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';ACTIVE INSOLUBILIZATION OF BIOLOGICAL COMPOUNDS

* Petrie M. Rainey

Department of Chemistry
and
Laboratory of Chemical B1odynam1cs
-Lawrence Berkeley Laboratory -
~ University of California
Berke]ey, Ca11forn1a

June 1973 :

- ABSTRACT

Part I: The mechanism of the pyrophosphate exehange reaction

cata]yzed bybL—isoleucineftRNAfsynthetaSe'Was investigated by

.studying'the binding of substrate analogs. We found that the en-
"zyme_has a rigid]y defined active conformation. Binding of any,sube_

Strate sUfficés:to induce this conformation totally.. Conversion to

the_actiVe conformation is linked to the opening of an ion pair in

‘hthe'active-site.: ATP was found to be bound in a'strained,'high

vehergyveonformation' This serves to promote the formation of'the

amihoacy] adenylate. Certa1n topograph1ca1 features of the act1ve

site .were determ1ned

We further determined that adsorbents for affinity chromato-

'graphy mlght best be prepared through attachment of L- 1so1euc1ne .

analogs via ta1ls on C 1 or by attachment of L- 1soleucy1 adeny]ate

v,,v1a ta1ls on  C-1 of the 1so]eucy] moiety or on the 6- -amino group of:'-3
-the purine moiety Adsorbents us1nng-1soleUC1ne esters as the ‘"f.'
_so]ub1]1zed inhibitor proved unsutcessful.in effectfng separatfon /

'_hofrthe synthetase fromvcohtaminating proteins. $UCcessful purifi-

‘cation was achieved'using L-isoleucinol adenylate attached to
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agarbSé via an'ethylaminoéuccihylaminopropy]amihopropy1 tai1 on

~the 6-amino position.

Part II:- An attempt to pUrify'RNA-diretted DNA polymerase

" by affinity chromatography using an adsorbent carrying N-amino-N-

desmethy]rifampicin.as the inéo]ubilfzed ligand gave inconclusive

results. .

Part III: ,The binding of L-alanine, pé]y-D,L-alanine,'AMP,'

andfpo]yadenylic acid to sodium, calcium, andlélumihum montmorillo? .

. nite waé'studied, Very']ow'leVeis of binding were found in all. v

cases. The montmOrillohite mediated polymerization of L-alanyl

adenylate was investigated.
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-INTRODUCTION _

The t1t1e of. th1s thes1s,'”Act1ve Insqub1I1zat1on of B1oIo-

‘ g1caI Compounds," refers to the attachment of b1oIog1caIIy act1ve_

o,

v'compounds to 1nsolub1e supports (e1ther by adsorpt1on or through

the rormat1on-of covaIent bonds) in such a way ‘that some or aII

' lof the b1oIog1caI act1v1ty is reta1ned Th1s is an enormous f1e]d

and-we have made no attempt to cover-1t here Rather, this title

was chosen because it is a dom1nant mot1f whlch I1nks together the

- three prOJects descr1bed here1n'(also 'because ourvasp1rat1onsvat

the time at wh1ch the title was se]ected were cons1derab1y greater
than our ach1evements have been) ” _ _ |

| _ The first two parts involve aff1n1ty chromatography, a tech-
n1que based on the ab111ty of many b1oIog1ca1 moIecuIes to recog-
nize and b1nd to other mo]ecules The success. of the technique .
is dependent upon the 1nsqub111zat1on of such a moIecu]e in such.
a way that its ability to recogn1ze or be recogn1zed is not
impaired. R - | |

It is also proposed that some of the synthetic techniques

'deveIOpéd fn Part T would be suitable for the'insqubIIization‘

of NAD or NADP in such a way that they reta1n the1r ab1I1ty to

funct1on as coenzymes

In Part III L- aIanyI adeny]ate is 1nso.ub111zed by adsorp- -

tion to montmor1IIon1te clay. Such adsorpt1ons have been postu- .

' Iated as mechanisms for.concentration of organic molecules in =
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the prebiotic ocean. Upon inso]hbi]ization, tHe ability of the
adenylate to po]ymerlze to y1e1d po]ypept1des is notwonly main-

ta1ned but enhanced.

Other areas of active inso]dbi]izatidn,ISUCh as the prepara- 'e

t1on of 1nso]ub111zed enzymes, are not considered- to a s1gn1f1cant

extent in th1s work




PART 1:

THE PURIFICATION OF L-ISOLEUCINE tRNA SYNTHETASE

© FROM E. COLI B BY AFFINITY CHROMATOGRAPHY



- INTRODUCTION

| L-isoleucine tRNA synthetase (IRS)* is one of a ?ami]y of en-

zymes known as aminoacyl tRNA synthetases. These'enzymes_are res-
'ponsible foricharging molecdles of'tRNA withfthe appropriate’amino . v
acid There is a separate enzyme for each of the natura]]y occur-
ring amino. ac1ds, except g]utamine R '

It has been shown that the protein synthe5121ng system recog-
nizes on]y the tRNA portion of the aminoacyl tRNA andlthat misacy]-
ation of a tRNA-Wi]iiresUItfin the'incOrooration of a wrong amino
acid into the'growing prOtein 2 The fide]ity'of‘protein synthesisr”
is total]y dependent on the correct attachment of amino acids to
tRNA's by the synthetases

It has been estimated that the frequency with which an 1ncorrect
}anino acid is 1ntroduced 1nto a protein 1ﬂ.!l¥2.15 ‘one in ten
o thousand.I'*Aninoacyl'tRNA synthetases wode therefore be expected N -
.to showiquite extraordinary specificity in se]ecting the correct

'amino acids and tRNA's Studies on the synthetase in vitro have

genera]]y born. out this presumption However, under certain condi-
tions mischarging has been observed 3-5 espec1a1]y with IRS. 6-8
Our.interest in IRS was\predicated on this 1atter finding.

Frequent mischarging due to unusual conditions in vivo, whether by

accident or design, might have significant implications for the bio-
chemistry of aging, of neoplasia, or ]earning'and memory , among
“‘other areas. In this lab there was particular interest in the -

|

Abbreviations used in this work are listed in Appendix A.

i




| posSﬁbilityjthatfthe‘passage oflnerye‘tmpulseS_Could.alter'the |

~nerve cell micro-environment in such a way as to induce specific

misacylation, thus providing a possible mechanism for memory
cod1ng | o _ o _ | ‘
A]though the 1atter hypothes1s is adm1tted]y qu1te tenuous,

the 1nformat1on wh1ch wou]d be obta1ned from stud1es of IRS wou]d

”vbe of value in 1ncreas1ng our know]edge of a phase of prote1n syn- -

thes1s wh1ch 1s on1y beg1nn1ng to be understood

_ In order to carry out such stud1es, it was necessary to obta1n""

o reasonab]e quant1t1es of pur1f1ed enzyme _ The 1so]at1on of the en- d’,p
C zyme by c]ass1ca1 technlques was qu1te s]ow and ted1ous and gave' :

: very poor Y‘ECOVQNGS

We dec1ded to try to take advantage of" the h1gh spec1f1c1ty a

_wh1ch the enzyme showed for 1ts substrate L 1so]euc1ne, in order _'

_ to effect a s1mp1e one- step pur1f1cat1on That 1s,-we ‘would.

attach L—1so]euc1ne by suitable means to an 1n$o1ub1e support.

fwhen ce1]'sap contatntng IRS was passed‘through a co1umn”of,such, -
'materfaI; the IRS would bind to the L;isoleuCine'and befretarded or
:.ystoppedlin its passage through the co1umn;'wht1e all‘of the impuri?v,
"1t1es wou]d pass d1rect1y through If the iRS was sufficient]y o
1:strong|y bound S0 as" to be retained on the co]umn, 1t cou1d be re-
31eased by passage of an e]uent conta1n1ng free L-1soleuc1ne v Thelil
”IRS wou]d part1t1on between the so]ub]e and 1nso]ub1e substrate and_-

o be thereby e]uted Th1s techn1que has s1nce become known as aff1n1ty

chromatography

- Th1s was 1n1t1a1]y conce1ved as be1ng a short term prOJect FIn

"pract1ce, 1t turned out to be cons1derab]y more comp11cated than on
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paper,and became the major portion of my research. A number of
binding studies were also undertaken on the{synthetase, but even

these were primarily directed toward determining how Fo-best
, _

‘approach the purification of the‘enzyme. They -did provide consi-

derablé'Usefu] information on the geometry of‘the active site as well.

The b1nd1ng stud1es and the preparat1on and test1ng of aff1n1ty

'columns were carr1ed on concurrent]y and there was cons1derab]e

- 1nteract1on between the two Tines of study But for the purposes of

pedaqogy, the two ]1nes of 1nqu1ry have been descr1bed separate]y in’

'-the fol]ow1ng pages w1th cross references where pert1nent

References ‘

1. H.R. Mah]er and E H. Cordes, “B1o]og1ca1 Chem1stry , 2d. Ed

1 Harper and Rowe (New York ]97]), p._918;_

2. F.. Chapevi]]e F. 'Lipmann C. von Ehrenetein,‘B. Weisblum, W. J.

| ‘Ray, and S. Benzer, Proc Nat Acad Sci. 48,'1086 (1962),:
3. fT S. Papas and A. H. Mehler, J. Biol. Chem. 245, 1588 (1970).

4. Y. Shimura, H. Aone, and H. Ozeki, FEBS Lett. 22, 144 (1972).
5. M. L. Hooper, R. L. Russe]], and J. 0. Sm1th FEBS Lett. 22,

149 (1972).

6. - M Arca, L Fronta11, 0. Sapora, and G. Tegce Biochem. B1ophys

‘ |
Acta, 145, 284 (1967). S .i'

7. M. Arca, L. Fronta11, and G Tecce G Bot Ital 102, 303
' (1968). '

8. M. Yarus, Biochem. 11, 2352 (1972).
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'SECTION A:~ STUDIES ON L-ISOLEUCINE tRNA SYNTHETASE FROM E. COLI B
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Genera1 Propert1es of Am1noacy1 tRNA Synthetases

Aminoacy]l tRNA synthetases from the same organism show great
variation in structure and are not clustered on the genetic map.
-It is qu1te possible that they may have evo]ved 1ndependent1y of
one anotherv Yet there are certa1n features wh1ch -appear common |
'\ to all of them o

For the synthetases wh1ch have been stud1ed the fo]low1nq
genera11zat1ons can beemade -They are so]ub]e enzymes found 1n_:
.the ce1]_sao,vare easilyvdenatured, and (w1thva fewvexcept1ons)
are sensittve'to'anti;sulfhydry]‘agents.t Theysare;capabte of } -

E carrying out thé*fo1lowing-reactfons:

- | L |
(1) A+ E+ AT s B M AMP 4 PPy

(2) E - AA A AMP + tRNA == AA - tRNA + E + AMP

It is. genera]]y be]1eved that the charg1ng of . tRNA S by the'
synthetases is carrledout via the above two step mechan1sm a]though
there 1s also ev1dence to 1nd1cate that-1n vivo. the charg1ng may -
occur through a concerted rather than sequent1a1 pathway L
The synthetases show a high degree of spec1f1c1ty for the1r
: spec1f1c amino acid and tRNA, and are capable of us1ng only ATP or .
dATP as an energy source.__dATP has shown a h1gher Km ithan ATP for- B
all synthetases tested.] o 1_' - ia,-,- "1. | -

1

[




Propert1es of IRS from E. Coli B

not charge tRN

by geT filtration.

The L- 1soTeuc1ne tRNA synthetase from Escher1ch1a coT1 B was
2

f1rst 1soTated by Bergmann et al. 1n 1960 It is a s1ngTe poTy—

4

pept1de cha1n3 of moTecuTar we1ght e, 000 w1th one b1nd1ng site.

per molecu]e for L 1soTeuc1ne,5 ATP 9 and tR'\lAﬂe 6 :'f"

The M1chae11s constants for L- 1soTeuc1ne and ATP are 5 x TO -6:

moles/] and 4 x 10 -4 mo]es/T,, respect1ve]y,2 and that of tRNAﬂe
is Z'x TO moles/] 4 The order of b1nd1ng of the substrates has
not been determined. l o

L Va11ne as well as L- 1soTeuc1ne can be’ ut111zed in the pyrophos— '

phate exchange react1on, Eq. (T) "The former has a M1chae11s constant

of 4 x 107 -4 moTes/T for this react1on However, the synthetase w1TT

Aﬂe with L-valine. D-isoleucihe and naturally occurr1ng

L-amino acids other than L-isoleucine and L-valine are not substrates

for the. enzyme 2
- IRS. beg1ns to denature at pH s Tess than s1x2 or greater than
ten.8 It also becomes denatured in 2.5 M urea9
- o .

and at temperatures

The binding of substrates serves to protect the
4 9

greater than'405C.

~ enzyme aga1nst denaturat1on by heat™ or urea.

The enzyme also becomes 1nact1ve on stand1ng in air. 2-Mercapto

_ethanoT prevents th1s 1nact1vat1on and part1a1]y restores act1v1ty

Tost in th1s manner, suggest1ng one or more squhydryT groups are :

1nvo]ved in cataTys1s React1on with ant1su1fhydryT reagents 1nd1-

b'cated one substrate protectab]e group and e1ght other t1trab1e groups

The compTex of the synthetase w1th L 1soTeucyT adenylate is very
stabTe in the- absence of pyrophosphate or tRNA”e and can be isolated

n



BindingﬁStudies

-:We-chose to investigate'the geometry of ‘the IRS active site,
both as. an aid to' the synthes1s of adsorbents for affinity chromato-
graphy, and "because it was there" and deserved to be stud1ed as
'part of the_eluc1dat10n of the properties of am1noacy1vtRNA synthe-
tases. ' This investigation was carriedfout'through the'determination
__of tnhibition-conStants<or Michaelis constants, and/or diSsociation
constants of various. substrate analogs. : |

Inh1b1t1on constants were determ1ned by 1nh1b1t1on stud1es
ustng.the ATP. - [32P]-PP1 exchange reaction described by'Norris and

12 Reaction rates (expressed as apparent'units/ml) were

Berg
v‘measured 1n the presence of a fixed amount of 1nh1b1tor and vary1ng
amounts of either L-isoleucine or MgATP-as appropr1ate - The inhibi- 'd
tor was at a concentrat1on greater than its 1nh1b1t1on constant |
except where this was 1mposs1b1e due to so]ub111ty limitations. The
ubstrate not under variance was at saturat1ng concentrat1on The
.data were ana]yzed by the 11near1zat1on procedure of Ead1e]3 us1ng
]east square f1ts Stud1es were carried. out on IRS.pur1f1ed-to homo-

12 and/or on par-.

gene1ty fo]]ow1ng the procedure of Norr1s and Berg
tially pur1f1ed IRS (C gel e]uate, see Sect1on B, p. ). The
“resu1ts for stud1es using either preparat1on ‘were equ1va]ent
Michaelis constants were determined by vary1ng the substrate
concentrat1on in a ser1es of ATP [32P] PP, exchange react1ons and

]3 except in the cases of a*DL-

p]ott1ng the data accord1ng to Eadie,
aminohexanoic and a-D,L-am1noheptano1c acids, which were ana]yzed by

the procedure o1"Inagami.]4 The procedure is described in Appendix B.
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'.:DisSOCtation constants Were measured by“Dr' Eggehard'Ho1]er
us1ng h1s f]uorescence quench1ng techn1que 15 ~This procedure is
" also descr1bed in Append1x B. |
The results of these determ1nat1ons are summarized in Tab]e 1

for L 1so]euc1ne ana]ogs and “in Table 2 for ATP analogs.-

Resu]ts

The fo]]ow1ng observat1ons from. the tab]es are. part1cu1ar1y
"worthy of note.

‘For. L-isoleucine ana]ogs*
weak]y bound than.L~1soleuc1ne. The amount of decrease in b1nd1ng_
affinity seems generally corre]ated'with the amount of steric bu]k

in the mod1f1ed mo1ety w1th the except1on of the hexy] ester wh1ch

‘=v_b1nds s]1ght1y better than the ethyl..

(2) The b1nd1ngs of L isoleucinol and 2-methy1 -1- buty]am1ne are -
' cons1derab1y stronger when measured by the pyrophosphate exchange
- reaction (i.e., in the presence of ATP) than when measured by f]uores—;
cence quench1ng ‘For all other compounds for which binding was -
‘measured by both techn1ques, the 1nh1b1t1on and d1ssoc1at1on con-
‘stants are s1m11ar " | |
.'(3) «Modification or‘remOValtot the anmino:group reSUTts in a_conQ»
gp]ete loss of ab111ty of the ana]og to bind to IRS. Renovai'ot the
;ga-am1no group comb1ned with convers1on of the carboxy]ate to an un-g

,;charged mo1ety g1ves a weakly b1nd1ng compound ﬂﬂ
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Tgb]e-l'. Binding Constants of L—iso]eucine'and'Ana1ogs to
' ~ L-isoleucine t-RNA Synthetase

)
' ' ST - Kg oTa;ax
s a b , b b AR o
Compound - Method® (moles/2)” {(moles/e) (mo]es/z)- quenching™.
_ L-isoleucine  F i d s.8x10% 1.0
. P(37°)  5x1076 : o 1.0
L-isoleucine o o . At -4 : C A
e P x0T 1.0
L-isoleucine P(37°) o 4x10"° | - - 1.0

hexyl ester

L-isoleucinol  F: ©ossxa0 10

| P37°) - 2x107° 1.0
J-nitromethyl o 200 A T
]L¥isoleucinol_P(37_) o Ao ; | ]jp 4
2-methyl-1- ~ F v";5 “9x1073 » 1.0
butylamine P - 10 L 1.0
N-methy1-D,L- F ' . PR -~ . None
- isoleucine’ P ] >0 o '
Guanidino-L-  F 3 --= None
isoleucine P >:0.1 -
 '3-méthy1 pen- F - --- ~ None
~tanoic acid- P >0.5 S
3-methyl T- oy
> hentanol Fo°) L heaeT 1o
_ '3-mé£hy1,]-'v /100 ' o .- | -3 1
7 pentanal F(10°) S 2530 _y1.o
O-methyl-L- F 5 T.2a0t 10
- threonine P 6x10°° . R ' 1.6
L-valine ¥ . o Lex0t 1.0
pd ~ ax10™" .. o8
L-norvaline pe 1.5x10'3] . - '0;9
L-alloiso- e R o
~ leucine RO L 10 o 0.4
" a-D,L-amino-  F 3 2x1073 1.0
_pentanoic P 10 : ‘ 0.7
acid : .
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- Table p- (continued)

, v '
: : max
2 v 2 Ky b Ky Ks p Or max
Compound Me thod! (moles/e)" (moles/z) moles/zl quenching
wuLamn¢,,r'--;';'_3‘-”, e 100
‘hexanoic P 7x10 L e - 0.35
ac1d : : R S ' :
a—D,L—amindé' S - R . o
“heptanoic P - 2x10 , o 0.35
acidv- - ) R o
L- 1soleuc1n01 F(10°) S -‘_g'v ‘]0f83, 1.0
adenylate = 'P(37°) - S 4x1077 o -=f
',L-igo}eucinol - o L
~ Nb6-(2-amino- /470 o 1778 o f
Cethyl) 5'- - P(37°) T S

f -adenylate

gp 1nd1cates ATP [32P] PP; exchange; F 1nd1cate' f1u0r1metr1c t1tra—
tion. Investigations at 25°C un]ess otherwise noted.

b = Michaelis constant K = inhibition constant; KS = dissdcia—;':'
t1on constant. ' - ' ( '

~Re1at1ve to va]ue for L-isoleucine. Vpa, is the rate at extrapo-
lated infinite substrate concentration for thuse compounds which
are Substrates and at extrapolated infinite L-isoleucine concen-
tration for those which are inhibitors. =

yalues from Berg, et al.'® ,
&yalues from Loftfield and E1'gner_‘.17

 iVa1ues of Vyax were dependent on ATP/inhibitor ratio.
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- Table 2 . Binding Constants of ATP and Analogs to
' L-iso]euéine t-RNA Synthefase ' v
. max
' N v b Ky b Ks b or max
Compound Methoda (moles/z) (moles/z) (mo]es/z) qyench1ng
ATP: 4 2507t 1.0
o ] 4x10° | 1.0
AP F . " 7500 0.6
o P ' 9x10 | 1.0
Adenosine’ | P 074 1o
Adenine: P 3x10f2 1.0
‘D-Ribose - P 2x10-24 - 0
.Pyrophosphate F . .- 2.6x10 - 1.0 -
T oopesf 3y1070 -
Phosphate P 1072 10
L-isoleucingl  F(10°) g 108 1.0
, adenylate - 3x10 7 -=-9
NS-methyl AMP 5x1073 1.0
'L-igoleucinolfr o e R
NO-methyl P- - 2x107° ---9.
~adenylate ) o
N6-me thy 3 S
~ adenosine - ijo 0.9
.- Nb- (6 am1nohexy1) -4'f'“”
. -adenosine P . 9x10 _ 0.25
- N6-(2- am1noethy1) ‘ | o
.adenos.ine n 6x10 0.1
L-isoleucinol N6- _7’ - _
(2-aminoethyl) P 5x107° -e=g
adenylate - '
02,03-Isopropy11- -2 1.0

. A >
dene adenos1ne 10 _

a 1nd1cates f]uor1metr1c titration at 25°
. indicates ATP-[32P] PP; exchange at 37°.

—Km Michaelis constant; K;= =inhibition constant Ks=dissociation constant.

SRelative to value for ATP. Vmax 1s the rate at extrapo]ated 1nf1n1te
concentration for ATP.

QBased on the assumpt1ons that on]y ‘the g- furanose is inhibitory and
that this form comprises 18% of the D-ribose in an. aqueous solution
at equilibrium,

unless otherwise noted.v.P

—Value from Cole and Sch1mmel 18

5-PP1 is a substrate for the exchange reaction as well as be1ng a competi-
© tive -inhibitor of ATP. Vj.y at extrapolated infinite ATP concentration
will be dependent on the ﬁﬁ concentration.

g»\Ialue of Vpax is dependent upon the L- 1so]euc1ne/1nh1b1tor ratio.
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- (4) RemovaT-ot a methyl from either branch of the'stde chain (L-
v’vaTine~and:L?norvaline):resuTts‘in‘a considerable decrease in
| binding“aftinity withdut'greatTy affecting Catalytic abi]ity as

measured by V Subst1tut1on of a hydroph111c oxygen for a methy—

max
lene (O -methy]l threon1ne) g1ves a s1m11ar reduct1on 1n b1nd1ng and
1nterest1ng]y, increases V ax' ' | |

(5) The effects of extens1on of either arm of the side cha]n, as.

determ1ned by extrapo]at1on from the d1fferences between L- vaT1ne

T and L- aTTo1soTeuc1ne (extension of methy]l arm) or among a-D,L-

i am1nopentano1c acid, a- D L aminohexanoic ac1d and o-D,L- am1nohepta-
roic ac1d (extens1on of ethyl arm), are a moderate reduction in.

binding“aS-weTT as a decrease in Vmax'

(6) The maximum fluorescence quenthing was the same; within experi-

mental error, for all compounds which exhibited ability to bind to IRS.

"FOr ATPIanaTOQS:
(]) ATP AMP, adenosine, and pyrophosphate aTT bind to IRS w1th

s1m1Tar aff1n1t1es

(2) The product of the 1nh1b1t10n constants of aden1ne and g-D- rlbo—

',furanose is approx1mate1y equaT to that of adenos1ne

_( ) ATkyTat1on on the 6 -amino group -is assoc1ated w1th a decrease.h
5_1n compet1t1ve b1nd1ng and the appearance of apparent non compet1t1ve -

'b1nd1ng;' Extens1on of the a]ky] group seems to reduce both types of
.ﬂ‘bfnding' Addition of an w-amino group to the aTkyT group seems to

-.'1ncrease both types of b1nd1ng

} (4) The resuTts of N6 aTkyTat1on are not aTways comparab]e among

';ﬁadenosjne, AMP,_and L-jsoleuc1nol adenyTate,.v
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(5) 02,03 -1sophopylidene adenosine shows very weak binding.

(6) 1The'maximum fluorescence quenching produced by ATP and pyrophos— .

phate is the same as that given by L-isoleucine and'its analogs. AMP

gives arlesse? fluorescence quenching.

For L 1so]eucy1 adenylate ana]ogs .

'(1) The 1nh1b1t1on constant of L- 1so]euc1no] adenylate (vs. Lkiso1eu-
c1ne) 1s approx1mate]y equa] to the product of the inhibition constants
of L 1s01euc1no1 and adenos1ne

(2) L-iso1eucino1 adenylate and L-iso]eUcfnol N64(2#amin0ethy1)

' adeny]ate are compet1t1ve 1nh1b1tors of both L- isoelucine. and ATP.

The1r 1nh1b1t10n constants are ]ower when measured against L- 1so]euc1ne}

6

(3) The comments on N -a]ky]ation above app]y 1Tkewise here.

(4) The maximum fluorescence quench1ng of. L- 1soleuc1no] adeny]ate is -

the same as that for L- 1so]euc1ne and its analogs

D1scuss1on

L- 1so]euc1ne tRNA synthetase has been shown to be a monomer3

5,6

w1th on]y one act1ve site. Our data are consistent w1th these

f1nd1ngs, and have been 1nterpreted on this basws
Our exper1ments were .all carr1ed out in the absence of tRNA”e

i

It is possible that the format1on of an IRS tRNAﬂe

complex may re-
sult in the alteration of the cata]yt1c s1te and possibly even of |
the catalytic pathway. Compar1son of our resu]ts w1th results ob- -
~ tained in the presence'of tRNA”e would be. of con§1derab1e 1nterest
_ However, we perfbrmed no'such exper1ments.w The following discussion

app]ies only to the free enzyme.
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N :7.The order of bfndinovof:the substrates has not been “determined:
- WélbeTieve ﬁt is random: ‘Both L—isoTeuefne and ATP cah bind to IRS
v1n the absence of the co- 11gand and the strength of this binding
is ]1tt1e af‘ected by the presence or absence of the co- ligand, as
.shown by the very s1m11ar values’ obta1ned»for_the,Michae11s constants
and the. dissociation ednstants | | _ | |
o Moreover the b1nd1ng of L- 1so]euc1ne ATP, L 1so]eUCy1 adeny-__

1ate (formed in s1tu w1th L- 1so]euc1ne and ATP), and L- 1so]euc1nol'_'

: adenylate all gave the . same maximum fluorescence quench1ng Th1s
suggests ‘that the b1nd1ng of any substrate 1nduces,the same confor-
mational”chanoé in the enzyme to give the'eatalytically"aetive con-

' ‘fdrmation._ It is'possibTe-that“the inductton of the same fluoreséence
Quenchin§ may-be.fortuitous,-but this-is-uniike]y. (Further’justjfi—
'catjonvfor the correlation of.f]uoreseenCe‘quenching:with conforjn’
.mationaTvchanQes’and for the equation of binding of substrates to.
the TNS IRS comp]ex w1th binding to free IRS may be’ found in Holler

or 1n Appendlx B)
’Thjs cOnformation change appears to be 1ndueedvnot On]ylby‘thev
bindind of thejnaturai substrates,.but also by:ailsbut one of the .
Vsubstrate ana]ogs tested With the exceptlon of AMP a]] of. the -
. compounds wh1ch were bound at all gave the same max1mum f]uorescence
| uench1ng | -
S1m1]ar1y, among those ana]oqs wh1ch cata]yzed the pyrophosphate

vexchange reaction. there was at most a threefold decrease in V * com-

: ’pared to d1fferences of up to 3 000-fold in the Km va1ues This

1mp]1es that the: b1nd1ng of a 11gand to the enzyme is r1g1d1y coupled |

~ to the 1nduct1on of the “act1ve conformat1on.' Th1s_behav1or is in
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marked contrast to that of enzymes such as chymotryps1n wherein the
' extent of conformat1ona1 change and the rate of catalysis is qu1te :

sensitive to the geometry of the 11gand.19

Binding of Lfiso1eucine. The abolition of binding upon methy]a-
tion dr,guantdation of the-aQaminb grcup of L-isoleucine can be
_understdod in terms of simple steric hindrance. That binding is'
also abolished upon rémoval of the'amino group fs somewhat'moref
difficu]t tb exp]ain A c1ue is of fered bysthe.fact that cOnuersion
-vof the carboxy]ate to a neutra] der1vat1ve concomltant w1th removal
of the amino group g1ves analogs to wh1ch b1nd1ng ab1]1ty has been"a
restored, albeit’ at a very 1ow 1eve]. A poss1b1erexp]anat1on is
‘that'the protOnatedvamino“grOupiis paired'with}a negatively charged
group:On thevenzyme Removal of the amino group not only- e]1m1nates
‘the b1nd1ng energy prov1ded by ion br1dge format1on but a]so a]]ows :
) repu1s1ve 1nteract1on between the unpa1red negatlvely charged |
‘group on the enzymeand thecarboxylate. ConverSTOn of_the carboxy;'-
' ]ate td’a neutraT'grdup e]fminates this_repuision_and a11oWs.the '
‘md]ecu]e to‘bind. The binding energy fn’the.latter case is presumably.
‘proyided by the interaction of the side chain w1th the enzyme. -

b When the'carboxylateralqne,isﬁremOVedito'give Z-methyle]—
buty]amine,»the level of ‘binding as measured hybinhib%tion of'the
‘pyrophosphate exchange was reduced by a»tactor 6f.two but when
measured by f]uorescence quench1ng was reduced a]most 2000- fold.

The most obv1ous possible exp]anat1on for this discrepancy is that .
ATP enhances the b1nd1ng of the ana]og.hhThe pyrophosphate exchange
reaction qccurs-cf necessity 1n.the,presence.of ATP. . When the

L _ _ v o |
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'diSsociation constant of 2-methyl-1-butylamine was determined from‘
the f]uorescence quenching in the: presence of ATP, it was found to
be 4 x_lO : mo]es/iiter,8 a va]ue which is lower than that of L- -

: _ . | .
viso]eucine itse]f. Simiiar]y, the KS was determined ‘to be 3 x 10° -5

moies/iiter in the‘presence'of pjrophospha.te.‘8 ,The'va]ue'of 1073
moies/liter determinedrin the pyrophosphate exchange can be viewed :
as a:Weighted ayerage'of binding constantsvfor'the.enzyme—ATPvcompiex
"and fordan-enzymeryrophosphate cdmpiex (pyrophosphate is a competi—»
tive inhibitor of ATP as well as a substrate for the ‘exchange).
Similar resu]ts were obtained for‘L—isoleuc1noi, in which the
carboxylate of L- 1so]euc1ne has been reduced to the uncharged a]cohoi{
These resuits, as well as the previous ones, may be interpreted
in terms of thevfoiiowing hypothesis: ‘The binding of L-isoleucine
»is associated'withvthe opening of an ion'pair within the active site
and.the formation of new pairs with the_ammonium and carboxyiate
moieties.ofithe amino acid. Upon formation of L-isoleucy] adenylate
the”positive component of the active site becomes associated with
_the phosphate' The absence of either the ammonium'or the carboxylate
1eaves one of the charged enzymic components unpaired and resu]ts in
| corresponding destabiiization of the complex and weakening of the
-binding The absence of the carboxylate may be compensated for by
_the presence of ATP, AMP or pyrophosphate This 1s quite reasonable
in view ofgthe supp051tion that the pOSitive group 1nvoived subse-
quentiy becomes aSsociated with the a;phosphate. The pyrophosphate.
‘;binding site is oniy proximal.to the carboxy]ate and a-phosphate
“.Sites, and pyrophosphate therefore cannot interact as. effectively

“The enhancement of binding in the presence of pyrophosphate is accor-

"dingly con51derab1y less than that seen for ATP or AMP.

i
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If'this hypothésis fs correct, one should be éb]é to»test it;by
neutralizing one of the components of the ioﬁ-pair by tjtratiqn;
Basic titration indicated the presence of a group with a pKa.(app.)'
of 9.4 - 9!5, the neutralization df'which-was‘éﬁsdciaﬁed'with a de-
crease in binding of L-iso]eUCine'an&vthe induction of fluorescence
- quenching equal to that iﬁduced'by'the bindingﬂdf a substrate (see |
Appendix B). Acid titratfon was not attémpted'Because the expécted
bka of'tﬁe.negafive group was considerably below the pH at which’
denaturétionvbegfns té eccur (j;g,;va 6). |

“When conversion of the carboxylate to a neutral derivative was

~accompanied by an increase in size of the residue, as in L-isoleucine

A ethyl ester or 1-nitromethy1 L—isoleucinoi, the level of binding
drdpped below that seen fdr-L-iso]éucino] Qf Z-methyj-lébuty]amineff
Thisvis presUﬁably a’éfmp]e steric effect. However, on going from
the»ethyl to the heiy] éster bindfng iS-inc}eaSed vAny'réduction
1n b1nd1ng due to ster1c 1nterference appears to be offset by hydro-
phob1c 1nteract1ons Santi g;ﬂgl, have .reported a similar effect
for the binding of phéhy]alany] esters to PRS.Z2 ‘Initiaily we
_sthought the hexyl group might.be binding tb.a_baft of the ddenosine‘.
binding.site . However, L- 1so]euc1ne hexy1 ester was not a competi-

|
t1ve inhibitor: of ATP.

We a]so determined the effects of shorten1ng or 1engthen1ng the -

branches of the side cha1n. The‘removal of a methy]ene from the

ethyl or methy] branches of LQisdleuciné_gives.L-valine and L-norvaline =

(a—L-aminopentanoic acid), respectively. The‘values of V ax Were

only s11ght1y decreased -and the max1mum f]uorescence quench1ng re-

mained unchanged. The va]ues of the b1nd1ng constants were




. the transfer of'afmethy1ene'from water to a non-polar solvent.

C1e-

significantly-ihCreased{' The losses in free“energy of hindihg

vhcorrespond1ng to the 1ncrease 1n K were 3 2 Kcal/mo]e for removal
-of the 8- methy] and 2. 2 Kca] for loss of the Y methy] These

'va]ues are_cons1derab1y h1gher than the va]ue of ].1.Kca1/mo1e for

25

"The strength of .binding cahnot be eip1ained-comp1ete1y on the'

»basis of'hydrophobic'interacttons Th1s d1screpancy was a]so -

noted By Loftfie1d24 who postu]ated space- f1]1 ng effects to account

- for it. When we determined the b1nd1ng of O-methy] threon1ne, an

ana1og-1n wh1ch a methy]ene has been rep]aced by.a_hydroph1]1c

. oxygen,'the increase 1’n'Km corresponded to a loss of 1.9 Kca]/mOTe

in binding energy. This is also excessive. The difference'canhot

~ be exp]ained by spaCe-ff]Ting,considerations since no “hole" remains
" in the binding site when this analog is bound. Additional factors
must be operative in producing these sorts of effects - effects which =

" are responsible for the very high degree of selectivity shown by the

synthetase; At'this'point,We'cannotrpropose a good explanation for
these results. Ne'he1ieve'they'may be 1ihked to the apparent rigid
¢oupling between the binding of the side chain ahd the induction ot
the ftxed active conformation |

The effect of e]ongat1on of the methyl branch of the side chain

'was determ1ned using L- a1101soleuc1ne Because it has an inverted
' conf1gurat1on at carbon 3, it is expected that on binding to IRS;

7the mechy] group will occupy the ethy] subs1te and vice versa. The

changes noted in the parameters will be the resu1t of both e]ongation"

of’ the methy] and shorten1ng of the ethyl. In order to determ1ne the

»effects of elongat1on of the methy] only, the data were compared with

.those for L- va11ne
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The'Vma_X va1ue wes approximately halVediand‘the binding_wacire-n'b
duced six-fold in going from L-valine to L-a]]diso]eucine; The
effect of extending the mefhy] droup.is slight. The results indi-
cate that the.methyl bindfng site ié_not rfgid]y closed aflthe end
bas isvfhe case for trypsin-dnd chymotrypsin 20 Were‘the'subsife a.
c]osed pocket the presence of the extra methy] cou]d be expected o
to push the rest of the analog into a cata]yt1ca1]y 1mproper pos1-'
't1on, w1th the result of'substantja]-decreases in binding and .
maximum rate‘of catajysis;” : | _ |
The effect:of 1engthenfng'the ethy1'brénch Was'determjnedfby U
comparing the parameters forba-D;LAaminohexanoic acid and;u4D,L—amino—
heptanOic acid with those for d—D L¥am{nopencanoic acid' ‘The resu1t§
for add1t1on of one methy]ene were a]most 1dent1ca1 to those seen |
| for extension of the methy] branch. - Add1t1on of a second methy]ene
gave a s]1ght further reduction in b1nd1ng, but d1d not affect V
The argument for an open ended methy] s1te may be 1nv0ked re-
gard1ng the open- -endedness of the ethyl b1nd1ng site as well: In
this case, it cannot be comp]etely r1gorous. The-]ack of branching
-on the side chains of these analogs will allow them to bind to |
either the methyl er'the ethyl subsite; The’methy] subsite"has
already been shown to be open-ended and.cepab]e'of accomodating the
: 1onger chainss Thefresu1is may reflect binding of the side chain to -
) the methyl site. 'wé can only say that‘ihe ethy]lsubsife may also be

- open-ended.

~ Binding of-AT?. In studying the binding of the'components of
ATP, it was found that the product of the inhibition constants of

adenine and B-D-ribofuranose was approximate]y equa1 to the inhibition

]
j
{
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constant of adenos1ne Assuming’that-the fnhioition constants are:
good measures of the d1ssoc1at1on constants, th1s is equ1va1ent to
say1ng that the free energy of b1nd1ng of adenos1ne is approxi-
fmate]y the $um of the free energy of b1nd1ng of 1ts components

Spec1f1ca11y, AGAde + AG 2 2 KcaT + 2.4 Kcal 4.6 Kca]

r1b
5.0 Kcal ~ The extra O 4 Kcal of b1nd1ng energy may be as-

- Ccribed to a Tesser decrease in entropy upon b1nd1ng the s1ngTe
| vmo]ecu]e of adenosine relat1ve to the b1nd1ng of the two moTecuTes
'vof its components The b1nd1ng of adenos1ne 1s presumab]y the re-b'
suTt of the . 1ndependent b1nd1ng of its components
' One m1ght expect a similar re]at1onsh1p to be found among the
| b1nd1ng constants for ATP AMP and pyrophosphate Surpr151ng]y,~
the d1ssoc1at1on constant for ATP 1s approx1mate1y the same as that

~of e1ther AMP or pyrophosphate a]one Upon mak1ng the appropr1ate

caTculat1ons, it is found that the free energy of b1nd1ng of ATP is

4.3 Kca]/mo]e Tess ‘than the sum of the b1nd1ng energ1es of AMP and
.pyrophosphate | |

On the bas1s of k1net1c ev1dence, 1t has been proposed that
ih'the format1on of L-isoleucyl adeny]ate is promoted by approx1mate1y
5 Kcal/mole when ‘the substrates are bound to_IRS.relat1ve to forma—’vT

tion)gin'solution.‘21

One possible exp]anationfjs that upon binding
‘to thehenzyne ATvaecomes distorted or strained atrits'reaction
stte so:as_to‘tacilitate.the reaction. The'decrease'in free energy
of binding'of ATPvto'the enzyme'reTative to that*of its components :
_may be taken as a measure of the stra1n enerqy |

The value of 4. 3 Kcal/mole for the stra1n energy does not

account for'aTT SIKcaT/mo]e by:whrch the react1on is promoted. This
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-.diécrepancy can be-accounted for by entropy eonSfderations, or it

- may be the resuit of the difference in binding of adenosine and
AMP. The free energy of b1nd1ng of AMP is 0.6 Kca]/mo]e 1ess than
that of adenosine. Apparently, as the adenosine and the B,Y-
pyrophosphate moieties bind to their subsites, a severe distortion
is induced at;the a-phosphate; (This is precfsely”where one would .

“expect distortion to be most effective in promot ing the reaction,_

hsince‘ittis the residue which undergoes substitution.) The reSUlting

binding is a compromise between maxiMization of 1igand-en2yme inter- -
_ actﬁbnﬁand minimization of Strain.' Upon'fermation'df the Léfseiencyl
adeny]ate; the strain is released and the éomnonentS‘achfeve'maximnm
interactioanithtthejr binding sites; | |

The effect of N64aTky1atf0n of ATP analogs was. to decrease
'bindiné moderateiy whi1e'fntroduCing a decrease in Vmax which was
qufte'Unpredictable. The data are'too'tnEOmpTete to determtne any -
very mean1ngfu1 structure activity relat1onsh1p for the N6—s1de
cha1ns (Adenos1ne der1vat1ves hav1ng hydrocarbon chalns longer
'Athan methyl are too 1nso]ub1e for test1ng ) We be11eve that the
reduct10n_1n Vma may be the result of a non- compet1t1ve 1nh1b1t1on

6-a1ky1 der1vat1ves‘causes a distortion of_:

vThat-is,'hinding of the N
the actire site which‘reduceé.its’ability.to bind LJisoieucine. This
is suggested by the faet that a]ky]ation of the L-iso]eUcinol adenyeg
late produces a much greater reduct1on in b1nd1ng than does the '

correspond1ng a]ky]at1on of adenos1ne Rouget and Chapeville have

reported that NG-(Z-hydroxyethyl) ATP is a compet1ttve inhibitor of
, Lf1eucine.With L-leucine tRNAvs'-yn,thetase.z3 NS-methy] adenosine

: shows'no competitive inhibition of L-isoleucine, but it also has
v ! - t ‘ : .
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11tt1e effect on. V ' The aminoalkyT adenostnes”haVe not been tested.
| Mod1f1cat1on of the 2' and 3 hydroxyls -seems to have fairly
drastic effects on the b1nd1ng. Deoxy-ATP can serve as an energy
source for the exchange reaction.  Mitra and Mehler studied dATP as a
substrate'for_the.tRNAucharging reactioneand-found:a reduction in
" reaction rate as well as a signiffcant‘inCrease in Km.zﬁ These 7
resu]tS‘are.not strictiy’tdmparab1e t0‘0ur studies, sfnce’tRNA was
~ present, but they-are'indicative; We’foundbno’measurab]e'binding

2' 3

 with0 ;O'=—isopropylidene adenosine.. =

B1nd1ngﬁof L- lsoleucyl adeny1ate L 1so1eucy1 adenylate is too

,unstab]e to be studied d1rect1y Therefore, the stab]e ana]og, L-
1so1euc1no] adeny]ate was used as a model. 'This~compound shows o
vd1fferent 1nh1b1t1on constants when measured aga1nst L 1so]euc1ne

and ATP Th1s effect presumab]y is a resu]t of the fact that the t~'

(app) w111 be affected by the concentrat1on of the substrate which

is not varled since L-isoleucinol adeny]ate 1s a compet1t1ve 1nh1b1tor S
of both_substrates The Tevel of the fixed substrate was 2 x 107 -3 M

{h the.studfes‘ But s1nce L- 1so1euc1ne binds more t1ght1y than ATP

its effect on reduc1ng the b1nd1ng of the L- 1so]euc1no] adeny]ate w111
~ be more marked and the K1(app)_measured wjth ATP as the varied sub-

' strate w11] be lower The dissociation constant measured in the |
absence of e1ther substrate, had a va]ue between those of the K1(app) S.
Because L-1so]euc1no] adeny]ate competes. w1th both substrates,
the va]ue of V \ w111 be dependent upon the rat1o of the 1nh1b1tor
"~ to the fixed: substrate Accord1ng]y, va]ues of V were determ1ned

»for‘extrapo]ated 1nfjn1te ATP concentrat]on_at severa] concentrat1ons
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of L-jso]eucine both‘fn the presence and absencehof_inhibitqr; The

values of V_ . were then p1otted as functions of the L-isoleucine
'concentrat1on accord1ng to the method of Eadie.'> This gaveta

_ M1chae11s constant “for L 1soleuc1ne of 6 X 10 6 mo]es/]iter and an -
_1nh1b1t1on constant for the L- 1so]euc1no] adenylate of 10 -8 moTe/
11ter The’ ( max)max va]ues for both plots were 1dent1ca1, 1nd1-
cat1ng true compet1t1ve 1nh1b1t1on

The product of . the 1nh1b1t1on constants of aden1ne and L-

isoleucinol is 6 'x 10° -3 ascompared with 10 for L 1so]euc1no]

7adeny1ate Th1s 1nd1cates that the b1nd1ng of L- 1so]euc1no] adeny— o

late 1s pr1mar11y due to the 1ndependent b1nd1ng of L 1soleuc1n01
and aden1ne The phosphate may poss1b]y cause a s11ght reduct1on

~in the b1nd1ng There is little or nordecrease_1n binding due to

strain as was found for-ATP; ‘We,may presumejfrom'this that énzymea'

.Abound L 1soleucy1 adeny]ate is also stra1n free, as we prev1ously
pred1cted | _ |
The effects of N°-a

Sectienaon the bindfng.ofLATP.

Tmp11cat1ons for the preparat1on of aff1n1ty adsorbents. jThe'f

| sorbents m1ght be prepared by attach1ng L 1so]euc1ne to-a support
via ester or amide. format1on with the carboxy]ete or ether format1on
”w1th the correspond1ng a]cohol, and also by attachment v1a the side
‘chain. | |

Attachment via ester, amide or ether formation to a tail
attached to the support'ehould:be re]atively easy and yield a

- fairly potent adsorbent provided that ATP is present.  (These

-alkylation have already been discussed 1n_the.h-
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der1vat1ves w11] carry no. negat1ve charge )'

Attachment v1a the s1de cha1n would y1e]d a somewhat less
'potent adsorbent Severa] prob]ems are apparent One 1is that the
".side’chatn must’reta1n its branch1ng or-b1nd1ng'w111 be drastically

.reduced, and other am1no acy1 synthetases m1ght become bound as we11;
_Retent1on of branch1ng w1]] necess1tate a moderate]y 1nvo]ved syn-.
-thes1s One w11] a]so be comm1tted to a fur*her fourfo]d reduct1onv
'1n btnd1ng ab111ty, since a synthes1s g1v1ng proper opt1ca1 conf1-
- gurat1ons wou]d be proh1b1t1ve1y d1ff1cu1t o
| One m1ght a]so propose attachment of adenos1ne v1a the 6- am1no
_-group to g1ve an adsorbent Th1s m1ght adsorb IRS but wou1d also :
: adsorb the other am1noacy] synthetases as we]] as numerous other ;
enzymes | | | R |

L-isoleucino] adenylate could be attached via any of the sites
‘mentionedtabove} Ester, amide and ether formation}would, of course,

not betpossib1e.‘-However, an'amino’a1coholicoqu»be prepared in
Which'the l-carbon-already.carried aitailg“ This amino alcohol wou]d:
be elaborated into thebsubstftuted.adenylate which would then be
attached to the support Since L- 1so1euc1ne hexy] ester was not a .
‘compet1t1ve 1nh1b1tor of ATP, 1t is expected that there wou]d be .
11tt1e,ster1c 1nterference-from the appended_ta1].

-Attachmentfvia'the side chain would suffer'fromvthe drawbacks . ‘;
\previous]y mentioned ' A]so the mod1f1ed amino alcohol wou]d have o
to be synthes1zed and su1tab1y protected before it was condensed
fw1th AMP. | |

Attachment via thev6 -amino group can be expected to cause a

fairly 51gn1f1cant decrease in ab111ty to b1nd the enzyme However,
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-the '-1soleuc1nol adenyTate is-a suff1c1ent1y potent 1nh1b1tor that
a power.ul adsorbent should st1TT resuTt Thjs:route offers the
advantage_that the ta11,can beaattached after the;Synthesis_of"the'

basic structure, thus reducing the complexity of the synthesis.

' Summar. _ ‘
 We have presented evwdence to 1nd1cate that the b1nd1ng of a
:substrate 1nduces a conformat1on change ‘in IRS to what we have
_caTTed the act1ve conformat1on The same conformat1ona1 change is
produced by L 1so]euc1ne ATP pyrophosphate or any of the L—
.:1soﬂeuc1ne ana]ogs wh1ch could b1nd to the enzyme |
: The: L 1soTeuc1ne b1nd1ng s1te conta1ns two subs1tes wh1ch b1nd
the methy] and ethyT groups The methy] s1te and poss1b1y the o
-v_ethyl s1te are open at the end The strenqth of. b1nd1ng of the
side cha1n s greater than “can be accounted for by hydrophob1c 1nterf>“
'act1ons alone Th1s unexpected]y large decrease in b1nd1ng upon
« mod1f1cat1on of the side cha1n 1s ‘one reason for the h1gh degree of
select1v1ty shown by the enzyme | , ’ '

The binding of the s1de cha1n appears to be r1g1d1y coup]ed to
"the open1ng of an ion pa1r in the act1ve s1te New pa1rs are
'formed w1th the charged res1dues of the L- 1soTeuc1ne zw1tter1on
Remova] or neutra11zat1on of e1ther charged group of the am1no acid
- results in cons1derab1e:destab111zat1on_of_the enzyme-ligand complex.

The effect of neUtraJization or removaT of'the carboxyTate may
be compensated for by concomitant;binding'of ATP, AMP, or pyrophos-
.phate, whtch show decreastng effectiyenesS'inbthe order listed.

~ Upon formatjon of L-iso]eucyT_adenyTate;'the'positively charged
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"COmpeheﬁt;df7thé»ﬁon nairtbecbmes-associateddwith'the‘phosphate
mo1ety | o | - o h ’. h

ATP assumes a h1gh energy ‘state upon b1nd1ng to IRS through
induct1on of strain at the quhosphate,res1due.v‘Upon formation of
Athe.LQisoleUCyI adenylate, the strain is.neleased; and this drives
| the react1on in the d1rect1on of adeny]ate format1on
Poss1b1e affinity adsorbents may be obta1ned by the attachment
'of L 1seleuc1ne to a support v1a a tail on the carboxy]ate or by
attach1ng L- 1so]euc1no] adenylate via a tail on the 1 carbon of the
~isoleucyl res1due or the 6-amino group of the pur1ne Poorer. ad-
sorbents m1ght be prepared by attach1ng either’ 11gand via a ta11 on
the_s1de,cha1n Such der1vat1ves wou]d be 1ess access1b1e synthe-'
tica]]ytthanvthose-prev1ously mentioned. Attachment of der1vat1ves
vv1a the a-amino group or the 2' or 3 hydroxyls wou]d result in ad- |

sorbents with Tittle or no ab1]1ty to bind IRS
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Introduction

FThertechnque Which'has come-to be known'asbaffintty ehromatof_
graphy was f1rst successfu]]y app]1ed to the pur1f1cat1on of an
enzyme by Lerman in 1953 when tyros1nase was pur1f1ed using azo
dyes bound to ce]]u]ose,] but 1t was not unt11 f1ve years ago that
: ‘the~techn1que began to be deve]oped as a genera] toolvfor enzyme

v isolation" S1nce then the bas1c methodo]ogy has been we]] developed
] ”pr1mar1]y through the work of Cuatrecasas and h1s coHeagues,2 and a
number of enzymes ‘and other b1o]og1ca1 macromo1ecu]es have been jso-

']ated by the techn1que

Bas1ca11y, aff1n1ty chromatography may be app11ed to the pur1f1- ;

hcat1on of either of any pair of mo]ecules which bind spec1f1ca11y to

one another With a strongbaffinity' Our d1scuss1on will be 1n terms‘

»dof enzyme- ]1gand pa1rs, but the techn1que is equa]]y app]1cab1e to
_ many other pairs, such as ant1bod1es and ant1qens, or transmitter
substances and receptor 51tes _ e _ | o
The . techn1que cons1sts of attach1ng a 11gand to an 1nso]ub1e
support When an. 1mpure solution of the enzyme is passed through a
column of th1s mater1a] the enzyme will b1nd to the 11qand and be
retarded or stopped in 1ts passage throuqh the co]umn, dependlng
.upon the strength of the b1nd1ng 1nteract1on, wh11e the 1mpur1t1es'
paSS'stramght through, If the enzyme is stopped; elution can be -
effected by chang1ng cond1t1ons (e;g.; pH'or ionic strength) S0 as
to weaken the b1nd1ng 1nteract1on Or the column may be'eIUted |

w1th a so]ut1on of free ]1gand' The enzyme- w111 part1t1on be tween

the solub]e and 1nso]ub1e 11gands and thereby be e]uted

J
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In prepar1ngand us1ng an affinity co]umn a number of factors
must be con51dered . |

A support mater1a1 should be selected which will a]]ow a max1-

mum number of the bound ]1gands to be ava1]ab1e for 1nteract1on with
"the enzyme, and wh1ch does not 1tse1f 1nteract s1gn1f1cant1y w1th
: enzyme or 1mpur1t1es A]though there are a number of support |

. mater1a]s which might seem suitable, essent1a11y all of the succesSfu]

- pur1f1cat1ons which have been effected have used beads of agarose gel

(4% w/v) as the support The key to the success obta1ned Wi th
agarose beads seems to ]1e in their h1gh poros1ty (exc]us1on.11mit-j
15,000,000 MW). H1gh1y porous po]yacry]am1de gels (exclusionb1im1ti
400,000 MW) have been used, but these give considerably inferior
~_resu1ts‘compared to agarose'gels, despite'the'fact'that the poly-
acrylamide can carry a cons1derab]y higher concentrat1on of 11gand
A 11333__shou1d be chosen which exhibits a high binding |
aff1n1ty for the enzyme; A co]umn on which the enzyme is stopped
'ratnerdthan-retarded is'considerabTy more'desirablet.since it Cé"}v,
- be used'to'iso1ate‘the enzyme from a Targeevojume of soiution which
vmay be very d1]ute in the enzyme. The enzyme must‘be fn rather'con-'
b centrated form for successfu1 pur1f1cat1on on a column wh1ch merely
retards 1tf | |
Agarose gel can carry 1igand at a’maximum 1eye1 of‘about'20
umo]es per m11]111ter wh1ch is equivalent to-a concentrat1on of -
0,0Z_M - To be effect1ve at th1s concentrat1on, the 1nso]ub111zed

1ﬁgand shou]d have a. d1ssoc1at1on constant no greater than 10° -3

- moles/liter ~ Since 1nso]ub111zat1on can genera]]y be expected to

'reduce b1nd1ng aff1n1ty, a 11gand with a d1ssoc1at1on of 10° -3
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moles/liter in the free state cou1d ‘be successful]y used on]y under
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the most opt1ma1 of cond1t1ons
Another comp11cat1on 1s that substrates are 1n qenera] un-

su1tab1e as ]1gands, s1nce they w111 be converted to products dur1ng

_the pur1f1cat1ons | Substrates may be used when the product is

bound equa]ly strong]y or when cond1t1ons cari be found wh1ch repress

catalys1s without affect1ng b1nd1ng

The method of attachment shou]d be such as to m1n1m1ze the de-

crease 1n the b1nd1ng aff1n1ty of the 11gand upon 1nso]ub1]12at1on,
and shou]d have. no adverse effects upon “the support structure. It
shou]d result.1n.a 11nkage wh1ch is stable t0vthe cond1t1ons to,-'

which. the co]umn will be subJected and- should not produce gratu1tous'

: funct1ona11t1es wh1ch are react1ve or capab]e of caus1ng non spec1f1c

' 1nteract1ons w1th impurities.

In most cases 1nvest1gated direct attachment of . the ]1gand to
the support mater1a] has proven to be unsu1tab1e, apparent]y because
steric ‘interactions between the enzyme and the po]ymer backbone of

the support have prevented binding to the 1nso]ub111zed ]1gand

_Th1s problem has been solved by attach1ng the 11qand to the support

via some sort of tail. A number of tails. have been emp]oyed In

'

the case of a re1at1ve1y weak 1nh1b1tor a ta11 of cons1derab]e
length (14 or more atoms) may be necessary for effective purifi-
cation.3 The most frequently used tails have_been a,w-diaminoalkanes

or m;aminocarboxy]ic acids.'.They areiattached’to the'gel via the

~amino group with cyandgen bromide.4 _The Tigand may then be attached

~directly to the bound tail with a water soTub]e'carbodiimide or the

tail may be subJected to further chemical’ mod1f1cat1ons ‘before the

119and is coup]ed
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Once'the affinity adSorbent'has been prepared, one must decide

“on the size of the co]umn to be prepared If the']iqand binds

: strong1y to the enzyme, so that the latter is expected to be stopped
| rather than retarded on the column, a very short column will. suff1ce.
.'The pr1mary cons1derat1on w111 be that the co1umn not be saturated
‘that is,’ that the amount of enzyme placed on the column not exceed
the amount of 1lgand ava11ab1e for binding.

In ‘the case where ‘the enzyme is merely retarded the same cri-
“teria apply as for any other sort of adsorpt1on chromatography

“In. 10ad1ng;and wash1ng the co]umn, cond1t1ons must be chosen to

opt1m1ze the enzyme ]1gand interaction wh11e m1n1m1z1ng ‘non- spec1f1c
ones.-vOf part1cu1ar‘1mportance is se]ect1on of the proper ionic
, strength;l_A strength‘too Tow will encourageﬂnoneSpectfic (e.g., ion
eXChanée) interactions between the'adsorbentvand assorted protein
'impurities,,thus reductng the level of purification; Too high a
Strength'Wil1 interfere'wtth the enzyme-tigand binding and may also_
. ]ead to'denaturation of the enzyme. The solution should also be of
appropr1ate pH’ and’ conta1n any cofactors, effectors, etc., which may
be necessary for binding of the lTigand. It °hou1d not contain com-
pounds whlch bind to the 11gand or to the 11gand b1nd1ng site of the
enzyme to be pur1f1ed N - '
The desorption_of avtightly bOUnd_enzyme'hasfgenera11y_been _‘
aocompjished in one of two‘ways. One is to weaken‘the enzyme-ligand
interaction by changing conditions (e;g.;‘pH:Or*ionic strength). In
this case, the parameter altered should:be altered»to a point which '
"will sufficiently weaken the binding to a]]owvthe,enzyme to be |
_e1uted in a sharp band,.but\not to-the(point of causing denaturation

of the enzyme.
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. The other methddﬂinvo1res eluting the column with a solution of
a free ligand (which may or ﬁay not be the same as the-bound ligand)
which will compete withvthevbound ]igend for_the enzyme. One draw-
.back“to'this technique is that'the enzyme‘is frequeotly eluted in
ﬁvery dilute form. _Eren thoogh the freev1igand may be present'in
concentration sufficient to cause the enzyme to'partitiohvessentia]1y
entirely 1hto'the mobiTe phase at”equi]ibriuo,.the rate at which tﬁe
enzyme may be eluted_from the column wi]]‘be ]jmited‘by_the,rete at
which fhe ehiyme can diosotiafe'from the 1ioand In the case of a
strong]y bound Tigand, the ha]f life for d1ssoc1at1on may be many
minutes. This prob]em can be m1n1m1zed by runn1ng the free ]1gand
éOlution onto the column and_then stopping e]ut1on. After a suff1-.
cient wait to allow eooi]ioration, elution io resumed. Alternatively,
Afhe column may be extracted in a batchwise fashion with a solution
of free 11gand | "
One’ may a]so combine a chanqe of cond1t1ons w1th 1ntroduct1on
_of free ]1gand into the eluent to effect desorpt1on
These problems as they apply to our systema w111 “be d1scussed
in somewhat greater detail at appropriate p1aces-1n the descrjpt1on‘
of'the research which follows. For a more thbrough-discuésion‘of
_these in terms of aff1n1ty chromatography in general the reader is
referred to several reviews by Cuatrecasas 2
* Viewed in the light. of the above dfscussjon; some of our
earlier WOrk may seem somewhat ill-advised. It should be remem-
bered that most of the findings'upon which_thie_discussion was

based had at that time not yet been‘found@

. . .
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y Early wdrg'v )
| 'Repeated 10Sses:sustained in the pUrification of L-isoleucine
ftRNA synthetase by the procedures of Berg]] caused us to seek some
'.alternate»route_for ]solat1ng.the enzyme. _The f1nd1ng that tyrosine .-
'esters and'amides'Were'competitive,dnhibitbrSiof’L-tyrosine_for the |
L-tyrosfne‘tRNA synthetaseﬁ‘suggested that the same might'be true
.for,the L-fsoleucineyderivatives and;if.so;ﬂft'might"be possible
to puri fy IRS by attaching'L;isoleucine'to.some support“material"
via an. ester or an am1de bond and then pass1ng 1mpure so1ut1ons of
the synthetase through co]umns of such mater1a] . The synthetase
hwou]d be selectively retarded and thereby pur1f ed. | |
B 1so]euc1ne ethy] ester was determ1ned to te a compet1t1ve

inh1b1tor of L-1so1euc1ne with a Michaelis constant of approx1mate]y:j
_vv3 X 10‘4 mo]es/liter With this knowledge, we set about to prepare
.;some selective adsorbents. This work was bequn 1n the fall of ]968
and approx1mate1y coincided with the pub11cat1on of Cuatrecasas
f1rst paper on aff1n1ty chromatography 7 However we .did not d1s—v
- cover thls publication until three months.]ater._
.'we'decided to investigate two possible materia1s.asrsupport
' -structures:' heads of Sephadex G-50 and‘2% cross-linked po]yStyrene.
The polystyrene was selected for its strength and. stabi]ity; and the
_Sephadex for its wetab1]1ty With either support the enzyme shou]d:
'be ab]e to b1nd on]y to those L 1soleuc1ne mo1et1es wh1ch are -
attached to the surface of the bead. However we thought this would

~ be. suff1c1ent granted the very low mo]ar concentrat1ons of the en-

v,zyme 1nvo]ved and the fact that a h1gh 1eve] of subst1tut1on could
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be readily obtained. Sephadex G-150 or 6-200 would have aIIpwed>“
partial penetration of the IRS into the bead, but results WOuId
have been complicated by gel filtration effects. |
We realized that it might be necessary to interpose a tail be-

fween'the suppdrtvmaterial and the'L-ISOIEUcy] moiefy:to prevent o
steric interaCtion between the enzyme and the polymer backbonevduring
bfnding, and decided to‘prepare media both WTth,andjwithbut'taiIs.

" The materials prepared are shown in figure 1. 1 was prepared"

from ch]oromethylated po]ystyrene beads by the method of Merr1f1e1d 8
| Ir was prepared by react1ng ch]oromethy]ated ponstyrene w1th 6 -amino-
I»hexanol and acetylating w1th acet1c anhydrlde After hydro]yz1ng
Iithe'aCetate ester, the resin was reacted w1th N-t-BOC-L- 1soIeuc1ne '
» 1m1dazo]1de, and the t- BOC ~group was removed w1th TN hydroch]or1c

acid in acet1c acid. III was prepared by react1ng Sephadeva-SO
withvaminoethyl'squate, followed by.adueOUS coupling to N-t—BOCFL_
isdleueine with N-cycldheky] N'-morpholinoethyl carbodiimide metho-
p}t01uenesu1f0nate ‘The gel mas debIoeked'in TN aqueous hydro-
.chlbric-acid IV was prepared by coup11ng the prev1ous]y synthes1zed
6- am1nohexy] ester of N-t- BOC L- 1soIeuc1ne d1rect]y to the Sephadex
;w1th cyanogen brom1de.4 It was debIocked as was III.. The’Sephadex .
| geIs were prepared by Dr. Br1an Myhr. | ‘ . v ‘
| ' In runn1ng our test pur1f1cat1ons we dec1ded to use a part1a11y '
purif‘ed enzyme preparat1on Th1s was Fract10n 2, one of the less pure I
fract1ons in the aIumina C ge] etution step of the Berg procedure It'
had a specific activity of ca. 4 un1ts/mg prote1n,as compared with ca.
2 pnfts/mg'for'the crude.extracf. Thus the enzyme was not signifi-
cantIy pur1f1ed except that it was now essent1a11y free of non protein
1mpur.t]es whjch could possibly have 1nterferede1th the binding.
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Figure 1. Early affinity adsorbents The jagqed 1ine represents the
polymer backboné (P = 2% cross]1nked po]ystyrene beads, 200 400 mesh

.'S oephadex G 50, f1ne)
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.Thislfraction, which will be referred to hereafter as thevCY:geT

eluate, was dia]yzed against 0. 02 M potassium phosphate (pH'7 5) contain-
ing O.OIIM 2-mercaptoethano] It could be stored for long per1ods of

time (1 e., months) at 3°C w1th only slight loss of . act1v1ty fHowever,

it was found that dur1ng such storage free L- 1so]euc1ne was generated pre-

sumably by prote1n hydrolysis. Th1s necess1tated‘red1a1yz1ng the so]ut1on
before testing a ‘column in order to prevent ‘the L- 1soleuc1ne from compet-
_1ng with the bound L- 1soleuc1ne for the IRS.

Samp]es of C ge] e1uate were chromatographed on columns of the

prepared adsorbents using as eluents a buffer of-O.l M potassium phosphate
| (pH 7.5) containing 0.01 M 2-mercaptoethano1; or this buffer containfngias -

wel10.01 Mmagnesium chloride, or 0.005 M ATP, or both. (Since the inhi-

bition’constant for L-iso]eucine ethyl'ester was determined from inhibi-

~tion stud1es on the pyrophosphate exchange react1on [gq. (1); section A], ;'

it was not certa1n whether magnesium and/or ATP m1ght be requ1red for

b1nd1ng (It was later shown that the b1nd1ng of L- 1so1euc1ne esters was

_reduced 100 fold in the absence of ATP) The attempted pur1f1cat1ons were

done at 3°C and at room temperature. None of the absorbents showed the

ability to separate enzyme activity from bulk protein under any of the
' ) ' . [ .

conditions tested. The specific activity.of the recovered enzyme was

the same, or'slightly less, than that of the enzyme applied.

6-Aminohexyl L-isoleucinate Bound to Agarose

At about this point, we found Cuatrecasas' paper describing the puri;w

fication of staphylococcal nuc]ease, a-chymotryspin and carboxypeptidase

A using essent1a11y the same. bas1c approach that we were using. 7 A key

_ d1fference in his procedures was the use of beads of agarose gel as the

insoluble support.j Agarose 1s an a]ternate copo]ymer of D-galactose and
. T |

y
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3,6- anhydro - L ga]actose wh1ch has the ab111ty to form very stab]e ge]s

"j”vwith water at very Tow concentrat1ons  Hot solutions of agarose can be

dispersed .in 0il and allowed t0‘cool_whi]e'dfspersed to form beads of gel.
Such beads'are stable indeftnfterIWhen’kept in aquéoUsvsuspension below |
30°C. - We: haVe found no v1sua1 ev1dence (v1ewed under a m1croscope) of
degradation after 1 week in e1ther 1 N hydroch1or1c ‘acid or ] N sod1um |
hydrox1de;at room temperature. | ‘

vBecause‘of:the Tow concentrations:of agarose required and because‘therec
is no crosselinking'(the gel ‘presumably being her'topetherhentire1y by -

hydrOgen bonds), the effective‘porevsfze of'therdel'isvenormOus | Beads‘

T of 4%(w/v) agarose have a mo]ecu]ar exc]us1on 11m1t of 15 000,000 MW.

 This means that most soluble enzymes can freely penetrate into all parts v:'
"of the ge!.. Essent1a11y all of the 1nso1ub111zed ligand thus becomes
availabTe'forub1nd1ng, But every s11ver 11n1ng has a cloud and there are
a feWtdrawbacks t0'agarose beads. . They have a veryulow phys1ca1 strength
and'are easily broken if subjected to vigorous'stirring "Breakage of even
some of the beads Teads to greatly decreased f1ow rates. The beads also
deform under a]] but the s]1ghtest pressures again reduc1ng f]ow rates.
Because of the 1ow concentrat1on of agarose in the-bead, the amount of
1igand which_Can-be attached isvrather 1im1ted. The gel shrinks irrever-
: stb1y on’drying,‘freezing or treatment with most sblvents,_ Finally, the
_'mater1a1 is potent1a11y susept1b1e to microb1a1 attack v(However, we have
| never had any prob]ems with th1s last poss1b111ty ) |
| _ We dec1ded to prepare an adsorbent us1ng agarose as the support mater1a1
d The proceoure used was essent1a11y the same as the one used to prepare ad- ‘
sorbent. IV F1g 1.» N- carbobenzoxy- 6 amino- 1 hexano] was condensed w1th
N- t BOC- L 1so1euc1ne 1m1dazo]1de and the product cata1/t1ca11y hydrogenated
over 10% pa]]adium on charcoal in the presence of one equ1va1ent of acetic .
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acid. Thevprotonated Seahino-l-hexy1 N-t-BOC-LQiSOIeucinatevwas qﬁickly-
reaeted with cyanogen bromide-activated Bio-Ge] A-15M, 100-200 mesh.

- Cyanogen bromide-activation is a-procedure devetoped by Porath'gt_al,for
the codp]ing of materiais:to polysaccharides dnder mild Conditiens.4' The_
activation involves theating the'polysaecharide With‘cyanogen bromide in
aqueousfsplqtion_at pH 1f, The polysaccharide thus activated is cabahle
of t0up1ing‘primary amines. The mechahiSmhby'which this occurs is not
known. Tt is qu1te 11ke1y that cyanate groups are 1n1t1a11y formed from
the po]ysacchar1de hydroxy]s These then react with the pr1mary-am1nes tq‘ﬁ
give 1soureas wh1ch hydrolyze to’carbamic acid'esters (The coup11ng is
known to proceed with the re1ease of one equivalent of ammon1a) An |
a1ternate mechan1sm which has been proposed 1nvo1ves the generat1on of an
iminocarbonate intermediate. However, this requires;the presence of cis,
vicinal hydroxyls, of Whieh agarose has none. "The‘11nka§e generated is
reported to be quite stable to pH changes, tolerating 1073 M sodium hydroxide

and 1 M hydroch]or1c acid 1

In our hands, the linkages have prOven'somef
~ what' 1ess stable

'. The gel, now bearing the;N-proteCted ligand at a level of ca. 5 umoles/ml,
was deblocked initially by a 20 minute treatment with anhydrous trifluoroace-
.vt1c ac1d This caused some 1rrevers1b]e shrinkage of ‘the gel and ‘Tater pre-
: parat1ons were deblocked by st1rr1ng in1N hydrochlor1c acid for six hours
(There was l1tt1e d1fference in the elut1on behav1or of C ge] eluate on |
"aff1n1ty co]umns prepared from ge]s deb]ocked by e1ther techn1que ) Only
.s]1ght 1osses of bound ligand occurred us1ng either procedure, as determined
’by n1nhydr1n assays of‘ge1 hydrolysates. To verify _that the t-BOC group
was being removed by the aqueous hydroch]oric acid, a gellwas pfepared with

14

the insolubilized 1igand carrying a C-]abe]]ed't?BOC,group. After a three
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hour treatment, 66% of the rad1oact1v1ty had been lost,

Co]umns prepared from fresh]y synthes1zed adsorbent showed the ab111ty
to retard the e]ut1on of enzyme act1v1ty, (as measured by the ATP - [32P]PP
:exchange assay described by Ba]dw1n and Berg]l) relative to the elution of
prote1n (as determ1ned by the Lowry techn1que) when C gel eluate was chro-
'.matographed at 3°C us1ng 0.1 M potass1um phosphate buffer (pH 7.5) con-
taining 0. 01 M each of ATP, 2-mercaptoethano], and magnes1um ‘chloride.

This exper1ment was repeated several times us1ng co]umns of freshly
prepared adsorbent The best separat1on obta1ned 1s shown in Fig. 2 Theh
enzyme in the pool of the fractions beyond 40 had been purif1ed approximate-

'ly sixfold,” This result was encourag1ng,’but the column as constituted -
was not suitabTe-for a preoarative scale puritication: The protein péak :
emerged in 1.0 column volume of eff]uent and the’eniyme beak at 1.9 volumes.
" This requ1res that ‘the volume of liquid conta1n1ng the enzyme to be puri-
f1ed be 1ess than the column volume for significant pur1f1cat1on to be
. achieved. Given the fact that sixfold pur1f1cat1ons-are readily

" achieved by more classical technfques, the cost and effort required to
'-prepare'ajcolunn for preparative work would be prohibitive. Moreover, it
was found that on reuse a colunm lost part of its abiiity to retard the
enzyme. By the fourthvuse, it was incapable of effecting any purificationty
This loss of activity prompted us to determine whether or not the ligand

was being remoyed trom the geI.YVA gel was prepared using ]40-1abe11ed
V_L-iso1eucine and employed to chromatograph’CY gel eluate. By doing radio-
assays and ninhydrin assays on hydrolysates of portions of the gel after
each run,vitlwas determined that ligand was beino.lostvby several paths—
by s]dw_contindus hydrolysis of both ester and eyanogen'bromide—induced

1inkages, and by a_oonsiderably faster hydro1ysiS‘of the ester 1inkage
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Fig. 2. Chromatographic elution pattern of partially purified

IRS on hexyl L-isoleucinate agarose. A %" diam. column was filled

with 8 m1 of the adsorbent equilibrated with 0.1 M potassium phos-
* phate buffer (pH 7.5) containing ‘0.01 M each 'ATP, magnesium

(o)

mg/ ml’

chloride, and 2-mercaptoethanol. Cy gel eluate (0.5 ml) was chro-

matographed on the column at 3° using the same buffer. Flow rate,
0.1 ml/min; fraction size, 0.3 ml. ‘Protein (filled ciréles) was
measured with the Lowry'reageg%. Enzyme activity (open circles)
was determined from the ATP-[3¢P]PPi exchange reaction.
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dur1ng a chromatograph1c run. The1atter isvbresumably.due to the

act1on of esterases in the C ge] e]uate Cdnsiderab]e 1igand remained

bound after four runs, however E1ther the rema1n1ng 11gands were somehow
_unava11ab1e for b1nd1ng or some other method of 1nact1vat1on was operant

Despite the fact that prev1ously unused adsorbent uas requ1red for

each test run, we set about try1ng to 1mprove on the pur1f1cat1on we had
’ obta1ned. Magneswum ch10r1de, ATP, or both were omitted fromlthe e]ut1on
buffer. Omission of ATP caused precipitation of magnesium phosphate in

the CO1umn_during'chromatography. 'Further:investigation_indicated that
nagnesium'phOSphate prebipitatibh also occurred when ATP was present, al-
. though at a much s]owervrate.’ These'resu1ts may'he understOOd.in terms of

a reduced concentration of’magneSiuh'ion in the buffer due to formation.ot
the soluble comb1ex,,honomagnesium'ATP. Omission of 6n1yﬂnbgnesium chloride |
from the buffer produted_littlevchange in the initial chromatographic

elution patternsvobtained,'but'the "inactiuation"'Of the columns on reuse
-was_markedly diminished. It apbears that precipitation of magnesium |
phosbhate within the gel was the primary cause of the.loss of effectivness

of columns on reuse which had been previously neted. | )

‘When bothhmagnesium'chloride and ATP were omitted from the buffer; a

' marked‘]oss.in enzyme recovery was seen. Since the van1shed act1v1ty
’ cou]d not be eluted with buffers containing free L-isoleucine, it was .pre-
sumed that the Toss was due to denaturation. ATP is knqwnvto afford pro-
teetion against dena_turation.s’]3 Our later finding that the binding at- o
finity-of»an‘L-iso]eucine analog in which the ¢arbOXy1ate is replaced by

a neutral moiety is approximately 100-fold 1ess_in the absence:of ATP than in -
its presenceimakes'it un]ike]y that the loss of activity was due to bind-a
1ng of the enzyme to the column. R o

We a1so carried out e]ut1ons ‘at room temperature rather than at 3°C



R

(in these runs, while the column was af room tempgfa;dre, the frattion§
Weré collected in a refrigerated unit at 3°C). This resulted in reduction
or elimination of the retardation of the enzyme over.pulk protein. Since
the enzyme was known to bind L-isoleucine more,tightly‘af 25°C than at 3°C,
this behavior led us to sﬁspéct'that the retgrdatibn_which we had beeh
observing wasvéﬁtireiy due to non-affinity inféraétionﬁ.' |

To tést this hypothesis, we synthesized a ge]kbéhrihg the 6—amino-.
lihexyl.ester of L-leucine. Because this amiﬁo acfdadiffers from L-isoleu-
| éihe only 'in the positjon of a methyl group;‘the_hfcfoenvironment within.
such a gel should be almost identical to thét within gels bearing the
L-iSo1euéihe.defivatiVe; and the same non-Spécific interactions,_i%.any,
should be‘ﬁeeh} L-Teucine does not bind to IRS, and ho affinfty'inter--_
~actions should result. t | |

This gel was almost as effectivé as the L-isoTeuéjne gel in retarding
fhe elution of enzyme activity, as shown in Fig. 3, ‘(Figure'Z'is é-best‘
result:" Most run§ géye elution'behévior much'clo;er‘to thaf in Fig. 3.)
Th%s indicated that thé-éé]é.bearing 6¥amino-1;heky]‘L?isoleucjnate wéré
not écting as-éffinity adsorbents. o | o

L-Isoleucine Ester with Polyglycolamine H-163 -

1-

| It was possible that extension of the ester group froh an ethyl to

a hexyl ester might have impaired the binding of the ligand. L-isofeucine
hexyl ester was synthesized and Qas found to havg an -inhibition constant
of 4 x 10'5 moles/liter, indicating that it was bound more strongly than |

4 moles/liter). This left the possiblity

the ethyl ester (K,i =3 x 10
that the hexyl tail was not long enough to avoid steric 1ntekferencé to

binding of the enzyme by the agarose backbone, or that the wrong kind of

13
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- Fig. 3. Chromatographic e]ution'patfern'of partially purified IRS
on hexyl L-leucinate agarose. The chromatography was carried out

as described under Fig. 2 on a 10 ml column of the adsorbent.

“Protein is shown by filled circles; enzyme,agtivity is shown by

open circles.
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tail was being used. The hydrophobic hexyl chain might not be-suitable'
for use in.an aqueous system. A tail of polyethylene glycol seemed to be
more appropriate. A search revealed the‘availability'of a compound called
Po]yg]ycoTaminelH-163 (from Union Carbide).» This has the formula

H N CH2

poses. It was 1onger than 6- am1nohexano] and comp]ete‘y hydroph111c Ge]s

.were prepared from 1ts ester w1th L- 1soleuc1ne in an analogous fash1on to
the preparat1on_of the gels with anvam1nohexy1 ta11, | v
‘These ge1s“shdwed'the‘ability to retard the'IRS‘relatiVevtp protein,

v but‘ndtiasrmUch'as'the gels with an'amtnohexy15taifahad:done.'.Thfs indi-
.'cates that-bne’of the nbn‘specitfc'interactions iny61yéd in the'enzyme S
retardat1on by the ge]s w1th an am1nohexy1 ta11 ‘was probab]y hydrophob1c
bond1ng S o ’ '

| We a1so prepared an affinity adsorbent carrying the L-iso]euctne'
ester of Po]g]yco]am1ne H 163 bound to ch]oromethy]ated macroporous poly-
| styrene beads These beads were created spec1f1ca11y for use in aqueous
systems, and consist of high]y cross 11nked polystyrene permeated by many
macropores Although the enzyme is expected to be aple to b1nd only to
v'those 1lgands attached to the surface of the po]ystyrene, the presence of
the macropores increases the»surface area to ca. 30,square meters per gram.
of-dry resin; The_adsorbent prepared trdm these beads showed no ability

to selectively retard IRS.

Long Tail Adsorbents

We next. decided that perhaps it would be'necessary to attach the
L-iSo1eucine moiety to the gel with a very long tail. Our resolve was con-

firmed. by the appearance of a report'by'Steers gngj,z concerning the

CH,CH (OCH .)OH and seemed particular1y,we11‘s01ted‘to our pUr- '
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k pQrTfication of 8 -galactosidase. The 1igand used wasupéaminophenyTFB-D-
».thtogalactopyranoside,”a'weak”fnhibitor with a K; of 5 mM.. When this
ligand was attached directly to agarose, the resulting adsorbent was un-
~able to effect any purification. Attachment via a short tail (ethylene-
sdiamine)'QaVe an adsorbent capable of'slightly'retarding the'enzyme rela-
“tive to protein' Attachment via'a long tail (3-aminosuccinyl 3'-am1nod1pro-
'pylam1ne) gave an adsorbent wh1ch bound the enzyme suff1c1ent1y t1ght1y
that a change of pH was needed to effect the eTut1on of the enzyme
Accord1ngly, we prepared severa] adsorbents us1ng-very long ta11$”
, These are'shOWn intho. 4. Adsorbents V and MII showed no ab111ty to
separate IRS from-protein when chromatograph1c runs were done us1ng VI
" no enzyme was e]uted and the recovery of protein was cons1derab1y reduced.
_.Enzyme act1v1ty cou]d not be e]uted from the co]umn using eluents conta1n1ng

'L-Tsoleuc1ne The apparent non- spec1f1c adsorpt1on of - prote1n wh1ch VI

B showed was never c]early understood

Poss1b1e Alternate’Adsorbents

| The abQVelresuTts'made it‘fairly'clear,that insoTubilized L;isoleucine |
~esters do not bind to IRS-sufficientTy strongly-to be*usefu] in the pre- i
parationvof affinity‘adsorbents It was necessary to COnsider systems
'wh1ch would ‘employ ligands wh1ch bound the enzyme more strong]y

Three systems appeared serv1ceab1e These 1nv01ved employ1ng as the

11e

E ,1nsoTub111zed 11gand L- 1soleuc1no] 5'-adeny1ate tRNA or an ant1body

against IRS

L 1soleuc1n01 adeny]ate *is” the ester of the amino. a1coh01 L- 1so]eucinol
with adenosine 5'-monophosphate It is.an analog of the enzyme bound

activated am1no ac1d 1ntermed1ate, L 1so]eucy1 adeny]ate Un]1ke the

.-
H
N
:
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Figure 4. ‘Affinity adsorbents carryihg L-isd]égcine-eéfers attached‘b
by jbng tails. The jagged line indicates the pO]ymér backboné of
-the'support' A= B1oge1 A-15M, 100-200 meSh; MP = macfoporous poly-
styrene, 20 40 mesh. .
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1atter, 1t 1s comp]eteiy stable to aqueous hydro1y51s under m11d conditions.

-9 14

It 'was reported to have an 1nh1b1t1on constant of 7.4 x 10 moles/11ter

‘ The pr1mary prob]em assoc1ated with the use of this 11gand wou]d be '

| ;'determ1nat1on of ‘a method of attach1ng it wh1ch will’ not severly compro- N
mise its b1nd1ng ability. - 0nce_th1s had been determ1ned and ghe necessary-
synthetic procedures worked out, it'would be relatively easy to prepare
large quantities5of'adsorbent There is also the’ poss1b111ty that the
11gand mlght be degraded by a phosphod1esterase in the crude IRS prepara- _
tions. If th1s occurs it cou]d probably be 1nh1b1ted by 1nc1us1on of o

‘:phosphate and/or f]uor1de in the eluent buffer.

-7 moles/11ter 5 asa

The M1chae11s constant of tRNA”e is'2 x 107
11gand for aff1n1ty chromatography, this has the d1stinct1on of be1ng more .
difficult to obta1n in pure form than is the IRS which it wou]d be used
to pur1fy5" Adsorbents prepared from 1t'would be of practical value only
,eif theyfwere“capable of being reused many times. The susceptibi]ity of the
1igand:to degradation by ribonucleases in the impure IRS preparations makes
- this.appeariﬁnitke1y '(Recentvreports'have described:the purification of

CtRNATT® by insolubilized 1RS'® and of RS by insolubilized tRNAT'E.16 In

‘the latter case,»the tRNA’legwas bound'as L-iTe-tRN_Aﬂe via attachment of
the a;aminorgroup ot the L-isoleucyl moiety to a;bromoacetamidObutyI taii
l'.attached'to agarose. This results in'the tRNA”e being'attached via a
,veryhlabile'Z'(3f).ester.bond. Not unexpectedly the authors report that the
| column rapidly loses its capacity for enzymevretention on reuse.) - | |
To my know]edge, no onehad determ1ned a dissociation constant for the
vb1nd1ng of IRS to a cognate antibody. Presumab]y the b1nd1ng would be quite
strong Immunosorbents have been successful]y used for a number of years.

The primary drawback to ‘this approach would be the cons1derab1e amount of
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work necessary to'prepaﬁe an adsorbent. First, h1gh1y pur1f1ed IRS would _
be needed\to induce antibody formation. Then’ the ant1body 1tse]f would

ile as the 1nsolub111zed

‘require purification. As'in the case of us1ng tRNA
11gand this adsorbent wou]d have to be reusable many t1mes to make it a
practical tool for the purification of IRS. S1nce the ant1body wou]d be
subject to d1gest1on by proteases in the crude IRS preparat1ons, th1s pos-
s1b111ty does not seem likely. ' -
Because adsorbents bearing L- 1so1euc1nol adenylate appeared to be
the most read11y accessible, the most amenable to product1on in 1arger
quantities, and, if proper]y synthes1zed, the-most_stab]e to degradat1on,
we decided'tofpursue this Tine of investigationtv»L4isoleucin01 adenyTate-
(L-ile-01 AMP) had beén synthesized previously by Cassio‘_t,;l, from
| N-carbobenzokyéL-i501eucinoT.]4rhSince'the carbobenzoay,group cannot be
" readily removed,fromafyagarose bound 1igand, we,chose tovuSejN-t-BOCfL?
1soleucin01vin‘OUr_synthesis; The Cassio procedure,gaVe Very poor yie]ds
of ‘the N-t-BOt-iso]eucinol 5'-adeny1ate. Much better ‘success_was obta1ned
usjng'the methodiof Sandrin and Boissonas]7 w1th mlnor mod1f1cat1ons
3nnno1es of N4téBOC-L¥is01e0cinol‘were condensed w1th‘] mmo]e of N, 0, O-
triacetyl AMP (prepared according'to Khorana34)‘fntdry pyrfdineius{ng
10 moles of N, N —d1cyc10hexy1 carbod11m1de for 5 days. 'The acetyl groups
- were removed in 9:6 ethano] - concentrated ammonium hydrox1de and the
t-BOC group with anhydrous trifluoroacetic acid. The L-1]e-o] AMP was.
purified by column chromatography. (This procedure‘Was subsequent]ytim-
proved. The description in the Experimengal Section:fnc]udes'the later
improvements) . | | | o
| We determined the inhibition constant to be 4 x 10'9 moles/1iter when

" measured against L-isoleucine and 3 x 10'8‘mo]es/1iter when measured
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aga1nst ATP

We then faced the task of dec1d1ng how to attach to the mo]ecule

. a ta11 wh1ch wou1d subsequent]y be attached to agarose. The site and

- method of- attachment of the ta11 to the ligand should be such as to give

a stab]e bond and to‘cause a m1n1ma1 decrease in the.ab1]1ty of the 11gand
to bind'to ‘the enzyme. It would also be preferable that the Tinkage be
ea511y generated | o '

“Qur genera1 strategy ca]]ed for attachment to the L-ile-01 AMP of a.

tail segment, the free end of wh1ch to be terminated by an.amino.group or.

a carboxy1ate-» This would. then"be 1inked'to agarOSe'bearing a taf1'seg-

‘ment term1nated in a carboxylate or am1no group, respect1ve1y, us1ng a

water soluble carbod11m1de to generate an am1de bond

| The quest1on of where to attach the tail segment to the adenyTate"
WOuldgbe:apprOached by model studies. We determined the inhibition constant
of'L-fsoleucinol'to be 2 x 10'5 moles/1iter and that of AMP to be 9 x 1074

noles/Titer. The product of these inhibition constants is 1.8 x 1078 as

'compared w1th an 1nh1b1t1on constant of 3 x 10 -8 mo]es/11ter for L- 11e ol

AMP. Assum1ng that the. 1nhib1t1on constants ‘are close approx1mat1ons of the

‘dissociation constants (Tater work using f]uorescence titration supports

“ this assumpt1on]8), this result implies that the b]nd1ng of L-ile-o1 AMP

is primarf1y the_resu1tyof the independent binding of its two components
'(The free energies of binding'calculated from the K, 's are 6.7, 4'3-'and
11.0 Kca]/mo]e for L- 1so1euc1no1 AMP, and L-ile-ol AMP respect1ve1y)

We be11eved the effect of 1ntroduct1ng a mod1f1cat1on 1nto L- 1so1euc1no]

or AMP should be a]most quantitatively extrapolable to L-ile-o1 AMP (Tater

work showed that this assUmbtion was not valid for N6-a1kylated deriva-

tives). We felt that-this,principle could be extended to modifications
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.of L-isoleucine and aden051ne as well w1th a high degree of accuracy.
Suitable derivatives of the latter two were commerCiaily available.

Because of our greater experience,in amino acid chemistry, we initial-
ly looked at L-isoleucine derivatives. | |

N methy] -D, L-isoleucine, guanidino-L- 1soieuc1ne, and 3- methy]pentan01c
| acid (deamino- D L 1so]eucine) gave no . measurabie binding when measured
_either by inhibition experiments or byxfiuorescence titration. This 1nd1>-
cates that the présence of an'Unmodified'amino group is abSo]uteiy neceS—‘
sary for binding' Attachment of a tail at the amino group would yieid a
5iigand 1ncapab1e of binding IRS. - | '

A number of molecuies were 1nvestigated w1th regard to attachment of
the tail to_the isobutyl side chain. L-a]]oisoleuc1ne was used as a model
for attachment to the methyl group of the side chain. Presumably it binds.
to the enzyme with the methy]"groupvin.the;ethy] binding ‘site and vice |
versa. The reduction in its binding affinity will be due to two faCtorS;
demethyTation of the ethyi group and methylation of the methy]l group The
decrease ‘in b1nd1ng due to demethyiation of the ethyi alone can be determin-
ed from the KS of L-valiner Therefore, the change in Ks S going from
~ L-valine to L-alloisoleucine may be taken as a ‘measure of the effect of I
extending the methyl group by one methyiene unit. The KS values tor

L-valine and,L-alioisoieucine are 1.6 x 1074

moles/1iter and 10'3-mo1e5/.'
v liter indicating a sixfold reduction in binding ; o
To determine the effect of extenSion of the ethy] group, the
Michaelis constants of a=D, L-aminopentanOic ac1d (desmethy] D, L- 1soieuc1ne)
~'a-D L- aminohexan01c acid,. and o-D, L- aminoheptan01c acid were determined

-3

They were 10 3, 7 x10°°, and 2 x'10 -2 moles/liter, respectiveiy. This

indicates 7-fold and 20-fold reductions in bindingjfor extensions of 1 or
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2 methylene‘units These results are ‘somewhat amb1guous 1n that it is
1mpossib1e to determine whether the side chains of these mo]ecu1es are
b1nd1ng to: the ethy] or methyl b1nd1ng s1tes of the enzyme |

The resu]ts 1nd1cate that ‘a long cha1n a, m-d1am1no alcoho] which
would be eas11y access1b1e synthet1ca11y, would not be suitable for elabo—
rat1on into the adeny]ate.s1nce a 10,000-fold reduct1on in binding affini-
ty could be expected |

A B—ethy] or£3-methy1-a, w-d1am1noa1cohol wou1d be expected to show
much better b1nd1ng ability, but would probab]y show at least a 20-fo]d
reduct1on of b1nd1ng ab1]1ty A. synthesis.givino proper stereochemistry
wou]d be proh1b1t1ve1y d1fficu1t so that one wou1d have to accept a further
fourfo]d reduct1on in b1nd1ng Attachment of the ta11 to the s1de cha1n ’
wou]d enta11 a moderate]y d1ff1cu1t synthes1s and would yield a product
' w1th at 1east an 80- fo]d decrease in b1nd1ng ab1l1ty and quite poss1b1y

" more.

- lfNitromethyW N-t-BOC-L-isoleucino] 5'-adeny]ate

Our prev1ous determ1nat1on of the inhibition constants of L-isoleucine
| ethyl and hexy1 esters 1nd1cated that extens1on of the ester from ethy] to
hexyl actually resulted in a s11ght increase 1n_b1nd1ng ab111ty. We de-
termined that'the'hexyl ester was not a competitive inhibitor‘of ATP. '

Thus, when 1t was bound to IRS the hexyl ta11 d1d not occupy the ATP
b1nd1ng's1te. Th1s suggested that a tail m1ght be read11y attached to the :
hydroxy1 bearing carbon of L- 1so]euc1no] Moreover, a s1mp1e scheme cou]d
‘be proprosed for the synthesis of the subst1tuted L i]e ol AMP. Th1s is

shown below
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o . : 0

: 1. carbonyl diimidazole , e

BOC—NH—CHR—COOH 2. Tithium aluminum > BOC—NH——CHR—C—H
hydride

Base

, . N,0,0,-triacetyl .. A CHZ——NOZ
BOC—-NH——CHR——CH——{Flé aMp S AMP goc_ n—cHR—CH—OH

DCC-
2. 9 M NH40H
CHZ—-NQ
| Dithionjte
BOCf—NH——CHR——ﬁH—4O——AMP
‘ CH——NH2

.N-t-BOC 1-nitromethyl L- 1so]euc1n01 was prepared as above ‘A portion
was deb]ocked in anhydrous tr1f1uoroacet1c acid. The resu]t1ngv]-nitpo--‘
methyl L-1so]euc1no] was’ found to have an inh1b1t1dn;constant of 4 x’10'3
moles/Titer. This corresponds to a 200-foid 1sgs'kn bihding;ability'rela; |
tive to'L-iso]eucino] This loss was not part1cu1ar1y encourag1ng, but
was to]erab]e provided no further 1osses were incurred. It was expected
that an rncrease.1n binding ability would,probab]y'result upon redUction
of the-nftro group to the 1es$ hindered amino function.

Our in1t1a1 attempt to coup]e N-t BOC 1 n1tromethyl L-isoleucinol
to AMP was unsuccessful, We set about to 1nvest1gate other coupling pro-t :
cedures using the model compound 1-n1tro-2-pentano], but met with un1form
1aok of success. 'At this point we were inforhed that attempts had been

madeprevious1y in our 1aboratory to couple AMP to secondary alcohols and
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a]] were unsuccessfu1 |9 |
| We therefore turned to an alternate route to the des1red compound
which 1nv01ved initial phosphory]at1on of the N-t- BOL- 1-nitromethyl
L- 1soleuc1n01 and coup11ng of the resulting’ compound to a suitably pro-
tected adenos1ne With this approach the phosphod1ester wou]d be formed
from a pr1mary rather than a secondary alcohol.
ModelvphosphoryIat1ons were carrTed out on N-t-BdC-L-isoleucinol

using dibenzyjphosphoroch]oridate,zo

21

8 4cyanoethy1”phosphate Wwith excess
-~ N, N'-dicyciohexy]carbodiihide, and O?benzylphosphorous 0‘0'-dipheny1v
phosphoric’:a'nhydrid'e'22 'A11'gave'very'10w yiers of the desired product.
Since y1e1ds were expected to be even worse w1th the n1tromethy1 der1va- '
t1ve and s1nce there was no guarantee that the subsequent coup1ing to |
adenosine wou]d»uork, this route was abardoned. ” _

We did check to determine whether L-isoleucinol'phosphate-might be a
su1tab1e 11gand for aff1n1ty adsorbents A crude preparat1on was emp]oyed
to determ1ne a d1ssoc1at1on constant us1ng the f]uorescence quench1ng

-4 moles/11ter was: obta1ned The

, techn1que A va]ue range of 10 to 10
uncerta1nty in the value is due to the fact that an 1mpure mater1a1 was’
used. The data are of va1ue in that they do serve to set an upper Timit
on'the binding affinity andt1nd1cate that phosphorylation of L-1so1euc1nol
, reduces_binding. The same effect is found when adenosine is phosphory1ated:

(see Section A). L-isoleucinol phosphate is notlsuitabIe;asva ligand.

L-iso]eucino1 Adenylate Attached by the Adenosy] Moiety

We then turned to cons1derat1on of techn1ques of attaching the tail
through ‘the AMP mo1ety of the L-ile- ol AMP

Attachment of the ta11 by format1on of a phosphate tr1ester was |
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ruled out for two reasons: 1) phosphate'triesters are fairly readily’
hydrolyzed and 2) the 1igand'wou1d cease'to carry'a negatire charge. Our
binding studies had indicated that the binding of L-isoleucine and its
vanalogs was associated with the opeing of an ion‘pair invthe enzyme
Stab111zat1on of the resulting conformat1on required the presence of both
a pos1t1ve1y charged and a negat1ve1y charged group on the bound 11gands
v_ (See Sect1on A). | u | '

‘, The obv1ous sites for attach1ng a ta1l to the adenos1ne port1on of
the mo]ecu1e are. the 6- am1no group of the pur1ne and the 2' and 3' hydroxyTs
of the ribose. Inh1b1t1on stud1es were done .on adenos1ne, N6-methy1

adenos1ne, and 02 0’ -1SOPP0Py11dene adenosine. The f1rst two had K"' of -

3x10 -4 and 6x10° -3 mo]es/11ter, respect1ve1y, wh11e the ]ast showed no measurab]e |

.binding These resu]ts 1nd1cated that Tigation via the amino group might:
be su1tab1e whereas 11nkage through e1ther of the hydroxyls probab]y
would not be _

Another approach that was cons1dered was attachment via an azo 11nkage
to the purlne system This: approach was 1n1t1al1y reJected because of

reports that the products of . the react1on of AMP w1th diazonium sa]ts'

23, 24

were qu1te unstab]e, qu1ck1y decompos1ng to give back AMP. However,_-

| we 1ater exp]ored this poss1b111ty as a result of a report by we1be1 et al
' “that NAD could be stably coupled to glass beads v1avan azo 11nkage 25

S1nce attack of the positively charged d1azon1um 1ntermed1ate on the
quatern1zed pyr1d1n1um appears out of the quest1on linkage must have oc-
cured on the adenosine mo1ety. This prompted us to:attempt to couple

vj' BOC§i1e4o1- AMP to diaiotized'p-aminobenzamidoa1ky1'agarose (Fig. 5). iThe o

25

'couplingsvwere attempted by“the procedure of Weibel™™ and by the procedure

of_Cuatrecasas.2a In both cases essentially none of the ligand was bound.
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Thus, 1igation through the 6-amino group seems the oh]} viable ap- :
proach. To ascertatn whetherVUSe of substituents longer- than methyl |
~ would reduce binding further and'also to deternine the effect of a_termi;

~nal amino group, N 6-(2-am1‘noethy1) adenosine and N6-(6-aminohexy1) adeno-

sine were prepared from 6- ch]oropur1ne riboside and the appropriate '

d1am1ne _ v
These showed compet1t1ve 1nh1b1t1on constants of 6 x 107 -4 d'
9 x 10° -4 mo]es/11ter. respect1ve1y, wh1ch are on]y 'slightly larger than

that for unsubst1tuted adenos1ne _(That these derivative do 1ndeed bind

more strong]y than the'N-methy] derivative was further verified by the

later determination of Ki's for the corresponding substitoted"L-iSo]eucino1'

adenylates: for the methyT'deriVatiVe,'Ki was 2 X 1Of6 moles/liter; for:

the aminoethyl derivative, 5 x 10;7:mo1es/1iter)5 It would appear'that

the reduction in binding incurred by introduction Of a substituent was

| approXimately offset by anﬁincreasevin binding doe'to the términal amino

group; - |
These derivatives also showed apparent non-competitive inhioition;

as did the N

-methyl derivatiVe,‘although the latter showed so little
that the effect was considered an artifact until 1arger effects were seen
with the. other derivatives The methyl, aminoethyl, and aminohexyl
derivative- 1nh1b1ted reactions showed reduct1ons in V correspond1ng to

2, 4 x 107 -4 -3

non-competitive inhibition constants of -4 x 10 , and 10°
mo]es/11ten respect1ve1y

Rouget and Chapev111e reported that N6 hydroxyethy] ATP was a com-
‘petitive inhibitor ot L-leucine as well as ATP for the leucine tRNA’
synthetase.26 Such an etfect-by our oerivatires on iRS‘woqu'explain the
apparent non-competitive inhfoition we noted. However, the'methylv

~
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der1vat1ve was shown not to be competitive with L- 1soleuc1ne The cause
of this apparent non- compet1ve inhibition remains undeterm1ned

Two rather simple methods_for ‘attachment of BOC-ile-ol AMP to agérose
; suggééted,themse1ves. The first was to try>to attach the unmodified BOC-
ile-o1 AMP to succinylaminoalkyl agarose (a trivial name fof an agarose
deriVatfve'prepared by éoup]ing 3,3'5imihobispropy11amine to agarose and
then sUcciny]atingvthe termina]'amino,fUthioﬁs with sucCiniE ahhydride;'
THe.prdcedures are déécribed(by Cautrecasasza); A water soluble carbodii-
‘mide was used to attempt to form an am1de bond between the terminal car-
boxylate on the gel bound ta11 and the 6 am1no group The reaction fa11ed
(A Tlater attempt to achieve the coupling in 80% aqueous pyridine using |
N,N;dicycloheXy1 carbodiimide-conditions reported tb covd]ently bind un- -
modified NAD* to a similar agarose derivative—Jikewisé failed). |

The second method involved attaching BOC-ile-o1 AMP directly to

cyanogen brOmide-activated.agérose. It was'expeéted that'the’resultfhb
édsorbént:wdd]d pkobabiy be inactive because the inhibitof w§s attached'_
.direct1y to the po1ymer_backb0ne. The experfment'was:nOhethe1ess}carried
out'because‘of the ease with which the adsorbent coﬁld be prepared.
Affer coupling, the Iigand was deblocked by stirran in 1 N hydrochloric
acid. The resulting material showed ability to retérd enzyme activity
relative to protein comparable to that seen in Eig. 2. To determine
_ whethér-this eftect was due tovaffihity interactions, an equivalent ad-
| sorbeﬁt was prepahéd usﬁhé AMP methy1 estér."Thié material gave a | |
superior sepahaﬁion © that achiévedfwith'the AMP L-isoTeUcino] ester.

When .we attempted to prepare more of the L—i]e}o] AMP derivative by
this route, we found we were unable to repeat the’coupling. Mosbach et al.

‘later reported that NAD* could not be coupled to cyanogen bromide-activated
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agarose. 27 -

It was apparent that at least a portion of the tail would have to
be attached to the adenylate before 1nso]ub111zat1on could be readily
achieved. This could be done most directly by a1ky1ation or acylation'df
BOC-ile-01 AMP with suitable compounds. |

We had prev1ously observed that N, 0, O- tr1acety1 AMP underwent ex-
tensive deacylat1on at all three positions when kept in d11ute aqueous
solution at 3°C for one month. Futhermore, when N-deacety]at1on in1T N
hydroch]oric'acid (deblocking eenditions).was followed by the change Tnv'
the'ultravio1et spectrum (X : N-acetyl AMP. 273 nm Mna AMP 259‘nm),
the half- life was determined to be five hours ' Deb]ock1ng of the bound v
ligand requires s1x hours.’ Because of the 1ab111ty of the N6-acy1 bond
we decided not to investigate the attachment of a tail segment by acylat1on

-Ns-methyl AMP and N-t-BOC L- 1soleuc1no1 N6-methy1 adenylate were pre-
‘pared as model-compounds using d1methy] sulfate in water. The prodedure:

32 Because the 6-amino_

was a modification of that of Griffin and Reese.
group is very weakly nuc]eoph1l1c. initial a]ky]at1on occurs at the
“nitrogen 1n the 1-position. This can be rearranged in aqueous ammon1um '
hydroxide to g1ve the des1red derivative. . . R

The 1nh1b1t1on constants were determined to ver1fy that the resu]ts

6

with N -methy] adenosine cou]d be extrapo1ated to the BOC-ile-ol AMP

-3 moles/]iter for N64methy1 AMP and

derivative These were 5 x 10
2 X 10 moles/11ter for N-t-BOC L- 1soleuc1n01 N6-methy1 adenylate.
Methylation appeared to weaken the b1nd1ng of BOC-ile-01 AMP cons1derab1y
more than that of adenosine or AMP. The reduction is still in the tolera-

~ ble range, however.
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L-Iso1éucinol'N6-(w-émfnoa]kyi)-S'-adeny1ates

g The-ta11 segment we initially decided to attempt‘td attach was the
N-cérbobenzoxy-6-amino-1-hgxyl moiety. Becauséva1ky1 sulfates undergo
.facile:elimination to givé alkénes,'ff is impbssfb]e to prepare the higher
7homo1og$ (> butyl) in usefu1”yié1ds. We therefore chose to attempt our
a]kylatiohé hsing thé ﬁéthanesu]fonate and‘toluenesulfonate of N-carbo-
benzoxy’6-amino-1-hexan01'and the model éompOUnd; hexyf'bromidé. Alkyla-
‘tionS‘Were attempted on the mbdel compounds adenOSihe,‘AMP; and AMP
| methyl esfer. The'alky1ating agents are almost totale insoluble in
. water and no'reactioh could be obtained under conditions similar to those
used for methylation. A]kydations wére'also attempted in dimethy]v ”
fOrmamide,‘pyfidine, and a 4:1 mixture of the two. These were done with'
and wfthout catalytic amounts of sodium iodide;'aiso with'and without{ .
added ‘silver salts. 'Nhén’the reactions were run at room température,-
- 50°C, of‘76°tho alkylation was seen, except a]kylatidn of pyridine Whén_'
 possible. At 100°C; the compounds to be a]ky]ated_undefwent'decdmpositioh.
We decided it would be ﬁetéSsary to synthesize a BOC-ile-o1 AMP
| derivétive_with the tail §égment already attached. The route we proposed
was'as.follows:” 6-chloropurine riboside {commercially availab]e).woﬁ]d '
be phosphory]ated to give 6-ch10ropdrine ristidé 5'-phosbhate (6-ch1oroF
_ inosine'monophosphaté, C1-IMP). This would be acetylated and the result-

ing 02', 0%

~diacetyl compound condensed with'N-t-BOC-L-iso]éu¢ino]. The -
,pfdducf would be tfeafed with‘a 1argevexcess.qf an a; deiaminé'whfch o
would simultaneously displace the chloride énd remove the acetyl Qroups to
igive’théVdeSfred_N-t-BOCfL-isqleucinol‘st(w-aminoalkyl).adenyIate'(Seé'

' Fig;'ﬁ). 'By deferfing the displacemeht of.the chioride to the fina]lstep,

it can be coupled with the dgacety]aiion'and one also avoids the necessity .
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of protecting and deprotecting the w-amino group. This giVes a 50% re-
duction in the number of steps invoTved compafed with the more obvious

= Synthes1s beg1nn1ng with the preparat1on ofN (u>am1noa]ky]) adenos1ne

A preparat1on for C1- IMP was reported in the lTiterature by Hampton

and Magu1re.29

This procedure is quite long and tedious and gives a yield
“of only 17%. We fe1t that this could be considerably improved upon and-
"u]timately‘achieVed a.one-day'synthesisvWfth'a 70-75% yield. | The procedure
was based upon a phosphorylation techn1que deve]oped by Yoshikawa et al. 30
One equ1va1ent of 6-chloropurine riboside was phosphory]ated us1ng a iolu-
tion of three equ1va1ents of phosphoryl ch]or1de and one equ1va1ent of
water in trimethyl phosphate. These‘conditions reduce'phosphoryjation at
the 2' or'3‘ positiohs to trace amouhts.' The resulting phosphorodichlori—
datevwas_theh hydrolyzed at pH 2-4, anq the C1-IMP isolated as the.barium
salt. - | o o
This was converted to the mdnopyridinium-sa]f with pyridinihm bisulé

]4C L- 1so]eu-

‘ fate; then it was acetylated and condensed with Nvt-BOC (U)
c1no] (0.5uc/mmole), fo]low1ng the procedures -used for the preparat1on of _
BOC-ile-ol AMP. Radioactively labelled L-isoleucinol was employed to .
facilitate determination of the amount of the 1igand bound to'the agarose
after coupling, The resulting N-t- BOC- (U) ]4C -L- 1so1euc1no] ester with
.02' *03 -d1acety1 6-chloroinosine monophosphate was treated w1th a 25 fold
| excess of ethy]ene diamine to give N-t- BOC (U) C L~isoleucinol NG-
| (2-aminoethyl)-5'-adenylate (BOC ile*-o1 AE- AMP) which was isolated by
chromatography on silica gel us1ng 7:3 acetone-water.
| A port1on of the compound was deb]ocked in anhydrous tr1f1uoroacet1c

acid and .the resu1t1ng,L-11e*-o] AE-AMP was purified by co]umn chromato-

graphy, 'Inhibition_studies indicated that it had inhibition constants of -
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5 x 10 moles/liter (vs. ATP) and 2 x 1078 moles/1iter (vs. L-isoleucine).
It showed apparent non-competitive inhibition in both determinations;'how-
ever, this was merely a reflection of thé fact that it 1s a competive in-

-~ hibitor of both[substrates;'(v values were deterhined against ATP at

max
severaT L- iso1eucine'concentrations When these were p1otted against

-8 mo]es/11ter was obtalned )'

/(L 11e), an 1nh1b1t1on constant of 10
Several prob]ems were encountered in the synthes1s of BOC- 1]e*-ol
- AE AMP. They were: 1) the f1na1 product is contamlnated‘w1th acetate;
an unknown mater{aldwhiCh appears to be an acetOne'condensation product -
' produced during the-chromatography (it is found at the same concentration'
in a11'fractions); and an”apparently'inorganicvimpurity'(1t cannot be de-
tected on TLC us1ng a var1ety of v1sua11z1ng agents nor does it g1ve a
signal above noise Tevel on NMR); 2). the reaction so]vent pyr1d1ne. slow-
ly reacts with the 6 chloropur1ne der1vat1ves to g1ve quatern1zed py-
~ridinium salts. These are 1nsuff1c1ent1y_react1ve,,under the conditions
. used, to be disb]aced'by ethylene diamine to give the desired products;

and 3) the:diSp1acement of the chloro group by ethylene diamine is;accom-

‘panied by extensive dealkylation to yield the"unsubstituted BOC-ile*-01 AMP.

The most}ltkely source of the extraneous acetate is the acetylation
reaction'of 6—ch10rdinosine'monophosohate.} Acetic acid (or acetate) may
be somehow adsorbed to the product It was found that ‘the 02' 03I
~ diacetyl 6 chloroinosine monophosphate (diAc C1- IMP) could be purified by
vvvd1ssolv1ng in a minimum of chloroform and then}add1ng five volumes of
visOpropano]. The resulting precipitate is discarded; When: BOC-ile-o01 .
AE-AMP was prepared from material -purified in this nanner, it was free

of acetate and was purer than any'other we have prepared; However, the

‘purification results in a loss of about 20% of the diAC C1-IMP, with a
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.concOmifantnlose in the fineTkprocuct'yie]d. We then disco?ered that
on]y'slighc1y poorer results (in terms of final product purity) could be
‘ obtained simply by repeating'tﬁe 1yophi1izatioh of the'dec_Cl-IMPztwice.
No extra losses in yield were incurred by this procedure.
" 'The acetone condensation product could be removed by washing with
acetdne v
The ex1stence of ‘the other 1mpur1ty(s) was 1nferred from rad1oassay
of BOC 11e-o] AE AMP which was homogenous to TLC and showed no extraneous
protons.on NMR. Samp]es of the compound gave fewer. counts than wou]d be
requ1red for 1007 pure mater1a1 | |
'Since anticipated procedures for coupling the Tigand to agarose
required a primary amino group and this‘impurfty had none as judged by its
~ failure to give a reaction with ninhydrin, we felt thaf the coupling pro-
~ cedure would serve to effedt final bUrifiCatioh and we made no further
_attempts to remove the impurity. |
“In order to prevent the react1on of pyr1d1ne w1th the 6- ch]orOpur1ne
mo1ety. we_dec1ded to ‘run the_react1on in 2, 6-d1methy1pyr1d1ne (Tutidine).
However, the diAc C1-IMP was almost totally inso]ubie_in this solvent.
The fact that this slight change in solvents had such a major'effect
suggested that,findihg another suitable solvent might prove extreme1y
diffitu1t : Instead we decided to try to reduce the reaction time and‘
hence the contact time w1th pyridine.
 The preparat1on of BOC-ile-ol AMP was used as a model and was a11owed
to run 5 Qays,as usua].]7 Aliquots were withdrawn at 1 and 3 days and
‘l'worked up through heptane extration. A]],three were then deprotected -
simultAneous]y and the workups completed. The (percentage) crude yield

from the ‘1-day reaction was greater than that of the others énd the

T
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crude product was also semewhat purer. Thus it appears unnecessary.and
undesireable to rﬁn this tybe of coupling for 1onger‘beriods'0f time.
During tﬁese studies it occurred to us that_fhe acetylation step

might be dispensed with. If so, there would be ho problem with acetate
contamination and formation of ihefbyridipium salts would be reduced 
.(the*acety1ation is run in pyridine).v_ln the proceduré17'upon which

ours is based, acetyiation was"presumab]y dane'£0'bkotect the hydrosy1$v
against phosphofy]ation Our wdrk‘bn.fhe'1 nithomethyl'L isoleucinol
adenylate (q v.) had conv1nced us that secondary alcohols could not be
':phosphorylated under the cond1t1ons which were- be1ng emp]oyed |

We decided to do a mode] reaction first, coup]1ng N-t-BOC-L-

iso]eucino]’fo AMP, but found that AMP was tota]lyvinsolub]e.in'anhydrous
pyﬁidine..'we therefore'prepared the mono”(tetraprOpy1amm6hiUm) salt of
AMP 1in hopes that this would be someWhaf more solub]e, STight'solubi]ity

is all that is necessary,'sfnce'formation of the soluble product will

eventually bring all the starting material into solution. The tetrapropyl
~ ammonium salt also showed'no:sfgnificaht’seTubi1ity;fBUt'we attempted theil

coupling anyway, based'ohfthe above;premise. After'SIdays, there was no -

visible diminution in the undissolved sa1t and no product could be
detected. | | o
‘Although the‘bis-(tetrapropy]ammonium)'sait might show better

solubility, it'was felt that the.reaction mixture would then be too basic
3 ' ‘

for coup11ng to occur. It appears that acety]ation will remain a neces-

sary step simply in order to confer so]ub111ty on the reactant
The major problem with the synthes1s was the. dealkylat1on s1de re-
action. The ratio of BOC-ile*ol AMP to BOC-11efrol AE-AMP_1n the initial

preparation was approximately two to one. Prevention of dealkylation
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~huou1d have increasedkthe yier from 10% to 30%, which is approaching the
: 35f40%.y1e1d.6btained in.the normal preparation of BOC;i1e-01 AMP.
In:studyinglthe deaTky]ation, it was found»that 1t-occurred more
‘~extensive]y‘Whendtheidﬁsp1acement - deacetylation reaction was carried
out in refTuxihg methano1 than when done at room temperature v When done
at 3 C on1y a s]1ght decrease in dea]ky]at1on was noted and the t1me for
comp]et1on of the react1on was cons1derab1y pro]onged o
| S1nce dea]ky]at1on d1d_not occur in the preparat1on_of N64(2-aminoethy1)
."adenosine,‘we“dicidedlto'see‘Whether'Tt would OCCur in;thefpreparation'of"
N5;(2 aminoethyl) AMP. It did'i / | | o |
Although we d1d not understand the mechan1sm of the dea]kylat1on we
| fe1t that 1t m1ght be Tinked to the potent1a1 for az1r1d1ne e11m1nat1on
inherent in the aminoethy! group. Were this the case, an aminohexyl i
chain shouid'be‘relatiue1y'Stab1e’toudealkyTation According1y, we pre-‘vi
pared some NG (6- am1nohexy1) AMP and found that the reaction proceeded
| w1thout dea1ky1at1on " However, when N- t- BOC (v) ]4C L 1so]euc1n01
—(6—aminohexy1) adenylate (BOC—11e*—o] AH-AMP) was prepared, dealkyla-
| tion did occur and the ratio of'deaTkytated to alkylated material was";

}

again ca. 2 1.

. These resu]ts d1d not c]ar1fy the mechan1sm, but did suggest that
BOC-11e*-o1 AH AMP might be prepared 1n better y1e1d from AH-AMP . Th1s ;._, o

; would requ1re the protect1on and deprotect1on fo the w-amino group, steps B
livwh1ch the or1g1na1 synthes1s had been des1gned to avo1d but’ m1ght e11m1-'r

: dnate the necess1ty for acetylat1on, since the add1t1on of an N-carbobenzoxy

2 -:}6 amino hexyl group m1ght make the der1vat1ve suff1c1ent1y solub]e w1thout

nacety]at1on

Another poss1b111ty is. suggested by the recent report of Guilford

¥
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et al. on the preparation of AH-AMP from C1-IMp.32

The reaction was
achieved using neutral, aqueous hexamethylene diamine hydrochloride.
Since the dealkylation is very likely linked to some sort of nucleophilic
~attack, the abi]ity to USe_neutra1 conditions could minimize or e1iminate'
it., | | o |
‘Certain problems can be anticipated. BOC-ile-o1 difc C1-IMP is
quite insoluble in water and codld"be expected to be even less so in ionic
aqueous solutians. ~ Our reaotiohs.have'norma11y been“run”in ethanolic
solution. Neutral hexamethylene diamine (or ethylene'diamine) hydrOchloride
is on]y slightly soluble in ethanol, which is unacceptable cons1der1ng the
large excess wh1ch is requ1red The react1on can probab]y be ach1eved at
e]evated temperatures | | v |
Both ot these p0551b111t1es are. worthy of 1nvest1gat1on ) However, we
had obta1ned suff1c1ent quant1t1es_of»the 11gands to begin to prepare

adsorbents- ‘We felt that thereVWas no point in spending too much time

.- 1mprov1ng the synthe51s unt11 we had shown that adsorbents wh1ch could .

be successfu]]y used for aff1n1ty chromatography cou]d be prepared from "_

the 11gands

Coup11nngeact1ons

In1t1a11y, we attempted to couple the BOC 11e*-ol AE-AMP and
BOC-ile*-o1 AH AMP to succ1ny1am1noa1ky1 agarose using e1ther 1- cyclohexyl-
3- (2-morpho11noethy1) carbod11m]de metho-p;to]uenesu]fonate or 1-ethy1-3-"

(3-d1methy1am1nopropy1)'carbodiimide hydroch]oride in;aqueous media. :
Using a 50% excess of the appropriate adenylate and a,lo-foid excess of |
carbodiimide (based on thenumbervof tail segments'bound to the gel), the =

ligands were bouhd_at a level of less than 1 umole per milliliter of gel.
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Ohly about 5% bf the agarbse bound tail segments were 1igated.‘IWe also
reéctéd the ligands directly with cyanogen bromide activated agarose at
pH 8.5 and. pH 10;"achieving couplings of 0.5 umoles/ml and 1.5 umoles/ml
résbeétfye1y.}'Thé cbup]ihg of‘3,3'Qimihobispropy1amine at pH 10 gives a
1e§e1'0f'$ubstffuiion'of 15-20'pmo1es/m1. In all Cases; the BOC-ile*-01
| AE-AMP was coUpléd slightly more efficient]y”than.was the BOC -i1e*-01
T |
We hypdthesized that the reason for the poor efficiency of these
reactions was the Seqqestration of the w-amino.groub in an ion pair with
the phosphaté‘moiety."This would keep tﬁe amino'grOUp in a sterically
crowded environment ‘as well as raising its pKa“by-stabiTiiihgvthe pyb-u
-tonated form. This 5h0uld_resu1t in considerably lowered reéctivity of
the amino group and would allow hydrolysis of the carbodiimide carboxy-
late complex to.compete favorab1y~with’the coupling of the émine.
M01écd1ar mddeTs fndicated that such idn pairs could readily be
formed with eitﬁer compound.' The ion paired form of the amihoethy]hde;
'r1Vative'was'quite rigid, whereas that of the aminohexyl compound was
fairly f]exib]eL This suggests that'the ion paired conformation of the
aminoéthyl combound would bé somewhat less éfable than thét of the amino-
“hexyl compound due to a greéter decrease in entropy upon formation. This
would explain the greater reéctivity of the aminoethyl derivative despite
‘the fact that itsvaminﬁ grbup has intrinsically more steric hindrance; 
.TQ detefmine‘thevre1atiVe rates of hydroiysis versus coup]ing;vsome
of the aminoefhyl derivathe was reacted with a 4—foid excess of acetic
-acid and a ]0-fold'excess of N-ethyl N'-(3-dimethylaminopropyl) carbodii-
. midélhydrochloride ;t-concentrations cbmpahab]e to a coupling reaction.

The reaétion was followed by TLC. During.the first 24 hours the
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UV- and ninhydrinepositivevBOC-i]e*—o] AE-AMP spotidecreased and a‘second
spot;-UV-positive and ninhydrin-negative with higher'Rf, appeared and
increased. This was presumably the acetamidoethyl derivative. After 24
hours, at which time spots were of approximately equal intensity by visual
estimationgrno:further change was noted in thekratios}‘;fhus, it appears
that even in'thishcase, wherein‘steric'consideratiOns were minima1»'hYdor-
lysis occurs at a rate approx1mate]y 20 t1mes that of coup11ng |

Raising the pH to 1ncrease the react1v1ty of the amino group 1s not

acceptable for either: ¢coupling techn1que Carbod11m1de coup11ngs cannot‘

be carr1ed out at pH's much above 7, because the react1ve spec1es in the; :

coup11ng 1s the protonated adduct of the ac1d with the carbod11m1de At
higher pH s, there 1s very 11ttle of this spec1es 1n so]ut1on and acy]urea

31

formation predom1nates Cyanogen bromide coup11ngs cannot be eff1c1ent-

1y carried out at pH > 10 because the act1vated 1ntermed1ate is qu1ck1y
decomposed under such cond1t1ons 2 . | | |
In order to increase the amount of coup11ng, 1t wou1d be necessary
to 1ncrease the amount of carbod11m1de used or decrease the rate of hy-'
dro]ys1s Mosbach et a1 ‘had just publtshed a paper descr1b1ng the
.coup11ng of NAD toa mod1f1ed agarose us1ng N,N' -d1cyclohexy1 carbo- _

diimide (DCC) in 80% aqueous pyr1d1ne.-27 eTh1s system appeared very

attractive. 'DCC is highly soluble in the so1vent so-that very»]arge ex-

‘ cesses ‘could be employed. The concentrat1on of water was reduced f1vefo]d.

' Because DCC is quite hydrophob1c the concentrat1on of water in 1ts
solvation shell (or that of its adduct w1th-the carboxylic ac1d) could be
expected to be considerab]y lower yet.. The technique“had the drawback
that it‘coufd be expected to cause irreyersible’shrinkagevof the agarose‘

beads (the procedure includes washing with n-butanol to remove

S
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N:N‘FdiCyciohexy1prea' However, MoSbach-et:al had soccesstuily employed
. the adsorbent wh1ch they had prepared by this technique for aff1n1ty
chromatography Whatever shr1nkage occurred was apparently not over]y _
detrimental. | | o
We weretprompted to try cOUpTing our derivatives. Test couplings

. were run fok 8 days on both the aminoethyl and aminohexyl derivatives, as
well as‘unsubstitoted BOC-ile*-o01 AMP. The latter was.done to ascertain
- that any‘coup1ing:of the_aminoa]ky] derivatiyes which might be obtained '
on]dbbe via the'o?amino'group" The gels were theh washed as prescri‘bed,'27
fo]]owed by wash1ng with 1arge volumes of 0.01 M phosphate (pH 7. 5) and
water. | o

; : Rad1oassay showed that the BOC- ile*-o01 AE- AMP had been coupled at a
1eve] of 2.4 umo]es/m] the BOC-jle*-ol AH-AMP, 1.2 umoles/ml; and the’
qnsubstitUted BOC-i]e?-o] AMP, 0108 umoles/ml; The,coup1ing appears to
? prOCeed dp.reaSOnable yte]diahd to ocCur primariTy'viavamide fOrmation
~ with w-amino group. - The»greater coupling of the,amihoethyl derivative
‘may be understood inhterms of’its'torming a 1ess'staolevion pairfwith the
phosphate. as d1scussed prev1ously After deb]Othng,'the aminoethyl |
der1vat1ve was retained at a level of 1. 9 umoles/m], and the am1nohexy1
der1yat1ve, 0.4 umoles/ml.

The deb1ocking procedure'dsed above and in spbsequent.adsorbent pre-

parat1ons d1ffered s]1ght1y from the prev1ous1y used procedure of st1rr-
:1ng 1n 1 N aqueous hydroch]or1c acid for 6 hours at room temperature In-

stead 1 N hydroch]or1c acid in 1:1 ethy]ene g]yco]-water was used. We

| sw1tched to ‘the latter so]vent because cons1derab1e hydro]ys1s of the

| cyanogen;brom1deg1nduced linkage had been_occurr1ng during deb]ock1ng.

‘The rationale for the:change was that the rate;determining"step for the
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- \
removal of the t-BOC group was dissociation of the t-butyl carbonium ion.
This reaction should be independent of the concentratidn of water. Where-
-as acid hydrO]ysis‘of the presumed.carbaméte éstef involves nucleophilic
attack by water on the protonated ¢arbohy1 Ahd 1$-sensitive to water con-
~ centration. (Ethylene glypol is ekpected to react:solvo1ytica11y’at a
much 1ower'rafe); Possibié lToss of ligand due to'hydkolysis'df the
_purine-sugar bond may also be feduced in:tﬁis'§o19ent. We hoped to reduce’
the rate of ligand loss without affecting the rate of deblocking. A less
aqueous med{um was not'émployed because of the possibility of irreverSib]e

shrinkage of the gel. A study on BOC-ile-ol AMP showed that it wad de-

‘blocked in this medium with a half-1ife of 130 min. This is comparable to

that seen in aqueous acid. Loss of lfgand from deb]otked gels was réduced
but tﬁevresu]ts were quite erraticvahd cou]d:hot-be'readi1y quantitated. |
We nexf carried out a 1arge;sca1e coupling of_théfBOC-i1e*-ol AEéAﬁP
to Succiny]aminoalkyl agarose.  After 8.days;:the gel was ¢o11ecfed'by
filtkatian, washed‘ffee of'precipitéted DCu, and Eéturned to the ff]trate
with additional DCC. The reaction proceeded 8 days more. The gel was

again collected and washed free of DCU. This was followed by copious

washing}with 0.01 M phosphate (pH 7.5) and with water. The gel was found

v‘to have undergoneiﬁome irreversible shrinkagé, from 20 ml to 16 ﬁl in
total volume. . Radioassay'indicated a level of coupling of 3.4 umoles/ml,
and affer deblocking, 2.6 umoles/ml. The deblocked material was testedv_?
. with trinitrobenzene su1fonaté,2a giving a mediumforange'éolor which in%
dicates the presence_of primary amines. The gel before‘deb1ocking,gave

a negative test. This gel was used tovmake affinity Eolumns; the employ-

. ment of which is described in the next section.

.The success of this coupling procedure;led us to investigate couplings |
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in othervpantiaily aoueous media, in hopes'of.findingfa_proceduré'whjch
wou1d reduire less time and would'not lead to irreversible shrinkage of
the agarose ge1 | ‘ |

- Test coup]1ngs of 5 days duratfon were Carried out on BOC-ile*-ol
AE-AMP in 1:1 dimethylformamide-water (A), 1:1:1'dihethy1formamide- |
dioxane-water'(B), 3;1'dtoxane4water (C), and 1:1 ethylene g}yco1-water
(D); after ver1fy1ng that these solvent systems did not cause irreversible
vshr1nkage of the agarose ge] N-ethy] N'- (3 d1methy1am1nopropy1) car- |
bod11m1de hydrochlor1de was used as the coup11ng agent  The' following
1eve1s of coup11ng were found A, 2.3 umoles/m] B, 4. 1 umo]es/ml
C, 5. 4 umo]es/ml, and D, 0. 9 umo]es/m] After deb]ock1ng, the retent1on
1evels were.‘-A,_0.8 umoles/ml; 1 57 umo]es/m] C, 2.56 umo]es/m1 '
~and D, 0'5 umoles/ml The coup11ng in 3:1 dwoxane water Tooks very pro-w
mising‘ None of the adsorbents prepared by these 1atter coup11ngs have -

been tested as aff1n1ty agents

aBuffer Stud1es o . o B

Before carrying out any separat1ons on the aff1n1ty adsorbent, we
decided to determine which of‘the available buffers would be most su1tab}e
to‘use in_the e]uent._ Previous]y,'We had used phosphate buffer because
of its stabi]iifng effect on the enzyme. Since.phosphate is an inhibitor'
of ATP we felt it m1ght also compete w1th the 1nso]ub111zed Tigand- for
;IRS thus reduc1ng the eff1c1ency of the column. ' |

Accord1ng1y, we dec1ded to screen a number of alternate buffers.

The pr1mary character1st1cs we Tooked for were 1) ]1tt]e or no color .
deve]opment w1th the Lowry reagent and 2) 11tt1e or no 1nh1b1t1on of the

(32

; ATP P)PP exchange react1on
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The f0110w1ng buffers were checked for color deve]opment w1th the
Lowry reagent. borate, cacodylate, tris(hydroxymethyl)amino methane

(Tris), N—2-hydroxyethy1pJperaz1ne NP-Z-ethanesu1f0n1c acid (HEPES),

" N- tr1s(hydroxymethy])methy1 glyc1ne (Tr1c1ne), N,N-bis(hydroxyethyl)

“glycine (B1c1ne), N-tr1s(hydroxymethy1)methy] am1noethane su]fonate (TES),!

N, N- b1s(hydroxyethy1)am1noethane sulfonate (BES); and tr1ethano1am1ne

vTen m1cr011ter a11quots of 1 ‘M so]ut1ons of the buffers were treated w1th

 the Lowry reagent under assay cond1t1ons and the fol]ow1ng opt1ca1

densities . at 750 nm were found: borate 0. 0 cacodylate 0.0; Tr1s,;0.09;
‘HEPES 1. 60 Tr1c1ne 0 02; B1c1ne, 3 5 TES 0. 005 BES, 0.57; and
j tr1ethano]am1ne, 3.4, v

On the basis of these resuits,'borate,cacodylate}'Tris,'Tricine, and
TES were selected to he teéted'for inhibition on the .pyrophosphate ex- |

change reaction. The exchange reaction was carried out on a fixed amount
: #

of IRS under standard<aséay:condition$,-except thatfthe usual Tris buffer

- was replaced by the test buffer S0 as to. give a f1na1 concentrat1on of

0.05, 0.10, or 0.15 M. Borate was found to be h1gh1y 1nh1b1tory ‘The:fl

others, except TES were found to be s]1ght1y 1nh1b1tory TES was shown"'

to stimulate the exchange sl1ght1y That is, the rate of exchange rose
'sl1ght1y with increasing butfer concentrat1on whereas w1th all cther o
| buffers, the exchange rate dropped sI1ght1y with: 1ncreas1ng buffer
concentration. | |

‘TES was chpSen as the most suitable buffer. - We decided‘to use the
- fo1lowing solution as the column eluent fpr testing the atfinity gel: |

0.02 M TES (pH 7f8) containing 0.01 M 2-mercaptpethanol, 0.005 M'magneSium

i
|

chloride, and 0.05 M potassium chloride. This we'wfil refer to as Elution .

Buffer 1.




: Aff1n1ty Columns '

The gel prepared by coup11ng BOC 11e*—01 AE- AMP to succ1ny1am1noa1ky]
agarose us1ng DCC in 80%'aqueous pyr1d1ne, herejnafter referredvto as '
Afffnity Gé1~1, waS'usedtto preparehCOIumns.and these were tested for their
ability to purify L-isoleucine t- RNA'synthetasei | o

A portion of C ge] eluate was chromatographed on a co]umn of the
‘adsorbent using E]ut1on Buffer 1 The resu]ts may be seen 1n Fig. 6A.
An equivalent run was done on unsubst1tuted agarose.' These,results.are
shown in Fig, 6B. A run on'sUCcinyTaminOajky1:agarose gave an e]ution
pattern'uhich differed 1itt1e from‘that seen on unSubstftited agarose
- It may be seen that the elution behav1or of the bu]k prote1n is |
almost 1dent1ca1 on both co]umns Th1s indicates that the aff1n1ty ge]
s not giv1ng non-specific 1nteract1ons with the prote1ns and that the”
shrinkage which occurred during coup11ng‘d1d not have an untoward.effect
on pbré size "Ninety nine percent of the'protein-was recovered from the:
affinity column'and 85% of the protein from the unsubst1tuted agarose
On the agarose column, IRS eluted sl1ght1y ahead of the prote1n peak,
ind1cat1ng a slight ge]-permeat1on effect. _One-hundred.and sixteen percent
of the-enzyme activity was recovered. On the'affinity gel, a small enzyme
peak emerges concurrently with the protein. peak containing only 14%. of the
app]1ed enzyme act1v1ty._ Th1s behavior occurs frequent]y in aff1n1ty

2¢ -and shou]d not be construed as 1nd1cat1ng saturat1on of the

chromatography
COlumn (The co]umn has a theoret1ca1 capac1ty of 39 umo]es Seventy-f1ve

-fp1comoles of IRS were chromatographed 1n the run shown )= The rest of the

N enzyme was presumab]y bound to the co]umn (or denatured)

E]ut1on of ‘a bound enzyme is norma]]y accomp]1shed through a change

of pH an 1ncrease in 1on1c strength or 1nc1usion of a so]ub]e 1igand in
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Figure 6. ”hromatograph1c elution atterns of part1a11y pur1f1ed
L-isoleucine t-RNA synthetase on Ag Affinity Gel 1 and (B) unsub-
stituted agarose. A 1/4" diameter column was poured us1ng 15 ml of
the appropriate gel and equilibrated with Elution Buffer 1 (0.02 M
N-Tris(hydroxymethyl) methylaminoethyl sulfonate, pH 7.8; 0.01 M
2-mercaptoethanol; 0.005 M magnesium chloride; 0.05 M -potassium
chloride). 0.5 ml of C, gel eluate (6.76 mg/ml protein; 10.1 units/
ml IRS) which had been 51a1yzed against the buffer was run on and
~ then eluted with the buffer. The columns were run at 20°C with a
flow rate of 0.25 ml/min. Fractions of 1.3 ml were collected in a
refrigerated chamber at 50C. Protein (filled circles) was measured
with the Lowry reags Enzyme activity (open circles) was deter-
mined by the ATP-[ P] PP exchange react1on.

4
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the eluent buffer. Since IRS is denatured at pH's greater than 10]8 or

less than 633'

and is also denatqred'in 2.5 M u‘rea,]3 we dectded to attempt

elution using soluble 1igand§; |
?ortions of CY geT eluate were placed on a column of Affinity Gel 1

and the coTumn was washed with Elution Buffer 1 unti]rthevbulkvprotein'

. peak had been completefy eluted.f The elution buffer'nas then changed to
one whfch contained in additton'to the components of Elution Buffer 1

| 0;01'MvL-i$oleOCfne,'or a combination of 0.01 M Léféoieuctne and OfOi M
ATP. The*Tatter.mfxtureYWoqu‘presUmabTy fonm'the;aminoacy1 adenylate in

These techniques resulted in the s]ow e]ut1on of enzyme at very 1ow

. levels of activity. Much of the enzyme activity app11ed was not recovered..

A typ1ca1 run is seen in F1g 7.

The slow removal of the enzyme was - attr1buted to a slow rate constant

for the d1ssoc1at1on of the enzyme from the 1nso]ub111zed ligand. In order

- to cirtumvent this problem, after removal of the protein peak with Elution

Buffer 1, one column “volume of the buffer conta1n1ng ‘the free 11gand(s)

. was passed into’ the co]umn and elution was ha]ted for one or e1ghteen hours _

to a]]ow equ111brat1on of the IRS between the solub]e and 1nso]ub111zed

11gands ‘ Then elution was cont1nued with the second buffer. Th1s resu]t- _

“ed in an 1n1t1a1 slight 1ncrease in e]uted IRS act1v1ty fo]]owed by a
prec1p1tous drop to e]ut1on of no - act1v1ty (F1g 8).

Batchw1se extraction of IRS was also attempted. After_placing some
' QY gel e&uate on a column and washing off the bulk protein, the adsorbenta
Was removed from the column and extracted overnight With‘ffve volumes of
Elution Buffer 1 containing;also either_O.]_M L-iSOleucine or 10'3 M

L-ile-o1 AMP. In the latter cases the extract was dialyzed’to_remove ‘

!
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Figure 7. Chromatographic elution pattern of partially purified
IRS on Affinity Gel 1. Chromatography was run as described for
Fig. 6 (A), except that a flow rate of 0.2 ml/min was used and
fraetions of 1.0 ml were collected. After elution of fraction

‘No. 25 (arrow), the elution buffer was changed to one which con-

tained in addition 0.01 M L-isoleucine and elution was continued.
Protein (filled circles) was measured with the Lowry reagent.

| Enzyme activity (open circles) was determined by the ATP-[32P] PPi
‘exchange reaction. _ _ o v _ v
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Figdre 8. Chromatographic elution patter of partially purified

'from the ATP°(32P)PPi exchange reaction.

IRS on Affinity Gel I. A 1/4" column was filled with 2 m1 of the

gel equilibrated with Elution Buffer 1. C. gel eluate (0.3 ml,
containing 2,0 mg protein and 2.25 units o¥ IRS) was placed on

the column and chromatographed with the buffer at a flow rate of .

0.08 ml/min. Fractions of 1.1 ml were collected. After ten
fractions were collected, 2 ml of Elution Buffer 1 containing
0.01 M each L-isoleucine and MgATP were run onto the column. The
column stood overnight at 20° and elution was resumed as before
except that the latter buffer was now employed. Protein (filled

circles) was measured with the Lowry reagent usin? the appropriate |

buffer as a blank. Enzyme activity (open‘cjrcles was determined

-
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‘the ihhibftdr béfoke the IRS}aSSaytwasvtarriéd oﬁt. ’Only s]ighf amounts
of IRS Qéréurécovered‘in this manner (ca. 10% wfth”L-iSo]eucine extraction
and ca. ?% with'BOC-iié-ol AMP extﬁaction); | |

| These. results made‘itﬂseém quite Tikely that'the,enzymé was denatured
after adsorptjon onto the gel{ This denaturation was apparently‘induced

.by the bound 1igand; since no denaturation was seen when unsubstituted _

~ agarose was employed. | | |

To test this hypothesis;.a portion of CY ge]-eTuate was‘dféined

| against Elutioh Bufter 1 containing 0.01 M L-isoleucine and chromatograph-
ed using the samé buffer. Based on the K, of L-isoleucine and the K,
of L-ile-ol AMP, one can calculate a partition ratio of 5:1 between

~the stationary and mobile phases'in this system, as compared with a fatio
of greater than 10,000:1 in the absence of L-isOIeucine.v The iRS should
be ketarded;undérvthese conditions rather than retained. While L-iso]euciné
can_normg]ly protect IRS againsf denaturation, it cannot protect it
against denaturation induced by binding to the insolubilized Tigand
since the two cannot be simultaneously bound. If such-denaturation is
oc;urring, the_elution'pattefn'should'not differ mUéh‘frdm that seen with
the'L-isoleucine-free eluent;  |

The pattern seen on running the experihent (Fig. 9) is what one
would expect for a partitioning between the phases with incomplete'ﬁ
equilibration. Eniymg activity recovery was ca. 50%,_and suggests,tﬁat
much df,fhe app]ied.enzyme actiVity.can be recovered from the co]umhs;'

The enzyme invfkactions 20-50 was purified three- to fou}fold._

‘ The resu]ts were encouraging{' However, thié téchniquelis not suitable
for preparative scale work because the IRS is only-retarded. |

Since elution with'sq]ub]e ligands did not appear practicable, we
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Figufe 9. Chrdmatographic e]btion pattern of partially purified

IRS on Affinity Gel 1 while continuously in the presence of 0.01 M
Lrisoleucine. A 1/4" diameter column was poured from 2 ml of

Affinity Gel 1 and equilibrated with Elution Buffer 2 (0.02 M TES,

pH 7.8; 0.02 M 2-mercaptoethanol; 0.005 M magnesium chloride; 0.05M -
0.3 ml of CT gel eluate -

y

potassium chloride; 0.01 M L-isoleucine),
(7.1 mg/ml protein, 11.7 units/ml IRS) previously dialyzed agalnst

the buffer was chromatographed on the column with the buffer at 20°c,
flow rate 0.1 ml/min. Fractions 1-29 were 0.6 ml each; fractions
30-50 were 0.8 ml each. Fractions were collected at 5°C. Protein
(filled circles) was measured with the Lowry reagent. Enzyme activi-
ty (open c1rc1es) was determined from the ATP [32p] Pp exchange

reaction.
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then tried to elute the b0uhd'ehiyme by changing,the ionic strength of the
eluent},“The previous studies had indicated that the IRS was bound qdite
tightly to the insolubilized ligand. We felt it would be possib]é to use
a phosphate buffer without significantly reducing the level of binding of
‘1R$}to thehaosorbent.J Use'of a phosphate buffer would be desirable be-
cauSe'phosphate'was;cthiderably superior to TES (or any other boffer
tested)‘in minimizing denaturation of IRS during storage. 'It"might exert
a simi]ar.eftect in minimiiing denaturation durihgtChromatography."

A portioh'ot'Cf gel e]uate:was;plaéed on a oolomn of Affihity Gel 1
equiTibrated with 0.02 M phdéphate'(pH 7.5) containing 0102 M 2-mercapto4
| ethand]anditheto]dmh was'waShed.with.the,buffer until the bu]k'protein
wae'compietely e]uted} Theh-the:co1umn'Was eluted wtth'a gradient of |
_phosphate to 1 M final concentration. The gradient was 0.02 M in 2- -
mercaptOethano1 and the fractith‘were'collected'in vial contaihingf
- -0.02 M aqueous 24mercaptoethano1 to dilute the eluent and prevent de?
naturationhby prolonged contact of the-enzyme with the high molarity
so]utiohft'Thirteen‘peroeht of the app]iedvenzyme’activity'was collected
in the peak emergfng concurrently with'the.protein.peak.h Only trace
'amounts of»aotivity'were,e]uted‘with_the phosphate;gradient.

In addition‘to shoWing that the enzyme aCtivity could not beie1oted
by chang1ng the ionic strength of the medium th1s exper1ment showed that}

, the use of" phosphate buffer had no untoward effect on the b1nd1n9 of the

- _enzyme to the column' the e]ut1on pattern dur1ng elut1on w1th 0 02 M

.phosphate was a]most 1dent1ca1 to that seen in other runs using E]ut1on g
'Buffer 1 (e 9., F1g IA). . o
,we<then turned.tova shift elution. Since!IRS is somewhat less

sensitive to basic conditions,'a shtft to basic pH Wa§ tried first.
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A portion bf CY gel eluate was placed on a column offAffinity'Gel T

and washed with 0.02 M phosphate (pH 7.5) containing 0.02 M 2-mercapto-

~ethanol until the bu]k'protein‘was comb]ete]y removed; Then the column was
eluted with 0.02 M phosphate (pH gradient{ pH 7.5 to pH 11.6) containing
0.02 M 2-mercaptoefhanb1 and 0f01 M L-isoleucine. 'This combined;thé pH
shift technique wifh the soluble ligahd technique; The_fractions.weré
co1]ected in vials cbntafning 0.1 M phpsphate buffer af-pH 6;25 to re-
dUCe’théva of the effluent upon collection and hinimize dénaturation.
The.pH gradient in the fractidh§ atter éo]]ecfidn‘WaS 6.7 to'7.4"

This procedure caused the elution of a secbhd péak.of’énzyme'activif

12

fy. Maximum activity was eluted at pH = 9.5. Not'surprising]y, this is

the appérent’pKé'of an amino acid in the active site of IRS, the titrati@n-

of which causes a conformation change in the enzyme and reduces'itS"abilj-

"ty to bind L-isoleucine (see Appendix B).

'Fifteen percent of the épplied activity“was recovered in thevséédhd
peak. It is probable that a considerable amount of IRS was deﬁatured :
when the pH‘gradiént.exceeded 10. |

We repeated the experiment, except that a buffer of constant.pH'
9.9 was substituted'forvthevgradient._ The results are shown‘in Fig. 10.

This may be consideréd_our first successful purification of IRS by -
‘affinity chromatography. Forty-one percent of thé appiied aétiVity wa§
recovered and activity was stiif being elutedvaf a éignificaht Tevel af
the point where the éo]]ection-of fractions was”stopped;> The increase .
in enzyme purity in the second peak is only 4,5-fo1d. prever, it is

expected that the co]umn was saturated with non-specifically bound

protein during the chromatography, whereas it had the théoretita] capacity

to bind:40,000‘times as much IRS as was placed on'it,  Thus, on a
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Fraction Number
XBLT34-4766

Fig. 10. Chromatograph1c elution pattern of partially purified .
IRS on Affinity Gel I. A 1/4" diam. column was filled with 2 ml -

~of the gel equilibrated in 0.02 M phosphate (pH 7.5) containing
0.02 M 2-mercaptoethanol. Cy gel eluate (0.3 ml, containing
1. 21 mg. protein and 3.06 units of IRS) was chromatographed at

20° using this buffer. Flow rate was 0.1 ml/min. Ten fractions

- of 1.1 ml were collected. At this point (arrow) the buffer was

changed to 0.02 M phosphate (pH 9.9) containing 0.02 M 2-mercapto-
ethanol and 0.01 M L-isoleucine. Elution was continued as before.

* Fractions of 0.9 ml were collected in tubes to which 0.3 ml of 0.1

M phosphate (pH 6.25) containing 0.02 M 2-mercaptoethanol had been

added. Protein (f1]1ed circles) was measured with the Lowry rea-

g'nt Enzyme activity. (open c1rc]es) was determined from the ATP-
P)PP exchange reaction. - :
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preparative.scale run, the level of enzyme activit}:e]uted in the second
peak could easily be 100-fold as‘great or more, whiTe_the level of eretein
eldted would oh]y be increased by the extra amount of bound IRS. The re-
sult wouid be a quite dramatic purification.

There remains only the adeptation of the technique to preparative
scale. This work is in progreSs |

It is.anticipated that this procedure can be read11y extended to the

pur1f1cat1on of the other aminoacyl tRNA synthetases
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EXPERIMENTAL
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Materials. | |
3 '.M.el;hyl.-‘i“—'p.ehtana:l:, '3-methy1-1_ -pentanol, 2{,’ 3'-isopropylidene

ade‘nosihg,' _c':y_anogen bromidé, _6—'amino—1 -hexanol, >1 , 8—‘diaminodctane,
3, 3! —i‘min;)bis'pro.pyl;afnine," N, N'-carbonyldiimidazole, N, N'-dicyclo-
héxyicaxib'odiimide, 1-cyclohexyl-?}—(2—_morpholinoethyl)-'carbédiifnidé _
methO-B?toiuene su’lfonat.:e, trifluoroacetic acid.,: t-butylazidoformate,
. and 2-mercaptoethanol were puréha_sed from Aldrich Chefn'ical Co.,;
‘ L-isoleuci'ne,.N—t-BOC4L~isoleucine; N-t-BOC—L-ieucine,_ ATP,

ninhydriﬁ, B.ES,v' TES, :.HEPES,' Bicine, 'I.‘ricine‘; and .triethénolaming :
from Nutritional Biochemicals Co.; N-méfhyl-D, L-isdleucine,
O-methyl threonine, AMP, aden.osiné, D-ribose, ‘and L-valine from
Cvalbioch'e,m; 3V—'rr;eth_y1 pentanoic aéid, _2-meéhyl’-—Ai(-'butYIaminle,’ and
héxamét'hylene’diamine' from K & K L'abdra..tbi'i'e'vs‘; d—aminb-D, L-amino-
p.e'ntanoic" acid' Q-D "L—'aminoh'exaﬁoic'ac.:id a-D LA'—ami‘no.hepta.noi’c
acid,. th10ny1 chlorlde, phosphoryl chlor1de, methane°ulfonyl chlor1de,
nltromethane dlmethyl sulfatc, sod1um d1th10n1te,, E n1trobenzoyl azide,
‘hexyl bromide, an»_d ethylenediamine from Eastman Organic Chemicals; .
| adenine, and (U) 14C—L_-isobleucine, from Sch\;vé.rz/Mann; carbobehzoxy
vchloridve from Ma.i;n R.e"se.arch Labo;'afories; N6-—inethy1 adenosine and
6.—chll"or0puriné_ .riboside from P-L Laboratoriesv; BioGel-A-iS and
BioBeads S-X2 _>from Bi_oRad Laboratories; 1-ethyl '3_—vdimethy1amin0propy1 B
: carl;odiimide hyvdji'oc:hloridbe f#‘om Cyclb Chemical Co. ; CN]ISr—Acti'vat_ed:
Sepﬁarose from thakrr.nacia; "fvris fr‘om Sigma; Chemicél Co. ; Sodium |
32P pyrophosphate from International Chemical and Nuglc ar Corp ;

: Polyethylene Glycol 200 from Baker Chemical Co. ; B1osolv BBS 3
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fromlBeckman-Insf;_rument Co . .Flliox; Concc;ntrva-t'e‘ 11 frdm‘ Research
Supp_lies. L;ibo_ratory; Cabosil from Cébot C.'orp.'v; L1th1um A.lﬁminﬁx;n
Hydridé fro.r'n Alpha/Ventron Inorvgani;c‘s; Poly.glijrcqlfa;rr‘xine H-:i 63 from
Union CarBide; p-tolvu_énesul_fonyl-chlloride' and VivOt%j' 'I‘)ralladium é)n‘ |
'.cha.rco'a'l b-fvr"obm Matheson, Coleman ana_Bgll; 2, ;1‘,.-6-tr.initrobenzene -
~sulfonic acid from Piercée' Chemical CQ."; a.nd g c_oL1__ B cells frorf)"
Milers Laboratories. 'M»a!.cr_dporous polystyrene v&aé a gift from DO,W

Chemical Co. All ch.e'r chemicals were vr.reagen.'t_gr_ade'.

3 —Méthyl -1 -pentanal, 3 Qme'thyl -1 '-pentan'ol,' ’:3-‘—1n'ethy1 _pentanoic. acid,

2-methyl-1-butylamine, ethylene diamine, ph‘os‘phbory‘l éhlorid_e,
methanesulfonyl chloride, thionyl chloride, nitromé'thane, and di-

rnethylsulf'até”were distilled before use.
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Analyfieal Procedures

Protein assay (Lowf'y test). t The dery reagent was prepared by

~ combining 20 ml of a 10% solution of sodium car‘bonate in 0.5 N sodium
hydrex.ide and 2 ml of a solution of O.,5_% »CU;SO4 . SHZO in ..1% -.sodiur'.n.
v'tartrate and diluting to 100 ml with distilled water. Fifty mic"rolite.rsb
.of_ the solution to be .tested was added to 5 ml of the above so"lution..,
‘mixed, and allowed to stand for 10 min. Then 0. 5 ml of a solutlon pre-
' pared by diluting 10 rnl of phosphomolybdotungstate reagent with 7 ml ofi
water was jadded to the test solution and mixed 1mmed1ate1y.- Color was L ’
allowed to.de:\\relop for 1 hour and then 'th'e""absorban:e‘ét 750 nm Wa‘s
measured and the amount of proteinudetermined. from a standard curve
prepared usmg beef serum albumln | |

IRS Aqsay was carried out using the ATP ( P)PP exchange assay |
described by Norrls and Berg. 2 Five to f1fty mlcroliters of the solution
to be tested was added to 1. 0 ml of a solutlon contauung 0.1 M Tris - HCL
.(pH 8.0), 10 mM KF, iO mM 2-n_1ercaptoe‘thanol» 3 mM MgClz, 2mM
I}isoleuci_ne‘, 2 mM MgATP, and 2 mM sodiﬁm:( P) pyrophosphate
(104-105 counts min—1 pmole—i). The solution Was incubated 15‘ min
at 37°, and the reaction stoppe.d by addition of (-).:2’5>'m1 14 % p'e;'cheloric
acid‘and 0.3 ml of 129% :aci'd-washed Norit. The solution was. .sha.ken
‘brieﬂy' and chilled in an ice bath for 5 min. v The Norit was collected by :
cen’trifugiation and waéhed with 3X3 ml of ice wetef. It was then sus-
pended in 2.0 ml ef 29 conc. ammonium hydroxi‘de vin'50%' aqueous
vetlilanol. A '0.5' ml portion ,o.f‘ the. siuSpensionv was dfied in a planche.t"
and eoﬁnted in a Nuclear vChi-cago end window counter. | The assay \F;v.vas

" linear in the range O‘—IOv.15 unit,- where one unit is defined as the'
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incorporation of 1 pmdle of (3'_2P)P.Pi into ATP under assay conditions. -

Michaelis constants were determined by. carrying out the above assay

on a fixed amount of IRS ( ca. 0.1 u_.nif).' Either Li-i_soleucine or MgATP,
as appropriate, was _omitte.dv from‘the aés‘ay solution and var;ring amounts
of th.e sﬁbvstrate to be tested were addea to the s-o_ltiti_on. " The vello'cvi_ty |
of the reaction was determined as apparent u‘nits*éﬁd was plotted against -

the velocity di\}jided by the concentration of the substrate. A straight-

line was f{itted to the points by the least squares ,rn'e_'thod‘ and the Michaelis

constant was dete rmined from the slope of thé liziie." .
- The Michaelis constants of a-D ,_L'—amin__ohepfatio_icj acid and
a-'D,Lfaminéhexanoic acid we,ré determined as 1de's"cbribed in Appendix B.
Inhibiti,dn éqnstants-were de»teirmi»ned fro_rﬁ_ "the ép.}.),arent Michaelis

constant (Km') of either L—isol-eu_ci'ne_ or MgATP using the rellationship

Km' = (1 +[1I] ‘/Ki') ._K_m, where {1} = inhibitor concentration.

The apparént Michaelis cc‘)nAsvtan.t's were determined i‘n.th.e pr’esénce of a
fixed arnbunt;_ .of iﬁhibitor as. describéd"above; The'_ co'ncentr.ation'of the
inhibitor was greater t.hén‘it.'s inhibition consfan_t_ -u.n__l_es_s 'pfohibited by
limited -solubility.

L-isoleucine ethyl and hexkyrl e'sférs co‘ntai.n’_ed."f‘:'l;.ace‘: amounts of
.L_-isoleucine which led to incorrect Vinhibitio‘n' constants. The amount
of L'?is-oleqcine was éstimated-by determining the x;ate of exvchan'ge in
the Ipreéence of the esfer withbut‘adde':d L-—iécéleq'cirie. This was QOné _
using the r'_el.a‘tionship |
S /K,

S K_@ Va1
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where [S] = L-isoleucine concentration,

(1]

. ester concentration,

rate of exchange,

<
1

max

extrapolated rate at infinite L.aisolet‘xcine concentration.
The 'é.'p}ﬁrent‘"v;l.ue of ‘K,i vw.a‘s 'i}s'ed. Upon dete rrﬁipat'ion of [s], this

- value was used to correct the Concentrat_ioﬁ vaiu'.esvof L-isoleucineé in
the original inhibition study anvc‘lva_‘_new K. was'detve‘rrn'i‘n'ed. ' This value
was then introduced in the above equation to obtaih a more accurate
~value of [s]. The procé ss5 was ..re'p'eated ‘until no further changes were

obtained in fhe values"of ‘Ki and | S].

Dissociation constants were determined from fluorescence titi'iati.o'ns o
as describ,éd‘ in Appendix B. .

Ninhydrin assays were used to determine the ‘amount of ligands bound

to adsorbents. The adsorbent was hydrolysed overnight at 100° in 1N
sodium hvyc_l.'r_‘oxide'.” Nitrogen gas was bubbled ‘th'rbugh the hot solution
for ‘3_0 min to remove é.rhmonia. An aliquot of the h)}'drolys‘ate‘ was
acidified (pH 1-5) with conc. HCI and diluted to var.l‘éstimatved concentra-

tion of(O,.Z.t_'Q 1.0 mM in primary amine. " To 0.5 ml of this solution was

4

added 1 ml each of 2X 10~ M KCN in pyridine, and 80% phenol. The

i

mixture was heated 10 min in boiling water ‘and 0.5 ml of 5% ninhydrin

in ethanol was added. After mixing, the solution was heated 5 min fur- -

ther and diluted to 10 ml with 60 % ‘ethanol. The optical den‘sity at 570 |
‘nm was measured and the amount of ligand determined from a standard
curve. An'.optical density of 1.0 corresponded to 0.473 mmoles of

L -isoleucine.
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Radioassays. A solution of the substance to be coun_fed in 0.5 ml of

ethanolor water was dissolved in 18 ml of a. s.cintilvla'tion solutim"l prepared bvy
mixing 825 ml'of toluene, 125ml of Bio-Solv BBS-P37-an'd. 50 ml of Fluor Con-
. centrate II. In the case of agafosreb’adsorbents,” 0.5 ml ‘(settled yfolume)

of the gel .’wvas added to tbe sci'ﬁtillation fluid .an'd allowéd' to becorn‘.e'
solv_ated.° The solvated i)eadé ai'e'almosf comp'letelyv tré.nsparent iﬁ the
..r'nediurvn'." They were \vsuspen'd‘ed' in the fluid with the aid of éqlloidal éil-

ica (Cabosilv).‘ Thé solutions or suspensions were. bounted in a Pécka,'r_d

Tri-Carb instrument. -

Thin layer chromatography was done o‘n>10 cm strips cut from Eas.tman

Chromagram Sheets of silica g'erlv‘»or cellulose impregnated with fluorescent |

indicator tising the solvent systems indicafed. "Vilsrualization“ was done
routihely with ul'tr‘aviolet ligHt, iodine, and 0.5% ninhydrin in 49:1

¥

ethanol-acetic acid.

“The 2, 4, 6-¥Trinitrobenzene'sulfc')na.t'e Test ‘was 'performed as de-
scribed by _C_uatreca'sas‘ and Anfinsen.

Synthetic Procedures

L-—'isoleucine'eth?l ester hydrochloride. ’L-isoleuci_ne (6_.5 g, 50

, mmoie) was 'suSpehded in 50 ml of dry ethanol and the‘mixture-‘vchill‘ed__ o

. to -10°C. Thi;)nyi chloride (7.5 ml, 104 mfndlé) was added in three .

portions at 5 min intervals to thé stii‘_red_ susperi:sio_n. Thé mixtufé wais'
“allowed fo wérm to foom gempérature and '.th_e'n 'vhéatéd-'to reflux .under a
drying tu;be‘.' After 1 1/2 héurs tﬁe solutiqn’ was cooled and .eth.aho.l wa_s':_x
femoved under reduced pr‘_esvsur.e't_o'give. a.thick o_ii.._v ’I‘his‘was dis-
solved in 50 ml of ether and vpl_aced in a'f.ree_zer' o{rernight; _The pre- :
cipitated L-isoleuciné ethyl ester_h‘y-drochlor‘ide-was. rec;ystallized

1
i

I
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tw1ce by dlssolv1ng in 5 ml of ethanol, add1ng 50. ml of ether and chilling..

. This ylelded 2.3 g (24%) of ‘white crystals, M. P. (uncorr ) 92 3°C

Analxs1s—Ca1cu1ated for C8 18ClNO C 49, 09 H 927 Cl, 18.14; N,

- 7.15, Found C, 49.23; H, 9.25; Cl, 18.20; N, '_7.36, "Enzymatic assay

"~ with IRS indicated that the ester was contamina’ted_\ivith 0.5% L-isoleucine.

L-is’oleucine hexyl estef Thionyl chlorlde (1> 0 ml, 13 8 mmole) was

d1ssolved in 12.5 ml of dry hexanol and the solutlon chilled to -10 C.
vL—1soleu_c1ne (1.64 g, 12.5 mmole) was added to the stlrred solution which
wa‘s“p'rotec_ted by a dryvin-gbv tube and the mixtui‘éf*ya.sr.‘slov&‘rlvy heated to

45°C and ’rhaintained there until a homogehbus solﬁtion resulted. It was

then st1rr( d ovormght at r. t. whlle n1trogen was bubbled through to re-

move SO, and HCI. The solutlon was d1luted w1th 15 ml of heptane and

extracted ‘with'2><15.ml of'water followed by 2X 15 ml of 1 N citric acid.
The ‘combvi/n'e'd extrr‘a'ct’s were b'fbught to pH12.5 w1th 1 N potassium
hydfoxide' aLndv were e'xftr¥a'cted with ZX 25 mll.‘. o'f“etber. The combined
etherealle'xt;r'act"s were w.ashed. with 2X25 ml of é% sodiumi bicarbonate, |
elried‘ éver sodium sulfate, filtered, anel saturated with hydrogen .chloridev.

The solution was evaporated under a nitrogen stream and the residue -

_ d.issolved'i'n 25 ml methylene .chloride. The solvent was__renio{red un-
der reduced pres‘sure. Solution and evaporation were repeated twice |

.vr.nore'-_a,nd’the resulting oil dried under a nitrogen stream for 3 days.

The resulting amorphous waxy solid could not be recrystallized. It was
soluble in both heptane ax_lbd water, and had no well-defined melting point..v'
It _wavsvhomog-eneo'us to TLC on silica gel using 1:1:vvace-tone—water '

(R ‘0.70)"or 9.:1 'chlorofOrm—triethylamihe (R 0.»69);, Analxsis —Calcul"ated

for C, H ClNO : C, 57.20; H 10 40; Cl 14. 10 N ,5.60. Found.

12 26
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C, 57 0;- H, 10 5; Cl, 13.9; N 5 5. Enzymat1c assay w1th IRS in- -~

dicated that it was contammed w1th 0.4% L- 1soleuc1ne
i.

L-isoleucinol. Small portlons of 11th1um alummum hydrlde were

added to 250 ml of perox1de free tetra.hydrofuran unt11 no bubblmg was
noted on add1t10n of more _L1A_1H4  The solutlon was placed in a 500 ml
round -bottomed f_la_sk w1tha Sidearrrl, which Wae fitted with a condenserr :
topﬁed with a bdrying' tub'e_';b the s;’rsterrl.\&ae theh'.:.;‘.)'urged'w'ith N,. LiAlH,
(9-5 g, 0.25 ,m'glé) was added, 'and;the shé?éheioh was ‘chiilled in an i/c.e.
bath. L-i,s.olehcine (13;1-.'\g.v 0.1 nv_lovl'e)‘ yvla’s added Ai'n.srnallb horti‘o_'nsito

the ma.ghetieally stirred :r'ni)‘:t'ure, a'llewihé bubbhng to subside between
additions. The mixthre‘".\ya.s: then stirred for 1 ho’ur_ at’ 0. 5°'C and 1 hour B
at room terhperature.- '.It was refluxed for 1 h.otu.r_»and then distilled for
30 min (this remeved about '100 ml bof-THF). The remaining”'mvixture
was allowed to cool and 250 ml of ether was added (Note: either Wae ‘
freshly opened i anhydrous" ) but con31derab1e evolution‘ of hYdrogen ‘
wasi noted).» The m1xture was ch111ed and \.Nate.r saturated ether fol-
leWed_ 'bjr small p‘ort1ons of water were added to the'celd stirred rrnx-' B
ture. After excess water had been added, the rni;rtdre'v}as stirred for
2 ho'u'rsl._ at 0-5°C follerJvled_ by,s_tirring. for 1 heur atiroem te'mp.erature.-
Alurrrindm hydroxide was filtered off and waehed:<VWi‘th hot r_n_’ethano’.l_' .
(2 X so'rﬁi) and bether (‘5_'0 rnl) The c_orr-lbined f'ilt.l_'_at_ev- and 'w!ashings were
evaporated under' r.edu.ced,prevssbure to give an aqaeous._solhtion which -
wavs' extracted with 200 'ml of ether, .eaturated witthaCl and extracted
with 100.ml of ether. The combmed extracts were washed w1th 50 ml-

Ot saturated aq.‘ NaCl and dried over sodium sulfate f.ovr 1 hour. They :
were filtered and.e‘vaporated under reduced i)ressure to g.ive_ a yellow
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oil which was distilled in vacuo to yield a white syrup, BP 76-8 (3 mm
Hg) which sponténeouély crystalliied -to"needles ‘on standing | Reerys- »
ta111zat1on from ether afforded 6.6 g (56% ) of whlte needles of MP

41.5-3°, (af)D - 4.64° (c 0. 127 M).

| “1- mtromethyl N t-BOC- L isoleucinol _ -

N-t- BOC-L- 1soleuc1ne hern1hydrate (4 1 g,.17 1 mmole) was. 'di.s-eolved
in thlor_ofor_m ‘and dried over magnes1um sulfate. The solut1on Was.- B
filterevd"andv_e_vap_ora'ted to a gurﬁ"wh.'ich'was"dissolved in 40 ml 1:1
ether—tetfalaydrofurao. “This was reacted for 30 ‘min with 2.78 g;_“?'i
mﬁole) N, N'-carbonyl diinlid‘azole to yield the »imidéz’olide. The solution
was placed under suction briefly to remove cai‘bon_ dioxide and chilled _ S
in an iceja;cetone bath. -

Clarified ethereal lithium aluminum hydv‘ri.de (LAH) was prepared by
refluXing 5 g of LAH in 'ZSO.ml of ether for 3 hours, cooling, vv‘filterin'g
through glass wooll into a graduated cylioder," stoppering, and allowin';g
--tovset'tle. for at least oneld'ay. J.ost before use, the solution was |
'standar.dized by pipetting 5 ml into 20 ml of lce we.fer. ‘Ten ml of 1 N
HCI was _added and the mixture he_ated ol'x a steah1't;ath until all the
precip_itate-@as diesolved, The solution was cooled and back—titreted N
bwith 1N KOH to pH 3.7. Solutions were b'etween:l.z_ and 1.5 N.

A volume of this solution containing 34.2 meq. of LAH w.as ad,'lded '
over 10 min to the Stirred imidazolide solution. T}.levsolu'tion was "
stirz;ed.:3(_) min further in the ice—acelone bath. Tllen 5 ml 9&_;% ef_hahol
' l:vaé "acvlbded_, followed by 5 ml of waler. The mixtllre vs./a_.'S _stirrecl 10.min o
, at.r_oofn: t_emperatui'e and filtered. The-i'esiclue was was-hed. with 10 ml

‘-

 portions of methanol, ether, chlor_oforrh and methénol again;
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The combined filtrate and washings werelevaporated under reduced
' pressure to ca. 15 ml. Fifty ml of chloroform’ were added, the aqueous
phase was separated and dis cardved,i‘and the org-ahic phase washed with

20 ml portions of 1 N citric acid (2X), water, 5% v_s:odium 'c‘arbonate_,' o |

water, and saturated aqueous sodium chlor’ide.v",The solution was drr'ie_‘d o

over magneeidm sulfate; filtered, and"evaporated under re_ddced pres'-
sure to yleld an 011 | _ | _ |
Gas chromatography of this oil on a 5 X1/4" column of SE-30 at-
- 200° W1th a flow rate of 50 ml/m1n showed peake w1th retent1on t1mes
(min. ) of 3 15 (a), 4:15 (b), 4: 35 (c)_ and 5?15 (d) Peak (a) compromlsed
about 50 To of the mater1al and was identified as an aldehyde.' Peak (c)
was 1dent1f1ed as N- t BOC L 1soleucmol The other two peaks remain
bun1den't1f1ed. The aldehyde could be prec1p1tated as the 2 4- d1n1trophenyl
hydrazone:,.il\/lf.’ 165-7" | Analxs1s Calculated for C17H24N506 C 51. 64
H, 637-VN 17.71. Found: C, 51.49; H, 6.40; N, 17.65. |
To the 011 was added 20 ml of nltromethane and 5 drops of triethyl-
amine. The solution was.held at 3° for two Weeks.
The product mix was chromatographed on an 8 §X2.2 cm column of
5111ca gel with 50 ml of chlorofornl, 100 ml of a grad1ent of 0- 10%

methanol in chloroform and 50 ml of 10% fnethanol in chloroform The

' l—mtromethyl N—t—BOC-L—1so_leuc_1nol.emerged from ‘105-160 ml.

" The mate rial was re chromatographed onab. '6X2'.2 cm column of silica gel

using acetone. Various fractmns of the eluate were gas chromatographed
under the conditions described above. The 1- n1tromethy1 N-t- BOC L-
isoleucinol (retention time, 12:00 min) was contaminated with ca. 4%

of an impurity of retention time 2:50. | ‘This -impdrity had r'emained at

- this level'throughout the purification and had co-_chr.omato‘graphe’d'

<
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.exactly with the product in bvoth systems. This‘beha?ior suggests that it
may be a aee.ornposition. product produeed_ in the 'inj:ector as sembly
dul.'i‘ngj'ga.s'i 'c’hro'rnatog‘.raph'y'.

The aporop.riate. fra'ctions we\.re combined and _evaporateti under re-
duced pressure. The re31due was d1ssolved in carbon tetrachloride

and the solution allowed to evaporate slowly This gave 1.73 g (36 6%

 of a white waxy sol1d without'a well defined meltmg po1nt ThlS also

contalned 4% 1mpur1ty by GLC.

NMR (CCl,): 6 5. 03 (d, J = 10, 1H) 4.38 (s, _ );:4.24' (d, J =3, 2H);

4
4.4-4.0 (m, 1H): 3.55-3.15 (m, 1H); 2.0-1.0 (m, 3H); 1.42 (s, 9H);

1.10-0.67 (m, 6H).

N-t-BOC-(U) *C-L-isoleucinol. (U)!*C-1-isoleucinol (1.94 ¢,
16.5.mmol_e, 0.5 pC/mmole) wa‘s"disso'l\'red in 30 ml 'of. pyridine. To
this was aoded 5 ml (35 mrnole) of t-butyl aZidoformate dissolved-in
45 rnl of ethyl. acet'atve. The solution was protected with a drying tnbe
. and kept."é'days at room tem'p'eraturve. The solution. was eQaporated

v under a nitrogen stream in a hood to giv‘e an oil which wasvdviss'olved in
50 ml of ethyl acetate. This was washed with 30 ml portions of 1N

citric acid (2X), water,. 5% sodium bicarbonate -__(ZX), water, and sat-~
‘urated sodium chloride. It was dried over magnesinm sulfate for 1 hour,
fil'ter‘red_,' and evaporated under reducedlpressure -to.an oil.

This oil was further dried under a nitrogen .stream fon 3 d'ays,to -
yield 3.3 g‘of rnaterial Rad1oassay indicated the material em1tted only
'96:1: 1%  of the rad1oact1v1ty expected for pure product The Impurlty is
pre's‘umab,ly unevaporated ethyl acetate. When a thin f11n’i of material -

was‘dfied under vacuum, a purity of 99% was obtained. The corrected
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_yield was 3.1 g (86% ). TLC on silica gel using 9:1 chloroform methanol

gave a’.sir—lgle spot(Rf 0.70). 'NMR(_CClé): 6, 5.03 (d, J =10, 1H); :

3.67-3.17 (m, 4H): 2.0-1:0 (m, 3H)'- 1.45 (5, 9H); 1.09-0.70 (m, 6H).

: N t-BOC - (U) C L.-isoleucinol 5'- adenllate »

N, O, O tr1acetyl AMP (O 48 g, 1 mmole) prepared aceord1ng to
Rammler.a.nd Khorana, 3 was dlssolved 1n 10 ml of pyr1d1ne and 0. 67 g
(3 mmole) csf_" '96%fpur'é’1§ £-BOC- ! c L- 1soleu(‘1nol (0.5 uC/mmole)
was added,' 'follovsred by 2.06 g (10 'mmole) of N; N' ;-—_dlcyclohexyl carbo-
| diirn.i_de_'rd_is‘s‘olved in 2 ml Of'pYridihe' The solutidn was stirred for 24
hours at r.t. in the dark. The mlxture was flltered and the prec1p1tated
N, N'- dleyclohexylurea was washed w1th ZXZ ml of pyrldlne The eom—
bined f1ltrate and washlngs were evaporated under a nltrogen stream to
a thick gum Wthh was washed with 3X20 ml of heptane by trlturatlon
and decantation The gum was dlssolved in 20. ml of 1 pyrrdme -water
and. allowed to stand at r. .t. for 24 hr , 'I‘he _m1xture was f11tered andv-
evaporated under a nitrogen stream to yvield'val gum which was diss’olwied'
in ‘9 ml of absolute ethanol. Coneentrated ammonlum hyd'rox.idle (6 ml) ‘

was added and the solution allIOWed to stand 2 -days 'at_ r.t. It was evap-

orated and the residue was washed with 3X20 ml of ether by'trituration' S

and 'dec'ant_ation. Then it was disvsolved in m.ethauol" and precipitated by
a:ddition of ether. The pree1p1tate was collected arld dried over P, O '
.ih'vacuo for 18 hr.. Th1s yielded 0.28 g of an off- wh1te powder wh1ch ‘-. |
showed trace 1mpur1t1es on TLC using 7:3 acetone water on silica gel
(R 0 79) Radioassay 1nd1cated it. was 94:!:2% pure Mater1a1 at thls
level of pur1ty was used in some exper1ments Completely pure ‘rr.x_ater-

ial'was prepared by column _chromatograph‘y on s"'ilic'a gel using 7:3

o *
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a:éetone ;Wa'fer. Fractions'éontaining UV-abéof-Bénf' material weré
combiniéd_ an& the écetoﬁé was 're';noved under recigced p.reséure. The
aqueous véoit';ti:on was filtered and l\yophilized. Th,e_ lyophil.izate ;vvas
suspended in a small amount of hof m.ethancvﬂ and the suspénsion allowed "
‘to cool.” The methanol was removed by centfifugafion. The eXtracti.o_n
was_repe'atvéd onvce‘ more. The réSid\_J,e 'was‘.dr‘ie':cllli.over PZOS in vacuo for ..
18 hr. ‘The”res._ulting white powder was h’omogéhééﬁs to TLC. on silica'
gel usin.g-‘f']:3 ace'tbne -water (Rf 0.84) and oﬁ céllulqse.ﬁsing. 415 n-butanvolv- A
acetic ;cid;v’m’e'r:(Rf' 0.58) with MP 214-54(;1). .Rédiova‘ssay' indicated it was
1”00:!:.1% N-t-BOC-L-isole'ucinoi 5! -adenylate 'mv_o‘nohydrate, |

.Unlah'eied N,t-BOC-L;isoleuciﬁol 5"-ader'1ylét’.e was prepared in 'th.et
same fnanner., ’ | :

L-isoleucinol 5'—adenylé.te. N—t—BOC—_L‘—ivsoleu.c:inol 5'-adenylate

(200 meg, 0.35 mmole) containing trace _impuritie,é (vsee above) was dis-
solvéd'iﬁ amhydfous ‘trifluoroacetic acid.’ Afte;’ .1>0 fnin the solution was.
quivcklykevap'or.a-téd'dvnde'_r a nitrogen st'reafh and thé“:i'e.si.due. dissolved in
é ml of methaﬁol, This solutio_n was 'ev;porated aﬁd the z;esiduéb again
taken up_iﬁ- methénql._ Ten volufnes of ether were added and the pre-
vcipitat‘e_was collected by .suction filtration. .It was 'chromatog:raphed on

" a column (2.2 cm. diam; ) of 30 g of silica gel using 3:1 meth‘ahql-w_"atevr.
Fractions containing UV—absorbent material were "cor_nbined and méthanol )
was revnllovve_'db qhder reduced pressure. The 'aqtileovu's"'solution was . |
lyophilizéd_. The lyophilizate was dis solved in mei:hanol_airid precipitatéd
with 10.v'01ume-sv.of ether. The pl.'ec‘ipita_te was collected, wa.shed. with
_ethe';'f; é.nd dried _o;/ér Péos_ in vvacuo at 100° 6vefnight. This gave 123
mg (v79 % ) of a white powder, MP 169-75° (reported MP 175° 4) which

was homogeneous to TLC on silica gel us'ir_lg 1:1 acetone-water .(Rf 0.76).
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UV (0.01 M potassium phosphate, pH 7.5): max 259 nm (€ 12, 100);

min 227 nm Analysw-—Calculated for C16 22N607P 0. 3H O:

' C, 42.5;H, 6.2: N, 18.6; P, 6.9. Found: C, 42.6; H, 62-N,-18.15;P,' 6.9.

NMR(D 0) 5, 8.50(s, 1H); 8. 25(s, 1H); 5 98(d, J =6, 1H); 5.0-4.4
(m, partially covered by_ HOD peak,‘ 3H); 4.27-4.04\m, 2H); 3.82
d, J=5, 2H); 3.34(t, J =5, 1H); 2.0-1.0(m, 3H); 1.0-0.5(m, 6H).

N6-(2 —aminoethylladenosine A suSpensmn of 194 mg (0 68 mmole)

of 6- chloropurlne r1bosxde in 0. 5 ml (7. 45 rnmole) of ethylene d1arn1ne
and 7 ml of dry ethanol was refluxed for 3 hr un'der a drymg tube. The
resultmg solut1on was cooled and kept overmght at 3°. The v're sulting
prec1p1tate was recrystalhzed from 4 ml of dry ethanol ‘The white
crystals were collected Washed w1th 10 ml. of ethanol, and dr1ed over
P?‘O5 in yacuo for 18 hr at 65°‘ The dry crystals we1ghed 160 mg
(76% yield) and had a MP of 198-201° C They were homogeneous to
TLC on S111ca gel us1ng 1: 3 acetone water (R O 24) UV (0. Ol M
potassium phosphate, pH 7 5) max 266 nm (€ 16 200) min 229 nm.
‘NMR (as the deuterochlorlde in D O) 6 8 29 (s, 1H) 8. 25 (s, _'v); T
6. OZ(d I=5, '1H) 5.0-4. 2 (m, part1ally covered by HOD. peak, 3H) |

4.2- 38(m, 4H) 338(t,J—6 2H).

_(6-am1nohexy1)aden081ne was prepared_in the same manner using
hexamethylene diamlne. }Theresulting cream-.colored_.crystal-s weighed
220 mg I(86% yield). | They were contamin_ated w“ith'.i‘4% 'ot:' the '.di-.s_ub_

- stituted hexamethylene diamine derivative. This could not be removed, -
nor s1gn1f1cant1y reduced, by re crystalhzatmn In the inhibition stud1es

with this compound, it was assumed that a molecule of the di- subst1tuted

compound bound 1d_ent1cally as a-mono—subst1tuted molecule. UV (0.01 M
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pota','-ssiur;n phosphate, pH 7.5): max 268; m1n 231. NMR (ae'v.the deutero-
chloride in DZO): 8.30 (s, 1H); 8.18 (s, 1H); 6.0 (d, J = 6, 1H); 4.8-4.0
(m, partiany covered by HOD peak, 3H): 4.0-3.75 '(m 2H): 3.75-3.4
(t, poorly defined, ZH) '3.2-2.8 (t, poorly defined, 2H); 2 2-1.2 (m, 8H)

N6 methyl adenosine 5'- phosphate was prepared by the method of

Griffin and Reese5 with minor modifications. A._n-alxsw-—Calculated for

C11H15N5O7PNa . '3HZO': C, 29.9; H, »4.9; N, 16.0; P, 7.2 Fqund:. C,

30.2; H, 4.84; N, 16.0; P, 7.1. UV (0.01 M potassium phosphate,

pH 7.5): max 267 nm (€ 16,200); min 230 nm.

- N-t-Boc-L;isoleucinol-N(’-"methyl 5'-adenylate. N-t-BOC-L-iso-
le\ic'iho_l"ade,ny_liat’e '(_200"‘ mg, 366 pmole) was dissolved in 1.5 ml of water,

and 0.25'ml of vdimethyli.su;lfate was. added in 10 portions at S min inter-

“vals to the stirred solution. ' The mixture was stirred 2 hr further.

The pH was maintainéd between 4.5 and 6.5-throughout the reaction by'
addition of 4 N NaOH. The unreacted d1methy1 sulfate was extracted

w.11;h ethyl acetate (1 ml) and ether (2 ml). "The" aqueous solutlon was

placed on a column of AG1-X8 (C1”~ Form) (8XO.»8 crn) and eluted with

water.. The UV-absorbent fractions were cemb'ine’d and evaporated to
dryness under é nitrogen stream.
The resulting N-t-BO'C—L—is‘oleu.cinol 5'(1-methyl adenylate) was re- v

arranged in aqueous ammonium hydroz_{fiae (pH 11) at 37°C for 2 days.

‘The solution was evap'orated to drynessvvgnder a nitrogen stream. The -

residue was dissolved in 1:1 acetone-water, and'chromatographed on a

4.4X2.2 cm column of silica gel using the same solvent with a flow rate

of 1 ml/rnin. Fi‘ac_tions of 3 ml were co_llec’f_éd. The product was found

in fractions 10-14. Thesejv_vere» combined and ev‘apoi‘ated to dryness.
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v The res1due Was’ d1ssolved in a minimum of ethanol filtered, and pre- )
c1p1tated W1th ether. The prec1p1tate was collected. and air dried. 'It'
was d1s solved in water The solut1on was f11tered and lyoph1l1zed Th1s
gave 127 mg (62 % ) of a white powder which was homogeneous to TLC
on s111ca gel using 1: 1 acetone-water (R 0.78).. | ‘I

L - 1soleuc1nol N6 methyl 5' adenylate N t- BOC L- 1soleuc1nol

' Né--methyl 5! -‘adenylatev (127 mg, 226 }Lmole) Was d1_s‘solved in 2 ml of
anhyclrousi'trifluof‘oacetic acid.. After 5 min), th‘eh'.solut_ion Vwes- evaporated
- under a nitrogen stree.rn".'l The re_sidue;"vves tri'toteteti with 10 ml o_fiethelf
and_»collec“ted by. cehtrifugetion.‘ It was di’svs‘olved“i»rl .1 ml of:meth‘ahol and
revpreci‘pitated .vvith 10 ml of [eth'er.“ The prec1p1tate was collected air
dried and di‘svsolved in~3 lrnl o'f wa;te.r.’ The solut1on was .lYOph1l1zed. The
lyoph111zate was chromatographed on a column (5X3 cm) of 5111ca gel -
~ using ?:3 ace_tone -wa_ter Wl_th flow rate of _C_g_. 1 ml/!tn1n | Fract1ons of
5 ml vvere collected. The product was found 1nfract1ons 8-12; These
were combihed é.’nc_l the -ac:eto‘he rer'hoved bulnde'r l‘_edoced prvesrsu‘re._: 'The.
aqueous solution vva_s filteredbend lyophilizedL 'I:‘hi.s:.‘giave 87 mg (84%)

of a cr_e_arh colore.d _powde:r which was 'homovgehe‘oo.s. ,ito TLC on silice

gel 'usi’ng 7:3 acetone-waterv, (R, 0.58) and on cellulose using 4:1:5 n-

f

butanol acetlc ac1d water (R 0.43).

f

 NMR(D,0): 6, 8.30 (s, 1H); 8.08 (s, 1H); 6. 07 (d =5, 1H);
5.0—4.2 (m,_ part;ally covered by HOD peak, 3H); 4 23-4.0 (m, ZH)
3.60 (d, J = 5, éH)--3.23 (d; J . 5, 1H); 3.05 (s, 3H); 1.0-0.5 (m, 6H).
.UV(O 01 M potass1um phosphate, pH 7. 5) “max .267- nm (€ 16,100);

Ny
min 231 nm. B
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14C—I‘_,'-isoleucinebwa,s prepared according to Schwyzer

N-‘t-Bbc-‘(U)
et}:v al. 12.‘.';Av'ith minor':mod’ificvétions using (U)14C-L—.isoleucilne‘(0.5
QC/mmOIe). »Thereby was oiﬁtéinéd an oil which Wa_s 84 % .p'ure by
xv'a:dioéss'ay.' It was homogeneous and chromatograf)hicélly identical to
;uth=entic N-t-BOC-L-isoleucine on TLC in sevevr_al' systems. | Tﬁe
impurity.is..pr,ésumabl);r unevapor’ated chlox;bfofm Iin‘_so'lution.‘v The cor-
rected yield' ‘,wav,s. 67% . | ; ‘. | |

Ads'or‘t.)‘e',nt _I_ (Fig. 1,'- S.e.'-c'."'B). Bio Beads S-XZ,' uchlox"om"ethylate.ed‘ ]
(2.95% bby" wveight‘ Chlori#e, 8.31 r‘heg/g) were éondéﬂée_d' W-ith -
N-t—'BAOVC-L—ivs'oleucine and the resulting resin deblocked, all .a_cco‘vrding
to ‘Merrifield; 6 Ninhydrin assa;y of the hydrolysate from a portion of
the resin indicated a’coupling level of 190 mrvn'c‘)les'(‘)f L-isoleucine per.
gram of -'re-svin (23% veffic:iency)... |

 Adsorbent II (Fig. 1, Sec. B) was pr»ef)ared by dissolving 2.0 g

(17.1 mmole) of 6-amino-1-hexanol in 25 ml of 4:1 dimethoxyet.hane -ethanol
an.d"su,s‘pend'ing 2.0 g (1.66 meq. Cl) o'f'VBioBe'a-d_s SX-2 chloromethylated, -
in the solution whi'chv was then stirred at reflux for 48 hr. K'The resin was

then washed with ethanol (3X 10 ml), methanol (3X 10 ml), and ether

(2X iQnﬂ), and drj.ed over PZO5 2 vacuo. .A ,Cl analysis shqwed 9% of

the chlorinve'vstill unreacted. o | ‘.
‘The resin was suspended in 20 ml of dimefhoxyefhane_ and 5 ml of -

acetic anhydride was added.. Th.e'.-mixture was stir;‘ed at room teméer’a—.

..ture overhight, and wasvhed with ethapol (2X10 ml.), water (2X10. ml), .

methanol-(ZXiO ml)_, .andvether (2X10 ml), vand dried over P Os-in

vacuo. IR showed both eisvter‘ (1720 Cm_‘i) ‘an'dvamide (1650'cm-1) .pea}%s.

R
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The resin was then sapon1f1ed in1 N NaOH in water ethanol - methanol-

dioxane (1 1: 1 1) for 3 hr at ca. 60°, and washed w1th water (2X10 ml)

275

IR showed no ester 'peak' the amide peak remamed The resin was: |

m_ethanol_-(ZXlO ml), and ether (ZX 10 ml), and dr1ed over P,O_ in _\La;g_gg |
. coupled ‘w1th N-t-BOC-L- 1soleuc1ne 1m1dazohde as follows: {

‘N-t- BOC L- 1soleuc1ne hem1hydrate (0. 480 g, 2 mmole) was’ d1ssolved

in 5 ml of methylene chlor1de and dried over magnes1um sulfate 'for 60
min. It was f11tered and N, N'-carbonyld11m1dazole (0.324 g, 2 mmole)
wa_svadded. ._Effervescence ensued. The solutlon was st1rred under a
drying. tnbe for 1 hr and then added to a‘suspenslon of the N-(6-hydroxy-
hexYl).‘N-ace:tyl :poly. (p-\}inyl b‘e:n.z,yl ‘amine) re s1n (1.14 g, 0.86 r‘n_eqv). |
in 10 ml of methylene chjoridelu>vﬂnch'zo;ﬁicfanféfs_of1 N sodium
ethoxide in ethanol had been added The ml.xture 'was Stirred nnder a :
drying tube for 2 days at room temperature and forv 16 hr at ca. ' 50°C.
The resin was Collected by suct1on and washed‘ w1th methylene chlor1de
(2X1Q mil) and»a'cet1c acid (2X10 mlv). It was st1rred in1 N hydrogen |
'ehloride invacetic acid for 3_0 min. It was then washed w1th acet1c a01d
(2X10 mil), 'me_thylene ehloride (2X10 ml), ethanol (2)(10 ml), methanol :
(2X10 ml), and ether (2X10 ml). It was subsequently dr1ed over PZOS
in wovernlght Am1no acid analys1s 1nd1cated that 0. 262 mmole of

amino acid per gram of resin was 1ncorporated Thls _corresponds to

35% of the hydroxyls be1ng ester1f1ed
7

Adsorbent III (Fig. 1, Sec. B) was prepared by Dr. Brian Myhr.

Adsorbent IV ’(Fig.v 1, Sec. B) was prepared by ‘Dr.-.vBrian Myhr. 8

N-Carbobenzoxy - 6-amino-1-hexanol. 6-Amino-1-hexanol (4.68 g,

40'mmol_e) was dissolved in 50 ml of 1 N aqneo'u_s"sodinm hydr'oxide,'
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and t}}leﬁsolotioo chllled in an ice bath. 'Carb‘obenzoxy chloride (6.8 g,.
40n1mole) and 30 ml ‘of' lZ N NaOH‘ were added in ‘6..equa1 portvions at 10
min intervals to the stir-f::ed‘solut.ion. The solotion was stirred 30 min
fur"thex_" at‘b_'-5°IC. A?pfokima’tely 20 ml of chloroform was added to the
lniﬁ_:tﬁr'e ‘to make the res’oltirlg »gurh more fluid, and the mlxture was
vs_tirvre'd ra];)iclly-.With a p_'ropeller Stifrer at room temperature overnight.
The err'lulsioo was vtrans'fer‘red"‘t’o' a separ,'a.tory furvm_eland acidified to

pH 2 with ‘c:oncentrat'ed hydfochlori_c acid. It was extracted with chloro-
fol-m (3X50"'ml) and .ether"‘(50~rrll). The oombinecl e’x'tracts‘vvvere dried "

’ oyer magnesium sulfate for 60 rﬁin arivcl filtered. " The filtrate was cooled
to 0° and the résulting orec:lpltate ‘collected, and dr1ed over PZO5 in y_g_cgg'
oyernight.‘ The filtrate vyas then evaporated in a rotary evaporator un-

der v’a_cuumv'and_the resulting residue recrystallized from chloroform=" .

ether. | The collected crystals were dried o'verv'PZO - in vacuo overhight_.
| _ Both eropS melted at 82 - 83.5°C and weighed 6;§1 'g_v (69% yield) com-
‘bined. NMR(CDCI ): 6, 7.33 (s, 4H); 5.10 (s, 2H); 3.60 (t, J - 6',_ 2H);
3.3723.0 (m, 2H): 1. 67- 1 27 (m, 8H). S

N—Carboblenzoxy-é -amino-1-hexyl N-t- BOC'—L—iS'oleucinate.

- N-t- BOC L isoleucine hemlhydrate (2.4 g, 10 mmole) was dlssolved
| _in 10 ml of methylene Chlor1de The solution was dried over MgSO
for 1 hr and flltered To this was added 1.62 g (10 mmole) of N, N -
' _carbonyl'oiimidazole The solution was st1rred magnet1cally u.nder a
drymg tube for 1hr N- carbobenzoxy 6-amino- 1 hexanol (2.51 g, 10
mmole) was added with sufficient methylene chlor1de to give complete
' ‘s,olutlon Two drops. of {1 N sod1om ethoxide in ethanol were added and

the solution stirred under 1a drying‘tube for 2 dayf‘s-.-' 'Fifty ml of
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chloroform was added and theksolut_i’oh‘\'va_s ‘washed with 20.ml each of
water, 1% 'ammonium sulfate:, water’,' 5% .so_diilm >_hf.>carhonate, water,
and saturatod sodium chl"oride It was dried over .‘m.agnes.ium sulfate
for 1 hr, f11tered and evaporateld ‘1nv_ac_ug to y1e1d 4 8 g (103%) of a.
‘shghtl&r cloudy o11 .shovvlng trace 1mpur1t1es on TLC on 3111ca gell u51ng'.‘
: chloroform (-R 0. 58) YNMR(CDCI )- 6 7.30 (s SH.)' 5.35-4.90 (broad
peak, 1nclud1ng a 51ng1et at 5. 08 4H) 4.37-4.00 (m, 1nc1ud1ng apparent
doublet at 4 20, J = 6 3H) 3. 38 2. 92 (m, ZH) 2 3 1 1 (m, 1nc1ud1ng

. 51nglet at 1 45 20H) 1, 10 0. 67 (m, 6H)

N-Carbobenzoxy-é—ammo—i-hexanol N.—t—BOC—L-leucinate was

 prepared in an identical ‘manner to the L-'is'oleuci’ne analog. This, gave

a thick oil, homogeneous to TL.C (R 0. 57),‘ in an apparent y1e1d of - 109% S

NMR(CD_(313).
at 5. 07, 4H); 4.37-3.90 (m, 'inciudj'ng apparent. tr'i'ple't at‘ 4.08, 'J' = '6
3H); 3. 38 2. 92 (rn, ZH) 2.22 1.1 (m, 1nc1ud1ng 51nglet at-1. 46 ZOH),
1:10-0. 67 (m, 6H). | o

N- Carbobenzoxy -aminopr opox-ye thoxye th'ar'iol wasb 'prepared. from

Polyglycolam1ne H-163 in the same manner as N- carbobenzoxy 6-

amino-1 hexanol except that the addition of chloroform was unnecessary N

!
vThlS gave a 94% y1e1d of a pale yellow oil homogeneous to TLC on"

silica gel u51ng 9:1 chloroform methanol (R 0. 62) NMR(CDCl ): 6
7.30° (s, 5H) 5 a7- 5 30 (broad s, 1H) 5.05 (s, ZH) 3 80 2 93 (m, in-
c1ud1ng slnglet at 3 57, 13H) 1. 73 (dlstorted qulntet J = 6] ZH)

N-Carbobenzoxy- ammgaropoxyethoxyethyl N-t-BOC-L ¢1s01euc1nate |

was prepared in the same manner as the N-carbobenzoxy-6-amino-1- -

hvexyl ester. It was further purified by column chromatography on

: 6, 7.28 (s, 5H); 5.35—4.90 (broad peal_;,_ _1ncl~ud1ng_ a 51ng_1et :
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silica gel uéing chloroform. This gave va 50% yield of an oil showing
trace 1mpur1t1es on TLC on' s1hca gel usmg chloroform (Rf 0.30).

NMR(CDCI' : 6, 7.31 (s, 5H); 5.57—5.2_3 (broad 8. 1H), 5.07 (s, 2H);

) |
4.38-4.00 (m, including doublet at 4.20, J = 6, ’3H)'~ 3.76-3.05 (m, in-
cludingdlsi.n'gl.et at 3.58, 10H); 2.05-1.05 (m, 1nc1ud1ng d1storted qulntet
at1.75,.7 = 6, and singlet at 1.45, 12H); 1.05-0.67 (m, 6H).

" Removal .of N—csrbobenzoxy group. The N—carbob_en_zoxy compound

.was di's solved in methano,l (5 ml/mmole) in a flask edquippe'd with 'a bub-
bler and oﬂ_seal. To this vs;'as added a suspensio_n‘ot 1_'0%> palladium oh
charc_oal (0.3 g/mmole-) in cold mdethanol (1 ml/g) and one eq"ui’v'alent of
acetic 'scidv.' The_ s-ys.tem was purged with vn»itrogen arid hydrogen Wa_s then -
bubbled through the mixture at a su'fficient rate to:_proVide good'stirring ‘i
for. 2‘ hrs. The ‘m‘ixtur_e.w'as filtered and the charc_:oal '_was‘ washed with . B
methanol (2X5 ml/mmole). | The emmcinium group. was 'c’onverted to the
free amine with NaOMe and the solution was vused'immediateiy in a.
‘cooplihg reaction with cyanog'eh bromide-a.cti{rated agaro'se.

. 'Coupling to agarose. To a suspension of Bio‘Ge} A-15in'an equal"

volume Of Water was'.added finely groﬁnd cyanog'en’bromide (150 mg/ml

| ‘of gel). ’I‘he pH of the well-stirred suspensmn was adJusted and main-
.'talned at 10 5-11.5 by addition of 4 N NaOH The temperature was’

v ma1‘nta,1nedva,t ca. 5% by add1t10n of ice. A.fter 12 mrn, a large quantlty_ .
of ic‘e-w.“as _added. The suépe’nsion-_was quieklyi fdltered f'with s'.uction 'snd '
washed with 4 volumes of cold 0.1 N NaHCO,, followed by 2 'volomes

of cold 0 1N NaHCO in 1:1 water- dloxane The gel was suspended in
‘one volume of the latter and thev methanohc solutlon of deblocked w-amino

ester (O 1 mmole/ml of gel) was added '_I'he sus_pens1on was stirred
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.'l—2 days at 3° It was washed w1th two volumes each of 0. 1 N NaHCO3 -'
in 1:1 water d1oxane, 0 1N NaHCO3, ’water,' 1 N af‘etlc ac1d ‘water, and
-_ 0.02 M potass1um phOSphate (pI—I 7.5). The___gel was stored in the l_att_er
at 3°. o |

Removal of N-t-BOC group. The gel 'was'washéd-well with 1, N ‘HC1

and then st1rred in two vo]umes of the same for 6 hlS at r. t It was

then was.hed W1th twenty volumes each of water and 0. 02 M pota551um ,
ph'osphate (pH 7.5) and stored in the latter at 3°' N1nhydr1n assays of
hydrolyzed portlons of the gels 1nd1cated the follow1ng levels of couphng
hexyl L- 1soleuc1nate agarose, 4 7 umoles/ml hexyl L- leucmate agarose,
4.8 p.moles/ml;( and propoxyethoxyethyl L-isoleucinate agarose,’ 86
p.moles'./ml.vx, | | e |

Chlorornethylated macrop'orous polystyre‘ne.‘ . Ma:croporous polystyrene,'

: 20% cross-linked, 18 20 mesh (20 g) was suspended in 60 ml of chloroform .
‘and the suspensmn ch1lled in an ice bath To the st1rred suspens1on was
added a cold so]utlon of 2 5 ml of anhydrous SnCl4 in 1»0 ml of methyllv_
chloromethyl ether ‘The suspension beearne p1nk After.' 30 min, the
beads were collected by f1ltrat1on and washed Wlth 50 ml port1ons of

3:1 dioxane '—yvate'r (4X), "3.N HCl in'3-1‘ dioxane-water (3X), Water(ZX),
d1oxane (ZX), methanol (ZX) and ether (2X). They were dried overVPF'ZOS'
in _\E__cu_ofor 18 hr Combust1on analys1s 1nd1cated the beads were 3, 26%
chlorine, (1.84 meq /g) correspond1ng to chloromethylat1on of 10 % of

the benzene r1ngs

Propoxyethoxyethyl L-isolencinate macroporous polystyrene; To 5¢g
of chloromethylated nqaoroporous polystyrene was added a rneth_anolic. .

~ solution of aminoprop‘oxyethoxyethyl N;t—BOC-L-,-_is_oleucinate prepared -
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by deblock1ng 5 1 g (10 mmole) of the N' -c-arbobehzoxy compound - The
suspens1on was stlrred for 7 days The beads were Washed with 3X20

ml of methanol and 2X20 ml of 1N HCl in acetic a01d and then stirred

in the latter for 20\m1n at r.t. " The beads were then washed with 3X20
- ml pOI‘thAS of acetic acid, water, 0. 02 M potass1um phosphate (pH 7.5),
water, methanol, and’ ether. The ‘bea’ds_vwere dr1_ed. over P,O. Ewu
for 181'11' Thie resin was found to have bound O.I_54.:-V,mmnol'e' '>of'ligbavr'1d'per

gram of resin.

Aiminohexyl, .arni'n:ooc’ty_l,b_dand a'minop’rogylar’nir.r(’)p_r.opyl agardse‘ were
‘prepared‘ by the pro.cedure of Cdatrecasas and Anfinsen’ for ‘aminoethyl
agarose usihg vB‘ivoG'el'A~1.5 and her(amethylene"diami.ne, octamethy}ene"»
vdiaminé', or 3, 3"—iminqbisprdpyl amine, r.espec.:t‘i.'v_el.y. The resulting
gels 'carrt'ed .1‘2, 10, and 14 pmoles of tail per mlof gel," repsectively.' '

Succinylaminohexyl, . suécinyiamihooctyl "and suCCinylaminoalkyl

(succ1ny1am1nopropylam1nopropy) agarose were prepared by the pro- '

cedure of Cuatrecasas and Anflnseng for succ1ny1am1noethyl agarose
* The gels_so prepared gaye palc yell_c]')w Colorslin_rthc trinitrobenzene:.
sulfonate test, which indicated that the te.rmi‘n-a_lv-ar_nino grddps had alvl.
been succinYlated | | o

Adsorbcnt v (Flg 4, Sec B). N L.arbobenéoxy 6 amino-1-hexyl

_N -t- BOC L 1soleuc1nate (2.40 g, 5.15 mmole) was decarbobenzoxylated _
as descr.}bed previously, except that the m‘ethanohc solution of the |
' aCetate was not nerutrali'aed, but wa_s. evvaporated dnder reduced pres.su‘re:
to give ‘an ‘oil-which-wd'a‘s» dissdlvéd in 40 ml of dirnethy.lfor'rhamide.b This
‘was added to 40 rnl of sucmnylamlnohexyl agarose, followed by 6. 35 g

(15 mmole) of 1- cyclohexyl -3-(2-~ morphohnoethyl) carbod11m1de
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.me’tho—p_—toldenesnlfonate ‘The m1xture Was st1rred 3 days at r.t.. The
gel was then washed with 2X4O ml of 1: 1 water - d1oxane, followed by

60 ml port1ons of water (ZX), 1 N citric acid (ZX), water, 5% NaHCO3," -
and water (3)() It was deblocked by st1rr1ng in 1 N HCl for 6 hr at r. t »

- and washed w1th 500 ml each of water and 0. 01 M pota551um phosphate .v -
(pH 7.5). It was stored in the latter'at 30 - Thegelrwas found to carry : |

8 pn)olcs/nﬂ of L. 1solcur1nr | | R

Adsorbent VI (Fig. 4, Sec B,) was' prepared' sibmilarly to Adsorbent V :

‘us1ng N—carbobenzoxy-amlnopropoXyethoxyethyl;N4'tf¥BOC—L-isoleucinate
" and succ1nylanunooctyl agarose. The resulting 'g'el‘.'ca_rried'.‘) pmoles/ml "
'of L-isoleucine.

PEG polystyfené ‘Sodium (0.8 g, 35 mmole) was dissolved in 50 ml .

of warm polyethylene glycol 200 a mlxture of. pr1ma‘r1ly tetra- and
pentaethylene glycol Th1s solut1on was added lewly to a suspensmn. o
of 14 g of chloromethylated macroporous polystyrene (0.92 meq Cl/g)

in 100 m! of 1 1 d1oxane polyethylene glycol 200 The reactlon was g
stirred under a drylng tube at 50° for 5 day_s. The -beads were washed |

| 'with 50 ml ;.po'rtions of dioxane ‘(.ZX); - water (2}() ‘methanol (2X), methylene ‘
| chloride; 11 methy.le'ne chloride-e'ther, vand ether. (3‘X) They were |

~dried over PZOS in vacuo for 18 hr‘s Combustlon analys1s showed only -

0.31 meq. Cl/g left on the resin. IR: 3300 3500 cm (shoulder, v O-H); o

3).:66475 D . . “{

Adsorbent VII (Fig. 4, Sec. B). N-t- BOC- L 1soleuc1ne hemlhydrate

1110 em~ 1 (vc-0). CcMR(cDCI

5

(1.0‘g,'~ 4.17 mmole) was dissolved 1n 10 ml of me‘-thylen‘e chlor1de and
" dried over magnemum sulfate for 1 hr. The solutlon was f1ltered and

0.675 g (4. 17_ mmole) of N, N! —carbonyldum]dazo]c was added Aft( r.
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st_irring_f(.)r‘vi hr under a drying tlee, 7.75 g of PEG pqu.rzstyrehe_ was
édded‘ana séi,rr‘ing was conti.nbu'e‘d for'ohe.week. vTh>en the beads were
washed w1th30 ml pbrtion.s of 'chloroform (2X), é‘cin;inol (2X), water (3)(),.
"methanol (2X) and other (2X). The beads were stirred in 1 N HCI in
acetic acid for 1 hr. 'I_'hey were fhe_n washéd w1th .50 ml 'portions of
water (5X), 0.01 M potas sium phosphéte (pH 7.5)," Water (2X), vmethanol, _
é_théno_l, 'aﬁc:l'e'ther (ZX) Théy were dried ove.'r P>0; 'i_i’_i_yg_c_gg_ for 18 hr.’

.L—.isolel‘icin'evwas IfoiJ.nd to be bound to the resin at a level of 112 pmoles/g; B

" p-Aminobenzamidoalkyl agarose (III, Fig. 5 Sec. B) was prepared by
the pro.ce&ure of Cuatrecasas and A.nfinvsén9 for R_Lafninobénzamidoethyl
a_gé.vrose usi.n'g vamivh‘Opropyl'amin’opI:Op'yl_ag"a.xr.ose' iri_u'pla;:e of am’ino_ethyl
_ agérose'. The inté.rriﬁédiate conversion to the 'R_é...xvli.t‘r.o” derivati;/e was
100% complete as indicéted by the development of only a pale y}elfow .
'c:QlQr with trinitro'beﬁzenesulfonat_e. The extent of C‘ohv.e psion to t’he
énﬁnvo‘ dévriv.a_tive was not quantitated, but was “éxt.e:nsivé , as indicated |

by the 'developﬂment_of a d'ee'p'red-'orange color with frihitfobenzenesulfonate.,

‘Diazonium Couplings. - (A)v According to-Cua't"I_jecés'evsg:' p-Arnino.—'
beﬁzémidoalkyl agarose (5ml) was Washéd with and suépen&ed in1 N

: hydfbchidric é_cid to give a total.vqlurne of 10 m-l."” The .solution was
»chilled in. an icebath, and 10 ml of cold 0.2 M sddigfn nitrite was added.
rI.‘he solution was vstirred,'magnet.ically 7"m'1n. under ts.uct.ion. It was.-
'q'ﬁicklf: suction filtéi‘ed,, at which time the beads Vturv.rvl-ed’v yei_low-and be-.-ni :
.came" fightly_adherent Ito'.or.le anothe;. It was w‘alshéd‘ with ZOV.‘r'nl' of

cold., satuféted sodium b01.'at_e, _and added to a #blﬁtion of 5 mg (0.1 mole)
| ‘:"of N—f—BO_C;(-U)v—174C..V.L-'isoléw;1cinql. 5'- adenylatev(O.VZ'pC/mmolé:)ﬁi_n

3 ml of the same buffer. "The s'vuspenvs_ion;-vwa.,s stirred 16 hr at 4°C.
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- The gel was then washed with 500 ml each of 0. 05 M phOSphate

(pPH 7.5) and water. Radlo as say 1nd1cated 0.15 pmoles of 1nh1b1to‘r

" bound per ml of gel. After deblo‘cki'ng'. in 1 NHC11n i1:1 ethylene —dglycol-
| water .for'.__é’ hrs, followed by thorough w_ashing, only 0.03 umoles/fnl

. ] b
remained. j

(-

(B) dkA'c'co‘rdi'ng to We'ibel et al. 10, p-AfninobenzamidOalkyl agarose
(Sml) was thoroughly washed w1th and suspended in 4 NHCl to g1ve 10 ml
total volume The suspens1on was stirred in an ice bath and 10 ml of
cold 5% sod1u.rn nitrite was _added. St1r,r1ng was-_covntmued for 20 rnln
~under suct1on The gel was gravity filtered'on'“a' coarse fritted-—vglas.s
funnel and 40 ml of © old 1% . sulfamle a01d was pe rc.olat(d through to
destr»oy excess nltrous acid.. The gel was’ then _su_c:_tlon fllte red, again o
tuirning ye'ldllowd and'. cl'umpin'g. 'It' was washed: W1th01 M Trts'(pH' 8.5) .
and suspended in a solution of 5 mg of N t-BOC- (U) C-.L‘-isoleucinol
| -adenylate (0.2 uC/mmole) in 5 ml of the same buffer and ‘shaken for 1hr at :
amb1ent temperature.’ It was washed as in (A) above Radlo assay
1nd1cated only 0.04 umoles of 1nh1b1tor bound per ml of gel |

N6 Agarosyl L- 1soleuc1nol 5'- adenylate B1oGe1 A-15 (40 ml was-

.' act1vated W].Lh 8 g of cyanogen bromlde accordmg to Cuatrecasas and
vAnf1nsen9 and added to a solut1on of O 36 g (660 pmole) of N-t- BOC-L-
| 1soleuc1nol adenylate in 40 ml of 0.1 N NaHCO, (pH‘8.5). The"suspensmn'--'-i" '
was st1rred' at 3° for 3 days. The gel was then W'a'shed with'0.1 M~ ' |
potassmm phosphate (pH 7.5) unt11 effluent had no absobance at 259 nm..
The gel was st1rred in 1 N HCl for 6 hr at r.t. It was washed with

500 ml each of water and 0.01 M potassmm phosphate (pH 7.5) and stored

in the latter at 3%, L- 1soleuc1nol adenylate was found bound to the gel

at a level of'-2.4 _umoles/ml_.
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Methyl 5' }adehylate was prepared by the fhe'thod of Khora{na“, in
' 88’% yi'elbdv.. _The mate rial-was hofnc)gen'eous to TLC on silica _ge-llus.in,g

7:3 ‘acetone -wé_Lte r (Rf' 0.58).

'v‘Nb.—agaros.)'rl methyl 5! —adenylate was 'prepared in the san'qe. manner as
the L-iso'leu'cinol equivalent. . Methyl adenylvate was bound to the gel at
a level of 1.5 pmoles/ml

Attempted cou llng of N- t- BOC L- 1soleuc1nol 5'—adeny1ate with

succinylaminoalkyl agarose Succ1nylam1noa1kyl agarose (3 ml) was

suspended in 2 ml ‘of water in wh1ch 53 mg (93 pmoles) of N-t-BOC-L-
_1soleuc1nol’ 5 jadenylate was dlssolved._ To this was. added 126 mg

(300 p..molles)v ef .{1—cyclvohexy1—3-(Z;merphollnoethyl) carbod11m1de metho—
'p;toldene sdlfonate and the mixture was shaken f_'QrI 2 days at r. = The =
gel Wé,.s. vwvas_hed with water until the eluent ansd'.fr'_ee from ebsdrbance

at 259 nm. The gel .was found to have bound less than 0.1 pmoles of
adenylate perv ml of gel. | |

: Another, couplihg"'attempt was made foliewing..'the proceddre dsed'forb ‘
the p're'pa_rati'_on ef Affinity Gel I (see below) with a t'o'tel reaetion t’itne

of 8 days. N_t,_BOC_(U)“_14C-L‘-i_soleuci.n'ol 5_v' -adel"l;.rlate (2 uC/mmole)
was emplby'ed._. Radidaseay indice,ted a level Qf.hinding‘ of 0.08 p.rhole/mL

N-carbobenzoxy - 6- aminohexyl-1-tosylate. N-=- Carhobenzoxy -6-amino-

i‘v—hexanovl '(1.0.l‘g,’ 4 mmole) was dissolved in 15‘rh1 of pyridine and the so-

l‘ﬁtidr_r chilled in»‘.én ice bath. To this was added 1“52 g-"'(8 mmole) of

toltviene sulfonyi chloride. The solutlon was protected with a dry1ng tube
and kept at 3° for 18 hr. It was decanted from the prec1p1tated pyridine -

hydrochlor1de 1nto 150 ml of ice water which re sulted in the prec1p1tattonv

of an 011. Afterp 2 hr, the rru_xtu-re was extracted with 3X50 ml of ether.
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. T’he»cornbined e)ctré.cts were washed vﬁth _2X-60: mlof c_old_i_N 'HCi,l 100 |
‘ml of'cold wjatei', end 50 ml _of séturated aqueoxlis'_-s'o'di'u-m chloride, anct ‘
were dr1ed ovet‘ pota331um carbonate fot 2 hr at 3° : The mixture:"was
f11tered and the f11trate evaporated under reduced pressurc to YIQI'd a
.pale yelloonﬂ Thls was dried over PZO5 in E__c_u_o_for 18 hr, dur1ng
which time it crrystalhzed. The crys_tals were c;'eamjcolored and
weighed 1'.v22>g.'(47'6"/‘o yie'ld).. They §how'ed‘ a tra:.ce.vi'mpurity to TLC-‘.oh
silica ge‘vl_.u'sing'- chl'oi'oforfn. (.main"_sp'ot,. :..R-f‘O. 47) NMR (CDCl ):[

8, 7.77(d, J =8, 2H); 7.5-7.16 (m), TH); 5.08 (s, ZH) 4.0 (t, J = 7, 2H);

| 3.33-2.93 (m, 2H); 2.42 (s, 3H); 2.0-1.1 (m, 8H).

N-carbobenzoxY-6.-’farrrzlihohexvyl.-1-mesylate ‘The preparatlon was .
begun ih the:vSame rharﬁner as that of the:i.tvos;rlate-, _ but'us L'ng methane-
solforiyl ch.lvoride (BP 34°, jOitor'r). v,.Up'on \standlng 1n the ice water,
~ the oil part_ia_.lly c‘."ry.sta-lliz'ec_l. ’i‘he water wésﬂeca_.nt_ed and the residue
was waehed‘_ w1th 5><_50 ml each of icev;vater aﬁd';th_‘e‘_'r‘lipetrolleurri"ether
by tritutatioh a,nt‘:l_'('i.ec'ant:ation.‘ It We.é drledoverPZO5 _12 vacuo for
18 hr. ‘Thi's-" .gav'e 088 g (67% yield) of yelgl.owis"h-_c',rystals with MP
_ 3_4-36.5. They 'wer'e horhogeneous to TLC on_s.il.ic:a; gellusingbch'lo.rof()rm
(IR 0.47).. NMR(CDCl,): 6; 7.33 (s, 5H) 5.22-4.80 (broad peak over-
~ lapping s1nglet at 5.05, 3H) 4. 17 (t, J =6, ZH) 13.33-3.0 (m; Z2H);

2. 95 (s, 3H); 2.0-1. 1(nL 8H). | S o

Attemjted Né—alkylatmns The following reactions were followed ‘by"

..TLC on 3111ca gel us1ng 7:3 acetone' water. When UVsadsorhent spots
other than start1ng‘materlal were seen, these were cut out'and e)lctr.acted.-v
'1nto 2 ml of O 01 M potasmum phosphate (pH 7. 5) and the .UV spectrum
of the extract taken to determine if the mater1a1 contalned an Né-a.lky—
“lated hurine moiety. The:'latter' have a maximum _a;deo_rbance a’t] 266 nm;_

i . C . . |
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In Water‘:. The reaction was carried out es in the 'preparation of
N-t- BOC -L.- 1soleuc1nol N6 methyl 5'- adenylate, but us1ng methyl
'adenylate and N- carbobenzoxy 6- ammohexyl tosylate or rnesylate The
reaction was all_owed to run for 1 day. No react“lcv)n_could be detected.
" The alky,_lla‘tbing agents a_p"peared to be _totlally' iriso‘.lﬁablelinbwater,._

In ‘vcllir'netvhylformamide: A solution of 0.14 M.rﬁe—t'hyl' adenylate in_f
dimeth'ylforr'na'mi.de was prepared. To 1 ml pof’tibﬁs of thie solution
were added one equivalent of either the_tosjrlate, vt‘l.'_lf.f mesylate, or hexyl
"bvi'or'nid'e';. or, one 'eq‘di‘v'al:enf' of the alkylati’ng égeﬁt.plus- a .tra‘c':e“of'vsodi’_
um iodide; or, .one equilvanet of the agent plus (Y)Am»: cqﬁival"cnt of silver
‘acetavtelor silvex; nitrate. The reacfions were kepf in the dark for orie‘
week, being’ checked occaeienal'iy wi'tﬁ TLC. N}S n'ew.UV' absorbent si)ote_
were seen; The reactions were held at 50° for 24‘hr. No evidence of |
alkylation was found. Similar result was obtained. after 18 hr at 70°.
When the reactions were held at iOOf’ for 90 min, cohsiderable decom -
positioh >oc.éured to 'g'ive-multiple UV -absorbent spots. The same patterh
" of spots was given by ‘the control, wh1ch was sir-n'vp'lybth"e' solvutien'o_f .
meth).rl advvenylate without added alkyiating'agenté. " This indicated that all
' the new spots were decomposition products.. This was verified by the
vdetern.lvination of their spectra.
| In 4:1 dlmethylformamlde pyr1d1ne or in pyrldlﬁe 'I"o 0.1 ml port’io’nﬁs‘
of solutlons of 0. 113 M methyl adenylate in 4:1 dlmethylforrnamlde—. |
'. pyr1d1ne or O 1M N t-BOC-L-isoleucinol- adenylate in pyr1d1ne were _
added 20 equivalehts of either the _tosy‘late, the'mesYlate, or hexyl |
br.ornidve:. T‘-hei reactions .Were allOWed fo proceed one W'!ee.k in the dark

,;Is,nd_'wer:e followed by TLC. During this time, a eecond UV -absorbent
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spot appeared and grew in each react1on In each case, the new spot
had a Uv spectrum suggestlng an alkylated pyrldlne (peak at 258 nm w1th
shoulders at 253 nm and 264 nm) The level of. adenylate appeared to be

: unchanged throughout each reaction.’.

‘ 6'—“Chloropurine'RibOside.-S_" _phosphate. A..v'_sol_vuti:on of 0.56 rnl V(V6 mrnole)
of.phospvhoryl chloride in 5 ml of'trimethyl phos'phate‘ v:was -.chi.lled to |
-10‘°Cland3opl (2 mmole) of Water was added"; . A'fter stirring under
a dry1ng tube for 20 m1n, 0. 57 g (2 mmole) of 6- chloropurme r1b031de
was added After st1rr1ng 30 min further at -10 C,,the temperature
was ralsed to 3°C and the react1on st1rred for 3 hr more

Then 10 ml of ice water was added and hydrolys1s of the phosphor- B
chlor1date was allowed to proceed for 30 min. _Dumng ‘this t1me_pH was » o
‘ a1nta1ned’ at 2-4 by addition of 4 N sod1um hyd.ro;(id'e 'The pH was -
brought to 6 and the solutlon extracted w1th 3X25 ml of- chloroform to
.v.remove trlmethyl phosphate Then 8. 1 ml of 1 M barlum acetate was
added The prec1p1tated bar1um phosphate was flltered off and washed
with 10 ml of water-. ~The cornb1ned filtrate and washlng were 1yoph1llzed
The lyoph1l1zate was suspended 1n 100 ml of 90% of ethanol and filtered.
The re51due was dissolved-in 50 ml of water and the 1nsolub1e mater1a.l
| removed by filtration. The filtrate was diluted w1th 100 ml of absolute

ethanol and the prec1p1tated barium 6- chloropurme r1bos1de 5' -phosphate .

was collected by centrifugation. It was washed w1th 400 ml of ethanol - .

followed by 50 ml. of ether. After.drying, the material was redissolved
in water, filtered, precipitated,. and washed as above. This cycle was
repeated once more so as t|o remove all barium 'pho'_sphate. ‘The white

solid was then dried over P50 in vacuo.yielding 0.768 g (71 %) of white
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' .powder,>MP blackens at 233 5°C Analys1s—Calcu1ated for ,.

C H91\J PClBaZHZOC224H244N104 P, 5.8; Cl, 66

' FOund: -G, _2-2.5; H, 2.6; N, 10.2; P, 5.9; Cl, 6.6.; TLC _onv cellulose
using 4':1':5 h—bdta}nol—acetic-acid- water ga\te"a rnaln spo't at Re = 0.35

‘and a mlnor spot at'Rf. = 0.06 coi'.re.spond‘ing‘ to inosinic acid. Elution

. of the SPots and quahtitation by U'V.'Speotrome'tr'y indlcated inosinic acid

comprised ca. 1% of the prod’uct. TLC on polyethylene imine cellulose

.» using 0.1 M NaCl 1nd1cated the presence of a trace of diphosphate. |

N-t—,BOC-(U)— 4C—L—1soleu<_:1nol N6-(2-am1noethyl) 5'-adenylate

Barium v6-ch_loropur'1ne ri‘bo.side 5_'-phosphate (l;OOSg,- 2 mfnole) was
dissolved in 100 ml of water and 4 ml of 0.5 M .pbyl_"idiniur.n bisulfate was
-.add'ed. Barlurrl ksulfate was removed by Centfifugatlon and the eolhtiorl
lyovphiﬂlized._ The resulting white eo1id wvas dissolved ln 20 ml of pyrldirlev :
and 12 ml of a.eetic anhydride and kept in the da‘fkvx ,1‘8.hor at ambient v
temperature. The solution was evaporated undefv'a nitrogen stream to a
thick oil which was dissolved in 100 ml of water and washed with 3 X10 ml.
of 1:1 carbon tetrachloride-'methylene ch'loride_lfollox.aved by 20 ml of |
ether. 'I'he.'solution 'wa:s then lyophlliaed. The lyophi'lizate Was redis-
solved in 300 ‘ml 'of water and relyophilized. ’I‘vheﬁvrelsulting' tan material
was dissolved 1n 13 ml of dry pyridine and 1.12.g'(5.-'2 mmole) of

'N—t'-'BOIC_—(U)-14C—L—isoleucinol (O 4 p.C/mmole)'was added. The brown

: solutmn turned purple N, N D1cyclohexy1carbod11m1de (4 g, 19 5 mmole).'- v

 was added and the m1xture was sealed and st1rred for 24 hr. The
' prec1p1tated N, N —d1cyclohexyll_1rea was removed by -f11trat10n and
washed with 3X3 ml of dry pyridine. The _combined’filtrate and washes

' 'were evaporated under a nitrogen stream to a gum which was washed
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with 3X40 rnl of heptane by tr1turat1on and decantatmn. The g‘urnrny
solid was then dissolved in 10 ml of absolute ethanol and 10 ml’ of
.ethylene dlannnt (BP 89 5°C) was added, .Thc purplc solutlon turned
' red-brown. The ‘solution was sealed and kept for 48 hr at 3+C followed

by 24 hr at amb1ent temperature.- During all man1pu1at1ons through this

pomt, the mater1als were protected from 11ght 1nsofar as was convemently

’ poss1b1e The solut1on was evapo-rated under a n1trogen stream and the o

re su1t1ng gurn ‘was washed with 3X40 ml of ether by tr1turat10n and de-
cantatlon. The resultmg mater1a1 was extracted w1th 2X 50 ml of water
and the"e_xtrac_ts were lyophll;zed.- The _water 1ns‘oluble material was
.dissvolve'd:‘in3 ml absolute 'ethanol and 2 ml of ethylene' diarnine was
adde.d. After 2 days in the dark, this solutlon was worked up as above
to yleld a ." second crOp The two crops were comblned d1ssolved o

in a mlnlmum of water, and decanted frorn a small amount of 1nsoluble

material. The s_olutlonv'.was 1yoph1l1zed. ~ The lyophlllzate was dissolved

in 8 ml of '7_:3-.ac.eto'ne -water and chromatographed on a column (3 crh B

diameter) of 110 g of silica gel using the same ;SOlvent with a flow rate of

Z-ml/rnin . 20 ml 'fractions were collected' : The cornpos‘ition of. the

fractmns was determmed by TLC (7:3 acetone watcr on 6111ca gel) and
ro :

fract1ons 21 35 and 36- 45 were pooled The pools were evaporated

7 in !_ag_u_o_ to remove. acetone, and the aqueous solutmns filtered and

-lyoph111zed The lyophlhzates were washed w1th :acetone, dis solved in -

_m1n1mum volumes of water, and srnall arnounts of 1nsoluble material

‘ Were removed by centrlfugatlon " The solutions were again 1yoph111zed

to glve 170 mg (14 % ) and 18 mg (2%) reSpectwely of mater1al which

was homogeneous to TLC using 7:3 acetone water on silica gel (R 0. 63)
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anvdv 3:2“,etﬁa}no1;1 M ?r‘nmorﬁurrr‘acetvat'e (pH 7'.5): 'bn' cellu'los'e (Rf b°94);"
bot showed ‘slight traces of impurity 'usir'l.g methanol oﬁ srlica gel
(R 0. 25) or 4 :1:5 n- butanol acetlc acid- Water (R 0 71) Spots were
'v1sua11zed by UV, 1od1ne, and n1nhydr1n .

RadloaSSay 1nd1cated C L- 1soleuc1no1 present at a level equlrralent
to 82 % 2% N £-BOC- (U) CV—L—1soleuc1nol N -(Z_—amlnoethyl) _fadenylate ‘

. for 21-35 and 68 + 409, for 36-45. The corrected total yield was 12% .

.N:-Nt—BO.C: ;'('U)1-'4C -Ib_.-is‘ole'ucinol:‘ 1\.16(6-lamin0h'exyvl). 5! —adenYIate was
obtained‘by":z.tn ahalogoosl‘pr‘ocve_dure empl‘oy.rin'g'vheXamethylene diamine
in place of :ethylene diarnine. v' Rad’ioa;ssay indicated the_rrlaterial was
;70% pore; Corrected yield was 11'%‘,.‘ | b

W) L-isoleucinol N°-(2-aminoethyl) 5' -adenylate. N-t-BOC-

(U)**C-L-isoleucinol N°-(2-aminoethyl) 5'-adenylate (50 mg of 83%

pure materi’a‘l,vb7i mmoles) 'W.as dissolved in 1 ml of aohydrous tri-

‘ fluoroaoetic,_aci'_cl._  After _’15 min, 4the sol"ufion was é;'oickly_ ev'aporatﬁedv
” _ under a nitrogen stream. ' The residue'Was_ d'i:ss.o'l"sfed in 1 ml of rn'e'tharlol':
-and precipitated with 5 ml of ether. The precipitate v}-as collected,
washed With ether, Va_r.1d disseolved in 5 ml_meth‘anol.' v‘v'.I'he solu.tlion was
eyaporéterlj ulnder, a nitrogerr stream. The resi&ue was ch'roma"togra.p_hed _
o'ﬁ z.tvc.o_‘lur_nn (22X 2.2 cm) of silica gel-using.izi -,.a_cvet‘ooe’—water,. flow rate
1 nvql/min. Frection size was ‘1.5.m1. The ;‘)r_odu'c‘vtv'was fou'n.d.. in tubes.
'14;28. "These were combined and acetone was relrooved onder reduced
pressure. The'cloody aqoeous solution was centri_friged for 30_rr1in ar '
9000 X g.‘\' 'and' then lyophilized° The Iyophilizate was washed with

acetone and dissolved 1n 10 ml of water, centr1fuged as before, and

'relyophillz‘ed Thls gave 15 mg of a pale yellow powder Rad1oassay
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" indicated that the material contained a total of 14. .1'.mm61e‘s (20 % vyvvield)_ _

of ’labeled' material This corresponds to a purrty of only 46% . However, ’

the only 1mpur1ty was a trace of the acetone condensat1on product pro-

: vduced routlnely in chromatography Wrth ' acetone water,’ as seen on
.I‘TLC on s111ca gel-using 1:1 acetone water (R 0 22) or on cellulose usin.g

' -74 :1: 5 n- butanol acet1c acid- Wator (R 0 09), and the NMR spectrum
.showed,no extraneous peaks Inh1b1t10n stud1es Were done us1ng this

: mater1a1 w1th the concentrat1on determlned from the radloassay
NMR(D 0) 6 840 (s, 1H) 8.28'(s,. 1H) 6 10 (d J =5, 1H),;v_'

‘ 5 1 4. 3 (m, part1ally Covered by HOD peak 3H) 4 3 4 0 (m, 2H)

' 40-3 62 (m,'4H) 36 30(m, 3H) 2.0- 1. 0 (m, 3H) 1.10- 06(m, 6H)

-(w Ammoalkyl) AMP's wcrc prepared by thc procedure for the »

é-(w am1noalkyl) aden051nes usmg the monopyr1d1n1um salt of 6-

'chloropurme r1bos1de 5'- phOSphate in place of 6- chloropurme r1bos1de

' The prec1p1tates were d1ssolved in water and one. equ1va1ent of barlum
- chlorlde was added The barlum salt was prec1p1tated by the add1t10n -
of two volume's of ethanol. The prec1p1tates were subJected to TLC on
cellulose usmg 70: 2 19 saturated ammonium sulfate 1sopropanol -water.

' The reactlon w1th ethylene d1am1ne gave two spots at Rf 0. 30 and Rf 0. 60
. The less mob1le spot was 1dent1f1ed by its Rf and uv spectrum as AMP
The other Spot had the spectrum of an N6-a1ky1ated adenine der1vat1ve_
‘and is pre sumably.’Né—aminoethyl AMP. The ratio v'of.N6-aminoethy1
AMP to AMP was 2:1. The reaction:with'hexamethvlene diamine gave
a single spot at Rf- 0.36 with the spectrum .of an Né'-alkylated adenine .

v derivative “ It should be noted that a small amount of AMP (< 5%) m1ght

be h1dden in the spot since the spot overlapped the Rf 0.30 p081t1on shghtly

<
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vThls 1evel of 1mpur1ty would not be detected in the uv spectrum ‘No

further: attempt to characterlze these Compounds was. rnade

Couglng of N-t- BOC (ULC L- 1soleuc1nol N6 (w arn1noa1kyl)

-adenylates to cyanogen brom1de-act1vated agarose ~""CNBr-Activated

Sepharose' (0.5 g) was washed over. 15 min w1th 100 ml of 0. 001 N HCl

followed by a qu1ck wash w1th 0.1'N NaHCO3 contammg O 5 M NaCl The

_—

gel was’ sp11t into two portlons ‘which were added to. solutlons of elther

- 50 mg of 30% pure N-t-BOC- (U) : C-L-lsoleucmol Né-(Z—'ammoethyl)

adenylate or 30 mg of 70% pure ammohexyl der1vat1ve dlssolved in

2.5 ml’ of the cold buffer. - The pH of the suspensions was adJusted‘ to

8.5 w1th 1 N KOH and they were shaken ovgrmg,ht a‘ 3° They were

then washed w1th 100 ml each water and 0. 01 M potass1um phosphate :

v.(pH q. 5) ' Rad1oas say. 1nd1cated blndlng levels of 0 6 umoles/ml for the

‘ aminoethyl derivative -and 0.5 umole»s/rnl for the; am1nohexy1 derivative.

. Similar'reactio‘ns were carried out at pH 10 The le.vels_ of sub-
stitution were 1.6 nmoles/rnl for the 'arninoethyl_'.d_er:ivati\'/e and 1.3
umole s/rnl for the aminohekyl derivative. "

Affinity Gel I.. Suc'cinylaminoalkyl'agarose (20 rnl) was washed with

' 300 ml of water using suction, followed by 4 X30 ml of 80% aqueous

pyr1d1ne It was suspended in the same and allowed to'settle. The

excess solvent was decanted To-thls was added 74 mg of 87 % pure

"N-'t-'B_Q-C-(U) C L- 1501euc1n01 N -(2 amlnoethyl) 5'-adenylate. (0.3

wC/mmole) dlssolved in 2 ml of water, -foll_owed by 4 g of

N, N -dicyclohexylcarbodiimide dissolved in 8 ml of pyridine. The re-
“action was shaken for 8 days at’ ambient, ternpera'ture. The gel was

'collected by suction filtration and washed with 10 ml of 80% aqueous
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pyrldine, ~ The eombined filtrate and Washing we’rej“ret_a'in'ed.“v The v-gel

.was fu'rthelr:washod by percolation w'ith 80 % aqueous p')rll'idine (3X 1'5 rnl.)
.water (3><20 ml)," absolute ethanol (2)(40' ml), n- butanol at 37°C (2X40 ml),
absolute ethanol (2X40 ml), water (2X40 ml), and 80% aqueous pyr1d1ne
(3X40 ml) The gel was, returned to the comb1ned f1ltrate and f1rst

washlng, 4 g of DCC were added and the react1on was shaken 8 days
.f\urther The washing procedure was repeated, except ‘that the f1nal
washes with 80% aqueous pyridine were replac-ed by washing with 1
liter of 0.01 M phosphate (pH 7.5). Radio assay indicated 3.4 pmoles -
" of inhibitor ‘cou'pléd per ml 6f’g¢1. 16 ml of ggi}_'wefe obtained. A test.
with trlnltrobenzene 'sulfon‘"ate ‘was negative. _. o | |
“The gel_ was then deblocked by shaking for 6 hours in 1 N HCI in it
ethylene gly_col_-"wa‘ter.. It was washed with 1 liter of water followed by
1 liter of 0.01_Mv’phospha'te'-(pH-’l.S). Radi_oassay indicated 2.6 pmoles/ml
. of inhibltorrwe're-retained on the gel.' The tr.in.it‘r_ob.,enzen‘esulf_onate test. .
.ga-\ie a med1um orange color, lndicat'ing that th.e":bound.'.inhibit‘o‘r had,

been deprotected.

Test couolings of N-t—BOC‘—\(U)14C—L—isoleu'.cinobl’5’-'adenylate to

succinylaminoalkyl agarose using mixed solvents. 10 mg of »_82 % pure

N-t-BOC—(Uv)“c-L;-is'oleucinol N6¥(2-arninoeth§rl'). 5' -adenylate (0.4
uC/mmole) were dis solved in 2 ml of the app‘roorlate solvent. 2 ml of -
succ1ny1am1noalkyl agarose, thoroughly washed w1th the solvent were
added, followed by 100 mg of N-ethyl N'-(d1methylarn1nopropyl) car- |
bodiimide hydrochlor1de. The reactions were shaken at room tempera.-v
ture. Two more 100 mg portlons of the carbod11m1de were added at
o= day 1ntervals followed by two further days of shakmg The gels» were_

\ l. .

."‘
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collected a.nd washed w1th 20 ml of 5% acet1c ac1d followed by 40 ml of
‘water. They were deblocked by shak1ng for 6 hours inn1 N HCl in 1:1

water - ethylene glycol and washed w1th 20 ml port1ons of water, 0. 1 M
| phosphate (pH 7.5) and water |

The follow1ng solut1ons were tested (bound rad1oact1ve substrate in
' _p.rnoles/rnl before and after 'deblocking, are giv'e‘n ,in‘parenthesis)-

1:1 dlmethylformamlde water (2 3 0. 8) 1. 1 ethylene glycol -water.

(0 9, 0.5); 1 111 d1methylf0rmam1de dioxane - water (4 1, 1, 6) ‘and

3 :1 dioxane-wate e (5 4, 2. 6)
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PART II: THE ATTEMPTED PURIFICATION OF RNA-INSTRUCTED DNA

 POLYMERASE BY AFFINITY CHROMATOGRAPHY
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Introduction

RNA -instructed DNA polymerase (RDP) is an en2ymat1c funct1on W1th
the capab1l1ty of catalyZ1ng DNA synthe51s on an RNA template RDP
act1v1ty was first demonstrated 1ndependently by Baltlmore1 and by

‘ Tem1n and M1_zutan12 in 1970 S1nce then, RDP act1v1ty has been detected'.
in ever,yzin‘fectious vo_ncogenlc virus which has been-.tested, whereas non-
oncogenic- ‘vi‘ruses .seem'tq-. lack thi's'.'ac’tiyity. |

This,finding of anrapparent correlation b'etween_ the presence of RDP
activity and .onco‘genici_ty has led to intens‘ive” 1nvest1gat1on of RDP in lmany
laboratoriee; .including 'our'e These ;studie.'s’;haye"all'bee'n ‘done on .crude-
preparat1ons,- and much of the data has therefore been rather amblguous
The ava11ab111ty of " pure" RDP would allow studles of much greaterv
scope and r1gor.‘v - |

However, RDP has proyen qu1te res1stant to 51gnrf1cant pur1flcat1on,b

' pr1mar11y because of the ease w1th which it is 1nact1vated Attempts

- to pur1fy the mater1a1 have qu1ck1y resulted in complete loss of activity.
We felt that aff1n1ty chromatography m1ght be espec1a11y suited to the
pur1f1cat1on of RDP; since it is a one-step procedure which can be
carried out under very ’m_11d condltlons. Moreover, -Allan T1sch1er

had .already' prepared a 'number of_ quite 'potent_ rltam:ycin—based ‘inh'ibit.or.s

of RDP. 3

Other nucleotide polymerasesbare known to. b1ndto rifamycin d_eriyav-p'.
tives, and it was v_quite likely that they would'inte;ract with the ads_orbevnt.
“We hoped t_hat the binding ‘prope rties would be sufficiently different that

we couldeffect eelective or. sequential desorption of th_ose materials |

which became adsorbed.
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At present, no definite link has been estabblis.hedbbet\i)eér‘l the ability
of the rifarrijrcin derivvatii/es to inhibit RD_P and their ability to iﬁhibit
focus formation bther than a correlation betweén the effe'.ctix'/eness of
" the deri%{ativés iﬁ pi"oducir;g the two e'f_fect.s.‘.. 'H'Iinhi.bitipn of focus f'oxj'-'
mat.ivériiiss n"l'e‘d‘iavlted‘vby e‘ffects)bésidevs that o'f RDP i“n.h.ibitiqn,b it may be
: poséible-,to.isolate other enzymes (e. g., other nﬁc'l.eotide polyfnéi‘ases)
which may be involved. | | |

We therefore undertook thg prebaration and tés'ting éf adsorbents
carrying ‘in.solubiliz_ed rifamycin derivétives. - This -R;vork was carried out
in collaboration with Allan Tischler and Frances Thompson.

Preparation of the Adsorbent

None vof the pr'epared inhibitors was suitable.vfor attachment to agarose
without modification, but an analog of rifampicin',-N—amiﬁo—N—desmethYl_
rifampiciﬁ (i), was, and could bé rveadily synthe sized by the Vcondensvation
of rifaldehydé_ with a large excess of 1, 4V-diarni‘nvop';p'eraz'ine.v This was

pi'epared-é.nd found to have an inhibition constant of 6.7X 10_5 moleé/1. :
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It was expected that the aff1n1ty of this 11gand for RDP would increase
upon 1nsolub1hzat10n, since in homologous ser1es of r1fa1dehyde der1va—
tives 1nh1b1t1on constants generally decreased w1th‘ 1ncreas1ng ster1c |

, bulk. N- hepty11m1no N desmethyl r1famp1c1n, prepared by condens1ng
- N-amino- N desmethyl rifampicin w1th heptanal has ‘an 1nh1b1t1on con-
stant of 2. 4>< 10 -5 moles/1 s L SRR

| The N amino- N- desmethyl r1famp1c1n was coupled to succ1nylam1no-
alkyl agarose us1ng 1- cyclohexyl 3 (2 morphohnoethyl) carbod11m1de
rnetho R toluenesulfonate in 1 1 d1methy1formam1de water. ’l‘he,re—' .
sult1ng gel was. de‘ep orange in color | .Cons1derab1ev _materlal had been
adsorbed and coplous__ W_ashlng_wlth 1:1 ‘dl{rjnethyl-forrnamide-w_‘at—e-r andv
1:1 ethylene ‘gly,‘col—‘wfater Was neededvbefor'e the'_'éffluent“from_ the
washed mate‘rial was free of éolor. | o

Afflnlty Chromatography - _ S o . |

A column was poured from the gel and washed w1th a buffer of 0. 05 M

Tris (pH 7 8) contalmng 0 1 M potassxum chlor1de, _O 001 M d1th1o— o
thre1tol O 005% Tr1tonX 100, and 20% glycerol The effluent f'rom‘."-
the column was orange 1nd1cat1ng either that all of the adsorbed 11gand
had not been removed or that the bound l1gand was be1ng hydrolyzed
Prolonged washlng reduced the color 1ntens1ty of the efﬂuent to a very“
low level, but never completelypel1‘rn1nated 1t. _The' level of the free
.ligand. in the effluent, j.udge.d by_the c_ol.or‘intensfi.ty,‘:;Was .too,low to .v
compete significantly with the bound 1igand; |
A portiovn of crude RDP pre.p_aration yvas chromat_'ographed onthe‘

~ column 'using the sam'_e buffer. Thevre_sults.are: _.sho‘v‘vn in F1g 1. The

fact that two peaks are obtained indicates that some sort of interaction
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‘Fig. 1. Chromatograph1c elution pattern of crude RDP on agarose-

bound N-amino-N-desmethylrifampicin. A -é—" diam. column

‘was filled with 25 ml of the adsorbent equilibrated with 0.05 M

Tris (pH 7.8) containing 0.1 M KC1, 0.001'M dithiothreitol,

0.005% Triton X-100, and 20% glycerol.. A crude preparation
of RDP (480 pnl, containing 2250 units (pmole/hr) of RDP was.

chromatographed on the column at 3° using the same buffer.
Flow rate, 3 ml/min; fraction size, 2-ml. . Protein (filled

‘circles) was measured by the optical den81ty at 254'nm. The
residual adsorbance (0.04 units) was due to the continual

elution of low level of N-amino-N-desmethyltifampicin. RDP -

(open circles) was measured by the incorporation of 3H dTTP
into DNA under assay conditions.
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. is occurring although it is not clear what sort. Onl;r 20% of the applied -

é.ctivit;r was r.ecovered The column was subsequently eluted w1th
| grad1ents of 0.1-0.5 M pota551um chlor1de and of 0 005 -0. 10% of Tr1ton
X-iOO, the- other components of the buffer belng held constant. Nelther
procedure effected the elutlon of 81gn1f1cant amounts of more mater1al
The results at th1s p01nt are much- too 1ncomplete to draw an]y‘ con-
rélusmns-. The work is be1ng contmued by Allan T1schler and Frances
Thomps.on.' - |

- 'EXPER‘I.M‘ENTAL

" N-amino- N desmethyl r1famp1c1n 'The p'r.'e'paration is described in

' Tlschler et al. 3

Coupling of N-amino -N-desmethyl rifamipicin to succinylaminoalkyl

’ agé.rose ‘To 25 ml of euCCinylaminoalkyl ag.aros'e (prep'ared as de-

scribed in Part I) was added 240 mg of 76% pure N-amino-N- desmethyl o

r1farnp1c1n (220 p.moles) in 20 ml of d1methylformam1de (The other
249 is ruamaz1ne, the compound produced when two molecules of "
r1fa1dehyde condense with one molec_ule of l,4-d1_am1nop1peraz1ne.' .
It lecks'_e_free amino.group and will not be c'oupled.-v). One gram ‘(2360‘_A
._p.mole.s) of 1‘4cy‘clohexyl—3—(2 ;morpholino'ethyl)ecerh.odiimlde metho-p-
o to'luenesulfone.te was 1added and the mixture shé.ke‘n'for 18 hr at r. t.
The deep orenge gel was washed with 1:1 dimethy:lfor_.memide-water :
until the effluent was free of color'(ca 2 liters){ follov'vedvby 1?1 |
ethylene glycol-water until the effluent was- aga1n free of color (ca 1
‘liter). Then it was washed with 1 l1ter of water.’ A portlon of the gel

- was hydrolyzed and the arnount of r1famyc1n chrornophore in the hydro- .
lysate determmed spectrometncally This 1nd1cated that the gel had

been substituted at'a level of 6.3 p.moles/ml
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Crude RDP. RDP activity was extracted from UCI1-B tissue culture
cells vwhich»"héd been transformed by Moloney leukemié virus. The

procedure has been described by Thompson et al. 4»’

RDP- Activity was assayed by the procedure of Thompson et al. 4

Triton X-100 was used at a concentration of 0.005% .
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PART I11: ACTIVE INSOLUBILIZATION OF PREBIOLOGICAL COMPOUNDS--
THE CLAY-MEDIATED POLYMERIZATION OF AMINOACYL ADENYLATES
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INTRODUCTION

SincevMilTer's}ciaSsic'experimentvdemonstrating the production of
. amino ac1ds “under poss1b1e pr1m1t1ve earth cond1t1ons,] there has been
more “than amp]e demonstration that am1no acids would have been spon-
'Ztaneously formed in cons1derab]e quant1t1es on the preb1ot1c earth.
':Poss1b1e pathways for the- ab1ogen1c creation of pur1nes,vpyr1m1d1nes,

,and,sugars,z

as we]] as nuc1e051des and nuc]eot1des,3 have also been.
demonstrated. | -
'The nekt step'in the chemical evolutionvleadinovto a Tiving sys-
tem is the po]ymer1zat1on of these ‘monomers into po]ypept1des and po]y?
'nuc]eot1des, ‘The various schemes wh1ch have been suggested for such
polymeriéations requ1re re]at1ve]y-h1gh concentratlons of monomers to
| produce po1ymers of meanlngful size. It‘is highly unlikely that such
concentrat1ons wou]d have been ach1eved in the pr1m1t1ve sea. 'This
bprob1em has led Berna] to propose that c]ay depos1ts m1ght have served
to concentrate pr1m1t1ve organic mo]ecu]esvby adsorptlon 4:\
Paecht—Horow1tz et a] have demonstrated that montmor1]]on1te
clay w1]1 adsorb aminoacyl . adeny]ates and protect them'from hydrolys{s,v
thus ‘allowing them to polymerize to s1zab1e pept1des in very high
B y1e]d 5v As a model for preb1o]og1ca1 polymer1zat1ons, this" system has
much to recommend it: (]) It allows for a h1gh.degree of po]ymer1zat1on-}
- under dilute conditions at neutra] pH without the use of elevated tem-
:_perature,v1 €., under the cond1t10ns wh1ch were most probab]y found in
" the pr1m1t1ve sea. (2) the aminoacyl’ adenylate is the 1ntermed1ate

through which biosynthesis of protein occurs in contemporary organisms.
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(3) The. adeny]ate can a]so serve as an 1ntermed1ate for the format1on .

of polynucleot1des, s1nce the phosphate as we]] as the carboxy]ate is

activated by the phosphoanhydride bond (Fig. 1)J:_As Eigen has e]egantly

demonstrated; the»cooperative interaction of-po]ypeptides and poly—:}
nucleotfdeseWOuld be‘mandatory for any selt;reproducing system'capable
of evo]ut1on 5 Wh1ch is to say, that po]ypept1des and polynuc]eot1des
must have evo]ved concurrent]y and not sequent1a]]y Thus-the.spon-
taneous po]ymer1zat1on of both would be necessary for the 1n1t1at1on

‘ fof chem1ca1 evolution. - -

| We be11eve that th1s system cou]d we]] serve as a. mode] for the
study of prote1n nuc]eot1de 1nteract1on under preb1ot1c cond1t1ons

5Accord1ngly, we proposed to study the react1on rates and product d1s-

tr1but1on of am1noacy] adeny]ates and to compare them w1th the results '

for the correspond1ng am1noacy1 guany]ates, cyt1dy1ates, and ur1dy1ates.

Init1a11y, we hoped to determ1ne whether there are chem1cal reasons

5 which would make the adeny]ate the preferred method of act1vat1on

We env151oned the work as be1ng poss1b]y extendab]e to the e]uc1dat1on_v

of a chemlcal basis for the CpCpA -terminus. of tRNA and u1t1mate1y for

the genet1c code

We' also hoped to develop cond1t1ons wh1ch wou]d favor the forma- -

' t1on of po]ynuc]eotldes from these act1vated 1ntermed1ates and to use
th1s system as a mode1 for the study of nucleot1de po]ymer1zat1ons

Prqperties of Montmor11]on1te :

Before proceed1ng w1th the descr1pt1on of our exper1menta1 work,_

1t would be we]] to descr1be the propert1es of montmor1110n1te
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FiQUfe 1: 3Pdssib1é;routes Qf'prymerization‘of-émihoécyl adenylatesﬁ,

"A, to givecpolypeptides§ B, tougive,polyédenylicVacid.
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Montmor11]on1te occurs in f]at 1rregu1ar sheets wh1cn are 10 R
thick and of. varv1ng length and width. An 1dea]1zed_un1t cell is

shown in F1gure 2. Actua]]y, no montmori]]onité'esttsvhomogeneOUSly'
in thiS»form In actual” samples of montmor1110n1te, some of the A13+

3+

v1ons in the centra] 1ayer are replaced by Mg or Fe , and some of

4 in “the tetrahedra] laver is rep]aced by A13 . The rep]ace--

4+

the Si
ment of A13 by Mg or Si" by A]3 resu]ts in a net negat1ve charge.
which is ba]anced by exchangeab]e cations wh1ch are adsorbed to specific
s1tes on the face : In general the aff1n1ty of the c]ay for var1ous
-cat10ns 1ncreases w1th the charge of the catlon

It 1s p0551b1e to convert montmor1110n1tes 1nto forms in which all

the exchangeab]e cat1ons are the same ;g. sod1um montmor1]1on1te

The montmor1110n1te used 1n these stud1es was Montmor11lon1te No. 25

from the John C. Lane Tract-1n_Upton, Wyoming. _The.sod1um form has tne 4

- formula |
A1y 1) (A3 4 Feg 3 Md0.66)(0M g 00

(S1

7. 84 3. 10

Na0 82

bBecause of the dissociat1on of.the exchangeable cations, the faces.
_carry a netfnegative'charge while a]ong the edges where the cationic

core is exposed is a s11ght pos1t1ve charge As a resu]t montmor1]]o-

nites whwch have only monova]ent exchangeab]e cat1ons (e.g., Nat or H ) o

tend to form monod1spersed face to edge or1entat1ons in aqueous so]u- o

tions. The resulting gel 11ke structure causes even rather d11ute

solutions. to be quite viscous.- Polyvalent exchangeab]e cat1ons allow -

" bridging between the faces (i.e., the cation is linked to anionic sites -
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‘Figure 2: Idealized unit cell of montmo.riﬂvvqnivte. _
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on two diffenent p]ates){' This resu1ts.in'the fonmation of - face to face
aggregates which mayﬁbefﬁany,ptates-in'depth. ;Suon‘montmonilionftes
tend t01o1ump'into larger particles, or domains,vdThis clumping reduces
~the effective surface area of'tne montmoril1onite'consfderab1y, but -
opens up the possibility of 1nterca1at1on between the layers. Tnus,‘
var1at1ons in adsorpt1on propert1es are not read1]y pred1ctab]e from |
the know]edge of the exchangeab]e cat1on compos1t1on |
We dec1ded to study sod1um calcium, and a]um1num montmor11]on1te
as representat1ve of - c]ays carry1ng monovalent d1va1ent, and tr1va1ent
exchangeab]e-cat1ons, respectively. The sod1um form was-prepared

according to Posner. 7

It was then centr1fuged as a d11ute so]ut1on
(m]%,w/v) and the port1on rema1n1ng suspended after 60 min at 9000 X g '
- was retained. Thjs suspension was'd1a1yzed aga1nst water for 24 hrs
to removevohioride ion, ]yophi1ized;‘and:ground tO'avfine powder,in“a
~ small bai]ihi]], The calcium and aluminum formsfwere prepared by
treating a suspension of the sodium formv(after oentrifugaf fractiona-’*r
tion) with a 2 M solution of the appnopriate salt fOr 24 hrs. (The
polyvalent cations readily displace the sodium.) This was followed by
dia]ysisg 1yophi]iiation;'and:grinding-as befofe;.. _. | o
Suspensions_of tne three forms differed considerably in tnein |
- broperties;' The sodium form gave a translucent, appakent]y monodisperse |
~ suspension which did'not sett]e'upon standing andibeoame quite viscous’
at concentratfon5»>3% The calcium form gave an opaque suspens1on'
‘which Sett]ed on pro]onged stand1ng The alum1num formvgave what was
'clear1y a suspension of aggregates which settled very qu1ck1y

E]ectron m1crographs were made of the various clays, after

shadow1ng w;th chromlum (F]gure 3). A1l the forms‘showed some tendenoy'
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XBB 733-1992

Figure 3: A) Particles of sodium montmorillonite (x 20,000).
B) Particles of calcium montmorillonite (x 9,400).
C) Particles of aluminum montmorillonite (x 9,400).
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to aggregate when prepared for electron microscopy. The degree of
aggregation was slight for the sodium form, but considerable for the
forms with polyvalent cations. The aluminum form again showed the
most intense aggregations. The size of the individual flakes, as
determined from micrographs of the sodium clay, ranged downward from
2 microns, with the bulk of material being less than 1 micron. Since
centrifugation occurred before ion replacement, the same range of

sizes of individual flakes should be found in all three preparations.

Binding Studies

In order to better interpret future results, we decided to deter-
mine the binding of L-alanine, poly-D,L-alanine (av. MW ~1600), AMP,
and polyadenylic acid (av. MW +3400) to the various forms of mont-
morillonite.

The mechanisms by which organic compounds become adsorbed to
clays have been discussed thoroughly by Mort]and.8 Several mechanisms
may be operant in the studies we undertook. Amino acids become bound
to clays primarily via ion exchange reactions at pH's below the iso-
electric point. Purine derivatives may also bind in the protonated
form by ion exchange; however, conditions must be quite acidic.
Anionic compounds in general are repelled by the negatively charged
clay particles. But adsorption can occur with polyvalent cations
through cation bridging; that is, the cation serves as a counter ion
for both a clay anionic side and the organic anion. We expected to
see considerable binding of AMP and polyadenylic acid to aluminum
montmorillonite by this mechanism. Other effects which will be opera-

tive are Van der Waal's forces, hydrogen bonding between the adsorbed
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compound and” the s111cate oxygens, and for the po]ymers, an entropy
'effect where1n adsorpt1on of one mo1ecu1e of po]ymer re5u1ts 1n the
desorpt1on of many water molecules. ‘

| Our adsorpt1on stud1es were carr1ed out 1n the pH range 0. 7 10. A
| so]ut1on of the mater1a1 whose adsorpt1on was to be stud1ed was adJusted
to the appropr1ate pH with TN HC] or NaOH. A port1on of c]ay was added
and the suspens1ons st1rred for 24 hrs The clay was removed by centri-
| fugat1on and the supernatant checked for.loss of tne adsorbate. The

clay was washed with 0.1 M sodium ch]or1de, which should displace any

]46 L-alanine

adsorbed materiaf;vand the wash was assayed for adsorbatei
was measured rad1ometr1ca]1y and with n1nhydr1n, po]y -D,L-alanine was
measured w1th the Lowry reagent 9.and AMP and polyadeny11c acid were
-assayed spectrophotometr1ca11y. | | a | |
'For.a]Tvcompoundsvand-for'all three formsnof’the'c1ay, adsorption
was ' zero W1thin experimentaT error throughout the pH'range studfed (it
should be noted that AMP and po]yadeny11c acid prec1p1tated from the
so]ut1ons at acid pH) !
’ ‘Greenland‘gt _l~?0 have studied the bindfngfof glycine and its
o1igomer5'to sodium and ca]éium montmorillonite.using much 1arger'
quantities:of clay than were employed by us; When his values (g;g;}
15 mg/g for glycine on sodium montmori]]onite):are>extrapo]ated to the
'scale we operated on, the:amount of material adsorbed'becomés»too_sma]]
- to have‘been’deteCted.by our.techniqUes. ,This tends. to support.ourh
.f1nd1ngs for a]an1ne and po]ya]an1ne | H |
: The fact that aluminum montmor1]10n1te fal]ed to b1nd any poly-
'adeny11c ac1d was quite surpr1s1ng, in view of a report that phosphates'ﬁ'

are strong]y adsorbed by aluminum m1ca n
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Péeéht-Horowitz-gﬁ_gl;_report that L-a]anyT“S‘-adenylate adsorbs

at up to 400 mg/g of sodium montmorillonite, but do not indicate how

this vé]ue was arrived at. Due to the eXtreme”feectivity of the compound,

S . o
the value is rather questionable. This could probably best be tested by
measuring the binding of the stable amino alcohol analog, L-alaninol =
*-adeny]ate This has not yet been done

Po]ymer1zat1on Studies

I oec1ded to initiate .my po]ymer1zat1on studles by repeat1ng the

WOrk of Paecht-Horowitz et al., using L-a]anylvadenylate (_),

/p  OH  OH. '.;.;i'f
I initfally attehpted t0'prepare-L-a1any1 edEhy]ate by the method

12

of Berg, but could not obta1n a product of more than 30% pur1ty I

then sw1tched to the more e]aborate procedure of Mo]dave _E__l_}3 By -

employing a mod1f1cat1on of.th1s technjque, I was.ab]e to obtain pur1t1es 

of up to 87%. -Because ef the extremeb1abi1ityr6f‘the'product,‘this is
probab]y close to the ]1m1t1ng va]ue for pur1ty _Routine yieldsvwere ‘
about 70%: _ | | '.

The purlty was determ1ned by reacting the product with neutra]

hydroxy]am1ne. The resulting hydroxamate was measured spectrometr1ca11y

as the iron(III) comp]ex’using synthetic alanyl hydroxamate hydrocn]oride"

as the standard.

.
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"' -Theifir$t attemét’fb carry out a clay deiated pd]ymériéafion was
done as follows: 75 mg of sodium montmori110nite"Was'Suspénded in 60 ml
Qf watér_at'ambient femperatle in a chahber whfch was:cdhtinuous]y |
purged With nitrogep. .Portidns of a]anyT adeny]a£ef(w2O mg) were added
at 10-min intervals. ~The pH*was mainfained at 8.i7by titration with
_4AN sodium hydroxide using a pH-stat. The reaction was fo]]oWed by
the addition of.titrant as a function of time.  A typfca] portfonvof
vthé.resuifing trace is shown in Figure 4.

| It will be noted that titrant addition was neceséary whenever a
new portion of alanyl adéhy]ate was added and was hecessary only at
-such tfmes. This behavior is not at all what was eXpecfed. The
expettéd behavior is also shown in Figure 4. The intact a]anylv
.adenyléte 1s:éxpected fo be in the zwitterionicxfdﬁm shown in I.

The phosphate is sufficiently acidic that 1f’w111 not remain proto-
nated on lyophiliztion from acetic acid When:the ammoﬁium gkoup is
present as the counter ion. The zwitterion should have no appreciable
acidity at pH = 8.1. Howéver,'the alanyl adeny]été.preparations always
contain some hydrolyzed material, i.e., alanine adeny]ate,'NH3CHRCOOH

'HAMP',.which will be acidic. Thus, when a portion of alanyl adenylate
is added to the reaction chambér, titrant will be ;equired to neufralize
the hydro]yzed portion. Then, as the fntact alanyl adenylate is ei ther

“hydrolyzed or po]ymerfzed, more acid will be genéfated,.requiring fur= "~
ther additions of titrant before thé‘addition of another pbrtfon_of
adenylate. . This behavior would be expected éyen_ff no polymerization
is occurring, since hydrolysis is not instantaheou#b(the half-life at

pH 7.2, 37°C, is 5 min'?).
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Figure 4: Titrimetric behavior during clay mediated polymerization.
of L-alanyl adenylate. Behavior expected is shown with a broken
line. Behavior seen is shown with a solid line. Arrows indicate

the addition of avportion(of L-alanyl adenylate.
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The éppafént behavior of the system may have been the result of
'-pbor'operatiOh by the'pH-staf. Thé instrument_wasﬁ"homemade"-from |
componenfs’and was quife oid It was actually on]y cépab]e of main-
taining the pH w1th1n about —O 1 unit of the spec1f1ed pH Moredver,
the t1trant add1t1on Speed was f1xed It is 11ke1y-that overtitration
‘.may have occurred, resulting in the.presence of’eicéss base sufficient
to neuiraTize the acid generated before the next éddition of a]anylf'
"adehy1ate, On.additibn of further‘aTény] adeny1éfe; the pH WOu1d.
'beéomé sufficient]y lowered to initiate titrant addftion which would
be continued for.too 1on§ due to poor requnse_characteristics, and' B
excess base wou]d aga1n be present _ | B

After the last portlon of alany] adeny]ate had been added, the
react1on was allowed to continue for 24 hrs more during which time
on]y three insignificant titrant add1t1ons occurred.
D Thelclay was removed by centr1fugat1on1;su§pended in 20 ml of %
‘ water;.sonicated; and égéin Centrifuged}' Tﬁ: tombfned-supérnatants ¢
were then passed through a Diaflo PM-30 membrane (cutoff size: MW
: m30,000)]t0 rémoye any clay whichimight remain. |
The solution was assayed for alanine with nﬁhhydrin]5 and for
: po]ya]anine w{fh the Lowry reagent.9 The assayé indicated that the
‘sd1ution contajned 36.6 mg of free alanine and-4*4.mg'of polya1anine.
The alany] adeny]éte used in the experiment contained 112 mg of a]anine.
Recently, I learned from Dr. Paecht-HOrowifz that only the:D,L-isomer
., polymerfzes to give sizable beptides. Whén D- or L-alanyl adenylate
E fs empTdyed, the polymerization is terminated after four tq.five_sfebs

by the'preéipitation of the o]igdpeptide.]7 Presumably, the missing
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L-a]anine in my experiment was precipitated in such a manner. This

could be determined by hydrolysis of thevclay residue. Unfortunatejy,

it has been discarded. | | . | |

It was discovered that‘AMP'interferéd with.thégLowry assay. There-v

fore, the;solution was pasSed through‘a column of?Dowex 1-X8 (Cl').to
free tt'from AMP. A Lowry assay othhe’resuTttng_soiution indicated

a tota1 of:only‘O 6 mg'of'po1ya1anine now"remajned, Perhaps the rest
had been retained as the peptide 2' 3d) ester uith AMP. Paecht;HorOWitz.
et al. have 1nd1cated ‘that the pept1des wh1ch they obta1ned from this
' procedure were so ester1f1ed 5 |

Because of the poor response character1st1cs of the pH- stat used

in this exper1ment and the pecu]1ar t1tr1metr1c behav1or observed, it

wass decided to obtain a new prstat beforevrepeat1ng‘thls rather equ1voéxil

ca] experiment - This required about six months Dur1ng th1S wa1t I
'dec1ded to devote full t1me to the aff1n1ty chromatography prOJect

t 4

_ These stud1es were turned over to Dr. John McCu]lough ’

'EXPERIMENTAL

_Materia1s

Montmor1110n1te #25 from the John C. Lane Tract Upton, Wyom1ng, o

. was purchased from ward S Natural Sc1ence Estab]1shment Inc,, N,N-
d1cyc10hexy]carbod11m1de L- a]an1ne po]y -D,L- a]an1ne (av. MW ]600),'_;
g and po]yadeny11c acid (av MW 3400) from Nutr1t1ona] B1ochem1ca1 Co.;
AMP and n1nhydr1n from Ca]b1ochem pa]]ad1um ch]or1de and 10% pa]]ad1um‘~
on charcoal from Matheson ,- Co]eman, and Bell; and hydroxy]am1ne hydro-
chloride from Baker and Adamson. -All other compounds used were of_

reagent grade. R ,

-
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B1nd1ng Stud1es

A so]ut1on of the compound whose binding was to be stud1ed was
broughtito_the appropriate pH with either 1 N HC],O? 1N NaOH and
the volume brOught to 10 ml. Fina] concentrations were:'}L-aIandne
0.1 M; po]y D,L-alanine 0.5 mg/ml s AMP 0.1 M; and'poiyadeny]io acid.
0 1 ‘mg/ml . | |
F1ve m1111grams of the appropriate montmor11]on1te, f1ne1y ground
was added to the so]ut1on wh1cn was capped and st1rred for 24 hrs
Cat amb1ent temperature. The solutions were then centr1fuged for- 60 nin_
X 15 Odﬂ;g‘and thehsupernatants decanted ~The prec1p1tated clay was '
resuspended in 10 m] of 0.1 M sod1um ch]or1de and aga1n centr1fuged
after 24 hrs R
The supernatant and wash were each assayed for the presence of the
COmpound under study w1th the appropr1ate method. L-a]an1ne was assa¥ed

15 ]4C L a]an1ne was determ1ned by sc1nt1]1at1on

with Ainhydrin.
-countingﬁin.a Packard Tri Carb 1nstrument5 Po]y—D,Lealan1ne was assayed .
with the Lowry reagent as described_previdus1y;]5p'AMP'and'polyadenylic '
acid were ouantitated.froh the absorbance at 259 nm. In all cases, no
loss (within experimental error) of any substratedwas found in the_

-supernatant, nor was'any'substrate found-in'the salt wash .

N—Carbobenzoxy-L-a1anine

N- Carbobenzoxy L- a]an1ne was prepared fo]]ow1ng a procedure sug-.

':{/gested by Greenste1n and W1n1tz ]6 L A]an1ne (25 g, 0.28 mo]e) and

sod1um b1carbonate (59 g, 0. 56 mo]e) were suspended in 400 m of
"water, wh1ch was v1gorous]y st1rred with a prope]]er st1rrer. Carbo—

benzoxy chloride (52.3 g;'0.31 mole) was added in 6 portions at 12-min
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intervals, .The mixtore nas stinred overnight and brdught to’pH 10 .
with 1 N NaOH. The solution was extracted with 1oo_m1 of ether, and
then brought to pH 3 with 1 N HCT. It was extracted with 3 x 60 ml
of ethy]facetate and the combined extnactss were'dried over magnesium
sulfate for 60 m1n, f1ltered and evaporated in vacuo to. g1ve a wh1te
»res1due - This was recrystallized from ether- petro]eum ether. The =
crysta]s were co]]ected with suct1on and dried over P205 in ggggg
oyern1ght " The resu1t1ng white crysta]s we1ghed 31 5 g (507) with

16)

MP 85.5-86.5°C (reported 87°C . A 'second crop of 13.9 g (22%),

MP 83-5°C, was also obtained.

NfCarhobenzoxy-L-alanyl 5'-adenylate.
A]],manipo]atfons were carried out in a ooid.room'at 36c;un1ess

‘otherwise indicated. AMP-HZO (2.2_9;‘6 mmo]e)'and”N-cakbobenioxy;L-
'aianine‘(1v34'g; 6'nnm1e) were dissolved in 25 ﬁh of 3'] pyktdine_
 water. To- th1s so]utlon was added N N' —d1cyclohexy] carbod11m1de
: (24 g, 116 mmo]e) dissolved in 24 ml of pyr1d1ne,_ The resu]tlng-
‘mixture was_st1rred 3-1/2 hrS'and then filtered..:The'precipitated
N,Nl_dtcyclohexy].drea was waéhed with 5 mlfof 3§]~oynidine—water.v

- and thernash addedjto the filtrate. The combinedifi]thate.and wash |
 were a]]owed to separate into tWo phases (m5_min)_and the bottom

'la}er was drained into 350 m]vof‘acetone-at'-i5°C This was stirred

- br1ef]y and centr1fuged at -20° C by br1ng1ng the centr1fuge to

6000 x g and 1mmed1ate]y shuttlng off After decantat1on of the

':supernatant the prec1p1tate was washed with 200 m] of acetone at
-20° C by shaking in the sea]ed centrifuge bott]e and recentrifuging

‘as before. It was then suspended.jn 60 ml of acetone at -15°C ‘and
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f11tered 1n a co]d (3°C) dry box w1th a med1um s1ntered g]ass f11ter
funne] It was then washed w1th 2 port1ons of. ether (3 C),in the |
dry box - and dried over PZO 1n vacuo overnight at'3 C. |

It 15 expected that the resu]tlng mater1a1 1s not pure N- carbo-
benzoxny-aIany1 5'-adenylate. However, pur1ty_was ‘not determ1ned
unti]”after remova] of the'oarbObenzox}:grOUp. The crude yield |
was 2.11 g (64%).H'It-was stored at -15?C, ' .
Pa11adiumibjack : |

Pa]1adium‘ch1oride (3 g) was diséolyed invZO*ml of 6 N HCT byd
heatingfon a steam bath for 2ahrs ~ This soTution was'pOured into
1,500 ml' of bo111ng, glass ~distilled water. 1ThreevmiTTi]1ter§‘0f 88%_
-form1c acid was added fo]]owed by 4 N potassium hydrox1de (tarefuTiy)v
until a pH of 9 was reached. The m1xture was bo11ed 10 min and the pH
,<broughtvto 7 with 88% forMic acid. After cool1ng, the prec1p1tated '
pa11ad1um black was washed several t1mes with g]ass d1st1]1ed water _
by tr1turat1on and decantat1on It was stored under glassfd1st111ed
 water. | |

L= Alanyl 5 -adenylate

N- Carbobenzoxy L a]any] 5 -adeny]ate (800 mg, 1 45 mmo]e) was
~dissolved in 15 ml ofv90% acetic acid in 25 ml pear f]ask with s1de
arm through which a gas bubbler was introduced. The so'Iut1on was

'chilledvin'an ice bath_and-gg;_3 g (drained wet we1ght) of pa]]ad1um'5

“black Waéhadded'"The'f]aék'was caoped”with an otl-ftiled vapor sea]‘g o

vand purged with n1trogen Hydrogen was bubb]ed through ‘the so]ut1onff
for 20 min at a rate suff1c1ent to g1ve good st1rr1ng The vesse]

was agatn purged with n1trogen. Thevpalladjum b]ack was filtered
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off in a cold (3°C) dry box and washed with 6 ml df g]aciai aeetic» |
acid. The éombined filtrate and washing Were'imhediately fro;en and
lyophilized. The 1yoph111zatee welghed 440 mg (73A) It was deter-
1 m1ned by the hydroxamate assay, descr1bed below, to be 87% L- a]any]
5'-adeny1ate k ‘ '

deroxamate Assay

One to four m1111grams of- the a]any] adeny]ate preparat1on were f'
dfsso]ved 1n 50 ul of-neutra] 2 M hydroxy]am1ne, prepared fresh byv
mixing equa1'portions:of 4JM hydroxylamine hydnoChlorideiand 3;15 M
sodium'hydhpxide. After 3 min the solution was d11Uted with 1 ml of
water followed by 1'ml of a solution of Td%’férric ehloride and 3.3%
trich]ordacepic'acid in"0d66 N‘hydkochloric‘aeidi The so]ut1on was'
shaken rap1d1y and the absorbance at 540 nmwasnmasured aga1nst a
blank to which no a]any]_adeny]ate had been added. The complex w;th
synthetic alanyl hydroxamate hydrpch]oride-was dsed}as a standard.

This gave a moTarVeXtihction coefficient Of.e'?:212;000.

Clay-mediated Po]xmerization ‘
Sodium montmorillonite (75 mg) was suspended in 60 ml of water_'
in a c1osed chamber continuous]y prged With‘nitrogen ~ Potassium

' d1hydrogen phosphate (100 mg) was added and the pH was adJusted to _'

7 8.1. Port1ons ova—alany] 5'-adeny1ate (m20 mg) were added at ]0-m1nv

intervals.  pH was maintained at 8.1 with 4 N NaOH using a pH-stat.

In this manner 504 mg of 60% pure alanyl adenylate was added, fol]owed'
by 285 mg of 78% pure alanyl adeny]ate Reaction was a]]owed-to con?'v

~ tinue after addition of the adenylate for 24 hrs further, with pH still

maintalned at- 8 1
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sThg_so]dtion was cenfrifuged for 60 min at 11,000 x g. .The-clay
was théﬁ suspended 1in 20 ml of water, sonicated,sand recentrifuged.
The comb{hed supernatants werevthen‘u]trafi1ter§dvthrqﬁgh a Diaflo
PM—BO_membrane'(cutoff size: MW ~30,000) to removefany'remaining clay.
Assays with n1’nhyd'r‘1'n]5 and the Lowry reagent9 iﬁdisated that the |
so]ution’éontained'36.6 mg of freé alanine and:4.4-mg of polyalanine
.out of 112 mg alanine introduced. PoTy-D,L—aTanine'(av.,Mw 1600) was

used as the standard for the Lowry assays.
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ABBREVIATIONS
In addition to the usual abbreviations (e. g. , g;_ ml, etc.), the fol-
lowing abBré_viations.{and trivial names w_eré used in this work:
AA: an amino _aci;l | |
AA-tRNA: a2’(3')-‘aminoacﬂated transfer ribéﬁuéieic acid
AE-.AM.P:. 'N6—(2—aminoethyl)-adenésing 51 -phosphate
Affinity Gevl.I: ‘an édsorbént for affihity chromatography prepared by
k c01v1p1i"r‘1‘g BOC-ile -6l AMP to succinylamiﬁoélkjri agarose aﬁd de- " |
' blocking. | W | ‘ o
, AH-AM_P: N6‘—(6-aminohexyl)—adeﬁosine 5! -phosphaté
Aminoioér;zé.mido_alkyl agérose: .a gel_ 'c';)n_sisvti'n‘g of p—-aminob_enzamido—'
propylaminopfopylamine coupled'to cyanogén .Bf.(‘)mide activated
agérésé ' _ o |
AMvP’: adenosine 5! -phosphate |
ATP: "adenqs.in'e 5'ftriphoséhate '
Bicine: N, N-bis(h’ydroxyéthyl)glycine_ -
BES:V N, N—Bis(hyd’roxyethyl) -Z—aminqethyls‘ulfonivc é.cid' :
BOG-ile-ol AMP: _N-t-Bbc-L-iséleucinol 5' -adenylate
. BOC-ile -0l AMP: N-t-BOC-(U) #c-L-isoleucinol 5'fadeny1afe
BOC-ile -0l AE-AMP: N-t-BOC-(U) C-L-isoleucinol N°- -
(2-aminoethyl) 5'-adenylate o |
'Boc-11e¥:<-ol AH-AMP: N-t-Boc-(U)“C-L-isoleﬁcinél"Né_- :
(6—afninohexyl) 5'-adenylate | - - |

- BP: boiling point
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Cy"ge.‘l eluate: 'P'ar'ti'ally ‘purified L-is’ole’ucioeh _tRNA synthetase
(Sec p. ‘3‘8). o | | | | |

- Cl-IMP: 6-ch1oropurine riboside 5'—phosphatc (6;c1£'1'oroinosine -
monophosphate) S J‘ | | |
CI'\./IR. carbon 13 nuclear magnet1c resonance (soectrum)
4 doublet ' |
.dATP 2' deoxy aden051ne 5'-tr1phosphate |

DCC: N N' -dlcyclohexyl carbod11m1de

DCU- N N' —'d1cyclohexy1 urea |

-d1Ac Cl IMP 6- chlorOpurme 2',3'- d1acety1 r1bos1de 5'-ph05phate .

(24, 3' d1acetyl 6- chloromosme monophosphate)
~E: an amlnoacyl tRNA synthetase
E-AA- AMP complex of an ammoacyl tRNA synthetase with an

amino acyl adenylate

- Elution -'Buffer?i “a buffer of 0. 02 M TES (pH 7.8) containing 0.01M

2- mercaptoethanol 0.005 M magnes1um chlor1de, and 0 05 M
potassium chlorlde. | |

GC gas 11qu1d chromatography

_ VHEPES: N—Z-hy,droxyethylplperaZine N'-2 —éthahesolfonic _acid o o

IR ipfrared (spectrum) )
.-.I.RS: L.-isoleucine tRNA syr.lthet‘:aSe: “
Ki: an inhibition coné_taint '

. Kro: a ‘_Michaelis constant'

KS: a dissociation constant
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L- 11e ol AMP L-isoleucinol 5'- adenylate

L- 11e -ol AMP (U)14C L -isoleucinol 5'—adeny1ate

L= 11e -ol AE AMP: (U)14C-L-1soleuc1nol N_6—,(2—aminoethy1)

! : : > N
5! —adenylate _
I L 14 . 6 |
L-ile -ol AH-AMP: (U) "C-L-isoleucinol N -(6-aminohexyl)
5! ‘—vﬁadenylate »

11e

L-ile.-'tRNA 2'(3" ) ester of L= 1soleuc1ne w1th the terminal

_ >adenos1ne of 1:RNA1le

m: multiplet

Mg ATP..': rhohofria-gnesium salt of ATP -

MP: n‘geltivng point (uhcorrected)'

NA_DI+: .nic‘otinamide adeniné dinucleotide

NMR: (proton) nuclear magnetic resonance »’('sp_ectr_urh)_

PPi: pyr0phosphate |

PRS: phenylalanyl tRNA synthetase

" RDP: RNA-instructed DNA polymeraé_e

r..'t.:v room.temperature

st singiet |

succinylamindalkyiagarosei av gel prep'a‘red. by CQup!ling 3, 3 -iminobis -
propy.lzam'ine to qy’a;nogeiq bromide-;ctivated agarose and the_n- succinylating
‘the free terminé.i amine with succini; anhydfide> | |
,.t: tr1p1et , v |

t- BOC the tert butyloxycarbonyl group : |

TES N- tr1s(hydroxymethyl)methylamlnoethane sulfonm acid -

TLC: thin-layer chromatography
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TNS: . Z--p_—toluidinylnaphthalene-6-su1fonaté
Tricine: N-tris(hydroxymethyl)methyl giyci'n’e :
Tris: tris(hydroxymethyl)aminomethane

tRNA: transfer ribonucleié acid |

} | ' . :
tRNAvlle‘: ~transfer ribonucleic acid specific for L-isoleucine

UV: ultraviolet (spectrum)
Vmax: velocity of an enzymatic reaction extrapolated to infinite

substrate concentration.
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On the Active Site Topography of Isoleucyl Transfer -
Ribonucleic Acid Synthetase of Escherichia coli Bt

Eggehard Holler, Petrie Rainey,§ Ann Orme, Edward L. Bennett, and Melvin Calvin*

ABSTRACT: The topography of the active site of Ile-tRNA
synthetase has been investigated by using structural analogs
for L-isoleucine and ATP., Radioactive ATP-{*:P]PP; ex-
change methods and fluorescence titration methods were
applied for determination of binding properties of substrates
and inhibitors. The results are consistent with a hydrophobic
region at the L-isoleucine specific site to'accommodate the

- aliphatic side chain. The a-amino group is electrostatically.

bound to an anionic site: It is believed that this site is part of
an ion pair in the free ¢nzyme. The ion pair can be opened by
eith_er L-isoleucine and related compounds or by ATP,
AMP, and pyrophosphate. Opening is coupled to the inter-
action of the hydrophobic side chain. When the electrostatic
. interaction is sterically prevented, as in case of methylation
or guanidation of the a-amino group, hydrophobic interaction
is also prohibited. The ion pair can be easily opened by the

Robing of the active site of erizymesv has been accom-

plished by binding experiments using a structural variety
of substrates and inhibitors as, for instance, in the case of

chymotrypsin (Blow,' 1971) and trypsin (Keil,! 1971). This

method has not been figorously applied to the family of
aminoacyl-tRNA synthetases except for its recent use on’

Phe-tRNA synthetase (Santi et al., 1971), on' Val-tRNA -

synthetase (Owens and Beli, 1968), and on Pro-tRNA syn-
thetase (Papas and Mehler, 1970)."
In this article we report results obtained for probing of
the active site of Ile-tRNA synthetase using compounds
- structurally related to L-isoleucine, ATP, and pyrophosphate.
which. are the substrates for the amino acid activation reac-
tion described by the following, simplified equation.?

{Mg?) .
E + ATP + lle == E‘lle~AMP + PP,

It is believed that the enzyme-bound intermediate, L-
~ isoleucyl adenylate, reacts in a second stepwith the cognate

tRNATe to form Ile-tRNAle (Berg, 1958) accordmg to the
following equation.

1 From the Laboratory of Chemical Biodynamics, Lawrence Berkeley
Laboratory, and the Department of Chemistry, University of California,
Berkeley, California 94720. Received September 18, 1972. Supported
in part by the U. S. Atomic Energy Commission.

$ Helen Hay Whitney Feltow; present address: Biochemic 11, Fach-
bereich _Biologie. Univcrsimc( Regchsburg. 84 chcnsburg. West

- Germany.

§ National Scienee Foundation Graduate Feltow, 1968 I972
! Reference is made to geview articles,

* Abbreviations used arc: E, isoleucy! transfer nhonucleuc acid {Ne-

tRNA) synthetase; E-He' ATP, lle-tRNA  synthetase-t-isoleucine -
adenosine triphosphate complex; He~AMP, t-isoleucyl adenylate;
E-lle~AMP-PP;,  He-tRNA synthetase-L-isoleucyl  adenylate-pyro-
phosphate complex. .
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intact substrate, when both the a-amino group and carboxylic
group are present. Compounds lacking the carboxylic group
are good ligands only when ATP or AMP is simuitaneously

bound to the enzyme. This observation has an important
bearing on the use of a-amino alcohols as inhibitors for elu- -

cidation of the catalytic pathway. Free-energy considerations
indicate that the affinity for binding of ATP to Ile-tRNA
synthetase is 4 kcal less than anticipated from the binding
affinities measured for -its. slrhclural components. AMP

" and pyrophosphate. Furthermore, the standard free energy

of formation of enzyme-bound. L.isoleucine adenylaté and
pyrophosphate from enzyme-bound substrates is favored by
5 kcal as compared with the reaction in the free solute state.
We conciude that ATP when enzymically bound is ina high

free-energy state, thus, facilitating the formation of enzyme- '

bound L-isoleucine adenylate.

E-lle~AMP + tRNAT* === Tle-tRNA"' + E + AMP

" Possibly, formation of the Ile-tRNA synthetase-tIRNATl

‘complex is associated with some rearrangement at the -active

site. With this in mind, we must distinguish between probing
of the active site of free enzyme and probing of tRNAT'.
bound enzyme. From comparison of the results the extent
and the consequences of the lRNA“'-mduced rearrange-
ment will be evident.

"The investigation reported in this. paper is reslncted to

the probing of the free enzyme only. i-Isoleucine related
compounds lacking either the a-amino group or the carboxylic
group, or both, were used as probes. Further, the effects of

" methylation and guanidation of the a-amino group and the

effect of chain clongation of ‘the L-isoleucyl side chain on
binding properties, catalytic properties, and fluorescence

- properties were evaluated. Similarly, we have measured the
extent of binding of the structural components of ATP, j.e.,

adenine, D-ribose, adenosine, AMP, and pyrophosphate. In
part, we have examined the interactions of inhibitors in the
presence of co-ligands. Part of this investigation has been

published recently (Holler et al., 1971). -

Materials and Methods

Ile-tRNA synthetase was obtained as a 300- to 350-fold .
-purified’ preparation from Escherichia coli B cells (Miles .
" Laboratory) following a method described by Baldwin and -
. Berg (1966). Protein was determined by the method of Lowry

et al., (1951). The specific “activity of the freshly purified

enzyme was 650 750 units'mg. where one unit is defined as
"the formation of 1 umol of [:PJATP from [*'PIPP; in 15

min at 37° under standard conditions (Baldwin and Berg,
1966). The published vaiue of the molecular weight (112,000,
Baldwin and Berg, 1966) was used to calculate the enzyme
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concentration. Enzyme was stored at —15° in 0.02 M sodium
phosphate buffer, pH 7.5, which contained 0.1 mm glutathione.

tRNA was purified from E. coli B cells (Schwarz BioRe-
search) according to the derivation method described by
Gilliam et al. (1967, 1968). Finally, the preparation was purified
over a Bio-Gel P20 column (57 cm X 1 cm) by élution with
0.02'M phosphate buffer, pH 8.0, at 4°. The preparation was
20% pure tRNA® (in-terms of Ay units). No distinction has
been made between different isoaccepting forms of tRNAe,
The concentration of total tRNA was estimated spectrophoto-

metrically -on-the assumption that 21.4 A units are equiv- .
alent to 1 mg/ml of tRNA (Stephenson and- Zamecnik,

1961). . }

[#?P]PP; was prepared from [2?P]P; (International Chemical
and Nuclear Corp.) as described by Berg (1958). Guanidino-
L-isoleucine was prepared from L-isoleucine and 5-methyl-
thioisourea foliowing the method described by Fasold er

" al. (1961) and from L-isoleucine and 1-guanyl-3,5-dimethyl-
pyrazole nitrate as described by Habeeb (1960). Both prepara-
tions gave identical results; the material was negative against
ninhydrin, soluble in water, and melted at 228° with decom-

- position (the closely related compounds for leucine and va-
line melt with decomposition at 242 and 240°, respectively,
Prager and Jacobson, 1944). 3-Methylpentanoic acid, 3-
methyl-1-pentanol, and 2-methyl-1-butanol were freshly re-

distilled before use. Amino acids and amines were found to"

be homogeneous by thin-layer chromatography (Eastman
Chromagram, 6060 Silica Gel). Solvent mixtures were n-
butyl alcohol saturated with 207 acetic acid, and benzene -
pyridine-acetic acid (80:20: 5, v/v/v).

The L-isoleucine ethyl and hexyl esters were prepared as
the hydrochlorides with thionyl chloride in the appropriate
alcohol by the method of Brenner and Huber (1953) with
minor modifications. No attempt was made’ to distill the
esters. L-Isoleucine ethyl ester hydrochloride had a mp of

"'92-93°. Anal. Caled for CsHiCINO,: C, 49.09; H, 9.27;
Cl, 18.14; N, 7.15. Found: C, 49.23; H, 9.25; Cl, 18.20;
N, 7.36. '

The hexyl ester hylrochloride could not be crystallized
and was obtained as an amorphous, waxy-solid. 4nal. Calcd
for C;;HCINO,: C, 57.20; H, 10.40; Cl, 14.10; N, 5.60.
Found: C, 57.0; H,10.5;CI, 13.9; N, 5.5.

Both compounds were homogeneous to thin-layer chroma-
tography on silica gel using 7: 3 acetone-water or 9:1 chloro-
form-triethylamine. .

L-Isoleucinyl adenylate was synthesized by the procedure
of Sandrin and Boissonnas (1966) and Cassio et al. (1967)
with minor modifications. The. product was homogencous
to thin-layer chromatography on silica gel using methanol
or 7: 3 acetone-water : ultraviolet (uv) (0.01 M potassium phos-
phate, pH 7.5) max 259 nm (e 12,100); min 227 nm. Anal.
Caled for CisHyNgO-P:0.3H.,O: C, 42.5; H, 6.2; N, 18.6;
P,6.9. Found: C,42.6; H,6.2; N, 18.5; P.6.9.

) 3-Methyl-1-pemanol’and 3-methylpentanal were obtained
from Aldrich, 2-methyl-1-butylamine and 3-methylpentan-
_oic acid from K&K Laboratories, and 2-methyl-1-butanol,
* a-DL-aminopentanoic acid, a-DL-aminohexanoic acid, and
a-DL-aminoheptanoic acid from Eastman Organic Chem-
icals. O-Methyl-L-threonine, N-methyl-pL-isoleucine, valine,
adenosine, and AMP were purchased- from Calbiochem,
L-isoleucine methyl ester, potassium 2-p-toluidinylnaphtha-
- lene-6-sulfonate, and S-methylisothiourea sulfate from Sigma,
L-isoleucine, L-isoleucinol, and ATP from_Nutritional Bio-
_chemical Corp., and 1-guanyl-3,5-dimethylpyrazole and
“adenine from_ Schwarz/Mann. All other chemicals . were

reagent grade and purchased from Baker Chemical Co.
Deionized and distilled water was used which had been boiled
and cooled under nitrogen to remove oxygen and carbon
dioxide. )

Radivactive ATP-{**P}PP; Exchange Reaction. The method
used was essentially. the method described by Baldwin and
Berg (1966), at pH 8.0, 25°, in 0.05 m Tris-HCI buffer and 0.01
M 2-mercaptoethanol. Radioactivity was measured as counted
by a Nuclear-Chicago end-window Geiger counter. The
amino acid specific exchange reaction was measured as a
function of varying concentrations of amino acid. Numbers

" of counts ‘per minute were plotted as a function of concentra-

tion of substrate according to the method of Eadie (1942)

or Lineweaver and Burk (1934). The value for the Michaelis-

Menten constant, Kn(app), and its value in the presence of

an inhibitor at a fixed coricentration, K. (app), were deter-

mined from the slope of the linear plots. The inhibition con-

stant for competitive inhibition was calculated according to -
Ki = (Mo/l(KL.(app)/Km(app)) — 1} where the symbol [[],

refers to the initial concentration of the inhibitor. For a-

pr-aminohexanoic acid and a-bDL-aminoheptanoic acid, the

Michaelis-Mentén constant was evaluated from a set of

data where the  concentration of a competitive inhibitor,’
2-methyl-1-butylamine, was varied "and the concentration

of the substrate was kept constant. Evaluation is accomplished

by use of the equation .

o = to = cllloKn(app)1Ki(Knfapp) + [SID] (1)

which is derived as follows, The Michaelis-Menten equations
for the absence and presence of a competitive inhibitor are

to = -Fuax

‘ and

e .Sk
$ T P Ktappll + DK + Sk

respectively. The symbols refer to- vo, the rate in the absénce
of inhibitor; v, the rate in the presence of inhibitor; Vmax,
the maximum rate; [S}o-and {I}o, initial concentration of sub-
strate and inhibitor, respectively; Kw(app) and Kj, the ap-
parent Michaclis-Menten constant and inhibition constant,
respectively. Dividing the first_equation by the second and
rearranging, ¢q 1 is obtained. The data in Figure 1 were
plotted according to this equation and the vatue for K, (app) -~
was calculated from the slope using the value K, = 10 um.
The procedure is generally applicable as long as substrate
and inhibitor are in excess of enzyme. The same procedure
has been previously described by Inagami (1964). Maximum
exchange rates for these two analogs were determined from
the Michaelis- Menten equation, using the rate of exchange as
measured in the absence of the inhibitor. Initial concentra-
tions of the reaction mixtures were 0.5-1.5 nm Jle-tRNA
synthetase, 2 mm ATP, 2 mm sodium pyrophosphate (4 X
10 8 X 10 counts min ' gmol~'), S mm MgCl,, 10 mm KF, .
0.1 M Tris-HCI, 10 mm 2-mercaptoethanol. 3 um to 0.6 mm.
L-isoleucine, or '3 uM to 0.6 mm O-methyl-L-threonine, or up
to 1.2 ma N-methyl-pL-isoleucine or guanidino-L-isoleucine.
or up to 27 mm a-bDL-aminopentanocic acid. or up to 29.8
mMm a-DL-aminchexanoic acid, or .up to 6.9 mM a-DL-amino- -

_ héptanoic acid. Inhibitors’ 'wért_' used at concentrations higher
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FIGURE 1 Determmauon of the Mlchaells-Menten constant for

ATP-{#P]PP; exchange mamtamed in the presence of a-DL-amino~ -
~ heptanoic acid, at pH 8. 0,25°. The rate of exchange is measured as
a function of various concentrations of 2-methyl-1-butylamine, a

competitive inhibitor.- Evaluation is based on the equation o =

— o{l]eKulapp)/ K Kn(app) + (S)e], where the symbols refer.

to b, the rate of exchange when no inhibitor is present, [I], and {S],

the initial concentrations of inhibitor and substrate, respectively.

Initial concentrations were 5 nM {le-tRNA synt.hetase 345 mM a-

pi-aminobeptanoic acid, 2 mm ATP, 2 mm sodium pyrophosphate

(6 X 10% cpm umol=1), 5 mm MgCl:, 10 mm KF 0.1m Tns-HCl
_ and 0,01 u2-mercaptoet.hanol

than indicated by the mhxbmon constant. 2 Methyi- l-butyl- ;

amine was varied from 0.12 to 12.3 gM in the. presence of -
. "quenching was’ evaluated accordmg to the method of Dahl-

a-DL-aminohexanoic acid at 29.8 mM or a-DL-aminoheptanoic
- acid at 3.45 mm. Exchange reactions for ATP: and related

compounds were conduued at 37°, pH 8.0. Initial concentra- .
tions of the reaction mixtures were 12 nM Ile-tRNA synthe- ]

tase, 2 mM L-isoleucine; 2 mM sodium pyrophosphate {1 X 10%

2.X 10* counts min~! umol~!), 10 mm KF, 10 mM 2-mer-

captoethanol, 0.1 ‘M Tris-HCl, and 0.05-5 mm ATP. The
MgCl, concentration ‘was varied concomitantly with’ ATP
~ to provide a 1 mum excess of MgCl; over the total concentra-

tion of ATP plus pyrophosphate. Inhibitor concentrations

were: AMP, 2 mMm; adenosine, 5.5 mum; and adenine, 10 mm.
tRNA-Charging Reaction. Potassium 2-p-toluidinylnaph-
thalene-6-sulfonate (TNS) was tested for inhibition :of ‘the
tRNA charging reaction using a procedure similar to: that
" described by Muench and Berg (1966).

- The amount of incubation mixture used was 800 ul. ln-.

itial concentrations were 1 mm ATP, 3 mm MgCl,, 0.025
mm L{!Clisoleucine  (specific activity 25 uCi/umol), 0.2
mMm TNS, 0.04-0.4 260-nm absorbance units of tRNA, 0.4
M Tris-HCl buffer, I mM 2-mercaptoethanol, 5 mm KCl,
and 0.005 uM Ile-tRNA synthetase. TNS was omitted in

- control experiments. The mixture was.incubated at 24° and

100-ul ‘samples were. withdrawn at $-min intervals. The
samples were imr'ned‘iatély mixed with 200 ul of an ice-cold
solution of 20 mg/ml of RNA from Torula (Calbiochem,

lot 44585) and precipitated upon’ addition of 2 ml of 2 N .

HCIL. The precipitate was allowed to stand on ice for § min
and was then filtered through a glass fiber filter (Whatman

GF/C). The filter was ‘washed several times with 2 N HCl -

~and 457 ethanol, dried, and finally counted in a Packard
Tri-Carb scintiliation counter.

Fluorescence Titration. The amount of complex formation
of 8 ligand with Ile-tRNA synthetase was measured as the
degree of quenching of the fluorescence of TNS which was
reversibly bound to the enzyme. The method has been pre-
viously described (Holler er al., 1971; Holler and Calvin,

1972). Fluorescence was mwasured. with -a_ Perkin-Elmer

1152 srocwemisTrY, VoL 12, NO. 6, 1973

fluorescence spectrophotometer Model MPF-2A. Excitation
at 290 nm of the enzyme tryptophan residues as well as ex-
citation at 366 nm of TNS dnd emission at 470 nm were used.

. As described prev:ously (Holler et al., 1971), the degree of

quenchmg was higher when' the 290-nm excitation was used.
Slits were 10 am for. both excttatlon and emission light path.

. The sample compartment: was_thermostated wuhm +0.5°

and was flushed with mtrogen
In a typical titration ‘expériment uhquots of 0.50r'l ul

"of ‘a solution containing the: ligand under study were added

from a syringe to 700 ulof buffer containing enzyme and TNS.
The mixture was carefully stirred with the needle and 3 min
were. .allowed- for the temperature to. equilibrate. Radiation
was admitted only for the period of fluorescence measure-

. ment (about 3 sec) in order to prevent possmle photodecom-

posmon Titration curves were corrected for dilution  as

measured separately using dxstxlled water mstead of titrant. -

Concentrations of enzyme: -and’ TNS were 0. 05-0.15 um,
and 5-20 uM, respectively. Buﬂ'ers -were 0.05 M Tris-HCl and

0.02 M sodium phosphate, ‘all’ solutions contamed 001 M '

2-mercaptoethanol unless otherwise stated.

- Under-all conditions. except for L- tsoleucmyl adenylate. )

ligand was in excess of enzyme and the linearization pro-
cedure described by Eadie (1942) was used for evaluation

of the dissociation constant and of the maximum quenching -

at_ (extrapolated) infinite concentration -of ligand. The con-

centration of vL-isoleucinyl’ adenylate was comparable with

the oonoentrauon of enzyme and the degree of fluorescence

quist et al. (1966). o
Titrations were mostly done at pH 8.0; when pH was vaned

sufficient NaCl was added to prov:de a constant ionic strength .
‘of 0.05 M. Errors were calculated as mean devmuons for two

‘or more determinations. :

Kinetic Measurement. The kinetics of bmdmg of L-isoleucine
and 2-methylbutylamine fo Lle-tRNA synthetase were mea-
sured.on a Durrum-Glbson stopped-flow spectrophotometer
which had béen modified so as.to observe the TNS fluorescence

as previously descnbed (Hollér and’ Calvin, 1972). Reactions -

‘were initiated by rapid mixing of a solution containing en-
zyme and TNS with an equal volume of a solutioh containing
TNS and the ligands under study. Solutions were made in
0.05 M Tris-HCl buffer, pH.8.0. An excitation - wavelength
of 290 nm was used and emission was observed through a
cut-off filter, Corning :No. 373 (35% transmission .at 416~

436 nm and 809 at 511 nm): The rate constants of the ob-
served -reactions. were. determined from the slopes of the .

first-order plots -and evaluated on the basis of an dpparent
bimolecular reaction mechamsm (Holler and Calvm, 1972)'
according to the expressnon

kob.d = ku + ku[hgand]n e

The symbols ki; and k; tefer to the rate con_stants for. the -

formation and dissociation, - respectively, of enzyme-ligand
complexes. The subscnpt zero. indicates mmal concentra-
tions (>>[E)). :

Results _

Effect of TNS on the tRNA Charging Reaction. Figure 2
shows the degree of charging as function of time for three
different initial concentrations of tRNA. The solution was
saturated with TNS which: gave a sufficient concentration to
complex most of the enzyme (K, = 0.07 mm; Holler et al.,

HOLLER ef nl~_ .
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FIGURE 2: tRNA!¢harging reaction catalyzed by lle-tRNA syn-
thetase in the presence of TNS at pH 8.0, 25°. The extent of amino
acylation of tRNA!'" was measured as a function of time in the
presence of 0.2 mm TNS (@) and in the absence of TNS (O). Initial
concentrations were 1 mM ATP, 3 mm MgCls, 0.025 mM L-isoleucine.
5 nm lle-tRNA synthetase, 0.4 M Tris-HCl buffer, 1} mm 2-mercapto-
ethanol, 5 mMm KCl and (a) 0.15 um, (b) 0.09 um, and (¢) 0.02 um
tRNAI*, Activities are not corrected for background activities and
losses due to adsorption effects. It is seen that the extent of charging
as a function of time is the same, within experimental error, whether
or not TNS is added to the reaction mixture.

1971).. tRNAU® and r-isoleucine were "at concentrations
close to their dissociation constants, 0.2 um (Baldwin and Berg,
1966) and 5 um (Cole and Schimmel, 1970; Holler et al.,
1971), respectively, so as to provide sensitivity against TNS-
induced : changes of kinetic and equilibrium parameters.
Data are not corrected for background activities. Rates
were expected to-be inexact because of adsorption effects
at the low concentrations of reactants applied (Demushkin
et al., 1971). However, if"I'NS» does not impair the enzyme
activity, we should find the 'same activities in the ‘absence
and presence of the dye. According to Figure 2, there is agree-

" ment within the experimental error suggesting that TNS,

at 0.2 mm, has little or no effect on the enzyme activity. The
same conclusion has been reached with respect to the amino
acid activation reaction (Holler e al., 1971).

L-Isoleucine and Related Compounds. The interaction be-
tween lle-tRNA synthetase and various compounds which

‘are structurally related to L-isoleucine was investigated in
“terms of Michaelis-Menten constants or inhibition constants

and maximum ATP-{??P]PP; exchange rates and in terms
of dissociation constants and maximum quenching of fluo-
rescence intensity as measured in the titration experiments.
The results are listed in Table 1. The kinetic parameters of
the exchange reactions were evaluated directly from Eadie
plots (Eadie,. 1942) except for a-bL-aminohexanoic acid and
a-pDL-aminoheptanoic acid. Since the level of exchange for
these was low we found it casier to determine the values
for Km(app) from inhibition experiments, as described under
Materials and Methods. )

We have determined the type of inhibition with respect to
L-isoleucine for 2-methyl-1-butylamine; a-pr-aminohexanoic

acid, a-pr-aminoheptanoic acid, and O-methyl-t-threonine.

The inhibition was found to be competitive,

 Finally, we have determined the values for the maximum
rate of exchange and for the maximum quenching of the
fluorescence. The values listed in- Table il refer to those for

FIGURE 31 ATP{*:P)PP; exchange for L-isoleucine (O) and O-methyl-
L-threonine (@), at pH 8.0, 25°. Plot in the inset according 10 lineari-
zation procedure of Eadie (1942) for evaluation of maximum ex-
change rate (from intercept) and Michaelis-Menten constant (from
slope). The broken line has been calculated from parameters, which
have been determined from a separate Eadie plot for L-isoleucine.
Exchange is' not observed for N-methyl-pL-isoleucine (bottom).
Initial concentrations were | nu He:tRNA synthetase. 2 mm ATP. 2
mm sodium pyrophosphate (8 X 104 cpm umol 1), § mm MgCls. 10
mM KF.0.1 Tris-HCl. and 0.01 s 2-mercaptoethanol.

L-isoleucine as unity. Experimental errors determined as
standard deviations are between. 10 and 15% of the values
listed. Maximum quenching as compared to fluorescence
in the absence of substrate or inhibitors was about 40%; for
L-isoleucine, ATP, or pyrophosphate (Holler et al., 1971).
From Table I the following observations were made. (1)
in addition to L-isoleucine. radioactive ‘exchange was main-
taified in the presence of O-metliyl-L-threonine (Figure 3).
L-valine, a-pDL-aminopentanoic acid,  a-br-aminohexanoic
acid, and a-pL-amincheptanoic.acid. The rate of exchange
decreased in the order of listing. O-Methyl-L-threonine had

‘a 50%, higher exchange rate than L-isoleucine. (2) There

is no obvious correlation between the values of the maximum
rate ofATP~[”P}PP; exchange and the value for the Michaelis~
Menten constant, The appareni decrease of the maximum
rate for the racemic substrates is presumably due to inhibi-
tion by the unreactive D enantiomer (Mehler. 1970). Similarly,

‘we found that the degree’ of maximum quenching of the

fluorescence was not a function of the dissociation constant,
but was the same. within experimental crror. for all sub-
strates tested. (3) Values for K,(app) and K. are almost iden-
tical, indicating that binding of co-ligands (as in the ATP-
[*?P]PP; exchange) had little, if any. effect on the dissocia-
tion constant as measured by fluorescence titration. - (4)
Modification of the amino group of L-isoleucine by either
methylation or guanidation was associated with the loss of
binding. (5) When the 3-methyl group or the terminal methyl
group was removed from the side chain. the stability of the
enzyme-amino acid complex was - considerably reduced.
Elongation as measured for a-pL-aminohexanoic acid and
a-pDL-aminoheptanoic acid. had little effect on the maximum
rate of exchange and only a modest eifect on the vilue of -
the Michaclis Menten-constant. (6) Blocking of the carboxylic

T group as in L-soleucine  methyd, cthyl. and heayl.ester re-

duced the aftinity for complex formation -and. - of course.
abo_lishg-d'lhc' catalyuc. reaction. Interestingly. the ailinity
increased as the length of the alcohol component increased.
A similar observation has been” reported by Santi et al.
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TABLEI: Interaction of L-Isoleucine and Related Compounds with He-tRNA Synthetase at pH 8.0.

Compound® Mettod® Ki¢ (um)

Max Quenching or

Kn? (uM) K. (um) Max Exchange Rate’
L-Isoleucifie F 58+0.8 . 1.0
P 4.0°
. P s» ) o . 1.0
O-Methyl-L-threonine F (1.2 £0.2) x 10t 1.0
' P © 60 % 10 ‘ 1.6
L-Valine F . (1.6 £ 0.5) x 10*
P "3.9 x 102" ~0.5
. P 8 x 10 ¢ 08
a-DL-Aminopentanoic acid F o : 2:2+£07)X10* 1.0
: . P (1.15x0.1) x 10* 0.7
a-L-Aminopentanoic acid - P 1.5 x 102! 0.9
a-DL-Aminohexanoic acid F (7 £2)x 10 1.0
p 7 x 107 : : 0.35
a-DL-Aminoheptanoic acid P 1.8 x 104/ o 0.35
N-Methyl-pL-isoleucine F’ ' ‘None
. _ P >10¢
Guanidino-L-isoleucine F . ‘ None
) P >10% o
L-Isoleucine methyl ester F (59+08x10t 1.0
L-Isoleucine ethyl ester - P (37°) 2.7 x 102/ : ’
L-Isoleucine n-hexyl ester . P (37°) 40’ :
3-Methylpentanoic acid F S ) >Ex 108 - . None
P ©>5% 108
L-Isoleucinol F (10°) ’ .5x1)x10° 1.0 (excitn 290 nm)
1.5mMPP; + 2 mm MgCl: F (10°) ~2 x 10?
1 mMmPP; 4+ 2mMMgCl, F ‘ S (1.4 x0.3)x 100 1.0 (excitn 290 nm)
P . 23% i ; .
L-Isoleucinyl adenylate F (10°) : 1.3+03)x10?
P 7 X 10-* :
3-Methyl-1-pentanol F 2.5 = 1) X 10* " (excitn 290 nm)
F (10°) (1.6 £ 0.3) X 10? 1.0
3-Methylpentanal - -~ F (10°) Q2.5+1) X% 10 "
2-Methyl-1-butanol F . 1.7+ 0.3 % 10¢ 1.0
P O >5 % 108 v T
2-Methyl-1-butylamine F 9 +1)x10? - 1.0
F(12°) (5.1+1.0)x10* 1.0
P 10 + 2 : - :
2 mm PP; F : . © + 2) X 10
1 mm PP; + 1.5 mM MgCl, F (1.7 + 0.6) X 10
1mMATP F 3810
1 mM ATP + 2 mMm MgCl: F 45+1.0
1 mm ATP, 1 mm PP; - F 2.5+05
1.5 mm MgCl, '
4.6 mm AMP o F 27 %2
1 mm ATP : Kinetically 2.6/

“ Investigated at 25° unless otherwise stated. ® Method of mvestlgauon P, ATP-{**PJPP; exchange; F, ﬂuonmetnc titration.’
Excitation wavelength 366 nm, emission wavelength 470 nm. “ Inhibition constant from ATP-{**P]PP; exchange measurements.

¢ Michaelis—-Menten constant from ATP-{??P]PP; exchange measurements. ¢ Dissociation constam from titration. / With refer-.
ence to values for L-isoleucine, which were arbitrarily set equal to 1.0. ? Cole and Schimmel, 1970. * Berg ef al., 1961. | Loflﬁeld

and Eigner, 1966. ! Experimental error was not calculated. * Cassm et al., 1967. ' Standard deviations are 10 159

(1971) for Phe-tRNA synthetase from E. coli. (7) When the-
a-amino group was removed, as in 3-methylpentanoic acid,
- an inert compound was obtained. (8) Removal of the a-amino
group and substitution of the carboxylic group by an alcohol |
or an aldehyde group, as in 3-methyl-1-pentanol or in 3-
methylpentanal, reduced binding considerably but did not
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abolish it. (9)- When the a-amino group was not removed and

the carboxylic group was substituted by hydrogen or an al-

cohol group as in 2-methyl-1-butylamine and vr-isoleucinol, '

respectively, the modified compounds were potent inhibitors
in the radioactive exchange reaction but poor ligands for the
fluorimetric titration in absence of co-ligands.
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FIGURE 4: Titration of Ile-tRNA synthetase-TNS with 2-methyl-1-
butylamine at pH 8.0, 12°. All other ligands were omitted fromthe
reaction mixture. Initial concentrations were 0.19 uM enzyme, 12
um TNS, 0.05 M Tris-HCl buffer, and 0.01 M 2-mercaptoethanol.
Concentration of 2-methyl-1-butylamine was varied between 0.19
and 7.7 mm, excitation wavelength, 366 nm; emission wavelength.
470 nm, nght scatter was reduccd hy placing a 41()—nm cutoff filter
in the emlssmn path.

Binding of 2-Methyl-1-butvlamine under Various Condi:

tions. In the absence of co-ligands, 2-methyl-1-butylamine
interacts only weakly. with Ile-tRNA synthetasc as measured
by titration, Figure 4. Addition of pyrophosphate, AMP,
or ATP at saturating concentrations was associated with a
strong decrease of the value for the dissociation constant.
ATP produced a decrease about 1000 times greater than that
produced by pyrophosphate. The coupling was. not sensitive
to magnesium ions (<2 mm). In the presence of ATP or Mg-
ATP?" 2-methyl-1-butylamine binds almost as strongly as
L-isoleucine, as evidenced from titration experiments. The
value for the inhibition constant from the ATP-[*:P)PP;
exchange reaction was found to be higher than expected for
ATP as the only co-ligand. Qur interpretation of this is that
part of the enzyme is bound to pyrophosphate instead of
to ATP. Since 2-methyl-1-butylamine binds more weakly
when pyrophosphate. is the co-ligand, the inhibition constant
of the exchange reaction would lndecd be expected to have a
higher value.

Kinetics of Binding of 2-Methyl-1-butylamine in the Pres-
ence of ATP. The value of the dissociation constant for bind-
ing' of 2-methyl-1-butylamine to lle-tRNA synthetase-ATP
is comparable with the value for L-isoleucine. It was of in-
terest to see whether the kinetics were also similar. Fluores-
cence was measured as a function of time following the rapid
mixing. of a solution containing enzyme plus TNS with a
solution containing ATP, TNS, .and 2-methyl-1-butylamine
at. various concentrations: Only one process was observed
which did not appear when the solutions containing the re-
actants separately were mixed with an enzyme solution. The
observed rate constants werc plotted as shown in Figure 5§
as a function of the concentration. The lincar concentration

dependence is consistent with the appdrcnt bimolecular

reaction

L
E 1=l
ke

and the' values for the rate. constants, %, and k., were
determined from eq 2 1o be k= 1.5 X 108 M ' aee ! and

L-isoleucine (mM)

0 . 0.05 0.10
100 *

75 -
v

(3]

2 50 .
H

o

K

28 .

1 o 1
o . ... 005 0.10
(2-methyl-1-butylamine), (mM)

FIGURE 5: Kinetics of fluorescence quenching following rapid mixing
of a solution containing ¢enzyme with a solution containing ATP
plus 2-methyl-1-butylamine (open circles) or t-isoleucine (filled
circles), at pH 8.0, 25°. Experiments were accomplished with a modi-
fied Durrum-Gibson Stopped-flow spectrofluorimeter. Initial con-
centrations were 0.075 um Hle-tRNA synthetase. 43 um TNS. 1

mM ATP, 0.05M Tris-HCl, and 0.01 M 2-mercaptoethanol.

ko = 4-sec™!. The value for the kinetically deﬁned dissocia-" -
tion constant, K, = ky/kiz = 2.6 uM is in agreement with
the value from the titration' experiments. The kinetic con- .
stants were found to be indeed similar to those observed for
L-isoleucine, namely. Ay, = 2.2-X 108 M ! sec ! and kn = .
15 sec=! (Holler and Calvin, 1972). ) :

pH Dependence for L-Isoleucine Binding and Fluorescence |
Queriching. The following investigation was designed to col-
lect information about ionizing groups which are somehow
involved in substrate binding and fluorescence quenching.
The dissociation: constant for the binding of L-isoleucine .
and the fluorescence intensities of the enzyme-TNS complex
and of the enzyme-TNS-L-isoleucine compiex were measured
over the pH range 7-10 at a constant ionic strength of 0.05
s (Figure 6). We believe that no pH-dependent denaturation
occurs in this range for the following reasons. (1) Fluorescence
of the protein when excited at 280 nm has been reported to
be sensitive to denaturation (Penzer er al.. 1971). Thus, pro-
tein fluorescence may be used to determine when denatura-
tion occurs. Upon increasing pH. we found that fluorescence
became unstable only when pH 10 was exceeded. (2) The
degree of fluorescence at saturating concentrations of L-
isoleucine was found to be invariant dgainst ‘pH. This ob-
servation would hardly - be Lonmsunl with a pH-induced
denaturation.

It is seen from Figurc 6 that fluorescence of the enzyme-
TNS complex begins to decrease when pH 8.5 is exceeded.
Similarly, the stability of the enzyme-L-isoleucine complex,
as reflected by the value of Kpi.. remains constant up to pH
8.5, and then décreases. The fluorescence of the enzyme-
TNS-L-isoleucine is invariant against pH and apparently
coincides with fluorescence of the enzyme -TNS complex
at pH 10. The observations are consistent with & pA(app) =
9.3-9.5 for an ionization of a group involved 'in the L-iso-
leucine-induced  fluorescence  quénching. The pH  profile

-for the dissociation constant s 100 incomplete 10 decide

whether it is determined lw the sane pl\(.mp)
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FIGURE 6: Fluorescence intensity of Ile-tRNA synthetase-TNS and
of the Ile-tRNA synthetase-TNS-L-isoleucine complex (a) and the
stability of the Ile-tRNA synthetase-TNS-L-isoleucine complex (b)

as a function of the pH of the reaction mixture at 25°. Squares refer

to the enzyme-TNS complex and circles to the enzyme-TNS-L-
isoleucine complex. Excitation at 290 nm is indicated by open sym-

bols and excitation at 366 nm by filled symbols. Emission was ob- *
served at 470 nm. The values for the fluorescence intensity are nor- .

- malized to those at pH 7.25. Initial concentrations were 0.18 uMm
enzyme, 9 uMm TNS, 4 uM to 2.4 mM L-isoleucine, 0.05 M Tris-HC], and
sufficient NaCl to provide a constant ionic strength of 0.05 M, Note
the stronger quenching for excitation at 290 nm, giving evidence for
a substrate-induced conformation change (Holler er al.. 1971).

ATP and Related Compounds. The interaction of ATP and
related compounds with Ile-tRNA synthetase was investi-
gated in a fashion similar to that for vL-isoleucine and related
compounds. The results from ATP-{??P]PP; exchange and
- titration experiments are summarized in Table 1I. Inhibition
constanits were measured against ATP. AMP, adenosine,
adenine, and D-ribose were found to be competitive inhib-
itors. A typical Lineweaver-Burk plot (Linewecaver and Burk,

1934) is shown for ATP, adenosine, and adenine in Figure. 7.

Some of the observations for the L-isoleucine related com-
- pounds were repeated here. (1) The values for the Michaelis-
Menteén constants are similar to the values of the dissociation
constants as determined from fluorescence titration. (2) The
degree of fluorescence quenching is the same for L~ |son(|ne
ATP, and pyrophosphate.

When the inhibition constant of adenosine is compared
with those of its components, adenine and p-ribose, we find
that the Ki(app) for adenosine is approximately equal to the
product of the K;(app) values for the latter two compounds,
-indicating the likelihood that the adenyl dand ribosyl moicties
of adenosine bind essentially independently of one another.

When we compare the binding of ATP with its compo-
nents, AMP and pyrophosbhate, however,“we discover that
. all three bind with roughly equivalent affinitics. Thus the

dissociation constant of ATP is much greater than would

have been predicted from_ the dissociation constants of - the
subunits. . . .
Discussion

Ile-tRNA synthetase very likely exists as a monomer in
aqueous solutions under conditions similar to those used in
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- TABLE 11: Interaction of ATP and Related Compounds with

Ile-tRNA Synthetase at pH8.0.°

Max
' Ki Kun Quench-
Compound Method (mM) (mM) ~ K.(mm)  ing®
ATP F : - 025003 1.0
) P’ s 0.15. v
F (37°) N 0.52¢
) P (379 o 0.42¢ E
AMP F : . 075 21 0.6
. P@(370 0.9 : .
Adenosine P (37°9) 0.25¢
Adenine P (37°) 30¢
p-Ribose P(37°) 17%¢ . .
Pyrophosphate F 0.26 £0.07 1.0
S | 4 . : 0.03

¢ Investigation at 25° unless otherwise stated: The same
comments apply as for Table 1. ®Standard deviations are
10-15%,. < Cole and Schimmel, 1970. ¢ Experimental error
was not calculated.  Based on assumptions that only the
B-furanose form is inhibitory and that this form comprises

18% of the p-ribose in an agueous solution at Lqulllhnum
(Angyal and Pickles, 1967).

our experiments (Baldwin and Berg, 1966; Arndi and Berg,
1970; Berthelot and Yaniv,1970). One molecule of L-isoleucine

(Berthelot and. Yaniv, 1970) or. one molécule of L-isoleucyl .

adenylate (Baldwin and Berg, 1966) was found to combine

with one molecule of enzyme; suggesting one active site per

protein molecule. This conclusion is in accord with our find-

ing that kinetic and equilibrium investigations are interpret-

able on basis of a single site for each ligand under study.
Structural Components of the U-Iseleucine Specific Site.

Loftfield and Eigner (1966) have discussed the*involvement o
of hydrophobic forces in the specific enzyme-L-isoleucine

interaction. Further evidence has been reported by Holler
and Calvin (1972) on the basis of thermodynamic properties.

Particular information is gained by comparison of the values

for the dissociation and Michaelis-Menten constants of
compounds with varying structures of the side chain. Removal
of the 3-methyl group of L-isoleucine as in a-DL-arminopen-
tanoic acid is associated with a 400-fold increase of the value
for ‘the dissociation constant, equivalent with the loss of
approximately 3.6 kcal for the, standard free energy of com-

. plex formation. (No correction is-made for the » enantiomer.
. If the n enantiomerdocs not bind. lh'c actual loss is smaller

by 0.4 kcal.)

~ Similarly, when the methyl group of the longu tail of the .
‘L-isoleucine side -chain is removed. generating L-valine. 2.2

kcal is lost. We conclude that both the methyl and the ‘ethyl

groups of L-isoleucine bind to subsites which are both hydro-

phobic. Consequently, when the nulh)lcm group of the
cthylene subsite is replaced by oxygen; the extent of hydro-
phobic interaction is decreased as indicated by the loss of
1.9 kecal of standard free energy as evaluated for O-methyl-
threonine. The increments. for hydrophobic: binding exceed

by far what is known from analysis of enzymie-ligand inter-
actions. Heidberg er al. (1967) have investigated in’ detail -

the hydrophobic interaction between 1-n-alkylamines and

‘the active site of trypsin. They have-determined the incre-
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ments to be 1.5 kcal for the methyl group and 1.1 kcal for
the methylene group, the same values as have been found
for the transfer of hydrocarbons from water to nonpolar
solvents (Kauzmann, 1959; Nemethy and Scheraga, 1962).

A similar conclusion has been put forward by Loftfield and’

Eigner (1966). ~ . ]

It was of further interest to determine. whether the two
hydrophobic subsites, which may be considered as: pockets
or slots, were closed at their ends, as is the case for trypsin
and. chymotrypsin (Steitz et al., 1969). When the n-alkyl
side, chain of the a-aminopentanoic acid is elongated we ex-
pect one of two alternative responses. Either the clongated
tail extends beyond the end of the slot if it is open, or the
a-amino group and the carboxylic group are pushed out of
their places into catalytically improper positions if the end
of the slot is closed. For the first alternative, we would expect
that the elongated substrate maintains the same level of ATP-

[3?P]PP; exchange as observed for a-aminopentanoic acid .

and that the Michaelis-Menten constant would be almost
invariant. For the second alfernative, a substantial decrease
in the rate of exchange and binding aflinity would be expected.

Comparison of the data for a-pL-aminopentanoic acid, a-pL-

aminohexanoic acid, and a-DL-aminoheptanoic acid indicates
that both parameters were only slightly changed, suggesting
that one, if not both, ends of the subsites are not rigidly closed.

The results of the removal of the a-amino or carboxylic
group are intriguing. When they were both removed and the
carboxylic group was replaced by an alcohol or aldehyde
group the affinity for forming complexes with Ile-tRNA
synthetase dropped by 3.7 kcal for the 3-methylpentyl-1-
derivatives and by 4.8 kcal for 2-methyl-1-butanol. The dif-
ferent values indicate a weak interaction for the alcohol

or"aidehyd_e group of the 3-methylpentyl-1 derivatives. -

However, when this group becomes a carboxylic group,

" interaction is abolished. It is possible that the ‘alcohol

or (hydrated) aldehyde group interacts tia a hydrogen bond
with the enzyme and that the abolishing effect of a carboxylic

. group’is an electrostatic repulsion directed from’ a negatively

charged group at the active site. Possibly this negative charge
could interact favorably with the a-ammonium group: of
the amino acids, contributing the 3.7 kcal missing for the
neutral 3-methylpentyl-1 - derivatives. However, we learn
from the dissociation constants for vL-isoleucinol -and 2-
methyl-1-butylamine (in the absence of co-ligands) that our
model is- incomplete or incorrect. Comparing L-isoleucine
with L-isoleucinol and 2-methyl-1-butylamine (in the absence
of co-ligands) we find that stability of the enzyme-ligand

complexes is decreased by 4.1 and 4.5 kcal, respectively..

Thus, incorporation of the a-amino group alone does not
enhance the binding affinity. Yet, in the specific substrate
L-isoleucine the a-amino group must contribute, at least 4.5
kcal, the only difference being that the carboxylic group is
present. Apparently, both groups must be involved simulta-
neously in order to provide a maximum of interaction. A
sensible approdch to. mimic the electrostatic effect of the
carboxylic group se¢med to us to provide an additional ex-
ternal negative charge, for instance, by binding ATP, AMP,
or pyrophosphate to their specific sites. The outcome of the

experiments. is in accord with our assumption. When ATP
s present as a co-ligand, 2-methyi-1-butylamine binds as
strongly as L-isoleucine. The effects for AMP and pyrophos-

phate arc gradually weaker. Similarly, 1-isoleucinol binds
60 times more strongly under conditions of ATP [*:PIPP;
exchange than in the absence of co-ligands. The similarity
of the interactions of 2-methyl-1-butylaminé and t-isoleucine
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FIGURE 7: Lineweaver-Burk plot for the rate of ATP-{*?P]PF, ex-
change as a function of the ATP concentration in the presence of
tnhibitors, 37° pH 8.0. Initial concentrations were 1.2 nm lle-tRNA
synthetase, 2 mas L-150leucine, 2 mm sodium pyrophosphate, 10
my KF, 0.1 M Tris-HCLL 0.01 M 2-mercaptoethanol. '0.05-5 mwm
ATP. The reaction’ mixture contained (a) no inhibitor. (b) 10 mwm
adenine, and (¢) 5.5 mwm adenosine. The concentration of MgCl: was
varied concomitantly with the concentration of ATP to provide a 1
mM excess of magnesium over the total concentration of ATP plus
pyrophosphate.

with He-tRNA synthetase includes also the kinetic constants,
as is indicated in Figure 5, and presumably also the type of .
mechanisms, which was found to be a two:step process for

- L-isoleucine (Holler and Calvin, 1972).

The observation that  L-isoleucine-related  compounds.
lacking cither the a-ammonium group or the carboxylic
group, are poor inhibitors. if at all, together with the finding
that ATP, AMP. and pyrophosphate promote the interaction
between the active site and an inhibitor lacking the carboxylic
group, can be understood on the basis of the following tenta-
tive model. One of the structural components-of the active
site is an ion pair. Binding of L-isoleucine is associated with
an opening of the pair and formation of new pairs at the a- -
ammonium group and at the carboxylic group. respectively,

" of the substrate. The positive charge paired with the substrate

carboxylic group may simullanbomly interact with the oligo-
phosphate group of ATP. Since. we have found that binding

" of v-isoleucine and ATP is independent (Holler er al., 1971).

this positively charged group must have a similar position

in both enzyme ligand complexes. The opening of the ion

pair could be the initiation of the conformation change which
was observed to follow the attachment of L-isoleucine to
the enzyme (Yarus and Berg. 1969 Holier ez al., 1971; Holler
and Calvin, 1972). The ion pair is also opened when, for in-

- stance, ATP binds to its specific site. The rate of the opening

(and the conformation change) varics with the extent of the
side chains of both the L-isoleucine-related compounds and
the ATP-related compounds. Ih the case when the carboxylic -
group is lacking, as_for L-isoleucinol and 2-methyl-1-butyl-
amine. the open ion pair is poorly stabilized, presumably
because positively ‘charged groups approach cach other too
closely. However. when the open conformation has already
been stabilized by ATP or related compounds, attachment
of the inhibitor is ¢asy. . ) o

The extent of the conformation change is reflected in the
degree of fluorescence quenching induced by binding of the

. various ligands. From Tables I and 1 we have-cvidence that
the extent is invariant, against: the structure of the compound

in the binary enzyme ligand complex. Thus, neutral L-iso-
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leucme-related compounds induce the same degree of quench-
ing as do L-isoleucine, ATP, AMP, and pyrophosphate.
Apparently, the hydrophobic binding is rigidly coupled to
the opening of the ion pair. Moreover, the rigidity of the sub-
strate specific site is indicated by only a threefold decrease
in the maximum rate of ATP-[*2P]PP; exchange as compared
with a 3000-fold difference between the values for Kn(app)
when L-isoleucine and a-DL-aminoheptanoic acid are com-
pared (Table I). Furthermore, rigidity may be the reason
why methylation or guanidation of the a-amino group is
associated with a complete loss of binding ability. Apparently,
binding of the modified ammonium group is prohibited by
steric hindrance, thus concomitantly preventing binding at
. the rigidly coupled hydrophobic site. As- has been pointed
out by Loftfield and Eigner (1966), this rigidity is in severe
contrast to the sensitivity ‘of the rate of hydrolysis catalyzed
by chymotrypsin and trypsin as a function of the stability
of the enzyme-substrate complexes.

From the description of our model an easy test of the ion-
pair hypothesis is suggested. It must be possible to open the
ioni pair simply by pH titration, by neutralizing the positive
component. We have done the experiment, Figure 6, follow-
ing the fluorescence properties of the enzyme -TNS and the

- enzyme-TNS-L-isoleucine bomplc)g. In accord with our
hypothesis, we found that fluorescence quenching is produced
on increasing pH, ultimately reaching that produced by the
binding of a substrate. The apparent pK of 9.5 is in agfee-
ment with the ionization of an amino group.’

In summary, we have presented evidence for the existence
of a hydrophobic binding site for t-isoleucine consisting of
two subsites to take up the methyl group and the ethy! éroup.
respectively, of the aliphatic side chain. One or both subsites

may be open at the ends. The strength of binding to these .

subsites cannot be accounted for on the basis of hydrophobic
interactions alone but presumably reflects a coupling to sec-
ondary interactions. It is supposed that the hydrophobic
binding is rigidly linked to the opening of an ion pair. The
opening is casily accomplished with v-isoleucine. ATP, or
AMP, but appears to be difficult with L-isoleucinol. 2-methyl-
1-butylamine, or 3-mecthylpentanoic - acid, presumably be-
cause of electrostatic repulsion. The strong inhibition ob-
served for t-isoleucinol and 2-methyl-t-butylamine as ob-
served in the ATP-[32P]PP; cxchange reaction is coupled to
the binding of ATP, whercas the binding of L-isolcucine appar-
ently is not. We think that care has to be taken when the
binding of an amino alcohol analog of an amino acid is used
as a tool to investigate the kinetic pathway of-the catalytic
reaction as has been done in the case of the leucyl activating
enzyme from E. coli (Rouget and Chapeville, 1971).
Free-Energy Considerations for the le-IRNA Synthetase
ATP Complex. We have recently preserited evidence (Holler

and Calvin, 1972) that formation of L-isoleucy! adenylate -

from L-isoleucine and ATP is promoted by approximately
5 kcal when substrates and products are ‘bound to Ile-tRNA

synthetase as compared to the reaction in the free solute -

state. The relation between the standard free energy for the
reaction of L-isoleucine and ATP and the standard frece encrgy

- of the reaction when they are bound to the enzyme is described.

by the followmg Lquatlon

+6 keat -
E -+ lle + ATP ==—> lle~AMP & PP, + E

41 keal
E lle' ATP === E-lle~ AMP- PP,
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It is seen that the r-isoleucyl adenylate formation is promoted
by complex formation with the reactants because the standard
frec energy of binding both substrates is overcompensated
by the standard free energy of binding both products. One
possible explanation is that ATP takes up free energy upon
binding to the enzyme resulting in partial distortion or strain
oflhos¢ parts of the substrate which have to undergo reaction.
As indicated in Table H, each of the structural components
of -ATP (i.e.. AMP and pyrophosphate) binds separately
to the enzyme with an affinity comparable to that of ATP
itself. Linked together as ATP. these components tend to
come as. close as possible into contact with their particular

binding sites in order to achieve a maximum of interaction.. -

This tendency apparently forcés. the ATP into a strained
configuration. The final result is a compromise between the

intensity of ligand-enzyme interaction and the degree of

distortion of ‘‘strain” of the ATP molecule. As an estimate
of the free energy taken up in the distortion, we may consider
the difference between the free energy of binding of ATP
and the sum of the binding encrgics of AMP and pyrophos-
phate as determined from the dissociation constants. Thus.
AG i = AGate — (AGavp -+ AGN- } == —Skeal + 4.3 keal
- 5 keal = 4.3 kcal. Of course, this mkulalmn can only be

“regarded as a crude approximation. Nevertheless. the value of

4.3 kcal for AG iz, is in agreement with the estimated § keal
by which the enzyme-mediated i-isoleucine activation | is
favored over the non enzymic reaction. )

We found that adenosine is bound somewhat more strongly

than AMP. A tight binding of moictics on hoth sides of the

residue undergoing reaction is exactly what one would antic-
ipate for the effectiveness of a distortion in enhancing Teac-
tivity. Since it is the a-phosphate of ATE which undergoes

nucleophific substitution in- the reaction. we would have -
indeed expected the adenosine and the g.y- p\rophosphdu

to be bound quiic strongly to the ¢nzyme.

We have tentatively proposed that ATP assumces a hlgh
cnergy state when bound to the enzyme. A high cnergy state
of the substrate has been proposéd for the hydrolysis of
chitohexose by lysozyme on the basis of crystallographic and
chemical evidence (Blake er al.. 1967 Rupley and Gates.
1967; Rupley ef «f., 1967). The hypothesis may be of general
interest. Santi er af. (1971 have reported values of the Mi-
chaclis Menten and inhibition constants for the interaction
of ATP. AMP. adenosine. and pyrophosphate with Phe-
tRNA synthetase from E. coli which are consistent with the
hypothesis.

The ATP {**P}PP, \\thdn[,L reaction of the L-isoleucine

system requires magnesium ions. We believe that the func- -

tion of magnesium may be understood mainly in terms of
orientation of the p)mphosphau moiety within the Mich-
aclis-Menten complexes and possibly as a stabilizer of the
transition state. as has been discussed by Santi er al. (1971).
L\pmmnnls are underway to clucidate this munnmenl and

" to add support to our hypothusis.
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" techniques and met with a uinifovr‘rh lack of success. lItvseievr:n.s unlikely
.that_the adenosine moiety of the latter should differ $ignificantly in re-

- activity from that of the former. We feel that the reported c'o'tipling§ \
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k A mé.jor obvstaclv'e to tixe' use of ’i'hsolubiliz'é‘d ,-e.rlzyrfnes for thé large -
scale"sy}ﬁthesis of_va'rious. .'r'natberi_al"s hasbeeh vt.h‘_,eva .'_,réqﬁirem.ent‘ Qf co-
enIZ}'rme‘s:':fé:i;" many ofthe Ipos sibie f_eaétidth I‘I.i‘.th“'é"c'urrent state of
the art, 1t -hvaslbeen necesséry to iarovide the Cbeﬁ'zyrhes in the reaction
Brd‘fh. : T‘hvis'v'r;ecess'itates' the Sub.slquént.sépérét‘idr»i of the coenzyme
from t}.1e> }:;vroduct and its disp'_os.al or recycling. Either approach is ‘
econ,bfni‘éal_l'y unfe-a.sible. | |

A vso.luu;t‘ivon_to thls vp.roblem would be thg avt_tachvrrjl‘én't of the vcoenZy‘me
to the rhatfrix .to'which'vthe‘e’hz;rm.e is boi.);nd.' ‘The vc_o_erivxyme rhust be

attached in such a way that it may interact freely_with'- the enzyme during

the reaction and then d.iv‘ffu'se away to be reger_lerate‘d either by cheap, = .

" ‘soluble reagents in the broth which can be readily: sﬁiéparated from the

-produc_t, or, where appropriate, by a second en'z_ir'jr'ne bound to the matrix. .
W'erb'e.lic‘ev'ye that N(_)v—subsvtitut'ed NAD" or NADP could be synthe s-izéd_
and i.ns'o'l'u.biliz_'ed using techniques similar to'lfhééévi‘developéd.fb.r tiie in-
solvubilizéitiori of '-.I_J-:,:is'o'l'euciho;l aden"ylafe. | | |
Therévhra..vve been several reports in t_hé litera-'turébbof the ihsolﬁbiliza—
tion bo'i; NADT. It has reporte;ily' been attached to supports by feéction‘ :

with cyanogé_n bromide-activated agarose, 1 by coupling with a carbo-

vdiimidé, 1,2 or by diazonium coupling. 1_’ 3. All of the reactions Were

carried out on unmodified NAD+, and in all ca'se:s-.t}ie coupling was
postulated to have dccurred on the adenosine moiety. ~We-attempted to

couple N—t-BOC—L-isoléuc.inol_adenylate to agabro'se using’ all these -

b

‘may be quest'i'onable..
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.
Moreover, the covalent l1nkages which should have been produced by

these procedures can be expected to be qu1te labile and readily hydrolyzed

in neutral.solutl_on (see Part I, Sec. B). Attachment via N6-a1ky1 der1va-

tives should\yield a quite stable material._*

dur procedures can also be readi_ly adapted to attaChrnent of NAD'
.vby a polyethylene g‘ly‘col tail, which we believe .vvo'uld be most -suitable
vfor the proposed system Spec1f1cally, Polyglycolam1ne H- 163 could .
be reacted w1th 6- chloropurlne r1bos1de 5' phOSphate and the resultmg
'molecule_elaborated 1nto a substltut_ed NAD . Another molecul'e _of
Polyglycolamine H—1v673 could be attached t_o .the s,.upport (This coul'dbe
‘done concurrently vvith the insolubilization of the enzyr'ne) .The tWo
free hydroxyl ends of the der1vat1ves could be select1ve1y )o1ned w1th
d1v1nyl sulfone o |
..Referencee : ’ .
. C. R- 'Lowe and P. D. G. Dean, FEBS Lett. ’14’ 313 (1971).
2. K. Mosbach H. Gu1lford ‘R. Ohls son. and- M Scott, Blochem T,

127, 625 (1972).

3. M. K. Weibel, H. H. Weetall, and H. J. Bright, Biochem. Biophys.

. Res. cOmm ; 44, 347 (1971)

4. J. Porath and L Sundberg, Nature New B1ology, 238 261 (1972)

We real1ze that NAD itself will he slovvly degr;a"ded even in cold
neutral water However, it .should be poss1ble to prepare ‘the matrix in -
" such a way that the NAD 1s’ normally.ln a corn-plex w1th the enzyme.
This should result in consider'abl'e s.tahrilivzation -of the coen'zyrne (and_ ."_

should help stabiliz'e the enzyme as well).

|). . |
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