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.ACTIVE INSOLUBILIZATION OF BIOLOGICAL COMPOUNDS 

Petri e M. Rai ney 

Department of Chemistry 
and 

Laboratory of Chemical Biodynamics 
. Lawrence Berke 1 ey Laboratory 

University of California 
Berkeley, California 
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ABSTRACT 

Part I: The. mechanism of the pyrophosphate exchange reaction 

catalyzed by L-isoleucine tRNA synthet~se Was investigated by 

. studying "the binding of substrate .analogs. We found that the en

zymehas a rigidly defined active conformation. Binding of any sub- . 
, ; 

~trate suffices to induce this conformation totally. Conve~sion to 

the active conformation is linked to the o~ening of an ion pair in 

the acti ves ite .. ATP was found to be bound in a strained, high 

energy conformati on.. Thi s serves to promote the formati on of the 
- . . . , 

aminoacyl adenylate ... Certain topographical features of the active 

site.were determined. 

We further determi ned that adsorbents for affi ni ty chromato

graphy might best be prepared through attachment of L-isoleucine 

analogs via tails on C-l or by attachment of L-isoleucyl adenyl ate 

via tails on C-l of the isoleucyl moiety or on the 6-amino group of. . 

the purine moiety. Adsorbents using L-isoleucineesters as the in

solubil i zed i nhi bitor proved unsuccessful in effecti ng separa ti on 

. of the synthetase from contami nati 0.9 prote'i ns. Successful purifi

cation was achieved using L-isoleucinol adenyl ate attached to 
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agarose via an ethylaminosuccinylaminopropylaminopropyl tail on 

the 6-amino positi~n. 

Part II:· An attempt to puri fy RNA-di rected DNA polymerase 

by affinity chromatography using anadsorben't carrying N-amino-N

desmethylrifamp.icin as the insolubilized ligand gave inconclusive 
'. . , 
resu.ts. 

Part III: The binding of L-alanine, poly-OIL-alanine, AMP, 

and po]yadenylic acid to sodium, calcium, and aluminum montmoril1o'

nite was studied. Very low levels of binding were found in all 

cases. The montmorillonite mediated polymerization of L-alanyl 

adenyl ate ~as investigated. 
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INTRODUCTION 
"',", 

The titleoffhis thesis, "Active Insolubilization of Biolo

gical Compounds," refers to the attachm~nt of,biologically active 
'.. L ~ , 

compounds to insoluble' 'supports (either by adsorption o,r through 

the formation of' covalent bonds') in such away that some or all 

of the biological activity is retained. 'This is an enormous field 

and we have made no attempt to cover it here .. Rath~r, this title' 

was chosen because it is a dominant motif which links together the 

three projects deic~ibed herein (also, because our aspirations at 

the time at whic.h the title was selected were considerably gr~ater 

than our achieveme'nts have been). 

The fi rs t two parts i nvo 1 ve a ffi n ity chromatography, a tech

nique based on the ability of many biologicalmo1ecules to recog-
.. 

nize and bind to other molecules. The success·of the technique 

is dependent upon the insolubilization of such c, molecule in such 

a way that itsabil ity to recogni ze or be recogni zed is not 

impaired. 

It is also proposed that some of the synthetic techniques 

developed in Part I would be s~itable for the insolubilization 

of NAD+ orNADP in such a way that they retain their ability to 

-function as coenzymes. 

In Part III, L-alanyl adenjlate is insolubilized by adsorp

tion to montmorillonite clay. Such adsorptions have been postu-

lated as mechanisms for concentration of organic molecules in 
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the prebiotic ocean. Upon insolubilization, the ability of the 

adenyl ate to polymerize to yield polypeptides is not lonly main

tained, but enhanced. 

Other areas of active insolubilization, such as the prepara

tion of insolubilized enzymes, are not considered to a Significant 

extent in this work. 



' .. , ~ 

, . .. ;~. ~ 

. -1-

PART I: THE PURIFICATION OF L-ISOLEUCINE tRNA :SYNTHETASE 

FROM ~ COLI ~ BY AFFINITY CHROMATOGRAPHY 
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INTRODUCTION 

L-:-isoleucine tRNA synthetase (IRS)* is one of a family of en

zymes known· as ami nbacyl tRNA synthetases. These enzymes are res

. ponsible for charging molecules of tRNA with the appropriate amino 

acid. There is a separate enzyme for each of the naturally occur

ring amino aci ds, except glutamine.·} 

It has been shown that the protein synthesizing system recog

nizes Qnly the tRNA portion of the am;rloacyl tRNA and that misacyl

ation of a tRNAwill result in the incorp'oration of a wrong amino 

acid into the growi"ng protein. 2 The fidelity of ·prote.in synthesis 

is totally dependent on the correct attachment of amino acids to 

tRNAls by the synihetases. 

It has been estimated that the frequency with which an incorrect 
. . . 

amino acid is introduced into a protein in vivo is one in ten 

thousand.l·Aminoacyl tRNA synthetases would therefore be expected 

to show quite extraordinary specificity in selecting the correct 

amino acids and tRNAls. Studies on the synthetases in vitro have 

generally born out this presumption. However, under certain condi

tions mischarging has been observed,3-5 especially with IRS. 6- 8 

Our interest in IRS was ,predicated on this latter 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 learning 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 
\'-, 

~ i 

. -. 



::. ... 

."[',.r 

" '.-3-

possibility that the passage of nerve impulses could alter the 

nerve ce 11 mi cro-envi ronment in sUch a way as to induce specifi c 

misacy:lation, thus providing a possible mechanism for memory 

coding. , 

Although the latter hypothesis is ~dmittedly quite tenuous, 

the information which would be obtained from studies of IRS would 

be of value in increasing our knowl'edge ofa phase of protein syn

th'esis which is only beginning to be understood . 

. In order to tarry out such studies, it was necessary 'to obtain 

reasonable quantities ofpurlfied enzyme., The isolation of the en

zymeby classical 'techniques was quite slow and 'tedious and gqve 

very poor recoveries. 

We decided to try to take advantage of the'high specificity 

which the enzyme showed for its substrate, L-isoleucine. in order 

to effect a s'imple. one-steppLirification. That is, we would 

attach L-isoleucine by suitable means to an insoluble support. 
. ~", 

When cell sap containing IRS was passed through a column of such 

'materfal; the IRS would bind to the L-i~Qleucine and be'retarded or 

stopped in its Passage through the column, while all of the impuri

ties would pass directly through. If the IRS was sufficiently 

strongly bound so as to be retai ned on the column, it coul d be re

leased by passage of an eluent containtngfree L-isoleucine. The 

IRS would partition between the soluble and insoluble substrate and 

be thereby eluted. This technique has since become known as affinity 

chromatography. 

This was initially conceived as being a short term project. In 

practice. it turned out to be considerably more complicated than on 

, . '~ 
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paper, a'nd became the major porti on of my research. A number of 

binding 'studies were also undertaken on the synthetase, but even 

these were primarily directed toward determining how to' best i ' , I 

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

derableuseful information on the geome~ry of the active site as well. 

The binding studies and the preparation and testing of affinity 

columns were carried on concurrently and there was considerable 

interaction between the two lines of study. But for the purposes of 

pedagogy, the two lines of inquiry have been described separately in 

the fo Howi ng pages, wi th cross-references where pertinent. 

References 
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General Properties of Aminoacyl tRNA Synthetases 

Aminoacyl tRNA synthetases from the same organism show great 

variation in structure and are not c.lustered on the genetic map. 

It is quite possible that they may have evolved independently of 

one another; Yet there are certain features which appear common 

to all of them. 

For the synthetases whi ch have been studied, ·the fo 11 owi ng 

generalizations can be made: They are soluble enzymes found in 

the cell sap, are easily denatured, and (with_a few exceptions) 

are sensitive to anti-sulfhydryl agents. They are capable of 

carryi ng out the followi ng reactions: 

(1) AA + E + AlP AA 'V. AMP . + PPi ' 

(2 ) . E . AA 'VAMP + tRNA ;;<===.~> AA - tRNA + [+ AMP 

.It is. generally believed that the charging of tRNA's by the 

synthetases is carried-out via the above two-step mechanism, although 

there is also evidence to indicate that in vivo the charging may 

occur through a concerted rath~r than sequential pathway~l 

The synthetases show a hi gh degree .of specifi ci ty for thei r 

specific amino acid and tRNA, and are capable Of using only ATP o~ . 

dATP as an energy source. dATP has shown a higher KIn !than ATP for 

all synthetases tested. 1 
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Propertj es 'of IRS from E. Co 1; B' 

Jhe L-:isoleucine tRNA synthetase from Escherichia coli..§. was 

first isolated b~ Bergmann et ~. ',n '1960. 2 It is a single poly

peptide'chain3 of molecular ~eight 1l2~0004 with'one binding site' 

per mojecu1eforL-iso1~ucine,5AT~~5 ~~d tRNA i1e . 6 

The Michaelis constants for L-isoleucine and ATP are 5 ~ 10-6 

-4 " , '2ile moles/l. and 4 x 10 moles/l., respectively, and that of tRNA 
", \ . 

is 2 x 1O-7'moles/l. 4 The order of binding of the substrates has 

riot been determined. 

L-Valine as well as L-isoleucine can be utilized in the pyrophos

phate exchange reaction, Eq. (1). "The former has' a Michaelis constant 

of 4 x 10-4 ~oles/l; for this reaction. Howevef, the sy~thetase'wil1 

not charge tRNAile withL-valine. D~iso1euci~e and naturally occurring 

L-aminci acids other than L-isoleuc;~e and L-va1ine are not substrates 

for the,en~yme.2 

IRS.begini ~o denature at pHis less than Six2 or greater than 

ten. 8 Italsob~~o~es denatured in 2.5,M urea~ 3nd at temperatures 

greater tha~ 40~c.1 The binding of substrates Serves to protect the 

enzyme ,against denaturation by heat4 or urea. 9 

The enzyme also becomes inactive on standing in air. 2-Mercapto 

. ethanol prevents this inactivation and partially restores activity 

lost in this manner, suggesting one or more sulfhydryl groups are 

involved ,hi catalysis. Reaction with antisu1fhydryl reagents indi,... 

cated one substrate-protectable group and eight ,other titrable groups. 10 

The complex of the synthetase with L-iso1eucyl adenyl ate is very 

stable in the absence of pyrophosphate or ~~NAi1~ an~ can be isolated 

by gel filtration. ll 
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Binding Stud.ies 

We chose to investigate the geometry of the' IRS active site, 

both as.an aid to the synthesis of adsorbents for affinity chromato-
I 

graphy, and "because it was there" and deserved to be studied as 

part of the 'elucidation of the properties of aminoacyl tRNA synthe

tases .. This investigation was carried' out through the determination 

of inhibition constants· or Michaelis constants, and/or dissociation 

constants ofvafious substrate arialogs. 

Inhibltion constants were determfned by inhibition studies 

using.'the ATP - [32pl PP i exchange reaction described bi Norris and 

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

measured in the presence of a fixed amount of inhibitor and varying 

amounts of either L-isoleucineor MgATPas appropriate .. The inhibi

tor was 'at a concentration gr~ater than its inhibition constant, 

except. where this was impossible due to solubility limitations. The 
.' . . . I 

substrate not under variance was at sat~rating concentration. lhe 

data. were analyzed by the linearization procedure of Eadie13 / using 

least-square fits. Studies were carried out on IRS purified to homo

gene,ity following the procedure of Norris and Berg12 and/or on par-

tially pur~fi~dIRS (Cy gel eluate, see Seciion B, p. ). The 

results for studies using either preparation were equivalent. 

Michaelis constants were determined by varying the substrate 
, . 

concentration in a series of ATP - [32pJ PP i exchange reactions and 

plotting the data according to Eadie,13 except in the cases Qf a·OL

aminohexanoic and a-O,L-aminoheptanoic acids, which were analyzed by 

the procedure of Inagami. 14 The pr~cedure is described in Appendix B. 

. '. 

... ~1 



,1 

-9-

.,Dis·sociation constants were measured by Dr. Eggehard Holler 

using his' fluorescence quenching technique. 15 This procedure is'. 

also, described in Appendix B. 

1he results of these determinations are summarized in Table 

for L-isoleucine analogs and in Table'2for ATP analogs: 

Resul ts 

The following observations from the tables are particularly 
i 

worthy of note: 

For L-isoleucine analogs~ 

(1) Modification of the'·carboxylate yields compounds which are more 

weakly bound than,L-isoleucine. The amount of decrease in binding' 

affinity seems generally correlated with the amount of steric bulk 

in the modified moiety with the exception of the,he~yl ester t which 

binds slightly better than the ethyl. 

(2) The bindings of L-isoleucinol and 2-methyl-l-butylamine are 

considerably stronger when measured by the pyrophosphate exchange 

reaction (i.e. t in the presence of ATP) than when measured by fluores

cence quenching. For all other compounds for which binding was 

measured by both techniques, the inhibition and dissociation con

stantsare similar. 

(3) 'Modification or removal ·of the a-amino group results in a com-·, 

plete loss of ability of the analog to bind to IRS .. Removal of the 

a-amino group combined with conversion of thec~rboxy1ate to an un-

charged moiety gives a weakly binding compound . 

. ~ . 
"r '~'. '" 



-10- , 

Table 1. Binding Constants of L-iso1eucine and Analogs to 
L-iso1eucine t-RNA Synthetase 

Vmax 
Km K· "Ks or max 1 

Comeound Methoda (mo 1 es(~.} b (mo1es(Q.}b (mo1es/£)b guenching C 

L-isoleucine F 
5x10-6d 

5. ax10- 6 1.0 
P(37°) 1.0 

L-isoleucine 3x10-4 
v 

ethyl ester P (37°) 1.0 

L- i so reuci ne P(37°) -5 1.0 liexy1 ester 4xlO 

L':iso1eucino1 F' , 5.5x10- 3 , 1.0 ' ' 

2xlO-5 P(37°) 1.0 

l-n; tromethy1 P(37°) 4x10- 3 1.0 L-iso1eucino1 

2-methy1-1- F 
10-5 9xlO-3 1.0 

butylamine P 1.0 

N-methy1-D,L- F 
>10-2 None 

isoleucine P 

Guanidino-L- F None 
isoleucine P > 0.1 

3-methyl pen- F None 
tanoic acid P , >0.5 

3-methy1 1- F(100) -3 1 .'0 
pentano1 L6x10 

. ' 
3-metl1y1 ,1- F (l 0° ) 2.5xlO-3 1.0 pentanal 

O-methyl-L- F 
6xlO-5 

' 1. 2xlO- 4 1.0 
threonine " P 1.6 ~ ... 

L-va1ine F 
4xlO-4 1. 6x1 0-4 1.0 

pd o.a ", . 
L-norva1ine pe 1.5x10- 3 0.9 

L-a 11 oi so- pe 10-3 0.4 leucine 

a-D,L-amino- F 
10-3 

' 2x10-3 1.0 
pentanoic P 0.7 
acid 

" 
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Compound 

a~D;L-amino':' 
hexanoic 
acid 

a-D,L-amino
heptanoi c 
acid 

L-isoleucinol 
qdenylate 

L-isoleucinol 
N6-(2-amino
ethyl) 51

-

, adenyl ate 

· .'1 
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, Table ,(continued) 

'Km ' Ki ," 
Methoda (moles/.q,)b (moles/db 

F 
P7xlO-3 

P 

F(l 0°) 
'p (37° ) 

2xlO- 2 

-9 4xlO 

Vmax 
Ks b or max 

(moles/£) guenching C 

7xlO- 3 1.0 
0.35 

0.35 

f 

~ indi cates ATP- [ 32p] PPi exchange; F i ndi cate!; fl uorimetric t i tra
tion. Investigations at 25°C unless otherwise noted. 

~,= Michaelis constant; Ki = inhibition constant; Ks = dissocia
, "tion constant. 

~elative to value for L-isoleucine. VlIlax is the rate at extrapo
lated infinite substrate concentratlon for thuse compounds which 
are substrates and at extrapolated infinite L-isoleucine concen
trationfor those which are inhibitors. 

~Values from Berg, et ~. 16 

~Values from Loftfield and Eigner. 17 

fValues of Vmax were dependent onATP/inhibitor ratio. 
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Table 2 Binding Constants of ATP and Analogs to 
L-isoleucine t-RNA Synthetase Vmax 

Km Ki Ks or max 
Comeound Methoda (moles(l}b (molesLll b (molesLl)b guenchingC 

ATP' F 
4xlO~4 

2.5x10-4 1.0 
P 1.0 

AMP F 
9xl0-4 7.5xlO-4 0.6 

P 1.0 

Adenosine P 3xl0-4 1.0 
Adenine P 3xlO-2 LO .. 

O-Ribose P 2xl0-2d 1.0 , 
2.6xlO-4 Pyrophos ph'a te F 

3xlO-5 1.0 
pe,f 

Phosphate P 10-2 1.'0 

L~isol eucinol F(100) 
3xlO-8 10-8 . 1.0 

adenyl ate P --:--9 
N6-methyl AMP p 5xlO-3 .1.0. , 
L-igoleucino1 

N -methyl P- 2xlO-6 ---9 
adenyl ate 

N6-me thyl 6x10-3 0.9 adenosine 
N6~(6-aminohexyl) 

P 9xl0-4 0.25 adenosine 
N6~(2-aminoethyl) p 6xlO-4 0.1 adenosine 
L-isoleucinol N6_ 

5xlO-7 (2-aminoethyl) P ---9 
adenyl ate -

02:03~Isopropyli- P 
dene adenosine >10-2 1.0 

!.F indicates fluorimetrit titration at 25° unless otherwise noted. P 
. indicates ATP-[32p] PPi exch~nge at 37°. 

~m=Michaelis constant; Ki=inhibition constant; Ks=dissociation constant. 
£Relative to value for ATP. V max is the rate at extrapolated infinite 

concentration for ATP. 
!!eased on the assumptions that only the B-furanose is inhibi tory and 

that this form comprises 18% of the D-ribds~ in an. aqueous solution 
at equilibrium. 

~alue from Cole and Schimmel. 18 

!PP'i is a substrate for the exchange reaction as well as being a competi
. tive inhibitor of ATP, Vmax at extrapol~ted infinite ATP concentration 

will be dependent on the PPi concentratlon. . 
.9.Va 1 ue of Vmax i s dependent upon the L - i sol euci ne/i nhi bitorra ti o. 

! : 

II 

r I 
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(4) ~ernoval of a methyl from either branch of the side chain (L

valine and L-norvaline) resurtsina considerable decrease in 

bindingaffi nity without greatly affecti ng cata lyti c abil ity as 

measured by Vmax. Substitution of a hydrophilic oxygen for a methy

lene (O-methyl threonine) gives a similar reduction in binding and, 

interestingly, increases Vmax . 

(5) The effects of extension of either arm of the side chain, as 

determined by extrapolation from the differences between L-valine 

and L-all oiso leuci ne (extensi on of methyl arm), or among a-D,L-

ami nopentanoi c aci d, a~D ,L-ami nohexanoi c aci d~· and a-D ,L-ami nohepta

noic acid (extension of ethyl arm), are a·moderate reduction in 

bfnding as well as a detrease in vmax . 

(6) The maximum fluo~escence quen~hing was the same, within experi

menta 1 error, for a 11 compounds whi ch exhi bUed abil ity to bi nd to IRS. 

For ATP analogs: 

(1) ATP, AMP, adenosine, and pyrophosphate all bind to IRS with 

simil a r affi niti es. 

(2) The product of the inhibition constants of adenine and s-D~ribo

furanose is approximately equal to that of adenosine. 

(3) Alkylation on the 6-amino group is associated with a decrease 

in competitive binding and the appearance of apparent non-competitiv~ 

binding.' Extension of the alkyl group seems to reduce both types of 

. binding. Addition of anw-amino group to the alkyl group seems to 

increase_both types of bindi ng. 

(4}-Theresults ofN6,..alkylation are not always comparable among 

adenosine, AMP, and l-is6leucinol adenyl ate. 
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(5) 2'03'. l·d' d k b· d 0, -lsopropy 1 ene a enosine shows very wea 1n ing. 

(6) The maximum fluorescence quenching produced by ATP and pyrophos- \ 

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

gives ~ lesse~ fluorescence quenching. 

For L-i so leucyl adenyl ate analogs: 
" 

(1) The inhib~tion constant of L~isoleucinoladen~late (vs. L~isoleu

cine) is approximately equal to the product of the inhibition constants 

of ~-isoleucinol and adenosine. 

(2) L-isoleucinol adenylate and L-isoleUcinol N6_(2~aminoethyl) 

adenylate are competitive inhibitors of bot~ L-isoelucinea~d ATP. 

Their inhibition constants are lower when measured against L-isoleucine. 

(3) The comments on N6-alkylation above apply likewise here. 

(4) The maximum fluorescence_quenching cjf L~isoleucinol adenylate is 
> <. 

the same as that for L-isoleucine and its analogs. 

Discussion 

L-isoleucine tRNA synthetase has been shown to be a monomer.3 

with only one active site. 5,6 Our data are consistent with these 

findings, and have been interpreted on this basis. 

Our experiments were all carried out in the absence of tRNAi,le. 

It is possible that the formation of an IRS-tRNAile complex may r~

suIt in the alteration of the catalytic site and possibly even of 

the catalytic pathway. Comparison of our results with results ob

tained in the presence; of tRNAile would be of conJiderable interest. 

However, we perfonned no such experiments. The following discussion 

applies only to the free enzyme. 

,.-.'1 
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The 6rder6f binding of the substrates ha~ not been "determined. 

We beli.eveit is random. Both L-isoleucine and ATP can bind to IRS 

in the absence of the co-ligand, andth~ ~trength o~ this binding 
, " . . 

is little affected by the presence or absen.ce of the co-ligand, as 

shown by the very similar values obtained fbI" the Michaelis constants 

arid the.dissociation cbnstants. 

Moreover~ the binding of L-isoleucine, ATP, L-:isoleucyl adeny-: 

la~e' (formed in situ with L~isoleucine andATP), and L-isoleucinol 

adenylate all gave the same maximum fluorescence' quenching. This 

suggests that the binding' of any substrate induces the same confor

mational chan'ge in the enzyme to give the catalytically active con

fotm~tion. It is possible that 'the induction of the same fluorescence 

quenching may be fortuitous, but this is unlikely. (Furtherjustifi

cation for the correlation of fluorescence quenching with' confor

mational changes and for the equation of binding of substrates to, 

the TNS-IRS complex with binding to free IRS may be found ; n Holl er 

et al. 15 or in Appendix B). 

This confor'mation change appears to be induced not only by the 

binding of the natural substrates, but also by' all but one of the 

substrate analogs tested. With the exception of AMP, all of the 

compounds which were bound at all gave the same maXimum fluorescence 

quenching. 

Similarly, among those analogs which catalyzed the pyrophosphate 

exchange reaction· there was at most a threefold decrease in V max q)m

pared to differences of up to.3,OOO-fold in the Km values. This 

implies that the binding of a ligand to the enzyme is rigidly coupled 

to the induction of the "active" conformation. This behavior is in 
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marked contrast to that of enzymes such as chymotrypsin~ wherein the 

extent of conformati ona 1 change and the rate of cata lysi sis quite 

sensitive to the geometry of the ligand. 19 

Binding of L~isoleucine. The abolition of binding upon methyla

tion or guanidation of the ~-amino group of L-isoleucine can be 

undersiood in terms of simple steric hindrance. That binding is 

also aboli~hed upon r~moval of the 'amino group is somewhat more 

difficult to explain. A clue is offered by the fact that. conversion 

of ~he carboxyl~te to a neutral derivative conco~itant with removal 

of the amino .g~oupgives analogs to which bindirig ability has been 

restored,albeit at a very low level. A possible explanation is 

. that the protonated amino group is paired witli a negatively charged 

group on the enzyme. Removal of the amino group riot only eliminates 

the binding energy provided by ion br'idge formation but'also allows 

a~epulsive interaction between theunpair~d negatively-charged 

group on the enzyme and the carboxylate. Conversion of the carboxy':' 

late to' a neutral group eliminates this repulsion and allows the 
I . 

molecule to bind. The binding energy in the latter case is presumably 

proY"ided by the interaction of the side chain with the enzyme. 
, I 

When the carboxylate alone is removed to give 2-methyl-l-
., 

butylamine, the level of binding as measured by inhibition of the 

pyrophosphate exchange was reduced by a factor of two, but when 

measured by fluorescence quenching was reduced almost2000-fold. 
. \ 

The most obvious possible explanation for this discrepancy is that 

ATP enhances the bi ndi ng of the ana log .. The pyrophospha te exchange 

reaction occurs of necess i ty in the ,presence of ATP .. When the 

'- i 
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dissociation constant of 2-methyl-l-buty1amine was detennined from 

the fl uorescence quenchi ng in the presence of ATP, it was found to 

be 4 x 10-6 mOl~s/liter,8 a va1u~ which is lower than that of l-
I 

isoleucine itself. Similarly, the Ks w~s determined 'to be 3 x 10-5 

moles/l"iter in the presence 'of pyrophosphate~8 The value of 10-5 

mol~s/liter determined in the pyrophosphate exchange can be viewed 

as a weighted average of binding constants for the' enzyme-ATP complex 

and for an enzyme-pyrophosphate comp 1 ex (pyrophospha te is a competi

tive inhibitor of ATP as well as a substrate for the exchange). 

Similar re~ultswere obtained forl-isoleucinol, in which the 

carboxylate 'of l.:.isoleucine has been reduced to the uncharged alcohol. 

These results, as well as the previous ones, may be interpreted 

in terms of the following hypothesis: The binding of L-isoleucine 

is associated with the opening of an inn pair within the active site 

and the formation of new pairs with the ammonium and carboxylate 

moieti~s of the amino acid. Upon formation of l-isoleucyl adenylate 

the positive compor'ient of the active site becomes associated with 

, the phosphate. The absence of either the ammonium or the carboxyl ate 

leaves one of the charged enzymic components unpaired and results in , ' 

corresponding destabilization of the complex and weakening of the 

binding,. The absence of ~he carboxylate may be compensated for by 

the presence of ATP, AMP or pyrophosphate. This is quite reasonable 
I 

in view of the supposition that the positive group involved subse-

quently becomes associated with the a-phosphate. The pyrophosphate 

binding site is only proximal to the carboxylate and a-phosphate 
I 

s i tE!S, and pyrophosphate therefore cannot interact as effect; ve ly. 

The enhancement of binding in the presence of pyrophosphate is accor

I dingly considerably less than that seen for ATP or AMP. 

" " 
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If this hypothesis is correct, one should be able to test it by 

neutralizing one of the components of the ion pair by titration. 

Basic titration indicated the presence of a group with a pKa (app.) 

of 9.4 - 9.5, the neutralization of which was associated with a de-

crease in binding Of L-isoleucine and the induction of fluoresce~ce 

quenching equal to that induced by the binding of 'a substrate (see 

Appendix B). Acid titration ~as not attempted because the expected 

pKa of the negative group was considerably below the pH at which 

denaturation hegins to occur (i.e., pH 6). 

When conversion bf the carboxyl~ie to a neutral derivative was 

accompahied by an increase 'in size of the residue, as in L-isoleucine 

ethyl ester or l-nitromethyl L-isoleucinol, the level of binding 

dropped below that seen for L-isoleucinol or 2-methyl-l-butylamine. 

This is presumably a simple steric effect. However, on going from 

the ethyl to the hexyl ester, binding is increased. Any 'reduction 

in binding due to stericinterference appears to be offset by hydro

phobic interactions. Santiet~. have ,reported a similar effect 

for the binding of phenylalanyl esters to PRS. 22 Initially we 

thought the hexylgroup might be binding toa part of the adenosine 

binding site. ,However, L-isoleucine hexyl ester was not a competi
i 

tive inhibitor of ATP. 

We also determined the effects of short~ning or lengthening the 

branches of the side chain. The removal of a methylene from the 

ethyl or m~thyl branches of L-isoleucine gives L-valine and L-norvaline 

(a-L-ami nopentano; c ac; d), respecti ve ly. The values of V max were 

orily slightly decreased and the maximum fluorescence quenching re

mained unchanged. The values of the binding constants were 

)'-,( 

,;;;. ,< 
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significantly increased. The losses in freeel1ergy of binding 

corresponding to the increase in Ks were 3.2 Kcal/mole for removal 

of thes-methyl and 2 .2 Kca 1 for loss' of the y methyl. These 
. '. . 

values are consider'ab1y highe~ than the value Df 1.1 Kcal/mole for 

1 . l' 25 the transfer of a methy ene from water to a non-polar so vent. 

The strength of binding cannot be explained, completely on the i 

bas is of hydrophobi c interactions. ' Thi 5 di scr~pancy was also 

noted by Loftfi e1 i4 who pos tul ated space-fi 11'; ng effects to account 

fo'r it. When we determined the binding of O":methyl threonine, an 

analog in which a methylene has been replaced by Ii hydrophilic 

oxygen, the increase in ~ corresponded to a loss of 1.9 Kcal/mole 

in binding energy~ This is also excessive. The difference cannot 

be explained by space-filling considerations since rio "hole" reniains 

in the binding site when this ana10qis bound. Additional factors 

ni~st be ~perati~e in producing these sort~ of ~ff~cts - effects which 

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

synthetase. At this point,we cannot propose a good explanation for 

these 'results. ,We believe they may be linked to the apparent rigid 

coupling between the binding of the side chain and the induction of 

the fixed active conformation. 

The effect of elongation of the methyl branch of the side chain 

was detennined using L-alloisoleucine. Because it has an inverted 

configuration at carbon J~ it is expected that on binding to IRS, 

the methyl group wi 11 occupy the ethyl subs ite and vi ce versa. The 

changes noted in the parameters will be the result of both elongation 

of the methyl and shortening of the ethyl. In order to determine the 

effeCts of elongation of the methyl only, the data were compared with 

those for L-valine. 
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The V value was approximately halved and the binding was re-max 
duced six-fold in going from L-valine to L-alloisoleucine. The 

effect of extendi ng the methyl group is sl i ght. The resu lts i ndi

cate that the methyl binding site i~ not rigidly closed at the e~d 

as is the case for trypsin and chymotrypsin. 20 Were the subsite a. 

closed pocket, the presence of the extra methyl could be expected 

to push .the rest of the analog into a catalytically improper posi.,. 

tion, with the result of substantial decreases in binding'and 

maximum rate of catalysis. 

The effect of lengthening the ethyl branch was determined by 

compari ng the parameters for a-D ,L-·am; nohexanoi c acid and a-D ,L-amino

heptClnoic acid with those for (I-[j.L~aminopentanoic acid. The results 

for addition of one methylene were almost identical to those seen 

for extension of the methyl branch. Additio~ of a second methylene 

gave a slight further reduction in binding, but did not affect Vmax ' 

The argument for an open-ended methyl site may be invoked re

gardi ng the open-endednessof the ethyl bi ndi ng site as well. In 
i 

this case, it canhot be completely rigorous: The lack of branching 

on the side chains of these analogs will allow them to bind to 

either the methyl or the ethyl subsite. The methyl subsitehas 

already been shown to be open-ended and capable of accomodating the 
I 

longer chains~ The results may reflect binding of the side chain to 

. the methyl site. We can only say that the ethyl subsite may also be 

open-ended. 

Binding ofATP. 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 approximately equal to the inhibition , 
I 

/ 
i 

, , 
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constant of adenosine. Assuming that the inhibition constants are 

good !11easures of the dissociation constants, this is equivalent to 

sayi,ng that the free energy of bi ndi ng of adenosi ne is approxi '

mately.the sum of t~e free energy of binding of its components. 

Speci fi ca 11 y, tlGAde + tlGri b =2.2 Kca 1 + 2.4 Kca 1= 4.6 Kca 1 ; 

tlGAdo = 5.0 KcaL The extra 0.4 Kca] OT binding energy may be as

cribed to a lesser decrease in entropy upon birjding the single 

molecule 01 adenosine relative to the binding df the two molecules 

of its components .. The binding of adenosine is presumably the re

sult of the independent binding of its components. 

aile might expect a simi Tar relationship to he found alTlong the 

binding constants for ATP, AMP, and pyrophosphate. Surpdsingly,· 

the dissociation constant for ATr is app;oximately the same as that 

of either AMP or pyrophosphate alone. Upon making the appropriate 

calculations, it is found that th~ free energy of binding of ATP is 

4.3 Kcal/mo 1 e 1 essthan the sum of the bi ndi ng energies of AMP and 

pyrophospha te. 

On the basis of kinetic evidence, it has been proposed that 

the formation of L-isoleucyl adenyl ate is promoted by approximately 

5 Kcal/mole when the substrates are bound to IRS relative to forma

tionin solution. 2l One possible explanation is that upon binding 

to the enzyme ATP becomes distorted or strained at its reaction 

site so as to facilitate the reaction. The decrease in free energy 

of binding ofATP to the enzyme relative to that of its components 

may be taken as a measure of the strain energy. 

The value of 4.3 Kcal/mole for the strain energy does not 

account for all 5 Kcal/mole by which the reaction is promoted. This 
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,discrepancy can be accounted for by entropy considerations, or it 

may be the result of the difference in binding 'of adenosine and 

AMP. The free energy of binding of AMP is 0.6 Kcal/mole less than 

that of adenosine. Apparently, as the adenosine and the S,y

pyrophosphate moieties bind to their subsites, a severe distortion 

is induced at the ex-phosphate. (This is preCisely where one would 

expect distortion ,'to be'most effective in promoting the reaction, 

since it is the residue which undergoes substitution.) The resulting 

binding is a compromise between maximiiation of ligand-enzyme inter

action and minimization of strain. Upon formation of the L-isoleucyl 

adenylate, the strain is released and the components 'achieve maximum 

interaction with their bi'nding sites. 

, The effe~t of N6-alkylation ofATP analogs was to decrease 

binding moderately while introducing a decrease in Vmax which was 
, ' 

quite unpredictable. The data are too incomplete to determine any 

very meaningful structlJre-activity relationship for the N6-side 

chains. (Adenosine derivatives having hydrocarbon chains longer 

than 'methyl are too insoluble 'for testing.) We believe that the 

reduction in Vmax may be the result of anon-competitijve inhibition. 

That is,' binding of the N6,;;.alkyl derivatives causes a distortion of 
I 

the active site which reduces its ability to bind L-"isoleucine. This 

is suggested by the fact that alkylation of the L-isoleucinol adeny-' 

late produces a much greater reduction in binding than does the 

corresponding alkylation of adenosine. Rouget and Chapeville have 

reported that N6-(2-hyd'roxyethyl) ATP is a competiti-ve inhibitor of, 

L-leucine with L·leucine tRNA synthetase. 23 N6-methyl adenosine 

shows no competitive inhibition of L-isoleucine, but it also has 

I 
i' 

I j 
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1 i ttl e effect on V max' .. ' The ami noal kyl adenos ineshave not been tested. 

Modification of the 2' and 3' hydroxyls seems to have fairly 

drastic effects on the binding. Deoxy-ATPcan serve as an energy 

Source for the exchange reaction. Mitra and Mehler studied dATP as a 

substrate for the tRNAcharging reaction and· found a reduction in 

reaction rate as well as a significant increase in ~.2,4 These 

results ate not strictly cdmparable to'our studies, since tRNA was 

pre~ent, but they are indicative. We found no measurable binding 
2' .' 3' 

with 0 ,O-isopropylidene adenosine.! 

Binding of L-isoleucyl adenyl ate. L-isoleucyl adenyl ate is too 

unstable to be studied directly. Therefore, the stable analog, L':' 

isoleucinol adenylate was used as a model. This compound shows 

different inhibition constants when measured against L-isoleuCine 

and ATP. Thi s effect presumably i sa resul t of the fact that the 

Ki(app) will be affected by the concentration of the substrate which 

is not varied since L-isoleucinol adenylate is a competitive inhibitor 

tif bothsubstrates.Th~ level of the fi~e~ iubstrit~was' 2 x lO-3 M 

in the studies. But since L-isoleucine binds mOt'e tightly than ATP, 

its effect on reducing the bindin~ of the L-isoleucinol adenylate will 

be more marked and the Ki(app) measured with ATP as the varied sub-

strate will be lower. The dissociation constant, measured in the 

absence of either substrate, had a value betweenthose'of the Ki(app}'s. 

Because L-isoleucinol adenylate ~ompetes with both substrates, 

the value of Vmax will be dependent upon the ratio of the inhibitor 

to the fixed substrate. Accordingly, values of Vmax were determined 

for extrapolated i nfi ni teATP concentration at several concentrations 
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of L-isoleucine both in the presence and absence of inhibitor. The 

values of Vmax were then plotted as functions of the L-isoleucine 

~oncentration according to th~ method of ~adie.13 This gave a 

Michaelis constant for L-isoleucine of 6x 10-6 moles/liter and an. 
. . 

inhibition constant for the L-isoleucinol adenylate of 10-8 mole/ 

liter .. The (Vmax)m~x values for both plots Here identical, indi

catillg true competitive inhibition~ 

The product of the inhibition con~tants of adenine and L~ 

i sol eucino lis 6 'x 10-9 ascompared with 10-8 for L-i so 1 euci no 1 

adenylate. This indicates that the binding of L-isoleucinoladeny

late is primarily due to the independent binding of L-isoleucinol 

and ~denine.The phosphate may possibly caus~ a slight reduction 

in the binding. There is little or no decrease in binding due fo 
'. . . . . , 

strain as was found forATP. We m~y presume from this that enzyme'"' 

boufld L-isoleucyl adenylate is also strain-free, as we previously 

predicted. 

The effects of N6.alkylation have already been discussed in the 

section on the .binding of ATP. 

Implications for the preparation of affinity adsorbents. The 

result:; of .our binding studies indicate thatpotenti·al affinity ad: ... 

sorbents might be prepared by attaching L-isoleucine to·a support 

via ester or amide formation with the carboxyl~te or ether formation. 

with the corresponding alcohol, and also by attachment via the side 

chai n. 

Attachment via ester, amide or ether formation to a tail 

attached to the support should .be relatively easy and yield a 

fai rly potent adsorbent provi ded that AlP is present . (These 
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~erivatives will carry ri6 negative charge.) 

Attachmenf ~i~ ihe side chain would yield a somewhat less 

potent adsorbent. 'Several prob lell1s are apparent. One is tha t the 

side chain must retain its branching or binding will be drastically 

reduced, and other ami no acyl synthetases mi ght become: bound as well . 

R~iention of branching will necessitate a moderately involved syn~ 

thesis. Dnewill also be committed to a fur:her fourfold reduction 

in binding ability, since a synthesis giving proper optical confi-
.' . 

gurations would be prohibitively diffitult. 

Dnemightalsb propose ~ttachmentof adenoSi~e via the 6-amino 

group to give an adsorbent. This might adsorb IRS, but would also 

adsorb the other 'aminoacyl ~ynthetases as wella.s numerous other 

enzymes. 

L-isoleucinol adenyl ate could b~ attached via any of the sites 

mentioned above. Ester. amide and ether formation would, of course, 

not be possible. However, an amino alcohol could be prepared in 

which the l-ca~bon already carried a taili This amino alcohol would 

be elaborated into the substi~uted adenylate, which would then be 

attached to the support. Since L-isoleucihe hexyl ester was not a 

competitive inhibitor of ATP, it is expected that there would be 

little steric in~erference from the appended tail. 

Attachment via the side chain would suffer from the drawbacks 

previously mentioned .. Also, the modifi~d amino alcohol would have 

to be synthesized and suitably protected before it was condensed 

with AMP. 

Attachment via th~ 6-.amino group can be expected to cause a 

fairly significant decrease in ability to bind the enzyme. However, 
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the L- i so 1 euci no 1 (adenyl ate i sasuffic"i ently potent inhibitor that 

a powerful adsorbent should still result. This route offers the 

advantage that the tail can be attached aft~r tha synthesis of the 

basic structure, thus reducing the "complexity of the synthesis. 

Summar:1.. 

We have presented evidence to indicate tha't the binding of a 
1 

substrate induces a conformationchangeJfn IRS to what "we have 

called the active confonnation. The same conformational change is . 

produced by L-fsoleucine, ATP, pyrophosphate, or any of the L

iso~eucine analogs ~hichcoul~ bind to theen~yme. 

The L-isoleucine binding site contains t~o~ubsites whi~hbind 

the methyl and ethyl groups. The methyl site and possibly the 

ethyl site are open at the end. The strength of. bindi ng of the 

side chain is greater than can be' accounted for by~ydrophobicinter;.. 

actions alone.' This unexpectedly large decrease in binding upon 

modificatio~ of theiide~hain is one reason for the high degree of 

selectivity shown by the enzyme. 

the binding of the side chain appears to be rigidly coupled to 

the opening of an ion pair in the active site). New pairs are 
. 

formed with the charged residues of theL-.isoleudne zwitterion. 

Removal or ne~tralization of either charged group of the amino acid 

results in considerable destabilization of the enzyme-ligand complex. 

The effect of neutral i zati on or removal of the carboxyl ate may 

be compensated for by concomi tant bi nd i ng of ATP., AMP, or pyrophos

phate, which show decreasing effectiveness in the order listed. 

Upor. formation of L-isoleucyl adenylate, the positively charged 
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component of the ion pair-becomes associated with the phosphate 

rna; ety .. 

ATP assumes a high energy state upon binding to IRS through 

induction of strain at the a-phesphate residue. Upen fermation .of 

theL-isoleucyl adenylate, the strain is released~ and this drives 

thereacti en in the di recti en .of adenyl ate ferma ti en. 

Pessible affinity adserbentsmay be .obtained by the attachment 

.of L-iscleucine te a suppert via a tail on the carbexylate or by 

attaching L-iseleucinel 'adenylate via a tail en the l-carben of the 

iseleucyl residue .or the 6~amine greup .of the purine. Peerer ad

serbents mi ght be prepared by attaching ei ther 1 i gand vi a a ta 11 on 

the sid~ chain. ' Such derivatives weuld be less ~ccessible synthe~ 

tically than those previously mentioned. Attachment .of ,derivatives 

via the a-amino greup .or the 2' .or 3' hydroxylsweuld result in ad

serbents with little or ne ability te bind IRS. 
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Introduct ion 

The technique which has come to be khown as affinity chromato

graphy was first successfully app1'ied to the purification of an 

enzyme by Lerman in 1953 when tyrosinase was purified using azo , 

dyes bound to cellulose, l but it was not until, five years ago that 

the techn i que began to be developed as a general tool for enzyme 

isolation. Since then the basic methodology has been well developed, 

pr·;mari Jy throu'gh the work of Cuatrecasas and h'is colleagues, 2 and a 

number of enzymes and other biological inacromblec'u1es have been iso-

lated by the technique. 

Basically; affinity chromatography may be applied to thepurifi

cation of either of any pair'of molecules which bind specifically to 

one another with a strong affinity. Our discussion will be in terms 

of enzyme-ligand pairs, but tlie t~chniqueis equally applicable to 

,many other pairs , such as anti bodi es and anti gens, or transmi tter 
/ 

subst~hcei and ~eceptor sites. 

The technique co~sists of attaching a ligand to an insoluble 

support. When an impure solution of the enzym!=! is passed through a 

column of this material, the enzyme will bind to the liqand and be 
, i "-

retarded or stopped in its passage through the column, depending 

updn the strength of the binding interaction, while the impurities 

pass straight through. If the enzyme is stopped, elution can be 

effected by changing conditions (~., pH or iJnic strength) so as 

to ,weaken the binding interaction, Or the column may be erut.ed 

wi,th a solution of free ligand. The enzyme will partition between 

the soluble and insoluble ligands and ,thereby be eluted. 

... 
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In preparingand using an affinity column, a number of factors 

must be considered: 

A support material should be selected which will allow a maxi

mum ~umber 6f the bound ligands to be available for interaction with 

the enzyme,'and which does not itself interact significantly with 

enzyme or impurities. Although there' are a numb~r o"f' s'upport 

materials which might seem suitable, essentially all of the succes~ful 

pu~ifications which have been effected have used' beads of agarose gel 

(4% w/v) as the support. The key to the success obtained with 

agarose beads seems to lie in their high 'porosity (exclusion limit ." 

15,'000,000 MW). "Highly poro~s polyacrylamide gels (exclusion limit 

400,000 MW) have" been used, but these give considerably inferior 

" results compared to agarose gels, despite the fact that the poly~ 

acrylamide' can carry a considerably higher concentration of 1 igand. 

A ligand should be chosen which exhibits a high binding 

affinity for the enzyme. A column on which the enzyme is stopped 

rather than retarded is considerably more desirable, since it can 

be used to isolate the enzyme from a large volume of solution which 

may be very di 1 ute in the enzyme. The enzyme must' be in rather con

centrated fom for successful purification on a column which merely 

retards it: 

Agarose gel can carry ligand at a maximum level of about 20 

llmoles per milliliter, which is equivalent toa concentration of 

0.02M. To be effective at thi~ concentration, the insblubilized 

ligand should have a dissociation constant no greater than 10-3 

moles/liter. Since insoTubilization can generally be expected to 

reduce binding affinity, a ligand with a dissociation of 10-3 
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moles/liter in the free state co~ld be successfully used only under 

the most optimal of conditions. 

Another complication is that substrates ar~in general un-
. . . , . . 

suitable as ligands, since they will be converted to products during 

the purifications. Substrates ~ay be used when the product is 

bound equally strongly or when conditions can be found which repress 

cataYy~js without affecting binding. 

The method of attachment should be such as to minimize the de

crease in the binding affinity of the ligand upon insolubilization, 
- /. . 

and should have no adverse effects upon' the support structure. It 

should ·result in a linkage which is stable to the conditions to. 

which. the column will be subjected and should not produc~ grituitous 

functionalities which are reactive or capable of causing non-specific 

interactions with impurities. 

In most cases investigated, direct attachment of the ligand to 

the support material has proven to be unsuitable, apparently because 

sterie interactions between the enzyme and the polymer backbone of 

the support have prevented binding to the insolubilized ligand. 

This problem has been solved by attachi ng the 1 i gand to the support 

via some sort of tail. A number of tails have been employed. In 

the case of a relatively weak inhibitor, a tail of considerable 

length (14 or more atoms) may be necessary for effective purifi

cation. 3 The most fr'equently used tails have been a,w-diaminoalkanes 

or w-.aminocarboxylic acids. They are attached to the gel via t.he 

amino group with cyanogen bromide. 4 . The ligand may then be attached 

directly to the bound tail with a water soluble carbodiimide, or the 

tail may be subjected to further .chemical modifi'cations before the 

ligand is coupled. 

. .., 

,. 
'" 
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_Once the affinity adsorbent has been prepared, one must decide 

.. on t,~e site of the column to be prepared. If the ligand binds 

strongly to the enzyme, so that the latter is expected to be stopped 

rather than retarded on the column, a very short column will suffice. 

Theprimarycon~ideration will be that the ~olumn not be saturated; 

that • is;' that the amount of enzyme placed on the column .not exceed 

the amount of llgandavailable'for binding. 

In the case where 'the enzyme is merely retarded, the same cri

teria apply as for any other sort of adsorption' chromatography. 

: In.loading and washing the column, conditio'ns must be chosen to 

optimize the enzyme-ligand interaction while minimizing non-specific 

ones. Of particular importance is selection of the proper ionic 

strength. A strength too low will encourage non-specific (~., ion 

exchange) interactions between the adsorbent and assorted protein 

impuritie~, thus red~cing the level of purification. Too high a 

strength will interfere with the enzyme-ligand b-inding and may also 

lead to denaturation of the enzyme. The solution should also be 'of 

appropriate pH and contain any cofactors, effecturs, etc., which may 

be necessary for binding of the 1 igand. It should not contain com

pounds which bind to the ligand or to the ligand binding ~ite of the 

enzyme to be purified. 

The desorption of a ti ghtly bound enzyme has genera llybeen 

accomplished in one of two ways. One is to weaken the enzyme-ligand 

interaction by changing conditions (~., pH or ionic strength). In 

thi s case, the parameter altered shoul d be altered to a poi nt whi ch 

'will sufficiently weaken the binding to allow the enzyme to be 

eluted in a sharp band, but,not tfr the point of causing denaturation 

of the enzyme. 
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The other method'involves eluting the column with a solution of 

'a free 1 i gand (whi ch mayor may not be the same as the bound 1 i gand) 

whi ch wi 11 compete wi th the bound 1 i gand for 'the enzyme. One draw

back to this technique is that the enzyme is frequently eluted in 

very di 1 ute form. Even though the free 1 i gand may be present in 

concentrati on suffi cient to cause the enzyme to partiti on essenti a 11y 

entirely into the mobi1e phase atequil ibrium, the rate at which the 

enzyme may be e.luted from the column will be limited by the rate at 

whi ch the ,enzyme can di ssoci ate from the 1 i gand. In the case of a 

strongly bound ligand, the half-life for dissociation maybe many 

minutes. This probiem can be minimized by running the fre.eligand 

solution onto the column and then stopping elution. After a suffi-

cient wait to allow equilibration, elution is resumed. Alternatively, 

, the column may be extracted in a batchwise fashion with a solution 

of free ligand. 

Orie may also combine a change of conditions with introduction 

6f free ligand into the eluent to effect desorption. 

These problems as they apply to our system5 will be discussed 

in somewhat greater detail at appropriate places in the description 
I 

of the research which follows. For a more thorough discussion of 

these in terms of affinity chromatography in general the .reader is 

referred to several reviews by Cuatrecasas. 2. 

Viewed in the light of the above discussion, some of our 

earlier work may seem somewhat ill-advised. It should be remem

bered that most of the findings upon which this discussion was 

based had at that time not yet been' found!. 

. 
;..', 
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Early Work 

.Repeated losses sust~ined in the purification of L-isoleucine 
, ; 

II tRNA synthetase by the procedures of Berg caused us to seek some. 

alternate route for isolating.the enzyme. The finding that tyrosine 

esters and ami d~$ were competiti veinhi bi tors of L-tyros i ne for the 

L-tyrosi'ne tRNA synthetase6 suggested that the same might be true 

for the L-isoleucine derivatives and, if so~ it might be possible 

to pur'ify IRS by attaching L-isoleucineto some support material 

via an ester or an amide bond and then passing impure solutions of 

the synthetase through col umrisof such material. ' The synthetase 

would be selectively retarded and thereby purified. 

L-isoleucine ethyl ester was determined to te a competitive 

inhibitor of L-isoleucin~ with a Michaelis c6nstant of approximately : 

3 x 10-4 moles/liter. With this knowledge, we set about to prepare 

some selective adsorbents. This work was begun in the fall of 1968 

and approximately coin~ided with the publication of Cuatrecasas' 

first paper on affinity chromatography. 7 However,' we did not dis

cover this publication until three months later. 

, We decided to investigate two possible materials as support 

'structures: beads of Sephadex G-50 and 2% cross-linked polystyrene. 

The pcilystyrene was selected for its strength and stability, and the 

Sephadex for its wetabil ity. Wi th ei ther support, the enzyme shoul d 

be able, to bind only to those L-iso1eucine moieties which are 

attached to the surface of the bead. However, we thought this would 

be sufficient, granted the very low molar concentrations of the en-

,zyme involved and the fact that a high .level of substitution could 
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be readily obtained. Sephadex G-1SO or G-200would have allowed 

partial penetration of the IRS into the bead, but results would 

have been complicated by gel filtration effects. 

We realized that it might be necessary to interpose a tail be

tween the support material and the L-isoleucyl moiety to prevent 

steric interaction between the enzyme and the polymer backbone during 

binding, and decided to prepare media both with and without tails. 

The materials prepared are shown in Figure 1. ! was prepared 

from chloromethylated polystyrene bead~ by the method of Merrifield.S 
{ 

llwas prepared by reacting chloromethylated polystyrene with 6-amino

l..".hexanoland acetylating with'acetic anhydride. After hydrolyzing 

. the acetate ester, the resin was reacted with N,..t":SOC-L-isoleucine 

imidazolide, and the t-80C group was removed with 1 N hydrochloric 

acid in acetic acid. III was prepared by reacting Sephadex G-SO 

with aminoethyl sulfate, followed by aqueous coupling to N-t-BOC-L

isoleucine with N-cyclohexyl N'-morpholinoethyl carbodiimide metho

£-toluenesulfonate.The gel was deblockedin 1 N aqueous hydro

chloric acid. LV was prepared by coupling the previously synthesized 

6-aminohexyl ester of N~t-80C~L-isoleucine directly to the Sephadex 

with cyanogen bromide. 4 It was deblocked as was III .. TheiSephadex 

gels w.ere prepared by Dr. Brian Myhr. 

In running our test purifications, we decided to use a partially 

purified enzyme preparation. This was Fraction 2, o~ of the less pure" 

fra·ctions in the alumina:C gel eluti-Dn step of the Berg procedure. It 
y. . . 

had a spec~fic activity of ca. 4 units/mg protein as compared with £!. 

2 units/mg for the crude extract. Thus the enzyme w.as not s i gnifi

cantly purified except that it was now essentially'free of non-protein 

impurities which could possibly have interfered~ith the binding. 
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Figure 1.. Early affi ni ty adsorbents. The jagged 1 i ne represents the 

polymer backbone (P = 2% crosslinked polystyrene beads, 200-400 mesh; 

S = 5ephadex G~50, fine). 



, ~ ': 
I ' 

-38";' . 

This,fraction, which will be referred to hereafter as theC gel y . 

eluate. was dialyzed against 0.02 M potassium phosphate (pH 7.5) contain-

ing 0.01 M 2-mercaptoethanol. It could be stored for long periods of 
I 

time (i.e .• months) at 3°C with only slight loss of activity. I However, 

it was found that during such storage free L-isoleucine was generated, pre

sumably by protein hydrolysis. This necessitated redialyzing the solution 

before testing a column in order to prevent the L-isoleucine from compet-

ing with the bound L-isoleucine for the IRS. 

Samples of C gel eluate were chromatographed on columns of the 
y . , ' 

prepared adsorbents using aseluents a buffer of 0.1 M potassium phosphate 

(pH 7.5) containing 0.01 M 2-mercaptoetha'nol, or this buffer containing as 

well 0.01 M magnesium chloride. or 0.005 M ATP, or both. (Since the inhi

bition constant for L-isoleucine ethyl ~ster was determined from in~ibi

tion studies on the pyrophosphate exchange reaction [Eq. (1), sectionAJ. 

it was not certain whether magnesium anu/or ATP might be required for 

binding. (It was later shown that the binding of L-isoleucine esters was 

reduced 100-f61d in ~he absenc~ of AlP). The attempted purifications were 

done at 3°C and at room temperature. None of the absorbents sho~ed the 

ability to separate enzyme activity from bulk protein under any of the 
I 

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

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

6-Aminohexyl L";;soleucinate Bound to Agarose 

At about this point, we found Cuatrecasas' p~p~r describing the puri

fication of staphylococcal nuclease, a-chymotryspin, and carboxypeptidase 

A using essentially the same basic approach that we were usingJ A key 
, I 

difference in his procedure~was the use of beads of agarose gel a's the 
\ 

insoluble support. Agarose is an alternate copolyme~ of D-galactose and 
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3,6-anhydro - L-galactose which has the ability to form very stable gels 
.. . 

with water: at. very low concentrations; Hot sol utions of agarose cali be 

dispersed ,in oil and allowed to cool while dispers'ed to form beads of gel. 

Such be~ds are stable indefinitely when kept in aqueous suspension below 

30°C.' We have found no visual evidence (viewed under a microscope) of 

degradation after 1 week in either 1 N hydrochlorfc'acid or1 N .sodium 

hydroxide:atroom temperature. 

Because of 'the l6w concenirations 6i a~arose required and because there. 

is no cros's-linking (the gel presumably be'ing heldtogatherentirely by 

hydrogen bonds), the effectfvepore size of the gel is enormous. Beads 

of4%(w/v) agarose ha~ea:molecular 'exclusion limit of 15,000,000 MW. 

This means that most soluble enzymes can freely penetrate int6 all parts 

of the gel. Essentially all of the insolubi1ized ligand thus becomes 

available for'. binding. But every silver lining has a cloud and there are 

a few drawbacks toagarose beads .. They have a very low physical strength 

and are easily brokeri if subjected to vigorous stirring. Breakage of even 

some of the beads leads to greatly decreased flow rates~ The beads also 

deform under all but the siightest pressures, again reducing flow rates. 

Because of the low concentration of agaro~e in the bead, th~'amount of 

ligand which can be attached is rath.er limited. The gel shrinks irrever,.. 

sibly on'drying, freezing or treatment with most. solvents. Fin~lly, the 
I 

material is potentially suseptibl~ to microbial attack. (However, we have 

neve; had any problems with this last' possibility.) 
. . 

We decided to .prepare an adsorbent using agarose ~s th~ support material~ 

The procedure used was essentially the same as the one used to prepare ad

sorbent'!y, Fig. 1. N-carbobenzoxy:-: 6-amino-l-hexanol was condensed .with 

N-t-BOC-L-isoleucine imidazolide and the prodl,lct catalytically hydrogenated 

over 10% palladium on charcoal in the presence of one equivalent of acetic 
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acid. The protonated 6-amirio-l-hexyl N-t-BO'C-L-fso1eucinate was quickly 

reacted with cyanogen bromide-activated Bio-Gel A-15M, 10'0-20'0 mesh. 

Cyanogen bromide-activation is a- procedure developed by Porath et ~.for 
, I 

the coupling of materials to polysaccharides under inild conditions. 4 The 

activation involves treating the polysaccharide with cyanogen bromide in 

aqueous solution at pH 11. The polysaccharide thus activated is capable 

of coupling primary amines. The mechanism by which this occurs is not 

known. It is q'uitel ikely that cyanate groups are initially' formed from 
" 

the pol ysacchar; de hydroxyl s. These then react with the primary ami ne's to 

give isou~eas Which hydrolyze to carbamic acid esters. (The coupling is 

known to proceed with the release of one equivalent of ammonia). An 

alt~rnate mechanism which has been proposed involves the generation of an 

iminocarbonate intermediate. However, th'is requires the presence of cis, 
, . . . 

vicinal hydroxyls, of which agarose has none. The linkage generated is 

reported to be quite stable to pH changes, tolerating 10~3 M sodium hydro:xide 

and 1 M hydrochloric acid. 1l In our hands, the linkages have proven some

what less stable. 

The gel p 'now bea ri ng the' N- protected 1 i ga nd a tal eve 1 of ca. 5 j.lmo 1 es/ml , 

was deblocked initially by a 20 minute treatment with anhydrous trifluoroace

tic acid. This caused some irreversible shrinkage of the gel and 'later pre

parations weredeblocked by stirring in 1 N hydrochloric acid for six hours. 
. 

(There was little difference in the elution behavior of C gel eluate on , y 

affinity columns prepared from gels deblocked by either technique~) Only 

slight losses of bound ligand occurred using either procedure, as determined 

by ninhydrin assays of gel hydrolysates. To verify that the t-BOC group 

was being removed by the aqueous hydrochloric acid, a gel was prepared with 

the insolubilized ligand carrying a l4C-1abelled t-BOC group. After a three 

.. . 
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hour treatment, 66% of the radioacti vi ty had been lost " 

Columns prepared from freshly synthesized adsorbent showed the ability 

to retard the elution of enzyme activity, (as measuf~d by the ATP - [32 pJPP i 
exchange assay described by Baldwin and Berg") 'relative to the elution of 

protei n( as determi ned by the Lowry techni que) when C gel e 1 ua te was chro-
, ' " ,Y 

matographed at 30 e using 0.1 M potassiunl:phosph'ate buffer (pH 7 .. 5) con-

taining 0.01 M each of ATP,2'-mercaptoethano1, and magnesium chloride. 

This experiment was repeated several times using ,columns of freshly 

prepa~ed adsorbent. The be$t se~aratioh 6btained is shown in Fig. 2. The' 

enzyme in the pool of the fractions beyond 40 had been purified approximate.

ly sixfold. This result was encouraging, ,but the column as constituted 

was not suitable for a preparative scale purification: The protein peak 

emerged in 1.0 column volume of effluent and the eniyme peak atl.9 volumes. ' 
, . 

This requires that the volume of liquid containing the enzyme to be puri-

fied be less than the column volume for significant purification to be 

achieve~. Given the fact that sixfold purifications are readily 

achieved by more classical techniques, the cost and effort required to 

prepare a columri for preparative work would be prOhibitive. Moreo~er, it 

was found that on reuse a colunm lost part of its ability to retard the 

enzyme. By the fourth use, it was incapable of effecting any purification. 

This loss of activity prompted us to' determine whether or not the ligand 

was being removed trom the gel. A gel was prepared using l4C-labelled 

L-isoleucine and employed to chromatograph C gel eluate. By doing radio-
Y 

assays and ninhydrin assays on hydrolysates of portions of the gel after 

each run,it was determined that ligand was being lost by several paths

by slow contindus hydrolysis of both ester and eyanogen bromide-induced . . . ~ 

linkages, and by a considerably faster hydrolysis of the ester linkage 
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Fig. 2. 0 Chromatographic elution pattern of partially purified 
IRS on hexy1 L-iso1~ucinate agarose. A ~" diam. column was filled 
with 8 m1 of the adsorbent equilibrated with 0.1 M potassium phos-
phate buffer (pH 7.5) co~tainingO.01 M each 'AlP, magnesium 0 

chloride, and 2-mercaptoethanol. Cy gel eluate (0.5 ml) was chro
matographed on the column at 3° using the same buffer~ Flbw rate, 
0.1 m1/min; fraction size, 0.3 ml. Protein (filled tirtles) was 
measured with the Lowry reages~. Enzyme activity (open circles) 
was determined from the ATP-[ PJPPi exchange reaction. 
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during a chromatographic run. The latter is presumably due to the 

action of esterases·· in the C' gel eluate. Considerable ligand remained 
y 

bound after four ~uns. however. Either the remaining ligands were somehow 

unavailable for binding or some other method of inactivation was operant. 
I 

Despite the fact that previously unused adsorbent was required for 

each test run, we set about trying tv improve on the purification we had 
'.' ", . '.' ," 

obtained. Magnesium chloride, ATP, or both were omitted from the elution 
. ~ " . ' 

buffer. Omission of ATP caused precipitation of magnesium phosphate in 

the column during chromatography. Further investigation indicated that 

magnesium phosphate precipitation also occurred when ATP was present, al..;" 

though at a 'l1uch slower rate. These resl,llts may be understood in terms of 

a reduced concentration of magnesium ion in the buffer due to formation of • 

the soluble complex, monomagnes;um"ATP. Omission of only"magnesium chloride 

from the buffer produced little change in the initial' chromatographic 

elution patterns obtained,but the "inactivation" of the columns on reuse 

was markedly dimi ni shed. It appears that prec:i pitationof magnesi urn 
. ; '. 

phosphate within the gel was the primary cause of the,loss of effectivness 

of columns on reuse which had been previously noted. 

When both magnesium chloride and ATP were omitted from the buffer, a 

marked loss in enzyme recovery was seen. Since the vanished act.ivity 

could not be eluted with buffers containing free L~isoleucine, it was pre

sumed that the loss was due to denaturation. ATP is known to afford pro

tection against denaturation. 5,13 Our 1aterfinding'that the binding af

finity of an L-iso1eucine analog in which the carboxylate is replaced by 

a neutral moiety is approximately 100":fo1d less in the a'bsence of ATP than in 

its presence makes it un1 ike1y that the loss of activity was due to bind-

i ng of the enzyme to the column. 

We also carried out elutions at room temperature rather than at 3°C 
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(in these runs, while the column was at room temperature, the fractions 

were collected in a refrigerated unit at 30 e). This resulted in reduction 

or elimination of the retardation of the enzyme over bulk protein. Since 

the enzyme was known to bind L-isoleu,cine more tightly at 25 0 e than at 30 e,13 

this behaviDr led us to suspect that the retardation which we had been 

observing wasentireiy due to 'non-affinity interactions.' 

To test this hypothesis, we synthesized a gel bearing the 6-amino

l~hexyl ester of L~leuCine. Because this amino acid differs from L-iso1eu-

cine only 'in the position of a methyl group, the microenvironment within 

such a gel should be almOst identical to that within gels bearing the 

L-isoleucine derivative, and the same non-specific interactions, if any, 

should be seen. L-leucine does not bin~ to IRS, and no affinity inter

actions should result. 

This gel was almost as effective as the L-isoleucine gel in retarding 

the elution of enzyme activity, as shown in Fig. 3. (Figure 2is a best 

result. Most runs gave elution behavior much closer to that in Fig. 3.) 

This indicated that the gels bearing 6-amino-1-hexy1 t":isoleucinate were 

not acting as affinity adsorbents. 

L-Isoleucine Ester with Polyglycolamine H-163 
I, 

It was possible that extension of the ester group from an ethyl to 
-

a hexyl ester might have impaired the binding of the ligand. L-isoleucine 

hexyl ester was synthesized and was found to have an inhibition constant 

of 4 x 10-5 moles/liter, indicating that it was bound more strongly than 

the ethyl ester (Ki = 3 x 10-4 moles/liter). This left the possiblity 

that the hexyl tail was not long enough to avoid steric interference to 

binding of the enzyme by the agarose backbone, or that the wrong kind of 
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Fig. 3. Chromatographic elution pattern of partially purified IRS 
on hexy1 L-1eucinate agarose. The chromatography was carried out 
as described under Fig. 2 on a 10m1 co1umri of the adso~bent. 
Protein is shciwn by filled circles; enzyme activity 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 

PolyglycolamineH-163 (from Union Carbide). This has the formula 

H2N CH2CH2CH2 (OCH2CH2)~H and seemed part; cul arlywell suited to our pur

poses. 'It was 10ngerthan6-aminohexanol' and 'completely hydrophilic. Gels 

were prepared fromits ester with L-isoleuc1ne inananalogous fashion to 

the preparation of 'the gels with an aminohexyl tail. 

These gels 'showed the'ability to retard the IRS relative to protein, 

but not as m~ch as the gels with ari a~inohexyl tail ~ad done. This indi

cates that one of the non-specific interactions involved in the enzyme 

retardation by the gel s- with an ami nohexyr tail was probably hydrophobic 

bonding. 

We a 1 so prepa red a n a ffi ni ty adsorbent ca rryi ng the L - i so 1 euci ne , 

ester of Polglycolamine H-163 bound to chloromethylated macroporous poly

styrene beads. These beads were created specifically for use in aqueous 

systems, and consist of highly cross-linked polystyrene permeated by many 

"macropores." Although the enzyme is expected to be able to bind only to 
. . , . 

those ligands attached to the surface of the polystyrene, the presence of 

the macropores increases the surface area to £. 30 square meters per gram 

of dry resin. The adsorbent prepared from these bead~ showed no ability 

to selectively retard IRS. 

Long Tail Adsorbents 

We next, decided that perhaps it would be necessary to attach the 

L-isoleucine moiety to the gel with a very long' tail. Our resolve was con-
. 2 firmed by the appearance of a report by St~ers et~. concerning the 

-. 
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purif'ication ofB -galactosidase. The ligand used was p-aminopheny1~-D

thioga1actopyranoside, a 'weak inhibitor with a Ki of 5 mH. When this 

1 igandwas attached directly to agarose, the resul ting adsorbent was un':' 

able to effect any purification. Attachment via a short tail (ethylene

diamine) gave an adsorbent capable of s,l ightly retarding the enzyme rela

tive to protein. Attachment viaa long tail (3-aminosucciny1 3'-aminodipro-
" 

pyl~mine) gave an adsorbent which bound the enzyme sU,fficient1y tightly 
," .' 

that a change of pH was needed to effect the elution of the enzyme. 
'\ .. 

Accordingly, we prepared several adsorbents using very long tails. 
" 

These are shown in Fig. 4. Adsorbents X and ~II showed no abi1 ity to 
", .,! 

separate IRS from protein. When chromatographic runs were done using VI. 
, ' -

, , 

,no enzyme was eluted and the recovery of protein was considerably reduced. 

Enzyme activity could not be eluted from the column using eluents containing 

L-iso1eucine. The apparent non-specific adsorption of protein whiCh 11. 

showed was never clearly understood. 

Possible Alternate Adsorbents 

, The above results made it fairly clear that inso1ubilized t;.iso1eucine 

esters do not bind to IRS sufficiently strongly to be useful in the pre

paration of affinity adsorbents,. It was necessary to consider systems, 

which would employ ligands which bound the enzyme more strongly. 

Three systems appeared serviceable. These involved employing as the 

inso1ubilized ligand L-iso1eucino1 5'-adenylate, tRNAile ,or an antibody 

against IRS. 

L-iso1eucino1 adenylate~is ,the ester of the amino alcohol L-iso1eucino1 

with adenosine 5'-monophosphate. It is an analog of the enzyme .. bound 
, , 

activated ami no acid 'intermediate, l-i s'ol eucyl, adenyl ate. Un1 ike the 
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VI 

VII 

FiglJre 4. Affinit,y adsorbents carrying L-isoleucine esters attached 

by ,long tails. The jagged line indicates the polymer backbone of 

. the support: A = Biogel A-15M, 100-200 mesh; MP= macroporous poly

styrene, 20-40 mesh. 
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latter, it is completely stable to aqueous hydrolysis under mild conditions. 

It 'was r~ported to have an inhibition constant of 7.4 x 10-9 moles/liter. 14 

The primary problem associated with the use of this ligand would be 

determi'nation of a' method of attaching it which will not severly compro

mise its binding ability." Once this had been determined and t,he necessary 

synthetic procedures worked out, it'would be relatively easy to prepare 

large quantities of adsorbent. There is also the' possibility that the 

1 igand might be degraded by a phosphodiesterase in the ;crude lRS prepara

tions. If this occurs it could probably be inhibited by inclusion of 
! 

, phosphate arid/or fluoride in the eluent buffer. 

The Mi'chaelis constant of 'tRNAi1e is2 ~ 10-7 ~01es/liter;5 As a 

1 igand foraffi ni ty chromatography, thi s has the di sti nctiori of bei ng more 

difficult to obtain in pure fom than is the IRS which it would be used 

to purify. Adsorbents prepared from it would be of practical value only 

if they were capable of being reused many times. The susceptibility of the 

ligand to degradation by ribonucleases in the impure IRS preparations makes 

thisappear1nlikely. (Recent reports have described the purific~tio~ of 

tRNAile bYinsolubilized IRS15 and of IRS by insolubilized tRNAile.16 In 

the latter case, the tRNAile was bound as L_ile_tRNAi1e via attachment of 

the a-amino group of the L-isoleucyl moiety to a bromoacetamidobutyl tail 

,attached to agarose. This results in the tRNAile being attached via a 

very labile 21(3 1
), ester bond. Not unexpectedly the autho~s report that the 

column rapidly loses its capacity for enzyme retention on reuse.), 

To my knowledge, no one had determined a dissociation constant for the 

binding of IRS to a cognate antibody. Presumably the binding would be quite 

stron'g. Il11Tlunosorbents have been successfully used for a number of years. 

The primary drawback to this approach would be the considerable amount of 
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work necessary to prepa~e an adsorbent. First, highly purified IRS would 

be needed ,to 'induce antibody formation. ' Then the a~tibody itself wo;uld 

require purification. As in the c~se of using tRNAile as the insolubilized 

ligand, this adsorbent would have to be reusable many times to make it a 

practical tool for the purification of IRS. Since the antibody would be 

subject t() 'digestion by pro'teases in the crude IRS preparations, this pos

sibility does not seem likely. 

Because adsorbents bearing L-iso1eucino1 adenylate appeared to be 

the most readily'accessible, the most amenable to production in larger 

quanti ties, and, if properly synthesi zed, the moststabl e to degradation, 

we ~ecided 'to pursue this line of investigation. L-iso1eucinol adeny1ate 

(L-i1e-01 AMP) had been synthesized previously by Cassio et ~. from 

N-carbobenzoxy-L-iso1eucino1. 14 Since the carbobenzoxy group cannot be 

readily removed fr()m an agaro'se bound 1 igand, we chose to useN-t-BOC-L-

i sol euci no 1 ; n our 'synthes is. The Cass i 0 procedure ga vevery poor yi e 1 ds 

of the N-t-POC-iso1eucino1 51 -adeny1ate. Much bettersuccess~was obtained 

using the method of Sandrin and Boissonas17 wi,th minor modifications: 

3mmo1es of N-t-BOC-L-iso1eucino1 were condensed with 1 mmole of N,O, 0-

triacetyl AMP (prepared according to Khorana 34 ) in dry pyridine using 

10 nmoles of N, W-dicyc10hexy1 carbodiimide for 5 days. The acetyl groups 
I 

were removed in 9:6 ethanol - concentrated' alTlTlonium hydroxide and the 

t-BOC group with anhydrous triflUoroacetic acid. The L-ile-ol AMP was 

purified by column chromatography. (This procedure was subsequently im
I 

proved. The description in the Experimental Section includes the later 

improvements). 

We determined the inhibition constant to be 4 x 10-9 moles/liter when 

, measured against L-iso1eucine and 3 x 10-8,mo1es/liter when measured 
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aga i nst ATP. 

We then faced the task of deciding how to attach to the molecule 

a tail which would subsequently be attached to agarose. The site and 

. method of attachment of the tail to the 1 igand should be such as to give 

a stable bond and to cause a minimal decrease in the abil ity of the 1 igand 

to bi nd to the enzyme. It wou1 d also be preferable that the 1 i nkage be 

ea~i1y generated . 

. Our general strategy called for attachment to the L-ile-ol AMP cif a 
, ' 

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

a carboxylate. This ,would then'be linked to agarose ,bearing a tailseg

ment terminated in a carboxylate or amino group, respectively, using'a 

wa terso1 uti 1 e ca rbod i imi de to genera tea n amide bond. 

The question of where to attach the tail segment to the adenylate 

would be approached by model studies. We determined the inhibition constant 

of (-iso1eucino1to be 2 x 10-5 moles/liter and that of AMP to beg x 10-4 

~ciles/liter. The product of these inhibition ionstants ;s 1.8 x 10-8 as 

compared with an inhibition constant of 3 x 1O-8mo]es/li~er fo~ L-ile-ol 

AMP; Assuming'ihatthe'inhibition constants 'are close approximations of the 

dissociation constants (later' work using fluorescence ,titration supports 

this assumption18 ), this result implies that the binding of L-ile-ol AMP 

is primarily the result 'of the independent binding of its two components 

(The free energies of binding calculated from the Ki'sare 6.7, 4.3, and 

11.0 Kcal/mole for L-isoleucinol, AMP, and L-ile-ol AMP respectively). 

We bel i~ved the effect of introducting a modification into L-isoleucinol 

or AMP should be almost quantitatively extrapolable to L-ile-ol AMP (later 

work showed that this assumption was not valid for N6-alkylated deriva

tives). We felt that thisprinciple could be extended to modifications 
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of L-isoleucine and adenosine as well with a high degree of accuracy. 

Suitable derivatives of the latter two were coomercially available. 

Because of our greater experience in amino acid chemistry, we initial

ly looked at L-isoleucine derivatives. 

N-methyl-D, L-isoleucine, guanidino-L-isoleucine, and 3-methylpentanoic 

acid (deamino-D, L-isoleucine} ~~ve no measu~able binding when measured 

either by inhibition experiments or by fluorescence titration. This indi'

cates that the presence of an unmOdified amino' group is absolutely neces

sary for binding.' Attachment of a tail at the amino group would yield a 

'ligand inca~able of bindirig IRS. 

A number o~ molecules were investigated with regard to attachment of 

the tail to the isobutyl side chain. L-a11oisoleucine was used as a model 

for attachment to the methyl group of the side chain. P~esumably it binds 

to the enzyme with the ~ethyl group'fn the ethyl binding . site and vice 

versa. The reducti oni n its blndi ng affi ni ty wi 11 be due to two factors: 

demethyTation of the ethyl group and methylation of the methyl group. The 

decrease in binding due todemethylation'of the ethyl alone can be determin-
. . . . . , 

ed from the K of L-va 1 i ne. Therefore, the change inKs IS go1'ng from s . 

L-valine to L-alloisoleucine may be taken as a measure of the effect of 

extending the methyl group br one methylene unit. The Ks values for 

L-va1ine and L-alloisoleucine are 1.6 x 10-4 moles/liter and 10-3 moles/ , . 

liter, indicating a. sixfold reduction in binding. 

To determine the effect of extension of the ethyl group, the 

Michaelis constants of a-D, L-aminopentanoic acid (desmethyl-D, L-isoleucine) . 

. a-D, L-aminohexanoic acid, anda-D, L-:-aminoheptanoic acid were determined. 

They were 10-3, 7 x 10-3, and 2 x 10-2 moles/liter, respectively. This 

indicates 7-fold and 20-fold reductions in binding for extensions of 1 or 

t I 
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2 methyl ene uni ts. These resu1 ts are somewha't ambi guous in that it is 

impossible to determine 'whether the side chains of these molecules are 

binding to the ethyl or methyl binding sites of the, enzyme. 

The results indicate that 'along -chain a, w-diamino alcohol, which 
" ,"\, ,." ,~ 

would be easi1y accessible synthetically, would not be suitable tor elabo"-

ration into the adeny1ate, since a lO,OOO-fo1d reduction in binding affini

ty could be expected. 
, , 

A a-ethyl or B -methyl-a, w-diaminoa1cQho1 would be expected to show 

much better binding ability, but would probably show at least a 20-fold 

reduction of binding ability. A synthesis giving proper stereochemistry 

would be prohibitively difficult so that one would have to accept a further 

fourfold reduction in binding. Attachment of the tail to the side chain 

would entail a moderately difficult synthesis and would yield a product 

with at least an BO-fold decrease in binding ability and quite possibly 

more. 

l-Ni tromethyl N-t-BOC-L- iso 1 euci no1 5 I-adenyl ate 

Our previous determination of the inhibition constants of L-isoleucine 

ethyl and hexyl esters indicated that extension of the ester from ethyl to 

hexy1 actually resulted in a slight increase in binding ability. We de-
, 

termined that the hexyl ester was not a competitive inhibitor of ATP. 

Thus, when it was bound to IRS, the hexyl tail did not occupy the ATP 

binding site. This suggested that a tail ~ight be readily attached to the 

hydroxy1-beari.ng carbon of L-iso1eucino1. Moreover,a silTlP1e scheme could 

be pro prosed for the synthesi~of the substituted L-i1e-ol AMP. This is 

shown below: 

j' 
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BOC--NH--CHR--COOH 1. carbonyl diimidazo1e) BOC--NH-CHR~---H 
2. lithium aluminum 

hydride 

. " 'j:', 1. N,O,O:-triacetyl 
BOC~H-CHR-C~ I -AMP , 5 -AMP 

Dithion.ite 

BOC~H-CHR-CH-O-AMP 
I . 
C~H2 

DCC 
2. 9 M NH40~ 

~H2-N°2 
BOC--NH--CHR--CH--GH 

N-t-BOC-l-nitromethy1 l:";soleucinol was prepared as above. A portion 

was'deb10cked in anhydrous trifluoroacetic acid'. The resu1 ting'l-nitro

methyl L-isoleucinol was found to have an inhibitiOn constant of 4 x 10-3 

moles!liter. This corresponds to a200-fold l~ssin binding ability rela;. 

tive tol-iso1eucinol. This loss was not particularly encouraging, but 

was tol erabl e provided no further losses were incurred." It was expected 

that an increase in binding ability would probably result upon reduction 

of the nitro group ~o the less hindered amino function. 

Our initial attempt to couple N-t-80C l-nitromethyl L-isoleucino1 

to AMP was unsuccessful. We set about to investigate other coupling pro

cedures using the model compoundl-nitro-2-pentanol, but met with uniform 

lack of success. At this point we were infonned that attempts had been 
. '. 

made previously in our laboratory to couple AMP to seconda~y alcohols and 
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ail were unsuccessful. 19 

We therefore. turned to an alternate route to the· desired compound, 

which involved initial phosphorylation of the N-t-BOC"; l-nitromethyl 

L-isoleucino1 and coupling of ~he resu1ting'compound to a suitably pro

tected adenosine. With this approach the phosphodiester would be formed 

from a primary rather than a secondary alcohol. 

Modelpho'sphorylati ons were car'rfed out on N-t-BOC-L-i sol euci no1 

using dibenzy1 phosphorochloridate, 20 a -cyano~thyl phosphate with excess 

N, N'-dicyclohexylcarbodiimide,2l and O-benzylphosphorous O'0'''dipheny1 

phosphoric anhydride. 22 All gave very low yields of the desired product. 

Since yields were expected to be even worse with the nitromethy1 deriva

tive and since there was no guarantee that the subsequent coupling to 

a'denosine would work, tliis route was abandoned. 

We did check to determine whether L-iso1eucino1 phosphate might be a 

suitable ligand for affinity adsorbents. A crude preparation was employed 

to determine a dissociation constant using the fluorescence quenching .' 

technique.A value range of 10-3to l'O-4m01eslliter was obtained. The 

uncertainty in the value is due to the fact that an impure material was 

used. The data are of value in that they do serve to set an upper limit .. 

on the binding affinity and. indicate that phosphorylation of L-iso1eucinol 
.:.' 

reduces binding. The same effect is found when adenosine is phosphorylated 

(see Section A). L-iso1eucino1 phosphate is not suitable as a ligand. 

L-isoleucinol Adenylate Attached by the Adenosy1 Moiety 

We then turned to consideration of techniques of attaching the tail 

through the AMP moiety of the L-ile-ol AMP. 

Attachment of the tai 1 by formation of a phosphate tri ester was 
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ruled out fot two reasons: 1) phosphate t'riesters are fairly readily' 

hydrolyzed and 2) the ligand would cease to carry a negative charge. Our 

binding studies had indicated that the binding of L-isoleucine and its 

analogs was associated with the opeing of an ion pair in the enzyme. 

Stabilization of the resulting conformation required the presenc,e of both 

a positively charged and a negatively charged group on the bound ligands 

(See Secfion A). 

The obvious sites for attaching a tail to the adenosine portion of 
, , 

the molecule are the 6-~mino group of the purine and the 2' and 31 hydroxyTs 

of the ribose. ;'Inhibition studies were done ,on adenosine, N6-methyl' 

adenosine, and0
21

, 03 I_isopropyl idene adenosine.' The first two had Ki's of 

3xlO-4 and 6xlO-3 ~oles/lite~, res~ectively, while the last showed no measurable 

binding. ,These r~sults indic~tedthat ligation vfa the amino group might 

be suitable, whereas linkage through either o'f the hydroxyls probably" 

would not be. 

Another apprOach that was considered was attachment via an azo linkage 

to the purine system. This approach was' initially rejected because of 

reports that the products of the reaction of AMP with diazonium sal ts 

Were quite unstable, quickly decomposing to give back AMP.23, 24 However, 

we later explored this possibl1 ity as a result of a report by We'ibel et ai. 
+ ", 25 

that NAD could be stably coupled to glass beads via ~n azo linkage. 

Since attack of the positively chargeddiazoniumintermediate on the 

quaternized pyripinium appears out of the question, linkage must have oc

cured on the adenosine moiety. This prompted us to attempt to couple 

BOC-ile.;;.ol- AMP to diazotized p-aminobenzamidoalkyl agarose (Fig. 5). The 

couplings were attempted by the procedure of Weibe1 25 and by the procedure 

of Cuatrecasas. 2a In both cases essentially none of the ligand was bound. 
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Thus, ligation through the 6-amino group seems the only viable ap

proach. To ascertain whethef use of substitue~ts longe~ tha~methyl 

would reduce binding further and also to determine the effect of a termi-
, I 

nal amino group, N6-(2-aminoethyl) adenosine and N6-(6-aminohexyl) adeno-

sine were prepared from 6-chloropurine riboside and the appropriate . 

diamine. 

These showed competitive inhibition constants of 6 x 10-4 and' 

9 x 10-4 moles;"iter, respectively, which areonlyslightly larger than 

that for unsubstituted adenosine. (That these derivative do indeed bind 

more strongly than the N-methyl derivative was further verified by the 

later determination of Ki's for the corresponding substituted'L-isoleucinol 

adenylates: for the methyl derivative, Ki was 2 x 10-6 moleslliter; for 

the a~inoethyl derivative, 5 x· 10-7 moles/liter}. It would appear that 

the reduction in binding incurred by introduction of a ~ubstituent was 

approximately offset by an increase in binding due to the terminal amino 

group. 

These deri~atives also showed apparent non-competitive inhibitio~~ 

as did the N6-methyl derivative, although the latter showed so·l ittle 

that the effect was considered an arti fact until 1 arger effects were seen 

with the. other derivatives. The methyl, aminoethyl, and am!inohexyl 

derivativ~-inhibited reaction~ showed red~ctions in Vmax cdrresponding to 

non-competit\ve in~ibition constant~ of-4 x 10-2, 4 x 10-4~ and 10-3 

moles/lite~ respectively. 

Roug~t and Chapeville reported that N6-hydroxyethyl ATP was a com

petitive inhibitor at· L-leucine as well as ATP for the leucine tRNA 

synthetase. 26 Such an effect by our derivatives on IRS would expl,ain the 

apparent non-competitive inhibition we noted. However, the methyl 

.; -

. -
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derivative was shown not to be competitive with L-isoleucine. The cause 

of this apparent non-competive inhibition remains undetermined. 

Two rather simple methods.for attachment of BOC-ile-ol AMP to agarose 

suggested. themselves. The first was to try to attach the unmodified BOC

ile-ol AMP to succinylaminoalkyl agarose (a trivial name for an agarose 

derivative prepared by coupling 3,3 1 -iminobispropyl amine to agarose and 

then succinylating the terminal amino functions with succinic anhydride. 

The procedures are described' by Cautrecasas 2a). A water sol ubl e carbodH

mide was used to attempt to form an amide bond between the terminal car

boxylate on the gel bound tail and the 6-amino group. The reaction failed . 
., 

(A later attempt to achieve the coupling in 80% aqueous pyridine using 

N,N-dicyclohexyl carbodiimide-conditions reported to covalently bind un

modified NAO+ to a similar agarose derivative-likewise failed). 

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

cyanogen bromide-activated agarose. It was expected that the resultin'g 

adsorbent: would probably be inactive because the inhibitor was attached' 

directly to the polymer backbone. The experiment was nonetheless carried 

out because of the ea~e with which the adsorbent could be prepared. 

After coupling, the ligand was deblocked by stirring in 1 N hydrochloric 

acid. The resulting material showed ability to retard enzyme activity 

relative to protein comparable to that seen in Fig. 2.· To determine 

whether this eHect was ~ue to affinity interactions, an equivalent ad-
... 

sorbent was prepared using AMP methyl ester. This material gave a 

superior separation that achieved with the AMP L-isoleucinol ester. 

When we attempted to prepare more of the L-ile~ol AMP derivative by 

this route, we found we were' unable to repeat the coupling. Mosbach et ~. 

later reported that NAO+ could not be coupled to cyanogen bromide-activated 



• 

-60-

agarose. 27 . 

It was apparent that at least a portion of the tail would have to 

be attached to the adenylate before insolubiliiation could be readily 

achieved. This could be done most directly by alkylation ~r acylation ·of 

BOC-ile-ol AMP with suitable compounds. 

We had previously observed that N, a, O-triacetyl AMP underwent ex

tensive deacylation at all three positions when kept in dilute aqueous 

solution at 3°e for one month. Futhermore, when N-deacetylation in IN 

hydrochloric acid {deblocking conditions} was followed by the change in 

the "ultraviolet spectrum {Amax N-acetyl AMP 273 nm, Amax AMP 259 nm}, 

the half-life was determined to be five hours. Deblocking of the bound 

ligand requires six hours." Because of the lability of .the N6-acyl bond, 

we decided not to investigate the attachment of a tail segment by acylation. 

N6.methyl AMP and N-t-BOC L-isoleucinol N6-methyl adenyl ate were pre

pared as model compounds using dimethyl sulfate in water.· The prodedure 

was a modification of that of Griffin and Keese. 32 Because the 6-.amino 

group is very weakly nucleophilic, initial alkylation occurs at the 

. nitrogen in the l-position. This can be rearranged in aqueous ammonium 

hydroxide to give the desired derivative. 

The inhibition constants were determined to verify that the results· 

with N6-methyl adenosine could be extrapolated to the BOC-ile-ol AMP 

derivative. These were 5 x 10-3 moles/liter for N6-methyl AMP and 

2 x 10.6 moles/liter for N-t-BOC L-isoleucinol N6-methyl adenyl ate. 

Methylation appeared to weaken the binding of BOe~ile-ol AMP considerably 

more than that of adenosine ·or AMP. The reduction is still in the tolera-

ble range, however. 

,. 
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L- Iso 1 eucinol N6 - {w-aminoa 1 kyl )-5 1 -adeny1 a tes 

The tail segment we initially decided to attempt to attach was the 

N-carbobenzoxy-6-amino-l-hexyl moiety. Because alkyl sulfates undergo 

facile elimination to give alkenes, 'ft is impossible to prepare the higher 

homologs (> butyl fin useful yields . We therefore chose to attempt our 

a1kylations using the methanesu1fonate and to1uenesulfonate of N-carbo

benzox.Y 6-amino-1-hexano1and the model compot.ind, hexy1 'bromide. Alkyla

tions were attempted on the model compounds adenosine, AMP, and AMP 

methyl ester. The alky1ating agents are almost totally insoluble in 

water and no reaction could be obtained under conditions similar to those 

used for methylation. Alkylations were also attempted in dimethyl 

formamide, 'pyridine, and a 4~1 mixture of the two. These were done with' 

and without catalytiC .mounts of sodium iodide; al so with and without 

added silver salts.When'the reactions were run at room temperature, 

50°C, or 70°(: no alkylation was seen, except alkylation of pyridine when 

possible. At 100°C, the compounds to be alky1.ated underwent decomposition. 

We decided it would be necessary to synthesize a BOC-ile..;ol AMP 

derivative with the tail segment already attached. The route we proposed 

was as follows: 6-chloropurine riboside {commercially available} would 

be phosphorylated to give 6-chloropurine rib~side 51-phosphate {6-ch10ro

inosine monophosphate, Cl-IMP}. This would be acetylated and the result

ing 0
21

, 031_diacetyl compound condensed with N-t-BOC-L-isoleucinol. The 

product would be treated with a large excess of an a, w-diamine which 

would simultaneously displace the chloride and remove the acetyl groups to 

give the desired N-t-BOC-L-isoleucinol N6-(w-aminoalkyl) adenylate (See 

Fig. 6). By deferring the displacement of the chloride to the final step, 

it can be coupJed with the deacetylationand one also avoids the necessity 
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Figure 6. Synthesis of N-t-BOC-L-isoleucinol N6-(w-aminoalkyl)-5'-adenylates. 



· , 
'. 

-63-

, \ 
" 

of protecting and deprotecting the w-amino group. This gives a 50% re

duction in the number of steps involved compared with the more obvious 

synthesis beginn.ing with the preparation of N6-{w-aminoalkyl) adenosine. 

A preparation for Cl-IMP was reported in the literature by Hampton 

and Maguire. 29 This procedure is quite long and tedious and gives a yield 

of only l7%. We felt that this could be considerably improved upon and 

ultimately achieved a one~day synthesis wlth'a 70~75% yield. The procedure 

was based upon a phosphorylation technique developed bY- Yoshikawa et !J... 30 

One equivalent of6-chloropurine riboside was phosphorylated using a solu

tion'of three equivalents of phosphoryl chloride and one equivalent of 

water in trimethyl phosphate. These conditions reduce phosphorylation at 

the 21 or 31 positions to trace amounts. The resulting phosphorodichlori-' 

date was then hydrolyzed at pH 2-4, and the Cl-IMP isolated as the barium 

salt. 

This was converted to the monopyridinium salt with pyridinium bisul

fate; then it was acetylated and conde'nsed with N-t .. BOC-(U) l4C-L-isoleu~ 

cinol' (O.5~c/mmole), following the procedures· us~d for the preparation of 

BOC-ile-ol AMP. Radioactively labelled L-isoleucinol was employed to 

facilitate determination of the amount of the ligand bound to the agarose 

after coupling~ The resulting N-t-BOC-(U) 14C -L-isoleJcinoi ester with 

021,'031_diacetyl 6-chloroinosine monophosphate was treated with a 25-fold 

excess of ethyiene diamine to give N~t-BOC-(U)14C-L-isoleucinol N6_ 

(2-aminoethyl)-51~adenylate (BOC-ile*-ol AE-AMP) which was isolated by 

chromatography on siiica gel using 7:3 acetone-water. 

A portion of the compound wasdeblocked in anhydrous trifluoroacetic 

acid and ,the resulting L-ile*-ol AE-AMP was purified by column chromato

graphy •. Inhibition studies indicated that it had inhibition constants of 
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5 x 10-7moles/liter (vs. ATP) and 2 x 10-8 moleslliter (vs. L-isoleucine). 

It showed apparent non-competitive inhibition in both determinations; how

ever,this was merely a reflection of the fact that it is a competive 'in

hibitor of both.substrates. (Vmax values were determined against ATP at 

several L-isoleucine concent~ations. When these were plotted against 

. Vma/(L-ile), an inhibitio'n c'onstant of '10-8 moles/literwas obtained.) . 

Several p~oblems were encountered in the synthesis of BOC-ile*-ol 

. AE-AMP. They were: 1 ) the final product is' contaminated with acetate; 

an unknown mate~ial which appears to be an acetone' condensation product 

produced during the chromatography (it is found at the same concentration 
.. . 

in all fractions); and an apparently inorganic impurity (it cannot be de-

tected on TLC using' a variety of' visualizing 'agents nor does it give a 

signalabove'noise level on NMR); '2),thereaction solve~t, pyridine, slow~ 

ly reacts with the 6-chloropurine derivatives to give quaternized py

ridinium s~lts. Th~se ~re insufficiently reactive.· under the conditions 

used, to be displaced by ethylene diamine to give the desired products; 

and 3) the· displacement of thechloro group by ethylenedia~ine isaccom

panied by extensive dea:1kylation to yield the 'unsubstituted BOC-ile*-ol AMP. 

The most likely source of the extraneous acetate ;-s the acetylation 

reaction of 6-ch10roinosine monophosphate. Acetic acid (or acetate) may 

be somehow adsorbed to the product. . 2' 3' It was found that the 0 ,0 -

diacetyl 6-ch10roinosine monophosphate (diAc Cl-IMP) could be purified by 

dissolving in a minimum of chloroform and then adding five volumes of 

isopropanol. The. resulting' precipitate is discarded. When BOC-ile-ol 

AE-AMP was prepared from material 'purified in this manner, 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 Cl-IMP, with a 
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conc6mitant loss in the final' procuctyield. We then discovered that 

only slightly poorer results (in terms of final product purity) could be 

obtained simply by repeating the lyophilization of the diAc Cl-IMPtwice. 

No extra losses in yield were incurred by this procedure. 

The acetone condensation product caul d be removed by 'washi ng wi th 

acetone. 

The existence of the otherimpurity(s) was inferred from radioassay 

of BOC-ile*-<>l AE-AMP which was homogenous to TLC and showed no extraneous 

protons on NMR. Samples of the compound gave fewer counts than would be 

requ i red for 100% pu're rna teri a 1 . 

. Since anticipated procedures for coupling the ligand to agarose 

required a primary amino group and this impurity had none as judged by its 

failure to give a reaction with ninhydrin, we felt that the coupling pro

cedure would serve to effect final purification and we made no further 
.. 

attempts to remove the impurity. 

In .order to prevent the reaction of pyridine with the 6-chloropur;ne 

moiety, we decided to run the reaction in 2~ 6-dimethylpyridine (lutidine). 

However, the diAc Cl-IMP was almost totally insoluble in this solvent. 

The fact that this slight change in solvents had such a major effect 

suggested that finding a~other suitable solvent might prove extremely 

difficult. Instead we decided to try to reduce the reaction time and 

hence the contact time with pyridine. 

The preparation of BOC-ile-ol AMP was used as a model and was allowed 

to run 5 days as usual,17 Aliquots were withdrawn at 1 and 3 days and 
i 

worked up through heptane extration. All three were then deprotected 

simultaneously and the workups completed. The (percentage) crude yield 

from the 'l-day reaction was greater than that of the others and the 
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crude product was also somewhat purer. Thus it appears unnecessary and 

undesireable to run this type of coupling for longer periods of time. 

During these studies it occ.urred to us that the acetylation step 

might be dispensed with .. If so, there would be ho problem ~ith acetate 

contamination and formation of the pyridi~ium salts would be reduced 

(the acetylation is run in pyridine). In the procedure17 upon which 

ours is based , acetylation w~spresumablY done to protect the hydrosyl s 

against phosphorylation. Our work on thel-nitromethyl. L-isoleucinol 

adenylate (q.v.) ha'd convinced us that secondary alcohols could not be 

phosphorylated under 'the cond'itions which were being employed. 

We decided to do a model reaction first, coupling N-t-BOC-L

isoleucinol to AMP, but found that AMP was totally insoluble in anhydrous , 

pyridine. We therefore prepared the mono (tetrapropylammonium) salt of 

AMP in hopes that this would be somewhat more soluble~ Slight solubility 

is all that is necessary, since formation of the soluble product will 

eventually bring all the starting material into solution. The tetrapropyl 

arrmonium salt also showed nosi'gnificarit solubility, but we attempted the 

coupling anyway,based on the above premise. After 5 days, there was no . . 

visible diminution in the undissolved salt and no product could be 

detected. 

Although the bis-(tetrapropyl.ammonium) salt might show better 

solubility, it was felt that the reaction mixture would then be too basic 

for coupling to occur. 3l It appears that acetylation will remain a neces

sary step simply in order to confer solubility on the reactant. 

The major problem with the synthesis was the dealkylation side re

action. The ratio of BOC-ile*-ol AMP to BOC-ile* .. ol AE-AMP in the initial 
\ 

preparation was approximately two to one. Prevention of deal kylation 

. , 

;; . 

< 

• ~ i 
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would have increased the yield from 10% to 30%, which is approaching the 

35-40% ,yield bbtained in the normal preparation of BOC-ile-ol AMP. 

In studying the dealkylation, it was found that it occUrred more 

'extensivelY when thedisplacement - deacetylation r'eaction was carried 

out in refluxing methanol than when don~ at room temperature. When done 

at 30e, only a slight decrease in dealkylation was noted and the 'time for 

completion of the reaction was considerably prolonged. 

Since dealkylation did not occur in the preparation of N6-t2-aminoethyl) 

adenbsine, wedicidedtosee whether it wouidoccur in the preparation of 

N6,...(2-amino'ethyl) AMP. It did. 
, 

Although we ,did not understand the mechanism of the dealkylation, we 

felt that it mig'ht be linked to:the potenti'al for aziridine elimination' 

inherent in the aminoethyl group. Were this the case, an aminohexyl 

chain should be relatively stable to dealkytation.Accordingly, we pre

pared some N6:':(6~aininOhexYn AMP and found that the reaction proceeded 

without dealkylation.· However, when .N-t-BOC-(U)14C-L-isoleucino'l 

, N6-(6':aminohexyl) adenylate (BOC-ile*-ol AH-AMP) was prepared, dealkyla

tion did occur and' the ratio of dealkylated to alkylated material was 

again ca. 2: 1 . 

These results did not clarify the mechanism, but did suggest that 

BOC.,.ile*-ol AH-AMP might be prepared in better yield from AH-AMP. This 
" 

would require the protection and deprotection fo the w-amino group, steps 

which thebriginal synthesis had been designed to avoid, butmightelimi-' 

nate the necessity for acetylation, since the addition of an N"carbobenzoxy 

6-amino hexyl group might make the derivative sufficiently soluble without 

acetylation. 

Another possibility is suggested by the recent report of Guilford 
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et.!l. on the preparation of AH-AMPfrom Cl_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 ability to use neutra" conditions could minimize or eliminate 

it. 

Certain problems can be anticipated. BOC-ile-ol diAc Cl-IMP is 

quite insoluble in water ~nd could"be expected to be even less ~o in ionic 

aqueous solutions. Our reactions have normally been run in ethanol ic 

soiutio'n. Neutral hexamethylene diamine(or ethylene ,diamine) hydrochloride 

is only slightly soluble in ethanol. which is unacceptable considering the 

large excess which is required. ' The reaction can probably be achieved at 

elevated temperatures. 
.,; 

Both of these possibilities are worthy of investigation. However, we 

had obtained sufficient quantities of the ligands to begin to prepare 

adsorbents;We felt that there was no point in spending too much time 

improving the synthesis until we had shown that adsorbe~ts which could 

be successfully used for affi nity chromatography coul d be prepar~d from 

the 1 i gands. 

C oupl ing Reactions 

Initially, we attempted to couple the BOC-ile*-ol AE-AMP and 

BOC-ile*-ol AH-AMP to succinylaminoalkyl agarose using either l-cyclohexyl-

3-(2~morpholinoethyl) carbodiimide metho-£.-toluenesulfonate or l-ethyl-3-

(3-dimethylaminopropyl) carbodiimide hydrochloride in aqueous media. 

Using a 50% excess of the appropriate adenyl ate and a la-fold excess of 

carbodiimide (based on the number of tail segments bound to the gel), the 

ligands were bound at a level of less than 1 ~mole per milliliter of gel. 

I, 

i 
I 
I 
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Only about 5% of the agarose bound tail segments were ligated. We also 

reacted the 1 igands directly with cyan'ogen bromide activated agarose at 

pH 8.5 and pH 10~ achieving couplings of 0.5 umo1es/m1 and 1.5 umo1es/m1 

respectively. The coupling of 3,3'-iminobispropy1amine at pH 10 gives a 

level of s~bst{iutionof 15-20 umo1es/ml. In all cases, the BOC-ile*-ol 

AE-AMP was coupled slightly more efficiently than was the BOC -ile*-ol 

AH-AMP. 

We hypothesized that the reason for the poor efficiency of these 

reactions was the ~equestration o~ the w-amino group in an ion pair with 

the phosphate moiety. This would keep the amino' group in a sterically 

crowded environment as well as raising its pKa by stabilizing the pro-
, . 

. tonated form. This should result in 'considerably lowered reactivity ot' 

the amino group and would allow hydrolysis of the carbodiimide carboxy~ 

late complex to compete favorably with the coupling of the amine. 

Molecular models indicated that such ion pairs could readily be 

formed wi th e; ther compound. The' ion pa.i red form of the aminoethyl de

rivative was quite rigid; whereas that of the aminohexy1 compound was 

fairly flexible. This suggests that the ion paired conformation of the 

aminoethy1 compound would be somewhat less stable than that of the amino

hexy1 compound due to a greater decrease in entropy upon formation. This 

would explain the greater reactivity of the aminoethy1 derivative despite 

the fact that its amino group has intrinsically more steric hindrance . 

. To determine the relative rates of hydrolysis versus coupling, some 

of the aminoethy1 derivative was reacted with a 4-fo1d excess of acetic 

acid and a 10-fold excess of N-ethyl N'-(3-dimethylaminopropyl) carbodii

midehydrochloride at 'concentrations comparable to a coupling reaction. 

The reaction was followed by TLC. During. the first 24 hours the 
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uv- and ninhydrin-positive BOC-ile*-ol AE-AMP spot decreased and a second 

spot~ UV-pos iti ve and ni nhydri n-negati ve wi th hi gher Rf, appeared and 

increased. This was presumably the acetamidoethyl derivative. After 24 

hours, at which time spots were of approximately equal intensity by visual 

estimation~ no further change was noted in the rati~s. thus, it appears 

that even in this case, wherein steric considerations were minimal, hyder

lysis occurs at 'a rate approximately 20 times that of coupl ing. 

Raising the 'pH to increase the reactivity of the amino group is not 

acceptable for either, coupling technique. Carbodiimide couplings cannot 

be carried out at pHis ~uch above 7, because the reactive specie~ in the 

coupling i~the protonated adduct of the acid with the ca~bodiimide.At 

higher pH's, there is very little of this species in solutionandacylurea 

formation predomi nates. 31 Cyanogen bromide coupl i ngs cannot be effi cient

ly carried out at pH > 10 be,cause the activated intermediate ;s quickly 

decomposed under such conditions. 2a 

In order to increase the amount of coupling, it would be necessary 

to increase the amount ofcarbodiimide used or decrease the rate of hy-

drolysis. Mosbach et !.t. had just published a paper describing the 

coupling of NAD+ to a modified agarose using N,NI-dicyclohexyl carbo

diimide (DCC) in 80% aqueous pyridine. 27 This system appeared very 

attractive. DCC is highly soluble in the solvent so that very large ex

cessescould be employed. ,The concentration of water was reduced fivefold. 

Because DCC is quite hydrophobic, the concentration of water in its 

solvation shell (or that of its adduct with the carboxyl ic acid) could be' 

expected to be considerably lower yet. The technique had the drawback 

that it could be expected to cause irreversible shrinkage of the agarose 

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

" 
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.1 " . . 
N,N' -dicycl,ahexyl urea. However, Mosbach et ~. had successfully employed 

, the adsorbent which they had prepared by thi s technique for. affi nity 

chromatographY. Whatever shrinkag~ occurred was apparently not overly 

detrimental. 

We were prompted to try coupling our derivatives. Test couplings 

I were run for 8' days on both the aminoethyl and aminohexyl derivatives, as 

well as unsubstituted BOC-ile~-ol AMP. The latter wa~ done to ascertain 

that any coupling of the aminoalkyl derivatives which might be obtained 
\ 

'.. . ' '27 
would be via the w..;amino grou'p. The gels were then washed as prescribed, 

followed by washing 'with large volumes of 0.01 M phosphate (pH 7.5) and 

water. 

Radioassay showed that the BbC-ile*-ol AE-AMP had been coupled ata 

lJvel of 2.4 )lmoles/nir; the BOC-l1e*-ol AH':'AMP, 1.2 llmoles/ml; and the' 

unsubstitLited BOC-ile*-ol AMP, 0.08 llmoles/ml. The. coupling appears to 

proceed in reasonable yield and to occur primarily via amide formation 

with w-aminri group •. The gre~ter coupling of the aminoethyl derivative 

may be understood in terms of its forming a less stable ion pair'with the 
. . 

phosphate, as discussed previously. After deblocking, the aminoethyl 

derivative was retained at a level of 1.9 llmoles/ml, and the aminohexyl 

derivative, 0.4 llmoles/ml. 

The deblocking procedure used above and in subsequent adsorbent pre

parations differed sl ightly from the previously used procedure of stirr.

ing in 1 N aqueous hydrochloric acid for 6 hours at room temperature. In

stead 1 N hydrochlori~acid in 1:1 ethylene glycol-water was used. We 

switched to the latter solvent because considerable hydrolysis of the 

cyanoge~_bromide~induced linkage had been occurring during deblocking. 

The rationale for the change was that the rate-determining step for th~ 
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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 concentration of water. Where

as acid hydrolysis of the presumed carbamate ester involves nucleophilic 

attack by water on the protonated carbonyl and is sensitive to water con

centration. (Ethylene glycol is expected to react $olvolytical1y at a 
, , 

I much lower ra'te). Possible loss of ligand due to hydrolysis of the 

, purine-sugar bond may also be reduced in 'this solvent. We hoped to reduce 

the rate of ligand loss without affecting the rate of deblocking. A less 

aqueous medium was not employed because of the possibility of irreversible 

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

blocked in this medium w'ith a ha1'f-life of 130 min. This fs comparable to 

that seen in aqueous acid. toss of ligand from deblo~ked gels was reduced 

but the results were quite erratic and could 'not be readily quantitated. 

We next carried out a large-scale coupling of the BOC-ile*-ol AE-AMP 

to succinylaminoalky1 agarose. After 8 days, the gel was collected by 

filtration, washed free of precipitated DCU, and returned to the filtrate 

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 phos'phate (pH 7.S) and with water. The gel was found 

to have undergone some irreversible shrinkage, from 20 ml to 16 ml in 
I 

total volume. Radioassay indicated a level of coupling of 3.4 ~moles/ml~ 

and after deblocking, 2.6 llmo1es/ml. Thedeblocked material was tested 

with trinitrobenzene sulfonate,2a giving a medium-orange color which in

dicates the presence of primary amines. The gel before deblocking gave 

a negative test. Thi.s gel was used to make affinity columns. the employ

ment of which is described in the next section. 

,Th~ success of this coupling procedure led us to investigate couplings 

.-
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in other partially aqueous media, in hopes of findinga procedure which 

would require less time and would not lead to irreversible shrinkage of 

the agarose gel. 

Test couplings of 5 days' duration were carried out on BOC-ile*-ol 

AE-AMP in 1:1 dimethy1formamide-water (A), 1:1:1 dimethylformamide

dioxane-water (B), 3:1 dioxane..;water (C), and 1:1 ethylene glycol-water 

(0), after verifying that these solvent systems did not cause irreversible 

shrinkage of theagarose gel. N-ethyl N' - (3-dimethyl ami nopropyl) car

bodiimide hydrochloride was used as the coupling agent. The following 

levels of coupling were found: A, 2.3 j.lmoles/ml; B, 4.1 j.lmoles/ml; 

C, 5.4 j.lmoles/ml; and 0, 0.9 j.lmoles/ml. After deblocking, the retention 

levels were: A, 0.8 j.lmoles/ml; B, 1.57 j.lmoles/ml; C, 2.56 j.lmoles/ml; 

and 0, 0.5 j.lmoles/ml. The coupling in 3:1 dioxane-water looks very pro

mising. None of the adsorbents prepared by these latter couplings have 

b~en tested as affinity agents. 

Buffer Studies 

Before carrying out any separations on the affinity adsorbent, we 

decided to determine which of the available buffers would be most suitable 

to use in the el uent. Previously, we had used phosphate buffer because 

of its stabilizing effect on the enzyme. Since phosphate is an inhibitor 

of ATP, We felt it might also compete with the insolubilized ligand for 

,IRS, thus reducing the efficiency of the column . 

Accordingly, we decided to screen a number of alternate buffers. 

The primary characteristics we looked for were: 1) little or no color 

development with the Lowry reagent, and 2) little or no inhibitionof the 

ATP~{32p)PPiex~hange reaction~ 

.; , .. 
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The following buffers'were checked for color development with the 

Lowry reagent: borate, caco~ylate, tris(hydroxymethyl )amino methane 

(Tris), N-2-hydroxyethylpiperazine N'-2-ethanesulfonic acid (HE'PES), 

N'- tri s (hydroxymethyl )methylglyci ne (Tri ci ne), N,N-bi s (hydroxyethyl ) 

glycine (Bicine), N-tris(hydroxymethyl )"methyl aminoethane sulfonate (TES), 

N,N-bis(hydroxyethyl)aminoethane sulfonate (BE5); and triethanolamine. 

Ten microliter aliquots of 1 M soiutions of the buffers were treated with 
. "'. . 

the Lowry reagent under assay conditions and the followingopticaT 

densities ,at 750 nm were 'found: borate, O~O; cac'odylate,O.O; Tris, 0.09; 

HEPES,l.60;Tricine 0.'02; Bicine, 3.5; TES, 0.005; BES, 0.57; and 

tri~thanolamine, 3.4. 

On the basis of these results, borate,cacodylate, Tris, Tricine, and 

TES were selected to be tested for inhibition on the pyrophosphate ex-

change reaction. The exchange reaction was carried out on a fixed amount 
f " " 

of IRS under standard ,~ssayconditions, except that the usual Tris buffer 

was replac"ed by the test buffer ,so as to give a final concentration of 

0.05, 0.10, or 0.15 M. Borate was found to be highly inhibitory. The 

others, except TES, were found to be slightly inhibitory. TES was shown 

to stimuJate the exchange slightly. That is, the rate of exchange rose 
I 

sligh~ly with increasing butfer concentration, whereas with all other 

buffer's, the exchange rate dropped slightly with increasing buffer 

concentra t i on. 

TES was chosen as the most suitable buffer.' We decided to use the 

following solution as the column eluent for testing the affinity gel: 

0.02 M TES (pH 7.8) containing 0.01 M 2-mercaptoethanol, 0.005 M magnesium 

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

But'fer 1.' 



" 

,> 

, ' 
1 L 
, .~, J,' 

"'"; .... :t-

".' . IJ~; ( •. J ' 

-75-

Affinity Columns 

The gel prepared by coupling BOC-ile*-ol AE-AMP to succiny1aminoa1kyl 

agarose using DCC in 80% aqueous pyridine, "hereinafter referred 'to as 

Affinity Gel I, was'used to prepare columns and these were tested for their 

ability to purify L-isoleucinet-RNA synthetase~ 

, A portion of C gel' eluate was' chromatographed on a col~mn of the 
Y , , 

,adsorbent using Elution Buffer 1. The resultsmayb.e seen' in Fig. 6A. 

An equivalent run was done on unsubstituted ·agarose. These results are 

shown in Fig., 6130 A run on succinylaminoalkyl' agarose gave an elution 

pattern which differed little from that seen on unsubstitited agarose. 
'. . 

It may be seen that the el ution behavior of the, bu1 k protei n is 

almost identical on both columns. This indicates that the affinity gel 

is not givi ng non-specific iriteractions wi th the proteins and that the

shrinkage which occurred during coupling did not have an untoward effect 

on pore size.' Ninety nine percent of the protein was recovered from the: 

affinity column and '85% of the protein from the unsubstituted agarose. 

On the agaroseco1umn,IRS eluted slightly ahead of the protein peak, 

indicating a sl ight gel permeation effect.·· One-hundred and sixteen percent 

of the enzyme activity was recovered. On the affinity gel t a small enzyme 

peak emerges concurrently with the protein peak, containing only 14% of the 

applied enzyme activity. This behavior occurs frequently in affinity 

chromatography2c and should not be construed as indicatirig saturation of the 

column. (The column has a theoretical capacity of 39 pmoles. Seventy-five 

picomoles of IRSwere chromato~raphed in the run shown.) The rest of the 

enzyme was presumably bound to the column (or denatured). 

[1 ution of a bound enzymei s normally accomplished through a change 

of pH, an increas'e in ionic strength, or inclusion of a soluble ligand in 
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Figure 6. Chromatographic elution patterns of partially purified 
L-iso1eucine t-RNA synthetase on (A) Affinity Gel 1 and (B)unsub
stituted agarose. A 1/4" diameter column was poured using 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 m1 of Cy gel eluate (6.76 mg/m1 protein; 10.1 units/ 
ml IRS) which had been dialyzed against the ·buffer was run on and 
then eluted with the buffer. The columns were run at 200 C with a 
flow rate of 0.25 m1/min. Fractions of 1.3 m1 were collected in a 
refrigerat£d chamber at SoC. Protein (filled circles) was measured 
with the Lowry rea~~nt. Enzyme activity (open circles) was deter
mined by the ATP-[ P] PP; exchange reaction. 

I,.: 
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the eluent buffer. Since IRS is denatured at pH's, greater than 1018 or 

less than 633 and is also denatured in 2.5 M urea,13 we decided to attempt 

elution using soluble ligands. 

Portions of C gel eluate were placed on a column of Affinity Gel 1 
y 

and the col umn was washed with El utior! Buffer 1 until the bu1 k protei n 

peak had b~en completely eluted. The elution buffer was then changed to 

one which contained in addition to the components of Elution Buffer"l 

0.01 M L-iso1eucine, or a combinatior!of 0.01 M L-{~oleucine and 0.01 M 

ATP. The 1 atter mixture would presumably form the ami noacy1 adenyla te .i.!l 

situ. 

These techniques resulted in the slow elution of enzyme at very low 

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

A typical run is seen in Fig.r. 

The slow removal of the enzyme was attributed to a slow rate constant 

for the dissociation of the enzyme from the inso1ubilized ligand. In order 

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

Buffer 1, o~e column ~olum& df'the buffer containing'the free ligand(s) 

was passed into the column and elution was halted for orie or eighteen hours 

to allow. equilibration of the IRS between the soluble and insolubi1ized 

ligands. Then elution was continued with the second buffer. This result

ed in an' initial sl ight increase in eluted IRS activity followed by a 

precipitous drop to elution of no activity (Fig. 8). 

Batchwise extraction of IRS was also attempted. After placing some 
I 

~y gel e~uate on a column and washing off the bulk protein, the adsorbent 

was removed from the column and extracted overnight with five volumes of 

Elution Buffer 1 containing'a1so either 0.1 M L-isoleucine or 10-3 M 

L-ile-ol 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 
fra£tions 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-[32pJ PP; 
exchange reaction. 
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Figure 8. Chromatographic elution patter of pa~tially purified 
IRS on Affinity Gel 1. A 1/4" column was filled with 2 ml of the 
gel equilibrated with Elution Buffer l. Cy gel eluate (0.3 ml, 
containing 2.0 mg protein ~nd 2.25 units Of IRS) was placed on 
the column and chromatographed with the buffer at a flow rate of 
0.08 ml/min. Fractions of 1.1 m1were collected. After ten 
fractions were c011ected, 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 ~lution was resumed as before 
except that the latter buffer was now employed. Protein (filled 
circles) was measured with the Lowry reagent usin9 theappropr.iate 
buffer as a blank. Enzyme activity (open circles) was determined 
from the ATP-(32p)PPo exchange reaction. . 
. 1.0

." • 
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the inhibitor before the IRS assay wascarri·ed out. Only slight amounts 

ot' IRS were recovered in this manner (ca. 10% with L-iso1eucine extraction 

and ca. 2% with BOC-i 1 e-ol AMP extr.action). 

These, results made 'it seem quite likely that the enzyme was denatured 

after adsorption onto the gel. This denaturation was ~pparently induced 

by the bound ligand, since no denaturation was seen when unsubstituted 

agarose was employed. 

To test this hypothesis, a portion of C gel eluate was dialysed 
y 

against Elution Buffer 1 containing 0.01 M L-1s01eucine and chromatograph-

ed using ,the same buffer: Based on the ~ of L-iso1eucine and the Ki 

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 ratio 

of greater than 10,000:1 in the absence of L-isol,eucine. The IRS should 

be retarded ,under these conditions rather than retained. While l-isoleucine 

can normally protect IRS against denaturation, it cannot protect it 

against denaturation induced by binding to theinsolubilized ligand 

Since the two cannot be simultaneously bound. If such denaturation is 

occurring, the elution pattern should not differ much from that seen with 

the L-isoleucine-free eluent. 

The pattern seen on running the experiment (Fig. 9) is what one 

would expect for a partitioning between the phases with incomplete 

equilibration. Enzyme activity recovery was ca. 50%, and suggests that 

much of the applied enzyme activity can be recovered from the columns. 

The enzyme infractions 20-50 was purified three- to fourfold. 

The results were encouraging. However, this technique is not suitable 

for preparative scale work because the IRS is only retarded. 

Since elution with soluble ligands did not appear practicable, we 
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Figure 9. Chromatographic elution pattern of partially purified 
IRS on Affinity Gel 1 while continuously in the presence of 0.01 M 
Ljisoleucine. 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.B; 0.02 M 2-mercaptoethanol; 0.005 M magnesium chloride; 0.05M 
potassium chloride; 0.01 M L-isoleucine), 0.3 ml of C- gel eluate 
(7.1 mg/ml protein, 11.7 units/mlIRS) previously dialyzed against 
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 e~ch~ 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 circles) was determined from the ATP-[32pJ PP i exchange 
reaction .. 
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then tried to elute the bound enzyme by changing the ionic strength of the 

eluent .. The previous studies had indicated that the IRS was bound quite 

tightly to the insolubilized ligand. We felt it would be possible to use 

a phosphate buffer without significantly reducing the level of binding of 
.. 

IRS to the adsorbent. Use of a phosphate buffer would be deSirable be-

cause phosphate was considerably superior to TES (or any other buffer 

tested) in minimizing denaturation of IRS during storage .. It might exert 

a similar effect in minimizing denaturation during ·chromatography. 

A portion of C . gel eluate was placed on a column of Affinity Gel I 
y 

equilibrated with 0.02 M pho~phate (pH 7.5) cbn~aining 0.b2 M 2-mercapto-
- . 

ethanol and thecolumn was washed with the buffer until the bulk protein 

was completely eluted. Then the column was eluted with a gradient of 

phosphate tool M final concentration. -The gradient was 0.02 M in 2-

mercaptoethanol and the fractions were collected in vial containing 

0.02 M aqueous 2-mercaptoethanol to dilute the el~ent and prevent de

naturation by prolonged contact of the enzyme with the high molarity 
. , .. 

solution. :Thirteen percent of the applied enzyme act;vitywas collected 

; n the peak emergi ng concurrently with th'e protei n peak. Only trace 

amounts of activity were eluted with the phosphate gradient. 

In addition to showing that the enzyme act; vity could not beel uted 

by changing the ionic strength of the medium this experiment showed that 

"the use of phosphate buffer had no untoward effect on the binding of the 

enzyme tothe column: the elution pattern during elution with 0.02 M 

phosphate was almost identical to that seen in other runs using Elution 

Buffer 1 (e.g., Fig. lA). 

We then turned to pH shift elution. Since IRS is somewhat less 

sensitive to basic conditions, a shift to basic pH was tried first. 
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A portion of C gel eluate was placed on a column of Affinity Gel 1 
y 

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

ethanol until the bulk protein was completely 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-mercaptoethanol and 0.01 M L-isoleucine. This combined the pH 

shift technique with the soluble ligand technique. The fractions were 

collected in vials containing 0.1 M phosphate buffer at pH 6.25 to re

duce th~ pH of the effluent upon collection and minimize denaturation. 

The pH gradient in the fractions atter co 11 ectionwas 6.7 to 7.4 

This procedure caused the elution of a second peak of'enzyme activi

ty. Maximum activity was eluted at pH ~ 9.5. Not surprisingly, this is 

the apparent pKa of an" amino acid in the active site of IRS, the titration 

of which causes a conformation change in the enzyme and reduces its abili

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

Fifteen percent of the applied activity was recovered in the second 

peak. It is probable that a considerable amount of IRS was denatured 

when the pH gradient. exceeded 10. 

W~ r~peated the experiment~except that a buffe~ of constant pH 

9.9 was substituted for the gr.adient. The results are shown in Fig. 10. 

This maybe considered our first successful purification of IRS by 
I 

affinity chromatography. Forty-one percent of the applied activity was 

recovered and activity was still being eluted at a significant level at 

the point where the collection of fractions was stopped. The increase 

in enzyme purity in the second peak is only 4.5-fold. However, it is 

expected that the column was saturated with non-specifically bound 

protein during the chromatography, whereas it had the theoretical capacity 

to bind 40,000 times as "much IRS as was placed on it. Thus, on a . ! 

': 
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XBL734-4766 

Fig. 10. Chromatographic elution pattern of partially purified 
IRS on Affinity Gel 1. 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-mercaptoethano1. Cy gel eluate (0.3 m1, containing 
1.21 mg. protein and J.06 units of IRS) was chromatographed at 
200 using this buffer. Flow rate was 0.1 m1/min. Ten fractions 
of 1.1 m1 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-iso1eucin~ Elution was continued as before. 
Fra~tions of 0.9 m1 were collected in tubes to which 0.3 ml of 0.1 
M ~hosphate (pH 6.25) containing 0.02 M 2~mercaptoethanol had been 
added. Protein (filled circles) was measured with the Lowry rea
~~nt. Enzyme activity (open circles) was determined from the ATP-

P}PPi exchange reaction. . 
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preparative scale run, the level of enzyme activity" eluted in the second 

peak could easily be lOO-foldas great or more, while the level of protein 

el uted woul d only be increased by the extra, amount of bound IRS. The re

sult would be a quite dramatic purification. 

There remains only the adaptation of the technique to preparative 

scale. This work is in progress. 

It is anticipated that this procedure can be readily extended to the 

purifi ca tion of the other ami noacyl tRNA synthetases. 
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" 

3 -Methyl-1 ~pentanal, 3 -methyl-i-pentanol, 2',3' -isopropylidene 

adenosine, cyanogen bromide, 6-amino-1-hexanol, 1,8-diaminooctane, 

3,3' -iminobispropyl":amine, N, N' -carbonyldiimidazole, N, N' -dicyclo-

hexylcarbodiimide, 1-cyclohexyl-3 -(2 -morpholinoethyl) -carbodiimide 

metho-E.-to~uene sulfonate, trifluoroacetic acid, t'-buty1azi,doformate, 

and 2-mercaptoethanol were purchased from Aldrich Chemical Co. , ; 

L-isoleucihe, N-t-BOC":L-isoleucine, N-t-BOC-L-leucine, ATP, 

ninhydrin, BES, TES, HEPES, Bicine, Tricine, and triethanolamine 

from Nutritional Biochemicals Co.; N-methyl-D, L-isoleucine, 

O-methyl threonine, AMP, adenosine, D-ribose, and L-valine from 

Calbiochem; 3 -methyl pentanoic acid, 2 -methyl-i-butylamIne, and 

hexamethylene diamine from K & K Laboratories; a-amino-D, L-amino-

pentanoic acid, a -D, L-aminoh'exanoic acid, a -D, L:"'aminoheptanoic 

acid.thionyl chloride, phosphoryl chloride, methaneeulfonyl chloride, 

nitromethane, dimethyl sulfate, sodium dithionite, £.-nitrobenzoyl azide, 

hexyl bromide, and ethylenediamine from Eastman Organic Chemicals; 

adenirte, and (U) 14C-L-isoleucine, from Schwarz/Mann; carbobenzoxy 

chloride from Mann Research Laboratories; N
6

-methyl adenosine and 

6-chloropurine riboside from P-L Laboratories; BioGel A-15 and 

BioBeads S-"X2 from BioRad Laboratories; i-ethyl 3 -dimethylaminopropyl 

"'! . '. . ." . I· 

carbodiimide hydrochloride from Cyclo Chemical Co.; CNBr-Activated 

Sepharose from Pharmacia;Tris from Sigma Chemical Co. ; Sodium 

32 P-pyrophosphatc fron} International Chen1ical and Nuclear Corp. ; 

Polyethylene Glycol 200 from Baker Chemical Co.; Biosolv BBS-3 

/ 
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from Beckman Instrument Co. ;. Fluor Concentrate II from Research 

Supplies Laboratory; Cabosil from Cabot Corp.; Lithium Aluminum 

Hydride from Alpha/Ventron Inorganics; Polyglycolamine H-t63 from 

Uniort Carbide; p-toluenesulfonyl chloride and iO·% palladium on 

charcoal from Matheson, Coleman and Bell; 2, 4,6-trinitrobenzene-
. . 

sulfonic acid from Pierce Chemical Co.; and E. coli. B cells from 
. I - ---

. I . 
Miles Laboratories. Macroporous polystyrene was a gift from Dow 

Chemical Co. All other chemicals were reagent grade. 

3-Methyl-i-pentanal, 3-methyl-i'-pentanol, 3-rnethylpentanoic acid, 

2 -methyl-i-butylamine, ethylene diamine. phosphoryl chloride, 

methane sulfonyl chloride, thionyl chloride, nitromethane, and di-

methyl sulfate were distilled before use. 
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Analytical Procedures 

'., . 1 
Protein assay (Lowry test). The Lowry reagent was prepared by 

combining 20 mI. of a 10 % solution of sodium carbonate in 0.5 N sodium 

hydroxide and 2 ml of a solution of 0.5% CuS0
4

· 5H2 0 in 1% sodium 

. tartrate and diluting to 100 ml with distilled water. Fifty microliters 

of the. so,1ution to ,be tested was added to 5ml of the above solution, 

mixed, and allowed to stand for 10 min. Then o~ 5 ml of a solution pre-

pared by diluting 10 m:r of phosphomolybdotungstate reagent with 7 ml of 

water was .added to the test solution and mixed immediately. Color was 

allowed to de~elop fori hour and then the absorban;:e at 750 nm was 

measured and the amount of proteindetermined froIn a standard curve 

prepared using beef serum. albumin. 

IRS Assa.y was carried out using the ATP_(32p )pp' exchange assay 
1 

des-cribed by Norris and Berg. 2 Five to fifty microliters of the solution 

to be tested :was added to 1.0 ml of a solution containing 0.1 M Tris . HCl 

(pH 8.0), 10 mM KF, 10 mM 2-mercaptoethanol, 3 mM MgCI2 , 2mM 

lrisoleucine, 2 mMMgATP, and 2 mM sodium (32 p ) pyrophosphate 

4 5 -1-1 
(10 -10 counts min jJ.mole ). The solution was incubated 15 min 

at 37-, and the reaction stopped by addition of 0.25 ml 14% percholoric 

acid and 0.3 ml of 12% acid-washed Norit. The solution was shaken 

briefly and chilled in an ice bath for 5 min. The Norit was collected by 

centrifugation and washed with 3 X 3 ml of ice water. It was then sus-

pended in 2.0 ml of 2% conc. ammonium hydroxide in 50% aqueous 

ethanol. A 0.5 ml portion of the suspension was dried in a planchet 

and counted in a Nuclear Chicago end window counter. The assay was 

linear in the range 0-0.15 unit, where one unit is defined as the 
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incorporation of 1 f.Lmole of (32p)PPi into ATP under assay conditions .. 

Michaelis constants were determined by. carrying out the above as say 

on a fixed amount of IRS ( ca. 0.1 unit). Either L-isoleucine or MgATP, 

as appropriate, was omitted from the assay solution and varying amounts 

of the substrate to be tested were added to the solution .. The velocity 

of the reaction.was determined as apparent unitsanC! was plotted against 

the velocity divided by the concentration. of the substrate. A straight· 

line was fitted to the points by the least squares method and the Michaelis 

constant was determined from the slope of the line. 

The Michaelis constants of a-D, L~aminoheptanoiC acid and 

a-D, L-aminohexanoicacid were determined asde~cribed in Appendix B. 

Inhibition constants were determined from the ap:parentMichaelis 

constant (Km') of either L-isoleucine or MgATP using the relationship 

Km ' = (1 + .[ I] /K.) Km, where [I] = inhibitor concentration. 
1 

The apparent Michaelis constants were determined in the presence of a 

fixed amount of inhibitor as describedabove~ The concentration of the 

inhibitor was greater than its inhibition constant unless prohibited by 

limited solubility. 

L-isoleucine ethyl and hexyl esters contained trace amounts' of 

L-isoleuc:ine which led to incorrect inhibition constants. The amount 

of L-isoleucine was estimated by determining the rate of exchange in 

the presence of the ester without added L-isoleudne. This was done 

using the relationship 

1 + lr]/K. 
fs] ~ Km (V /Vt-1' 

max 

.. 
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where [51 =: L-isoleucine concentration, 

[I] ester concentration, 

v =: rate of exchange, 

v = extrapolated rate at infinite L·isoleucine concentration. max . 

The apparent value of Ki was tlsed. Upon dete rmination of Is 1 . this 

value was used to correct the concentratioti values of L-isoleucine iIi 

the original inhibition study and a new K. was determined. This value 
1 

was then introduced in the above equation to obtain a more accurat.e 

value .0' [5]. The process was repeated until no further changes were 

obtained in the value s of K. and l S]. 
1 

Dissociation constants were determined from fluorescence titrations 

as described in Appendix B. 

Ninhydriri assays were used to determine the amount ofligarids bound 

to adsorbents. The adsorbent was hydrolysed overnight at 1000 in 1 N 

sodium hyd.roxide. Nitrogen gas was bubbled through the hot solution 

for 30 min t<) remove ammonia. An aliquot of the hydrolysate was 

acidified (pH 1-5) with conc. Hel and diluted to an estimated concentra-

tion of 0.2 to 1. 0 mM in primary amine. To 0.5 ml of this solution was 

added 1 ml each of 2X 10-
4 

M KeN in pyridine, and 80% phenol. The 

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

in ethanol was added. Afte r mixing, the solution was he ated 5 min fur-

ther and diluted to 10 ml with 60% ethanol. The optical density 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 counted in 0.5 ml of 

ethanolor water was dissolved in 18ml of a scintillation solution prepared by 

mixing 825~llof toluene, 125ml of Bio ... Solv BBS-~and 50ml of Fluor Con

centrate II. In the case of agarose adsorbents, 0.5 ml (settled volume) 

of the gel was added to t~e scintillation fluid and allowed to become 
. . i 

solvated. The solvated beads are almost completely transparent in the 

medium. They were ,suspended in the fluid with the aid of colloidal sil-

ica (Cabosil). The solutions or suspensions were counted in a Packard 

Tri-Carb instrument. 

Thin layer chromatography was done on 10 cm strips cut from Eastman 

Chromagram Sheets' of silica gel or cellulose impregnated with fluores cent 

indicato"r using the solvent systems indicated. Visualization was done 

routinely with ultraviolet light, iodine, and 0.5% ninhydrin in 49:1 

ethanol-acetic acid. 

The 2, 4, 6"Trinitrobenzenesulionate Test was performed as de-

scribed by Cuatrecasas and Anfinsen. 9 

Synthetic Procedures' 

L-isoleucine ethyl ester hydrochloride. L-isoleucine (6.5 g, 50 

mmole) was suspended in 50 ml of dry ethanol and the mixture chilled 

to -10°C. Thionyl chloride (7.5 ml,104 mmole) was added in three 

portions at 5 'min intervals to the stirred suspension. The mixture was' 
. . 

allowed to warm to room temp~rature and then heated to reflux under a 

drying tube. After 1 t/2 hours the solution was cooled and ethanol was 

removed under reduced pressure to give a thick oil. This was dis-
. I 

.solved in 50 ml of ether and placed in a freezer overnight. The pre-

cipitated L-isoleucine ethyl ester hydrochloride was recrystallized 

,.' 

, , 
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twice by dissolving in 5 ml of ethanol, adding 50 ml of ether and chilling. 

This yielded 2.3 g (240/0) of white crystals, M. -p.(uncorr.) 92-3°C. 

Analysis-Calculated for C
S

H
1S

CIN0
2

: C,49.09; H, 9.27; Cl, 1S.14; N, 

7.15. found C, 49.23; H, 9.25; CI, 1S.20; N, 7.36. 'Enzymatic assay 

with IRS indicat~'d that the ester was contaminated with 0.5% L-isoleucine. 

L-isoleucine hexyl ester. Thionyl chloride (1.0 ml, U.S mmole) was 

dissolved in 12.5 ml of dry hexanol and the solution chilled to -iOcC. 

L-isoleucine(L 64 g, 12. 5mmole) was added to th'e stirred solution which 

was protected by a drying tube and the mixture~NaS slowly heated to 

45°C and maintained there until a homogenous solution resulted. It was 

then stirred overnight at r. t. while nitrogen was bubbled through to re'~ 

move S02 and HCl. The solution was diluted with 15 ml of heptane and 
. . ," 

extracted with 2 X 15 ml of water followed by 2 X 15 ml of 1 N citric acid. 

The combined extracts were brought to pH 12.5 with 1 N potassium 

hydroxide and were extr.acted with 2X 25 mlof ether. The combined 

ethereal extracts were washed with 2X 25 rnl of 5% sodium bicarbonate, 

dried over sodium sulfate, filtered, and saturated with hydrogen chloride. 

The solution was evaporated under a nitrogen stream and the residue 

dissolved in 25 ml methylene chloride. The solvent was removed un-

der reduced pressure. Solution and evaporation were repeated twice 

more and 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 and water, and had nowell-defined melting point. 

It was homogeneous to TLC on silica gel using 1:1 acetone-water 

(RfO. 70) 'or 9:1 chloroform-triethylamine (R
f 

0.69). Analysis -Calculated 

for C12H26CIN02: C, 57.20; H, 10:40; CI, 14.iO; N" 5.60. Found. 
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C, 57 0; H, 10.5; Cl, 13.9; N, 5.5., Enzymatic assay with IRS in- r 

dicated that it was contamined with 0.40/0 L-isoleucine. 
, . ,. I 

L-isoleucinoL Small ~ortions -of lithium aluminum'hydride were 

added to Z50 rnl of peroxide-free tetrahydrofuran uiitil no bubbling was 

noted on addition of more LiAlH
4

. The solution was placed ina500 ml 

round-bottomed flask with a sidearm, which ~as fitted With a condenser 

topped with a drying tube; the system was then purged with NZ' LiAlH4 
. . 

(9.5 g. 0.25 mole) was added, and.the suspension was chilled in an ice 

bath. L-isoleucine (13: ig,0.1 mole) was added iii small portio'ns to 

the magnetically stirred mixture , aUowing bubbling to subside between 

additions. Th'e mixture was then stirred for· t hour at' O. 5°C and 1 'hour 

at room tem.perature. It was refluxed for 1 hour and then distilled for 

30 min (this removed about 100 ml of THF). The remaining mixture 

was allowed to cool and Z 50 ml of ether was added. (Note: either was 

freshly opened II anhydrous", but considerable evolution of hydrogen' 

was, noted). The mixture was chilled :and water saturated~ethe'r fol

lowed by smaIl portions of water wer~added to the'c~ld stirred mix-

ture. After excess water had been added, the inixture was stirred for 

Z hours at 0-5°C followed by stirring for 1 hour at room temperature. 
, , .. I 

Aluminum hydroxide was filtered off arid washed with hot methanol 
I 

(Z X 50 ml) and ether (50 ml). The combined filtrate and washings were 

evaporated under reduced pressure to give an aqueous solhtion which 

was extracted with ZOOml of ether,saturated with NaCl, ~nd e)£tracted 
I 

with 100ml of ether. The combined extracts were washed iwith50 mI' 

of saturated aq. NaCl and dried over sodium sulfate for 1 hour. They 

were filtered and evaporated under reduced pressure to give a yellow 

,j 

1 
(' 

\. 

., 
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oil which was distilled in vcic'uo to yield a white syrup, BP 76-8° (3 mm 

Hg) which spontaneously crystallized to needle son standing. Recrys

talHzatiqn from ether afforded 6.6 g(560/0 ) of white needles of MP 

41.5-3°, (a)D = 4.64° {c 0.127 M). 

l-nitromethyl N -t-BOC -L-isoleudn61 

N-t-BOC.-L-isoleucine hemihydrate (4.1 g, 17.1 mmole) was dissolved 

in chlo~oform 'and dried over magnesium sulfate. The solution was 

filtered and evaporated to a gum which was'dissolved in 40 ml 1: 1 

ether -tetrahydrofuran. This was re acted for 30 min with 2.78 g (17.1 

mmole) N, N' -carbonyl diimidazol~ to yield the imidazolide. The solution 

was placed urtder suction briefly to remove carbon dioxide and chilled 

in an ice-acetone bath. 

Clarified ethereal lithium aluminum hydride (LAH) was prepared by 

refluxing 5 g of LAH in 250 ml of ether for 3 hours, cooling, filtering 

through gl~ss wo~l into a graduated cylinder,> stoppering, and allowing 

to settle for at least one day. Just before use, the solution was 

standardized by pipetting 5 ml into 20 ml of ice water. Ten m1 of 1 N 

HCI was added and the mixture he.atcd un a steam. bath until all the-

precipitate was dis solved. The solution was cooleuand back-titrated 

with 1 N KOH to pH 3.7. Solutions were between 1.2 and 1.5 N. 

A volume of this solution containing 34.2 meq. of LAH was added 

over 10 min to the stirred imidazolide solution. The solution was 

stirred 30 min furthe'r in the ice -acetone bath. Then 5 m1 95 % ethanol 

was added, followed by 5 ml of water. The mixture was stirred 10 min 

at room temperature and filtered. The residue was washed with 10 ml 

portions of methanol, ether, chloroform and methanol again. 

I ' 

. " . , 

, , 
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The cornbined filtrate and washings were evaporated under reduced 

pressure to ~ 15 ml. Fifty ml of chloroform were added, the aqueous 

phase was separated and discard'ed,and the organic phase washed with 

20 ml portions of 1 N citric acid (2X)~ water, 5% sodium carbonate,' 

water, and saturated aqueous ,sodium chloride. The solution was dried 

over magnesium sulfate'; filtered, and evaporated under reduced pres-

sure to yield an oil. 

Gas chromatography of this oil on a 5' X 1/4" column of SE -30 at 

2000 with a flow rate 6f50 ml/min showed peaks with retention times 

(min.) of 3;15 (a), 4:15 (b), 4:35 (c), arid 5:15 (d). Peak (a) compromised 

about 500/0 . of the material and wa~ identified as an aldehyde. Peak (c) 

was identified as N -t-BOC-L-isoleucin'ol. The other two peaks remain 
. . ; 

unidentified. The aldehyde could be precipitated as the 2, 4-dinitrophenyl 

hydrazone, MP 165-7°. Analysis Calculated for C17H24N506:C, 51.64; 

H, 6.37; N, 17.71. ,Found: C, 51.49; H, 6.40; N,17.65. 

To the oil was added 20 ml of nitromethane and 5 drops of triethyl-
, , , 

amine. The solution was held at 30 for two weeks. 

The product mix was chromatographed on an .8.SX 2.2 cm column: of 

silica gel with 50 ml of chloroform, 100 ml of a gradient of 0-10% 
, 

methanol in chloroform and 50 inl of10 %' methanol in chloroform. The 
i 

l-nitromethyl N-t-BOC-L-isoleucinolemerged from 105-160 ml. 

The material was rechromatographed On a 6'.6X2.,2 cm coiumn of silica gel' 

using acetone. Various fractions of the eluate were gas c~romatographed 
I 

under the conditions described above. The l-nitromethyl N-t-BOC-L-

isoleucinol (retention time, 12:00 min) was contaminated with~. 4% 

of an impurity of retention time 2 :50. This impurity had remained at 

this level throughout the purification and had co-chromatographed 

" 
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exactly with the product in both systems. This behavior suggests that it 

may bea decomposition product produced in the injector assembly 

during gas chromatography. 
. . 

The appropriate fractions were combined and evaporated under re-

duced pressure. The residue was dissolved in carbon tetrachloride 

and the solution allowed to evaporate slowly. This gave 1. 73 g (36.6%) 

of a white waxy solid without a well defined melting point. This also 

contained 40/0 impurity by GLC. 

NMR (GC14 ): 6,5.03 (d, J = 10, 1H);4.38 (s, 1H); 4.24 (d, J = 3, 2H); 

4.4-4.0 (m, 1H); 3.55-3,15 (m, 1H); 2.0-1.0 (rn, 3H); 1.42 (s, 9H); 

1.10-0.67 (m, 6H). 

N -t-BOC-(U) 14C -L-isoleucinol. (U) 14C-I-isoleucinol (1. 94 g, 

16.5 mmol~, 0.5 f.l.C/mmole) was dissolved in 30 ml of pyridine. To 

this was added 5 ml (35 mmole) of t-butyl azidoformate dissolved in 

45 ml of ethyl acetate. The solution was protected with a drying tube 

and kept 3 days at room temperature. The solution was evaporated 

under a nitrogen stream in a hood to give an oil which was dis solved In 

50 ml of ethyl acetate. This was washed with 30 ml portions of 1N 

citric acid (2X), water, 5 % sodium bicarbonate (2X~. water, and sat-

urat;ed sodium chloride. It was dried over magnesium sulfate for 1 hour, 
c . 

filtered, and evaporated under reduced pressure to an oil. 

This oil was further dried under a nitrogen stream for 3 days to 

yield 3.3 g of material. Radioassay indicated the material emitted only 
. i 

96 ± 1% of the radioactivity expected for pure product, The impurity is 

pre~umably unevaporated ethyl acetate. When a thin film of material 

was Idried under vacu~m, a purity of 99% was obtained. The corrected 
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yield was 3.1 g (86 0/0)' TLC on silica gel using 9:1 chloroform methanol 

gave a single spot(R
f 

0.70). NMR(CC14 ): 6, 5. 03 (d~, J = 10, 1H); 

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

N-t-BOC,-(U)14C-L-isoleucinol 51 -adenylate 
i 

N,O,O-triacetyl AMP (0.48 g, 1mmole), prepared according to 

Rammler and Khorana, 3 was dissolved in10 mi of pyridine and 0.67 g 
- I 

(3 mmole) of 96%pur~' :N-t-BOC-(U) 14C-L:"isoleucinol (0.5 fJ.C/mmole) 

was add~d. followed by 2.06 g(10mmole) of N,N I ,-dicyc1ohexyl carbo:' 

diimidedissolved in 2ml of pyridine. The solution was stirred for 24 

hours atr: t.in the dark. The mixture was filtered and the precipitated 

N, N' -dicyclohexylureawas washed with 2X 2 ~l of pyridine. The com-

bined filtrate and washings were evaporated under a nitrogen stream to 

a thick gu'm which was washed with 3X 20 ml of heptane by trituration 

and decantation. The gum was dissolved in 20mI ()f 1:1 pyridine-water 

and allowed to stand at r. t. for 24 hr., The mixture was filtered and 

evaporated under it nitrogen stream to yield a gum which was dissolved 

iIi 9 ml of absolute ethanol. Concentrated ammonium hyd-roxide (6 ml) 

was added and the solution allowed to stand 2 days at r. t. It was evap

orated and the residue was washed with 3 X 20 mlof ether by trituration 
I 

and decantation. Then it was dissolved in methanol and precipitated by 

addition of ether. The precipitate was collected and dried over P 2 0
5 

in vacuo for 18 hr. This yielded 0.28 g of an off-white poWder which 

showed trace impurities on TLC using 7:3 acetone-water on silica gel 

(R
f 

0.79). Radioassay indicated it was 94±2% pure. Material at this 

level of purity was used iIi some experiments. _ Corr.pletely pure mater

ial-was prepared by column chromatography on silica gel using 7:3 

.' 
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acetone -water. Fractions' containing UV -absorbent material were 

combined and the acetone was removed under reduced pressure. The 

aqueous solution was filtered and lyophilized. The lyophilizate was 

suspended in a small amount of hot methanol and the suspension allowed 

to cool. 'The methanol was relTIoved by centrifugation. The extraction 

was repeated once more. The residue was dried over PZOS in vacuo for 

18 hr. The resulting white powder was homogeneous to TLG on silica 

gel using 7:3 acetone -water (R f 0.84) and on cellulose using 4: 15 n-butanol

acetic acid.,'~ater(Rf 0.58)with' MP 214-5°(d). Radioassay indicated it was 

100 ± 1% N-t-BOC-L-isoleucinol 5' -'adenylate monohydrate. 

Unlabeled N ~t-BOC -L-isoleucinol 5'-adenylate 'Nas prepared m the 

same manner. 

L-isoleucinol 5' -adenylate. N -t-BOC-L-isoleucinol 5' -adenylate 

(ZOO mg, 0.35 mmole) containing trace impurities (see above) was dis-

solved in an..ltydrous trifluoroacetic acid. Aite r 10 min the solution was 

quickly evaporated under a nitrogen stream and the' re sidue dis solved in 

Z ml of methanol. This solution was evaporated ana the residue again 

taken up in methanol. Ten volumes of ether were added and the pre

cipitatewas collected by suction filtration. It was chromatographed on 

I 

a column (Z.Z cm diam. ) of 30 g of silica gel using 3:1 methanol-water. 

Fractions containing UV -absorbent material were combined and methanol 

was removed under reduced pressure. The aqueous' solution was 

lyophilized. The lyophilizate was dissolved in methanol and precipitated 

with 10 volumes of ether. The precipitate was collected, washed with 

ether', and dried over P
Z

0
5 

in vacuo at 1000 overnight. This gave 123 

mg (79 % ) of a white powder, MP 169-750 (reported MP 17504 ) which 

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

min 227 nm. Analysis-Calculated for C16H22N607P, 0.3H20: 
I I 

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. 

NMR(D
2
0): 0, .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); LO-0.5(m, 6H). 

N
6 

-(2-aminoethyl) adenosine. A suspension of 194 mg (0.68 mmole) 
• 

of 6-chloropurine riboside in 0.5 ml (7.45 mmole) 6f ethylene diamine 

and 7 ml of dry ethanol was refluxed for 3 hr under a drying tube. The 

resulting solution was cooled and kept overnight at 3°. The re sulting 

precipitate was recrystallized from 4 ml of d ry eth~nol. The white 

crystals were collected, washed with 10 ml of ethanol, and dried over 

P 2 0
5 

in vacuo for 18 hr at 65°. The dry crystals weighed 160 mg. 

(76% yield) and had a MP of 198-201°.C. They we re homogeneous to 

TLC on silica gel using 7:3 acetone-water (R
f 

0.24). UV (0.01 M 

potassium phosphate, pH 7.5) max 266 nm (€ 16, 200); min 229 nm. 

NMR (as the deuterochloride in D
2
0):O, 8.29 (s, 1H); 8.25 (s, 1H); 

/ '. -. 

6.02(d,J = 5, IH); 5.0-4.2 (m, partially covered by HOD peak, 3H); 

4.2-3.8 (m, 4H); 3.38 (t, J = 6, 2H) . 

. N
6 

-(6-aminohexyl)adenosine was prepared in the same manner ':Ising 
I 

hexamethylene diamine. The resulting cream-colored crystals weighed 
I 

220 mg (86% yield). They were contaminated with 140/0 of the di-sub-

stituted hexamethylene diamine derivative. This could not be removed, 

nor significantly reduced, by recrystallization .. In the inhibition studies 

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

compound bound identically as a mono-substituted molecule. UV (0.01 M 

, 
j:l 
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potassium phosphate, pH 7.5): max 268; min 231. NMR (as the deutero

chloride in :02°): 8.30 (s, 1H); 8.18 (s, 1H); 6.0 (d.J = 6. 1H); 4.8-4.0 

(m, partially covered by HOD peak,3H); 4.0-3.75 (m. 2H); 3.75-3.4 

(t, poorly defined, 2H); 3.2-2.8 (t, poorly defined, 2H); 2.2-1.2 (m, 8H). 

N
6 

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

Griffin and Reese 5 with minor modifications. Analysis -Calculated for 

Cl1H15N507PNa .3H20: C, 29.9; H, 4.9; N, 16.0; P, 7.2 Found: C, 

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

pH 7.5): max 267 nm(E16, 200); min 230 urn. 

N -t-BOC -L-isoleucinolN
6 

-methyl 51 -adenylate. N -t- BOC -L-iso

leuciholadenyJate (20d mg, 366 fJ.mole) wa.s dissolved in 1. Sml of water. 

and 0.25 ml of dimethyl sulfate was added in 10 portions at 5 min inter

vals to tll.e stirred s~lution .. The mixture was stirred 2 hr further. 

The pH was maintained between 4. 5 and 6.5 throughout the reaction by 

addition of 4 N NaOH. The unreacted dimethyl sulfate was extracted 

with ethyl acetate (1 ml) and ether (2 nil). The aqueous solution was 

placed on a column of AGl-X8 (CI Form) (8XO.8 cm) anel eluted with 

water. The UV -absorbent fractions were combined and evaporated to 

dryness under a nitrogen stream. 

The resulting N-t-BOC-L-isoleucinol 51 (i-methyl adenylate) was re

arranged in aqueous ammonium hydroiide (pH 11) at 37°C for 2 days. 
l 

The solution was evaporated to dryness under a nitrogen stream. The 

residue was dis solved in 1: 1 acetone -water, and chromatographed on a 

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

of 1 ml/min. Fractions of 3 ml were collected. The product was found 

infractions 10-14. These were combined and evaporated to dryness. 
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The residue was dissolved in a minimum of ethanol, filtered. and pre-

cipitated with ether. The precipitate was collected and air dried. 'It 

was dis solved in water. The solution was filtered ,arid ly'ophilized. This 

gave 127 mg (62% ) of a white powder which washoinogeneous to TLC 

on silicagelusing 1:1 acetone~water (R
f 

0.78).-

L -isoleucinol N
6 

-methyl 5' -adenylate. N -t":SOC -L -isoleuci~lOl 
6 '. N -methyl 5' -adenylate (127 mg, 226 fJ.mole) was dissolved in 2 ml of 

anhydrous trifluoroacetic acid. After 5min~ the' solution was evaporated 

under a nitrogen stream. The residue 'was triturated with 10 ml of ether 

and collec~ed by centrifugation. It was dissolved in 1 ml of methanol and 

reprecipitated with 10 illl of ether. The precipitate was collected, air 

dried and dissolved in 3 ml o'f water. The solution ,was lyophilized. The 

lyophilizate,was chr'omatographed On a'column (5X3cm),of silica gel 

using 7:3 acetone-water with flow rate 'of ca. t ml/min. Fractions of' 

5 ml were collected. The product was found infractions 8-12. These' 

were combined and the acetone removed under reduced pressure. ' The 

aqueous solution was filtered and lyophilized. This gave 87 mg (84%) 

of a cream colored powder which was homogeneous ,to TLC on silica 

gel using 7:3 acetone-water, (R
f 

0.58) and on celluiose using 4:1:5 n

butanol-acetic acid-water (R
f 

0.43). , 

NMR(D
2
0): o. 8.30 (s. 1H); 8.08 (s, 1H); 6.07(d.J = 5, 1H); 

5.0-4.2 (m, partially covered by HOD peak, 3H); 4.23-4.0(m, 2H); 

3.60 (d,J = 5, 2H);3.23 (d. J = 5. 1H); 3.05 (5. 3H); 1.0-"0.5 fm, 6H). 

UV(O.01 M potassium phosphate. pH 7.5): max 267 nm (E 16,100); 

min 231 nm. 

-' 
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N -'t-BOC':' (U) 14C -L-isoleucine was prepared according to Schwyzer 

12" 14, ' 
et al.with minor modifications using (U) C-L-isoleucine (O.S 

f-LC/mmole). Thereby was obtained an oil which was 84% pure by 

radioassay. It waS homogeneous and chromatographically identical to 

auth'entic N -t-BOC -L -isoleucine on TLC in several systems. The 

impurity is presumably unevaporated chloroform in solution. The cor-

rected yield was 670/0. 

Adsorbent.!. (Fig. 1, Sec. B). Bio Beads S-X2, chloromethylated 

(2.9S% by weight chlorine, 8.31 meg/g) were conden~ed with 

N -t-BOC -L -isoleucine and the resulting resin deblocked, all according 

to Merrifield. 6 Ninhydrin assay of the hydrolysate from a portion of 

the resin indicated a coupling level of 190 mmoles of L-isoleucine per 

gram of resin (23% efficiency). 

Adsorbent II (Fig. 1 , Sec. B) was prepared by dissolving 2.0 g 

(17.1 mmole) of 6-amino-1-hexanol in 25ml of 4:1 dimethoxyethane-ethanol 

and' suspending 2.0 g (1. 66 meg. CI) of BioBeads SX -2 chloromethylated, 

in the solution which was then stirred at reflux for 48 hr. The resin was 

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

(2X 10~1), and dried over P20S in vacuo. 

the chlorine still unreacted . 

A CI analysis showed 9% of 

The resin was suspended in 20 ml of dimethoxyethane and 5 ml of 

acetic 'anhydride was added. The mixture was stirred at room tempera-

ture overnight, and washed with ethanol (2X10 ml), water (2X10ml), 

methanol (2X10 ml), and ether (2X10 ml), and dried over P205 in 

-1 -1 
vacuo. IR showed both ester (1720 cm , ) arid amide (16S0cm ) peaks. 
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The resin was then saponified in 1 N NaOH in water-ethanol-methanol-
, ' 

dioxane (1:1:1:1) for 3 hrat ca. 60.°, 'and washed with water (2X 1Dml), 

~eth~nol (2X 10 ml), and ether (2XtD ~l), and'driE·d over P205 in vacuo. 

IR showed no ester peak; the amide peak remained. 'The resin was 

coupled with N -t-BOC -L-isoleucine imidazolide as follows: 

N~t-BOC-L-isoleucine hemihydrate(D.48D g, 2 mmole) was dissolved 

in 5 ml of .methylene chloride and dried over ~agrtesium sulfate for 60. 

min. It was filtered and N,N'..:carbonyldiimidazole(D.324 g, 2 rnmole) 

was added. Effervescence 'en'sued. The' solution was stirred under a' 

drYIng tube for 1 hr and then added to a suspension of the N-(6-hydroxy

hexyl)-N-acetyl poly (E.-vinyl benzyl amine) resin (1.14 g, 0..86 meq) 

in 10. ml of methylene chloride to which 20 microliters of 1 N sodium 

ethoxide in ethanol had been added. The mixture was stirred under a ' 

drying tube for 2 days at room temperature and for 16 hr at ca. 5DoC. 

The resin was collected by suction and washed with methylene chloride 

(2X1D ml) and a,'cetic acid (2X1D ml). It was stirred in 1 Nhydrogen 

chloride in acetic acid for 3D min. U'was then washed with acetic acid 
, 

(2X1D ml), methylene chloride (2X1D ml),ethanol(2X1D ml), methanol 

(2X10 m]); and ether (2X1D ml). It was subsequelltly dried over P 20
5 

in vacuo overnight. Amino acid analysis indicated that 0..262 mmole of 

amino acid per gram of resin was incorporated. This corresponds to 

350/0 of the hydroxyls being esterified. 

Adsorbent III (Fig. 1, Sec. B) was prepared by Dr. 
, 7 

Brian Myhr. 

Adsorbent IV (Fig. 1., Sec. B.) was prepared by Dr., Brian Myhr. 8 

N -Carbobenzoxy-6-amino-1-hexanol. 6-Amino-1-hexanol (4.68 g, 

40. mmole) was dissolved in 50. ml of 1 N aqueous sodium hydroxide, 

• 

• 
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and the solution chilled in an ice bath. Carbobenzoxy chloride (6.8 g, 
, ' 

40 mmole) and 30 ml of 2 N NaOH were added in 6 equal portions at 10 

min intervals to the stirred solution. The solution was stirred 30 min 

further at 0-5°C. Approximately 20 ml of chloroform was added to the 

mixture to make the resulting gum more fluid, and the mixture was 

stirred rapidly with a propeller stirrer at room temperature overnight. 

The emulsion was transferred to a separatory funnel and acidified to 

pH 2 with concentrated hydrochloric acid. It was extracted with chloro-

form (3 X 50ml) and ether (50mI). The combined extracts were dried 

over magnesium sulfate for 60 min and filtered. The filtrate was cooled 

to 0° and the t'esulting precipitate collected, and dried over P205 in vacuo 

overnight.' The filtrate was then evaporated in a rotary evaporator un., 

der vacuum and the re sulting residue recrystallized from chloroform'.· 

ether. The collected crystals were dried over P205 in vacuo overnight. 

Both crops melted at 82 - 83.5°C and weighed 6; 91 g (69 % yield) com:" 

bined. NMR(CDCI
3

): 0, 7.33 (s, 4H); 5.10(s, 2H); 3.60 (t, J = 6, 2H); 

3.37.3.0 (m, 2H); 1.67-1.27 (m, 8H). 

N -Garbobenzoxy-6- amino-1-hexyl N -t-BOG-L-isoleucinate. 

N -t-BOC -L-isoleucine hemihydrate (2.4 g, 10 mrnole) was dissolved 

in 10 tnl of methylene chloride. The solution was dried ove r MgSO 4 

for 1 hr and filtered. To this was added 1.62 g (10 tnmole) of N,N'-

carbonyl diimidazole. The solution was stirred magnetically under a 
\ 

drying tube for 1 hr. N-carbobenzoxy 6-amino-1-hexanol (2.51 g, 10 

mmole) was added with sufficient methylene chloride to give complete 

,solution. Two drops of 1 N sodium ethoxide in ethanol were added and 

the solution stirred under a drying tube for 2 day's. Fifty ml of 
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chloroform was added and the solutlon was washed with 20 ml each of 

water, 1 % ammonium sulfate, water, 5% sodiuinpicarbonate, water, 

and saturated sodium chloride. It was dried over In.agnesium sulfate 

for 1 hr, filtered, and evaporated in vacuo to yieId4.8 g (103% ) of a 
. . . . . I 

slightly cloudy oil showing trace impurities on TLC on silica gel using 

chloroform(R
f 

0.58). 
. .. I 

NMR(CDCI
3
): 0, 7.30 (s, 5H); 5.35-4,90 (broad 

. . 

peak, including a singlet at 5.08, 4H); 4.37 -4. 00 (m, including apparent 

doublet at 4.20, J :::6, 3H); 3.38-2.92 (m, '2H); 2.3-L1 (m, including 

singlet at 1.45, 20H); L10~b.67 (m, 6H): 

N -Carbobenzoxy-6-amino-1-hexanol N-t-BOC -L -leucinate was 

prepared 'in an ident icalmanner to the L-isoleucihe analog. This gave 
. . , 

a thick oiL homogeneous to TLC (R
f 

0.57), in an apparent yield of 109%: 
. . 

NMR(CDCl
3

): 0, 7.28 (s, 5I-I); 5.35-4.90 (broad peak, including a singlet 

at 5.07, 4H); 4.37 -3. 90 (m, including apparent triplet at 4.08, J::: 6. . " ", 

3H);3.38-2.92 (m, 2H); 2.2":L1 (m, including singlet atL46. 20H); 

L10-0.67(m, 6H). 

N - Carbobenzoxy- aminopropoxyethoxyethanol. was prepared from 

Polyglycolamine H-163 in the same manner as N-carbcibenzoxy-6-

amino-1-hexanol except that the addition of chloroform was unnecessary. 
I 

This gave a 94% yield of a pale yellow oil homogeneous to TLC on 

silica gel using 9:1 chloroform-methanol (R
f 
0.62).NMR~CDC13):6, 

. I 
7.30 (s, 5H); 5.77-5.30 (broad s, 1H); 5.05 (s, 2H); 3.80-2.93 (m, in-

cluding singlet at 3.57, 13H); L 73 (distorted quintet, J::: 61, 2H). 

N -Carbobenzoxy- aminopropoxyethoxyethyl N -t- BOC -L-:-isoleucinate . . 

was prepared in the same manner as the N-carbobenzoxy-6-amino:-1-

hexyl ester; It was further purified by column chromatography on 
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. . .. 

silica g~l usmg chloroform. This gave a 50 % yield of an oil showing 

trace impurities on TLC on silica gel using chloroform (R
f 

0.30). 

NMR(CDCl
3
J: 6, 7.31 (s~ 5H); 5.57-5.23 (broad s, 1H); 5.07 (s, 2H); 

4.38-4.00 (m., in~luding doublet at 4.20,J = 6, '3H); 3.76-3.05 (in, in-

cluding singlet at 3.58, 10H); 2.05-1.05 (m, including distorted quintet, 
. . 

at 1. 75, .J = 6, and singlet at 1.45~ 12H); 1.05-0.67 (m, 6Hr. 

Re~oval,of N -carbobenzoxy group. The N -carbobenzoxy compound 

was dissolved in methanoJ (5 ml/mmole) in a flask equipped with a bub-

bIer arid oil seal. Tb this was added a suspension of 10 % palladium on 

charcoal (0.3 g/mmole) in cold methanol (1 mI/g) anq. one equivalent of 

acetic acid. The system was purged with nitrogen arid hydrogen was then 
) 

bubbled through the mixture at a suHicient rate to provide good stirring 

for 2 hrs. The mixture was filtered and the charcoal was washed with· 

methanol (2.X 5 ml/mmole). The ammonium group was converted to the 

free amine with NaOMe and the solution' was used immediateiy in a 

coupling reaction with cyanogen bromide -activated agarose. 

Coupling to agarose. To a suspension of BibGel A-15 in' an equal 

volume of water was added finely ground cyanogenbromide (150 mg/ml 

of gel). The pH of the well-stirred suspension was adjusted and main-

tained at 10.5 -11. 5 by addition of 4 N NaOH. The tempe rature was 

maintained at ca. 50 by addition of ice. After 12 min, a large quantity. 

of ice was added. The suspension was quickly filtered with suction and 

washed with 4 volumes of cold 0.1 N NaHC0
3

, followed by 2 volumes 

of cold 0.1 N NaHC0 3 in 1:1 water-dioxane~ The gel was suspended in 

one volume of the latter and the methanolic solution of deblocked w-amino 

ester (0.1 mmole/ml of gel) was added. The suspension: was stirred 
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1-2 days at 3°, It ~as washed with two volumes each of 0.1 N NaHC03 

in 1:1 water-dioxane, 0.1 N NaHCO y water, 1 Nasetic acid, water, and 

0.02 M potassium phosphate (pH 7.5). The gel was stored in the latter 

. . 

Removal of N -t-BOG group. The gel was washed well with 1: NBCl 

and then stirred in two volumes of the same for 6 hrs at r. t.' It was 

then washed with twenty volumes each 'Of water and 0.02 M potassium 

phosphate (pH 7.5) and stored in the latter at 3°. Ninhydrin assays of 

hydrolyzed portions of the gels indicated the following levels' of co~plirig: 

hexyl L -isoleucinate agarose, 4. 7 fJ.r~lOles/ml;he:xyl L-leucinate agarose, 

4.8 fJ.moles/ml; and propoxyethoxyethyl L -isoleucinate agarose, 8.6 

fJ.moles/ml. 

Chloromethylated macroporous polystyrene. M~~roporous p()lystyrene, 

20% cross-linked, 18-20 mesh (20 g) was suspended in 60 ml of chloroform 

. and the suspension chilled in an ice bath. To the stirred suspension was 

added a cold solution of 2.5 m} of anhydrous SnC1
4 

in 10 ml of methyl 

chloromethyl ether. The suspension becahlepink. After 30 min, the 

beads were collected by filtration and' washed with 50 ml portions of 

3:1 dioxane . .:..water (4X), 3N Hel in 3:1 dioxane-water (3X), water(2X), 

dioxane (2X); methanol (2X) and ether (2X). They were dried over P
Z

0
5 

in vacuo for 18 hro Combustion analysis indicated the beads were 3,.26% 

chlorine, (1. 84 meq. / g) corresponding to chloro~ethylation of 10 % of 

the benzene rings. 

Propoxyethoxyethyl L-isoleucinate macroporous polystyrene. To 5 g 

of chloromethylated macroporous polystyrene was added a methanolic 

solution of aminopropoxyethoxyethyl N -t-BOC -L-isoleucinate prepared 
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by deblocking 5.1 g (10 mmole) of the N'-carbobenzoxy compound. The 

suspensIon was stirred for 7 days. The beads were washed with 3 X 20 

ml of methanol and 2 X 20 ml of 1 N HCl in acetic acid and then stirred 

in the latter for 20 min at r. t. The beads were then washed with 3X20 

ml portio~'1s of 'acetic acid, water, 0.02 M potassium phosphate (pH 7 . .5), 

water, methanol, and ether. The beads were dried over P205 in vacuo 

for 18 hr. The resin was found to have bound 0.,54 ,mmole of ligandper 

gram of resin. 

Aminohexyl,aminooctyl. and aminopropylaminopropyl agarose were 

prepared by the procedure of Cuatrecasas and Anfinsen 9 for aminoethyl 

agarose using BioGel' A-iS and hexamethylene diamine, octamethylene 

diamine~ or 3,3' '-iminobispropylamine, respectively. The resulting 

gels carried 1'2, 10, and 14 flmoles of tail per mlof gel, repsectively. 

Succinylarninohexyl, succinylami~ooctyl, and succinylaminoalkyl 

(succinylaminopropylaminopropy) agarose were prepared by the pro

cedure o~ Cuatrecasas and Anfinsen 9 for succinylaminoethyl agarose. 

, The gels aU prepared gave pale yellow colors inthc'trinitrobenzene-
r 

sulfonate test, which indicated that the terminal amino groups had all 

been succinylated. 

Adsorbent V (Fig. 4, Sec. B). N-carbobenzoxy"'6-amino-1-hexyl 

N -t-BOC-L .;,isoleucinate (2.40 g, 5.15 mmole) was decarbobenzoxylated 

as described previously, except that the methanolic solution of the 

acetate was not neutralized, but was evaporated under reduced pressure 

to give an oil which Was dissolved in 40 ml of dimethy:lformamide. This 

was added to 40 ml of succinylaminohexyl agarose, followed by 6.35 g 

(15 mmole) of 1":cyclohexyl-3-(2-morpholinoethyl)-carbodiimide 
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metho-E.-toluenesulfonate. The mixture was stirred 3 days at r~ t.. The 

gel was then washed with 2 X 40 inl of 1:1 water -dio.xane, followed by 

60 ml portions of water (2X), 1 N citric acid (2X), water, 5% NaHCO ; 
. '. 3 , 

and water (3X). It was deblocked by stirring in 1 N HCI for 6 hr at r. t. 

and washed. with 500 ml each of water and 0.01 M potassium phosphate 

(pH 7.5). It was stored i'n the latter at 3". The gel was found to carry 

H lJ.ll1oJes/n,i uf L-isoleucin.e. 

Adsorbent VI (Fig. 4, Sec. a) was prepared similarly to_Adsorbent '!.. 

using N -carbobenzoxy-aminopropoxyethoxyethyl N ';:t'~BOC -L -isoleucinate 

and succinylamino'octyl agarose. The resulting gel carried 9 I-Lmoles/ml 

of L-isoleucine. 

PEG polystyrene. Soditml(0.8 g, 35 mmole) was dissolved in 50 ml 
. . . 

of warm polyethylene glyco1200, a mixture of primarily tetra- and 

pentaethylene glycoL This solution was addeq slowly to a suspension 

of 14 g of chloromethylated macroporous polystyrene (0.92 meg. CI/ g) 

in 100 ml of 1: 1 dioxane -polyethylene glycol ZOO. The reaction was 

stirred under a drying tube at 50° for 5 days. The beads Were washed 

with 50 mlportions of dioxane (2X); water (2X),methanol (ZX), methylene 

chloride, 1:1 methy.lene chloride-ether, and ether (3X). They were 

dried over P
Z

0
5 

in vacuo for 18 hrs. Combustion analysis showed only 
, 

0.31 meq. cl/ g left on the resin. -1 IR: 3300-3500 cm (shoulder, v O-H); 

-1 
1110 cm (vC-O). CMR(CDCI

3
): 6 64.,75. 

- " ,", 

Adsorbent VII (Fig. 4, Sec. B). N-t-BOC-L-isoleucine hemihydrate 

(1.0 g. 4.17 mmole) was dissolved in 10 ml of methylene chloride and 

dried over magnesium sulfate for 1 hr. The solution was filtered and 

0.675 g (4.17 mmole) of N, N'-carbonyldiimidazole w~!;) added.' After 

..,. 

. \ 

! 
'"j 
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stirring for 1 hr under a drying tube, 7. 75g of ,PEG polystyrene was 

added and stirring was continued for' one week. Then the beads were 

washed ,with 30 ml portions of chloroform (2X), ethanol (2X), wate r (3X), 

methanol (2X) and ether (2X). The beads were stirred in 1 N HCl in 

acetic acid for 1 hr. They were then washe'd with 50 ml portions of 

water(SX), O.OiM potassium phosphate (pH 7.S), water (2X), methanol, 

ethanol, and ether (2X). They were dried over PZO S in vacuo for 18 hr." 

L-isoleucirie was fo~nd to be bound to the resin at a level of 112 jJ.moles/g. 

p:..Aminobenzamidoalkyl agarose (III, Fig. S, Sec~B) was prepared by 

the procedure of Cuatrecasas and Anfinsen9 for E~aminobenzamidoethyl 

agarose using aminopropylaminopropyl agarose in place of aminoethyl 

agarose. The intermediate conversion to the E._nitro derivative was 
, , 

100 % ' complete as indicated by the development of only a pale yellow 

color with trinitro'benzenesulfonate. The extent of conve rsion to the 

amino derivative was not quantitated, but was extensive, as indicated 

by the development of a deep red-orange color with trinitrobenzene sulfonate. 

Diazonium Couplings. (A) According to Cuafrecases 9 : p-Amino-

Qenzamidoalkyl agarose (Sml) was washed with and suspended in 1 N 

hydrochloric acid to give a total volume of 10 ml. The, solution was 

,chilled in an icebath, and 10 rhl of cold 0.2 M sodium nitrite was added. 

The solution was stirred magnetically 7' min under suction. It was 

quickly suction filtered, at which time the beads turned yellow and be-

came tightly adherent to one another. It was washed with 20ml of 

cold, saturated sodium borate, and added to a solution of S mg (0.1 mole) 

of N-t-BOC-(U),..14C-L-isoleucinol S' - adenylate (0.2 jJ.C/mmole) in 
, 

3 inl of the same buffer. The suspension was stirred 16 hr at 4"C. 
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The gel was then washed with 500 ml each of 0.05"M phosphate 

(pH 7.5) and water. Radio assay indicated 0.15 f.Lmoles of inhibito·r 

bound per ml of gel. Afte r deblocking in 1 N Hel in 1: 1 ethylene -glycol

water for 6 hrs, followed by thorough washing, only 0.03 f.Lmoles/ml 

remained. 

(B) According to We'ibel et al. 10: p-Aminobenzamidoalkyl agarose 

(5ml) was thoroughly washed with and suspended in 4 NBCI to give 10 ml 

total volume. The suspension was stirred in an ice bath and 10 ml of 

cold 50/0 :sodium nitrite was added. Stirring was ~ontinued for 20 min 

under suction. The gel was gravity filtered oria coarse fritted-glass 

funnel and 40 m} of cold 1 % sulfamic acid was pe r('.ola"ted through to 

destroy excess nitrous acid .. The gel was then sudion filtered, again 

turning yell~w and clumping. It was washed with 0: 1 M Tris (pH 8.5) 

and suspended in a solution of5 mg of N-t-BOG_(U)._14t:...,L~isoleucinol 

5'i- adenylate (0.2 f-LC/mmole) in 5 ml of the same buffer' and shaken: for 1 hr at 

ambient temperature. It was washed as in (A) above •. Radio assay 

indicated only 0.04 f-Lmoles of inhibitor bound per ml of gel. 

N
6 

-Agarosyl L-isoleucinol 5' -adenylate. BioGel A-15 (40 ml) was' 

activated with 8 g of cyanogen bromide according to Cuatrecasas and 

Anfinsen 9 and added to a solution of 0.36 g (660 f.Lmole) of N-t-'BOC-L-

isoleucinol, adenyl ate in 40ml ofO. t N NaHC0
3 

(pH 8. 5). The suspension 
, 

was stirred at 3° for 3 days. The gel was then washed with 0 . .1 M ' 

potassium phosphate (pH 7.5) until effluent hadno absobance at 259 nm. 

The gel was stirred in 1 N 'HCI for 6 hr at r. t. It was washed with 

500 ml each of water and 0.01 M potassium phosphate (pH 7.5) and stored 

in the latter at 3°.' L-isoleucinol adenylate was found bound to the gel 

at a level of'2.4f.Lmoles/ml. 
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, ,. " , 11 
Methyl 51 -adenylate was prepared by the method of Khorana In 

880/0 yield. The mate rial was homogeneous to TLC on silica gel using 

7:3 acetone -water (R
f

O.S8). , 

6 ' 
N-agarosyl methyl 51-adenylate was pr~pared in the same manner as 

the L -isoleucinol equivalent. Methyl adenylate was bound to the gel at 

a level of 1. 5 fJ-mole s/ ml. 

Attempted coupling of N-t-BOC-L-isoleucinol 51-adenylate with 

succinylaminoalkyl agarose. Succinylaminoalkyl agarose (3 m!) was 

suspended in 2 ml of water in which 53 mg (93 fJ-Inoles) of N~t-BOC-L

isoleucinol 5; -adenylate was dissolved. To this was add~d 126 'mg 

(300 fJ-mole s) of , 1- cyclohexyl- 3 - (2 ..;.rnorpholinoethyl) -carbodiimide metho

. p-toluene sulfonate and the mixture was shaken for 2 days at r. t. The 

gel was washed with water until the eluent was free from absorbance 

at 259 nn). The gel was found to have bound les(=> than 0'.1 f.Lmoles of 

adenylate per ml of gel. 

Another coupling attempt was made following the procedure used for 

the preparation of Affinity Gel I (see below} with a total reaction time 

of 8 days. N-t-BOC-(U)_14C-L-isoleucinol 5' -adenylate (Zf.LC/mmole) 

was employed. Radioas say indicated a level of ,binding' of 0.08 f.Lmole/ml. 

N -carbobenz.oxy-6 -aminohexyl-1-tosYlate. N -Carbobenzoxy-6-amino-

1-hexanol (1.0 g, 4 mmole) was dissolved in 15 ml of pyridine and the so-

, ,! 
luti<?n chilled in an ice bath. To this was added 1. 52 g (8 mmole) of 

toluene sulfonyl chloride. The solution was protected with a drying tube 

and kept at 3° for 18 hr. It was decanted from the precipitated pyridine 

hydrochloride into 150 ml of ice welte r which re suIted in the precipitation 

of an oil. After 2 hr, the mixture was extracted with 3 X 50 ml of ether. 
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The combined extracts were washed with 2 X 60 ml of cold 1 N HCI, 100 

rnl of cold water, and 50 ml of sa:turat~d aqueoussodium chloride, and' 

were dried over potassium carbonate for 2 hrat 3°. The mixture was 

filtered and the filtrate evaporated under reduced pre ssure to yield a 

pale yeliow oil. This was dried over P 20 S in vacuo for 18 hr, iduring 

which tin-i~ it crystallized. The crystals were cream-colored and 

weighed L2Zg (76% yield). They showed a trace impurity to TLG on 

silica gel using chloroform (mairi spot, Rf'0.47~;NMR (CDC1
3

): 

0, 7.77 (d,] =" 8, 2H); 7.S-7.16 (rri, 7H); 5.08 (s,2H); 4.0 "(t, J = 7~ZH); 

3.33-Z.93 (m, ZH); 2.4Z (s, 3H); Z.0-1.1 (m, 8H). 

N - carbobenzbxy-6 -aminohexyl-1-mesylate; The prep"aration was 

begun.in thesam(-; manner as that of the tosylatc, but using methane-

sulfonyl chloride (BP 34°, 10 torr). 
\. .... . 

Upon standing -in the ice wate r, 

the oil partially crystallized. The water was decanted and the residue 

. . 
was washed with SX 50 nll each of ice water andtll.en petroleum ether 

by trituration and 'decantation .. It Was dried over PZO
S 

in vacuo for 

18 hr. This gave 0.88 g (67% yieid) of yet'lowish crystals with MP 

34-36.5. They were homogeneous to TLC on silica gel using chloroform 

(R
f 

0.47). NMR(CDC1
3

): 0; 7.,33 (s, 5H); S.2Z-4.80 (broad peak over-

lapping singlet at 5.05, 3H); 4.17 (t, J = 6, 2H); 3.33-3.0 (m, 2H); 

2.95 (s, 3H); 2.0-1.1 (m, 8H). 
J 

Attempted N6 -alkylations. The following reactions were followed by 

TLC on silica gei using 7:3 acetone water. When UV -adsorbent spots 

other than Sitarting "material were seen, these were cut out and extracted 

into 2 mlof 0.01 M potassium phosphate (pH 7.S) arid the ,UV spectrum 
\ . .. 

of the extract taken to determine if the material contained an N
6 -alky~ 

lated purine moiety. The latter have a maximum adsbrbance at 266 nm. 
i 
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In water: The reaction was carried out as in the preparation of 

N -t-BOC-L-isoleucinol N
6 -~ethyl 5' -adenylate, but using ITlethyl' 

adenylate and N-carbobenzoxy-6-aITlinohexyl tosylate or ITlesylate. The 

reaction was allowed to run for 1 day. No reaction,could be detected. 
, , 

The alkylating agents appeared to be totally insdluable I in water. 

In diITlethylforITlaITlide: A solution of 0.14 M ITlethyl adenylate in 

dimethyliorITlaITlide was prepared. To 1 ITlI portions of this solution 

were added one equivalent of either the tosylate, the ITle sylate, or hexyl 

broITlide; or, ohe equivalent of the alkylatihg agentplus a trace of sodi~ 

unl iodide; or, one equilvanet of the agent plus one t~quivalent of silver 

acetate or silver nitrate. The reactions were kept in the dark for one, 

week, being checked occasionally with TLC. No new UV absorbent spots 

we re seen. The reactions we re held at 50° for' 24 hr. No evidence of 

alkylation was found. SiITlilar result was obtained" after 18 hr at 70°. 

When the reactions were held at 100° for 90 ITlin, considerable decoITl-

position occ:ured to give ITlultiple UV -absorbent spots. The saITlC pattern 

, of spots was given by the control, ~hich was siITlply the solution of 

ITlethyl adenylate without added alkylating agents. This indicated that all 

the new spots were decoITlposition products. This was verified by the 

dcterITlination of their spectra. 
I 

In 4: 1 diITlethyliorITlaITlide -pyridine or in pyridine: To 0.1 ITlI portions 
I 

of solutions of 0.113 M ITlethyl adenylate in 4: 1 diITlethyliorITlaITlide-

pyridine or 0.1 MN -t-BOC -L-isoleucinol adenylate in pyridine were 

added 20 equivalents of either the tosylate, the ITlesylate, o,r hexyl 

broITlide. The reactions were allowed to proceed one week in the dark 
! 

and were followed by TLC. During this time, a second UV -absorbent 
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spot appeared and grew in each reaction. ,In each case, the new spot 

had a UV spe ctrum suggesting an alkyla~ed pyridine (peak at 2 58nm with 

shoulders at 253 nm and 264 nm). The levei of adenylate appeared to be 

unchanged throughout each reaction. 

6 ~ehloropurine' RibbsideS' -phosphate. A solution of O. S6 ml (6 mmole) 

of phosphoryl chloride in 5 ml oftrimethyl phosphate was chilled to 

-10oe and 36 f-ll. (2 mmole) of water was added: After stirring under 
, ' 

a drying tube for 20 min, 0.s7 g (2 mmole) of 6-chloropurineriboside 

was added. 'After stirring 30 min further at,-iooe, the temperature 

was raised to 3°e and the reaction stirred for 3hr more. 

Then 10ml of ice water was added and hydr~lys'is of the phosphor-

chloridate was allowed to proceed for 30 min. Durin,g this time pH was 

maintained"at Z.;.4 by addition of 4 N sodium hydroxide. The pH was 

brought to6 and the soluti~n extracted with 3X2 Sml of chloroform to 

remove trimethyl phosphate~ Then8.1mlof 1 M barium acetate was 

added. The' precipitated barium phosphate was filtered off and washed 

with 10 ml of water. The combihed filtrate and 'washi~g were lyophiiized~ 

The lyophilizate was suspended in 100 ml of 900/0 of ethanol and filtered. 

The residue was dissolved in SO ml of water and the insoluble material 

removed by filtration. The filtrate was diluted with 100 ml of absolute 

ethanol and the precipitated barium 6-chloropurine riboside 5 1 -phosphate 

was collected by centrifugation. It was washed with 100 ml of ethanol 

followed by SO ml of ether. After drying, tl;1e material was rediss'olved 

in water, filtered, precipitated, and washed as above. This cycle was 

repeated once more so as tf remove all barium phosphate. The white 
I 

solid was then dried over P20S in vacuo yielding 0.768 g (7190) of white 

, 
" 
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powder, MP: blackens at 233-5°C. Analysis-Calculated for 

C
10

H 9 N
4

0
7 

PCl Ba.2H
2
0: C,22.4; H, 2.44; N, 10.4; p, 5.8; Cl, 6.6. 

Found: C,2l.5; H, 2.6; N, 10.2; P, 5.9; Cl, 6.6. TLC on cellulose 

using 4:1:5 n-butanol-acetic acid- water gave a ITlain spot at R
f 

= 0.35 

and a ITlinor spot at R
f 

= 0.06 corresponding to inosiriic acid. Elution 

of the spots and quantitation by UV spectroITletry indicated inosinic acid 

cOITlprised ca. 1% of the product. - TLC on polyethylene iITline cellulos e 

using 0.1 M NaCI indicated the presence ofa trace of diphosphate. 

N -t-BOC -(U) _
14

C -L -isoleucinol N 6 - (2 -aITlinoethyl) 5 i -adenylate 

BariuITl6 -chloropurine riboside 5' -phosphate (1. 008g, 2 ITlITlole) wa s 

dissolved in 100 ITlI of water and 4ITlI ofO.5M pyridiniuITl bisulfate was 

added. BariuITl sulfate was reITloved by centrifugation and the solution 

lyophilized. The resulting white solid was dissolved in 20 ITlI-of pyridine 

and 12 ml of acetic anhydride and kept in the dark 18 h.r at aITlpient 

teITlperature. The solution was evaporated under a nitrogen streaITl to a 

thick oil which was dissolved in 100 ml of wate~and washed with 3 X 10 ITlI 

of 1:1 carbon tetrachloride ":methylene chloride followed by 20 ml of 

ether. The solution was then lyophilized. The lyophilizate was redis-

solved in 300 ml of water and relyophilized. The resulting tan ITlaterial 

was disGolved in 13ITll of dry pyridine and 1.12 g (5.2 ITlITlole) of 

... 14 / . 
N-t ... BOC-(U) C-L-isoleucinol (0.4f.LC ITlITlole) was added. The brown 

- solution turned purple. N, N' -Dicyc1ohexylcarbodiiITlide (4 g, 19.5 ITlITlole) 

was added, and the mixture was sealed and stirred for 24 hr. The 

precipitated N, N' -dicyc1ohexylurea was removed by filtration and 

washed with 3 X 3 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 ml of heptane by trituration and decantation. The gummy 

solid was then dissolved in 10 ml of absolute ethanol and 10 mlof 

ethylene diamint'! (BP 89.5°C) was added. The purple sol ution turned 

red-brown. The solution was' seale'd and kept for 48 hr at 3·C followed, 

bY,24 hr at ambient temperature. During all manipulations through this 
I 

point, the materials' were protected from light insofar as was comrenient:ly 
, ' 

possible.' Thes olution was' evaporated wider a nitr<;>gen stream and the 

resulting gum was washed with 3X40 ml of ether by trituration and de-
. .. . 

caritation. The resulting material was extracted with 2X 50 ml of water 

and the extracts were lyophilized. The water insolUble material was 

dissolved in 3.rill absolute ethanol and 2 mlof ethylene diamine was 

added. After 2 days in the dark, this solution was' worked up as above 

to yield a "second crop. " " The two crops were combined, dissolved 

in a minimum of water, and decanted from a small amount of insoluble 

material. The solU:tion wa~ lyophilized. The lyophilizate was dissolved 

in 8 ml of7 :3acetorie -water and ch~omatographed on a column, (3 c~ 

diameter) of 110 g of silica gel using the same solvent with a flow rate of 

2 ml/min. 20 ml fractions were collected. The composition of the 

fra,ctions was determined by TLC (7:3 acetone-wa.ter on silica gel') and 

fractions 21-35 and 36-45 were pooled. The Ipools were evaporated 

in vacu'o to renlOve acetone, and the aqueous solutions filtered and 

lyophilized. The lybphilizate s were washed with acetone, dis solved in 

minimum volumes of water, and small amounts of insoluble material 

were removed by centrifugation. The solutions were again lyophilized 

to give 170 mg(14% ) and 18 mg (2%) respectively of material which 

was homogeneous to TLCusing 7:3 acetone-water\on silica gel (Rf 0.63) 

" f 

,i 
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and 3:2 ethanol-1 M ,ammonium acetate (pH 7.5)ori cellulose CRf 0.94); 

but showed slight traces of impurity using methanol on silica gel 

(R
f

O.25) or 4:1:5 n-buta."nol-acetic acid-water(R
f 

0.71). SPQts were 

visualized by UV, iodine, and ninhydrin. 

R d " "d" d 14C L" 1 " 1 1 'l "l a 10aS say In lcate - -ISO eUClno present at a eveequlva ent 
, , 

, ' " 14 '.' . 6 . 
to 82 ± 2% N-t-BOC-(U) , C-L-lsoleucmol N -(2-ammoethyl) 5'-adenylate 

for 21-35 and 68 ± 4% for 36-45. The correct~d total yield was 12%. 

,'" ,'., 14 " . ",' 6 " ' • ' 
N-t-BOC-(U) , C-L-lsoleucmol N (6-ammohexyl) 5'-adenylate was 

obtained by an analogous procedure employing hexamethylene diamine 

in place of ethylene diamine. Radioassay indicated the material was 

70 % pure; Corrected yield was 11'%. 

(U)14C':'L-isoleucinol N 6 -(2-aminoethy l) 5' -adenylate. N -t-BOC-' 

14 " '6 ,.,' 
(U) C-L-isoleucinol N -(2-aminoethyl) 5'-adenylate (50 mg of 83% 

pure material, 71 mmoles) was dissolved in 1 nil of anhydrou~ tri

fluoroacetic acid. After 15 min, the solution was quickly evapo~ated 

under a nitrogen stream. The residue was dissolved in1 ml of methanol 

, and precipitated with 5 ml of ether. The precipitate was collected, 

washed with ether, and dis solved in 5 ml methanol. The solution was 

evaporated under a nitrogen stream. The residue was chromatographed 

on a column (22 X 2.2 cm)of silica gel using 1 :1 acetone -water, flow rate 

1 ml/min. Fraction size was 15 ml. The product was found in tubes 

14-28. These were combined and acetone was removed under reduced 

pressure. The cloudy aqueous solution was centrifuged for 30 min at 

9000 X g.and then lyophilized. The lyophilizate was washed with 

acetone and dissolved in10 ml of water, centrifuged as before, and 

relyophilized.' This gave 15 mg of a pale yellow powder. Radioassay 
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. "' .. 
indicated that the material contained a"total of 14.1 minoles (20% yield) 

of labeled material. 'rhi-s corresponds to a purityofonly 46%. However, 

the only impurity was a trace of the acetone ~ondensation product pro

duced routinely iIi chromatography with acetone-wate r, as seen on 

,TLC on siiica gel using 1:1 acetone-water (R
f 

0.22) or on cellulose using 
, ' , 

4:1:5 n-b~tanol-acetic acid-'wab~r (R£ 0.09), and the NMR spectrum 

showed no extraneous peaks. Inhibition studies were done using this 

material with the concentration determined from theradioas,say; 

NMR(D
2
0): 6,8.40 (s,1H); 8.28'(s, 1H); 6.10 (d, J = 5, 1H); 

5.1-4.3 (rn,partially coveredby Hob peak, 3H); 4.3-4:~O(m. 2H); 

4:0-3.62 (m. 4H). 3.6-3.0 (m. 3H); 2.0-1.0 (m. 3H); 1.10-0.6 (m. 6H). 
, ' 

,6 ,', ", " ' ;','" ' ' 
N -(w-Aminoalkyl) AMP's were prepared by the procedure for the 

N 6 -(w-ani'inoalkyl) aderlOsines using the monopyridinium salt o£ 6-

chloropurine riboside 5' ~phosphate in pla:ce of. 6 -chloropurine riboside. 
\, 

The precipitates were dissolved in water and'one equivalent o£ barium 

chloride was added,.' The barium salt was precipitated by the addition 

of two volumes o£ ethanol. -The precipit~tes were subjected to TLC on 

cellulose using 70:2 :19 saturated ammonium sulfate -isopropanol-water. 

The reaction with ethylene diamine gave ,two spots at R£ 0.30 and R£ 0.60. 

The less mobile spot was identified by its Ri and UV spectrum as AMP. 

6 " 
The other spot had the spectrum of an N -alkylated adenine derivative 

and is presumably N
6 

-aminoethyl AMP. The rat'io of' N6 -aminoethyl 

AMP to AMP was 2:1. The reaction with'hexamethylene diarnine gave 

a single spot at R
f 

0.36 with the spectrum of an N~-alkylated adenine, 

derivative. 'It should be noted that a small amourit of AMP « 5% ) might 

be hidden in the spot since the spot overlapped the R
f 

0.30 position slightly. 
f 

I I 

, , 

. j. 
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This level of impurity would 'not be detected in the UV spectrum~No 

further, attempt to characterize these compounds was made. 

Coupling ~f N -t-BOC-(U) 14C -L-isoleuci'nol N
6 - (w':'aminoalkyl) 

5' -adenylates to cyanogen bromide-activated agarose. "CNBr;..Activated 

Sepharose" (0.5 g) was washed over 15 min with 100 ml of 0.001 N HC!, 

followed by a quick wash with O.lN NaHC03 co~taining 0: 5 M N'aGl. The 

gel was split into two portions which were added to solutions of either 

50 mg of 30 % pure N -t-BOC -(U) 14C -L -isoleucinol N
6 

- (2 -'a~inoethyl) 
adenylateor 30 mg of 70% pure aminohexyl derivative dissolved in 

2.5 mi of the cold buffer. The pH of the suspensions was adjusted to 

8.5 with lN KOH and they were shaken overnight a!: 3 0
• They wer~ 

then washed with 100 ml each water and 0.01 Mpotassium phosphate 

(pH 7 .5). Radioas say indicated binding levels of '0.6 tJ.mole s/ml for the 

, aminoethylderivative and 0.5 tJ.moles/ml for the aminohexyl derivative. 

'Similar reactions were carried out at pH 10. The levels of sub.,. 

stitution were 1.6 tJ.moles/ml for the amino ethyl derivative and 1.3 

tJ.riloles/ml for the aminohexyl derivative. 

Affinity Gel!. Succinylaminoalkyl agarose (20 ml) ~as washed with 

300 rill of water using suction, followed by 4 X 30ml of 800/0 aqueous 

pyridine. It was stispeJilded in the same and allowed to 'settle. The 

excess solvent was decanted. To.this was added 74 mg of 87% pure 

N .;.t~BOC -(U) 14C .cL-isoleucinol N 6 - (2 - arninoethyl) 5' -adenylate, (0.3 

tJ.C/mmole) dissolved in 2 rill of water, followed by 4 g of 

N ,N' -dicyclohexylcarbodiimide dissolved in 8 ml of pyridine. The re-

action was shaken for 8 days at ambient. temperature. The gel was 

collected by suction filtration and washed with 10 ml of 80% aqueous 
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pyr~dine. The combined filtrate and washing were retaIned. The gel 

. was furthc'r washed by percolation with 80% aqueous pyridine (3 X 15 rill), 

water (3X20 ml), absolute ethanol (2X40 rill), n-butanol at 37°C (2X40 ml), 

absolute ethanol (2 X 40 ml), wate r (2 X 46ml), and 80 % aqueou~ pyridine 

(3 X40 ml). The gel was, returned to the combined· filtrate and first , . 

washing, 4 g of DCC were added, and the reaction was shaken 8 days 
! 

\ 

further~ . The washing proceclure was repeated, 'except that the final 

washes with 80 % aqueous pyridine were replaced by washing with 1 

liter of 0.01 M phosphate (pH 7.5). Radio assay indicated 3.4 jJ.moies 

of inhibitor coupled perml of gel. 16 ml of gel were obtained. A test 

with trinitrobenzene sulfonate was negative. 

The gel was then deblocked by shaking for 6 h~urs in 1 N HCI in 1:1 

ethylene glycol-water. It was washed with 1 liter of water followed by 

1 liter of 0.01 Mphosphate (pH 7.5). Radioassay indicated 2.6 jJ.moles/ml 

of inhibitor wereretai1'led on the geL The trinitrobenzene sulfonate test 

gave a medium orange color, indicating that the· bound inhibitor had 

been deprotected. 

Test couplings of N -t-BOG-(U) 14C -L-isoleudn~~ 5' -adenyl ate to 

succinylaminoalkyl agarose using mixed solvents. 10 mg of 82% pure 

N -t-BOC -(U) 14C ~L -isoleucinol N 6 - (2 -aminoethyl) 5' -adenylate (0.4 

jJ.C/mmole) were dissolved in 2 ml of the appropriate solvent. 2 ml of 

succinylaminoalkyl agarose, thoroughly washed with the solvent, were 

added, followed by 100 mg of N -ethyl N' -(dimethylc.minopropyl) car-

bodiimide hydrochloride. The reactions were shaken at room tempera-

ture. Two more 100 mg portions of the carbodiimide were added at 

1-dayintervals followed by two further days of shaking. The gels were 

.-
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." 

collected and washed with 20 rnl of 5 % acetic acid followed by 40 rnl of 

water.' They were deblocked by shaking for 6 hours in 1 N Hel in1:1 

watet-ethyleneglycol and washed with 20 rnl portions of water, 0.1 M 

phosphate (pH 7.5) and water. 

The following solutions were tested (bound radioactive substrate in 

fJ.rnoles/rnl, before and after deblocking, are given in parenthesis): 

1.:1 dirnethylforrnarnide-water (2 0 3, 0:8); 1.1 ethylene glycol-water 

(0.9, 0.5); 1:1:1 dirnethylforrnamide-dioxane-water (4.1, 10 6); and 

3:1 dioxane-water (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 polYlllerase (RDP) is an e'nzYlllatic function with 

the capability o'f catalyzirtgDNA synthesis on a~RNA telllplate. RDP 

activity was first delllonstrated independently by Baltilllore 1 and by 

Telllin and Mizutani 
2 

ih 197 O. Since then, RDP activity has beeddetected 

in every infectious oncogenic virus which has been tested, whereas non-

oncogenic viruse 0 Seelll to lack this activity. 

This finding of an apparent correlation between the presence of RDP 

activity and oncogenicity has led to intensive investigation of RDP in lllany 

laboratories, including our's. These .studies· have all been done on crude .. 
preparations, and llluch of the data has therefore been rather' alllbiguous. 

The availability of "pure" RDP would allow studies of llluch greater 

scope and r~gor. 

However, 'RDP has proven quite resistant to significant purificat{on, 

prilllarily be~ause of the ease with which it is inactivated. Attelllpts 

to purify the lllaterial have quickly resulted in co~plete loss of 'activity. 

We felt that affinity chrolllatography lllight be especially suited to the 

purification of RDP; since it is a one-step procedure which can be 

carried out under verYlllild conditions. Moreover, Allan Tischler 

• had already prepared a number of quite potent rifamycin-based inhibitors 

of RDP. 3 

Other nucleotide polYlllerasesare known to bind to rifalllycin deriva-

tive s, and it was quite likely that they would interact with the adsorbent. 

We hoped that the binding properties would be sufficiently different that 

we could effect selective or sequential desorption of those ITlaterials 

which became adsorbed. 
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At present, no definite link has been e stablished bet~een the ability 

of the rifamycin derivatives to inhibit RDP and their ability to inhibit 

focus formation other than a correlation between the effectiveness of 

the derivatives in producing the two effects. If inhibition of focus £0 r

mationis mediated by ~ffectsbesides that of RDP inhibition, it may be' 

possible to isolate other enzymes (e. g., other nucleotide polymerases) 

which may be involved. 

We therefore undertook the preparation and testing of adsorbents 

carrying insolubilized rifamycin derivatives. This work was carried out 

in collaboration with Allan Tis chler and Frances Thompson. 

Preparation of the Adsorbent 

None of the prepared inhibitors was suitable for attachment to agarose 

without modification; but an analog of rifampicin,· N -amino-N -desmethyl 

rifampicin (!.), was, and could be readily synthe sized by the condensation 

of rifaldehyde with 'a large excess of 1, 4-diaminopiperazine. This was 

prepared and found to have an inhibition constant of 6.7 Xi 0 - 5 mole sl 1. 

0--+--01\. 

I 

r\ 
-N-N N-NH 

'--/ 2. 



-132-

It was expected that the affinity of this ligand for RDP would increase 

upon insolubilization, since in homologous se ries of, rifaldehyde deriva-
, . 

tives inhibition constants generally decreased w~th'increasingsteric 

bulk. N -heptylimino-N ':'de smethyl rifampicin, prepared by condensing 

N -amino -N -de smethyl rifampicin withheptanal, has an inhibition con-

, .'. 5 ." . ' 
stant of 2AX 10-moles/1. 

The N -arnino-N -de smethyl rifampicin was coupled to succinylamino-

alkylagarose using 1- cyclohexyl-3 -(2 -morpholinoethyl) -carbodiimide 

metho-,E.-toluenesulfonate in 1:1 dimethylformamide-water. The re

sulting gel was,deep orange in color. Considerable material had been 

adsorbed and copious washing with 1: 1dimethylformamide -water and 

1!1 ethylene glycol-water was needed bef~:>re the ,effluent from the 

washed material was free of color. 

Affinity Chromatography 

A column Was poured from the gel and washed with a bUffer of 0.05 M 

Tris (pH 7~8) containing 0.1 M potas sium chloride ,0;001 M dithio

threito1.0.005%· TritonX-100, and 200/0 glycerol. . The effluent from 

the column was orange indicating either that all of the adsorbed ligand 

had not been remo~ed, or that the bound ligand was being hydrolyzed. 

Prolonged washing reduced the color intensity of the effluent toa very. 

low level, but never completely eliminated it. The level of the free 

ligand in the effluent, judged by the color intensity; was too low to 

compete significantly with the bound ligand. 

A portion of crude l{DP preparation was chromatographed on the 

column using the sarrie buffer. The results are shown in Fig. ~. The 

fact that two peaks are obtained indicates that some sort of interaction 

-... 

- i 
i 
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100 ..------'----------------~-------,0.16 

80 0.14 

60 0.12 

40 0.10 

20 0.08 

0 0.06 

FRACTION NO. 

XBL735-4809 

Fig. 1. Chromatographic elution pattern of crude RDPon agarose-
bound N -amino-N -desmethylrifampicin. A ill diam. column . 
was filled with 25 ml of the adsorbent equilibrated with 0.05 M 
Tris {pH 7.8} contairiing 0.1 M KC1, O.001·M dithiothreitol, 
0.005% Triton x-too, and 20% glycerol. A crude preparation 
of RDP (480 jJ.l, cOl1taining 2250 units (pmole/hr) of RDP was. 
chrorrtatographed 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 denf)ity at 254 1 nm. The 
residual adsorbance (0.04 units) was due to the continual 
elution of low level of N -amino-N -desmethYl:dfampicin. RDp· 
(open circles) was measured by the incorporation of 3H-dTTP 
into DNA under assay conditions. 

e. 

V 
10 

'" 0 
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is occurring although it is not clear what sort. Only 20% of the applied 

activity was recove'red. The column was subsequently eluted with 

gradients of 0.1-0.5 M potas sium chloride ando-r 0.005 -0.1 0% of Triton 

X~100,the other components of the buffer being held constant. Neither 

procedure effected the. elution .of sigriificant amounts of more m,aterial. 
. . I 

The re'sults at this point' are much too incomplet~ to draw any cOn-

Clusions. The work is being continued by Allan Tischler and Frances 

Thomps on: .' 

EXPERIMENTAL 

N-amino-N-desmethyl-rifampicin.· The p'niparation is described in 

. . 3 
TIs chler et al. 

Coupling of N -amino-N -desmethyl rifampicin to ~uccinylaminoalkyl' 

agarose. T025 ml of succinylaminoalkyl agarose (prepared as de-

scribed in Part I) was added 240 mg of 76% pure N':'amino-N-desmethyl 

rifampicin (220 fJ.mole s) in' 20 'ml of dimethylformamide.· (The othe r 

24% is rifamazine, the 'compound produced when two molecuies of 

rifaidehyde condense with one 'molecule of 1, 4-diaminopiperazine. 

It lacks a free amino group and will not be coupled. J One gram (2360 

fJ.moles) of 1-cyclC?hexyl-3 - (2 -morpholino'ethyl) -carbodiimide metho-£,-

toluene sulfonate was added and the mixture shaken for 18 hr at r. t. 

The deep orange gel was washed with 1:1 dimethylformamide-water 

until the dfluent was free of color (ca. 2 liters), followed by 1:1 
- . -'I 

, 
ethylene glycol-water until the effluent was· agaiIl free of color (ca. 1 

. liter). Then it was washed, with 1 liter of water .. A portion of the gel 

was hydrolyzed and the amount of rifamycin chromophore in the hydro-

lysate determined spectrometrically. This indicated that the gel had 

been substituted at a level of 6.3 fJ.moles/ml. 
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Crude RDP. RDP activity was extracted from UCl-B tissue culture 

cells which had been transformed by Moloney leukemi~ virus. The 

·4 
procedure has been described by Thompson et ale 

RDPActivity was assayed by the procedure of Thompson et ale 4 

TritonX-100 was used at a concentration of 0.005%. 
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PART III: ACTIVE INSOLUBILIZATION OF PREBIOLOGICAL COMPOUNDS--

THE CLAY-MEDIATED POLYMERIZATION OF AMINOACYL ADENYLATES 
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INTRODUCTION 

Since Miller's classic experiment demonstrating the production of 

amino aci~s under possibie' primitive e~rth conditions,l there has been 

more than ample demonstration that amino acids would have been spon

taneously formed in considerable quantities on the prebiotic earth. 

, possible pathways for tneabiogenic creation of purines, pyrimidines, 

andsugars,2 as well as nucleosides and nucleotides,3 have also been, 

demonstrated. 

The ne~t step in the chemical evolution leadirig to a l1ving sys

tem is the polymerization of these monomers intopolypeptides and poly

nucleotides.The, various schemes which hav~ been suggested for such 

polymerizations require relatively high concentrations of monomers to 

produce polymers of meaningful size. It is highly unlike'ly that such, 

concentr'ati ons woul d have been achi eved in the primi ti ve sea. Thi s 

prriblem has led Bernal to propose that clay depoiits might have served 

to concentrate primitive organic molecules by adsorption. 4 ~ 

Paecht-Horowitz et ~ have demonstrated that montmorillonite 

clay will adsorb aminoacyladenylates and protect themf~om hydrolysis, 

thus allowing them to polymerize to sizable peptides in very high 

yield,.5 As a model for prebiological polymerizations, thissyst~m has 

much to recorrvnend it:, (1) It allows for a high degree of polymeriiation 

under dilute conditions at neutral pH without the use of elevated tem

perature; i.e., under the conditions which were most probably found in 

the primitive sea. (2) the aminoacyl' adenylate is the intermediate 

through which biosynthesis of protein occurs in contemporary organisms. 
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(3) The, adenyl ate can also serve as an intermediate for the formation 

of polynucleotides, since the phosphate as well as the carboxylate is 

activated, by the phosphoanhydride bond (Fig. 1). As Eigen has elegantly 

demonstrated, the cooperative interaction of polypeptides and poly-, 

riucleotideswould bernandatory for any self:"reproducing system capable 

of evol~tion.5 Which is to say, that polyp~ptidesand polynucleotides 

must have evolved concurrently and not sequentially. Thus the spon

taneous polymerization of both would be necessary for the initiation 

of chemical evolution. 

We believe that this system could well serve as a model for the 

studY,of protein-nucleotide interaction under prebioticconditions. 

Accordingly', we proposed to study the reaction rates 'and product dis~ 
:. . 

tribution of ami noacyl adenyl ates and to compare them with the results 

for the correspondingaminoacyl guanylates, cyticjylates, and uridylates. 

Initially, we hoped to determine whether there are chemical reasons 

which would make the adenyl ate the preferred method of activation. 

We envisioned the work as being possibly extendable to the elucidation 

of a chemical basis for the CpCpAterminus of tRNA and ultimately for 

the genetic code. 

We' also hoped to develop conditions which would 'favor the forma- ' 

tion of polynucleotides from the~e activated intermediates and to use 

this system as a model for the study of nucleotide polymerizations. 

Properties of Montmorillonite 

Before proceeding wi th the descri pti on of ourexperimenta 1 work, 

it would be well to describe the properties of montmorillon'ite. 

,.1 

.i 

I 

f 
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AMINO ACID 

XBL 734-4111 

Figure 1: Possible routes of polymerization of aminoacyl adenylates:, 

A, to give polypeptides; B, to give polyadenylic acid. 
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Montmorillonite occurs in flat irregular sheets which are 10 ~ 

thick and of varying length and width. An idealized unit cell is 

shown in Figure 2. Actually, no montmorillonite exists homogeneously 

in this form. In actual samples of montmorillonite, some ot' the A1 3+ 
- '. ++ . -- 3+ 

ions in the central layer are replaced by Mg or Fe_ ,and some' of 

the 5i 4+ in the tetrahedral layer is replaced by A13+. The rep1ace-
3+' ++ 4+-3+ . . ment of A1 by Mg . or 51 byA1 results in a net negative charge 

which is balanced by exchangeable cations whibh are adsorbed to spec~fic 

si tes on the face. _ In general, the affi ntty of the cl ay for various 

cations increases with the charge of the cation.,-

It is. possible to convert montmorillonites' into 'forms in which all 

the exchangeabl e 'cations are the same, ~, sodi urn montmori 110ni te. 

The montmorillonite used in theses.tudi es was Montmorill oriite No .25 

from the Joh n C. Lane Tract in Upton, Wyomi ng. The sodi urn form has the 

formula 

i, 

Because of the dissDciation of the exchangeable ~ations, the faces 

carry a net negative charge, while along the edges ,where the cationic 

co~~is exposed is a slight positive charge.Asa result, montmorillo

nites which have only monovalent exchangeable cations (~, Na+ or H+) 

tend to form monodispersed face to edge orientations in aqueous solu

tions. The resulting gel-like structure causes even rather dilute 

solutions to be quite viscous.' Polyvalent exchangeable cations allow

br'idging between the faces (i.e., the. cation is linked to anionic sites 

-, 
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.5.~ 6 0= 7 
4 Si4 + 

.L!0w+ 407 
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/60= 7 

10 l 

XBL 733-47~1 

Figure 2: Idealized unit cen of montmorillonite. 
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on two different plate's}.' This results in the formation of face to face 

aggregates which maybe many p1,ates in' depth. 'Such montmori11onites 

tend to clump into larger particles, or domains., This clumping reduces 

the effective surface area of the montmori11.onite considerably, but 

opens up the possibility of intercalation between the layers. Thus, 

variationi in adsorption 'properties ar~ not readil~predictable from 

the knowledge of the exchangeable cation composition. 

We decided to study sodium, calcium, and aluminum montmorillonite 

as representati ve of clays carryi ng monovalent, di val ent, and tri va 1 ent 

exchangeabl e cations, respecti vely. The sodi urn form was prepared 

according to PO'sner. 7 It was then centrifuged as a dilute solution 

(~l~w/v) and the portion remaining suspended after 60 min at 9000 ~'g 

was retairied. This suspension was dialyzed agai~si witer for 24 hrs 

to remove chloride ion, 1yophilized',and ground to a fine powder ina 

small ball ~ill. The calcium and aluminum form~were prepared by 

treating a suspension of the sodi~m form (after centrifuga1 fractiona

tion} with a 2 M solution of the appropriate salt for 24 hrs.(THe 

polyvalent cations readily displace the sodium.) This was followed by 

dialysis, lyophilization, and grinding as before .. 

Suspensions of the three forms differed considerably in their 

properti es. The sodi urn form gave a trans 1 ucent, apparently monodisperse 

suspension which did not settle upon standing and became quite viscous 

at concentrations >3%. The calcium form gave an opaque suspension 

which settled on prolonged standing. The aluminum form gave what was 

c1 early :asuspensi on of aggregates whi ch sett1 ed very qui ckly. 

, Electron micrographs were made of the various clays, after 

shadowing with chromi,um (F~gure 3). All the forms showed some tendency 

I 
. . ~ 
:. i 
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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 Mortland. 8 Several · mechanisms 

may be operant in the studies we undertook. Amino acids become bound 

to clays primarily via ion exchange reactions at pHis 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 IS forces, hydrogen bonding between the adsorbed 
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compound and'thesilicate oxygens, and for the polymers, an entropy 

effect, wherein adsorption of one molecule of polym~r results in the 

desorption of many water molecules. 

Our adsorption studies were carried out ,in the pH range 0.7-10. A 

solution of the material whose adsorption ,was to be studied was adjusted 

to the appropriate pH with 1 NHCl or NaOH. A portion of clay was added 

and the suspensions stirred for '24 hi's. The clay was removed by centri

fugation and the supernatant checked for,loss of the adsorbate. The 

clay was washed with O.lM sodium chloride, w,hich should displace any 

adsorbed material', and the wash was assayed for adsorbate: l4C-L-alanine 

was measured radiometritally and with ninhydrin;poly~D~L-alanine was 

mea;uredwi th the Lowry reagenf,9 and AMP and polyadenyl i c aei d were 

assayed s pectrophotometri ca'lly. 

For all compounds and for all three forms of the clay, adsorption 

was zero within experimentai error throughout the pH range studied (it 

should be noted that AMP and polyadenylicacid precipitated from the 

soluti~ns at acid p~). 
" 10 

Greenland et ~ have studied the binding of glycine and its 

oligomers to sodium and calcium montmorillonite using much larger 

quantities of clay than were employed by us. When his values (~, 

15 mg/g for glycine on sodium montmorillonite) are extrapolated to the 

scale we operated on, the amount of material adsorbed becomes too small 

to have been detected by our techni ques. This tends to support our 

findings for alanine and polyalanine. 

The fact that aluminum montmorillonite failed to bind any poly

adenylic acid was quite surprising, in view of a report that phosphates ," 

are strongly adsorbed by aluminum mica. ll 
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Paecht-Horowitz et .!L,. report that L-al anyl 5 1 -adenyl ate adsorbs 

at up tb 400 mg/g of sodium montmorillonite, but do not indicate how 

this value was arri ved at., Due to the extreme reactivity of the compound, 
I 

the value is rather questionable. This could probably best be tested by 

measuring the binding of the stable amino alcohol analog, L-alaninol 

5 "-adenylate. This has not yet been done. 

Polymerization Studies 

I ciecided to initiate my polymerization studies by repeating the 

work of paecht-Horowitz et .!L,., using L-alanyladenylate (D. 5 

OH ·OH. 

I initially attempted to prepare L-a1anyl adenyl ate by thr method 

of Berg, 12 but could not obtain a product of more than 30% pur~ty. I 

then switched to the more elaborate procedure ofMoldave etal. 13 By 

employing a modification of this tec~nique, I was able to obtain purities 

of up to 87% .. Because of the extreme lability of the product, 'this is 

probably close to the limiting value for purity. Routine yields were 

about 70%; 

Thepuri ty was determi ned by reacti ng the product wi th neutral 

hydroxyl ami ne. The resulti ng hydroxamate was measured spectrometri ca 11y 

as the i rone II I) compl ex us i n9 syntheti cal anyl hydroxamate hydrochl ori de 

as the standard. 
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The first attempt to carry out a clay mediated polymerization was 

done as follows: 75 mg of sodium montmorillonite was suspended in 60 ml 

of wat~r at ambient temperature in a chamber which was continuously 

purged with nitrogen. Portions of alanyl adenyJate ('\,20 mg) were added 
; 

-.;. 
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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 a portion of L-alanyl adenylate. 
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The apparent behavior of the system may have been the resul t of 

poor operation by the pH-stat. The instrument was "homemade"from 

components and w,as quite old. It was actually only capable of main

taining the" pH within about ~O.l unit of the specified pH. ~10reover, 

the titrant addition speed was fixed. It is likely that overtitration 

may have occurred, resulting in the presence of excess base sufficient 

to neutra li"ze the acid generated befote the next addi ti on ofa 1 anyl 

adenyl ate. On additi on of fur'thera Tanyl adenyl ate, the pH woul d 

become suffi ci ently lowered to i ni tiate titrant addi ti on whi ch would 

be continued for too long due to poor response characteristics, and 

excess base would again be present .. 

After the last portion of alanyl adenylate had been added~ the 

reaction was allowed to continue for 24 hrs more, during which time 

only three insignificant titrant additions occurred . 

. 'The clay was, removed by centrifugation~['suspended in 20 ml of 
.:~ ~ 

water, soni cated, and aga in centrifuged. The combi ned supernatants 

were then passed through a Diaflo PM-30 membrane (cutoff size: MW 

rv30,OOO) to remove any c·lay which might remain. 

The solution was assayed for alanirie withninhydrin15 and for 

polyalanine with the Lowry reagent. 9 The assays indicated that the 

solution contained 36.6 mg of free alanine and 4~4 mg of polyalanine. 

The alanyl adenylate used in the experiment contained 112 mg of alanine. 

Recently, I learned from Dr. Paecht-Horowitz that only the D,L-isomer 

polymerizes to give sizable peptides. When 0- or L-alanyl adenylate 

is employed, the polymerization is termiriated after four to .five steps 

by the precipitation of the oligopeptide. 17 Presumably, the missing 
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L-alani.ne in my experiment ·was precipitated in such a manner. This 

could be determined by hydrolysis of the clay residue. Unfortunately, 

it has been discarded. 

It was discovered that AMP interfered with the Lowry assay. There

fore, the soluti.on was passed through a column of Dowex l-X8 (C:l-) to 

free it from AMP.· A Lowry assay on the resulting solution indicated 

a total of only 0.6 mg of poly alanine now ·remained . Perhaps the rest 

had been retained as the peptide 2 I (J1},ester with AMP. Paecht-Horowitz 

et al. have indicated that the peptides which they obtained from this 

procedure were so esterified. 5 

Because of the poor response characteristics of the pH-stat used 

in this experiment and the pecul far titrimetri c behavior observed, it 

wass decided to obtain a new pH-stat before repeating this rather equivo-, 

cal experiment. This required about six months. During this wait I . 

deci ded to devote full time to the affi nity chromatography project. 
(' 

These studies Were turned over to Dr. John McCulibugh. 

EXPERIMENTAL 

Materials 

Montmorillonite #25 from the John C; Lane Tract, Upton ,Wyoming, 

was purchased from Ward1s· Natural Science Establishment, Inc.; N,N

dicyclohexylcarbodiimide, L-alanine, poly-D,L-;alan;ne (av. f~W 1600), 

and polyadenyl;c acid (av. MW 3400) from"Nutritional Biochemical Co.; 

AMP and ninhydrin from Calbiochem; palladium chloride and 10% palladium 

on charcoal from Matheson,· Coleman, and Bell; and hydroxylamine hydro

ch lor; de from Baker and Adamson. ·A 11 other compounds used were of 

reagent grade. 

• 
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Binding Studies 

A solution of the co"mpound whose binding was to be 'studied was 

b'rought to the appropri ate pH with either 1 N HCl or 1 N NaOH and 

the volume brought to lD ml. Final concentrati6ns were: L-alanine 

0.,1 M; poly-O,L-alanine '0.5 mg/ml; AMP D.l M; and polyadenylic acid 

0.1 mg/ml . 

Fi ve mi 11; grams of the appropri ate montmorillOni te, fi ne ly ground, 

was added to the solution,whic~ was capped and stirred for 24 hrs 

at ambie,nt temperature. The solutions were then centrifuged for 60 min 

x 15,000,9 and the supernatants decant~d. The precipit~ted clay was 

res~$pended in 10 ~l of'O.l M sodium chloride and again centrifuged 

after 24 hrs. 

The supernatant and wash were each assayed for the presence of the 

compo'und understudy with the appropriate method. L~alanine was assayed 

with ninhydrin,15 u_14C-L-alanine was determined by s~intillation 

counting in a Packard Tri Carb instrument. Poly-O,t-alanine was assayed 

with the Lowry reagent as described previously.1S AMP and polyadenylic 

acid were quantitated from the absorbance at 259 nm. In all cases, no 

loss (within experimental error) of any substr~te was found in the 

.supernatant, nor was any substrate found in the salt wash. 

N~Carbobenzoxy-L-alanine 

N-Carbobenzoxy-(-alanine w~s prepared following a procedure sug

gested by Greenstein and Winitz: 16 L-Alanine(25g,.0.28 mole) a~d 

sodium bicarbonate (59 g, .0.56 mole) were suspended in 400 ml of 
I 

water, which was vigorously stirred withapropeller stirrer. Carbo-

benzoxy chloride (52.3 g,0.31 mole) was added in 6 portions at 12-min 
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intervals, The mixture was stirred overnight and brought to pH 10 

with 1 N NaOH. The solution was extracted with 100 m1 of ether, and 

then brought to pH 3 with 1 N HC1. It was extracted with 3 x 60 m1 

of ethyl acetate and the combi ned extractss were dri ed over magnes i urn 

sulfate for 60 min, filtere,d, and evaporated .i.!!. vacuo to give a white 

res i due .. Th i s was recrys tall i zed from ether-petroleum ether. The 

crystals were collected wjth suction and dried over P20S in vacuo 

oyerni ght. Theresul ti ng white crystals wei ghed31:S g (SO%) wi th 

MP 8S.S-86.SoC (reported 87°C16). A second crop of 13.9 g (22%), 

M~ 83-SoC;'was ~lso obtained. 

N-Carbobenzoxy-L-a1 any1 5' -adenyl ate 
; ; 

All mani~u1ations were carried out in ~ cold room at 3°C unless 

otherwise indicated. AMP.H 20 (2.2 g,6 rruno1e) and N-carbobenzoxy-l

alanine .(1.34 g~ 6 rrmole) were dissolved in 2S m1 of 3:1 pyrtdine

water~ To this solution was addedN,N'-dicyclohexyl carbodiimide. 

(24 g, 116 mmole) dissolved in 24 ml of pyridine. The resulting 

mixture waS stirred 3-1/2 hrs'and then filtered. The precipitated 

N ~N (-di cycl ohexylurea was washed with S ml of 3: 1 pyri di ne-water 

and the wash added to thefiltraie. The combined filtrate and wash 

were allowed to separate into two phases ('\,S min) and the bottom 

layer was drained into 350 ml of acetone at -15 ti C .. This was stirred 

briefly andcentr,ifuged at -20°C by bringing the centrifuge'to 

6000 x g and inJTlediately shutting off. After decantation of the. 
'. 

_ supernatant the precipitate was washed with 200 ml of acetone at 

-20°C by shaking in the sealed centrifuge bottle and recentrifuging 
, . 

as before. It was then suspended in 60 m1 of acetone at -lSoC and 

''; 

.. 

.... 
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filtered in a cold (3°e) dry box with a medium sintered glass filter 

funnel. It wai then washed ~ith 2 portions ofeth~r(3°CL in the 

dry box and dri ed over P 205 l!!. vacuo overnight at 3°C. 

It is expected that the resulting material is not pure N-carbo

benzoxy-L-alanyl 5'''':adenylate. However, purity was not determined 

until after removal of the carbobenzoxy group. The. crude yield 

was 2.11 g (64%). I twas stored at-15°C. 

Palladium black 

Palladium chloride (3 g) was dissolved in 20ml of 6 N HCl by 

heating on a steam bath for 2 hrs. This solution was poured into 

500. mr of boiling, glass":distilled water. Three milliliters· of 88% 

fonnic acid was added followed by4 N potassium hydroxide (carefully) 

until a pH of 9 was reached. The mi xture was boil ed 10 mi.n and the pH 

brought to 7 with 88% formic acid. After cooling, the precipitated· 

palladium black was washed several times with glasS-distilled water 

by trituration and decantation. It was stored under glass-distilled 

water .. ' 

L~Alanyl 5'-adenylate 

N-Carbobenzoxy-L-alanyl 5'-adenylate (800 mg, 1.45 mmole) was 

dissolved in 15 ml of 90% acetic acid in 25 ml pear flask with side 

arm through which a gas bubbler was introduced. The solution was 

chilled in an ice bath and ca. 3 g (drained wet weight) of palladium -, . 

black was added. The flask was .capped with an oil-filled vapor seal 

and purged with nitrogen. Hydrogen was bubbledthroughthe solution, 

for20minat a rate sufficient to give good stirring. The vessel' 

was again purged with nitrogeri. The palladium black was filtered 
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off in a cold (3°C) dry box and washed with 6 ml of glacial acetic 

acid. The combined filtrate and washing were immediately frozen and 

lyophilized. The lyophilizatee weighed 440 mg(73%). It was deter

mined by the hydroxamate assay, described below, to be 87% L-alanyl 

5 1 -adenylate. 

Hydroxamate Assay 

One to four milligrams of the alanyl adenylate preparation wer~ 

dissolved in 50 lJl of n~utral 2 M hydroxyl ami ne, prepared fresh by , 

mixing equal portions of 4 M hydroxylamine hydrochloride and 3.15 M 

sodium hydroxide. Afte'r3 min the solutioriwas diluted with 1 m1 of 

water followed by l'ml of a solution of 10% ferric chloride and 3.3% 

trichloroacetic aci,d in 0.66 N hydrochloric acid t The solution was' 

shak.en rapidly a'nd the absorbance at 540 nmwasmeasured against a 

blank to which no alanyl adenyl ate had been added. The complex with 

syntheti cal anyl hydroxama te hydroch1 or; de was used as a standard. 

This gave a molar extinction coefficient of e:= 212,000. 

Clay-mediated Polymerization 

Sodium montmorillonite (75 mg)was suspended in 60 ml of water 

in a closed chamber continuously purged with nitrogen. Potassium 
i 

dihydrogen phosphate (100 mg) was added and, the pH was adjusted to 

'8.1. Portions of L-alanyl 5 1 -adenYlate ('\120 mg) were added at 10-min 

intervals. pH was maintained at 8.1 with 4 N NaOH using a pH-stat. 

In this manner 504 mg of 60% pure alanyl adenyl ate was added, followed 

by 285 mg of 78% pure alanyl adenylate. Reaction was allowed to,con

tinue ,after 'addition of the adenylate for 24 hrs further, with pH still 

maintained at8.l. 

• 

-. 
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The solution was centrifuged for 60 min at 11 ,000 x g. The clay 

was then suspended in 20 m1 of water, sonicated, and recentrifuged. 

The combined supernatants were then u1trafi1tered through a Diaflo 

PM-30 membrane (cutoff size: MW "'30,000) to remove any. remaining clay. 

Assays with ninhydrin15 and the Lowry reagent9 indicated that the 

solution contained 36.6 mg of free alanine and 4.4 mg of po1ya1anine 

out of 112 mg alanine introduced. Po1y-D,L-a1anine (av .. MW 1600) was 

used as the standard for the Lowry assays. 

I 
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ABBREVIATIONS 

In addition to the usual abbreviations (e. g., g, m!, etc.), the fol-

lowing abbreviations ,and trivial names were used in this work: 

AA: ail amino acid 

AA-tRNA: a2 ' (3' )-aminoacylated transfer ribonucleic acid 

AE":AMP: N
6 

-(2-aminoethyl)-adenosine 5' -phosphate 

Affinity Gel I: an adsorbent for affinity chromatography prepared by 
.... *.. 

coupling BOC-ile -01 AMP to succinylaminoalkyl agarose and de-

blocking. 

AH-AMP: N
6

-(6-aminohexyl)-adenosine 5' -phosphate 
. t • • 

Aminobenzamidoalkyl agarose: a gel consisting of p-aminobenzamido-

propylaminopropylamine coupled to cyanogen bromide activated 

agarose 

AMP: adenosine 5' -phosphate 

ATP: adenosine 5' -triphosphate 

Bicine: N, N-bis(hydroxyethyl)glycine 

BES: N, N -bis(hydroxyethyl) -2 -aminoethylsulfonic acid 
1 

BOC-ile-ol AMP: N-t-BOC-L-isoleucinol 5'-adenylate 

BOC-ile "~-ol AMP: N-t-BQC-(U)14C-L-isoleucino15'-adenylate 

BOC-ile * -01 AE-AMP: N-t-BOC-(U)14C-L-is·oleucinol N6 _ 

(2 -aminoethyl) 5' -adeny la te 

BOC-ile>:'-ol AH-AMP: N-t-BOC-(U)14C-L-isoleucinol N6 _ 

(6 -aminohexyl) 5 f -adenylate 

BP: boiling point 
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Cy gel eluate: Partially purified L-isoleucine tRNA synthetase 

(see p. 38) 

CI-IMP: 6-chloropurine riboside 51-phosphate (6-chloroinosine 

monopho sphate) I 
" I 

CMR:carbon-13 nucle<l:r magnetic resonance (spectrum) 

d: doublet 

dATP: 21 -deoxy adenosine 51 -triphosphate 

DCC: N, NI -dicyclohexyl carbodiimide 

DCU: N, N I ...;dicyclohexyl urea 

diAc Cl"';IMP: 6-:chloropurine 21,"3 1 -diacetyl riboside 51-phosphate 

(2 1,3 1.;.diacetyl 6-chloroinosine monophosphate) 

E: an aminoacyl tRNAsynthetase 

E· AA-AMP: complex of an amino acyl tRNA synthetase with an 

aminoacyl adenylate 

Elution Buffer 1: a buffer" of 0.02 M TES (pH 7.8) containingO.01M 

2 -mercaptoethanol, 0.005 M magnesium chloride, and 0.05 M 

potas sium chloride. 

GC: gas -liquid chromatography 

HEPES:N -2 -hydroxyethylpiperazine NI -2 -ethane sulfonic acid 

IR: infrared (spectrwn) 

IRS: L-isoleucine tRNA synthetase 

K.: an inhibition constant 
1 

K :. a Michaelis constant 
m 

K : a dissociation constant 
s 

,",'. 

• 

" I 
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L-ile-bl AMP: .L-isoleucinol 5' -adenylate 

. .~~ ·14" 
L,...ile ~ol AMP: (U) C-L-isoleucinol 5'-adenylate 

L-ile* -01 AE-AMP: (U)14C-L-isoleucino1 N 6 -(2-aminoethyl) 
I 

5' -adenylate 

L-ile * ~ol'AH-AMP: (U)14C-L-isoleucinol N 6 -(6-aminohexyl) 

5' -adenylate 

. . Aile 3' . L-ile -tRN : 2' ( ) ester of L '-isbleucine with the terminal 

. ..' . ile 
adenosme of tRNA '. 

m: multiplet 

Mg ATP: mononi.agnesium salt of ATP 

MP: melting point (uncorrected) 

NAD+: nicotinamide adenine dinucleotide 

NMR: (proton) nuclear magnetic resonance (spectrum) 

PPi:'pyrophosphate 

PRS: phenylalanyl tRNA synthetase 

RDP: RNA-instructed DNA polymerase 

r. t.: room temperature 

s: singlet 

succinylaminoalkylagarose: a gel prepared by coupling 3, 3' -iminobis-

I ' 
propylamine to cyanogen bromide -activated agarose and then succinylating 

. the free terminal amine with succinic anhydride 

t: t~iplet. 

t-BOC: the .!.£!!-butyloxycarbonylgroup 

TES: N-tris(hydroxymethyl)methylaminoethane sulfonic acid 

TLC: thin-layer chromatography 
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TNS: 2-£,. -toluidinylnaphthalene -6 -sulfonate 

Tricine: N -tris (hydroxymethyl)methyl glycine 

Tris: tris(hydroxymethyl)aminomethane 

tRNA: transfer ribonucleic acid 

tRNA
ile

: transfer ribonucleic acid sp~cific for L-isoleucine 

UV: ultravi,olet (spectrum) 

V : velocity of an enzymatic reaction extrapolated to infinite 
max 

substrate concentration. 
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On the Active Site Topography of Isoleucyl Transfer 
Ribonucleic .Acid Synthetase of Escherichia coli Bt 

Eggehard Holler,t 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 AT?: Radioactive ATP-["P]PP; ex
change methods and fluorescence titration methods were 
applied for determinati~n 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-ainino group is electrostatically 
bound to an anionic site. It is believed that this site is part of 
an ion pair in the free enzyme. The ion pair can be opened by 
either 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 electrosiatic 

. 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 enzymes has been acconl-' 
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 rigorously 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 ilnd Bell, 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 I1e-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. 2 

(Mg2t) , 

E + ATP + lie ~ E·lle~AMP + PP; 

It is believed that the enzyme-bound intermediate, L
isoleucyl adenyl ate, reacts in a second step·with the cognate 
tRNAile to form I1e-tRNAile (Berg, 1958) according to the 
following equation. 

t From the Laboratory of Chemical Biodynamics, Lawrence Berkeley 
Laboratory. and the Department of Chemistry, University of California. 
Berkeley. California 94720. Receit1ed Seplembl!r 18, I 97}. Supported 
in part by the U. S. Atomic Energy Commission. ' 

t Helen HlIY Whitney Fellow; prescnt address: Biochemic II. Fach
bereich Biologic. Universitaet Regcnshurg, 84 Rcgcnsburg. Wcs't 
Gennany,' 

§' N;uionnl Scil'nce Fmmdation Graduate Fellow, 1968·-19"12. 

\I Ahhn.'viHtitlns used ure: E, isolcul.·yl transl\,'r ribolHh.'lcic acid' (lie
tRNA) synthctasc; E·llc-ATP. IIc-tRNA synthetase-t.·isoleucine
adenosine triphosphate comple,,; 11c· ..... ·AMP. I.-isoku..:yl adcnylate; 
E·lle ......... AMP· PPi. lIe-tRNA synthclUse-l-isolcucyl adcnytatc-pyro
phosphate complex. 

1150 BIOCHEMISTRY, VOL. 12. No.6, 1973 

intact substrate, when both the a-amino group and carboxylic 
group arc present! Compounds lacking the carboxylic group 
are good ligands only when A TP or AMP is simultaneously 
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 I1e-tRNA 
synthetase IS 4 hal less than anticipated from the binding 
affinities measured for its str·uctural co~ponents. AMP 
and pyrophosphate. Furthermore, the staridard free· energy 
of formation of enzyme-bound .. L,iSoleucine adenylate and 
pyrophosphate from enzyme-bound substrates is favored ·by 
5 kcalas compared with thereaction ·in the free solute state. 
We ·conclude.that ATP when enzymically bound is in· a high 
free~nergy state. thus. facilitating the formation of enzyme
bound L-isoleucine adenylate. 

E·. Ile-·AMP + tRNA'" ~ Jle-tRNA'" + E + AMP 

Possibly. formation of the Ile-tRNA synthetase-tRNAlle 
·complex is associated with some rearrangement at the active 
site. With this in mind, ~e must distinguish between probing 
of the active site of free e~zyme and probing of tRNAlle
bound enzyme. From comparison of the results the extent 
and the consequences of the tRNAII'-induced rearrange-
ment will be evident. . . . . 

. The investigation reported iri this paper is restricted to 
Ihe prohing of the free enzyme only. L-Isoleucine related 
compounds lacking either the a-amino group or the carboxylic 
group, or both. were used as probes. Further, the effects of 
methylation a~d guanidation of the a-amino group and the 
effect of chain elongation 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 A TP. i.t., 
adenine, o-ribose, adenosine, AMP. and pyrophosphate. In 
part. we have examined the intenictions of inhibitors in the 
presence of co-ligands. Part of this investigation has been 
published recently (Holler et aI., 1.971). 

Materials and Methods 

Ile-tRNA synthetase was obtained as a 30()- to 350-fold 
purified preparation from Escherichiu cllii B cells (Miles 
Laboratory) following a method described by Baldwin and 
Berg (\ 966). Protein was determined by the method of Lowry 
et al .. (\951). The specifk ·activity of the freshly purified 
enzyme was 650 750 units.'mg. where one unit is defined as· 
the formation of I I'mol of ["PIATP from ["PIPP, in 15 
min at 370 under standard conditions (Baldwin and Berg. 
1966). The published value of the molecular weighl (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 sodiiun 
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 I cm) by elution with 
0.02·M phosphate buffer, pH S.O, at 4°. The preparation was 
20% pure tRNAlle (in terms of A260 units). Nodisiinction has 
been made between different isoaccepting forms of tRNA"'. 
The concentration of total tRNA was estimated spectrophoto
metrically ·on the assumption that 21.4 A". units are equiv
alent to I mg/ml of tRNA (Stephenson and· Zamecnik, 
1~1 . 

["PjPP; was prepared from ["PIP; (International Chemical 
and Nuclear Corp.) as described by Berg (1958). Guanidino
L-isoleucine was prepared from L-isoleucine and 5-meihyl
thioisourea following the method described by Fasold et 
al. (1961) and from i-isoleucine and l-guanyl-3,5-dimethyl
pyrazole nitrate as described by Habeeb (1960). Both preparac 

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-Methylpentanoicacid, 3-
methyl-l-pentanol, and 2-methyl-l-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 aleohol saturated with 20% acetic acid, and benzene· 
pyridine-acetic acid (80: 20: 5, v/v/V). 

The L-isoleucinc ethyl and hexyl esters were prepared as 
the hydrochlorides with thionyl chloride in the appropriate 
aleohol by the method of Brenner and Huber (1953) with 
minor modification~. No attempt was made to distill the 
esters. L-Isoleucine ethyl ester hydrochloride had a mp of 

"92-93°. Anal. Caled forC,H 18CINO,: C, 49.09; H, 9.27; 
CI, is.l4; N, 7.15: Found: C, 49.23; H, 9.25; CI, IS.20; 
~~~ . 

The hexyl ester hyllrochloride could not be crystallized 
and was obtained as an amorphous, waxy solid. Anal. Caled 
for C1,H"CINO,: C, 57.20; H, 10.40; CI,' 14.10; N, 5.60. 
Found: C, 57.0; H, 1O.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: I chloro
form-triethylamine. 

L-Isoleucinyl adenylate was synthesized by the procedure 
of Sandrin and Boissonnas (1966) and Cassio el al. (1967) 
with minor modifications. The product was homogeneous 
to thin-layer chromatography on silica gel using methanol 
or 7: 3 acetone-water: ultraviolet (uv) (0.01 ~1 potassium phos
phate, pH 7.5) max 259 nm (. 12,1(0); min 227 nm. Ana/. 
Caled for C,H"N,07P·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-l-pentanol and 3-methylpentanal were obtained 
from Aldrich, 2-methyl-l-butylamine and 3-methylpentan
oic acid from K&K Laboratories, and 2-methyl-I-butanol. 
a-DL-amiriopentanoic acid, a-DL-aminohexanoic add. and 
a-DL-aminoheptanoic acid from Eastman Organic Chem
icals. O-Methyl-L-threonine, N-methyl-DL.isoleucine, valine. 
adenosine, and AM P were purchased from Calbiochem, 
L-isoleucine methyl ester, potassium 2-p-toluidinylmiphtha
lene-6-sulfonate, and S-methylisothiourea sulfate from Sigma, 
L-isoleucine; L-isoleucinol, and ATP from. Nutritional Bio
chemical Corp., and l-guanyl-3,5-dimethylpyrazole and 

. adenine from Schwarz/Mann. All oth~r 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. 

Radiuactive ATP-{"PIPP, 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 Nuc1ear-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 plotte!! 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, Km(app), and its value in the presence of 
an inhibitor at a fixed concentration, K:,,capp), were deter
mined from the slope of the linear plots. The inhibition con
stant for competitive inhibition was' calculated according to 
K; = [I1./l(K:"(app)/K",(app» - II where the symbol [II. 
refers to the initial concentration of the inhibitor. For a
DL-aminohexanoic acid and a-DL-aminoheptanoic acid. the 
Michaclis .. Menten constant was evaluated from a set of 
data where the concentration of a competitive inhibitor. 
2-methyl.l-butylamine. was ~aried· and the concentration 
of the substrate was kept constant. Evaluation is accomplished 
by use of the equation 

" = r. - r[lloKm(appli1Ki(Km(app) + [SI.)I (I) 

which is derived as follows. The Michaelis-Menten equations 
for the absence and presence of Ii compeiitive inhibitor are 

IS). 
ro = .·V

llla
,;: '--------• ....,.. 

K",(app) + [SI. 

and 

[SI. 
,: = V",.xK~~iapp)[1 +[iwK;i+·[SI. 

respectively. The symbols refer to 1'., the rate in the absence 
of inhibitor; r. the rate in the presence of inhibitor; V m ... 
the maximum rate; [SI.·and [II •• initial concentration of sub
strate and inhibitor. respectively; K",(app) and K i , the ap
parent Michaelis .. Menten constant and inhibition constant, 
respectively. Dividing the first equation by the second and 
rearranging. e4 1 is obtained. The data in Figure I were 
plOlled at'cording to this e4uation and the value for K",(app) 
wasca1culated from the slope using the value K, = IO/AM. 
The procedure is generally applicable as long as substrate 
and inhibitor arc 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 conccntr'a
tions of the r('action mixtures were 0.5·1.5 n~l lIe-tRNA 
synthetase. 2 mM A TP. 2 mM s(){)ium pyrophosphate (4 X 
If)'. M X 10' rounts min' /Amol''''), 5 mM MgCl,. 10 mM KF. 
0.1 M Tris-HCI. 10 mM 2-mercaptoethanol. 3 I'M to 0.6 mM 
L-isolcucine. or' J I'M to 0.6 mM O-methyl-L:threonine, or up 
to 1.2 m" N-methyl-DL-isoleucine or guanidino-L-isolcucinc. 
or up to 27 mM a-DL-aminopentanoic acid. or up to 29.8 
mM a-DL-aminohexanoic acid. or .up to 6.9 mM a-DL-amino· 
ht;ptanoic acid. Inhibitors' were used at concentrations higher 
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FIGURE I: Determination of the MichaeliS-Menlen constant for 
ATP-{up]PP, excb8nge maintained in the presence of a-oL-amino
beptanoic acid, at pH 8.0, 2So. The rate ofexcbanll'C is'imaSuced as 
a function of various concentrations of 2-methyl~l-buty1amine, a 
Competitive inhibitor. ·.Evaluation is based an the equation 0 -

o. - ll(1]oK..(app)/[K,(Km(app) + (Sle], where the symbols refer 
to Do. the rate of exchange when no inhibitOr is present, [I). and [S] .. 
the initial concentrations of inhibitor and substrale, respectively. 
Initial concentrations were S nM Ile-tRNA synthetase, 3.4S mM a
DL-aminobeptanoic acid, 2 mM A TP, 2 roM sodium pyrophosphate 
(6 X 10' cpm "mol.,-'), S roM MgCl.,10 roM KF, 0.1 M TriS-HCI, 
and 0.01 M2-mercaptoethanol. ' 

than indicated by the inhibition c~nstant. 2-Metbyl-l-butyl- , 
amine was varied from 0.12 to 12.3 'j,iM in the: presenc~ of 
a-DL-aminohexanoic acid at 29.8 /11M or a-DL ... in.inoheptanoic 
acid at 3.4S mM. Exchange reactions for A TP and related 
compOunds were conducted at 370

, pH 8.0. Initial concimtra
lions of the reaction mixtures w~re 12 nM lle-tRNA synthe
tase, 2 /11M a..-isoieucine, 2 mM sodium pyrophosphate [1 X 10 L 

2 X 10' counts miit- l )lmol-'), 10 mM KF, 10 /11M 2-mer~ 
captoethanol, O.1M Tris-HCI, and 0.05-5 /11M ATP. The 
MgCl, concentration was varied concomitantly with ATP 
to provide a 1 /11M excess of MgCI. oVer the total concentra
tion of ATP. plus pyrophosphate. Inhibitor concentrations 
were: AMP, 2/11M; adenosine, 5.5 mM; and adenine, 10 m";. 

tRNA-C/rargi'!lf Reaction. Potassium 2-p-toluidinylnaph
thalene-6-sulfonate (TNS) was tested for inhibition of. the 
tRNA charging reaction usi~g a procedure Siqular to that 
described by Muench and Berg (1966): 

The amount of incu.bation mixture used was 800 )II. In
itial concentrations were I mM A TP, 3 fiN MgCI., 0.025 
fiN L-{,'C]isoleucine (specific activity 25 I'Ci/jlffiol), 0.2 
fiN TNS, 0.04-{).4 260-om absorbance units of tRNA, 0.4 
M Tris-HCI buffer, 1 mM 2-mercaptoethanol, 5 mM KCI, 
and 0.005 )1M He-tRNA synthetase. TNS was omitted in 
control experiments. The mixture was.incubated at 24° and 
100-1'1 samples were withdrawn at 5-min intervals. The 
samples were immediately mixed iI,·ith 200 "I of ail ice-<:old 
solution of 20 mg/mlor RNA from Torula (Calbiochem, 
lot 44585) and preCipitated upon addition of 2 ml of 2 N 
HCI. The precipitate was allowed to stand on ice for 5 min 
and was then filtered through.a glass fiber filter (Whatman 
OF/C). The filter was washed several times with 2 N HCI ' 
and 45 % ethanol, dried, and finally counted iii a Packard 
Tri-Carb scintillation counter. . .. 

Fluorescence Titration. The amount of complex formation 
of a ligand with lIe-tRNA synthetase was measured as the 
degree of quenching of the fluorescence of TNS which was 
reversibly bound to the enzyme. The method has I><.-en prt:
viously described (Holler et al., 1971; Holler and Calvin, 
1972). Fluorescence was measured with a Perkin-Elmer 
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ftuorescence spectrophotometer, Model MPF-2A. Excitation 
at 290 nm of the enzyme.tryptophan residues as well as ex
citation at 366 nm ofTNS and emission at 470ttm were used. 
As described previouSly (Holler et ai., 1971), the degree of 
quenching was higher when the 290-nm exciuition was used. 
Slits were 10 nm for bOth 'excitation and emission light path. 
The sample compartment was thermostated within :t:0.5° 
lind was ftushed with nitrogen. 

In a typiCal titration experiment aliquots of 0.5 or 1 sd 
ofa solution containing theligaild under study were added 
from a syringe to 700 sdof buffer containing enz)'llle and TNS. 
The mixture wascare(ullystirred 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 pOssible photodecom
pO$ition. Titration curves were Corrected for dllutionas 
ineasuiedseparately using diStilled water instead of titrant. 
Concentrations of eozYmeand TNS were 0.05-0.15 j,iM, 

and 5-20 jUd, respectively'. Buffers were 0.05 M Tris-HO and 
0.02 M sodium phosphate;,llll solutionscontilined 0.01 M 
2~mercaptoethanol unless otherwiSe stated. 

Under· all conditio,ns except for L-iSoleucinyl adenylate, 
ligand was in excess of eniymeand the linearization pro
cedure described by Eadie (1942) was used for evaluation 
of the dissociation constant. and of the maximum quenching 
at (extrapOlated) infuUteconcentrationof ligand. The I;on
centration of L-isoleucinyr adeitylate was comparablewitb 
theeoneentration of enZYme and the degree of fluorescence 

'. qtienchina was' evaluated according to the metho'd of Dahl, 
quistet ai. (1966)." .' 
. . Titrations were mostly done at pH 8.0; when pH was varied, 
sufficient NaCI was added to pCovide a constant ionic strength 

. of 0.05 M. Errors were Catcul8ted as mean deviations for two 
or more determinatioDS. 

Kinetic Measuremeni. The kinetics of binding of L-isoleucine 
and 2-methylbutylamine to lle-tRNA synthet8.se were mea
sured.on a Durrum-Gibson stopped-flow spectrophotometer 
which had been modified So asia observe the TNS fluorescence 
as previously described (Holler and Calvin, 1972) .. Reactions 
were initiated by rapid mixing of a .solution containing en
zyme and TNS with ~ eqlJlllvolumeof a solution containing 
TNS and the ligands \Jnder study. Solutions were made in 
0.05 M Tris-HCI.buffer,pH 8.0. An excitation wavelength 
of 290 om was used and emission was observed through a 
cut-off filter, Corning No .. 373 (35% transmission at 416-
436 om and 80% at Sll om), 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 apparent 
bimolecular reaction mechanism (Holler and Calvin, 1972), 
according to the expreSsiort . 

kobed = k21 + k.,(ligandl. (2) 

The symbols k12 and k21 refer to the rate constants for: the 
formation and dissociation, respectively, of enzyme·-ligand 
complexes. The subscript zero indicates initial concentra-
tions (»[El.). . 

Results 

Effect of TNS on the tRNA Charging Reaciion. 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 
comple)!. most of the en'zyme (K.= 0.07 /11M; Hollc:r et ai., 

.. 
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FIGURE 2: tRNA""-<:harging reaction catalyzed by lIe-tRNA syn
thetase in the presence ofTNS 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 (e) and in the absence of TNS (0). Initial 
concentrations were ImM ATP, 3 mM MgCI •. 0.025 mM L-isoleucine. 
5 nM Ile-tRNA synthetase,OA M Tris-HCI buffer, I mM 2-merc8pto
ethanol, 5 mM KCI and (a) 0.15 I'M. (b) 0.09 I'M, and (c) 0.02 I'M 
tRNA"o. 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). tRNAIIe and L-isoleucine were at concentrations 
close to their dissociation constants, 0.2 I'M (Baldwin and Berg. 
1966) and 5 I'M (Cole and Schimmel, 1970; Holler el 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 reattants applied' (Demushkin 
el al., 1971). However, i(TNS 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 et al., 1971). 

L-isoleucine and Related Compounds. The interaction be
tween lIe-tRNA synthdase 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 I. The kinetic parameters of 
the exchange reactions were evaluated directly from Eadie 
plots (Eadie,. 1942) except for a-DL-aminohexanoic acid and 
a-DL-aminoheptanoic acid. Since the level of exchange for 
these was low we found it easier to determine the values 
for Km(app) from .inhibition experiments. as described under 
Materials and Methods. 

We have determined the type of inhibition with respel'! to 
L-isolcucine for 2-methyl-l-bulylaminl'. u-III.-aminohexanoil' 

. acid; a-IlL-aminohcplan,;ic ",·id. and (}-l1Il'1hyl-L-threoninl'. 
The inhihition was found 10 hc ml1lpclilivc. 

Finally,we'havcdeterminl'd .thc values 
rate of exchange. and for the maximum 
fluorescence. The values listed in Table il . I 

fllr the maximum 
q "enching of thc 
refer to .those for 
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FIGURE J: A TP-{ "P]PP, exchange for L-isoleucine (0) and O-methvl
L-threonine (e). at pH 8.0. 25°. Plot in the inset according to linea'ri
zaiion 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 heen determined from a separate Eadie plot for L-isoleucine. 
Exchange is' not observed for N-methyl-oL-isoleucine lbonom). 
Initial concentrations were I n", lIe'tRNA synthetase. 2 m", ATP. 2 
m", sodium pyrophosphate (8 X 10' cpm I'mol--'). 5 mM MgCl,. 10 
mM K F. 0.1 Tris-HCI. and O.ot ,,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 ahout 40 % for 
L-isoleul'ine. ATP. or pyrophosphate (Holler el (11.,1971). 

From Table J the following observations were made. (1) 

in addition to L-isoleucine. radioactive 'exchange was main
tained in the presence of O-methyl-i.-threonine (Figure 3). 
L-valine. a-DL-aminopentanoic aCid. a-[)L-aminohcxanoic 
acid. and a-DL-aminoheptanoic acid. The rate of exchange 
decreased in the order of listing. O-Methyl-L-threonine had 
a 50% higher exchange rate than i.-isoleucine. (2) There 
is no obvious correlation between the values of the 'maximum 
rate of A TP-( "PjPP, ext'hange 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 cnantiomer (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 error. for all sub
strates tested. (3) Values for K",(app) and /I:. arc almost iden
lical. indicating that binding of co-ligands (as in the A TP
("PjPP, exchange) had little. 'if any. l'IfeCl on the dissocia
tion constant as measured by fluorescence titration. (4) 
Modification of the amino group of L-isoleucinc 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 stahility of the 
enzyme- amino acid complex was· considerably reduced. 
Elongation as measured for a-DL-aminohexanoic acid arid 
a-DL-aminohcptanoic al'idhad little "'Tcct on Ihe maximulll 
rate of exchange and only a mOdl'~1 L'lfl'l't on thl' value of 
Ihe Michaelis Mcn!t'n "","sianI'. (6) Blolkill~ "f Ihe ,',,,b,,xyhc 
group as In l.-iSl)Il'~ll·inl' ml'1hyl. ethyl. and hl'Xyl t'~tl'r rl'
dUCt'd th~:. altinity for cnrnpiL', fon~,atlon ·ilf1d. 'of cnllrsL'. 
aholishl'd' Ih," calalytlc reaction. Intc,,·slin~ly. Ihe .alliml) 
incrl'as~d as thl.' kngth of the Hkohl;1 cOlllp~m('n~ InlTea:-.ed. 
A similar observation has been reported by Santi er (II. 
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TABLE [; Interaction OfL-Isoleucine and Related Compounds with lle-tRNA Syntl1etase at pH 8.0. 

Compound' 

L-Isoleucme F 
P 
P 

O-Methyl-L-threonine F 

Metrod· 

5.8 ± 0.8 
4.0' 

(12 ± 0.2) X 10' 

Max Quenching or 
Max Exchange Rate' 

1.0' 

P 6O±1O 

1.0 
1.0 
1.6 

L-Valine F 
P 
P 

a-DL-Aminopentanoic acid F 

3.9 X 10" 
8 X 10" 

(1.6 ± 0.5) X 10' 
,..,Q.5 

0.8 
(22 ± 0 7) )(10' 1.0 

P 
a-L-Aminopentanoic acid P 

(1.15 ± 0.1) X 10' 
15 X 10" 

0.7 
0.9 

a-DL-Aminohexanoic acid 

a-DL-Aminoheptanoic acid 
N-Methyl.DL-isoleucine 

Guanidino-L-isoleucine 

L-Isoleucine methyl ester 
L-Isoleucine ethyl ester 
L-Isoleucine n-hexyl ester 
3-Methylpentanoic acid 

L-Isoleucinol 
1.5 mM PP; + 2 mM MgCl, 
I mM PP; + 2 mM MgCl, 

L-Isoleucinyl adenylate 

3-Methyl-I-pentanoI 

3-Methylpentamil 
2-Methyl-l-butanol 

2-Methyl-l-butylamine 

2mMPP; 
I mM PP; + 1.5 mM MgCl, 
I mMATP 
I mM ATP + 2 mM MgCI, 
1 mM ATP, 1 mM PP; + 

1.5 mM MgCl, 
4.6 mM AMP 
1 mM ATP 

F 
P 
P 
F 
P 
F 
P 
F 
P (37°) 
P (37°) 
F 
P 
F (10°) 
F (10°) 
F 
P 
F(W) 
P 
F 
F(W) 
F (10°) 
F 
P 
F 
F (12°) 
P 
F 
F 
F 
F 
F 

F 
Kinetically 

>10' 

>10' 

2.7xlO'l 
401 

>5 X 10' 

23' 

7 X· 10-' , 

>5 X 10' 

10 ± 2 

'-_ .. _--'---

7 X 10'1 
1.8 X 10° 

(7 ± 2) X 10' 1.'0 
0.35 
035 

·None 

None 

(59±0.8)xIO' 1.0 

>IX 10' 

(5.5 ± I) X 10' 
~2 X 10' 

(I .4 X 0 3) X 10' 

(l3±03)xlO-' 

(2.5 ± I) X 10' 
(1.6 ± 0.3) X 10' 
(2 5 ±I) X 10' 
(I. 7± 0.3) X 10' 

None 

.0 (excitn 290 nm) 

.0 (excitn 290 nm) 

(excitn 290 nm) 
1.0 

1.0 

(9 ± I) X 10' .0 
(5.1 ± 1.0) X 10' LO 

(9 ± 2) X 10' 
(I 7 ± 0.6) X 10' 
.3.8 ± ,10 
4.5 ± 1.0 
2.5 ± 0.5 

27 ± 2 
2.6' 

• Investigated at 25° unless otherwise stated. • Method of investigation: p. ATP-["P)PP; exchange; F, fluorimetric titration. 
Excitation wavelength 366·nm, emission wavelength 470 nm. 'Inhibition constant from ATP-{"P)PP; exchange measurements. 
d Michaelis-Menten constant from A TP-[ "P)pP; exchange measurements. ' Dissociation constant from titration. 'With refer
ence to values for L-isoleucine. which were arbitrarily set equal to 1.0. 0 Cole and Schimmel. 1970. • Berg el al.. 1961. ; Loftfield 
andEigner, 1966. 1 Experimental error was not calculated. • Cassio et al .. 1967. I Standard deviations are 10-15 %. 

(1971) for Phe-tRNA synthetase from E. coli. (7) When the 
a-amino group was removed, as in 3-methylpcntanoic .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·mcthyl-l-pentHnol 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-l-butylamine and L-isoleucinol. 
respecti vely. the modified compounds were potent inhi bitors 
in the radioal'li\'e exchange reaction but poor ligands for the 
fluorimetric titration in absence oko-Iigands. 
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FIGURE 4: Titration' of Jle-tRNA synthetase-TNS with 2-methyl-l
butylamine at pH 8.0, Ir. All other ligands were omitted from the 
reaction mixture. Initial concentrations were 0.19 I'M enzyme. 12 
I'M TNS, 0.05 M Tris-HCI buffer,' and 0.01 M 2-mercaptoethanol. 
Concentration of 2-methyl-1 -butylamine was varied between 0.19 
and 7.7 mM, excit'.tion wavelength. ~66 nm; emission wavelength. 
470 nm. Light scatter was reduced hy placil'g a 4~()-nm cutotT filter 
in the emission path. 

Binding of 2-Melhyl-l-bulylamine under Various Condi; 
lions. In the absence of co-ligands, 2-methyl-l-butylamine 
interacts only weakly with lIe-tRNA synthetase as measured 
by titration, Figure 4. Addition of pyrophosphate, AMP, 
or ATP at salurating 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 A TP or Mg
ATP'- 2-methyl-l-butylamine binds almost as strongly as 
L-isoleucine, as evidenced from titration experiments. The 
value for the inhibition constant from the ATP-["P)PPi 
exchange reaction was found to be higher than expected for 
ATP as the only co-ligand. Our interpretation of this is that 
part of the enzyme is bound to pyrophosphate instead of 
to ATP. Since 2-methyl-l-butylamine binds more weakly 
when pyrophosphate. is the co-ligand, the inhibition constant 
of the exchange reaction wo.uld indeed be expected to haw a 
higher value. 

Kinelics of Binding of 2-Melhyl-l-bu/.r1umine in lire P"'J
ence of ATP. The value of the dissociation constant ·for bind
ing of 2-methyl-l-butylamine to lIe-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 fundion of time following the rapid 
mixing of a solution containing enzyme plus TNS with a 
solution containing ATP, TNS, and 2-mcthyl-l-butylamine 
at various concentrations: Only one process was ohserved 
which did not appear when the solutions containing the re
actants separately were mixed with an enzyme solution. The 
observed rate constants were plotted as shown in Figure 5 
as a function of the concentration. The linear concentration 
dependence is consistent with the apparent bimolecular 
reaction 

1.'1 ~ 
E+I~EI 

J.:~I 

and the' values for the rate. constants, k" and k", werc 
dl'lcrl11im'" from eq 2 to be I.,,! ~, 1.5 >< Ill' M ' "'l' ' lind 

L- isoleucine (mhO 

0 
100 

0.05 0.10 

V 
I 

I 

, 
u 
co 

50 .. 
.. 
'" .: 

25 

o 0.05 0,10 

(2-melhyl-l-bulylamine). (mM) 

FIGURE 5: Kinetics offtuorescence quenching following rapid mixing 
of a solution containing enzyme with a solution containing A TP 
plus 2-methyl-l-butylaminc (open circles) or L-isoleucine tfilled 
circles). at pH S.D. 25°. Experiments were accomplished with a modi
fied Durrum-Gibson ;Ioppcd-ftow spcctrofluorimcter. Initial con
centratillns were O,C)75 1''' Ik-tRNA synthelase. 43 1''' TNS. I 
mM ATP. 0.05 M Tris-HCI. and om .,2-mercaptoethanol. 

k" = 4 'sec'. The value for the kinetically defined dissocia-' 
tion constant. K, = k"lk" = 2.6 I'M is in agreement with 
the value from the titration experiments. The kinetic con
stants were found to be indeed similar to those ohserved for 
L-isoleucine. namely. "" = 2.2 -X 10' ,,- , sec ' and k" = 
J 5 sec' (Hollcr and Calvin, 1972). 

pH Dependence'lor L-Isoleucine Binding and FluorescenCl' 
Quenching. The following investigation was designed to rol-" 
lect information about ionizing groups which are somehow' 
involved in suhstrate binding and fluorescence quenching. 
The dissociation constant for the hinding of L-isoleucine 
and the fluorescence intensities of the enzyme·TNS complex 
and orthe enzyme-TNS'-L-isolellcine complex were measured 
over the pH range 7- 10 at a constant ionic strength of 0,05 
M (Figure 6). We believe that no pH-dependent denaturation 
occurs in this range for the following reasons. (J) Fluorescence 
of the protein ""hen excited at 280 nm has heen reported to 
be sensitive to denaturation (Penzer el 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 J 0 was exc·eeded. (2) The 
degree of fluorescence at saturating concentrations of L
isoleucine was found to be invariant against ·pH. This ob
servation would hardly' be consistent' with a pH-induced 
denaturation. ' 

It is seen from Figure 6 that fluorescence of the enzyme 
TNS complex begins to decrease when pH S.5 is e,\ceeded. 
Similarly, the stability of the enzymc -L-isoleucine complex. 
as reflected hy the value of K lle . remains constant up to pH 
8.5. and then ,kcn·ases. The fluorcscence of ,the enZyillC 
TNS"L-isolcucine is invariant against pH and apparently 
coincides with fluorescence of the I'n7ynlt' -TNS complex 
at pH 10. The ohservations arc "onsistent ,,·ith a pA'(app) '" 
IJ.J 9.5 for an i0l1i;wtion of n group involved' in' the L-iso
leucine-induced fluorescence quenching. The pH profile 
for the dissociation constant is too. incomplete to decide 
whl'lhl'r iii, d,'lt'rmilwd hy thc' S;ll11c'I'A'(api)) 
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FIGURE 6: Ruorescence intensity of fle-tRNA synthetase-TNS and 
of the /Ie-tRNA synthetase-TNS-L-isoleucine complex (a) and the 
stability of the fle-tRNA synthetase-TNS-L-isoleucine comple~ (b) 
as a function of the pH of the reaction mixture at 25°. Squarj!s refer 
to the enzyme-TNS compiex and circles to the enzyme-TNS-L
isoleucine complex. Excitation at 290 nm is indicated by open sym-· 
boIs and excitation at 366 nm by filled symbols. Emission was ob- . 
served at 470 nm. The values for the fluorescence intensity are nor- . 
mali zed to those at pH 7.25. Initial concentrations were 0.18 I'M 
enzyme, 9 I'M TNS, 4 I'M to 2.4 mM L-isoleucine, 0.05 M Tris-HCI, and 
sufficient NaCI to provide a constant ionic strength of 0.05 M. Note 
the stron·ger quenching for excitation at 290 nm, giving evidence for 
a substrate-induced conformation change (Holler et 01 .. 1971). 

ATP and Related Compounds. The interaction of ATP and 
·related compounds with lIe-tRNA synthetase· was investi
gated in a fashion similar to that for L-isoleucine and relatcd 
compounds. The results from ATP--{"P]PP; exchange and 
titration experiments are summarized in Table II. Inhibition 
constants were measured against ATP. AMP, adenosine, 
adenine, and o-ribose were found to be competitive inhib
itors. A typical Lineweaver-Burk plot (Lineweaver 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 . .(I) The values for the Michaelis
Menten 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-isoleurine, 
ATP, and pyrophosphate. 

When the inhibition constant of adenosine is comparc·d 
with those of its components, adenine and o-ribose, we find 
that the K;(app) for adenosine is approximately equal to the 
product of the K;(app) valucs for the latter two compounds, 
indicating the likelihood that the adenyl and ribosyl moicties 
of adenosine bind essentially indcpendently of one anothcr. 

When we compare the binding of A TP with its compo
nents, AMP and pyrophosphate, however, 'we discovcr that 
all three bind with roughly equivalent aflinities. Thus the 
dissociation constant of ATP is much greater than would 
have heen predictcd from the dissociation ronstants (if thc 
subunits. 

Discussion 

lIe-tRNA synthetase very likely exists as a monomer in 
aqueous solutions under conditions similar to thosc uscd in 
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TABLE II: Interaction of ATP and Related Compounds with 
lIe-tRNA Synthetase at pH 8.0.· 

Max 
K; Km Quench-

Compound Method (mM) (mM) K, (mM) ing· 

ATP F 0.25 ± 0.03 I 0 
P' 0.15 
F (37°) 0.52d 
P(37°) 0.42d 

AMP F 0.75 ±I 0.6 
P (37°) 0.9d 

Adenosine P (37°) 0.25d 

Adenine P (37°) 30d 

o-Ribose P (37°) 17 d •• 

Pyrophosphate F 0.26 ± 0.07 1.0 
P' 0.03 

• Investigation at 25° unless ·otherwise stated. The same 
comments apply as for Table I. 'Standard de"ialions are 
10--·15%. 'Cole and Schimmel, 1.970. d Experimental error 
was not calculated. 'Based on assumptions Ihal only the 
~-furanose form is inhibitor.y and that this form comprises 
.18% of the o-ribose in an aqueous solution at cquilibrium 
(Angyal and Pickles, 1967). . 

our experiments (Baldwin and Berg, 1966; Arndt and Berg, 
1970; Berthelot and Yaniv.1970). One molecule of L-isoleucine 
(Berthelot and Yaniv, 1970)·or one moleculc of L-isoleucyl 
adenylale (Baldwin and Bcrg.1966)Was found to ('ombine 
wilh one molecule of enzyme, suggesting one active site per 
protein molecule. This conclusion is in accord wilh our find
ing that kinetic and equilibrium· investigations arc interpret
able on basis of a single site for each ligand under st ud)'. 

Structural Components of Ihe i.-/.iolellcine Specific Site. 
Loftfield and Eigner (1966) havc· discusscd the involvement 
of hydrophobic forces in the specific enzymc-L-isoleucine 
interaction. Further evidence has heen reported by Holler 
and Calvin (1972) on thc basis of thermodynamic properties. 
Pariicular information is gained by comparison of the values 
for the dissociation and Michaelis-Menten constants of 
compounds with varying Slruclures of the side chain. Removal 
of the 3-mcthyl group of L-isoleucine as in ,,-DL-aminopen
tanoic acid is associaled with a 400-fold increase of the value 
for the dissociation constant, equivalent with thc loss of 
approximately 3.6 keal for the. standard free energy of com
plex formation. (No corrcction is made for the Il enantiomer. 
If Ihe D enantiomer··docs not bind. the actual loss is smaller 
by 0.4 kcal.) 

Similarly, when thc mcthyl group of the longer tail of Ihe 
L-isoleucine side ·chain is removed. gl'neniting' l-\,aline. 2.2 
kcal is lost. We conelu·de· that bolh thc mClhyl and the ·cthyl 
groups of L-isolcucine bind to suhsites which are both hydro
phobic. Consequently, when Ihc melhylene group of Ihe 
dhylcnc subsile is replaced hy o'ygen, the extent of hydro
phohic interaction is ,bTl'asl'd as indicated hy the loss of 
1.9 keal of slandard free l'nergy as evalualed for O-JIldhyl
thrl'onine. The increJllent, for hydrophobil' hinding exceed 
by far what is known from analysis of enzyme-ligand inter
actions. Hcidberg ,'1 (/1. (1967) have invcsligatedin detail' 
the hydrophobic interaction between I .. n-alkylamines and 

. the aclive site of trypsin. Thcy have· determined thl' inae-

~ 

• 
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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 concluswm has been put forward hy Loftfield and 
Eigner (1966). ' 

It was of further interest to determine whether the 'two 
hydrophobic subsites, which may be considt'red as pockets 
or slots, were closed at their ends. as is the case for ,trypsin 
and chymotrypsin (Steitz et aI., 1969). When the n-alkyl 
side,chain of the a-aminopentanoic acid is elongated we ex
pect one of two alternative responses, Either the elong~ted 
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 maintain,s the same level of A TP", 
["P]PP; exchange as observed for a-aminopentanoic acid 
and that the Michaelis-Menten constant would be almost 
invariant. For the second aliernative, a suhstantial decrease 
in the rate of exchange and binding atJinity would be expected, 
Comparison of the data for a-oL-aminopentanoic arid. a-DL
aminohexanoic acid, and a-oL-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 
carboxylie group was replaced hy an alcohol or ,aldehyde 
group the affinity for forming coinplexes with Jle-tRNA 
synthetase dropped by 3.7 kcal for the 3-methylpentyl-l
derivatives and by 4,8 kcal for 2-methyl-I-butanoL The dif
ferent values indicate a weak interaction for the alcohol 
or' aldehyde 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 interasts ria a hydrogen bond 
with the enzyme and that the aboiishing elfect of a carboxylic 
group'is an electrostatic repulsion directed from'anegatively 
charged group at the active site. Possihly 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 L-isoleucinol ,and 2-
methyl-I-butylamine (in the absence of w-ligands) that our 
model is incomplete or incorrect. Comparing L-isoleucine 
with L-isoleucinol and 2-methyl-I-butylamine (in the absence 
of co-ligands) we find that stability of the enzyme~lig~nd 
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 thea-amino group must contribute, at least 4,5 
keal, the only difference being that the carboxylic group is 
present. Apparently, both groups must be involved simulta
neously in order to provide a' maximu'\' of interaction, A 
sensible a'pprOlich to, rnimic the electrostatic effect of the 
carboxylic group seemed to us to provide an additional' ex
ternal negative charge, for instance. by binding AT 1', AMP. 
or pyrophosphate to their specific sites, The outcome of the 
experiments is in accord with our asswnption, When A TP 
is present as a co-ligand, ,i-Il;ethyl-I-butylamine hinds as 
strOJlgly as L-isoleucine, 'rhe effects for AMI' and pyrophos-, 
phate arc gradually weaker. Similarly. I.-isoleucinol binds 
60 times more strongly under conditions of AT!' ["1']1'1'; 
exchange'than in the absence of co-ligands, The SImilarity 
of the interactions of 2-mcthyl-l-butylaminc and'L-isok'ucine 

F'GIIRE 7: Lineweaver,-Burk plot for 'he ra'e of ATP-{"I'lPP, e" 
change as a funCiion of 'he ATP concen";ation in the presence of 
inhihitors. 37'; pH 8,0, Initial concentrations were J ,2 nM lIe-tRNA 
synthetase, 2 m" L-isoleucinc, 2 mM sodium pyrophosphate, JO 
m" 'KF. 0,1 " Tris-HCL 0,01 " 2-mercaptoethanoL '0,05-5 mM 
ATP, The reaction'mixture contained '(a) no inhibitor, (h) 10 mM 
adenine, and (c) 5,5 m" adenosine, The concentration of MgCI, was 
varied concomitantl) with the concentration of AT» to provide a I 
m~ excess of magnesium over the .total concentralion of ATP plus 
pyrophosphate. 

with I1e-tRNA synthetase includes also ihe kinetic constants. 
as is indicated in Figure 5, and presumahly also the type of, 
mechanisms. which was found to be a two:step process for 
L-isoleucine (Holler and Calvin, 1972), 

The observation ihat L-isoleucine·related compounds, 
lacking either the a'ammonium group or the carboxylic 
group, are poor inhihitors, if at all, together with the finding 
that ATP, AMI'. and pyrophosphate promote the interaction 
between the active site and an inhihitor lacking the carboxylic 
group, can be understood on the hasis of the following tenta
tive model. One of the structural components of the active 
site is anion 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 ciuboxylic group, respectively. 
of the substrate, The positive charge paired with lhe substrate 
carboxylic group may simultaneously interact with the oligo
phosphate group of ATp, Since, \H' haVe' found that binding 
of L-isolcu,'ine and ATP is independent (Holler c( ClI., 1971), 
this positively charged group must have a sirnilar position 
in both enzyme ligand complexes, The opening of the ion 
pair could he the initiation o(the conformation ,'hange which 
was observed to follow the attachmen, of L-isolcucine to 
the enzyme (Yarus and Ikrg_ 196'1; Holler el CIt, 1971; Holler 
and Calvin. 1972), Th,' ion pair is also opencd when, for in
stance. ATP hinds to its specific site, The rate of the opening 
(and the conformation change) varies with the cxtent 'of the 
side chains of both the L-isoleucine-relall'd com rounds and 
the ATP-rdated compounds, In the case when the carboxylic 
group is lacking. as for L-i,olclKinol and 2-methyl-l-butyl: 
amine. the open ion pair is poorly stahilizcd. pre'sumahly' 
because positively charged groups approach each other too 
closely, However. wh"n the ,open conformation has already 
been stahilized hy A TI' or reiall'd compounds, attachment 
of the inhibitor is easy, 

~hL' l'X Il'n I of. the l'onformation l'hangt' i." 'rdlL'I..'ll'd In thl' 
deg"'" of fluor"s,'coee quenching induced tw hinding of the 
various ligands, From Tahlesl and \I wc h,ne evidenv'e that 
thC:l'xtl'.nt is "in\'ariant,again!'ll the structure of the l'llmpound 
in the bimtry l'nzyllll' ligand COI1lPiL',x. rhus. ncutral 'L-isll-
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leucine-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 deacase 
in the maximum rate of ATP-[32P1PP; exchange as compared 
with a 3OOO-fold difference between the values for Km(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 
iori pair simply by pH titration. "by neutralizing the positive 
component. We have done the experiment, Figure 6, follow
ing the fluorescence pro"perties of the enzyme -TNS and thl' 
enzyme-TNS-L-isoleucine complex. In accord with our 
hypothesis, we found that"fluorescencc <jUenching is produced 
on increasing pH, ultimately reaching that produced by the 
binding of a substrate. The apparent pK of 9.5 "is in agree
ment with" the ionization of an amino group. 

In summary, we have presented evidence for the existence 
of a hydrophobic binding site "for L-isoleucine consisting of 
two subsites to take up the methyl group and the ethyl group. 
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 paiL The 
opening is easily accomplished with L-isoleucine. ATI'. or 
AMP, but appears to be difficult wilh L-isoleucino!. 2-mcthyl
I-butylamine, or 3-mcthylpentanoic aci,i, presumably be
cause of electrostatic repulsion. The slrong inhibition ob
served for" L-isoleucinol and 2-mcthyl-I-butylamine as ob
served in the ATP~-["PlI'P; exchange reaction is coupled 10 

the binding of ATP, whereas the binding ofL-isoleucine appar
ently is not. We think thai care has 10 be taken when Ihe 
binding of an amino akohol analog of an amino acid is used 
as a tool to investigate the kinetic palhway of Ihe catalytic 
reaction as has been done in the case of the leucyl activaling 
enzyme from E. coli (Rouget and Chapeville. 1971). 

Free-Energy Consideralions },>,rhe lie-I RNA Synlhelase 
ATP Complex. We have recently presenled evidence (Holler 
and Calvin, 1972) that formalion of L-isolcucyl adenylate 
from L-isoleucine and ATP is promoted by approximalely 
5 kcal when substrates and products arc "bound to I1e-tRNA 
synthetase as comparcd to Ihe reaction in Ihe free solute 
state. The relation between the standard free energy for the 
reaction of L-isoleueine and A TI' and Ihe standard free energy 
of the reaction when they arc bound to Iheenzyme is described" 
by the following cquation 

+f; Lot:al 

E -t- /Ie + ATP~ lie-AMI' + 1'1', + E 

':'d"' "''''Jr H ,,:"' .,'." 
t 11.:.·,11 

E'lIe'AT!'~~ [·lIe-AMP·!'!', 
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It is seen that the I.-isolelieyl adenylate formation is promoted 
by complex formation wilh the reactants because the standard 
free energy of binding bolh substrates is overcompensated 
by the standard frec energy of binding both produv'ts. One 
possible explanation is that ATP takes up free enl'rgy upon 
binding to the enzyme resulting in partial distortion or strain 
of those parts of the substrate which have 10 undergo reaction. 
As indicated in Table 11. each of the struclural components 
of ATP (i.e .. AMP and pyrophosphate) binds separately 
I~ the enzyme with an aflinity comparable to Ihat of ATP 
ilself. Linked togelher as ATP. Ihese components tend to 
come as close as possible inlo conlact with their particular 
binding sites in order to achieve a maximum of interaction"" 
This tendency apparenlly forces, the A TP into a strained 
configuration. The final result is a compromise bel ween the 
inknsily of ligand ·Cflzyme inleraclion and Ihe degree of . 
distortion or "strain" of Ihe ATI' 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 A TP 
and the sum of Ihe binding energies of AMI' and pyrophos
phate as determined from thl' dissociation l'onstants. Thus. 
.1(;";,, = .1GATI' - (..\G",,, I' "-!- .Hi I' 1'; ) 0-" - -' kral + 43 keal 

-I- 5 hal = 4.3 kv"aL Of v·ours':. this cak-ula'lion can only I .... · 
regarded as a "rude appro,imalion. Nevertheless.lhe I".due of 
4.3 hal for .lG,,;,, is in agrl'ement with Ihe estimaled 5 ke<ll 
hy which the enzyme-l11edialed L-isoleucine aClivation is 
favored over Ihe non enzymic rearlion" 

We found that adenosine is bound somewhal IllOre sirongly 
Ihan AMP. A tighl binding of Illoieliv's on hoth ,ides of Ihe 
residue undergoing reaclion is exactly whal one would antic
ipale for Ih.e effectiveness of a distoriion in enhancingre"v'
livily. Since it is the a-phosphate (if ATI' which undergoes 
nucleophilil' suhstilulion ill the reaelion. we" ""ould hal"e" 
indeed expected Ihe adenosine and .the ri.,,(-pyrophosrhal<: 
10 I ..... bound quiie strongly 10 thl' enzyme. 

We have tenlatively rroposed that A 1'1' assumes a high 
energy slate when hound 10 Ihe enzyme. A high energy slale 
of Ihe subslrale has [ ..... en proposed for Ihe hydrolysis of 
chilohexose by lysozyme on Ihe basi, of crYSiallv)graphic and 
chemical evidence (Blake el "r. 1%1: Rupley and Gales. 
1'167: Rupley ellll .. 19(7)" The h"ypolhesis n",y I ..... of general 
inlerest. Sanli 1'1 lIr (\971) have rl'\lorted"values of the' Mi
chal'lis f\1'enkn and inhihiti .. m coh~tanh for thl' interaction 
of Ail'. AM 1'. adenosine. and I'YToph'''phatv' with Phe
IRNA synlhelase from E" (".,Ii whiv'h arc v'onsi,leI1l Wllh Ihe 
hypothesis" 

The ATI' ["'1']1'1', exchange rea,"liori of Ihe L-i,oleuv'ine 
~y~tl'm r~qujr('~ magnesium ions. "'e hdicH' that thl- func
lion of magnesium may be understood mainly in terms of 
orientation of Ihe pyrophosph;lIe moiely within Ihe "1\1i(h· 
adis-" Menten (olllplexes and possibly as a slahilizer of Ihe 
transition state. as has I ..... en discussed by Sanli el or (1'1711" 
EXrl'rimcnts arc underway to l'Iucidatl' this requirement and 
10 add support to our hypolhesis" 
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APPENDIX C: A PROPOSAL FOR THE ACTIVE INSOLUBILIZATION 

OF NICOTINAMIDE ADENINE DINUCLEOTIDE 
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A major obstacle to the use of insolubilizedenzymes for the large-

scale synthesis of various materials has been the requirement of co

enzymes'fo~ many of It he possible reactions. In'the current state 'of 

the art, it has been necessary to provide the coenzymes in the reaction 

broth. This necessitates the subsequent separation of the coenzyme 

from the product and its disposal or recycling. Either approach is 

economic all y unfeas ibl e. 

A solution to this problem would be the attachment of the coenzyme 

to the matrix to which the enzyme is bound. The coenxyme must be 

attached in such a way that it may interact freely with the enzyme during 

the reaction and then diffuse away to be regenerated either by cheap, 

soluble' reagents in the' broth which can be readily separated from the 

product, or, where appropriate, by a second enzyme bound to the matrix .. 

We believe that N
6

_ substituted NAD + or NADP could be synthe sized 

and insolubilized using techniques similar to those developed for the in

solubilization ofL-isoleucino! adenylate. 

There have been several reports in the literature of the insolubiliza

don of NAD+.· It has reportedly been attached to supports by reaction 

with cyanogen bromid~-activated agarose, 1 by coupling with a carbo-

d ' . 'd 1 • 2 b d .. I' 1 ,3 All . f h' t' 11mI e, or y laZonlum coup lng. .' ot e reac lons· were 

carried out on unmodified NAD+, and in all cases the coupling was 

postulated to have occurred on the adenosine moiety. We attempted to 

couple N-t-BOC-L-isoleucinol adenylate to agarose using all these 

techniques and.met with a uniform lack of 'succe s s. It seems unlikely 

that the adenosine moiety of the latter should differ significantly in re-

activity fromthat of the forme r. We feel that the reported coupling~ 

may be questionable .. 

\ 
\. 
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Moreover, the covalent linkages which should have been produced by 

these procedure s can be expected to be quite labile and readily hydrolyzed' 

in neutral solution (see Part 1, Sec. B). ,Attachment via N
6 

-alkyl deriva

* ' tives should,yield a quite stable material. 

, + 
Our procedures can also b~ readily adapted to attachment of NAD 

, ! 

by a polyethylene glycol tail, which we believe would be most suitable 

for the proposed system. Specifically, Polyglycolamine H-163 could 

be reacted with 6-chloropurine riboside 5' -phosphate and the resulting 

molecule elaborated into a substitutedNAn+. Another molecule of 

Polyglycolamine H-163 could be attached to the support (This could be 

done concurrently, with,the insolubilizatiqn of the enzyme). ,The two 

free hydroxyl ends of the derivative s could be selec,tively joiI?-ed with 

divinyl sulfone. 4 

References 

L C. K Lowe and P. D. G. Dean, FEBS Lett. ,.!i, 313(1971). 

2. K. Mosbach, H. Guilford,R. Ohlsson andM.:Scott, Biocheni. J., 

127, 625 (1972). 

3. M. K. Weibel, H. H. Weetall, and H. J. Bright, Biochem., Biophys. ' 

Res. Comm.; 44, 347 (1971). 

4. J. Po':t-ath and L. Sundberg, Nature New Biology, 238,261 (1972). 

* +, " 
, We realize that NAn itself will be slowly degraded, even in cold, . , 

neutral water. However, it should be possible to prepare the matrix in 

+ such a way that the NAn is normally In a complex with the enzyme. 

This should re sult in considerable stabilization of the coenzyme (and 

should help stabilize the enzyme as well). , 



(I c 

P------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



.. .. 
TECHNICAL INFORMA TION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

..... 




