disappearance of»substrate peptide, théﬂf -

Wl ﬁ\

appearance of new species and ‘the extent of racemization

1n these components. Samples were removed from the

utes,
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figure 27. Part of the 400 MHz 'H NMR spectrﬁm,of the mixture of Sf
(D~pro-L-leu) and c-(L—pro—L-leu) isolated during the
decomposxtxon of D—pro-L leu-gly~-gly, 148.5°, 30 man, pH
€. 8 *9.01 m. The expansion shous the sxgnals due to the -
Q{’iu protons. “The central multiplet 1s due to the a protorn,

small multzple

of ‘the leucxne ptide unit in c-(D-pro-L-leu). ‘The
ﬁ; 3.94 pPr . 18 due to the same protor ‘

£ in,c-(L-pro-L-ieu). . . . o

E%?ﬁ ' - s Ty,



148
§
: ﬂ |
! I |
! | ‘ -
| | o
a X s i
. | !2 - f‘
‘ lr ! i ;1 “ {I
». : ‘ |:
i A \ 1//_,-—-———"’"_'
| L S V | ‘¥
R AR
! | b ,
= l " “/) L
| LT i bl
\ S A |
' //I/ | ’ v , % :y
» )/‘ ‘\ \
A A / | |
— - / \_—-—'\h/\
|} ] | ] | .
[-X-T13 0.87

chemicai shitt 4}

Figure 28. 'Part of the same spectrum as in Figure 27. The expansion
__shows the signals due to the methyl protons. The
diastereomers are. dlstlngu1shable by the sllqht
difference 1in chemical shift. The relative amounts of
the dlastereomers was calculated by measuring the
integral. The four smaller peaks are due to c-(L*pro-L-

leul.
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Table 38.

a)

e

149

Measurement of Relative Extinction Coefficients

~at 230 nm.

ratio of diastereomers was measured by NMR.

comparison to the ratio obtained by HPLC, the

relative extinction coefficients were found.

.Compodnd

plgg

DL + LD
DD + LL

measured by

HPLC

0.748

cyclo-(pro-leu) 1.693

pl

From

1.96

0.676

integration of ginCHz

from
from
from
from

from

ovérlépping CH3 signals

‘overlapping a prg;ons

NH" signals p
leua

proa

400

MHz lH NMR

1.0322

2.12°

0.63€

After 30 minutes reaction time, the

By
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Table 39. .

AN

Mixture

lg:
cyclo—pl

plgg

gxplo— 1
cyc[o-gI

N

_Calibration Standards

Relative Extinction Coefficients.

Erel

1.861

1.105

1.014

0.621

1.610

150

at 230 nm From

{
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The dipeptide pl and its diastereomer have similar
retention times to the tetrapeptide plgg and its .
diastereomer. From thelweasuremenf of the rate of .
formation of the DKP's, 1t appeared thaé the tetrapegtide
was.hydrolyiing to the DKP with little or no incidence, of
the dipeptides. However, at long reaction times, the
DKP's could be hydrolyzing to the dipgptides,‘thus
complicating the kinetic picture. In order to test this

"

idea and to determine if the DKP's were ;nﬂéduilihrlum

-

with éach other, the DKP's were separaked from the

. o . :

reaction mixture, heated under the same conditions and
then sepératea agéin by HPLC. It was found that the DkP's
were 1n eguillibrium with’each other anc with the
dipeptides. However, thgq dipeptides were found to be:
present 1n the ejullibrating mixture Lo an amount not
exceeding ~ 10t Qf.the total. It was assumed that tne
DKP's were essentially stanle to the.reactlon condloions
‘ani that the dipeptideé were nnt significantly atfe:txﬁg
rhe rate constant for hydrolysis derived from tne

measurement of the disappearance »nf the substrate.

Comgetitiwe Studies

The relative rates of racemization Of the Syntheslles
peptide derivatives was measured at one time, The

reaction periond was chosen to Jive a medasaranle ameunt T



facemization when the substraﬁe was‘stili visible in the
chromatogjram, This period was determined to be 90 minutes
for plgg and 150 minutes for glg: an! gplg.

The substrate was separated from the hydrolysis
mixture in the same way as 1n the time studies. For the

' A2

derivatives, the substrate eluted frpm the column at
longer retention times than fur the parent peptlde. Therw
was no evidence that the diastereomers ot the derivatives
eluted at different times so that only one peak from the

chromatojram was collected. A gualitative measure of the

rate of nydrolysis of the derivatives was obtailned.

.

2

152
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RESULTS AND DISCUSSION ) ‘N i

In previous model studies there was no attempt to
1sonlate the subStr&te;peptide }rom the hydrolysis
mixture, &In an exploratory experiment, thin layer
chromatojraphy was used to attempt to separate the
comyﬁnents of the mixtﬁre after heating a buffered aqueous
solution of tﬁé model peptides. The thin layer
chromatograms showed nume rous hydrolyéis fragments
illustrating the unavoidable experimental difficulties.

First, the numerous interferring coﬁponents makes it
d;tficult to be sure that only one compound was beiny
recovered from the TLC plate. " second, in order to achieve
a signific~ t degree of racemization, the peptide had to
be allowed to decompose to the point where there was
nearly none of the starting peptide remaining. This last
point unde;scores the limitation of studies which focus on
the racemization of the total hydrolysis mixture. The
assignment of the experimentally determined rate constant
t+ the substrate is not justified if the substrate

accounts for-only a small amount of the material in the

hydrolysis mixture.

‘ 153
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| Separation offth& hydrolysis mlxtuee 1s not w1thout
! hazards either. 1In fhe case of é’peptlde with several
chiral centres, there could be several separable
diasteregmersgbf the original peptide. Analysis of the
component having the same retention time as the original -

LA 1
peptide will result in a rate of eplmerlzatlon which w1ll//
certainly be lower than the rate -of epimerization for al

of the diastereomers combined. Therefore, it is 1ipportant
4

to be sure that the substrate and its diastereomers are

not separated from each other or that the positions in the

"

chromatqgxam of the diastereomers be known. For

expebimental pufposes, especially for determining

“)

'eplmergzatlon rate constants for a proteln, it is far

better to try to achieve the former 51tuatlon.

iDesplte the problems associated with separation,

conc1u51ons are p0551ble f rom _heating experiments on model

<«
- A

peptldes u51ng TLC .as the separation ‘techniqueg The data

& 4

f¢¢1n Table 40 was collected by -isolating a fraction from the 4,
N
-y . k’

TLC plate hav1ng the same Rg as the substrate. v

. B
. 31de f rom the 'starting material, the identity of
each spot on the TLC is not known. The important
oo
‘“observatlon 15 the large varlatlon in the D/L ratids in

B 4

“ the cOmponents from the hydroly51s of peptides contalnlng

more than one chiral centre. It is not known whether this .

is due to partial separation of diastereomers or due to
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‘the different rates of :racemization of the different
| components 1in the hydrolysis mixture. . '

The one ,peptide whléh qannot‘sutter from the protlem
of diastereomers 1s thé.tetrapeptlde‘containing only one
‘Ehiral centre, gly#L—leQ—'ly*gly.' The peptide_was heated

at 148 5° at.pH 6.8 and the’ hydrolysis m1xtufe separated'

b; TLC ’\even distinct components were dq@ected, 150}§tqﬁw

an th£ D/L ‘ratios measured at several t1mes 3j§w M ,“~
‘The canon1ca1 expression 1s apprOprLate for the substrate.
’ * : ‘ A
1f there is no rever51ble process involving thq
p L . AL

. substrate. ThlS does not preclude the p0551b111ty oﬁ
accidentally llnear canonlcal plotsg btralght line
'canonlcal plots were observed for the substrate and the

other‘components 1solated from the TLC plate (Flgure
~x"?.‘h " RN
29) .. Using:- ia
7 ng:

N r!‘3‘;‘};;51%/1e?u }?q%g from the Gcwanalys1s of g@e 3

- amino acid derlvatlves pkoduced after ac1d hydroly51s of
: Jo. B

the,components, the»;dentlty of tbe‘components was.

tentatlvely a551gned "

The - racemlzatlon rate constants glven in Table 42 do

8

hoi‘span a very large range. Nevertheless, these

»

experiments showed the poténtial for error if.the ‘total

hydrolysis mixtures‘are'USed to measurehthe,ra5e eonstants s -

for the substrétes. A poéifiQe aspect is that~it is*~

.

. o o
p0551b1e to find a peptlde whose klnetICS are well A

vbehaved.
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Tanle 41. Racemization® [D/L) of .lLeucine Peptide lnit 1n

Componénts Isolated by TLC~DuringiHydfolySi€ i

-

0

pérfbrhed on-

7.7 mM o
e
Time -
(min) 1
65 0.205
150 ' 0.205
210 0.234
270 . 0.302
330 0.344
390 0.375
450 0.401
600 0.476
a) Separation

;4:1:1f n—butanol:acetic

0.25; component

1

Cbmpqnent 1, Rf =

.’J‘ .
component 3, Rg

2 3
0.213 0.173
S 0.418 0.437
0.556  0.610
.440 0.729

0.806 05%99:  
844 -0.859
0.849 0.895
0.784 0.960

0.244

0.350

0.444

0.654

0.582 .

0.665

L Ratics of Component 10 Mlxtdre”

Glycyl-L-leucyl-jzlycyl-glycine, 148.5°, pH 6.8,

Whaﬁman LK6DF; moblle phase

2

acid:water

component 2, Rg'= 0.36;

0.20

‘component 4 (substrate), Rg =
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t -
1

:- -
A .
'3
-3 $ s
R¢
o 0.40 - .
v o .36
: LA .33 s
Loy 0.25 (substrate)
L 0.20 '
¥ ) “ O ' | \ﬁli 4 4 v l"

100 . 300 800 100

time (min)

Figure 25. Racemizatibn’%g the leucine peptide unit in componénts
‘isolated by 4TLC during the decomposition of glycyl-1-
leucyl-glycyl-glygine, 148.5°, pH 6.8, 7.71 mM. The

B A SR solid linés were produced for the components having Rg¢

values 0.40, 0.33 and 0.25. See Table 41.
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Table 42. Leucine Epimerization Rate Constants for
Components Isolated by TLC® During the
.Decomposition of Gly-L-leu-gly-gly, 148.5°, pH

6.8, 7.71 mM

R o
Component gly/léu  105k stl) .Component

(S
>

V.40+0.0%  '0.04+0.01 lJIO*O.OSSaleu

0436+ 0.03 0 43+0 15 4.93+0.79¢ gly-leu

33#0‘03, . 06-0.12 5,45 0.10 gly-leu-gly
Y . o

Y

0.25-0.02 1, 46#%ﬁ12 £ 2.30+0.33 o o
' | ) gly-leu-gly=-gly af '
0.2000.03  1.5620. 533 2.4gt0.15_ Ta
o < | - .

3) Stationary phase: Whatman, $K6D& 250 M S%}lCa gel.

Mobil?fphase: 4:1:1, n- butanol:acetic acf% wat@&

N
b) Other spots at Rg¢ = 0.17:0.02 and R¢ = 0.1040,03
contained predominantly glycine _ .
‘ ¢ ! ‘ ‘ ho ‘ ' S
c) Only the firSt~seven points (Table 41) were used to

"calculate thée rate coénstant

La, E . ' e

)
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A goal of this work was to mode ¥ the racemization of
protefn by.using pepxideé having horé thén_one chiral d&d
centre. It appeared that separation by TLC was incapable
of ygiving good results for peptides of thls type. ngh.
Performance Liquid Chnomatography was considered to be the
analytical method ofhchoice since the experimen;al
parameters could bejﬁgtter controlled.
studies,vHPLC was us;g excluSivelyvfo¢f}f

decoﬁpositiqp'minyres;
v‘p‘ .

. N
| e

<-  The predOminanf;" e of the racemiiation of bro—

. ' a’ A Y . .
leu-gly-gly is the occur gncé of an excess of D-proline in
. \ T ) ] , .
‘the total hydrolysate and in the diketopiperazine isolated

during the décomposition of the substrate (Figure 30).
Excess D—prollne has beeh zo&ved in similar - .

. . é; A

systems. For example, N= benzyloxycarbonyl L alanyl L-v

&

phenylalanyl L- prollne trégted with acetic anhydride and |

‘sodlym acetate gives 15, N (N- benzyloxycarbonyl L—alanyl)— f>

S
Hm—(Lﬁggemylalanyl “—pnolyl) 90 ‘Also phenylacetyl L=, .

.alanyl—L—phenylalanyl—L—prolylfg;nltfbphenyl ester treated

w1th NaH 1n DMF at 0°C for 2 %ours glves 16,N (N-

xphenygacetyl L- alanyl3 -c- L—phenylalanyl D—prolyl)

g
Earlier, égsb 10 rath of c- (L—phe D pro) c- (L—phe L- pro)

3

was formed by treatlng c- (L phe L—pro) w1th 0 5N sodlum

hydroxide atvroom,temperature for 15 mlnutes.92

160"

304
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.alka101ds.94 It 'was later determiped thag, the proline was
B T ’ - ;

, , _ e : o

1n.the L-form. By using only 1 equ1valent of fgse to

Lhydrolyze the al}a101ds, the dlketoplpera21ne conta1n1ng
p :
L- prollne can bex obtalned Addltlon of .more base

o epimerizes the dlketOplpera21ne to “the thermodynamlcally"

3

more stable c- (L leucyl D—prolyl) 95 e
Scheme 9 shows the, pathways a55umed to be operatlngﬁ'

fbr che racemizatioh and decompos%tlon of~L—pro—Lfleu—

’

[ N
.

B

162
X
a
* : ‘.-'H
. GH, - N ﬁrv
* a-HH 0-
XS >Y~7/L
N )
“ » 2
. O M CHan S
) N ¢ 7
i
.
B L
— . T .
15| #en0c0 | -om e LT
| ‘ i 0 N . ﬁ J. - 3 - . "“;1?«; ': -’é:?”'r"““}“'_l‘ei;) 3 '4;&’: Ly 5%
L : o "MI PacH,CO- PNO, € N0 ' 4
e .‘ L i i B . A
In early studies of ergot alkaloids, Q—RfﬁfTﬁe was
isolated from the alKElghe hydrolysate in the form c-(D-
prolyl-=X) (X = leu, phe, val).%3 This caused confusion
.- . * O ' E .
regarding the stereocher.<t:. of proline in the -~ ,
T
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pro-leu-gly=gly  :v= NNy NS0
Co , 5

' . -
pro-leu iY = 07
' | SCHEME 9 -}

4 - 5




i L]
gly-gly (plgg).* There 1s sutticient infnrmdtioﬁ

available in the exper imental qata to estimate the ten
rate constants, of which eight are independent.

The disappearance Qf plyg and 1ts diastereomer
FD;plgg;* and :the. appearance Jdf c-(L-pro-L-leu) (cpl) and
its diastereomer c-(D-pro-L-leu) (cDpl) ar;,shown in
Figure 51, gThe data 1is given“in Table 48: The rate
constants kg aﬁd kg (Scheme 9) can be seen from Figure 31

to he éﬁual} since after approximately twenty minutes, the

: dias;ereomers are disappeariﬁg at the same rate. The

-

-

faplle formation of diketopiperazine is not unexpected.

Dlpeptlde esterg and amides are known to cyclize

'e§p§c1ally when one of the peptide .units 'is proline or N-

S _ﬁaging;?bgéﬁhefMthe congentrations off the
diasﬁereohé}s of plgy (Figure 32) and plottiﬁgwthe'naturai
‘iogarithm of the concentration versus time should yieid a
~str;§ght line with slope -kg or -kg (Figure 33). A

similar treatment of the data for the diketopiperazines
‘ . »

should yiegg‘the same rate .constant, if there is no

. \ . | v A .
) ’ ! b

The processes of cyclizdtion of plgg to'give diketo-

piperazine cpl and gg and hydroly51s Lo pl and gg under .

pseudo firstyorder conditions are kinetically
equivalent. B
‘to descrlbe Both hydrolysis and cycllzatlon.j

*Where not ‘specified, the peptide unit is in the L form.

164

The dgeneric term "decomposition" will be used



CEe
Concent B0

on

snotmalired

le9

¢ . W}
3 .
O L-pro-L-leu-gly=giy ¢ O-pro-D-leu-giy-4ly
(W] D-pro-b-leu-gly-gly + L-pro-i-~iea-gly-gly
A c-ib-pro-L-ieu. * c~(L-pro-b-leu.
O o= L-pro-i-lew. =+ oo lopro-boied

~given in =cheme 9.
e .

-, .
* .

time (min!

Decomposition of L-pro-L-leu-gly-gly, 148.5°, pH 6.8, ‘
8.45 mMs The solid lines show the Compute; simulation
produced using‘the exbérimentayly derived rate constants
(Table 51), The details of the assumptions ﬁsed to '

obtain thgugﬁte constants are giveén in the text (p. 175-

185). The computer simulation is based on the pathways

~



1 . .
Tahle 43.. Decomposition? of Pro-leu-gly-gly, 148.S°; pH
6.8,0 B.45 mM .
Normalized Concentration€
Time (min) .plyg D plagg chpl. cpl
5 0.645 0.281 0.023 0.049" };Q,
| 10 0.486 0.35% V.071 0.086 B
15 0.386 0.349 S 0.1627  0.127
L 29 . 0.313 0.305 0.236 0.145
30 ‘ 0.231 0.221 0.;70 0.170
. 40 0.158 - 0.151 0.484 0.205
60 0.100 0.097 0.555$ 0.246. *
90 0.079 0.055 o.soé, 0.260
a) Measuredaby the UV absorption at 230 nm of the eluaﬁe
from the HPLC separation " ‘
b)) 0.025 M KH,PO,, 0.025 M'NapHPO,
) Abbreviations: plgg = L-prolyl-L-leucyl- glycyl-
glzcine; Dplgy = D-prolyl-L-leucyl- glxéyl glycine; chl

= cyclo-(D-prolyl-L-leucyl); cpl = cyclo-(L- prolyl- L=

leucyl); glgg =,glycyl—L-leucyl-glycyl—glycine; cygl =

. cyclo—(glycyl—L—léucyl); pl - L—prolyl¥L-leucine; DP1l =
D- prolyl L-leucine; DKP = diketopipetazine;ﬁ Each -

—

abbreyiation refers to the pa1r of enantiomers. In the

hydrolysis data, the abbreviation denotes the sum of .

the concentratlons of the enantlomers, whlle Ln the‘

rdgem1zatlon data\the abrev1at10n denotes- the xatl

s <7 hﬂn
the concentrations of he enant1omers L
. LI o : e
Y s i . n'l/h T ' - oo o
v C g A et . . s ) . . ) - 1
-, 4 L e, SR s . ) é
¢ AR # i mo ?‘; . . . &
. : ‘ i o

(‘ - ‘ - 4
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w

or ¢
(‘7
(o} total tetrapeptide
total c~(pro-leu)
o &
-
L 4
*
-1 5 b
i
(4
-2 (o]
“ A
— 4 t o]
N 10 30 e0 90

. \
time (min)

Figure 33. Decomposition of L-pro-L-leu-gly-gly, 148.5°, pH 6. §
8.45 mM. For pro-leu-gly-gly the ordinate is —ln(b)
where c is the normalized concentration of total sj?

tetrapeptlde.‘ For c-(pro-leu) the eordinate 1s ~1n(1-c)

hd '(\'L" .
o . ‘where c is ‘the normpdized concentration of
' - dlketoplpera21ne The solid line was produced by linear
regression analysis. - .
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7for the prollne and leucine peptlde units in the " v‘.n ,

proline tetrapeptide unit never exceeded unity (Figure

34). The fact that kg = kg, k_j = k; and kp = k_p ~ - . .,

. Ao ' ’ ' e
competlng hydroly51s of the tetrapeptxde..’~ : ' '

FJgure 31 shors that the dlastereomers plgg and D‘

N .

plag achleved ‘the same- concentratlon at 20 minutes. This

can be’ expressed as:’ ‘
' + | ‘ | .
DL + LD _

. DD + LL o N (14)

v

. "_ ’ ' ! N : '
and requires that k_; = kj and ky = k;z. " This agrees\withw'

L
the racemlzatlon k1net1cs of plgg. The. racem12at1on data

components 1solateddur1ng th' decompos ition of plgg are

given in- Tables 44 through 47. The D/L ratio for the
. : : N PR
4

significantly simplifies the extracfion\bfjfhe rate

o«

.. There are two pieces of evidence -to support this idea:

1) A'test'sample of plgg (2. 99 mg/mL) was extracted with
3 x 5 mL ChCl3after 60 minutes of heating at

+ 148.50°. Material weighing 3.2 ¢+ 0.2 mg was 1solated ‘

- having the same 200 MHz 1 NMR spectrum as the DKP. and
with mass 210. (M+l in CI-mass spectrum). - This
constitutes an 86 + 5% yield in good agreement: w1th
expected quantlty in. Figure 1. : :

~

3

2) The eluate from the HPLC ‘up to the elutlon of plgg
(the first major peak) was collected. By GC analyéls
this was found to contain mostly glycine, with a .
gly/pro/leu ratio of 1/.06/.01. The relative apount .
of glycine is likely larger than this since the. "' -
derivatization procedure depletes the, glyC1ne
der1vat1ve more than pro or leu.

Y
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Figure 34. Racemization of the proliné peﬁtide unit :% total pro-

‘ leu-gly-gly isolated during the decomposition of L-pro-L-
leu-gly-gly, 148.5°, pH 6.8, 8.45 mM. See Figure 30 for
the interpretation of the solid and open symbols. The ~
solid line shows thg computer simulation produced using
the experimentally derived rate constants (Table 51).
The details of the assumptions used to obtain the rate
constants are given in the text (p. 175-188). The
computer simulation is based on the pathways given in

Scheme 9.
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constants. From the algebraic solution of Scheme 6,

' ﬁhuation.A3-17 becomes:

[ 4

A-A* = c; exp(-2kjt) + c3 exp(-2kjt). (15)

5

.-

where A is the éroline peptide unit. From eguation A3-24:

2k, + 2k, + 20k, - k)
-2k, L 2 ) 42 } = 0(16)

Since c3 = 1 - %1, therefore:

A-A* = (A=A%) exp(f2k1t) | : %{17)
Thus‘a plot of .
2
equivalent to
(R o (18)

for the proline peptide unit versus time will yield a
straight line with slope -2k, (Figure 35). sSimilarly for

B—B*'

175
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Figure 35. Racemization of the proline peptxde unit in the total

tetrapeptide isolated during the decomposition of L-pro-
L-leu-gly-gly, 148.5°, pH 6.8, 8.45 mM. Soe Figure 30
for the interpretation of ihe solid and oécn symbols.
The solid line was produced by linear regression

analysis.



B-B* = (B-B"); exp (-2k,t) - (19)
and a plot of
1 - D/L '
In( 15571) (20)

fqr the leucine peptide unit versus time will yield a
straight line with slope -2k,

‘ 1t is possible to measure two other ratios, namely
DO/LL and LD/DL after separately igolating the two
diastereomers. The racemization measuged by proline and
leucine gives two separate measurement;Aof the two
ratios. Again assuming the algesraic solutibn is

applicable, equation A3-22 becomes:
AB + A*B* - AB* - A'B = (AB + A*B* - AB* - A*B)O
e~2(ky+kalt . (21)
RewritiAg the above eéuations (17) and (19):

AR + AB* - A*B* - A*B

3

(A - A*)y exp(-2kjt) (22)

"

AB + A*B - A*B* - AB* = (B - B*)g exp(-2kpt)  (23)

177
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with
AB + AB* + A" + A'B" = | 124)

these equations can be combined so that:

AB - A*B* (A - A") e 1t 4 (b - 8" e ?*2!
AR T AFRT C I+ b, exp(-2(k; v ke (29
¢
and
o - - - nw -
AB® - A®B (A - A%), exp(-2k t) (B - B*), exp(-2k,t)
ABY + A'B T7= D, exp(—?(k1 + kzyt)
(26)
where
- L }
Dy = (AB + A*B* - AB* - A*B)
If kg >> ky then : '
1 - A*B*
AB — *
—3%g = (B - B*;) exp(-2kyt) (27)
1+ =55
and
A*H
1 - Z5*
%D = -(B - B*)O e)(p("2k2t) (28
1+ Rg# |
x - 4

AN
.
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; It 1s noteworthy that k5, can be obtained from five
{
measurements whereas k; can be found from only one.
Figures 36 through 39 show the plots used to extract k,

for plgg. A further approximation was used here. For

small D/L:

1 1 - D/L
71n1 )

I—*m‘ = D/Lv \(29)

Auplot of D/L versus time will yield a straight line with
slope ky.

The excess D-proline (asymmetric induction) observed
in the total hydrolysate (Figure 30) arises from the
production of eycess diketopiperazine cDpl. According to
t he hodel kSche 6), this is occurring partly because kK'Y
> k'_y. Conseguéntly, some of the symmetry in the
algebraic solution .is destroyed and é different approach
must he taken to successfully extract the rate constants.

For asymmetric induction to occur, k'1‘> k'_z. Hence
k'_y > k', and k' + k'_1'> k's + k'_,. From equation

A3-18

12 = (1+K)2(k'_] + k'5)% - 16K k'_1k') (30)

179
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Figure 3€.

Racemization of the leucine peptide unit in D-pro-L-leu-
gly=-gly isolated during hydrolysis of L-pro-L-leu-gly-
gly, 148.5°, pé 6.8, 8.45 mM. The solid line is produced
by linear regression analysis. The point at 170 min was
not used. Since there is very little substrate left at
this point, there is considerable error associated with

this measurement.
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Racemization of the leucine peptide unit ifi total pro-leu-gly-
gly isolated during the decomposition of L-pro-L-leu-gly-
gly, 148.5°, pH 6.8, 8.45 mM. The solid line was

produced by linear regression analysis. The dashed line
shows the computer simulation produced "using the
experimentally derived rate constants (Table 51). The
details of the éssumptions used to obtain the rate

constants are given in the text (p. 175-188). The

computer simulation is based on the pathways given in

Scheme 9.
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Racemlzatlon of the 1euc1ne peptlde unit in pro—leu—gly—
gly lsolated durxng the decomposltlon of . L—pro-L—leu gly-
gly, 148. 5°,. pH 6. 8, 84 45 mM. The solid line was

. produced by linear regression analysis of the data points

before, 90 mlnutes (see Figure 36). . The dashed line shows
the computer 51mulatlon produced us1ng the experlmentally
derived rate constants (Table 51). The details of
assumptlons used to obtain the rate - constants are,g%@in
in the text. {(p. 175= 188) .. The computer slmulatlon is

based on the pathways glven in Scheme 9.
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Figure 39.

time Cminy . . /

'Racemlzatlon of the proline peptide unit in pro—leu-gly-

gly isolated during the decomposztlon o@lL-pro-L-leu—gly°
gly, 14Q.$°, pH 6.8, 8.45 mM. See Flgure 30 for the
interpretation-of the solid ‘and open symbols.. The solid
lines were produced by linear regression analysis. The
dashed line shows the COMputer simulation produced for Lr
pro-D—leu-gly gly/D-pro—L—leu-gly gly using the
experxmentally derived rate constants (Table 51). The
details of the assumptions used to obtaln the rate
constants are given in the text (p. 175-188). ‘The

. computer simulation is based on the pathways given in
.Scheme 9. :

3
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\

where because of the relative values of k'_, and k'z the
\\ value of 1 will be slightly less than k'l + k' _ye From

A3-17

vwheré Tk = k'1 +.K'_1,f‘k'2>4 k”_z and c3:é

Since -tk + I = 0 and k'; + k'_j.> k'é‘f%kyiifiﬁié'

expression becomes

N (32)
& :
Erom A3-24 and A3-25
‘ T kK + I . -
ey ‘ Cl = %{—Zk.l +§——2——"} . ]
.and with thé inequalityk'1 + k' > kg 4 k'_9
o —2kt) 4 (1 o+ KK
1 (1T + Kk'_;
- (33)
-1 -K
1 + K

FEquation 32 can be expressed as:



\1\""‘" v | | 185l

1+ ¢y 2(k - 1) = :
A-(1= cl”* = TR+ D exp(-(k'y + k'_1)t)  (34)
' 1',},“42
so that
‘ .
A* _ 2(K - 1) L
A - B = Sy expl(kiy K (35)
R
Thus a ulot of
- b/L
A <
1 + D/L

versus tifme will givé a straight line with slope

1

k‘?l) (Figure 40) . j

The ratio K is obtained from the equilibrium value of

(DL + LD)/(DD + LL) for the diketopiper321ne at long

After twenty minutes (Figure 31), this

'réaction times._
. L ¥
£ 2.3 (Table 48).

ratio reaches a constant value o
A* (Equation 31)

“Wwhen t is large the expre551on for A-
can be simplified to:

-tk + T .vt) | (36)

since~the term exp( 5

faster than exp(:g—ii—t—l - t).
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D/L pro total c-{pro-leu)

L -

1 - D/1
1+ D/L

10

time (mn)

Figure 40. Racemization of the proline -peptide unit’ in total c-{pro-
leu) isolated during the decomposition of L-pro-L~leu-
gly-gly, 148.5°, pH 6.8, 8.45 mM. The closed circles
represent the uncorrected data points. Otherwise, see
Figure 30 for the'interpfetation of the solid and open
symbols. The solid line was produced by linear

regression analysis.
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U

Table 48. Measurement of ki/k;l r c-(pro-lesu) and

Time (min)

ri 20

30

40

60

% / .
1500P

3000P

a) Data after 40 minutes gives a value of 2.31

b) From pl-data 148.5°, pH 6.8, 9.01 mM



188

From the expression for I and with the slope of

L]

h
“ . (1 = D/L
In (+5557)
/
\

versus t at long reaction times (after the maximum

’

asymmetric induction has occurred) is

- | m = -?f2+ I
i ?

then

-m(m + k', + k'_.) (I

k' - 1 -1 .
2 T+ K+ 4k | (37)

k2o is obtained from:

k'op = k'gK (38)

The procedure for extracting the rate constants can

-be summarized:

(1) Obtain K by measuring (DL + LD)/(DD + LL) at long
reaction times.

(2) Plot



versus time for the peptide unit undergoing
, . .
asymmetric induction to yield ky + k_;

P .
a

(3) Plot

ln(1 - D/Ly yersus time

—+ D/L

for the .other racemizing centre or using the ratios
DD/LL, DL/LD and obtain from the slope at long

reaction times.

»
Lo

There are two crlticisms_of this method. The
accuracy(of k'y + k'_j.is sensitive to the precision of
'the data and the humber of points ;aken around time -
zefo. bAlso, the determination of "around time zero"” and
4"1ong react1on times" is somewhat arbitraty. A choice

must be made between using a small number of data points

and the precxslon of the 1nd1v1dua1 data poxnt. For

189

example, u51ng data at t = 5, 10 and 15 minutes w111 yield

a value of k‘fJ:’:?\l wh1ch w111 be less than the true

value and probably less than that obtalned from the first

two data points. 1t is also llkely a better approx1mat10n

of the. true avérage slope.

| l 1s- calculated from k'1 + k 1, k andfthe'slope at.

. o
lonyg reaction times. k' , (and hence k'_,) may be

T
1l



sensitive to the value of k'l + k'_l. Table 49 shows the
effect of changing k'y + k'_; évér an order of

magnitude. Clearly the calculated Qalue of k', .is not
sensitive to k'; + k'_;. This is a consequence of k'; +
k'_y being much larger than k',. The exprgssion for k',

can be simplified to

. + K :
k' "‘milzz——l (39)

This approach can be criticized for tacet assumption that
the diketopiperazine appears only from the LL
tetrap;;;;de. In reality, th@btetrapeptide is approaching
a 50:50 mixture of LL and DL diastereomers (assuming that
leucine epimérizatiqn is slow). There is no detectable
asyﬁmet:ic induction in the tetrapeptide and proline is
epimerizing QUite répidly; Consequently, the measured.
value dthge slope nea;‘time.zero must be considered to be
giving a lower limit to the valﬁe of k*; + k'_y. |
) Figures 41 and 42 sﬁow the racemization béhaviour of
the diXetopiperazine isolated during"the decomposiiion ot
plgy. | |
Figures 43 to 46 show the plots which yield the value
of m (Equation 39). k', and k'_, aré then calculated..
The upper stréight lines;in Figures 43 to 46 indica;e

the error in the extracted rate constants produced if the

inappropriate plot is generated; i.e..

190
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Table 49. Sensitivity of k) to ki + kI, (Scheme 6)

k{ k| + Kkl k3 |

v

¥

0.0401 0.0575 0.001218

% P

0.0802 0.1150 - 0.00121))
0.1603 0.230 :
0.401 2 0.575

b) From Equation 39, kj = 0.001205
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v |
ln(T~I—B7E)Jversus time.

Thié presumably thuld give slope -(ké + kl,). According
to tﬁe previous analysis, this is not the correct
ébproach.

Figure 47 shows tﬁe racemization behaviout of the

leucine beptide unit in thé total hydrolysate. Dat%EEOund
in Table 47 and Table 50 was used to produce this plot.
'~ The rate constant extracted from the initial slope (<90
min) was 2.47 x 10"°s"1, Thé attﬁai;yalue éf the rate’
constant ‘pr eplmarlzatlon of 1euc1ne tn the tetrapeptlde
is 8.35 xv10 -6 g-1, Clearly the rate constant from the
‘initiai slope'is hotxrepresentative of the tetrapeptide.

Thé,experimentally determihed'rate constants for plyg

are given i® Table 51. The consistency of the kinetic

R

model is tegted by substituting the experimental values in”
the'computér simulation program, TLSA (Appendi# 4).
Ovératl; the agreement is quite good.’ A§ expected, the-

" major discrgggpcy is associated with‘rateiconstant for
epiheriiation of the proline peptide.unit-(k'1'+ k';l) in
the diketopiperaztne. The computer simulationS‘using the
experlmentally determlned values are super1mposed on the

experlmental data in Flgures 31, 33, 37-41 and 47.
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Figure 47. Racemization of the leucine peptide unit in the total
hydrolysate of L-pro-L-leu-gly=gly, 148.5°, pH 6.8:. The
solid line shows the compﬁter simulation produced using
the experimentally derived rate constants (Table 51).
e The details of the assumptions used to obtain the rate—
constants are given in the text (p. 175-188). The
computer simulation is based on the pathways given in

Scheme 9.
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Table 50. Racemfzationa of the Leucine Peptide Unit in the

Total Hydrolysate of'Lépro—LQIeu—gly—gly,

L4

148.§°, pH 6.8, 8.83 mM

T Time D/L
. 5 0.0096
10 0.015
15 0.020 ,
20 ‘0.026 '
30 0.043
40 0.063
60 ‘ 0.095
60 0.086
90 | 0.142
120 0.194
150 0.238
150 0.241
180 ‘ 0.302
210 0.342
“ 240 0.397
300 0.489

a) See footnote a),'Table 44
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Extraction of,k'1'+ k'_y from simulated kinetic runs
using r;te constants similar to the experimentally
deterhined values,'show that the extracted value of kl +

k -1 w1ll be lower than the actual wvalue,

The size of this dlscrepancy depends on the

tmagnitudes’of the rate constants and the number of points

used in the evaluation of the rate conetant. Substituting
the experimental rate constants into the simulation
program and calculating the D/L ratio for the prollne
peptide unit in the dlketOplpera21ne at 5, 10, 15 and 20

minutes gives a value ‘of k'1 + k'_; of 0. 0746 min lf‘ The

1nput'1nto the program was 0. 0894 min }., Using only the .

first two points ylelds a- value of 0.0856 mln -1, rhis

shows that in pr1nc1ple it is possible to extraét k'y +
‘ \ ' :
k!_y in the region where the leucine peptide unit is not

® .

'yet significantly racemized (see also Figure 40) .

~ The maximum D/L ratio predicted by theory using the
experimentally determined rate constants is about 1.86 (at

o

" 40 minutes) (Figure 30). - If the decomposition”from the

tetrapeptide was instantajeous, i.e. the starting
i

condition was pure c-(pro-leu), the maximum D/L ratio

- predicted is 1.92 (at 50 minutes). ‘Iherefore an

underestimate of the rate constant k';.or k'_; cannot be

completely responsible for the discrepancy in k'j + k'_;.

© 202
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There are two potential sources, for‘the error.

Firsty the data may: not be suffxcxenﬁlybprec1se to allow a
proper’measurement of k'l + k' wnen the value of k',
is increased to 0. 1869 m1n'1 (three, times the experimental
value), the predxcted max1mum D/L ;atlo is 2.11 (at 20
‘minutes). The scatter in the exper1menta1 data does not -
seem to be great enough to ‘encompass such a large error in.
the’ extracted rate constant. An alternat1ve\explanatlon
’appears necessary. | «

The second potential source of error lies W1th the '
model used to extract the rate constant (Scheme 9f. it
does.not'accoUnt forvmore than the'presence;of the
tetrapeptide and the diketopiperazine. Other species in

the mixture which yield excess D-proline could account for

the dlscrepancy in k'y + k' -1 and maximum D/L ratlo

"

observed for the_diketopiperazine and the total

hydrolysate. ' , K

—

The dipeptide pro—leu was thought to be a logical
'gnndidate. It could result from hydrolysis of the
tetrapeptlde or from hydroly51s of the dlketoplpera21ne
(Sc;eme 10). This 1atter process might be reverslble. .To
explore_this potential complication, a time study of the

racemization and hydrolysis behaviour of pro-leu was

undertaken.
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. o ,
N .
——— pro-leu

]

pro-leu~gly-gly

C

SCHEME 10

Racemization and Decomposition of L-pro-L-leu

'Figute 48 shows the raéemizafion sf the proline
peptidehunits‘in the total hydrolysate and in tﬁe
diketbpiperazine isolated from the heating of pro-leu
(pl). As in the heating of plgg, excess D-proline is
observed. 'The D/L ratio§ for both leucine and proline
‘approach uhity_at long }eaEtﬁon times (Tables 52-55)."

The feveréibility of the cyclization of pro-leu to
g:(pré-leu) was established by subjecting the isolated

diketopiperazine and dipeptide diastereomers to the

\Y

*At 3000 min, D/L(leu) = 0.94 and D/L(pro) = 1.04.
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reaction conditions. However, the equilibrium constant

' ) » * *
favours the diketopiperazine:

bcDpl] {cpl] _
o1 (1] - °

A first approximation of the eight independent tate»
: ) : LI
constants for this system can be extracted as before

»aésuming that the gyclization of pl to cpl and cDpl is

1rrever51ble (Scheme 9).
Slnce the diketopiperazine racemlzes faster than the
'dlpeptlde and the cycllzatloh is reversible, the apparent

rate of racemlzat1on in the dipeptide w1ll 1ncrease with

. »/

time. This effect is most noticeable in the racemization

of leucine in the d1pept1de (Figure 495. -This“is a result

- oal kS

of ‘the large dlfference between the rates: of leuc1ne

eplmerlzatlon“for the diketopiperazine and the dlpeptlde.
Flguye 50 shows a plot of concentratlon versus time

. for the dlketoplperazlne and dipeptide dlastereomeerus1ng

data from Table 56. The-rate-constaht for cycllzatlon was

determined in Figures 51 and 52 assuming irreversible

formation of.the diketopiperazine.

After 30 min at 148.50°. When each of the fbpr -
-components is subjected to this treatment, the other
three are observed. - .

4

*Caiculated by averaging data at 1500 and 3000 minutes.

b
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L-pro~L-lau ¢+ D-‘?ro-D-leu ;},
- pro-L-leu + L-pro~D-leu

c-(D-pro-L-leu) + c~(L~pro-D-leu)
&-(L=-pro-L-leu) + c~(D-pro-D-leu)

Ob oo

[

Figure 50.

time (mini

Decomposition of L-pro—L;leu, 148.5°, pH 6.8, 9.0f mM.

The s0lid lines show the computer
simulation produced using the experimeﬁtally derived rate
ébnstants {Table 57)." The details of the assumptions
used to obtain the rate constants are g1ven in the text

cp. 1+75-188). The compu%er simulation 'is based on the

4 p@thvay§ gi@ in Scheme 9.

4
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Figure 51.

‘Decomposition of L-pro-L-leu, 148.5°, pH 6.8,
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[+ X
(o total pro-~leu
y -os | @] total c-(pro-leu)
=
s
|
x .
C
= -1
P .
-
-t 8§ b
1 | - 1
10 3¢ e0 90 180

time ‘min

o

Figure 52. Decomposition of L-pro-L-leu, 148.5°, PpH 6.8, 9.01 mM.
For pro-leu the ordinate is -ln(c) where C 1is the '
normalized concentration of total drpeptiae.' For c-{(pro-
leu) the ordinate’1is -1n(1-c) where c is the normalized
concentration of total diketopiperazine. The solid line

1s produced by regression analysis.
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’

Table 56. Decompositibna of L-pro-L-leu, 148.5°, pH 6.8b,

9.01 mM
Time pl Dpl éDpl cpl
{min) '
. N '
5 0.828" 0.120 0.012 _ 0.044
10 0.699 0.184 0.047 0.072.
15 0.613 0.216 0.089 0.089
20 0.527 “0.247 0.121 0.105
30 0.456 0.242 0.196 0.107
10 0.374 0.240 0.266 0.116
60 0.2905  0.207 . 0.352 . 0.144
' 90 0.219 0.173 0.428 0.178
150 ' 0.105 0.091 0.546 0.255
300 - 0.032 0.037  0.640 0.29)
1500 0.079 0.034 0.614 0.275
43000 0.072 0.044 . 0.622 0.262

7

a) Measured by the uv.absorption at 230 nm of the eluate
from the HPLC. separation
b) 0.025 M KH,POy4, 0.025 M Na,HPOy4

c). For abbreviations see footnote c), Table 43



Figures 49 and 55 show how kl\and ko, were
extracted. The rate constant for epimefizationbof,the
leucine peptide unit in pro;léu'(Figu}ev49) is obtained
from the initial glope. This procedufe'produces an upper

L
w

l1imit of the trﬁe value.

The epimerization rates constants for_gj(pro-leu) were

obtained by the same metﬁod used in the decomposition\Bf
pro-leu-gly-gly. The plot used”fo éx;ract k' + k'_y is
gshoﬁh in Figure 54. Figuréé 55, 56.and 57 show plots of
D/L versus time used for extraction of k'2. Figufes 58,
59 and 60 show thevcanonical plots for Figures 55, 56 And
57, respectively.’ The experimentally determined‘ratek ,
constants are given i;w Table 57. :

A comparison'of the rate of‘racemization of the‘.'
leucine‘peptide in the total‘hydfolysate (8.5 x 1078 s71)
with that of the dipeptide (4.7‘? 10”7 s~1) again reveals
a lack of correlatidn. " The evidence indicates that |
mechanistically ﬁéénihgéul»rate‘constants cannot be
extracted from the totél hydrolysis mixture.

Besides the excess D—prbline-produced from the

heating of pl, three other features stand out ih Tables 51

‘and 57:

(1) The rate of cyclization (dehydration) of pl to the
corresponding diketopiperazine is~1ess'than the rate

of production of the diketopiperazine from the plyg.



D-pro-D-leu + D-pro~L~lgu
L-pro~L-leu + L-pro-D~-leu

- -4

NS

-3 K] ‘

] + ‘\ ,

c -
Ky ® 2.12 20,09 x 1072 .,Qj‘
-2 ‘
- Fu L
10 30 T 80 90
’ tfime (min) ¢
Figure 53.  Racemization of the proline peptide unit in total pro-leu

isolated duiing the decomposition of L-pro-L-leu, 148.5°,
pH 6.8, 9.01 mM, See Figure 30 for the interpretation of
the solid and open symbols. The solid line was produced
by lineqr regression analysis. .
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-l
~
ol
x|
Ve
—
Kiskiy = 9.32 2 0.67 1072 myn”"
L]
-2} °
Q R § . i1 i 4
s 10 18 20
N time (min) ’
\ . Figure 54. Racemization of the proline peptide unit in total
N . diketopiperazine-isolated during the decomposition of L-
\ . pro-L-leu, 148.5°, pH 6.8, 9.01 mM. See Figure 30 for

the interpretation of the solid and open symbols. The
s0lid line was produced by linear regression analysis.
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(2) Proline racemization: is slower in the dipeptide than

“in ;He tetrapeptide.

Features 1 and 2 taken together indicate that the
dipeptide cannot be giving rise to ‘the underestimaﬁioﬁ of
k'y +,k'_y in the Hiketopiperazine.

(3) LeucinelraCemizatiohiin the dipeptide is at least an

order of magnitude slower than in the

iy

tetrapeptidé.
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Removal of the proton at the asymmetric centre may be

v

_inhibited by the electrostatic repulsion between the

carboxylate anjion and the developing negative chargevini

17.
Q . | .
0 p3
X L
37 -
A; z ; S, 0o
o .
2 o 1By H.. "
" , A 'B ‘
L R4 . .
. 17 :
T N
& v, )
¢ M»

The reduction by a factor of four in tpglraté of proline

: : R 4 _
epimerization may also be due to this effect.

P
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can be tested.

The experimentally determined rate constants were
substituted into the computer simulation. Since the rate

constant for leucine eplmerlzatlon in the substrate (k,)

" is small,.two of the Elgenvalues produced in the numer1cal

" solution have nearly the same value. "As a reSult of

round—offferrotr}sig\Appendix 4),:a solutlon cannot be

pS

ach1eved 'qum k2 which can. be used in the

51mulat10n program is 10 tlmes larger than the Y

»

experimental value.' With~the rest of the experimental(
rate constants entered 1nto the 51mu1at10n program Wlthout

ad]ustment, the agreement between theory and experlment

' The data'generatedlby the simulation are'overlayeg‘in‘

-

Figure5r48} 50, 55- 57 and 61 where it can be seen that the

agreement is 51m11ar to that obtalned for the

s
+ k'_y appears to be underestlmated.

e

TQ,ppObe‘thiS p0551b11;ty,'pure c-(L-pro-L-leu) was

. g . B
epimerized under the same conditions. Since there is

little ring opening to the dipeptide, the totgl mixture
was used to obtain the D/L ratio of the E P

d1ketop1pera21ne. Surprisingly, the rate constant

extracCted usxng points at 5 and 10 mlnutes was found to be

‘2.03 « 1073 s~1, essentially the-same value obtained from

plyg and pl. This result justifies the assumption that

«

227

~;decomp051tlon of ,pro- leu gly gly. Agaln, the value of k'; -

%.:

¢
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- ; K 5.1 x 1074 gy ! o
1 1 1 1
30 60 90 150
time (min)

Figure 61. Racemization of the leucine peptide unit in the total
‘hydrolysate of L-pro-L-leu, 148.5°, pH 6.8, 9.01 mM. The
upper solid total hydrolysate shows the computer
simulation produced using the experimentaliy derived rate
constants (Table 55). The details of the assumptions
used to obtain the rate cohstants are given in the text
({p. 175-188)." The cqmpuﬁer simulation is based on the
pathways given in Scheme 9. The lower line is the
estimate of the "initial slope”, 5.1 x 10~% min~'. e
actual value of the rate constant for leucine

-1

racemization was 2.8 x 10”° min (Figure 49).
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Ll

cyclization from plgg"o; pl can be ighored when obtaining ’
epimerization rate constants for the diketopiperazines.
~The result is disappointing because the rate constant
extracted in this manner is still too small to account fqr
the degreeiof asymmetric‘ihduction'observed for the
diketopiperazine and the total hydrdlysate.

Another possible source of asymmetrié,ind&étion is
the tetrahedral intermediate 18 resulting from internal
aminolysis. An analogous tetrahedral intermediate was
bostulated to fit the kinetics of cyciizétion of dipeptide

esters . 96,;- o

4™
o] H s , : NH
. ‘ . ' X isv H

X=0H, oty-o'y 5
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The intermediate must have been present in a
Q
sufficient gquantity to cause the observed asymmetric

induction (ca. 10%) and be undetected in the HPLC, perhaps
as an unretained component.

The marked (') carbon in 19 would be expected to have a

chemical shift of about 100 ppm in the ;3C NMR N

'spectrum.' 0.5 mL‘of 94.7 mM L-pro-L-leu-gly-gly was

n

The 13c NMR spectrum. of the reaction mixture was

heated for 30 min at 148.5° in pH 6.8 buffer.

measured at 100.61 MHz (broadband decoupled, 20000 si?ns,
. | e

pulse width = 2.5 , s, no relaxation delay). No sigﬁ%ls

were detecﬁed'in the region where this type of gquaternary

carbon would be,expected to absorb.

*The marked'('g carbon of the ergot alkaloid ahalogues 19
and -20 have C chemical shifts of 104.624 ppm (Ref. 97)
and 98.4 ppm (Ref. 98) respectively.

Z=PnCH_-0-CO-
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There are a number of possible reasons for the

4

failure to observe the tetrahedral intermediate:

(1) It is;not‘present‘in a large enoggh amount for
observation by213c NMR..

(2) It is not sufficiently/é{able for the time necessary
to measure the spectrum.

(3m9 The relaxation time‘oé the quaternary carbon may be

guite long. °

Asymmetric Induction in Diketggiperazine Epimerization

The greater thermodynamic stability of ¢-(D-pro-L-
\ . .
phe) compared with c-(L-pro-L-phe) has been attributed to

a steric effect,?? Any crowding between the pyrrolidine
P . .
ring and the benzyl substituent -on the same side of the

diketopiperazine ring in ¢-(L-pro-L-phe) 21 is absent in -

c-(D-pro-L-phe) 22.

JH O H
N O
—_——
o NH — 0
PnCH, H PnCH, H
21 22
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A simfiar effect is probably working in c-(pro-
}euf. This argument does not help reveal the reason for
epreferential epimerization of the proline asymmetric
centre. As an amino‘acia} proline racemizes 2.8 times
faster than leucine at 142°.10 This difference might be
considered to be a measure of the steric requirements of
the isobutyl group of leucine and the pyrrolidine ring of
proline, In g;(p;déleu), the proline peptide unit |
epimerizes about 20 times faster than the leucine peptide
unit (Tables 51 and 57).

Although a difference in solvation around the
asymmetric centres might account for this observation,
ring strain may also pley a role. This possibility was
~tested by measuring the i3C-H coupling constants for the
asymmetric centres ie_the diketopiperazines. Table 58
shows the results of these experiments. The coupling
constants for the asymmeﬁric centres of E;(L—pro-L—leu)'
seem to indicate that the proline peptide unit is more
acidic;than the leucine‘;eptide unit predicted by the
epimerization measp;ements. Contrariwise,.the leucine
" peptide unit in c-(D-pro-L-leu) .appears to be more acidilc
“than the proline peptide upit. Moreover, the 13coy
'ceupling constants for the asymmetric centres of proline
and leucine are the same oOr largeyr than those for the

diketopiperazines. This observation predicts that the
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Table 58. 13c-H Coupling Cohspantsa for c-(L-pro-L-leu)

and c-(D-pro-L-leu)

130 (Hz)
prou ieua
s_-(L--pro-L-:leu)C 139.5 136.5
c-(D-pro-L-leu)® 139.2 144.9
prolined 149.0 -
1euciﬁed - 145.0

isP
Proa leua
27.9 27.3
27 .8 29.0
2908 -

‘a) Measured at 100.61 MHz, gated broadband decoupled,

observed, D1 - 1 to 8 s
“b) Calculated from %s = 0.2 J
C) CDC13

d) D,0

29.0

NOE
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rate of racemization of the amino acids should be‘larger
than the rate of racemization for the diketopiperazine.
The actual situation is the reverse: leucine racemizes’
about 17 times slower than the ledcine peptide unit in
c-(pro-leu).

These observations indicate that the measurement

of the coupling cqnstant may not be a useful probe of

' the acidity of the alpha proton. Any effects which,
. -

‘

stabilize or destabilize the anion (solvation, steric

crowding, electrostatic interaction with a nearby charye

appear to be swamping out any potential ground state

acidity differences. The enhanced rate of racemization in

the tetrapeptides and diketopiperazines is more consistent

with the stabilizing effect of a partial positive charge

adjacent to the- anion at the asymmetric centre:

(o) ? ? 0~ o ‘ 0
! . : + ] |- + |
—C—CHR—NH—C— @«*—» —C—CHR—NH"=(C— «— —C—~CR—NH™=C— +M"°

)

This stabilizing .effect is likely partially offset by the

ad jacent carboxylate anion in amino acids. The lower rate

of racemization of leucine compared with proline 1s

a

-+

e

'Calculated from £S5 = -19.8 e.u.,-LHt = 27.5 kcal ‘mnl.*-

Y

234
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probably indeed due to the greater solvation or steric
problems of the isobutyl group compared with the
pyrrolidine ring. ) f"‘

Racemization of Gly-L-leu-gly-gly

A time study of the race&ization and hydrolysis
béhaviour of glyy was carried out for comparison with the
s tudy oﬁ plgg. The species in the hydrolysis mixture are
~the substrate glgg, the diketopiperazine c-(glycyl-leucyl)
(cgl) and af least two other compbnents. These unknown
components are almost unretained in the liquid

K]

chromatogram. The eluant from the 7 matogram before the

substrate peak was collected and the amino acid >4
«@ZF

composition estimated by the GC method. Recall that

.
™

-derivatization procedure depleted the glycine
derivative. The substrate gives a gly/leu ratio of 1.63 *
.16, the diketopiperazine cgl 0.59 + 0.03 and the peaks.
at the beginning of the chromatogram 1.69 t’O.ll.v_The
authentic dipeptides gly-leu ahd leu~gly have
approximately the‘same retention times as the unknown
- components., Therefore, these components are likely the
dipeétides gfyfleﬁ, leu-gly and gly-gly.

The data obtalned for the decomposition of gly—leu-
ly-gly is found in Table 53%. -In this éxperiment the

source f the Adiketopiperazine is ambiguous since there is
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Table 59. Decomposition® of Gly-L-leu-gly-gly, 148.5°, pH

6.82, 9.00 mM

%
¥

Normalized Concentration®

Time . dipeptides glqgg ‘ cgl

(min) .
\ Y
5 0.172
10 0.254
15 0.273
20 0.301
30  0.305
40 0.344
60 0.306
60 0.309
90 | 0.280 .
’ 150 0.297 |
420 0.343

a). See footnote a), Table 56

b) See footnote b)), Téble 56

c¢) For abbreviations see footnote



237

initially more dipeptide than diketopiperazine.* Some of
the diketopiperazine®must be from dipeptides (gly-leu or
leu-gly) arising from hydrolysis of the teLrapeptide.
‘The;e are three important findings from thiév
éxperfﬁent. First, a diketopiperazine (c-(gly-leu)) is
forméd‘during the heaﬁing of another peptide. Second, the
racemization rate of the substrate tetrapeptide (2.57 +
0.08 x- 1072 s71) (rable 60, Figures 62 and 63) does not
resemble that of the total hydgolysis mixture (4.53 + 0.11
x 107> s71). This further demonstrates that the
epimerization rate constant of a peptide cannof be
measuféd by the initial siope of the canonical plot.

Third, the racemization of glgg is about three times

faster than the rate of epimerization of the leucine

peptide unit in plgg. This shows that neighbouring

peptide units can have an effect on the racemization
40 ’:,g.) ' : -,

o

rates.

Racemization of Peptide Derivatives

"There have been several model studies directed toward

determining the way in which the position of the peptide

unit along the peptide chagn affects the rate of

14

* . .
The tetrageptlde decomposes with a rate constant of 1.1 ¢
0.2 x 1074 min™*+,

[
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o

iéble 60. Racemizationa'(D/L) of the Leucine Peptide Unit:

\‘ in.Components from the DeComposition of
5 Gly-L-leu-gly-gly, 148.5°," pH 6.8, 9.00 mM
| Corﬁponentb .
Time - ’ : . . total ;
(min) dipeptidesc glgg cgl “hydrolysate
. - ‘ K S
s 0,027 ©0.020. 7 0.039 0.024
10 0.089 0.029  0.067 0.024
15 0.045 - . 0.028  0.094 0.039
a0 0.062 © 0.037- 0.120  0.063
30 0,077 . 0.049 0.161. _ 0.070
40 . - Vt ©-0.096 - 0.060 0.212 0.099
60 « ©0.159 . 0.095 0.306 0.154
L; . e . 0.216  0.156  0.423 0.254
L 1s0 0.345 0.28 0.546 0.439
Caw 0;622  T o.ses . 0.933 0.811
aS ‘See'EOOtnoﬁé a);’Tqble 44'
v\" _ vbjg Eof'ébbreviéﬁions éee fooﬁnoﬁe C)y iable 43

c) . Peaks at the beginning of the chromatogram are
‘”? tentatively assigned to the dipeptides, gly-leu, leu-gly

and‘gly—gly



239

1eaul] Aq paonpoad s1am S3auty prios wﬁb

*sisA[eue ULlSSwibaa
‘g°9 Hd ‘a.¢°8Yy| .o:.wu\ﬁou;u.ﬁclﬂxoswﬁuaotﬁ::v o
uot3lisodwodsp vyl buyanp pajzejost :>U:mH|H>U>~leto| utl 3tun w.m;uac,r_ JUTONAY 9yl JO uoljezlweley

& ;T
i Lulw) Wy
oz oo0¢ X1 ‘06 09 ot
. T - =TI T T T
. -
L d
a3wsdioapAy [¥I0) \vj ;
) . (na1-Atb)-0 e}
. . ‘ L
- g-Ob1ZI01IE ]

]

|- §-OVTLLOITE ¥y

1/0 +

1/0

*lY @aubty

~



k.
®

.:c:v&a?;? @
o - G
N deoul ] Aq eiep DI4H m:y wWoay FEL:CCLL vmz wcl tﬂucf m:.r ~CT_ S13 ult T@ELE:. 91v y1dH
pue 1L Aq uoliesedas dy3 wolj eieq W’ 00" 6 ‘419 :m ‘rem 8v1’ ;.&:&:o TADA b= A0~ [ADA b
3o uot3rsoduonap ayjy butlinp pajelost .:Ulk:v..:n: >Hv cu u:._: mtﬁuama |auronal 8yl uc»ccmumnﬁEatﬂm ‘€9
. : CuIw) awng e
009 gps. oov ebe ooz oS Y 09 oc.
L T | . . T LI T T Y
X ) -.m'o..:.o..nn.-,,‘_‘. - .
€=
4
&
- A
r...m .-
w Lo e
@1v8A101pAY w1y v .
WLt L °
% Wa 006 ‘1dH o ne: $0-
: \/z\../\zJ\Pz\.f\zf
) =8
) o
+ . S,

o

e asvel m.w

n/a
r/a

o



'

racemization. As mentioned in the introduction proximity

241

to the termini has been suggyested to increase the rate of

racemizatrOni. By use o§ the N—ferm;nal benzyldxycarbonylh
and C—te:mingl anilide‘derivatives 6f the. tetrapeptidesj
plgg,ﬂgblg and glgg, this idea WAS tested. Tetrapeptides
" were considered'to'be better §rotein models than di- or“
tripeptides. ,Also, the N-, C- and N- and C blocked
Peptides were taken to model the C-terminal, ﬁéterminal
and interior;portions of';he:peptide respectively.

The compounds (Table.6]) were heated under . the
same cohditiéns used in the time studies- Sincé
hydrolyéis (or Cyclization) cdhébmesrﬁhe unblocked parent
peptideanu;;e.fapidly, the degree of racemization in the
‘compounds 15 in some cases quite small. The resulting
féfge relative’ error in some of the rate constants is the
gnavoidablehconsequence'éf‘the competing précesses which
are depleting the 5ub;trate.‘_f : ' ";;¥ 5:
The data‘from'this ekperiment 1s givén in Tqbienﬁl

for leucine epimerization in the isolated subsgraﬁes
o ' ’ ‘ ’ ’ ¢ .
Assuming that the epimerization follows the ganonicdl =~

ST 3

equation, the rate constaﬁts“for_epimeriiation can be ’
’ ’ ' .u-‘;"‘,'y‘; ‘ B K . B : : ’
. R i . oL .
calculated. Although:&héﬁ&ate constants for leucine
B 1A Fa ’ .

e

epimerization for-théféubs;rdtes plgg and glgg do not

agree well with the vaerS'optained from the time studies,

3
4

i o
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5) ’After 90 m1n~&or plg

242

Leucine Epimerization? in Recovered Substrate,

call others
c) p = prolyl,

Ph = C6H5
dy k= = i—.in

2t

1 = leucyl,

1-D/L.

+D7 t.

Table 61.
148.5°, pH 6.8°
PeptideC (D/L) (D/L) ¢
plgg 10.08408 0.01049
Z-plgg*  © 0.2490 001097
. 2-plgg-NHPh 0.04051 0.01159
. plgg-NHPh - 0.09437 .0.01191
gplg | 0.1264 0.01759
z-gplg - 0.02823 0.01871
Z-glpg-NHPh 0.05317 0.02014 .
v gplg-NHPh 0.1836 0.0443
glgg 0.3489 0.01939
z-glgg 0.05795 0.01888
7-glgg-NHPh 0.07356 0.01770
. glgg-NHPh "0.2697 0.01563
~fa)"See footnote a), Table 44

and_derivatlves,

g = glycyl

l -D, L,
n’ +D7 t= O

1.2
0.1
0.37 + 0.12
1.8 + 0.1

I+
(&)

t+
.

3.8 + 0.1
0.43 +
0.62

2.9 + 0.1

+

14

.‘;

P Z = C6H5CH2()CO",

0.12
0.12

150 minutes for
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¢

the relative rates are essentially the same. For the time

study:

k .
;1199 = 2.87 + 0.29
plgg

+

and frr the com@etitlve study at only one point:

ks
5299 - 92,79
koo

Flos

R

0.55

S1nce these measurements agree within experimental error,
the felative rates can be used w}th some securlty.
Plac1ng'a CBZ group tcarbobenzoxy- Or benzyloxycarbonyl-)
on the N-terminus decreases the rate of epimerization of
the leucine peptide unit.' CBZ has thé added effect of
cecreasing the rate of hydrolysis. This is illustrated
qualitatlv?ly by thefchromatograms of the reaction
mixtures for CBZ-plgg-NHPh (Figure 64) and CBZ-plgg
.(kxgufe 65),‘ These should bé compared with the
decorpcsitiorn of the parent peptide, plgg (Figure 20).
Cornversely, addition of 'a C-anilide group has little
effect. .1t does not'significantly change the. rate of
epimerization ot leucine nor does 1t prevent hydfolysis

(Figure 661,

#xe

vy 7.4 x tor plggq.ﬁki;x.tor gply, 6.4 x for glyg.
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i ali
p
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1
|
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g
t | ! |
%& o 12 time 1! 4 ! 12 time (mib ) ) ‘\\
$5. .
,}}P%ﬁtraces of CBZ—L—pro-L—leu gly- gly nnihde before ani afte
heatxng for 90. min at 148. 5¢, pH 6.8. Chromat i
condltxons reversed phase c-18 column (Water .
-l,pha'[:,{o 03 H NH4OAC,_ 338 acetonltrue ,m,o o
. L °
- :;Q; ; ! \\% Y o . s \‘f‘\]E




. Figqure 65.

i,

e, gty ot i

1 | | i
8

~ 4 s .
fime (minv “time tmn

HPLC traces of CBZ-L-pro-L-leu-gly-gly before and after
heating for 90 min at 148.5°, pH 6.8. Chromatographic
conditions: reversed phase C-18 column (Waters); mobile

phase, 0.065 ﬂ_NH4OA&, 22% acetonitrile, 1.0 mL/min.

245
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16 12 s 4 . 4

time (min ~time (min)

.Fiéure 66. HPLC traces of varo-L-leu gly- gly’ ﬁn}llde before and
c..Q;nft_rer heating for 90 min at 148. Sia';@ 6.8,
R Chromatographic -conditions: revq? é phase C-18 cplumn
(Waters); mobile phase, 0.065 M ﬂ%doAc, 22% acetonltrlle,

1.0 mL/mln.
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The data tor the epilmerization ot proline in the

4.t substrates are given 1n Tatile 62. The results tor

proline are essentially the same as for leucine. The

L ] '
L resence ot the CBZ2 yroup decreases the rate while

masking the C-terminus with an anilide group again has

I'wtle

ettect.

The .rate -decrease caused by the CBZ ygroup could‘be

explainea in three ways:

(1)

Free NH2 can act as a base 23. when blocked with ‘

the CBZ group, the nitrogen 1is not sO readily able

.to remove the proton from the asymmetric centre of

P .
either the adjacent peptide unit or a peptide unit
of another peptide molecule.
Since peptides are present at neutral pH as
A

zwitterions there would be very. little free NH,. It

o

would be tempting to eliminate this pathway for this

reason. However, since diketopiperazine formation

requires an unprotonat;d amino function 24 and since
diketopiperazine formation is so predominant,
elimination of this pathway is not justified.
Indeed, the ability to cyclize to give &

.diketbpiperazine may be refleéted by an enhanced

- rate of racemization.

*wy 11.5 x for plgg, 25.0 x for gplg.
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Table 62. Proling Epimerization 1n Recovered Substrate,
148.5°, pH 6.87

~tideC / 5 k -1,d =
Peptide (D/L) (D/L)y = 10° k (s™4) ¢
plgg® : 0.09563 0.0081 1.6 + 0.2
Z-plgg 0.01810 0.0131 © 0.09 + 0.1
2-P1lgg-NHPh 0.02556 0.0081 0.32 + 0.10
plgg-NHPh 0.1744 0.0094 3.1 + 0.2
aplg 0.2520 0.0145 2.7 + 0.2
2-gplg - 0.02840 0.0142 0.16 + 0.12
Z-gplg-NHPh - 0.02413 0.0161 0.88 + 0.12
gplg-NHPh 0.3143 0.0182 3.42 + 0.15
a) See footnote a’), Table 44
b) 90 min for plgg and derivatives, 150 min for gplg and

derivatives.

c) For abbreviations see footnote c), Table 61 h
d) Assume canonical expression (Table 61)
e)

Only DD/LL measured
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/{ (g)" _— ANH
N i L s ¥
2 X
R ov "
23 24
E
racemization diketopiperszine
(2) The removal of the positive charge‘from nitrogen by
substitution eliminates the inductive stabilization
of the 1ncipilent carbanion.
(3) The presence of the hydrophobic CBZ group disrupts

the solvation shell so that ﬁhé‘approach of water,
ac£ing as a base to remove the chiral proton, 1is
impeded. When the N-terminus 1s not blockéd,
racemization may b€ aided by m-re tightly packed.

solvent molecules.

Since the anilide derivatives are amines, at pH 6.8

x
they will be predominantly in the protonated form:.
. ) J

tom

"pka for H,NCH,CO,CH,CHy = 75;5§-~10% tree base at pH 6.8.77
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. Therefore, it is not surprising that ‘the anilide v

gerlvatlve pehaves in the same way as the parent | .° k%ﬁ”ﬁﬁ%ﬂ“

and a large amount of diketopiperazine. A

2

» The derivatives can then be grouped according to
2y -
their racemization behaviour. Those derivatives which

rgqemizé relatively qﬁickly have positively charged
s )
nitrogen termini. Tpe”der}vatives with blocked nitrogen

o

4 ' .
termini racemlie more slowly regardless of the charge on

thewpﬁférminus. The derivative with a protected nitrogen

terminus ' (e.g. CBZ-plgg) will be mostly in the form of an
. ’ * . ‘
anion.

Since the anion:dn the C-terminus does not appear to
increase the rate of racemization, the anion cannot be
acting as a base. It 1s also noteworthy that the presumed
increasé in solvation of the anion (compared with the
uncharged derivative) is also ineffective in promoting

*

racemization. On the contrary, the leucine peptide unit
»

of derivatives blocked only at the C-terminus racemize

slower than those derivatives having both termini blocked

(Table 61). This observation 1s true proQided that the

error limits are considered to be representing the worst

*
pKa for CH3CONH-CH,COpH = 3.67 ~ 99.8% anion at pH 6.8.79
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case. The érror limitfs were calculated estimating the:

A

." .
error in the D/L ratios to.be #0.01. This may be too

¥,
-

harsh an estimate. It appears that the presence of a
carboxylate anion inhibits formation of an anion at the
asymmetric centre. This is consistent wgph;the slower

rate of racemization observed for pro-leu compared with

’

pro-leu-gly-gly.
The racémization of the peptide unit&’in the total
hydrolysate is given in Table 63 for leucine and in Table
64 for proline. The behaviour is the same as the substrates
) W@fh one exception. The D/L ratio for the prdﬁine peptide
uﬁi;’gn the total hydrolysate reaches a value of 1.97 for
iglég %hd 1.94 for plggNHPh. This is an indication that

iﬁeplggNHPh is decomposing by internal aminolysis to give the

®

L$*Jdiketopiperazine cpl. The diketopilperazine then

”
PRESYN

epimerizes to tha’preéérred diastereomer, cDpl. The D/L
, , : ; 2 F ]

fatios for proline in the total hydrolysates of gplg and
Y ¢ .

.gplgNHPh (1.12 and 1.07 respectively) may be indicatia@};

-*Y

only total ratemization of proline and the apparent excess
- of D-proline may be an artifact. However, there was some

. indication of diketopiperazine in the chromatogram. This

Wag’notﬂinvestigated furth&r.
. The observation of a reduced rate of racemiiatibn in®

the total hydrolysate of the CBZ'den{vativés is consilstent

v

with reduced diketopiperazine formation. This is borne

N

2
[ 9=
®

B SN
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‘STable 63. Leycine Epimerization?® in Total Hydrolysate of

kY

ta)
b)

c?¥,. For abbrevd?tionsj”éee.foofnogé-c),‘Tablelel.

See footrnote a),

Model Peptides, 148.5°, pH 6.8°

peptide®

plag -

z-plgg -
Z-plgg-NHPh

'plgg-NHPh

~gplg’

~ 2-gplg

. Z-gplg-NHPh.
;gplg—Naﬁq’

glgg
'2-glgg

- Z-glgg-NHPh
" glgg-NHPh y

L3
I

s

Table 44
see footnote b), Table 62 .

(D/L)

0.1688
0.05292

1 0.1002

0.1815

0%3659

' 0.01803
- 0.07412

0.4393

' 0.4456

0.1975
0.2929

- 0.4691

A

4

0.01049
'0.01097

0.01159

' 0.01191

o

0.01759

0.01871,

0.02014°
0.02218 -

0.01939
0.01888
0.01770

0.01563



Table 64.

Hﬂollne Eplmerlzat1¢na in Total Hydrolysate
Model Peptldes,leﬁ ®°, pH 6. gb
 peptide© 1p/L (D/L) =g
plgg " 1.9656 0.0081
2-plgg o 0.1641 0.0131
2-plgg-NHPh | 0.2749 0.0081
plgg-NHPh 1.9423 o 0.0024
' ' ’ o 2 oo W ‘*';
o v B R
gplg - 0.2520 0.0} M5
‘z-gpig ‘ - 0.02186 1 0.0143
’ 7-gplg-NHPh ~ 0.1100  0.0161
gplg-NHPh  1.0722 0.0185
,Seé footnote é),vTablo 44.
See footnote 'b), Table 62
Eoruabbrev1atlons see footnote c), Table 61

\\\\ (

253

of



|
At

o

out by the: failure to observe peaks infthe chromatoyrams
qcurrespondlng to the dlketOplperazxnes.
The competltlve rate eXperlments have indicated that

g@cximity to a pcotonated nitrogen enhances

facemization. Converselyq broximity‘to a carboxylate
anion decreases the rate ot racemlzatlon. This does not
mean that the rate of. racemlzatlon for the 1nd1v1dua1
peptide units 1in a’peptide or peptide cha1n~w111 increase

’ monotonlcally from the C termxnus to the N- termlnus Such

a coaclu51on 1gnores p0551b1e rate enhancement retarﬂat1cn‘

by a nearby charge centre which 1s not a terminus f(e.g.

'y

hH3 nf lys or C02 Ofvglu\. An) rate enhancement or

retardatlon also increases the chance ot aégmmetrlc
. v ) - .
induction. A uniform distribution of water alony the
‘

pept1 le chaln should alsc not be assumed, = Hare opserved

-

llttle racemization in bones heated at 157° tor 3 days

-unger anhydrous conditions ‘while there was essentially
“complete racemization 1n the presence of water.iVV By

4

analogy, a lower rate of racemization 1s expectead tor )

peptlde units in a reglon of peptlde where water 18
excluded. Clearly, it is dlfflcult to general1ze protein
. , 1 . ’ : i . N
racemization bhehaviour based on any model study because of

the individual characteristics of each p%otei%.

254

o



'%iﬂ: .

Taiives rise’ to the particular structure of the peptide or

vl

CHAPTER & o ©

CONCLUSTON

The use of aminc aclc racemization as @ tocl for

seclocicdl o cating provides the motiyation toor thls

S - . . C
study, . 1t 1s appropriate to include a discussion of the

o

seocherical irplications of nthe results.

y

Tre nereral gral of this work was to rnvestigate sore

- o A

tre urjue prn;er&ies of pepticdes which

e

¢car, complicate
.‘{.‘.’ .

i ~n of peptide racemizatich measurements

tre intér; e
'('.A' »
: 0

\

h

LSet h nssi1ls. In the broscest sense, there are
two 5 ghich make peptides unlike amino
at1%s st., the presel ¢ more than one peptide unit

4
s

.. . LR . :
protelin,  Here, structure means the prlmary,’s§tondary,

v

tertiar, ang guaternary structure of protelns.  Seconda;

e tumcgncy ot pro;eins to decompose by breakling the

-

“peptide bond glves rise to a complex mixture of species

all having different rates of récemization. A -
e . v

-

consideratioﬁ of these properties of peptides leads to a

nuriber of guestions of concern to geochemists.
®» - ‘ '

.~ The firet characteristic raises three questiohs.
) " : R

.
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i
H What 18 the eftect ot itterent nerghbour Iy ey b
LTrte o tre yvate ol TACEm1Za Lirr, 1.t. how does the
Crare oot Tacermizatlor ot Y oartter tetwoel the
<y ;..,r\“ —\‘__‘,._ %r - -y -
L o
1+ was fours trat the leucine peptice unit in gl
Piggoem L Zes ATCLt trree times taster traro1rn oL s o The
R i ) . ' . e :
factor ot trree indicates ‘a range of raxés N peptides o
ot o v ‘ . ( . ‘ L X

.o RN . [ =
L el Sy .@S‘t Lwe tetrapeplliides wWoelvw

- . - ”

realistic moedels of collagen wWERICH o oL @

cating Sejuente -gly-X-y- witnhorabout 1t
Trie result helps to ex; lain t?? vargation

- R
é fresrls 0f the same age out ot a¥tterent
X R € 2 - . -

#5

we range ot ;DL #dtios 1n fossi1l shells has
/ ) s o . N

% T 5
e . AP o101 L
Deer reportes toospan ar®leactva fact&ﬁgof two S, an
: | : S ‘ w . ?%‘
mreervat 100 Wi,lTn comp ares tavourabtly wath thw‘mcdquremenﬁ R
‘ ‘ \ _ -
for ploc and glodg. ¢

, ’ . h - : - &
2 vithe 1c the variabiliwvy of the racemization rate - B
’ ’ - e

; R

constant within'a protein?
The results from studies on peptide derivatives give

an indication of the racemlzation in the interior ot

protelns. .The peytlde units of the deriVatives blocked'at

Rl
H ES

the - nltrOgen terminus were observed to racemize 6 to 25

times sldwef than'the unblocked parent pepgldes,/ Thlg’ .

: f

agrees %&&h prev1ous model stud1es wh1ch reported that the

* ‘ T
1nterlor peptlde units racemlze slower than - those at the A
Ve : - _ S P
o _' ’ - ’ . ’ . ’ o, ff"w .
R
g N . *
. I . . ”
. 5, s ne
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. (.o
termini. From the ‘results on the pept1de derivatives,

.
h ]

racemization’ rate is dependent on the proxunlty to»&e
nitrogen terminus as well.

The exceptlonally rapid, eplmerlzatlon ot thé proline
peptide un;t Hﬁ;ﬂgg (at least 100 tlmes fas;er than iq
ChZ-gply) iéwsiénificaht. Cleagly, the D/L,ratlo measured

N

for a prote1n hydrolysate cannot b§$r, mesentative of the

ﬂhalyz_@@f’ng Q{ﬂly

. P ‘: "} e v
Results;c#w R 1ng the effect ‘of the C- termlnus are

- 41,45,46,47

in discord with e prev1ous ‘modal studles.

This wo:k showed that the carboxylate anion at the L—

y A}

.termlnus decreases the rate of. racemlzatlon, »
. B A
' "RacemiZation of;theQ"gclne peptlde unit in'thet'
. il . A

\ [

1pe.t1oe pro ley 1s: abow& 18 tlmeﬁ slower than 1n plgg".“,;
’ P i e .

-

whilce fhe prollneqyegt;de unit in the dlyeptlde racemlzes

\
i

at about one quarter the rate of the tetrapeptlde. ;D\:

s ’agﬁﬁwlocer tVe N termlnus?(produc1ng a carboxYlate anlon att

pH 6 8) glves sPec1es haV1nthhe slawest eplmerlzatlonff

4 R
»

raté. ‘ . i R - N A,
. ) » " gw" ) ',\‘A . L N - ‘ L. R : . i o 8
7](3)ﬁ[-Ls it possible to opserve’D/L‘ratiosfgfeqter.than e
J - e 0 - , = o o B s
,f ¥ Unlty" / LT , - v B
w ’ - i . [ ’ ’ ’ T .
‘ _ N

: : Since there is more Lhan one chiral centre in . N
~ C X ‘ ) ] ) __?v4,: ) N - B

v
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"

- one are .not that restrlctlve The occurrence,of’bhls -

J

pe}tfdes,-there is the opportunlty for observ1ng

\:.

aqymmetrlc 1nduction. The chances ot th;s are eSpec1ally

aCute xf nelghbourlng peptide un1ts racemlze at

e

51gnI£1cant1y d1tferent rates. The computer sndhlatlons'

of syQtems contalnlng two chiral centres showed Yhat the R

) i .,y’
conditians necesgary to achieve D/L ratlos greater thanm

‘phenomenon is a magor dev1at10n trom the’ pseuoo firsc

A~

oroer klnetlcs found for\eméno aclds.

. 1he p0551b111ty of §§Xmmetr1c 1nduct1on (giving b/L >

. 1) has largely been 1gnored 1@ proteln studles. The

observat;on of asymmetrlc 1nduct10n in the prollne peptide
v "0
unit in plgg and pl in the total hydrolysate underscores

a‘ﬁr' s

the problem of u51nw %he total geptl mlxture present in

DR}

o

]

‘the fossil. . The sourGe of the’ asymmetrlc induction was.
4 . 5 :

gfound to be. the dlketoplpera21ne rather than the

-

’tetrapept1de., ThlS does not exclude tﬁggoccurrence of the

phenomenon 1in peptldes or protelns.

@

-
Anom@lously high D/L” ratlos (but not greater than

LB ks
unity) for alanlne,dglutamlc ac1d and aspartlc ac1d haVe

v

Abeen reported in certaln 501lsloz and- sediments. h?j Thesc .

ratios were attrlbuted to the adoltlon @t U—ala ana  D- glu‘

't
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- trom the pegtldOQIyCan maklng Up the cell walls ofbgram Ny

Av&

104 Asymmetrlc

p051t1ve and gram negatlve Dacterla.
1nductlon»orov1des another mechanlsm for hlgh D/L ratlos.

Yoo S
. > g

o o
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‘meaningful rate constant. At the same tlme, thls does not ..

'

'Structure reactivity relationships measured by the

.

. 4

N

Protein hydrolysis raises three more questions

relevant’to. amino acid datinmg.

*

o : Tl L "

(4) 4 Are rate constants measdnﬁﬁlftom the total
hydroiysate near time zero representative of the
orlglnal pept1de or prote1n°

R
‘Although this 1s theoretlcally p0551b1e, the time

4 studles show the practlcal l1m1tat10ns of the procedure.'

?Th@orate constant extracted in th1s manner has a value

between the rate constants for the 3ubstrate and the more

qu1ckly eplmerlzing Spec1e§ The rate;@& ledekng AN

seplmev1zatlon waﬁ.}arger in -the total hydrolysate by a

-factor of 3.6 for plgg, 1.8 for glgg and 18 for pl.

racemization of the total hydrolysate are to be taken only

as approximations.

(5) D9~peptides ohw/ the canonical rate law?

A
Except for the cases. where thefe isvasymmetric
: e
1nduct1on, stralght l1ne canon1ca1 ploojtare obserwgd.

ThlS%lS clearly demonstrated for the tlme study of

£

the pept1de glgg for whlch all of “the 1solated fractlons’

_exhlblt linear canonlcal behav1our. It is important to

k3

empha81ze that a l1near canonlcal plot does not

L3 >

necessarlly g1ve-axchem1cally or mechanlstlcally

3

mean that- these “rate constants"’are nOt'valuable.v To say

. , - .
‘ \
. . .

259
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|}

this would do an injusticé to the studies whereyempftical
relationships between faéemization and time have been used

to adva_ntage.lors'lo7 Recently, linear canonical behaviour a?*'
was demonstrated in a report of the racemization of h

aspartlc acid peptide units 1in the white matter of the

g&‘human brain. ¥98 This study on presumably intact protein

V
’¥4b68es well for the observation of similar behagiour in

.

4Qgct fossxl proteln.

¢ - g ' o »‘ ‘"7!'11,,%
¥ RS . ) ’
, ™ 48) .wWhat are the épecxes which result f(om decomposition ,
I
‘ %é of peptldes and what are their characteristic rates
‘;}" , L E % : )
P L4 . . 3 3 o} . A B
A ”3'3} . of racemization: , , R
RN 4" * o )
- awy*g‘ " For plgg and to a lesser extent for glyg, the
“J/@Efﬁ 8 predominant décomposition pathway is via the
Ao e \
NhE e - : . , L : :
SR om0 dlketoplperazine. The presence of the diketoplpeérazines

4:‘;"1""};%‘5"\%5&’ . . B > -
,;Sing?; jgkﬁ4qlthe'mixture is significant since they were als
. o R ¥1 .

"LQentxerd as rapxcly eplmerlzlng species. Since thesg

spec1es‘make an 1mportant contrlbutxon to the ifmpOSition
n\ /

fof the hydrolysate, the rate constant obse:vud for the

'hydrolysate wi'll betwelghted towards the value for the

.

dlhetoplperazlnes. This effect can be accentgeted by the

apparently slow racemization of peptide unit% in_Yhe ,

s ) - I - .

In order to obtain well,behaved kinetics it will be

interior of proteins. . o o

neceséary to isolate’the.intaQL protejn or largeﬁpeptide-‘
ﬁragments, The rate of protein hydrolysis becomes

. ' }. B (. )
4 s ; . 1

- » ]
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impertant in determining the precision of the fossil ages

which can be measured. The tetrapeptide plgy provides an

.-

extreme case. When the peptide has decomposed to about

10% of its original concentration (ca. 90 min, Figur€ 31),

»

the 1euc1ne peptide unit has a D/L ratio of about 0. 06

!(Figure 37). 'This value must be cemsidered unusable for

I )
accurane datlng due to a measurement error of *0. 01. This

91tuatlon could be ameliorated by using a more rapldly

racemiziny peptide upit. (Aspartic acid is used jUSt for

.

this reason. Its rate of racemization 1is about 7.5 times

that of leucine at l42°.)10

® ' 2 ‘

“The situation for glgy is more encouraging, When the

peptlde has decomposed to about 1/3 its orlg1nal

b4 J’g

‘tentmatxon (ca. 60 min, Table 59), the D/L ratlio is

o 3 / er ‘ .
about 0.10 (Table 60). Thus, the window for .age 5%

Ea ’ o

measurements is determined on the low end of the time

scale by the rate of racemization and on the high end by

"~ the rate of hydrolysis.

'tAmino acid datihg does have the potential to be an

L ‘ P e . . . .
important tool for geologists owing to 1ts simplicity and -

. K

‘speed of analysis. The uncértaginty in the ag%: ‘ '

determination .is primarily due to .an unknown temperature

histosg but there is a certain’amount of uncértaint? due b//

to chefistry as well. 102 “1f asymmetric induction is
4 .

restricted primarily to.diketdpiperazines'and provided



i
that rapid racemization llkewlse occurs 9Yn only

diketopiperazines and near nitrogen termini, the chemical
variability can be controlled by judicious selection oOf
tne higher molecular‘welqht traction ot the protelg
nydrolysate. Partial separation ~f the prhtoin
hydrolysate may result 1n linear canonical plots which,
while not generally mechanistically meaningful,‘&ﬂn he

<m rrically valuanie,

@,

dan [Roar g
WA i £

262

g g



g

. 4

REFERENCEER

-

At lson, Pol. Carnegl

(34

*

53, 97-101.

tiare, P.b.o; Mitterer,

Inst. Wash. Year Hmmk“i954}
y "

'
f

k.M. 1u1a. 1968, 67, 205-3%.

wauclear and Chemical bating Technlhues:

\

Interpreting the Environmental kecord"; Currie, me;

1

ol ey, Va2,

LoAL, bros American (nemlcal soclety:  washington

"Biogeochemlstry ot Amino Acids"; Hare, P.b.,

Hooering, T.0., RNy, K

SONS: New York, 198O,

“

Rutter, X, W.; Crawtord,

i

Censcience Canada 1979,

Jr., Fkds,; John wWiley antt
Y

%‘ N
p.J.: Hamilton, R.D. )
_6_, 122"128. l,

Hedges, R.E.ML; wallace, C.1.A. Ret. 4, p 35-40.

e l, MUot.r Zumberge,

WL, Phnytocheristry 1978, 17, 1559-1562.

.

Kirng, Ka, I Neville,

Mada, J.L.; Schroeader, K.A.} Protsch, R.; Bergyer,

k. Proc. Nat. Acad. sci. - UsA 1974, 71, 314»917?

Haada, J.L.; shou, M.=-Y.

J.E.: Nayy, B.; van Devencer,
47 a

)

(. “eilence (washimgton

W

.01 1977, 19i, 1333-1335.

.

Ret. 4, p 235-255.-

Se

wenmiller, J.b. Geochim, Cosmochim. Acta 1981, %45,

261-264

i 4 * "~
v
. o N o L
e, PR
in #
ST




S 264

$§;y 12. inncr} S Kustanmvréﬁ, 2.;,Gil—Av/ k. Traqh( W.
Nature 1980, 287, B20-823. o \
EE 13. Traub, W.; Piez, K.A. In "Advénces in‘Pré : & o .
Chemistry"; Antiéswn, C.B. Jr., Edell,‘J. ‘ ’
Richards, Fds.: Academic Press: New York v ml;
B M
vol. 25, p 243-352. - 5
1\@. Jope, FM Ref. 4, p 23-33. “Q
| anss, N.; Eyfé,\DfR.; HoftrOp, M.E.; Glimcher,
’ M.J.; Hare, P.t. Rcf 4, p 53-63. |
. ,
Hauschen, P.V. Ret. 4, p 75-82.
17. Neuﬁerger, A. In "Advances 1n Protein Chemiétry";
‘rt o Anson, M.L. Edsa{l, J.1., kds.; Academlc Press: ‘ﬁew
’ YOrk, 1948:?V01. 4} [ 298-383.
1=, smith, G.G.; Stvar®a, 1. J. org. Chgm. léBB,lﬂg,' \‘"
v | bue-634. |
14, Str(:)ud,vli.b.'\; Yite, U.J.5 smitnh,; G.G. Ibid. 1983,
48, 5368-5369.
25 SN ;
2M.;'ﬂét5uo; Haos Kawazoé, Y.; Sato, Mf; Ohnisnl, M.;
£ Tatsuno, T. ‘ch‘em. Pharm. Bull. 1‘9.67,' 15, 391-398.
’ ‘a S 2l 'Satm, M.;;T3tSuno,:T.; Matsuo, H. Ibid. 1970, 18,
17’9‘4—17{98.\ o ®
‘ "2 Hmith,‘G.G.; Will]aﬁs,'K.M.; wbnnacmtt; n.M. J.
A ) ' .
o ﬁ ) 'mhié‘i}x;;l'vil-'978,,f 43, 1-5.
gig%; g . 23 Héda}#migt.7j?LAm;”Chemy‘Sog. 1972, +947 13713)37}Q
oo L L. Hord»}"é'll’fép.(;.;; Boyle, W.J., Jr. 1Ibid. 1975, 97,
C\\ . -



{

L4

40 .-

265
G
. e
3447-3452. &
o " -
25, 4Ymith, G.G.; E 25, R.C. Re¥f. 4, p 257-282.
%26. Cotrait, M.; Geoffre, S.; Hospital, M.; Precigoux,
G. Acta Cryst. 1979, B35S, 114-118. p
27. Levene, P.A.; Bass, L.Ww, J. Biol. Chem. 1929, 82,
171-190. ' ’
28. Levene, P.A.; Yanyg, p.s. Ibid. 1933, 99, 405-416.
- v
29. Levene, P.A:; Stelger, R.E.j Marker, R.E. 1Ibid.
1931, 93, 605-621.
30. Degeilh, R.; Marsh, R.E. Acta Crysﬁ. 19*' 12,
1007-1014. - . "
. ‘
31. Corey, R.B. J. Am. Chem. Soc. 1938, 60, 1598-1604.
47. sletten, E. 1Ibid. 1970,.92, 172-177.
33. Bengdetti, E.; Corradini, .P.; Pedone, C. J. Phys. \
Chem. 1969, 73, 2891-2895.
34, Hare, P.E. Carnegie Inst. wash. Year Rook 1971, 70, .
i ‘ . - | My
256-258." s
45, (Hare, P.p. 1Ibid. 1973, 72, 690-694. o
36. . wehmiller, J.; Bare, P.E. Science (WashfngtonfD.C.)
. 197y,,#f1, 907-911. v
- ' A, NN ;ﬂ ¢ = ’ . 1 ] Cu‘“
37. Levene, P.A.; Pfaltz, M.H. J. Biol. Chem. 1925, 63,
661-668. ) N
s8. Lévenc, P.A.; Bass, L.w. 1bid. 1927, Tdg 727-737.°

T

.+ 3944 Levene, P.A.; yass, L.w. 1bid. 1928, 78, 145-157.

parge, W.; Theimann, W. 1st Eur. Biophys. Congress

@ ~



‘L N I : - 266
R . . \‘, - ’/fr o L '?
. 1971, 1,°133-137. . \
41. 'Kr¥335a5ﬂ1, N{;wMit;efer, R.M. Science (Washiogﬁon:
L th.)‘19ig; 201, 1611-1014. 0 .
> 42. ;Erg{dmany M{} asters, P.M.'-j. Food Sci. 1982, 47,
_760—;64;“ | S | | )
\ 43.. 'Lajoié, K..'R.; Wehmiller,\.J..'F.‘; Kennedy, FG.L. Ref‘.
4, p 305-340. 3 . | w
44. wWehmiller, J.F. Ref. s, p 341-355. - ’
45;- Kriausakul, N.; Mif;éfer, R.M. ’Geéchim. Cosmdcﬁim;
" Acta 1980, 44, 753-758. '

46, Kriausakul, N.; Mitterer, R.M. Ibid. 1983, 47, 963-

966. .
47. Smith, G.G.; de sol, B.S. Science. (W shington D.C.)
1980, 207,'765-76%. ‘ ; . - ‘i'“

"AS.; Dorman, D.E.; Bovey, F.A. J. Org. Chem, 1971,_§§;j

]
!

2379-2383.
A

49, wathrich, K.; Tun%KYi,‘A.; Schwyzer, R. ;k;E.B.Su
' - ; L : '

Lett. 1972, 25, 104-108.

50. Grathwohl, C.; Wuthrich, K. Biopolymers 1976, 15,

o

v 2025-2041.

51. Grathwohl, C.; Withrich, K. 1bid 1976, 15, 2043-
. 2057. | '

52. Grathwohl, C.; Wuthrich, K. 1bid. 1981, 20, 2623-

2633.

2

53, Newman, M.S. "Steric Effects in Organic Chémisb:y":

4
H



o

¢

M - 1 .S

John Wiley and Sons: New York, 1956; p 117-120.

’34, ~Brewért0n, A.A.; Long, D.A.; Truscott,‘T.G. Ttans.

55.

56 .

57.

. 58.

60.

62.

63.

64.

65.

‘Epand, R.M.; Epand, %.F. Can. J. Biochem, 1973, 51,

-

Faraday sSocC. 1979;‘§g,.2297:2304.

P

#
I

5o “
i

140-147.

pPickering, B.T.; Li, C.H. ArchK. Biochem. biophys.
1964, 104, 119-127.

Geschwind, I.I.; Li, C.H. Ibid. 1964, 106, 200-206.
L Ar T_-_-—-—— +—_‘_ k, N B

~ 4 .. : . A\
Lee, T.H.; Buettenér-Janusch, V. J. Biol. Chem.

1963, 238, 2012-201§. 7

/
4

Fridkin, M.; Wilchek, M. Biochem. Biophys.. Res.
Commun. 1970, 38, 458-464.

smith, G.G. Science’ (Washingten D.C.) 1976, 191,

/4 Q7
\_/ ') . A
" " -

102-103:

’ —,

wernstedt, F.L. M"world Climatic Data"; Climaric

Data Press: Lemont pensylvania, 1972; p 385.
Hill, R.L. In "Advadnces in Proteit Chemistry";

anfinsen, C.B. Jr., Anson, M.L., Edsall, J.T.,
H -\ " .

Richards, F.M.fﬂEds.; Academic Press: New York,

. . T 1 .
1965; vol. 20, p 37-107.7° = A

Sanger,ﬂF.; Thompsbn,'Eau,P. Biochem. J.11956, 53,

353-366. < . i
. } * N .. N N ""y .
sanger, ¥.; Thompson, E.O.P. 1Ibid. 1956:;%21 366-—
i [ 1 . . "
374.
4

/

Hirohata, R.; Kanda, XY.; Nakamuraf'M.} Tzumiza, N.;



v el 268

5
, ¢ , T
‘Nagamatsu, A.; Ono, T.; Fujui, S.; Kimitsuku, M. 2.

Physiol. Chem. 1953, 295, 368-377.

“~

66. Hﬁrohata, R.; Muramatu, M. 1bid. 1963, 332, 271~

275. _ \ | I A ,

-

67. Bergmann, M.; Smith, E.L. J. Biol. Chem. 1944, 1153, \//

627-651. "

66. Abderhalden, E.; Komm, E. 2. Physiol. Chem. 1923,

132, 1-11.

69. Abderhalden, E.; Komm, E. 2. Physiol. Cheh\ 1924,

134, 121-128. -

70. b’}3\t)('}£e:"r'xa1}ien, E.; -Kémm, E. 1bid. 1?24, 139, 147-204.

21. Bada,.J.L.; Steinburg, S$.M. J. Org. Chem. 1983, 48,

2295-2298 .

"72. Bada, J.L.; Steinburg, S.M. science (washingtoh
» . K :
D.C.) 1981, 213, 544-545.

73. Long, D.A.; LiilyCrOp,;J.E. Trans. Faraday Soc.

1963, 59, 907-917.

e

" 74. modre, S.; Stein, W.H. J. Biol. Chem. 1948, 176,
| , R

367-388. o | - »

t

75. Long, D.A.; Truscott, T.G;_'Trans. Faraday Soc.
1963, 59, 1833-1841.

76.  Cronin, J.R.; Long,'D.A.; Truscott, T.G. 1Ibid.

\

-

1971, 67, 2096-2100. !

77. Hammel, E.F., Jr.; Glasstone, S. J. Am. Chem. Soc.

1954, 76, 3741-3745.



78.

79.

- 80.

81.’

82.

"83.

84.

85.

86 .

87.

Lawrence, L.; Mooré, W.J. 1Ibid. 1951, 73, 3973-
3977. _ ) , _ ‘.
Lee, R.G.; Long, D.A.; Truscott, T.G. Trans.

Faraday S$oc. 1969,;§§, 503-508.

Muramatu, M.; Hirohata,\R.; kKanda, Y.; Shibuya, S.;

Fujii, S.; Nagamatsu, A.; ono, T. 2. Physiol. Chem.
1963, 332, 256-262.

Muramatu, M.; Hirohata, R.; Kanda, Y.; Shibuya, S.

Ibid. 1963, 332, 263-270.

podénszky, M. JPepfide synthesis"; kiley ‘
Inter;cienqe; New York, 1976.: &\
Bodanszky, M.; Bodanszky, A. "The Practice of
Peptide Synthesis" In 'Structure Concepts in Organic
Chemistry'; Hafher; K., Lehn, J-M., Rees, C.W., |
Hofmann, F.RES;, Scheyer, P.V.R., Trost,‘B.M.,
Zahradnik, ﬁ,, Ed§.;'8pringer~Verlag: New York,

r‘-»
1984, 7 o ‘ ,

Kopple, K.D.; Ghazarian, H.G. J. Org. Chem. 1968,
33, B62-864.
Niteckil, D.E.; Halpern, B.; westley, J.W. J. org.

Chem. 1968, 33, 864-866.

-

steinplatt, M. J. Am. Chem. soc. 1966, 88, 2845

2848 .

_Rabenstein, pD.L. J. Am. Chem. Soc. 1973, 95, 2797~

2803.



89.

90 .

91.

92.

93.

94.

95,

96;

97.

9K,

99.

- 401.,

SO

Yo

[}

- 4

Rabenstein, D.L.; querfwT.L. Anal. Chem. 1976, 48,

\

1141-1146.

Rabenstein,\D.L.; Greenberg, M.S.; Evahs. C.A.

Biochemistry 1977, 16, 977-981.

“Lucente, G.; ?innen,*FJ;IZanotti, G.; Ceirihi; S.3

Maiza,.F.‘;J; Chem. Soc., Perkin Trans. 1 1980,

1499-1506. R .

"«

Leucehte{ G.; Pi@nen}kF};’Rdméo;'A}: Zanotti, G. J. o

Chem. Soc.; perkid“ftans.'l 1983, 1127-1130.

ott, H,: Frq?, A.J.; Hbfmanh, A.]fTexrahedron.1963,
. » . i s

19, 1675-1684.

Smith, S.; Timmins, GM. J. Chem, Soc. 1937, 396-

»

Stoil,‘A.; Hofmann;'A,;*BecKer{ B. Helv. Chim. Acta

4

1943, 26, 1602-1613.

Stoll, A.; Hofmann, A. 1bid. 1950, 33, 1705-1711..

\

purdie, J.E;idbenoiton, N.L. J. Chem.~Soc., Perkin
Trans. 2 1973/ 13, 1845-1852.

Lucente, G.; Pinnen, F.; Zanotti, G.; Cerrini,  S,;

Mazza, F.; segre, A.L. J. Chem. soc., Perkin Trans. -

2 1982, 1169-1174.

Conti, F.; Lucente, G.; Romeo,*A.; 2Zanotti, G.

Int. J. Pept. Protein Res. 1973, 5, 353-357.
"Handbock of’Biochemistry"{ weast, R.C., Ed.; Thé

{ o
Chemical Rubber ‘Co.: . Cleveland Ohio, 1970; 2nd Ed.,



27

p. J=59. g s | .

© 100. Hare, P.E.: Carnegie Inst. Wash. Year Book{1974,:z1,

576-581. -~ )
10}.*.->Ki.rig'. ,.K. Jr. Ref. 4' p.. 377_391.- P \ | co.
- . ¢ . N . B . ) \
102. Pollock, G.E.; Cheng, C-N.; Cronin, S.E. Anal.
' . g.r ‘- » S5.E. Anal.

Chem. 1977, 49, 2-7. S
iOS. Dungwath, G.;erenker, J.A;Th.; Schwértz; AW,

L

comp. Biochem. physiol;'1975, 51B, 331-335.

104. 'Crout,fo.awc. "Peptide and Amino Acid biosynthééis"
In 'Internétional'ReJiew of Scienée: hOrganié

TR Chemistryggerfﬁ§”Two'; Rydon, H.N., kd.; ‘
Butterworth: London, 1976; Vol. 6, pp 281-234.

105. Brigham, J.K. Can. J. Earth sci. 1983, 20, 577-598.

106. Brigham, J.K. Ph.Dl;dissertation, University of e

Coloraéo, 1985.

107. wWehmiller, J.F. Ouat. Sci. Rev. 1982, 1, 83-120.

108. Mann, E.H.; sandhouse, M.E.; Burg, J.;“Frshef,‘

G.H. Science (Washington D.C.J 1983, 220, 1407-
. : 220, 14

1408, )

R . 3 . .
109. Williams, K.M.; Sm . Origihs of Life 1977,

¥

8, 91-144.

%
110. James, M.L.; Smith, G.M.; Woltord, J.C. "Applied

' Numerical Methods for Digital Computation with
FORTRAN"; International fextbook Company: S5cranton

‘Pennsylvania, 1970; p 231-252.

3



272

.o, . ‘ "

{

111. Beckett, R.;'Huht, J. "Numerical Calculations and

Algorithms"; McGraw~Hill: - New York, 1967; p 30-32.

e



"APPENDIX 1

ALGEBRAIC SOLUTION OF SCHEME 3

4
‘

A mathematical description is presented here for
racemlzatwon and 1rreversxb1e hydrolysis of a peptxde
» B

containing one epimerizing centre. This situa txgn is

. . S EE»: ) 5 ’?}.‘“ /
depicted in Scheme 3. “?Eﬁiﬁjb?(;
4 . . i‘;‘ hd *E i
k, - K
2 At 3

The pept1de substrate A is formlng an equilxbrium
mixture with 1ts epimer A*. The epimerizing peptide unit
may have another chiral centre (as in ile or thr) so that
ky # k_y. The hydrolysis rates of the two diastereoﬁers\
.'may be differént as weli» ky ¥ k3.

Scheme 3 is représented by the following pair of
differential equstions.‘ Concentration brackets are left

off for clarity.

%%'= -(ky * Kp)A + k_)A* ~ (Al-1)
. .
9B = K)A - (kop + ky)A* (R1-2)
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»

The system of linear differential equations Al-1 and Al-2

has a solution:
A = alekt (A1=3)
A* = a, et (A1-4)
Qhere ay, ay and A are constants.
;5ubstituting Al-3 and Al-4 in Al-1 and Al-2 yields

the characteristic determinant. There is a non-trivial

solution of Al-1 and Al-2 when:

—(k1+k2)—)\ k_l

2N = (—(k1+k2+k_1+k3) * ((Kl+k2+k_1+k3)2 -
4(k1k3+£_1+k2k3))1/2
Let
Ik = -(k1+k2+k_1+k3)

and .
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N . 2 ¢ . !
1 .= ((kl+k2+k"1+k3) - 4(K1k3"k_lk2+k2k3
P ,

y1/2 ’

The two Eigenvalues A ; and i, are then:

')\1 ’m(zki - I)/2

.~

\2 = (7‘(1 + 1)/2

The general solution of system Al-1 and Al-2 is:

£y

A = cle)‘lt + cze"zt | (A1-5)
A* = c3e)‘1t + c4e>‘2t . (A1-6)
where &, through c, are constants deﬁermined by the a
initial conditions
Ag = €y * ¢y (Al-7)
Aj = c3 * 4 (A1-8)

From the derivative of Al-5, Al-l and time zero conditions

Al-7 and Al-8:



Cl = (-(k1+k2+k2)A0 + k_lAa)/(’I) -

N -

-~
, €y = Ag - €
4 X -

From the derivative of Al-6, Al-2 and time zero conditions

Al-7 and Al-8: o )

+

., cy = (kyAg - (k_1ﬁ§3 + Ao)AN)/(-1)

Cq = A} - C3

. An interesting degenerate case develops when k; # k_j

and k3 = k2‘ In this gase:

] = -(ky+k_1+k))

Ap = kg
*
: . < kyBg = k1B
1
) k1+k_1
- k-l
) K ¥k (Ag+AD
> - *
o _(klAO k_ A -
3 k1+k_l 1
kl
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e
-

Substituting into Al-5 and Al-6 yieldé:

_’ - N
A _ klAO k"'lAa e-(k1+k_1+k2)t +r k"l (A +A6)e-k2t
N K. +K. . 0
k1+k'l k1+k¥l
’ (A1-9)
k.A. .-k .A? K !
170 "-170 -(ky+k_j+kp)t 1 -k,t
A* = - ) e + ————— (K +Af)e b
0" "0
k1+k_1 r . k1+k__1
: “(Al1-10) '
Adding Al-9 to Al-10 gives:
-k,t
v : A + A* = (Ap+Afle 2 (A1-11)
k_
Let K' = ——
kl ,
Theﬁ: y
K2A k. k A*+k.k LA ~kZ A%
A K'A* — 1 0 1 —1 O 1 "l 0 "l 0 -(k1+k_1+k2)t
-RAT T K (K. +k 1) €
1771 -1
: -(ki=k_q1+ks)t
= (ag - K'Afle 1 TPTE (A1-12)
Dividing Al-12 by Al-11"gives
A-K'A* _ AO-K'A6 —(k1+k_3)t .
v — = (———) e (A1-13)
A . +A*



Multiplying the left-hand side Qf Al-13 by 1/A/1/A and the
right-hand side by I/AO/I/AOWand taking the natural
logarithm of both sideg yields the familiar canonical

equation:

1 - kAD | - kA
A A
In(——F—) = In(——F—) = =(ky+k_])t  (Al-14)
1+ i 1o+ i

This result means that a peptide undergoing
~racemization and competitive irreversible ﬁydrolysis will
follow the above reversible first-order expression if the
rates o% hydroiysis of the diastereomers are equal.

A The case Qhere k3 # k2 and kl ; k—l will now be

examined. Now the constants. ¢, through C4 take on the

values:
Cy =(=(Ky+ky*+X 5)Ag+k_1A%)/(-1)
. C, = (-(k1+k2+xl)A0+k;1A6)/I
cy = (-(k_l+k3+x2)A5+k1A0)/<—1)_

Cy = (-(k_1+k3+x1)A5+klA0)/I
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In order to- produce

A

E equat1on, expre551ons 11ke Al-11 and Al-12 must be found.

Hence find z such that Cl + zc3 = 0.

-

+A

U0 Sar A R s

)A +k A*u”

C:'(k-1+k3+x2)A0'k1Ao
i ‘ - N . ‘ . ’ ’ ,v . “
.80 that

| o Aot
A+ zA* = (¢, 4 zc)e 2

::Also‘findﬁx such that c, - xcy = 0

*
+xL)A0+k A

[ —(k1+k2' 120

(54 o _ ’ . * i
4 (k-1*k34xl)50+k150,,h
SO that v v | oy L v A e
S ' : ¥ o
. . . S i LAt
e , A = xA* = (c, €. xcj3)e 1
SR . , 1 "3
6 '
'bividing Al-18 by‘Al—lG:giGes: S
. . ) v
s A;:_lé;'s'(cl - XCB) e~ It
‘ : A + zA c, + zc4
c
: C, = — « C
. fcl - xg i 1 c4v 3.
“c. + zcC c, -
2 Cht —— .

an expre551on 11ke the’canonlcal‘

i)

(AL-15)

(A1-16)

©(A1-17)

(A1-18)

¢A1-19)
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14
a - =C,C5 ¥ ¢C,
| ~C3 |
€4
1 K
Al-18 becomes:
A
;A - XA* =' e-It o :
A+ zax ¥ ’ & (Al1-20)
' y
where S S
v _ - ,
. . ' o ///
- * . ‘ ;
3 (k_l+k3+12)Ao+k1A0 - ,
y o | — (a2
,_f(k_1+k3+>\l)A_o+k«1A0 )
Lo ‘ . o )
//
. | ,/'
Computer Program SGC - ‘ o . /

A~ computer program was wrltten to simuiéte the
51t%atlon 1llustrated by Scheme 3. The user is asked to

1nput the values of ‘the rate c0nstants, the initial

*The language used was Commodore BASIC V.2.

@
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conditions of A and A*, the duration of the experiment and

the sampllng interval. The user must then choose the

- equation 1n Wthh the calculated values of A and A* are to

be substituted. A "Y" input to the prompt "NORMAL pLOT?"

uses efuation Al-14 with K' = 1. A "N" input to the same

; prompt ‘followed by a "¥" input to the prompt "K' PLOI"

) . 1
Al1-20 (in natural log form). The program llstlng

'"y“*is entered 1n response to the second prompt

uses, equation Al-14 with K' = k”l/kl. Answerlng ’N to

o
[

both prompts g1ves output to the printer using equatlon

folloys. Note that the printer is the output devlce.klihe

values of A, A*, (A-A*)/(A+A*) and 1n((A- A*)/(A+A*)) are

prlnted out when "Y" is entered in response to'thenfir@t‘:f;n\gx
prompt A, A*' (A=K A*)/(A+A*) and ln((A—A*)/(A+A*)) when :

Uand A, A*

p(A~xA*)/(A+zA*) and 1In( (A-x A*)/(A+zA*)) otherw15e"_%The:

program is protected against calculatlng the logarlthm of

a negative number.
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i
sec - - S

100 PRINT"RATE CONETANTS: ©
105 INPUT"K1"§K1
110 INPUT*K-1"K0
120 INPUT®K2"3K2
130 INPUT®K3I ;K3
140 PRINT®INITIAL COND. "

150 INPUT®A *); A0
160 INPUT®AS *; 80
170 INMPUT"DURAT 10N® DU .

180 INPUT®TIME INC.IT7 - : .

185 INPUT"NORMAL PLOT " 8PS: IFBPS="Y"THENGPS="R": 8070190
186 INPUT®K® PLOT™; 8PS: IFEPS="Y"THEN190 . : .

190 OPENA, SYPRINTO4,CHRS (17) " SATE “ONGTANTS: “CHR$ (143) % K1 =7K1° K-1 ="KO*™
K2 = *K2* K3 =°K3 , N
192 PRINTOA,CHRS (17) “YNITIAL "ONDITIONS: “CHRS (1435 °. A ="A0" A% ="8B0O
194 PRINTS4:PRINTSS :

195 PRINTS4,CHRS (16) "O2TIME"CHRS (16) “17ACHRS (16) "I3A% ", :

196 IFSPS="R"THENPRINT®A4,CHRS (16) *44 (A-AS) / (A+AS) "1 180TO199
197 1FBPS="Y*"THENPRINT®4,CHRS (16) “43 (A-K"A%) / (A+AS) "§ 1 B0TO199
198 PRINTSA,CHRS (16) 41 (A—XAL) / (A+IAB) "y
199 PRINTS4,CHRS (16) "67LN"1PRINTS4 - : :

200 BK=- (KO+K1+K2+K3) : P
210 I=BOR (BK~2-48 (K18K3+HKOIK24+K28K3)) ;

220 U= (SK-1)/2iL2=(8K+12 /2 = : )

230 Cl1= (- (K1+K2+L2) SA0+KOEE0) / (~1)1C2=A0—C1 |
240 C3=(~ (KO+KS+_2) $80+K18A0) / (-1) 1 CA=B0—C3’

245 B0BUBHOO
250 FORT=OTODUSTEPIT
260 A=C1SEXP (L18T)+C28EXP (L287)

270 AS=C3SEXP(L187T)+CASEXP (L28T)
275 1IFEP$="R*"THENCN= (A—RS) / (A+AS) : B0T0290

276 IFSPS=~N"THENCN= (A-XX$AS) / (A+11%AS) 3 B0TD290
280. CN= (A— (KO/K1) BAB) / (A+AS)

290 PRINTSA, TCHRS (16) "11"ACHRS (16) "27"AS;CHRS (16) "43"CNy
300 - IFCN>OTHENPRINT@4 , CHRS (16) *S9°L06 (CN) 18070320
310 PRINTS®4 ‘

320 NEXTT ‘

500 CLOSEAs END : ;
600 XX= (- (K1+K2+L 1) 8A0+KOS50) / (~ (KO+KI+L 1) $B0+K18A0) . ~ :
610 ZZ=(-(K1+K2+L2) SRO+KOEE0) / ( (KOHKI+L2) $50-K18A0)

620 RETURN.
1000 OPEN1S, 8, 15: INPUT#15S, A%, Bs,CS, D81 PRINTASPSCSDS: CLOSELS



APPENDIX 2
ALGEBRAIC SOLUTION. OF SCHEME 5

A mathematical deséription is ﬁresénted here for
racemization and hydrolyéisfof a peptide with only one
chiral centre. This chiral centre is also the oné which
is racemizing. This sithafion is represented in Scheme 5.

Substrate peptide A can reversibiy férm intermediate
a. Intepmediate a can hydrolyze to the amiho'acid a.
simultaneoﬁsly, A, a and o are forming a racemic ‘mixture
with enantio&ers A*, a* and a¥*, respeqti?ely. Tﬁéfe‘is
mirror image hydrol?tic pathway-linking A*; a*'aﬁd a*
since there 1is only one chi;al centre, k1 = K_y+ k3 = k_3
and k5'= k_5.

The éohcehtratiohs of A, a and ¢ and the enantiomers
- A*, a* and ao* réspéttively can be obtained by the solution

of the f0110wing system of differentiélvequations.

Concentration brackets are left .out for clarity. .
da ¥(k +ko)A + KyA* +k_ ' ‘
t - 1¥K2 CRy A k.22 - (A2-1)
dA* ‘ . '
-a—t::—' = klA :- (kl""kz)A* + k_za* (A2"2)
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SCHEME 5
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da

t

It - koA - (k3+k_2+k4)a + kja* (A2-3)

da* d,A* + kaa = (kat+tk_o+K )a*‘ (A2-

92 q, 3 k3+k_gtky | A2-4)
% - k4?»"k5“ *+ kga* R fAZ’S’
Qo - E4a~ + ksa = ksat © (A2-6)

From A2-1 and A2-2:
.

‘e : : -

%E(A+A*0 = -k (A+A*) + k_p(a+a*) = (A2-7)

From A2-3 and A2-4: = C : f

%t(a+a*5 = ko (A+A*%) - (k_2+k4)(é+a*) (A2-8)

" The system of'linearwd$f§etential.equations.A257 and A2-8

is assumed to have the solution:

A+A* At

b,e (A2-9)

At

a+a* = bye (A2-10)

‘where by, by and A are cogstants.
>

Substituting A2-9 and A2-10 in A2-7 and A2-8, a non-



1

trivial solution occurs when: , .

v
*

(~Kp=h ) (=(K_g+kg)-A) = kak_p = 0
A o= (=(kp+k_p+kg) t4((k2+k_2+k4)2k-_§k2k4)1/2)/2
Let
Ay (4(§2+k_2+k4) = ((kgtk_p+kg) 2 = 4kokg)1/2)/2
and
- =f§—(k2+k12+k4) ¢ (lkyrk_grkg)? = akpk ) 1/2/2

[

The general solution to system A2-7 and ‘A2-8 is then:

ALt ‘Kot ' :
A+A* = c,e 1 + cye 2 (A2-11)
ALt Aot - . .
ata* = cjye 1" . c4€ 2 (A2-12),

where c) through c, are constants to be solved from the

-‘initial conditions:

’(A+A*)0 = C1+Cy ” | (A2-13)

286



(a+a*)g = 0

-

287

(A2-14)

By differentiating A2-11, setting the result at time

zero equal to A2-7 at time zero:
-k2f3+A*)o = )\lcl + szz

Solving A2-15 and A2-13:

'-(A+A')0

;kl ")\2

¢y = « (ka*r )

C2 = (A"‘A')O - Cl

By, éa similar route: ’
5 , A ) ]
*
o . k, (A+A%)
35 . = .
MR

o
€4 T €3

From A2-5 and A2-6:

%f(u+u*) = k4(a+a*)
Xlt kzt
e e
ata* = kgcaf; Y b+ c10

(A2-15)

(A2-16)



At t

@ !

a+a* = (A+A%), so that c)g = (A+A*) .

The solution A2-16 will fail when k, = k, and k_

Under these conditions, by inspection:

| -Kkot
(A+A*) = (A+A*)ge 2

From A2~-8 and A2-17

FAl

%F(a+a*) + k2(a+a*) = k2(A+A*)0e

A particular solution to A2-18 is:

~k,t*
(a+a*) = bte 2

‘szt "kzt

%%(a+a*) = -kzblte + bie

substituting in A2-18 and equating coefficients:
bl = kz(A"'A*)o
The general solution of A2—18 is:

~k,t
(a+a*) = (ky(A+A*)gt + cyle 2

o
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From A2-14:

Thus when k, = Kk, and k_, = 0:

S

. okt A2-19
(a+a*) = kz(A+A*)0te 2 (A2-19)

From A2-1 and A2-2:

Seia-ar) = S(2kp k) (A-AT) + kopla-a*)  (A2-20)
From A2-3 and A2-4:

Sela-a’) = ky(A-A*) = (2kyrk_p+ky)(a=a*) (A2-21)

<

The non-trivial solution to system A2-20 and A2-21

has Eigenvalues A g and », when:

)\4 = (szl + 12)

with



Loky = -(2k1+k2+k_2+2k3+k4)<

and
.

- 2 _ )y 1/2
1, = ((Zpki)? - 4(A4K k3+2K K g+ 2K kg+2kkyrkoky)) /

The general solution of tth;ystem A2-20 and A2-21 is

then:

A 3t A4t

A~A¥* = Cge .+ Ccge (A2-22)

Agt

a-a* = cqe 3t + Cge€
7 8 (A2-23)

where Cg through cg- are constants to be solved from the

initial conditions:

290

~
(A’A*)o = Cs + C6 ; : (A2-24)
(@a=a*)g = O ' - (A2-25)

From A2-20, the derivative of A2-22 and A2-24 and A2-25:

- —AX
s - (A-A )0
A37hy

. (2k1+32+k4)



A .
e, v
{')

¢ ’\' ™
& 291
cg = (A=A*)g - C5
{
From A2-21, the derivative of A2-23 and A2-24 and A2-25:
A
. k, (A-A )o
;= - .
M3hg
{
C8 - "G7
Hence
k. (A-AY) A -t At .
a-a* = —zx“i{—~9 (e 3 -e ) (A2-26)
3 4
From A2-5 and A2-6:
.
4 (g-a*) = -2kcla-a*) + kgla-a*)
gr:r @ - gla—a gla-a (A2-27)
substituting A2-26 in A2-27:
: At Aat
dotama*) + Zkglam*) = kge7e 3%~ kycqe
(A2-28)
A particular solution of A2-28 must be:
A 2t Aat
(a‘a*) = ble 3 + bze 4 (A2"29)



292

where bl and b2 are constants.

«

Differentiating A2-29 gives:

A gt

A qt
e g"g(a"a*) = )\Bble 3 + )\4b29 (A2"30)

Substituting A2-29 and Q2—30 in A2-28 and equating terms

Aat A at
in e 3 and e 4 gives: .
Y
1= e
)\3+2k5
j
~x,c. ¥
b, = — 4 1
5 =
K4+2k5
The general solution of A2-28 is: ,
L
-2ket kK €7 aat  K4C9 At :
a-a* = Cge STy S 3V . 2 4 (A2-31)
x3+2k5. x4—2k5 - .

From the ‘time zero condition A2-21:

]

1 1
cq =kscq{ - }
9 4~7
x4+2k5 x3+2k5
The solution A2-31 will fail when A3 = ~-2kg OF when

Mg = —2kge

When A3 = -2kg A2-28 becomes:



°© C &
L\ \ ' 293 "
" . -
% :
+ 2kgy = k4cHe - kycqe (A2-32)
. S : :
*. A particular solution of A2-32 is:
sl ’ ‘ '
e . "'2k5t )\4t
: y = byjte . + bye (A2-33)
4 :’)— w o
. T (/ oy
substituting| the derlvatlve of A2-33 and A2-33 1in A2-32
and equatin coeff1c1ants of e and e
A
e —k4c7
2 = 9
. 2k5+)\4
o J
The géneralxéolution of A2432‘ié therefore:
T T cem2kgt o KgCq Ayt '
Y5 (k4c7t + cyle - T e T
_ ' 5 74 .
At tol.a-d* = 0 so that '
. - k4c7,
a 2k5+x4
L )
. Thus when A3 = -2kg: e
e/, . . - . »
' LR
ket 4"
— k= 1 Y 5 - __.._____-e
a-a* = kgeql (04 o) © ko, (B34



”The solution of A2- 24 when K4$W7’2k5 is arrived at in a
{

similar manner. By analogy to'Az 34, this solution can be

written down:

)\ 3t ’ .Av:::'é"‘" ' , '\%b :‘?:'f’
- X = ._S__—-— - ”___.1____-'-
*Te kgeq! 2k +h 5 A >\3«f2k5)"€3

-2kct
>"}  (A2-35)

An algebraic:solution'of Scheme 5 is now complete.
)
) A computer program was wrltten to‘Simulate the
‘klnetlcs of Scheme 5 glven at the beglnnlng of this
appendlx, The user of the program is asked to 1nput
valueswa‘the rate constants, the,lnltlal‘condltlons of A
E

and A*, the duration of'the 51mulatlon and the sampllng
k

interval. The program generates the values of A, A* ay

a*, ar, a* the argument of the canonlcal expre551ons (e.qg.

- (A A*)/(A+A*)) equ1va1ent to (1- D/L)/(1+D/L) and the value

of the ‘canoniecal expres51ons. The program listing

cfol‘lows. Note that the printer is the ;output device. .

19

‘

*The language used was Commodore BASIC V.2.
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PRINT*RATE CONSTANTS: "

INPUT"KI*jK1

INPUT*K2° K2

IFK2=0THENPRINT*TRIVIAL CABE"31END

INPUT"K-2°§KO i

 INPUT *K3 "3 K3
INPUT K& ") K&

INPUT KS*jKS -
PRINT*INITIAL COND. "
INPUT"A  *3A0
INPUT*AS "3 80

INPUY "DURAT ION" § DU

- IMPUT"TIME INC. "3 IY
' DIMACINT (DU/IT)) - .
OPENG, 4: PRINTEA,CHRS (17) * ATE TONSTANTS: "CHRS (145) " K1 =°K1*

= *KO" K3 ==KJ
PRINTSA,CHRS (16)°17%3 "K4 ="K4" K35 ="KS ! o,
PRINTSA, DRC(I?)'?‘IYI& WITXMl "CHRe (145)" A ="R0"

: PRINT“IPRINTM

PRINTS4,CHRS (16) "02TIME"CHRS (16) ° 17ACHRS (16) '33“"‘
PRINTSA,CHRS (16) 41 (A-AS) / (A+AR) =}

PRINTS4,CHRS (16) "67LN"1 PRINTS4

62=- (2”(102‘.(3**20&0*0(4)

B1m— (KO+K24K4)

12=80R (52248 (43K SKCS+28K 1 KO+ 28K 1 8KA+28K28KI+K28KA) )
11=80R(51°2-43K28K4) .

L3=(62-12)/72: L 4=(82+12)/2

Li=(81-11)/2:1L2=(B1+411)/2

CS=— (28K 14+K2+L4) 8 (A0—-80) / (L3I-1. &) 1 C4= (AD—B0) -C3
C7=K28 (A0-BO) / (L3—L4) :1CB=-C7

IFKO=0ANDK2=K 4 THEN23S

Ci=—(a0+50)8 (K‘*L2) /7L1~.2) |C2-A0+80—C1 1C3I=K28 (A0+80) / (L1-1.2) : CA=—CJ

B0SUB4ASO

Fon*r-o*ropbsm.n

AN=ENAN.(T) :

AP=ENAP (T)

CN=AN/AP

A= (AP +AN) 721 AS= (AP—AN) /21 A (INT (T/1T) ) =A
PRINTSA, Taﬂsuu-n-m‘uu-27-As;unsuu-43-m-
IFCN>OTHENPRINTS4 , CHRS (16) "59"LO6 (CN) 3
PRINTS4: NEXTT: As="A" 3 PS$="A% " BOSUBA3O
FORT=1TTODUSTEPIT.

BN=FNBN (T)

 BP=FNBP (T)

DN=BN/BP

B=(BP+BN) /21 BS= (BP-BN) /21 l-lNT(T/IT)IA(I)-A(I)*B
PRINTSS, TCHRS (16) 1 "BCHRS (16) "27"BS; CHRS (16) "A43"DN;
IFDN)OTD-E"’RINT“ CHR$ (16) *39"L086 (DN)

PRINTOASNEXTT

IFKA=0THENSYS

At="AA" 1 BS="AAS "1 BOBUBA 30 i
CO=KASC78(1/(LA&+28KS) -1/ (LI+28K3))
FORT=1TTODUSTEPIT

BN=FNBN (T)

‘BP=FNBP (T)

HN=ON/GP

B= (GP+ON) /2:85=(BP-GN) /2: I=INT(T/IT) A1) =A(]) +6
PRINTSA, TCHRS (16) 11 "8CHRS (16) “27°08) CHRS (16) "43°HN;
IFHN>OTHENPRINTS4 ,CHRS (16) *S9°LO0B (HN) §

PRINTSA:NEXTT

AS ="B0

'

295

K2 ="K2*
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IS AG="" 'DW"‘*;IMSOI 1C=A0+80
800 m-ﬁr 1 A=A CINT(T/ITY)

405 H-XC-QIDl-(A-“)IIC ‘

410 nxu'ru.funoun-u-mun *27*AB}; CHRS (16) "43°CN}
413 xmnnaﬂllm’u.om(u) *99°L0B(CN) ¢

420 PRINTOA: NEXTT

425 PRINTOA: CLOBE 4 END

43S PRINTEA ,CHRS (16) 02T IME"CHR® (17)CHRS ( 16) "1 ASCHRS ( 16)"33°Bs;
440 PRINTES, CHRS{ 17)CHRS (16) 41 ("AS"="P8")/ ("AS"+"B8") *CHRS (143) 3
445 PRINTSA, CHRE(16) *67LN" s PRINTS4: RETURN ' ‘
430 m(f)-ﬁlﬁlP(LSlT)ﬁulE!P(LO'T)
43S W(T)-C!CEXP(L!lT)OQlE!P(LZ!T)

460 (T)=CT7SEXP (L3ST) +COSEXP (LAST)

465 T)=CISEXP(L18T) SCASEXP(L2ST)

470 ;T ) =COSEXP (-28KS8T) +KASCTS (EXP (L3$T) 7 (L3+28K3) —EXP(LAST) 7 (L&+28KS))
475 DEFW™ T) =KASC3S (EXP(L18T) /L1-EXPL28T) /L2) +R0+S0

490 IFADS (L3+28K3) (.IE-QW (T)=KASCT7B ((To2/ (28KS+.4) ) SEXP (-28K38T) ~EXP (LA
8T) 7 (28KS+LA)) :

485 IFABS (LA+28KS) < 1E-A THENDEFFNEN (T) =K&SC78 (EXP (L38T) / (2OKSHLS) - (T+17 (LI+23KS))
SEXP (-28KS8T)) , R , 7
490 1FKO>00RK2< XXATHENRETURN

. 49 DEFFNAP (T) = (A0+80) SEXP (—K28T)

500 DEFFNBP (T)=K28 (A0+BO) STSEXP (~K287)

505 W(T)-(M)t(;—(xzuﬂnsm-«z:n)

510 RETURN '

%15 OPEN1S,®,13: lmoxs.n.n.m.mnmxmmm‘m-cx.ot:ssm

[



R A RN OO 5

.‘ﬁ

- ‘APPENDIX 3
ALGEBRAIC SOLUTION OF SCHEME 6

A mathematical description 1is Qresented here fbf
racemization and irreversible hydrolysi; of a peptide
conéaining two epimerizing chiral centres. Thé peptide
AB, where A and B denote the chiral centres, can undergo
epimerization to diastereomers A*RB, AB* and A*B*, where A*!
and B* are the.enantiémers of A and B fespecfively.
Aésuming that epimerization occurs at one centre at a time
and that hydrolysis and eplmer1zatlon are . 1ndependent »
processes, the process of eplmerlzatlon and hydrolysis can

be illustrated by the following scheme:

kg y
y K, |
AB :—_::_—_’ A'B
'-——'-‘i A'B’
N
kg 3 K,
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,“
| L
Since AB and A*B* are enantiomers and '‘A*B and AB* are

glso enantiomers: kg = kgr kg ='k6, kg = Ky koy = k_yo
kg = ké and k_4 = koo The kinetic scheme can be-

simplified (Scheme 6).

. . "
SCHEME 6

To simplify the'algebraic statements, let A be the
sum of the concentrations of those species which contain

centre A and not A*:

—

A = AB + AB*  (A3-1)

Similarly
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A* = A*B + A*B* | (A3-2)
B = A*B + A*B (A3-3)
B* = .AB* + A*B* (A3-4).

Concentration brackets are left off for clarity. Scheme 6

is represented by the following set of differential

o

&gqitions:
qERB = KahBY ¢ k‘lg*g B “‘1"“—2*“<_=,)vAB | (A3—53 |
%fAfB = klAB + k_zA*B* = ‘k-l+k2+k6)A*§- (A3-6)
4 _ap* = k_,AB + k)A*B* - (k-l+K2fk6)ABf (A3-§)

giA*B* = k_lAB* + kZA*B '(k1+k_2+k5)A*B* (A3-8)
. This system of linear differential equations can be
solved directly but the algebra can’ 'be simplified by
1. .
combining the variables to prodpce;two systems of two
variables each. 'Hence:

!

/

%F(A-A*) = —(2k_y+kg) (AB*=A*B) - (2k)+kg) (AB-A*B*)
(A3-9)

From A3-1 through‘A3—4:
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AB*-A*B = ((A-A*) - (B-B*))/2 (A3-10)
| N .
and .
il
AB-A*B* = ((A-A*) + (B-B*))/2 (A3-11)
Substituting A3-10 and A3-11 in A3-9 gives:
k_+k ky K
d _ 6" 5 65
a—t—(A—A*) = "(kl+k_1+———T)(A-A*) + (k-l-kl+——2-_)_(B€B*)
o o I | (A3-12).
Similarly
d_(B-B*) = (2K +kg) (AB*-A*B) = (2k_p+ks) (AB-A*BY)
. k.-k ’ Ko+Kke o
m (kgmkogt—S2) (A-A%) = (Kptk_p+—23—2)(B-B*)
(A3-13)
Let
- -
‘ { k _+k -
_ : 6 5
W = k1+k_l + 5
k, -k
_ 6 5
X '.k_l"kl + 2 .

(A3-14)

QQ\JV
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Y = kz"‘k_z + 2

2z =

Suppose that

and

'is a solution to A3-12

Substitution of A3-15,

13 gives:

lCle

‘

At At o oAt
ACcqp€ = YCle Zcze

At

A-A* = cjett (A3-15)

\t (A3-16)

B-B* = Cze

and A3-13.

A3-16 and A3-14 into A3-12 and A3-

= -—v«clekt + Xczekt

A non-trivial solution exists only when

A+W

A+2
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Therefore:
N = (~(W+2) & ((We2)2 - a(wz-xy))1/2y/2

The general solution to system A3-12 and A3-13 is:

! ’ . L

i - C=(W+Z~-
A-A* =.clexp{—iﬂigill}t + C3exp{—Lﬂ'§~ll}t (A3-17)

-(W+2-1

(ZUZr D e 4 cexp( LT e (a3-18)

B-B* = c,exp

where 1 = ((w+Z)2 - 4(WZ—XY))1/2.-
»

With a solution for A+A*, the mathematical solution

of Scheme 6 can be expressed in a canonical form. For

1

A+A*:

%Y(A+A*) -kG(AB*+A*B) -:kS(ABfA*B*)

k6+k5 k6-k5

= '(*”7——)(A+A*) + 3

(AB+A*B* - AB*~A*B)

(A3-19)

G_(AB+A*B* - AB*-A*B) = (2k_;+2k,+Kg) (AB*+A*B) -
de o X-174%27%6 ,

~(2k1+gk_2+k5)(AB+AfB*)
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k .~k k

6 5
2 )(A+A*) - (k‘l—k1+k2—k‘2+

+k
2

6 5

= (koy=kytky~k_o* )

(AB+A*B* - AB*+A*B) ) ' (A3=-20)

A3-19 and A3-20 form énother‘system of linear differential
equations which can be solved in the same manner as

before.

Let

Q
I

= (kg+ke /2

(k6°k5)/2

el
I

S = k_l—k1+k2—k_2 + R
iy

Then the solution of A3-19 and A3-20 is:

.
~

CA+A* = caexp{:igi%lil' ot} o+ cbexp{:Lgi%l:l' .t}

(A3-21)
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B+A*B* - AB*-A*B =

(Q+T)+1°

- -(Q+T)-1"

> t} + cgexp{ 3

o / : (A3-22)

where 1' = ((Q+T)2 - 4(QT-SR))1/2,

Cohstants,cl through c, and c, through cy4 can be
determined from the initial conditions: Ags the initial
D/L ratio for ihé A‘centré; By, the initial D/L ratio for
~the B centre; Ry, the initial ratio of diastereomers
(AB+A*B*)/(AB*+A*B);'IO, the initial total cdncéntration
of peptide.

From these definitions the initial concentrations of

b,
Ry
LN

"each of the diastereomers can be calculated.

A*BO = I5(Bg/(Bg+l) = Ry
A*Bf = Ig/(Ag+l) - A*Bg
(A3-23)

AB§ = 15/(1-Rg) - A*By - A*Bj

ABO = IOL" A*BO - A*Ba - A86



By employing the definitions in A3-1 through A3-4 and

substituting A3-23, values of (APA*)O, (B-B*) g (A+A*)

and (AB+A*B*—A*B-AB*)0 are obtained,

From A3-12 and the derivative of A3-17 at .time zero:

c3 = (-W(A-A*)g + X(B-B*)g - (-W-Z+I)(A-A*)y/2)/(-1)
(A3-24)
cy = (A-A%)gy - cj (A3-25)

From A3-13 and the derivative of A3-18 at time zero:

Y

\

cqg = (Y(A=A%)y + 2(B-B¥)g = (-W~2+1)(B-B*)y/2)/(~I)

Similarly

and A3-22

Cb=

(A3-26)

C2'.= (B-B*)O - C4 . | ‘(A3"27)
1

from A3-19, A3-20 and the derivatives of A3-21

at time zero:
/
(;9(A+A*)0 + R(ABO+At35-A*B+A*B*)O -

(~Q-T+1') (A+A*) o/2))/(-1") (A3-28)

Cy = (R+A*)y - cp’ ’ (A3-29)

305



Cqg = (S(A+A*)O —'T(AB+A*B*-A*B—AB*)0 -

13

(Q=TX+I") (AB+A*B*-A*B-AB*)y/2)/(-1") (A3-30)

Cc = (AB+A*B*-A*B-AB*), - cy4 (A3=31)

[

Conditions for Asymmetric Induction

-

Asymmetric inductiqn occurs, for example, when
starting from excegs A or B, the course of the reaction
&bﬁ{d‘lead to an excess of A* or B* at some time. Suppose
that excess é* is produced, The necessary condition is

that A-A* = 0 for some positive time tz. From equation

A3-=17 this occurs when:

1. cl—f
tz = 1 ln( ¢ ) (A3-32)
) .
~where f = (AB+AB*-A*B-A*B*)(.
For positive real tz
c,-f ~
1 1
Tln( C1)>O

By definition I > 0 so that:

306
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Since f > 0 when starting with excess A:

c, <0 | (A3-33)

' "'__‘ %3 ,. ": w oo
The algebra is simplified.considerably if it is

Aassumed that the experlment beglns with pure AB and that

AB = 1. Presumably, the condltlons for asymmetrlc
1nduct1on wlll ‘not be affected when AB £ 1l

-From equatlon A3—24.
©p = (~(2ky+ks) + (W+2+1)/2) /(1)

From A3-33

’ W+Z+1 '

12 ¢ (2(2k,+kg) - (W+2))?

XY-WZ < (2kp+kg)2 = (2ky+kg) (WHZ) . (A3-34)

‘Eipanding XY-WZ and simplifying with the aid of the®

microscopic reversibility condition kjk, =-k_1k_p gives:
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XY-WZ ,“= "4k_lk_2 - k_lks - klk6 - k2k5 - k_2k6 - k5k6
(A3-35)

Expanding thg rigpt—hand side of.A3—34 give§
(2K1+;5)2J; (2ki+k5)(w4z) = |
- | | . £§F
2k}2jg135 - 2k k_ -‘2k_1ﬁ_2}— 251k;2'- 2k kg' = k_jkg
+ kokg - kogks = kske (A3-36)
Sgbstituting‘AB—BG aﬁd A3-35 in A3—34‘givés
d~§ ék_ik_2+zk§§2k_1k1-2klk_z-klk6+g_2k6+glk5-k_2k5
e 2(kl—k_2)(k_lfk1)’2 kl—k_z)(gs—kG)
Which yields the solutions:
ky > kp and kg—kg > 2(k_1-k}) '(A3—373
or
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Loy

It can be shown which of the inequalities A3-37 and A3-38

is true. Frbom A3f33:

-2(2k +kg) + W+Z+I < O (A3-39)

S

Since I > 0 and after substituting for W and Z in A3-39:
e

. 3kl-k_1“k2"k_2 + ks“kG > 0 ‘ (A3-—40)

Inequality A3-37 can be written as

v

ki-k_) + kKy—k_1 + kg=kg > 0, Kk > k_p  (A3-41)

Q
Fromvmicroscopic reversibility:
. ‘ S
1=
k2

Substituting into kl > k_, gives:

o, &

@ }$ > kg

"k2 > ‘k_l

i '
ki‘kz > klo-k_l
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Substituting into A3-41 gives:
(ky=k_y) + (ky-kp) + (ks=kg) > 0
Since‘
kq >'k_2, ky=k_p > 0 and (kj-k_j) . (ky=kp) + (kyj=k_p) +

. 3ky = koymkopmkp + (kgokg) > 0 (A3-42)

which is the original condition for c; < 0, A3-40.

Rearranging inequality A3—3§igiveS:

L
oL,

Since kj < K_oy microscopic reversibility gives:

ko) < kg

and

' k_1-kp < O



By

Substituting this and kj-k_, < 0 in A3-43 gives:

3kl—k_1"k_2'k2 + ks“kG < 0

‘contrary to inequality A3-40.

Thus to get asymmetric induction in A (zero crossing

"in A-A*, or A*/A > 1) the following inequality must be

satisfied:

7
L kg-kg > 2(k_j-kj) and k; > k_y (A3-44)

e

. The condition for zero crossing in B-B* (asymmetric
induction at the B centre) is a mirfor image case of that

for the A centre.

Thus )
c, —-f
1 2
tz = 7 In(—z—) (A3-45)
2 !
c, < 0 when ABy = 1, AB§ = A*By = A*Bf = O .
Going through the same algebra leads to:
kg=kg > 2(ky=k_p) and k_p > kj - (A3-46)

or

311
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kg-kg < 2(ky-k_p) and kl >'k_2 ~ (A3-47)
Again, it is possible to find out which of A3-45 and
A3-46 is true. From the condition for asymmetric
induction of the B centre: ' - B '
€2 <0 A
Substituting'for Cyt
-(2k_2+k;; + Ei%if/é 9
3k_g-ky-k_j-ky -+ ks-kg >”0 (A3-48)
A3-45 leads to‘(aftgr using microsc;pic‘reversibility):
Q;. ' 3k_2-kl-k_g-k2 + kg-kg > O
whereaslA3-4§ leads.tq:
3k_o-ky-k_j-ky + kg=kg < O
Theretore A3-46 is contrary to the original condition for
asymmetric ihduction.' Hence for asymmetric induction at

the B centre the'following inequality must be obeyed:
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ks-k6 > 2(k2“‘k_2)\r k_z > kl ‘ (A3"49) '

It is noteworthy that A3-44 and A3-49 are
contradictory statements.'~This means that it is not
possible to observe asymmetr1c 1nduct10n at ‘both. centres

in the same exper1ment (as intuition would predlct)

potential for Oscillating Solutions

o

“Intuitively, it seems clear that' there would be no
solutions of A-A* or B-B* whose graph would appear as

follows:

time

This can be proved. Such solutions would occur when 12 <

0. For this to be the case, from‘A3—18:
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(W+2)2 - 4(WZ-XY) < 0 ~ (A3-50)

After expanding ‘and simplifying again with the aid of the
microscopic revéréibility Eondition kiky = k_jk_, A3-50
becomes

X

&

Since
' ) 2
then v ) : i
(ki—k_z)(k_l—kz)_< p
so that
or
ky-k_p < 0 and k_j=ky > 0 (A3=52)

From A3-51 suppose that:
kl"k_z > 0

From microscopic reversibility substituting for ki,
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Ko1k-2 > k_y .
k2 -
koy > ko

contrary to the second part of A3-51.
From A3-52 suppose that:

From microscopic reversibility stabilitQ for ki,

k_lk_2 < x
-2
k2
k-l < 32

contrary to the second part of A3-52.
Therefore (and as a result of microscopic
reversibility) there can be no oscillating solutions to

A-A* or B-B*.

Computer Program RACSIM

. ) P * K .
A computer program was written to simulate the

*The language used was Commodore BASIC V.2.
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situation illustrated by Scheme 6. The user is asked to

input the number of decimal places to be displayed (for 5 .
more readable screen output), the values of the rate
conStant§ (k_g is calculatéd by the program as k_, =
klkz/k_l),'the_initial values of A*/A and B*/B, the
‘initial ratio of diastereomers, (AB+AB*)/(A*B+A*B*) (the
program calculates the range of possible vaiues), the |
duration of the simulation and the sampling interval. Tﬁe
pfogram determines if there is zero crossing of A-A* or
B-B* (asymmetric induction) from the conditions for
ésymmetric iﬁduction (A3-44 and A3-49) and determines
YW@E& it is (A3-32 and’A3r45); The minimum in A-A* or
B-B* is also calculated (from D, (A-A*) = 0 or Dy (B-B*) =
0). The values output to the screen are (A-A*)/(A+A*),
(B-B*)/(B+B*), their natural logéritth‘(if defined) and
the values of AB, AB*, A*B. and A*B*. The program listing

follows.
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rRACSIM

5 PRINTCHRS (147) ) 1 FORI=1TOA:PRINTCHRS (29) j 1 MEXT1 PRINT"SIMULATION OF -
1FORI=1T06: PRINTCHRS (29) j s NEXT

6 PRINT"TWO CENTER® .me-nos.mxmcutuzv).ncxnmxu‘r~knca-|xzmxm-
7 FORI=1TOS:PRINTCHRS (29) j sNEXTIPRINT"AND HYDROLYSI1S*

9 PRINT:PRINT"DECIMAL PLACES”: INPUTPLi1PRINTCHRS (147)

10 80SUB1000 ’

22 BOSUB200: GOTO3O0

30 OPs="":1 INPUT"ANOTHER RUN (Y/N)";0Ps

40 IFDP®="Y* THENRUN

100 END

200 FORT=OTODSTEPITsPRINTCHRS (147) 3 1RENM OUTPUT TO BCREEN

210 BOSUB900

220 NU=AM: BOSUBP000: PRINT"A-AS= “Ns

230 NU=AP: BOSUBY000: PRINT"A+At= “"N$:PRINT""

232 NU=AM/AP1 BOSUBY000: PRINT™ (A-A8) / (A+A8) =" 1 PRINTNS

235 1FAM<=OTHENPRINT:80T0D252

240 PRINT®LN((A-AS) /A+AS) ) ="

250 NU=L0G (AM/AP) : BOSUBFO00: PRINTNS : PRINT

252 NU=BM: BOSUR9000: PRINT"B-B3= “Ns

2%4 NU=BM/AP:GOSUBY000: PRINT" (B-B#) / (B+B8) =" 1 PRINTNS

255 1FBM< =OTHENPRINT: B0T0D300

256 PRINT"LN( (B-BS)/ (B+Bs) ="

258 NU=L0G (BM/AP) 1 BOSUBF000: PRINTNS : PRINT

300 D$(1)="[ABl= "sDS(2)="[ABRI= ;D (3)="[AsBl= “iDs(4)="[ASBI]I= -
305 FORJ=1TO4:PRINTDS (J) ;s NU=D (J) 1 BOSUB0OO1 PRINTNS 1 NEXTJ

310 PRINTI1PRINT"TIME =~7T

318 PRINT"PRESS ANY KEY*

320 BETAS: IFAS=""THEN320

330 NEXT '

350 RETURN

900 AM=CI1REXP ( (—W—2+41)/28T)+C3SSEXP ((~4-I-1)/28T)

905 BM=C28EXP ( (~W—2+1) /28T) +CASEXP ( (~W-2-1) /23T)

910 AP=CASEXP ( (—@~TX+IP)/28T) +CBSEXP ( (—Q-TX-1P) /28T)

912 DM=CCIEXP ((—O-TX+IP)/23T) +CDSEXP ( (~O-TX-IP) /28T)

914 D(1)=(AM+BM+AP+DM) /41D (2) = (AM+AP-BIM-DM) /41D (4) = (AP+DM—AN-BM) / 4
1D (3) = (—AM+AP+ BM—~DM) /4 -

915 FORJ=1TO4: IFD (J)<1E~STHEND (J) =01 NEXT
920 RETURN '
1000 PRINT"K1= "3 INPUTP1 s
1015 PRINT*K-1= =3 INPUTN] '
1020 PRINT"K2= *3 INPUTP2 .

1025 M2=P18P2/M1

1030 PRINT*KS= *3 INPUTKS

1035 PRINT*K6= *3 INPUTKS -
1040 PRINT~TIME INCREMENT"

1041 INPUTIT.

1045 PRINT"DURATION OF EXPERIMENT™; INPUTD
1050 D= (K6+KS) /2

1070 R=(K6~KS) /2

1080 S=m1—P1+P2—M2+R

1090 TX=M1+P1+P2+M2+Q

1100 IP=SOR ((Q+TX)~2-43 (STX-BR) )

1120 W=P1+M140
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Xl 1R
Y=P2-H2+R
I=P2+M2+0 .
I~B0R ( (W+2) ~2-48 (WE2-XEY) )3 IFI=OTHENPRINT " TRIVIAL SOLUTION®3s END
REM CALCULATION OF PRE-EXPONENTIAL CONSTANTS

B0BUBS000

1FD2< OORD3<OORDA<OTHENPRINT “BAD INITIAL VALUES®:80T01210
11=D1+D2-D3~D41: 272=D1+D3~D2-D4s 23=D1+D2+D3I+D4: Z4=D1+D4-D2-D3
IS=—WEZ1+X8721 16=YE21-I822s 27=(-M-1+1)/2

I8=8373-TXSZ43 I9= (-Q—TX+IP) /23 I0=—QSII+RIZA ~
C3=(Z1827-2%) /11C1=21-C31CA=(22327-16)./11C2»212—CA

CD= (Z4829-28) / IP1CCm24-CDs CB= (Z3829-20) / IP1CA=13-CB

PRINT="

L IF (P1>M2) AND ( (K5—K6) > (28 (M1—-P1))) THENBOSUB20001 80701320

xnnzwnmnuxs—xe)>(2t(92-n2)))mammxeormszo

PRINT*NO ZERO CROSSING"

PRINT"PRESS ANY KEY"

Pe="", BETPS: IFBe=""THEN1322

RETURN

PRINT"ZERD CROSSING IN A—-Ag":1F=0

PRINT"TZ -“|xw-LCl'-j(.(Ci—Zl)/cl)/waSUB%OO:PRXNTNtl&)SUBAOOO
RETURN

PRINT*ZERDO CROSSING IN B-B8":1F=})

PRINT"TZ --;zm-Lm;((u-zz)/m)/xxmumxm:m
RETURN ,
CS-C:S:C&-CI:IFF-lﬂEM:CMZ:MM(CS!(WI*!)/(C&‘(—ﬂ-Z*I)))/I
TH=L06 (CS8 (W+Z+1) /7 (CHR(—W—T+1))) /1

SD= (C18 (~W—2+1)~28EXP ({—W-2+1) /28T +CIE(—W-Z-1)~2BEXP ( (—W—2-1)/28TH)) /4
AS="MIN. "5 IFSDCOTHENAS="MAX. '

PRINT""As~ AT TIME”:NU=TM: BOBUBF000s PRINTNS

RETURN

INPUT”INITIAL D/L FOR A"jAl: IFAICOTHENSOOO

INPUT=INITIAL D/L FOR B=;BI: IFBICOTHENSOO1
AA=(AT+1)8(BI+1) 1 BB=AI+BI: IFAI=0ANDBI=OTHENSO14

PRINT*RATIO OF DIASTEREOMERSAY TIME ZERO MUST BE BREATER THAN “1PRINT
CC=AA/ (BB+2) 1 IF (AA/ (BB+28A18B1)) >XCCTHENCC=AA/ (BB+23A18B1)
PrINTCC1PRINT

IFAI=BI THENSO12 :

PRINT=AND LESS THAN" 1 PRINTABS ( ((AI+1)8(BI+1))/ (AI-B1)) s PRINT
INPUT"RAT10"; RD1 PRINT :

INPUT*INITIAL CONC."jIC

1IFAI =OANDB I =O THEND 1 = 1C: D2=0: D3=0: D4=0; BOTOS026
Di=I1C8(1/CAI+1)+1/(BI+1)-(1/RD)) /2

D2=-1C8(1/(Bl1+1)-(1/RD))+D1 ‘

DA=1C/RD-D2 )

D3=1C-D1-D2-D4

PRINT:PRINT=AB = =D1

PRINT"ABS = "D2 , 3
PRINT"ASBS = *"D3

PRINT"ASB = D4

PRINT*TOTAL CONC. = "D14D2+D3+DA

, INPUT"OK Y/N";0KS

IFOKS< >* Y " THENSO0O00

RETURN -

NS=STRS (NU) s SGS=LEF TS (NS, 1) 1NS=MIDS (NS, 2, LEN (NS) —1) sL=LEN(NS) sEXS=" -
IFPL=OTHENPL =4

IFPH=PL THEN90OSO0
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310
9529
9330
9540
9630
9652
9634
9656
9638
9659
9660
270
9680

319

PL=PL 420 Pre=PL .

28=" " FORC=1TOPL-21 Z8=28+"0" s NEXT

IFL >4 THENRS=R18HTS (N$, 4) s IFLEF TS (Rs, 1) = "E"THENEXS=RS: L=l —43sNO=LEFTS (NS, L)
IFL=1THENNS=NS+" . "+19:80T0Y180

IFEXSC>" *"THENY130

DPw={ +1

FORC=1TOL~1

IFNIDS (NS, C, 1)=", “THENDP=C: Cml-1

IFDP=2THEN9130

1FDP=1 THENE X=0: B0BUB96303 BOTO91 30

1FDP <L THENE X wDP~- 21 B0SUB93001 80709150
NS=N$+", 0" 1L=LEN (NS) 1 DP=l_—11 EX=DP-2: B08UB9300 -~
IFL >=PLTHEN?170

BL®="" FORC=_+1TOPL1BLS=BLS+"0" 1 NEXT1 NS=NS+BLS

IFL>PL S (Ns,PL)

NS=SGS+Ne+" “+EXS$ N
RETURN :

EXS=ETRS (EX) s EXS=MIDS (EXS,2,LEN(EXS)-1)

IFLEN (EX$) =2THENE X$="E+"EX$1 80709530

EXs="E+O"+EXS .

NS=LEFTS (NS, 1)+, "+MIDS (N$,2,DP-2) +HIDs (NS, DP+1,L~DP) tL=LEN(NS)
RETURN :

FORC=1TOL -1

IFMIDS (NS, C+1,1) <> "O"THENEX=Cs C=l ~1

NEXT

EXS=STRS (EX) sEXS=MIDS (EXS, 2, LEN(EXS$)-1)
IFLEN(EXS) =2THENE X$="E—"+EX$1 807096460

EXS="E-O"+EXS$ -
IFEX=L~1THENNS»RIBHTS (NS, 1) +~. “+I8: L =LEN(NS) : RETURN
NS=MIDS (NS, EX+1,1)+°. "+MIDS (NS, EX+2,L —EX-1) s L=LEN(N$)
RETURN

10000 OPEN1S5,B, 15: INPUT®#1S, A',B‘,Ci,D‘éPRINTAO,Bl,CC.D':CLOSElS



APPENDIX 4
NUMERICAL SOLUTION OF SCHEMES 6, 7 AND 8

.Scheme 7 shows the more general situation of a
peptide containing two epimerizing centres undergoing
competitive hydrolysis. There is onevspecies at each
vertex of Scheme 7. The top plane contains the substrate
peptides di;stereomers BB, Aé*, A*B and A*B*
interconverting as in Scheme 6. The substrate can

hydrolyze irreversibly to a second set of interconverting

A*B' and A*B*'.

interconverting diastereomers AB", AB*"} A*B" and A*B*" 1in
the bottow plane of Scheme 7. This hypothetical situation
was designed to model a peptide with two epimeriiing
’centres which hydrolyzes irreversibly to the
diketOpiperazine containing two chiral ceﬁtres. The
diketopiperazine is 1in equilibrium with the‘correSponding
dipeptide.

A ‘similar situation is depicted in Scheme 8. Here,
. the species in the topmost‘plane are interconverting with

the corresponding species in the middle plane. The

diastereomers in the middle plane hydrolyze irreversibly
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to the species in the bottom plane. The situation is
designed to model the peptide with two epimerizing chiral

centres which can form some intermediate (the species in

the middle plane) by internal aminolysis. This is

followed by cleavage to the diketopipefazine{containing

the chiral centres (Figure 4).

The algégrbiclé@ﬁgﬁﬁon of the set of 12 differential
o - ®ABY Q’;,x-.'au

equations cor:es@i”@& i2/t0 the above 12 species was

avoided by persuing a numerical solution. Figure 67 gives

the matrix representation of the situation depicted in

‘Scheme 7. Figure 68 shows the equations for the situation

given by Scheme 8. As in Appendix 3, it is assumed that

PSR
AR}

epimerization can occur at only .one \centre at a time and

that epimerization and hydrolysis ar independent

" processes.

s . -
5 5

-« 'Three other kinetic schemes can be' solved by the

method given in this appendix. Scheme 11 shows two planes

Connecped@by hydrolytic pathways. As shown here;_thé
hydrolysis is reversible. This scheme represents'the case
where‘a dipeptide 1s interconverting with the
corresponding diketépiperazine. - The process of ring
clééure may beiirreversible; This ‘is depicted in Scheme
lé. fhé simplest case shéwn in S;heme'l3.15 identical to
the 51tu§t}on\désCribed algebraicaliy in Appendix 3 with

only one set of diastereomers undergoing irreversible
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\
hydrolysis.
The set of aifferential equations cotresponding'to
y of the above schemes can be solved in the same way.
The Elgenvalues of a matrix A (e.g. blgure 67) can be
found by flndlng the characteristic polynomlal and
calculating the roots. The coefficients ot the
chéracteristic polynomiai are determined by the Fadeev-

LeVerriefllo method in which the n” coefficients p; of the

characteristic. polynomial
(-1)n(xn_pl)\n_1---o-pn)\0 ) = 0

are determined by:

tan
By = A; p) = »,
»
‘ - . tr82
B, = A(Bi-pll); Py = 73
: < tan
B, = A(By_) - Ppn-) 1)i Pn ® T4

where A is the matrix of coefficients for the'n

differential equations (Figure 67), trB is the trace of B

'n is the number of species in the model, 4, 8 oOr 12.



and I is the identity matrix,
‘The Eigenvalues are determined by finding the roots
of the characteristic polynomial by the Newton-Raphson
method. Once the Eigenvalue is determined, the
characqaristic polynomial is factored to a-smaller
: :
polynomial by synthetic division.,l1l

The Eigendector X corresponding to Eigenvalué A is

found by *substituting » into the characteristic equation:

(A -\I)X =0

The coefficients of the Eigenvector X are obtained by
reducing the resulting matrix by the Gauss-Jordan

elimination proCedure.llO o

The Eigenvectors are assembled in a matrix such that
R .

the components of each column are the elements of one
Eigenvector. The value of a species X; can be calculated

»

at any time t by the use of equation A4-1: -

At Aot A pt

X; = cyej;© + Coe e + ... * Cpheipe (A4-1)

where species X; uses the ith row of a matrix B consisting

"of elements like: ’ ' )

oz c.e:.e ) .
1) Jelje (A4-2)
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where cj...cy are the coefficients to be determined and
€{)---€jpn are the elements‘of one row of the matrix of
Eigenvectors.

The n unknown coefficients can be found according to:

I

Xg = c1ej] * €282 + ..t cneén ' (A4-3)

where X is the concentration of species X at time zero.

k3

.

‘Usually the n equations }ike A4-3 are sufficient to
determine c; through cg. Depending on the values of the
rate constants, some of the n equationé may not 'be
independent. n more equations can be obtained by
differentiating A4-1 and settiné the result equal to a row
of matrix A 1in Figure 67 at time zero.

dX
(9%

= XxyCc€51 * A2Co€i9 +. e * ApCnR€in AA4~-4)
where lethrough'xz are the Eigenvalues determined
previously. Once n independent-equations are chosen,
coefficlients c; to Cg can be calcula;ed(by reducing the
matrix formed by n eguations like Ad4-1] and A4-2 using
Gauésian elimination;

Under certain circumstances, this method of solving a

system of differential equations will fail. The source of



the problem is with the number of significant figures
which are being‘used tor calchlation purposes. Since most
~computers are capable of handling 9 or 10 significant
figures, it would seem that this should not present any
difficulty. However, two considerations are important.
First, the time needed to calculate a figure to one part
Nin 102 or 1010 may be prohibitively long. Second, this
kind of precision may not be possible to achieve because

f round-off efror.

These problems were encountered in the computer
~simulations using t%e me thod outlinedvabove. The Newton-
Raphson method for determining the roots of a polynomial
in general converyes guite rapidly for p . s»mials as high
as eighth order, but 1s remarkably slow . twelfth order
polynomials. The twelfth order polynomial used for the
simulations typically has its roots within a very small
rangé of ». Thus, the derivative of the polynomial has a
value of nea:ly zero in this range resulting 1n poor
convergence. Over 1000 iterations of the Newton-Raphson
. method was typical for accuracy of one part.in 10°. The
t}me taken to arrive at a solution can be minimized by
reducing the desired precision or‘by choosing a better
first guess. Sirice it 1s difficult to know a priori where
the roots will be, tﬁe former alternative is preferred.

However, while good approximations of the roots may
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be found, the inaccuracy of the gigenvalues is compounded
in the metYhod for determining the Eigenvectors. In this
‘method it is necessary that the\value of some of- the
elements in tﬁe array used to calculate thepﬁigenvectors
be exactly zero. Because of round-off error, elements
whose apsolute value'is sma%%er than a-preset emall number
g are set to zero. If c‘isv;Qo small, rarray elements
which should be zero will not be set to zero. I1f ¢ is too
large, elements which should not be zero will be set to
zero. In elther case; the Elgenvector cannot be
determined. 1If a value of ¢ cannot be found so that the
Eigenvector caa be determined, a more‘accurate Elgenvalue
mQSt'be supplied. It appears that the round—off,error
intrinsic to the solution of the 127 x i2 matrix -used to

1

find the twelve Elgenvectors demands a High degree of

pre0151on in the roots of the characterlst1c polynomlal

Computer Programs TLSA and TLSB
7
b *
Program TLSA was written

- ~ -
4 Ak

51tuat10ns given 1in Schemes 8 through 11.‘
R .

_@, [ .

Throughout the. program, the user 1s§ashed to 1ngut

certain values. The first prompt "# VAR A

-

*Language used was Commodore BASIC V.2.



requires the user to sélect the scheme to be used. Input
4, 8 or 12 for Scheme 13, 11 or 12, 7 or 8 respectively.
The next prompt "REVERSIBLE¥ or IRREVERSIBLE HYDROLYSIS"
occurs if 8 has been entered for the first prompt and
selects Scheme 11 if "R" is input or Scheme 12 if "I" is
idput’ |

The’prograw will prompt the user for the values of
thevrate constants.* koo is calculated (likewise for k!,

and k!',) from the relationship:

k-

If Scheme 8 or 9 is selected, kle is calculated by:

3 _kgkakls
- T Ll L]
kakIoks

k-2

Note that if Scheme 11 is chosen, .fhe matrix of
3 h .
coefficients to be solved igs %ﬁde up of the element
forming the 8 x 8 matrix in the bottom right-hand corner

of Eigure 67. Similarly, the' 4 x 4 matrix in the top

In simulations involving more than 4 variables, as a
rule of thumb the user should restrict the values of the
rate constants to the range 1073 < k < 1. The exponents
of the coefficients of the characteristic polynomial can
get quite large. The possibility of overflow error or
serious round-off error is a real danger.
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left -hand corner is used for'ScHeme‘13 and the 8 x 8
bmatrlx in the top left- hand corner is used for SCheme

12. The program adjusts the p051t10n of the elements to
agree W1th the p051t10n of- the species.(e.g. AB, AB*,
etc. )y in Figure 67. The program displays the coeffiéients
of the matrix A in tpeﬂcharacterlstlc equatlon. The
~coefficients of the/characterlstlc polynomial are
;calculated and displayed. gThe response to the prompt
"ACCERACY OF RQQTS" should be 0.000001 or 0.0000001 for
the systems inyolving 8 or 12 varfables in order.to
mlnimize the~problem of’round—otf error. lhe program may
7.fa11 here, as convergence is not guaranteed. The roots
E(Eigenvalues) are dlsplayed on the screen ‘and are followed’
by the prompt "MINIMUM DIFFERENCE BETWEEN EIGENVALUES"

If two or more of the calculated Eigenvalues have similar
magnitudes (say within 0. 0001) then they will yield_the
'éamersét (2 or more) of linearly fﬁdependent
ingenvectors. One of the Elgenvalues must be removed
vCh0051ng a value of approprlate magnitude (1n thls case

. 0. 0001) will fix the criterion for double roots.

_The prompt "ZERC LIMII" requires a reaponse of
 between 0.001 and g.1. ‘Array'elements less than thls
11m1t0w111 ‘be set to zero fas regulred by the Gauss-Jordan

elimination method. Larger arrays w1ll generally requlre

~a larger "zero limit"-to, achieve a solutlon. The program
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) .
may fail here as a result of round-off error.

The response to "MINIMUM NON-ZEZ WIGENVECTOR

fzero value in the
array of Eigenvectors.

The . coefficignts of the- equations Ad-1 are determined
from the array of Ei@envecrors and‘from the initial |
conditions. It is assumed that the only species present
at time iero are those in the topmost plane of any‘of ‘the
schemes. The user supplles the 1n1t1a1 D/L ratio, tﬁe
initial ratio of dlastereomers (w1th1n the calculated
11m1ts) and the total concentration.

The user must:® then caoose the -independent equatlons
to be used to calculate the concentration of the species
in solution. Generally, eqdatione 1 through d should be’

; , b

chosen, where"n 1is the number of variables. One or more

of equations N+l through 2n (from the derivatives of

‘equations 1 through n) should be used when a solution

L3

cannot be achieved from eguations 'l through n.
The user must then supply the sampling interval

("TIME INCREMENT") and the duration of the experiment.

The rlange of variables wﬁieh can be calculated are

displayed The user must be careful‘to choose from only
those variables which are relevant to the klnetlc scheme
which is‘being simulated. Otherwlse the program w1ll

]

terminate, potentiallg with7ﬁhevlo$s of all of the



wr

._‘g'r,

Program TLSB is to be used td@simulate Schemes -7 and

W

calculated coefficients.

14.  The two programs, TLSA and TLSB, are essentially the
vsame, The matrix of coefficients from the n 9if£eréntia1
équatibns is éésembiéd from the mat;ix corresponding to
the situétion in Scheme 8 (Figure 68) and then adjusted |
Tapprbpriately. Iﬁg prom§{>"INPUT 0 IF53RD STAGE NOT.
DESIRED" is to be answered with "0" if Scheme 14 is to be
simulated. L. | |

9

Program Documentation: TLSA

~Line(s) Description..
100-199 Input rate constants and calculate k_; and 26
from microscdpic reversibility (lines 135,

g 152, 190, 195).

200-364 . Cregte matrix of coefficients (A,
370-378 ~  Display A. ’ o
- T : ‘ %?@

380-795 »”Calculate cpefficiedté of ¢harécteristic
polynoﬁial. Matrix B is found from
B, = A(By_) - pp-11). - o

Array P(N) contains the coefficients of the

A .chafacteristic polynomial.
-800-990 Calculate roots of characteristic polynomial.
1000-1040  Synthetic division. = - 9

f
1104-1117 =~ Correct for double roots. -

33
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N

1548-1567

1119-1490

[4

1500-1514

1518~-1546

1570-1590

[Aed

1595-1800

{804—1874
oo ,
1'875-1879

1900-1954:4

2513-2560

2570-2578

26002608

'2700-2740

2800-2815

4
e

2816-2819

4

Calculate Eigenvectors and place as columns of
c.

Set minimum value of C(I,J) and place in
AA(I,J) and C(i,J).

Input initial conditions.

r

_Calculate values of derivatives (e.g.

(d/dt)[AB]) and concentrations
(e.g. [AB)) at time zero. Place in CM.

Choose n equations. If .derivative 'is used,

‘adjust terms by multiplying by appropriate

Eigenvalue. Copy C into B. Add CM to B.
Find n ‘unknown coefficients by Gaussian
?
elimination\op'B. Place in P. Matrix AB, the
YA

completed sofﬁ4ibn, is made by AA x P.

Select quantities to be calculated.

" Select screen or printer output.

s 0%

Calculate AB, AB*, etc.
Calculate chosen guantities.
Print_ headings on printer.

Print a line. Check for end of page.

“Screeh output.

Check 1f more gquantities are desired using

same rate constants.

339

Check if calculations to be done again.using a

‘different set of equations or different time
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scale. ‘ KL

2830-5000“ Check if program to be re-run.

6000—6050 ~Print rate constants, initiai conditions, B

| equations used for calculations., |

7600—7010 Check to see if calculated values for AB, AB*,
etc. at ;ime zero differ from the acﬁual
values. If so, the selectéd eguations are
likely not independent. An alternaté choice
szt be made.

10000 Read disk drive error channel.

Program Listings

The full listing for TLSA follows. After this 1is a
listing of the program lines where TLSB differs from
TLSA. Lines which have been omitted in TLSB are marked

(*) in TLSA.




Aa

TL8A

10, 80T0100
100 PRINTCHRS (147) "0 VARIABLES (4/8732) " INPUTN
104 mtun-u—onuusnco—oﬁusn
105 DIMRK (3,46),A(12,12)
107 IFN=GTHENPRINT “REVERBIBLE OR IMREVERGIBLE HYDROLYSIS”: INPUTRVS
108 IFRVSs="R"THEN] &0 :
109 FORI=OTOSs FORJ=OTO s AK (1,J) =0 MEXT s NEXT
110 PRINT*K*A8"1°P8"="3 s INPUTRK (1, 1) s PRINT
119 ngm'x'n'z'n'-‘nxmn.znmnn
120 PRINT*K=As"-1°D8"="; 3 INPUTRK (1, 3) s PRINT
125 PRINT K"A$-S"D8"=" s INPUTRK (1,5) 1 PRINT
130 PRINT K A8~ 6"P8~="§ 3 INPUTRK (1, &) i PRINT
13% RK(1,4)=RK(1,1)8RK (1,2)/RK(1,3)
o136 1FN=4THEN200Q .
140 PRINT-K’ “CSyAS~1°B8 ="} INPUTRK (2, 1) s PRINT :
145 Pﬂlnt-x'-cs;m'z-n---u‘xmgz,z):Hum
150 PRINT*K’ *C8;A8"-1°B8~="§ 1 INPUTRK (2,3) 1 PRINT
152 RK (2, ) =RK (2, 1) SRK (2,2) /RK(2,3)
#1554 1FN=BANDRVS="] = THEN200 .
155 Pwmjr-x"'cc;m's-'n'-*uxm(z,S):mxm
160 PRINT®K® "CS$;A8°6"B8 =" 1 INPUTRK (2, 6) s PRINT
170 PRINT®K' “C$;A8"1°B8~" =" 1 INPUTRK (3, 1) t PRINT
175 anm"x'-c0;nf2'n"-';sxmu.z):mm’r
180 PRINT'K"CO;M"-J'I‘;CO"-";:!WTRK(S,S):PRINT
185 PRINT K’ "C8; A8~ -S"Bs"="; 1 INPUTRK (3,5) : PRINT
190 RK(3,4)=RK (3,1)SRK (3,2) /RK(3,3) ,
195 nx(s.u-mr(2,¢nnx<3.2nnx(3.5nm<(2.4)/(m<(2.2nnx<3,4nm<(2.5))
200 FORI=OTON: FORJ=OTONtA(I,J) =01 NEXTs NEXT
230 FOR1=1TO9STEPA )
23% A(l.n-—mm(103)/4,:)««((1«3)/4..)0«((143)/4.5))
240 0(101,!01)-—(”(6(1*3)/4,2)0RK((103)/4.3)%((103)/4.6))
245 A(1+2,1+2)=A(1, ) . »
2950 A(I+3,1+3)=A(1+1,1+1)
255 NEXT
258 FOR]1=0TDBSTEPA
260 A(l+1,1+42)=RK((1+4)/4,2)
265 A(I+1,1+4)mRK((1+4)/4,3) ‘ v
270 A(1+42,1+1)=RK((1+4)/4,4) , ' o
127% A(1+42,1+3)=RK((1+4)/4,1)
280 A(I+3,1+2)=RK ((1+4)/4,3)
285 A(1+3,I1+4)=RK((]+4)/4,2)
290 A(1+4,1+1)=RK((1+4)/4,1) ,
295 A(1+4, 1+3) =R ((1+4) 74, 8) 3
300 NEXT : 0
310 A(S, 1)=RK(1,5) rALT,3)=A(35, 1)
315 A(6,2)=RK(1,56)1A(B,8)=A(6,2)
320 A(9,5)=RK(2,5)1A(11,7)=A(9,5)
375 A(10,6)=RK(2,6)35A112,8)=A(10,6)
4330 A(S, 9 =RK(3,5)1A(7,11)=A(S,9)
‘ 335 A6, 10)=RK (3,6)1A(B,12)=A(4,10)
© %0 ‘IF (N=BANDRVS="1") ORN=12THEN370 .
352 1ru-¢ri-£vroax-51012§Fma-nmzm(I.J)-ouennengamo.vo
360- me-noaxrm.)-nmmu.J)-Anu.au)nfn'ucx‘r, o ’
362 ng-wmzxrm.!-nmzm(x.J)-o-vcnnch
F 1:5109-?0&.1-91012-“I.J)-_o’ivcxrncx'r
370 FORI=¥TON " _
371 PRINTCHRS (147)" ,fﬁcmman'umim- DETERMINANT®
7 i ]

.-

PRINTSPC (7) "ROM™ 1.

s N ”J L .; . : ' _‘

4




3PN TH P FRERE

FORJ=1TON: 888=""; IFJC 10THENSSS=" *
PRINTI;888°; "A(],J) INEXT

PRINT; PRINT “PRESE ANY

SETAS: IFAS=""THENS76

XY

PRINTCHRS (147) " CALCUALATING 1 PRINT "

AEM FIND POLYMOMIAL COEFFICIENTS
DIMD (N+1,Me1),P (N) ,CB(N)
FORJ=1TON

FORI=1TON

B(1,J)=A(1,J)
NEXTIINEXT)

-1 '

FORK=1TOM

TR=0

FORI=1TON

., TReTR¢B (1, 1)

L\w*vcxn

620’
630
640
630
660
670
680
690
700
710
720
730

AK =K N
P (K)=TR/AK C
FORI=1TON Lo
B(I,D)=B(1,1)~P(K)
NEXT1
FORJ=1TON
FORI=1TON
CB(I)=B(1,J3)
NEXTI
FOR1=1TON
B(I,J)=0
FORL=1TON
B(I,3)=B(1,J)+A(I,L)SCB (L)
vzxnsr:xnncxnncnx
P(N)=B(1,1)
PRINT:PRINT* coerncxsms--mxmm(o)-n
FORK=OTON
PRINTP(K) ~
NEXT
DIMRR (N) ,RTNN)
PRINT: INPUT~ACCURACY OF ROOTS";ER:PRINT

POLYNOMIAL ©

PRINT" CALCULATING" s PRINT" ROOTS* s PRINT

FORI=1TON:RR (1) mO: NEXT
FORI=1TON: P (1)=—P(1}1MEXTI1P (0) =1
K=N

IF (RK (1, S)W(l,b)-O)CRN>4ﬂ€M<-K 1
IFK>1 THENS0O

RR(1)=—P (1) /P (0)

PRINTCHRS (147)

FORI=1TON
PRINT®ROOT® 1”3 *RR (1) 1 PRINT

1F 1< >AANDI < XBAND 1 < > 1 2THENMNE X T
PRINT"PRESS ANY KEY" '

As=""1 BETAS: IFAS=""THENB94

NEXT v .

80701100 -

NI=0: KN=ER

FT=0;: DV=0

FORJ=O0TOK

FToFT+P (K-J) SKN~J
DV=DV+J8P (K-J) SKN~ (3-1)

NEXT

342
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7S NX=N~ (FY/DV)
980 IFABS (KN—NX ) CERTHENRR (K) =N B08UB 1 000 B0T0830

P90 KNeNXINI=N1+]1:@80TO910

1000 REW SYNTHETIC DIVISION

1010 FORI=1TOK~1

1020 P(1)=P (1) +XNBP (1-1)

1030. NEXT

1040 Kak -3 RETURN

1100 NEW EIGEN VECTORS

1101 PRINT;PRINTCMRS (34) "COL @"CHRS (34)° REFERS TO . COL @ OF LIN. IND. EIBEN
VEC TOR ASSOCIATED"; '

1102 PRINT" WITH A PARTICULAR Exmw-

1103 DIMAA(N+1,N), X(N,3) ,C(N¢1 N+1)

1104 PRINT;PRINT"MINIMUM DIFFERENCE BETWEEN EIBENVALUES*®: INPUTER

1105 FORI=1TON+1:FORI=1FON+11C(1,J) ~OtNEXTINEXTtFORI=1TON: RT (1) =RR (1) t NEXT
1106 NVeN:REM CORRECT FOR MULTIPLE ROOTS

1107 1=1 ’ '

1108 J=1+1

1109 lraasmasmnxn—qammu)))nmuuu

1112 NVwNV-1; IFNV=ITHEN1116

1113 FORK=JTONV- 13RR (K)=RR (K+1) t NEXT 160701109

1114 J=J+11 IFICNVTHENL 109

1115 I=]1+313 IFICNVTHEND 108

1116 IFNV=1AND (ABS (ABS (RT (1) ) —ABS (RT (2)) ) >ER) THENNV=2

1117 PRINTCHRS (17) "EIGENVALUES ARE“1FORI=1TONVIPRINTRT (1) ; tNEXT1PRINT
1118 INPUTCHRS (17) "ZERD LIMIT*;ERIPRINT

1119 FORKK=1TONV

1120 FORJ=OTON: FORI=OTONIRA(1,J)=A(I,J) 1B (I, J) =01 NEXT: NEXT
1122 REM RE—-USING ARRAYS B (N, N) AND CB(N)

1125 FORI=OTON:CB(1)=01NEXT

1140 FORI=1TONsRA(J,J)=AA(J, J) —RR (KK) tNEXT

1150 FORI=1TON:CB(I)=IsNEXT

1152 REM ARRAY CB(N) KEEPS TRACK DF COLUMN SWITCHES

1160 K=N :

1200 M=N-—K+1

1210 I1=13:J)=1:BG=APS (AA(1,1))

1220 FORJ=1TOK:FORI=1TOK: DF =B6—ABS (AA(1,J))

1230 IFDF >=OTHEN1250

1240 JJI=J):111=1:B6=ABS(AA(],J))

1250 NEXT:NEXT ’

1260 IF(11-1)<=0THEN1280 ‘

1270 FORJ=1TOK: TP=AA(I1,J)1AA(I1,J)=AA(1,J)1AA(1,J)=TPINEXT
1280 IF (JJ- 1;<-on£u1310 .

1290 TP=CB (M) 1L =JJ+N—K:CB(M)=CB(L):CB(L)=TP

1300 FORI=1TON: TP=RA (1,JJ)sRA(I,JI)=RA (I, 1) 1AA(T, 1) =TPtNEXT
1310 IFAA (L, 1)=QTHEN1400

1330 FORJ=2TOK1FORI=2TON

1340 B{I-1,J-1)=AA(1,J)-AA(1,J)8RA(]I, 1) /AA(L, 1)

1350 Y=ABS (B (I- 1,J- 1)0—EmABS(M(1 J)

1360 IFY>=OTHENI380 ' : : o
1370 B(1-1,J-1)=0 . ‘
1380 NEXT:NEXT , "?45“
1382 FORJ=2TOK:B(N,J-1)=AA(1,J)/AA(1,1) s NEXT

1384 K=K-~1 °

1385 1FK>OTHEN139S *

1386 PRINT"RANK NOT LESS THAN"$PRINT"ORDER. MORE ACCLRATE":PRINT'EIBEN VALUE “K
1387 PRINT*15 NEEDED OR ADJUST=:PRINT"ZERO LIMIT.~:80T01104

1395 FORJ=1TOK:FORI=1TONzARA(1,J)=B(1,J3) tNEXTINEXTs B0OTO1200

£




ol

1531

1536

1538
1540

1542

1543
1544
1545
1546
1548
1550
1552
1554
1556
1558
1560
1362
1564
1366
1567
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FORI=1TOK:AA (), J) =-1sNEXT

FORMM=1TOK: FORJ =1 TOK

AR(N+L,J)=AA (], J)

FWI-]TO‘

AA(l,J)=AA(I+1,])

IIXTI‘XTI‘XT

FORJ= 1 TOK s FOR I =1 TON: FORMY=1TON
IF(CB(NM) - 1) =OTHENX (I, J) =AA (NN, J)

MNEXTsMEXTIMEXT

FORJ=1TOK

PRINT'EV'KK'CII_'J'

FQX'lTD‘lC(l.KK)-l(I J)lFRINTC(X.KK)TM(S);.'EIT
PRINT: NEXT

MNE X TKK

REM ABBEMBLE COEFFICIENT MATRIX

PRINT“HMINIMUM NON~ZERC EIGENVALUE COMPONENT "1 INPUTER
FORI=1TON: FORJ=]1 TON

IFABS (C(1,J))<ERTHENC (]1,J)=0

AA(1,J)=C(I,J)sNEXTINEXT

FORI=1TON:P(I)mOI1NEXT: DIMPC (N)

PRINTDQ‘HQ7)'&PPLV INITIAL"1PRINT"CONDITIONG" 1 PRINT
INPUT"AB/A" AT 1 PRINT

INPUT*BS/B"; B1:PRINT ) ‘r
AA= (AI+1)8(Bl+1)1BB=Al+BI1RDe=" “:1FAI=OANDBI=0OTHEN1330
PRINT"RATIO OF DIASTEREOMERS AT TIME ZERC MUST BE BREATER THAN"; PRINT

 CCwAA/ (BB+2)1 IF (AA/ (BB+23AISB1) ) >CCTHENCC=AA/ (BB+28A18B1)

PRINTCC3 PRINTY

IFAI=BITHEN1529

PRINT"AND LESS THAN"1PRINT:PRINTABS (((AI+1)8(BI+1))/ (AI-B1))1PRINTY
xwm*mnownmmxm:m-sm(nm

INPUT*INITIAL CONC. " ICsPRINT
IFAI=OANDBI=OTHENP (1) =ICiP(2)=0:P (3)=0: P (4) =0y 80701543
P(1)=ICS(1/(Al+1)+1/(BI+1)-(1/RD)) /2
P(2)=~IC8(1/(B1+1)-(1/RD))+P (1)

P(£§)=1C/RDP(2)

P(3)=ICP(1)—P(2)-P(4)

FORI=1TONIPC(]1)=O:NEXT:FORI=1TDA: tPC (1) =P (1) 1 NEXT
FORI=1TO4:PRINT*D("MIDS (BTRS (1) ,2,1) " )="P(]) s NEXT:PRINT
SS=0:FORI=1T0O4: 55=85+P (1) 1 NEXT1PRINT " TOTAL CONCENTRATION ="55: PRINT
INPUT=0K Y/N"};0K8: IFOKS$<>"Y"THEN1S18 )

PRINT

DIMCM (28N) , AB (N, N+1),VBS (50) ,EGX (N-1)

FURI-ITO?!N:CH(I)-O:NEXT

FORI=1TO4:CHM(I)=P (1) sNEXT

K=13 IFN=GANDRYVS="R " THENK =2

CH(N*I)-—(RK(K,1)¢RK(K,4)+ﬂK(K H))IEP (1) +RK (K, 3) 8P (2) +RK (K, 2) 8P (&)
Cr (N+2) =RK (I, 1) 8P (1) = (RK (K, 3) +RK (K, 2)+RK (K, 6) ) 8P (2) +RK (K, 3} 8P (3)
CM(N+T) =R (K, 2) 8P (2) — (RK (K, 1) +RK (K, 4) +RK (K, 35) ) 8P (3) +RK (K, 3) 8P (4)
M (N+A) =RK (K, 8) 8P (1) +RK (K, 1) 8P (3) ~ (RK (K, 2) +RK (K, 3) +RK (K, 6) ) 8P (4)
IFN=4ATHEN1570

CM (N+5) =RK (K, S)tP(l)lCH(M*b)-RK(K,b)tP(2)ICH(N*7)-RK(K 5).?(3)

.;',‘

tCMIN+B) »RK (K , 6) 8P (&)

1570
1371
1572

PRINT~CHOOSE "N* EQUATIONS TOSOLVE FOR CONSTANTS OF INTEBRATION. THE TOP
FORI=OTON: FORJ=OTON+ 1B (1,J)=C(I,J) tNEXTJ, I

PRINTN" EQUATIONS INVOLVE CONC. AT TIME ZERO. ":PRINT"THE BOTTOM"N~ EGNS

INVOLVE =
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1574 PRINT"TME CHANBE IN CONC. AT TINE ZERC. " YHEY ARE ARRANGED TOP TO
BOTTOM =} '

1576 PRINT"AD, ABS, ASBS, ASB. SURE CHOOSE

MPERICAL DRDER. * 3 PRINT ’ E TO THE EQUATIONS 1IN
1578 FORI=1TOM: PRINT EQUATION"I}

1579 EO=01 INPUTEQs IFEQ=OTHEN1379

1380 B (1,M+1)=CH(ED) +EPL(1-1)=EQ

1582 IFEQ<=NTHEN1390

1584 FORJ=1TON:B(1,J)=B(1,J) SRR(J) s NEXT *

1990 NEXT

1595 FORI=1TOM: P (1)=OsMNEXT

1600 REMN GAUBSSIAN EL IMINATION

1610 MmN+ 1L =N-1

1620 FORK=1TOL

1630 JJ=K s BE=ABS (B (K, K) ) 1 KP=i+1

1640 FORI=KPTON

1650 AP=ABS (B(1,K))

1660 1F (B6—AB) COTHENBE=AB: JJ=1

1670 MEXTI

1680 IF (JJ—K)=OTHEN14%0

1685 FCRJ-KTCH:TP-B(JJ.J)ul(JJ,J)-B(K,J):B(K.J)-TPHQXT \
1690 FORI=KPTON:QT=B(],K) /B(K,K) ‘

1695 FORJ=PTOM:B(1,J)=B(1,3)-QT8B(K,J)
1700 NEXTi1NEXT

1710 FORI=KPTONsB(]1,K) =m0t NEXT ' 3
1720 NEXTK

1730 P(N)=B(N,R) /B(N,N)

1780 FORNN=1TOL

1750 SO ImN-—NN; IP=]+1

1760 FORJ=IPTON: SM=SM+B (1,J) SP (J) s NEXT
1770 P(I)=(B(1,rM) -8M) /B(1, )

1780 NEXTNN

1790 PRINT:PRINT"CONSTANTS DETERMINED BY INITIAL CONDITIONS":1PRINT
1795 me-nommxm'u-nmusmun,2,1)-)--P(x)n£xnpmm

1800 Fma-nm:mlm'cm'a-:-;zrmx-nm:w(x.J)-M(I,J)tP(J)-mnm\a(x.a);
sNEXT 1PRINTINEXTJ

1804 LE=bH6:KF=0

1805 PRINT:PRINT"TIME INCREMENT": INPUTIT

1807 PRINT:PRINT-"DURATION Of, EXPERIMENT": INPUTDU

1808 G0SUB1B10:160T01814

1810 PRINTCHRS (147) "CHOOSE VARIABLES TO BE PRINTED™1PRINT:RETURN

1814 FORI=0TOA8: READVSS (1) s NEXT . .

1814 DATAAB, ABS,ASBS,ASB

1818 DATAAB’ ,ABX" ,ASBS’ ,ASB’ .

1820 DATAAB’’ ,AB8’’ ,ABB3’ ‘' ,AIB’ "’

1822 DATAA-AS,B~-BS, A+AS ' ,

1824 DATAA-AS’ ,B-Bs’ ,A+AR’

1826 DATAA-AR’ " ,B-B1’' " ,A+AS" "’

1828 DATAA-ASRT,B-BsT

1830 DATA (A-AS) /' (A+AS)

1831 DATA(B-B%)/ (B+B%)

1832 DATA(A-AS) "'/ (A+AS) "

1833 DATA(B-BS) "/ (B+B8)’

1834 DATA(A-AS) " "/ (R+AR) "’

183% DATA(B-BS)' "/ (B+Bs) "’



1836
1837
16838
1840
1842
1843
1844
1843
1846
1849
1850
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v

DATA (A-AR) T/ (A+AS) T

DATA (B-BY) T/ (PeBO T

DATAAB+ASES , ABS+ASB

DATAAB" +ASDS "’ ,ABS " +AlD’

DATAAR’ " +ASB1" ' ,ABS’ *+ASH" ’
navaannn/Aa.Anl/a-:,aunt'/Aa'.Aas'/Aat-.utnn"/an-'.asn-'/ann-'
DATA (AD+ABS | / (ASB+ASBE) , (ASBS+ABS) / (ASB+AD)

DATA (AR’ +ABS" ) / (RSB’ +ASDE" ), (ASBS’ +ABS )/ (ASB’ +AB’ ) »
nava(an"oanu")/(nnn'-oaant-').(n-ns'-onlt")/(Atn-'oan'f)
S0BUB 1 8503 80TD1870 :
FUR!-OTOQISTEP?:PRllTlOI|TAl(l)VBO(X)Tnl(ll)X#Z;Tﬂ!(lS)VBQ(lOl)llEXT

IPRINTI«1TAB(4)VEBS (1)

1902
1904
1910
1912
1914
1916
1917
1918
1919
1920
1921
1922
1923
1924
1926
1928
1930
1932
1933
1934

2346
1935
1936

PRINT 1 PRINT "PRESE“CHRS (34) “C*CHRS (34) 1 PRINT"TO CHDOBE VARIABLES "
FR!m:PR!NT'PﬁBS'DRO(M)'P'Dﬁ'(M)lFRlN’T'TO SEE VARIABLES"
OKs=""3 BETOKS: IFOKS=""THEN1856 '

1IFOKS="C"THEN1869 :

IFOKS<>"P"THEN1836

80BUB1810: IF 1 =49 THEN] 830 a5

IF1=37THEN1B65 ‘

IF 1=47THEN1866
aowma:ommx-zsvou.mxmxows‘(x)'ncx‘r-aoroxssz
mIBIORle-yTD‘blPﬂlNTIOIVS‘(X)l‘lTlﬂJTDiBS?
wSU31910|Fm1-47T0481PR1NT101V8‘(X)IFCXTIKJTOIBSZ’

RETURN’

PRINT: INPUT"VARIABLE 1"jVL(1)

INPUT"VARIABLE 2°)VX(2)

INPUT"VARIABLE I V(S

INPUT"VARIABLE. A" VX (4)

FOR1=1TO#: IFVX (1) =OTHEN1870

NEXT1PRINT:PRINT"PRINTER OR SCREEN": PRINT" (P/S) "

PEe=""18ETPE6;: IFPES{ > "P " ANDPES< >*S"THENIB77

DF=2; IFPES="P " THENDF =1

RTtOxFMX‘ITOQIIFVI(I))SMMT-!T

NEXT

FORT=RTTODUSTEPIT
!-T:Y't"lK-Oll.-STR‘(X)lIFLEN(X.))STFENX'ILEFT‘(XQ,S)

ONDF BOSUB2600, 2700

FORI=1TON

P(1)=0

FORJ=1TON

P(1)=P (1) +AB(]1,J) SEXP(RR(J)ST)

NEXTJ, I

1F T=0 THENBOSUB7 0001 IFPF =1 THENRESTORE 1 B0TO13570

1FPSe="65"THEN1922 ’

1FKF =0 THENBOSUBSLOOO’

1F T=RTTHENBOSUBZ570

FORK=1TO4: X=0

lFVZ(K)(l}TFENXd’(VT.(K))lmTDlm
IFV‘L(K)-ZM(K)-ZSTWZSS(NNTO!%O

VX=VY (K)—-12 ) .
D‘VIBOSUB2513.2514.2515.2516,2517.2519.2519.2520.2521:!FVI(IOTVINX%O
VX=VY (K) -23 X :
MGDQJBZBZQ.2525.2526,2527.2528.2529.2530.252}1 2532, 2533, 2534, 23335
1FVXC 1 STHEN] 950 .
vz-vnx)-xssmmzsu.mnm.mv.zsao.zsh,2542.2543.25«.2545.

1FVLC 1 2THEN1930
WWI(K)—‘A:W7,M.2§4?

o



LT v ‘Ww F‘M i' %‘%‘h a, ‘l . o "‘d‘,' . ‘-:‘ “"’;.l_
» ¥ %‘:&q{a‘%wﬁw&‘hg?; {"r v ‘:,
. (TR W

L53

-

1950 XSwBTRS (X) 1 ONDF BOBUB 2600, 2700

1952 MEXTK

1954 MEXTT80TO2000

2513 XaX+P (1) 4P (2) P (3) P (4) ) RETURN
axaﬂx-xwu)wu)-ﬂz)—r(m-m

2515 XmX+P (1)4P (2) +P (3) +P (4) 1 NETURN

2516 XmX+P (5)+P (6)—P(7) P (8) s RETURN

2517 XmX+P (5)+P (B8) P (6) P (7)1 RETURN

2518 XeX+P(5)+P ()P (7)1 +P (B)1RETURN

2519 XmX+P(9)+P(10) P (11) =P (12) sRETURN

2520 X=X+P (9)+P (12)—P (10) P (11) sRETURN

2521 XmX+P (9)+P(10)+P (11) +P (12) 1RETURN

29424 BOBUB251%1 YeX1 X=01 BOBUB2513s X=X /Y3 RETURN
2%2% BOSUB2515t Y=X1 X=01 808UB25141 X=X /Y1 RETURN
2524 BOSUB2518: Y=X: X=01 BOSUB235163 X=X /Y1 RETURN
2%27 BOSUB2518: Y=X1X=01B0OSUB2517: X=X /Y1 RETURN
25268 B0SUB2521: Y=X1 X=0; B0SUB2517s X=X /Y1 RETURN
24726 BOSUB25211Y=X1 X=0: B0SUB2518: X=X /Y3 RETURN
2530 80SUB25%50: X=X/ IC1 RETURN

2%31 BO§UB2550: X=X/ ICt RETURN

532 X=P (1) +P (3) s RETURN

2533 X=pP (2)+P (4) :RETURN

2534 X=P (5)+P (7)1 RETURN

2535 X=P (6) +P (8) 1 RETURN

2536 X=P (9)+P (11) 1 RETURN

2537 XmP (10)+P (12) t RETURN

2538 X=P (3) /P (1) s RETURN

2539 X=P (4) /P (2) s RETURN

2540 X=P(7)/P(3) 1RETURN

2541 X=P(8) /P (6) s RETURN

2542 X=P(11) /P (9)1RETURN

2943 X=P (12) /P (10) sRETURN

=44 X=(P(1)+P(2))/(P(3)+P(4)) tRETURN

2545 X= (P (3)+P(2))/ (P(1)+P(4)) 1 RETURN

2545 X= (P (S)+P(6))/ (P(7)+P(8)) 1RETURN

2547 X=(P(7)+P (&6)) /(P (3)+P(B))1RETURN

2548 X=(P(9)+P(10))/(P(11)+P(12))

2549 X=(P(11)+P(10))/ (P(9)+P(12)) 1RETURN
2550 AD=1: IFVYL (K) =230RVY (K) =31 THENAD=2

2552 ONADGOSUB2513,2514

2554 IFN=ATHEN2540

2556 ONADGOSUB2S516,2317

2%5%7 IFN=BTHEN25460

7558 ONADGOSUB2519, 2520

2560 RETURPN -

2670 PRINTS#4:PRINTS4,"TIME 3

2=73 FORZ=1TOA:LX=INT (LEN(VES (VL(I)~1)))/2

2%74 TBA=15+188(Z-1)—LX: TBS=MIDs¢ (STR$ (TBY),2,2) s IFLEN(TBS) =] THENTBS="0"+TB%

2575 PRINT.4,CPR$(16)LEFT‘(TB‘.l)RlB"T‘(TB‘.l)VB‘(Vi(Z)-l);

2577 NEXT :

2578 PRINTSA:PRINT®A: LE=LE-35 RETURN
2600 B66=18

2602 IFK=O0THENSS=6

2604 I19=""31FORI=1TOSS~LEN(X$)118=78+" "INEXTiYS=YS+XS+7S
2606 IFK=ATHENPRINT®4,YS; tPRINTOA;LE= E~1) IFLE=10THENGOSUBSS00

2608 RETURN
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IFK=0THENPRINTCHRS (147) "TIME ="Ti1PRINT:180T02749,
2710 PRINTVSS (VLK) -1) *=" s PRINTX: PRINT ‘b
2720 IFK<ATHEN2740 "
2730 PRINT:PRINT“PRESS ANY KEY"
2732 OKe=""3 BETOKS: 1F6‘<‘-"ﬂ£ﬂ2732
2740 RETURN o ,
2800 PRINT;PRINT*PRINT HJORE VARIABLES" »
2812 INPUTOKS >
2814 1FOK$="Y" THENRESTORE: IFLE< 1 SANDPS 8= " P * THENBOSUBS300
2815 IFOKS="Y"THEN1608
2816 PRINT:PRINT"USE A DIFFERENT SET OF EQUATIONS®
2817 INPUTOKS: JFOKS< > ™Y " THEN2830
IFPSs="P S HENGOSUBSS001 PRINT#4
2819 RESTORE 1 B0T01570
2830 PRINT: INPUT*ANOTHER RUN";0KsS
2832 1FOKS="Y"ANDPSS="5" THENRUN ‘ ‘
2833 1FOKS="Y" THENGOSUBSS500: PRINT#41: CLOSE4: RUN A
2834 IFPS$="P" THENPRINT®4;: CLOSEA -
%000 END
5500 FORI=1TOLEIPRINTS4sNEXTsLE=661 RETURN
6000 KF=1:CLOSEA: OPENA, 4 -

3

4 6010 PRINTS4,CHRS (17) " "TE SONSTANTS"CHRS (1 45) CHRS (10) 1 LE=LE-2

6015 IFN=BANDRVS="R" THEN6023 ' )

6020 PRINT®4,"K1 ="RK(1,1)" KZ ="RK(1,2)" K-1 ="RK(1,3)" gd2  ==RKc1,4)
6021 PRINT®A,"KS ="RK(1,5)" K& ="RK(1,6) '

6022 LE=LE-2: IFN=4THEN&OAO : '

5025 PRINT®A, "K1® ="RK(2,1)" K2’ ="RK(2,2)" K-1’ =“RK(2,3)" K-2" ="RK(2,4)
6026 PRINT®A, "KS’® ="RK(2,5)" K&' ="RK(2,6)

6027 LE=LE-2: IFN=BANDRVS$<>"R"THENLOAO | *
6030 PRINT#4, K1’ "="RK(3,1)" K2""="RK(3,2)" K—1’"="RK(3,3)" K-2’''="RK(3,4)
6031 »-'.h‘lj'll,'KS"-'RK(_S.&)" K& "= "RK(3,6) :

6032 LE=LE-2
6040 PRINT®A:LE=LE-1 :
6047 PRINTSA,CHRS (17) "SNITIAL CONDITIONS: "CHR$ (145) tPRINT#4
6044 PRINTS4,%al="Al" BI="BI" RD="RDs" IC="IC
6046 PRINYSALLE=LE—4 .
6048 PRINT#4,CHRS (17) "QQUATIONS [|SED: *§ t FOREQ=0TON-1: PRINT#4  EQX (EQ) ; t NEXT
tPRIN T4, CHRE (146) 1LE~LE~2
6050 RETURN ,
7000 "PF=01 FORPC=1TON: 1FABS (P (PC) —PC (PC) ) Y1E-ATHENPF =1
7004 ‘NEXT: IFPF=0THEN7010 . ‘
7005 PRINT:PRINT"CHOICE OF EQUATIONS ISNO B0OD":PRINT
. 7610 ‘RETURN ,
Axoooo"oPems,e,is: xmu*rns,m,\ssl,’ctv.os:mxm--mascsm:cmsew
1000 A .
4. &

o, . . v

4
-
%/
_
pL2

e
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. TLSB

10 BOTO0100 .
S0 TP=RK (], l)l”((l 1)mRK T, 4) s RK (I, 4)=TP

100
. 104
103
109
110

" 118

120
125
130
132
135
‘140
. 145,
150
152
154
155
160
170
173
180

190"
399

200
230
235
240

245
i 290

255
238

‘260
265

270
275

‘280
285

, 290
T 29%;
300
310,

- 315
320

325
330

82 TPeRX(1,2)1RK(I,2)=RK(1,3)sAK(T, S)HTPim . ) N

vam:rmun)m-x‘z

m-omun-n-bﬂuusnmusn

DIMRK(3,6),A(12,12) ,

FORTI=0TO3: FORIJ=OTO6s RX (I, J)-oncx*rncxr

PRINT*K"AS"1°P8~=")1 INPUTRX (1,1) t PRINT

PRINT"K"AS$=2"P8°="; 1. INPUTRK (1, 2) s PRINT

PRINT"K "AS"~1"P8 ="} 1 INPUTRK (1,3) 1 PRINT.

mxm'x'm-s-u---uxM(x ) s PRINT

PRINT*K"AS 6=Be ="} 1 INPUTRK (1, 6) s PRINT , o
mxm-x'm'—s'u'--uxmw 3) sPRINT ‘-
RK (1,4)=RK (1, 1)8RK(1,2) /RK (1,3): =13 80SUBS0 ° S T .
anm-x'-cs;n'x-m'-'nxn’u'mmz 1) 1PRINT * R Y ‘

PRINT*K® "CS;AS"2°B8"="3 1 INPUTRK (2, 2) :+ PRINT -

PRINT®K® “C$;AS"-1"B8 =" 1 INPUTRK (2, 3) 1 PRINT

RX (2, 4)=RK (2, 1) SRK (2, 2) /RK(2,3)1 I=2: 80SUBSO . ‘ )
RK(3,6) =RK (1, 6)8RK(2, 2):!%((3 S)SRK (1,4) 7/ (RK (1, znaxu 5nm<<2,4n
mxm-x'-c';m's'm-- 31 INPUTRK (2, 5) t PRINT L
mxm-x'-m;m-e-m---;xIM(z &) 1 PRINT - .
PRINT*K""CS$;A8"1"B$"" ="3 1 INPUTRK (3, 1) s PRINT
PRINTK’ *C$; A$°2°Bs" " ="} 1 INPUTRK (3, 2) s PRINT
Pvum'x'-t:t;m-—x-avcv'--;;nrumxc:s 3) s PRINT

RK (3, 4) =RK (3, 1) SRK (3, 2)/!«(3 3 ,

1=3: BOSURSO

Foax-orm;mna-omm(x .n-oucx’rncxr

FOR1=1TO9STEPA

AT, 1) == (RK((I1+3) /784, 1) +RK ((1+3) /4, A HRK((1+3)/74,5))
AI41, I+1) =— (RK( (1+3) /4, 2)44«((&3)/4 3)+Rx((1+3)/4 6))
ACI+2, I+2)=A(1, ) -

A(1+3, 1*3)-«11*1 1+41)

NEXT®

Fom-oroesmn : SO ; :
A(I+]1, I+2)=RK ((I+4) /4, 3) e s R
ACI+], I+4)=RK ((148)74,2) : '
A(I+2, 1+1)=RK((1+4)/4,1) N
A(I#Z,l*S)-RK(ﬁl»*40/4.4) ) R
A(I+3,142)=RK((1+4)74,2) . -
ALI43, I+4) =RK ((1+4)/4,3) :
A(T+4, 1+1)~m((1¢4)/4 &) o . R s , R
A(1+4 um-nk(uu)/n )] g o S '
rch o E SR . i - )
AlS, n-axu 5)sAl7, ) =als, 1 e T e ST
A6, 2)=RK(1,6)1A(B, ) mACE,2) = . =T ‘ C
AP, 5)-;«;2-5).“(11 7)an(9,5) . PR S Co o
‘A10,63wRK(2,6)01A(12, 8))-A(xo &) ' o
ACS,S)®A (S, S)-RK(I,5)1R(7,7)=A(S, S 1A 6, b)-A(b m—m«s s)m(a 8)-A(6 o

£

3317A(9,9)=A(9, 9) +RK (3, snA(n u)-mv 9).%10 10)-4(10 1o>+m<(3 5); .
AUZ.IZ)-A(IO 15) )
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AL, 5)‘RK(3 S)IA(S 7)-4\(1 5)!“(2 8)=RK (3, 6)!6(4 B)-A(Z 6)



APPENDIX 5
) & ' -., | ‘ ;4.. B . ' : . .
DETERMINATION OF ERROR IN‘TEMPERATURE MEASUREMENT

DUE TO'TE&PERATURE“QSCILLATIONS

‘The following program ¢alculates. the difterence
between the true average temperature and theprate aveéage
temperature, the temperature determlnedbe ths,pr res§aof

. a chemlcal reaction. In thls model, the temperatﬁre e N

o goscidlates about the true average temperature in a

*, “s1nusoxdal fashlon. rThe'user must supplyﬁthe values of

L3
the true average temperature and the actlvatlon energy for

~the chemlcal reactlon.v
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%

¥

90 PRXNYD'R‘(147) tOPENA, 4
100 N=1001 REM WMUMBER OF SILLICES FOR SIMPSON’E APPROX.

w,‘ ‘

R

110 INSUTLOMER TEMP. LIWIT jLL
122 INPUT"ACTIVATION EMERGY"31EA |
125 80SUS 10001 80TOS00

140 S4=0; §2=03 T8=0

150 FORT=1TON-1STEP2

160 BOSUB4000

170 S4=54+43E

180 MEXT » :
190 .FORT=2TON-28TEP2 , '
210 82«52+28E

220 NEXT

230 V=03

240 TS=E£+52+64

250 T=N:; BOSUBAO0O

260 TS=TS+E . ' &

270 AR=TS/ (38N)

280 RETURN i

SO0 FORTA=LLTOLL +Z5. OOSTEPS. oo:mxmu
502 FORIT=1TQ6

307 READDT ' .

510 DATA1,2,5,10,15,20

S20 GOSUB140 .

530 TE:((—LW(M)'I 9872)/EAOTA"—1)"—1
540 80SUB2000

%0 MEXT 1 RESTORE : NE NE X T: CLOSE 41 END

100N mxmu "TRUE -AVERAGE OSCILLATION
ERROR*~ }
1010 PRINTOA, mnmms " AMPLITUDE
(TE-TAY "™ . BN
1020 PRINTSA ‘

‘1030 _RETURN

ACTIVATION

EFFECTIVE

TEN’ERA%LRE’ '

351

2000 PRINTSA, TA;DR‘(Ib)"lb'DT;DRC(ib)‘SI'EAi.DRt(lb)'“-TE;Q.Rg”b)-bl.fE_T

2010 RETURN I
4000 T1=T/N . ‘

4010 B=DTSBIN{(288T1) .

4020 @=(SSEA)/ (1. 9872!TA!(TA+S))

&4030 E=EXP(Q)

4040 RETURN

os

BT



APPENDIX .6

STANDARD D/L PROLINE CALIBRATION MIXTURES

1.314 D/L (obs) + .385 R

D/L (calc)®  D/L (obs D/L (calc)? D/L (obs)P

0.01250 0.00837 '0.8000 0.7501

0.02000 10.01605 1.000 0.8982

0.02500 0.02355 1.250 1.154

0.03333 0.02930 1.667 1.450

0.05000 | '0.04361 2.000 1.797
0.06667 0.05927 2.500 2.174

0.07500 0.07189 13.000 2.743

0.1000 0.09181 4.000 3,200

0.1500 ' 5.000 4.404 R
0.2000 6.667 5.071
©0.2500 7.476

0.3333 8.871

0.4000 2, | 10.70

0.5000 0.4530 2000 14.36

0.6000 0.5652 30.00 23.19 R
.a) Standards were prepared by mixing appropriaie volumes . }

of solutions of . D-proline and prtoline.followed by

preparatién of the N{péntafluorogropionyl isopropyl -

esters.

Measurements of the D/L ratlo for proline in samples
from the heatlng experlments were corrected as’-

follows. For an observed D/L ratio between 0 and 0.1
the correctlon applied was 1 047 D/L (obs) + 0028,£
between 0.1 and 1, 1.078 D/L (obs) + .0074; between 1

and 5, 1.179 p/L (obs) - .0771; between 5 and 30, .

1
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