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(57) ABSTRACT 

Multi-armed, monofunctional, and hydrolytically stable 
polymers are described having the structure 

Wherein Z is a moiety that can be activated for attachment 
to biologically active molecules such as proteins and 
Wherein P and Q represent linkage fragments that join 
polymer arms polya and polyb, respectively, to central car 
bon atom, C, by hydrolytically stable linkages in the absence 
of aromatic rings in the linkage fragments. R typically is 
hydrogen or methyl, but can be a linkage fragment that 
includes another polymer arm. A speci?c example is an 
mPEG disubstituted lysine having the structure 

Where mPEGa and mPEGb have the structure CH3O— 
(CH2CH2O)nCH2CH2— Wherein n may be the same or 
different for polya- and polyb- and can be from 1 to about 
1,150 to provide molecular Weights of from about 100 to 
100,000. 
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MULTI-ARMED, MONOFUNCTIONAL, AND 
HYDROLYTICALLY STABLE DERIVATIVES OF 
POLY (ETHYLENE GLYCOL) AND RELATED 

POLYMERS FOR MODIFICATION OF SURFACES 
AND MOLECULES 

[0001] This application is related to and claims the bene?t 
of the ?ling date of US. Ser. No. 08/371,065, Which Was 
?led on Jan. 10, 1995 and is entitled MULTI-ARMED, 
MONOFUNCTIONAL, AND HYDROLYTICALLY 
STABLE DERIVATIVES OF POLY(ETHYLENE GLY 
COL) AND RELATED POLYMERS FOR MODIFICA 
TION OF SURFACES AND MOLECULES. 

FIELD OF THE INVENTION 

[0002] This invention relates to monofunctional deriva 
tives of poly(ethylene glycol) and related polymers and to 
methods for their synthesis and activation for use in modi 
fying the characteristics of surfaces and molecules. 

BACKGROUND OF THE INVENTION 

[0003] Improved chemical and genetic methods have 
made many enzymes, proteins, and other peptides and 
polypeptides available for use as drugs or biocatalysts 
having speci?c catalytic activity. HoWever, limitations exist 
to use of these compounds. 

[0004] For example, enZymes that exhibit speci?c biocata 
lytic activity sometimes are less useful than they otherWise 
might be because of problems of loW stability and solubility 
in organic solvents. During in vivo use, many proteins are 
cleared from circulation too rapidly. Some proteins have less 
Water solubility than is optimal for a therapeutic agent that 
circulates through the bloodstream. Some proteins give rise 
to immunological problems When used as therapeutic 
agents. Immunological problems have been reported from 
manufactured proteins even Where the compound apparently 
has the same basic structure as the homologous natural 
product. Numerous impediments to the successful use of 
enZymes and proteins as drugs and biocatalysts have been 
encountered. 

[0005] One approach to the problems that have arisen in 
the use of polypeptides as drugs or biocatalysts has been to 
link suitable hydrophilic or amphiphilic polymer derivatives 
to the polypeptide to create a polymer cloud surrounding the 
polypeptide. If the polymer derivative is soluble and stable 
in organic solvents, then enZyme conjugates With the poly 
mer may acquire that solubility and stability. Biocatalysts 
can be extended to organic media With enZyme and polymer 
combinations that are soluble and stable in organic solvents. 

[0006] For in vivo use, the polymer cloud can help to 
protect the compound from chemical attack, to limit adverse 
side effects of the compound When injected into the body, 
and to increase the siZe of the compound, potentially to 
render useful compounds that have some medicinal bene?t, 
but otherWise are not useful or are even harmful to an 

organism. For example, the polymer cloud surrounding a 
protein can reduce the rate of renal excretion and immuno 
logical complications and can increase resistance of the 
protein to proteolytic breakdoWn into simpler, inactive sub 
stances. 

[0007] HoWever, despite the bene?ts of modifying 
polypeptides With polymer derivatives, additional problems 
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have arisen. These problems typically arise in the linkage of 
the polymer to the polypeptide. The linkage may be difficult 
to form. Bifunctional or multifunctional polymer derivatives 
tend to cross link proteins, Which can result in a loss of 
solubility in Water, making a polymer-modi?ed protein 
unsuitable for circulating through the blood stream of a 
living organism. Other polymer derivatives form hydrolyti 
cally unstable linkages that are quickly destroyed on injec 
tion into the blood stream. Some linking moieties are toxic. 
Some linkages reduce the activity of the protein or enZyme, 
thereby rendering the protein or enZyme less effective. 

[0008] The structure of the protein or enZyme dictates the 
location of reactive sites that form the loci for linkage With 
polymers. Proteins are built of various sequences of alpha 
amino acids, Which have the general structure 

H 

[0009] The alpha amino moiety (H2N—) of one amino 
acid joins to the carboxyl moiety (—COOH) of an adjacent 
amino acid to form amide linkages, Which can be repre 
sented as 

[0010] Where n can be hundreds or thousands. The termi 
nal amino acid of a protein molecule contains a free alpha 
amino moiety that is reactive and to Which a polymer can be 
attached. The fragment represented by R can contain reac 
tive sites for protein biological activity and for attachment of 
polymer. 

[0011] For example, in lysine, Which is an amino acid 
forming part of the backbone of most proteins, a reactive 
amino (—NH2) moiety is present in the epsilon position as 
Well as in the alpha position. The epsilon —NH2 is free for 
reaction under conditions of basic pH. Much of the art has 
been directed to developing polymer derivatives having 
active moieties for attachment to the epsilon —NH2 moiety 
of the lysine fraction of a protein. These polymer derivatives 
all have in common that the lysine amino acid fraction of the 
protein typically is modi?ed by polymer attachment, Which 
can be a draWback Where lysine is important to protein 
activity. 

[0012] Poly(ethylene glycol), Which is commonly referred 
to simply as “PEG,” has been the nonpeptidic polymer most 
used so far for attachment to proteins. The PEG molecule 
typically is linear and can be represented structurally as 

[0013] or, more simply, as HO—PEG—OH. As shoWn, 
the PEG molecule is difunctional, and is sometimes referred 
to as “PEG diol.” The terminal portions of the PEG molecule 
are relatively nonreactive hydroxyl moieties, —OH, that can 
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be activated, or converted to functional moieties, for attach 
ment of the PEG to other compounds at reactive sites on the 
compound. 
[0014] For example, the terminal moieties of PEG diol 
have been functionaliZed as active carbonate ester for selec 
tive reaction With amino moieties by substitution of the 
relatively nonreactive hydroxyl moieties, —OH, With suc 
cinimidyl active ester moieties from N-hydroxy succinim 
ide. The succinimidyl ester moiety can be represented struc 
turally as 

[0015] Difunctional PEG, functionaliZed as the succinim 
idyl carbonate, has a structure that can be represented as 

O O 

[0016] Difunctional succinimidyl carbonate PEG has been 
reacted With free lysine monomer to make high molecular 
Weight polymers. Free lysine monomer, Which is also knoWn 
as alpha, epsilon diaminocaproic acid, has a structure With 
reactive alpha and epsilon amino moieties that can be 
represented as 

O 

H 

H 

[0017] These high molecular Weight polymers from 
difunctional PEG and free lysine monomer have multiple, 
pendant reactive carboxyl groups extending as branches 
from the polymer backbone that can be represented struc 
turally as 

H 

[0018] The pendant carboxyl groups typically have been 
used to couple nonprotein pharmaceutical agents to the 
polymer. Protein pharmaceutical agents Would tend to be 
cross linked by the multifunctional polymer With loss of 
protein activity. 
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[0019] Multiarmed PEGs having a reactive terminal moi 
ety on each branch have been prepared by the polymeriZa 
tion of ethylene oxide onto multiple hydroxyl groups of 
polyols including glycerol. Coupling of this type of multi 
functional, branched PEG to a protein normally produces a 
cross-linked product With considerable loss of protein activ 
ity. 
[0020] It is desirable for many applications to cap the PEG 
molecule on one end With an essentially nonreactive end 
moiety so that the PEG molecule is monofunctional. Mono 
functional PEGs are usually preferred for protein modi?ca 
tion to avoid cross linking and loss of activity. One hydroxyl 
moiety on the terminus of the PEG diol molecule typically 
is substituted With a nonreactive methyl end moiety, CH3—. 
The opposite terminus typically is converted to a reactive 
end moiety that can be activated for attachment at a reactive 
site on a surface or a molecule such as a protein. 

[0021] PEG molecules having a methyl end moiety are 
sometimes referred to as monomethoxy-poly(ethylene gly 
col) and are sometimes referred to simply as “mPEG.” The 
mPEG polymer derivatives can be represented structurally 
as 

[0022] Where n typically equals from about 45 to 115 and 
—Z is a functional moiety that is active for selective 
attachment to a reactive site on a molecule or surface or is 
a reactive moiety that can be converted to a functional 
moiety. 
[0023] Typically, mPEG polymers are linear polymers of 
molecular Weight in the range of from about 1,000 to 5,000. 
Higher molecular Weights have also been examined, up to a 
molecular Weight of about 25,000, but these mPEGs typi 
cally are not of high purity and have not normally been 
useful in PEG and protein chemistry. In particular, these 
high molecular Weight mPEGs typically contain signi?cant 
percentages of PEG diol. 

[0024] Proteins and other molecules typically have a lim 
ited number and distinct type of reactive sites available for 
coupling, such as the epsilon —NH2 moiety of the lysine 
fraction of a protein. Some of these reactive sites may be 
responsible for a protein’s biological activity. APEG deriva 
tive that attached to a sufficient number of such sites to 
impart the desired characteristics can adversely affect the 
activity of the protein, Which offsets many of the advantages 
otherWise to be gained. 

[0025] Attempts have been made to increase the polymer 
cloud volume surrounding a protein molecule Without fur 
ther deactivating the protein. Some PEG derivatives have 
been developed that have a single functional moiety located 
along the polymer backbone for attachment to another 
molecule or surface, rather than at the terminus of the 
polymer. Although these compounds can be considered 
linear, they are often referred to as “branched” and are 
distinguished from conventional, linear PEG derivatives 
since these molecules typically comprise a pair of mPEG— 
molecules that have been joined by their reactive end 
moieties to another moiety, Which can be represented struc 
turally as —T—, and that includes a reactive moiety, —Z, 
extending from the polymer backbone. These compounds 
have a general structure that can be represented as 

mPEG — T — mPEG 

Z 
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[0026] These monofunctional mPEG polymer derivatives 
show a branched structure When linked to another com 
pound. One such branched form of mPEG With a single 
active binding site, —Z, has been prepared by substitution of 
tWo of the chloride atoms of trichloro-s-triaZine With mPEG 
to make rnPEG-disubstituted chlorotriaZine. The third chlo 
ride is used to bind to protein. An mPEG disubstituted 
chlorotriaZine and its synthesis are disclosed in Wada, H., 
Imamura, l., Sako, M., Katagiri, S., Tarui, S., Nishimura, H., 
and Inada, Y. (1990) Antitumor enzymes: polyethylene 
glycol-modi?ed asparaginase. Ann. NY Acad. Sci. 613, 
95-108. Synthesis of mPEG disubstituted chlorotriaZine is 
represented structurally beloW. 

Cl N Cl 
/ 

I base 

N?/ N —> 
2 mPEG—OH + 

[0027] HoWever, rnPEG-disubstituted chlorotriaZine and 
the procedure used to prepare it present severe limitations 
because coupling to protein is highly nonselective. Several 
types of amino acids other than lysine are attacked and many 
proteins are inactivated. The intermediate is toXic. Also, the 
rnPEG-disubstituted chlorotriaZine molecule reacts With 
Water, thus substantially precluding puri?cation of the 
branched mPEG structure by commonly used chromato 
graphic techniques in Water. 

[0028] A branched mPEG With a single activation site 
based on coupling of mPEG to a substituted benZene ring is 
disclosed in European Patent Application Publication No. 
473 084 A2. HoWever, this structure contains a benZene ring 
that could have toXic effects if the structure is destroyed in 
a living organism. 

[0029] Another branched mPEG With a single activation 
site has been prepared through a complex synthesis in Which 
an active succinate moiety is attached to the mPEG through 
a Weak ester linkage that is susceptible to hydrolysis. An 
mPEG—OH is reacted With succinic anhydride to make the 
succinate. The reactive succinate is then activated as the 
succinimide. The synthesis, starting With the active succin 
imide, includes the folloWing steps, represented structurally 
beloW. 

R 
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-continued 

R 

(A) 

(A) + H0 —N 

[0030] The mPEG activated as the succinimide, mPEG 
succinimidyl succinate, is reacted in the ?rst step as shoWn 
above With norleucine. The symbol —R in the synthesis 
represents the n-butyl moiety of norleucine. The mPEG and 
norleucine conjugate (A) is activated as the succinimide in 
the second step by reaction With N-hydroXy succinimide. As 
represented in the third step, the mPEG and norleucine 
conjugate activated as the succinimide (B) is coupled to the 
alpha and epsilon amino moieties of lysine to create an 
mPEG disubstituted lysine (C) having a reactive carboXyl 
moiety. In the fourth step, the mPEG disubstituted lysine is 
activated as the succinimide. 

[0031] The ester linkage formed from the reaction of the 
mPEG—OH and succinic anhydride molecules is a Weak 
linkage that is hydrolytically unstable. In vivo application is 
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therefore limited. Also, puri?cation of the branched mPEG 
is precluded by commonly used chromatographic techniques 
in Water, Which normally Would destroy the molecule. 

[0032] The molecule also has relatively large molecular 
fragments betWeen the carboXyl group activated as the 
succinimide and the mPEG moieties due to the number of 
steps in the synthesis and to the number of compounds used 
to create the fragments. These molecular fragments are 
sometimes referred to as “linkers” or “spacer arms,” and 
have the potential to act as antigenic sites promoting the 
formation of antibodies upon injection and initiating an 
undesirable immunological response in a living organism. 

SUMMARY OF THE INVENTION 

[0033] The invention provides a branched or “multi 
armed” amphiphilic polymer derivative that is monofunc 
tional, hydrolytically stable, can be prepared in a simple, 
one-step reaction, and possesses no aromatic moieties in the 
linker fragments forming the linkages With the polymer 
moieties. The derivative can be prepared Without any toXic 
linkage or potentially toXic fragments. Relatively pure poly 
mer molecules of high molecular Weight can be created. The 
polymer can be puri?ed by chromatography in Water. A 
multi-step method can be used if it is desired to have 
polymer arms that differ in molecular Weight. The polymer 
arms are capped With relatively nonreactive end groups. The 
derivative can include a single reactive site that is located 
along the polymer backbone rather than on the terminal 
portions of the polymer moieties. The reactive site can be 
activated for selective reactions. 

[0034] The multi-armed polymer derivative of the inven 
tion having a single reactive site can be used for, among 
other things, protein modi?cation With a high retention of 
protein activity. Protein and enZyme activity can be pre 
served and in some cases is enhanced. The single reactive 
site can be converted to a functional group for highly 
selective coupling to proteins, enZymes, and surfaces. A 
larger, more dense polymer cloud can be created surround 
ing a biomolecule With feWer attachment points to the 
biomolecule as compared to conventional polymer deriva 
tives having terminal functional groups. Hydrolytically 
Weak ester linkages can be avoided. Potentially harmful or 
toXic products of hydrolysis can be avoided. Large linker 
fragments can be avoided so as to avoid an antigenic 
response in living organisms. Cross linking is avoided. 

[0035] The molecules of the invention can be represented 
structurally as polya-P—CR(—Q-polyb)-Z or: 

[0036] Polya and polybrepresent nonpeptidic and substan 
tially nonreactive Water soluble polymeric arms that may be 
the same or different. C represents carbon. P and Q represent 
linkage fragments that may be the same or different and that 
join polymer arms polyaand polyb, respectively, to C by 
hydrolytically stable linkages in the absence of aromatic 
rings in the linkage fragments. R is a moiety selected from 
the group consisting of H, substantially nonreactive, usually 
alkyl, moieties, and linkage fragments attached by a hydro 
lytically stable linkage in the absence of aromatic rings to a 
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nonpeptidic and substantially nonreactive Water soluble 
polymeric arm. The moiety —Z comprises a moiety selected 
from the group consisting of moieties having a single site 
reactive toWard nucleophilic moieties, sites that can be 
converted to sites reactive toWard nucleophilic moieties, and 
the reaction product of a nucleophilic moiety and moieties 
having a single site reactive toWard nucleophilic moieties. 

[0037] Typically, the moiety —P—CR(—Q—)—Z is the 
reaction product of a linker moiety and the reactive site of 
monofunctional, nonpeptidic polymer derivatives, polya-W 
and polyb-W, in Which W is the reactive site. Polymer arms 
polya and polyb are nonpeptidic polymers and can be 
selected from polymers that have a single reactive moiety 
that can be activated for hydrolytically stable coupling to a 
suitable linker moiety. The linker has the general structure 
X—CR—(Y)—Z, in Which X and Y represent fragments 
that contain reactive sites for coupling to the polymer 
reactive site W to form linkage fragments P and Q, respec 
tively. 

[0038] In one embodiment, at least one of the polymer 
arms is a poly(ethylene glycol) moiety capped With an 
essentially nonreactive end group, such as a monomethoXy 
poly(ethylene glycol) moiety (“mPEG—”), Which is capped 
With a methyl end group, CH3—. The other branch can also 
be an mPEG moiety of the same or different molecular 
Weight, another poly(ethylene glycol) moiety that is capped 
With an essentially nonreactive end group other than methyl, 
or a different nonpeptidic polymer moiety that is capped 
With a nonreactive end group such as a capped poly(alkylene 
oXide), a poly(oXyethylated polyol), a poly(ole?nic alcohol), 
or others. 

[0039] For example, in one embodiment polya and polyb 
are each monomethoXy-poly(ethylene glycol) (“mPEG”) of 
the same or different molecular Weight. The mPEG-disub 
stituted derivative has the general structure mPEGa—P— 
CH(—Q-mPEGb)—Z. The moieties mPEGa— and 
mPEGb— have the structure CH3— 
(CH2CH2O)nCH2CH2— and n may be the same or different 
for mPEGa and mPEGb. Molecules having values of n of 
from 1 to about 1,150 are contemplated. 

[0040] The linker fragments P and Q contain hydrolyti 
cally stable linkages that may be the same or different 
depending upon the functional moiety on the mPEG mol 
ecules and the molecular structure of the linker moiety used 
to join the mPEG moieties in the method for synthesiZing the 
multi-armed structure. The linker fragments typically are 
alkyl fragments containing amino or thiol residues forming 
a linkage With the residue of the functional moiety of the 
polymer. Depending on the degree of substitution desired, 
linker fragments P and Q can include reactive sites for 
joining additional monofunctional nonpeptidic polymers to 
the multi-armed structure. 

[0041] The moiety —R can be a hydrogen atom, H, a 
nonreactive fragment, or, depending on the degree of sub 
stitution desired, R can include reactive sites for joining 
additional monofunctional nonpeptidic polymers to the 
multi-armed structure. 

[0042] The moiety —Z can include a reactive moiety for 
Which the activated nonpeptidic polymers are not selective 
and that can be subsequently activated for attachment of the 
derivative to enZymes, other proteins, nucleotides, lipids, 
liposomes, other molecules, solids, particles, or surfaces. 
The moiety —Z can include a linkage fragment —RZ. 
Depending on the degree of substitution desired, the RZ 
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fragment can include reactive sites for joining additional 
monofunctional nonpeptidic polymers to the multi-armed 
structure. 

[0043] Typically, the —Z moiety includes terminal func 
tional moieties for providing linkages to reactive sites on 
proteins, enzymes, nucleotides, lipids, liposomes, and other 
materials. The moiety —Z is intended to have a broad 
interpretation and to include the reactive moiety of mono 
functional polymer derivatives of the invention, activated 
derivatives, and conjugates of the derivatives With polypep 
tides and other substances. The invention includes biologi 
cally active conjugates comprising a biomolecule, Which is 
a biologically active molecule, such as a protein or enZyme, 
linked through an activated moiety to the branched polymer 
derivative of the invention. The invention includes bioma 
terials comprising a solid such as a surface or particle linked 
through an activated moiety to the polymer derivatives of 
the invention. 

[0044] In one embodiment, the polymer moiety is an 
mPEG moiety and the polymer derivative is a tWo-armed 
mPEG derivative based upon hydrolytically stable coupling 
of mPEG to lysine. The mPEG moieties are represented 
structurally as CH3O—(CH2CH2O)nCH2CH2— Wherein n 
may be the same or different for polya- and polyb- and can 
be from 1 to about 1,150 to provide molecular Weights of 
from about 100 to 100,000. The —R moiety is hydrogen. 
The —Z moiety is a reactive carboXyl moiety. The molecule 
is represented structurally as folloWs: 

mPEGa— O — C—NH 

(CH2)4 

H /CH 

OH 

[0045] The reactive carboXyl moiety of hydrolytically 
stable mPEG-disubstituted lysine, Which can also be called 
alpha, epsilon-mPEG lysine, provides a site for interacting 
With ion exchange chromatography media and thus provides 
a mechanism for purifying the product. These puri?able, 
high molecular Weight, monofunctional compounds have 
many uses. For eXample, mPEG-disubstituted lysine, acti 
vated as succinimidyl ester, reacts With amino groups in 
enZymes under mild aqueous conditions that are compatible 
With the stability of most enZymes. The mPEG-disubstituted 
lysine of the invention, activated as the succinimidyl ester, 
is represented as follows: 

0 o 

mPEGa— O — C—NH 
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[0046] The invention includes methods of synthesiZing the 
polymers of the invention. The methods comprise reacting 
an active suitable polymer having the structure poly-W With 
a linker moiety having the structure X—CR—(Y)Z to form 
polya-P—CR(—Q-polyb)-Z. The poly moiety in the struc 
ture poly-W can be either polya or polyb and is a polymer 
having a single reactive moiety W. The W moiety is an active 
moiety that is linked to the polymer moiety directly or 
through a hydrolytically stable linkage. The moieties X and 
Y in the structure X—CR—(Y)Z are reactive With W to 
form the linkage fragments Q and P, respectively. If the 
moiety R includes reactive sites similar to those of X and Y, 
then R can also be modi?ed With a poly-W, in Which the poly 
can be the same as or different from polya or polyb. The 
moiety Z normally does not include a site that is reactive 
With W. HoWever, X, Y, R, and Z can each include one or 
more such reactive sites for preparing monofunctional poly 
mer derivatives having more than tWo branches. 

[0047] The method of the invention typically can be 
accomplished in one or tWo steps. The method can include 
additional steps for preparing the compound poly-W and for 
converting a reactive Z moiety to a functional group for 
highly selective reactions. 

[0048] The active Z moiety includes a reactive moiety that 
is not reactive With W and can be activated subsequent to 
formation of polya-P—CR(—Q-polyb)-Z for highly selec 
tive coupling to selected reactive moieties of enZymes and 
other proteins or surfaces or any molecule having a reactive 
nucleophilic moiety for Which it is desired to modify the 
characteristics of the molecule. 

[0049] In additional embodiments, the invention provides 
a multi-armed mPEG derivative for Which preparation is 
simple and straightforWard. Intermediates are Water stable 
and thus can be carefully puri?ed by standard aqueous 
chromatographic techniques. ChlorotriaZine activated 
groups are avoided and more highly selective functional 
groups are used for enhanced selectivity of attachment and 
much less loss of activity upon coupling of the mPEG 
derivatives of the invention to proteins, enZymes, and other 
peptides. Large spacer arms betWeen the coupled polymer 
and protein are avoided to avoid introducing possible anti 
genic sites. ToXic groups, including triaZine, are avoided. 
The polymer backbone contains no hydrolytically Weak 
ester linkages that could break doWn during in vivo appli 
cations. Monofunctional polymers of double the molecular 
Weight as compared to the individual mPEG moieties can be 
provided, With mPEG dimer structures having molecular 
Weights of up to at least about 50,000, thus avoiding the 
common problem of difunctional impurities present in con 
ventional, linear mPEGs. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0050] FIGS. 1(a), 1(b), and 1(c) illustrate the time course 
of digestion of ribonuclease (O), conventional, linear 
mPEG-modi?ed ribonuclease (O), and ribonuclease modi 
?ed With a multi-armed mPEG of the invention (I) as 
assessed by enZyme activity upon incubation With pronase 
(FIG. 1(a)), elastase (FIG. 1(b)), and subtilisin (FIG. 1(c)). 
[0051] FIGS. 2(a) and 2(b) illustrate stability toWard heat 
(FIG. 2(a)) and pH (FIG. 2(b)) of ribonuclease (O), linear 
mPEG-modi?ed ribonuclease (O), and ribonuclease modi 
?ed With a multi-armed mPEG of the invention FIG. 
2(a) is based on data taken after a 15 minute incubation 
period at the indicated temperatures. FIG. 2(b) is based on 
data taken over a 20 hour period at different pH values. 

[0052] FIGS. 3(a) and 3(b) illustrate the time course of 
digestion for catalase (O), linear mPEG-modi?ed catalase 
(O), and catalase modi?ed With a multi-armed mPEG of the 
invention (I) as assessed by enZyme activity upon incuba 
tion With pronase (FIG. 3(a)) and trypsin (FIG. 3(b)). 

[0053] FIG. 4 illustrates the stability of catalase (O), 
linear mPEG-modi?ed catalase (III), and catalase modi?ed 
With a multi-armed mPEG of the invention (0) for 20 hours 
incubation at the indicated pH values. 

[0054] FIG. 5 illustrates the time course of digestion of 
asparaginase (O), linear mPEG-modi?ed asparaginase (0), 
and asparaginase modi?ed With a multi-armed mPEG of the 
invention (I) as assessed by enZyme activity assay upon 
trypsin incubation. 

[0055] FIG. 6 illustrates the time course of autolysis of 
trypsin (O), linear mPEG-modi?ed trypsin (I), and trypsin 
modi?ed With a multi-armed mPEG of the invention (A) 
evaluated as residual activity toWards TAME (alpha N-p 
tosyl-arginine methyl ester). 

DETAILED DESCRIPTION 

[0056] I. Preparation of a Hydrolytically Stable mPEG 
Disubstituted Lysine 

[0057] TWo procedures are described for the preparation 
of a hydrolytically stable, tWo-armed, mPEG-disubstituted 
lysine. The ?rst procedure is a tWo step procedure, meaning 
that the lysine is substituted With each of the tWo mPEG 
moieties in separate reaction steps. MonomethoXy-poly(eth 
ylene glycol) arms of different lengths or of the same length 
can be substituted onto the lysine molecule, if desired, using 
the tWo step procedure. The second procedure is a one step 
procedure in Which the lysine molecule is substituted With 
each of the tWo mPEG moieties in a single reaction step. The 
one step procedure is suitable for preparing mPEG-disub 
stituted lysine having mPEG moieties of the same length. 

[0058] Unlike prior multisubstituted structures, no aro 
matic ring is present in the linkage joining the nonpeptidic 
polymer arms produced by either the one or tWo step 
methods described beloW that could result in toXicity if the 
molecule breaks doWn in vivo. No hydrolytically Weak ester 
linkages are present in the linkage. Lengthy linkage chains 
that could promote an antigenic response are avoided. 

[0059] The terms “group,”“functional group, moiety, 
”“active moiety,”“reactive site,”“radical,” and similar terms 
are someWhat synonymous in the chemical arts and are used 
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in the art and herein to refer to distinct, de?nable portions or 
units of a molecule or fragment of a molecule. “Reactive 

site,”“functional group,” and “active moiety” refer to units 
that perform some function or have a chemical activity and 
are reactive With other molecules or portions of molecules. 
In this sense a protein or a protein residue can be considered 

as a molecule and as a functional moiety When coupled to a 

polymer. A polymer, such as mPEG—COOH has a reactive 
site, the carboXyl moiety, —COOH, that can be converted to 
a functional group for selective reactions and attachment to 
proteins and linker moieties. The converted polymer is said 
to be activated and to have an active moiety, While the 
—COOH group is relatively nonreactive in comparison to 
an active moiety. 

[0060] The term “nonreactive” is used herein primarily to 
refer to a moiety that does not readily react chemically With 
other moieties, such as the methyl alkyl moiety. HoWever, 
the term “nonreactive” should be understood to exclude 

carboXyl and hydroXyl moieties, Which, although relatively 
nonreactive, can be converted to functional groups that are 
of selective reactivity. 

[0061] The term “biologically active” means a substance, 
such as a protein, lipid, or nucleotide that has some activity 
or function in a living organism or in a substance taken from 
a living organism. For eXample, an enZyme can catalyZe 
chemical reactions. The term “biomaterial” is someWhat 
imprecise, and is used herein to refer to a solid material or 
particle or surface that is compatible With living organisms 
or tissue or ?uids. For eXample, surfaces that contact blood, 
Whether in vitro or in vivo, can be made nonfouling by 
attachment of the polymer derivatives of the invention so 
that proteins do not become attached to the surface. 

[0062] A. TWo Step Procedure 

[0063] For the tWo step procedure, an activated mPEG is 
prepared for coupling to free lysine monomer and then the 
lysine monomer is disubstituted With the activated mPEG in 
tWo steps. The ?rst step occurs in aqueous buffer. The second 
step occurs in dry methylene chloride. The active moiety of 
the mPEG for coupling to the lysine monomer can be 
selected from a number of activating moieties having leav 
ing moieties that are reactive With the amino moieties of 
lysine monomer. Acommercially available activated mPEG, 
mPEG-p-nitrophenylcarbonate, the preparation of Which is 
discussed beloW, Was used to eXemplify the tWo step pro 
cedure. 

[0064] The tWo step procedure can be represented struc 
turally as folloWs: 
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[0065] Step 1. Preparation of mPEG-monosubstituted 
lysine. Modi?cation of a single lysine amino group Was 
accomplished With mPEG-p-nitrophenylcarbonate in aque 
ous solution Where both lysine and mPEG-p-nitrophenyl 
carbonate are soluble. The mPEG-p-nitrophenylcarbonate 
has only limited stability in aqueous solution. HoWever, 
lysine is not soluble in organic solvents in Which the 
activated mPEG is stable. Consequently, only one lysine 
amino group is modi?ed by this procedure. NMR con?rms 
that the epsilon amino group is modi?ed. Nevertheless, the 
procedure alloWs ready chloroform extraction of mPEG 
monosubstituted lysine from unreacted lysine and other 
Water soluble by-products, and so the procedure provides a 
desirable monosubstituted product for disubstitution. 

[0066] To prepare the mPEG-monosubstituted lysine, 353 
milligrams of lysine, Which is about 2.5 millimoles, Was 
dissolved in 20 milliliters of Water at a pH of about 8.0 to 
8.3. Five grams of mPEG-p-nitrophenylcarbonate of 
molecular Weight 5,000, Which is about 1 millimole, Was 
added in portions over 3 hours. The pH Was maintained at 
8.3 With 0.2 N NaOH. The reaction mixture Was stirred 
overnight at room temperature. Thereafter, the reaction 
mixture Was cooled to 0° C. and brought to a pH of about 3 
With 2 N HCl. Impurities Were extracted With diethyl ether. 
The mPEG monosubstituted lysine, having the mPEG sub 
stituted at the epsilon amino group of lysine as con?rmed by 
NMR analysis, Was extracted three times With chloroform. 
The solution Was dried. After concentration, the solution Was 
added drop by drop to diethyl ether to form a precipitate. The 
precipitate Was collected and then crystalliZed from absolute 
ethanol. The percentage of modi?ed amino groups Was 53%, 
calculated by calorimetric analysis. 
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[0067] Step 2. Preparation of mPEG-Disubstituted Lysine. 
The mPEG-monosubstituted lysine product from step 1 
above is soluble in organic solvents and so modi?cation of 
the second lysine amino moiety can be achieved by reaction 
in dry methylene chloride. Activated mPEG, mPEG-p-ni 
trophenylcarbonate, is soluble and stable in organic solvents 
and can be used to modify the second lysine amino moiety. 

[0068] Triethylamine (“TEA”) Was added to 4.5 grams of 
mPEG-monosubstituted lysine, Which is about 0.86 milli 
moles. The mixture of TEA and mPEG-monosubstituted 
lysine Was dissolved in 10 milliliters of anhydrous methyl 
ene chloride to reach a pH of 8.0. Four and nine tenths grams 
of mPEG-p-nitrophenycarbonate of molecular Weight 5,000, 
Which is 1.056 millimoles, Was added over 3 hours to the 
solution. If it is desirable to make an mPEG disubstituted 
compound having mPEG arms of different lengths, then a 
different molecular Weight mPEG could have been used. The 
pH Was maintained at 8.0 With TEA. The reaction mixture 
Was re?uxed for 72 hours, brought to room temperature, 
concentrated, ?ltered, precipitated With diethyl ether and 
then crystalliZed in a minimum amount of hot ethanol. The 
excess of activated mPEG, mPEG-p-nitrophenycarbonate, 
Was deactivated by hydrolysis in an alkaline aqueous 
medium by stirring overnight at room temperature. The 
solution Was cooled to 0° C. and brought to a pH of about 
3 With 2 N HCl. 

[0069] p-Nitrophenol Was removed by extraction With 
diethyl ether. Monomethyl-poly(ethylene glycol)-disubsti 
tuted lysine and remaining traces of mPEG Were extracted 
from the mixture three times With chloroform, dried, con 
centrated, precipitated With diethyl ether and crystalliZed 
from ethanol. No unreacted lysine amino groups remained in 
the polymer mixture as assessed by colorimetric analysis. 

[0070] Puri?cation of mPEG-disubstituted lysine and 
removal of mPEG Were accomplished by gel ?ltration 
chromatography using a Bio Gel P100 (Bio-Rad) column. 
The column measured 5 centimeters by 50 centimeters. The 
eluent Was Water. Fractions of 10 milliliters Were collected. 
Up to 200 milligrams of material could be puri?ed for each 
run. The fractions corresponding to mPEG-disubstituted 
lysine Were revealed by iodine reaction. These fractions 
Were pooled, concentrated, and then dissolved in ethanol and 
concentrated. The mPEG-disubstituted lysine product Was 
dissolved in methylene chloride, precipitated With diethyl 
ether, and crystalliZed from ethanol. 

[0071] The mPEG-disubstituted lysine Was also separated 
from unmodi?ed mPEG—OH and puri?ed by an alternative 
method. Ion exchange chromatography Was performed on a 
QAE Sephadex A50 column (Pharmacia) that measured 5 
centimeters by 80 centimeters. An 8.3 mM borate buffer of 
pH 8.9 Was used. This alternative procedure permitted 
fractionation of a greater amount of material per run than the 
other method above described (up to four grams for each 

run). 
[0072] For both methods of puri?cation, puri?ed mPEG 
disubstituted lysine of molecular Weight 10,000, titrated 
With NaOH, shoWed that 100% of the carboxyl groups Were 
free carboxyl groups. These results indicate that the reaction 
Was complete and the product pure. 

[0073] The puri?ed mPEG-disubstituted lysine Was also 
characteriZed by 1H-NMR on a 200 MHZ Bruker instrument 
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in dimethyl sulfoxide, d6, at a 5% Weight to volume con 
centration. The data con?rmed the expected molecular 
Weight of 10,000 for the polymer. The chemical shifts and 
assignments of the protons in the mPEG-disubstituted lysine 
are as folloWs: 1.2-1.4 ppm (multiplet, 6H, methylenes 3,4,5 
of lysine); 1.6 ppm (multiplet, 2H, methylene 6 of lysine); 
3.14 ppm (s, 3H, terminal mPEG methoxy); 3.49 ppm (s, 
mPEG backbone methylene); 4.05 ppm (t, 2H, —CH2, 
—OCO—); 7.18 ppm (t, 1H, —NH— lysine); and 7.49 ppm 
(d, 1H, —NH— lysine). 

[0074] The above signals are consistent With the reported 
structure since tWo different carbamate NH protons are 
present. The ?rst carbamate NH proton (at 7.18 ppm) shoWs 
a triplet for coupling With the adjacent methylene group. The 
second carbamate NH proton (at 7.49 ppm) shoWs a doublet 
because of coupling With the ot-CH of lysine. The intensity 
of these signals relative to the mPEG methylene peak is 
consistent With the 1:1 ratio betWeen the tWo amide groups 
and the expected molecular Weight of 10,000 for the poly 
mer. 

[0075] The tWo step procedure described above alloWs 
polymers of different types and different lengths to be linked 
With a single reactive site betWeen them. The polymer can be 
designed to provide a polymer cloud of custom shape for a 
particular application. 

[0076] The commercially available activated mPEG, 
mPEG-p-nitrophenylcarbonate, is available from ShearWa 
ter Polymers, Inc. in Huntsville, Ala. This compound Was 
prepared by the folloWing procedure, Which can be repre 
sented structurally as follows: 

0 

0 

[0077] Five grams of mPEG—OH of molecular Weight 
5,000, or 1 millimole, Were dissolved in 120 milliliters of 
toluene and dried aZeotropically for 3 hours. The solution 
Was cooled to room temperature and concentrated under 
vacuum. Reactants added to the concentrated solution under 
stirring at 0° C. Were 20 milliliters of anhydrous methylene 
chloride and 0.4 g of p-nitrophenylchloroformate, Which is 
2 millimoles. The pH of the reaction mixture Was maintained 
at 8 by adding 0.28 milliliters of triethylamine (“TEA”), 
Which is 2 millimoles. The reaction mixture Was alloWed to 
stand overnight at room temperature. Thereafter, the reaction 
mixture Was concentrated under vacuum to about 10 milli 
liters, ?ltered, and dropped into 100 milliliters of stirred 
diethyl ether. A precipitate Was collected from the diethyl 
ether by ?ltration and crystalliZed tWice from ethyl acetate. 
Activation of mPEG Was determined to be 98%. Activation 
Was calculated spectrophotometrically on the basis of the 
absorption at 400 nm in alkaline media after 15 minutes of 
released 4-nitrophenol (e of p-nitrophenol at 400 nm equals 
17,000). 
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[0078] B. One Step Procedure 

[0079] In the one step procedure, mPEG disubstituted 
lysine is prepared from lysine and an activated mPEG in a 
single step as represented structurally below: 

(CH2)4 

CH 

OH 

[0080] Except for molecular Weight attributable to a 
longer PEG backbone in the activated mPEG used in the 
steps beloW, the mPEG disubstituted lysine of the one step 
procedure does not differ structurally from the mPEG dis 
ubstituted lysine of the tWo step procedure. It should be 
recogniZed that the identical compound, having the same 
molecular Weight, can be prepared by either method. 

[0081] Preparation of mPEG disubstituted lysine by the 
one step procedure proceeded as folloWs: Succinimidylcar 
bonate mPEG of molecular Weight about 20,000 Was added 
in an amount of 10.8 grams, Which is 54x10“4 moles, to 40 
milliliters of lysine HCl solution. The lysine HCL solution 
Was in a borate buffer of pH 8.0. The concentration Was 
0.826 milligrams succinimidylcarbonate mPEG per millili 
ter of lysine HCL solution, Which is 1.76><10_4 moles. 
TWenty milliliters of the same buffer Was added. The solu 
tion pH Was maintained at 8.0 With aqueous NaOH solution 
for the folloWing 8 hours. The reaction mixture Was stirred 
at room temperature for 24 hours. 

[0082] Thereafter, the solution Was diluted With 300 mil 
liliters of deioniZed Water. The pH of the solution Was 
adjusted to 3.0 by the addition of oxalic acid. The solution 
Was then extracted three times With dichloromethane. The 
combined dichloromethane extracts Were dried With anhy 
drous sodium sulphate and ?ltered. The ?ltrate Was concen 
trated to about 30 milliliters. The product, an impure mPEG 
disubstituted lysine, Was precipitated With about 200 milli 
liters of cold ethyl ether. The yield Was 90%. 

[0083] Nine grams of the above impure mPEG-disubsti 
tuted lysine reaction product Was dissolved in 4 liters of 
distilled Water and then loaded onto a column of DEAE 
Sepharose FF, Which is 500 milliliters of gel equilibrated 
With 1500 milliliters of boric acid in a 0.5% sodium hydrox 
ide buffer at a pH of 7.0. The loaded system Was then Washed 
With Water. Impurities of succinimidylcarbonate mPEG and 
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mPEG-monosubstituted lysine, both of molecular Weight 
about 20,000, Were Washed off the column. However, the 
desired mPEG disubstituted lysine of molecular Weight 
20,000 Was eluted With 10 mM NaCl. The pH of the eluate 
Was adjusted to 3.0 With oxalic acid and then mPEG 
disubstituted lysine Was extracted With dichloromethane, 
dried With sodium sulphate, concentrated, and precipitated 
With ethyl ether. Five and one tenth grams of puri?ed mPEG 
disubstituted lysine Were obtained. The molecular Weight 
Was determined to be 38,000 by gel ?ltration chromatogra 
phy and 36,700 by potentiometric titration. 

[0084] The one step procedure is simple in application and 
is useful for producing high molecular Weight dimers that 
have polymers of the same type and length linked With a 
single reactive site betWeen them. 

[0085] Additional steps are represented beloW for prepar 
ing succinimidylcarbonate mPEG for disubstitution of 
lysine. 

Cl 
Toluene/CH2Cl2 
—> 

Cl 

0 

PEG 0 c c1 CHZCIZ — — — + — —> 

m HO N TEA 

o 
o 

o 

[0086] Succinimidylcarbonate mPEG Was prepared by 
dissolving 30 grams of mPEG—OH of molecular Weight 
20,000, Which is about 1.5 millimoles, in 120 milliliters of 
toluene. The solution Was dried aZeotropically for 3 hours. 
The dried solution Was cooled to room temperature. Added 
to the cooled and dried solution Were 20 milliliters of 
anhydrous dichloromethane and 2.33 milliliters of a 20% 
solution of phosgene in toluene. The solution Was stirred 
continuously for a minimum of 16 hours under a hood due 
to the highly toxic fumes. 

[0087] After distillation of excess phosgene and solvent, 
the remaining syrup, Which contained mPEG chlorocarbon 
ate, Was dissolved in 100 milliliters of anhydrous dichlo 
romethane, as represented above. To this solution Was added 
3 millimoles of triethylamine and 3 millimoles of N-hydrox 
ysuccinimide. The reaction mixture remained standing at 
room temperature for 24 hours. Thereafter, the solution Was 
?ltered through a silica gel bed of pore siZe 60 Angstroms 
that had been Wetted With dichloromethane. The ?ltrate Was 
concentrated to 70 milliliters. Succinimidylcarbonate mPEG 
of molecular Weight about 20,000 Was precipitated in ethyl 
ether and dried in vacuum for a minimum of 8 hours. The 
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yield Was 90%. Succinimidylcarbonate-mPEG is available 
commercially from ShearWater Polymers in Huntsville, Ala. 

[0088] The mPEG disubstituted lysine of the invention 
can be represented structurally more generally as polya-P— 
CR(—Q-polyb)-Z or: 

[0089] For the mPEG disubstituted lysines described 
above, —P—CR(—Q—)—Z is the reaction product of a 
precursor linker moiety having tWo reactive amino groups 
and active monofunctional precursors of polya and polyb that 
have been joined to the linker moiety at the reactive amino 
sites. Linker fragments Q and P contain carbamate linkages 
formed by joining the amino containing portions of the 
lysine molecule With the functional group With Which the 
mPEG Was substituted. The linker fragments are selected 

from —O—C(O)NH(CH2)4— and —O—C(O)NH— and 
are different in the exempli?ed polymer derivative. HoW 
ever, it should be recogniZed that P and Q could both be 
—O—C(O)NH(CH2)4— or —O—C(O)NH— or some 
other linkage fragment, as discussed beloW. The moiety 
represented by R is hydrogen, H. The moiety represented by 
Z is the carboxyl group, —COOH. The moieties P, R, Q, and 
Z are all joined to a central carbon atom. 

[0090] The nonpeptidic polymer arms, polya and polyb, 
are mPEG moieties mPEGa and mPEGb, respectively, and 
are the same on each of the linker fragments Q and P for the 
examples above. The mPEG moieties have a structure 
represented as CH3O—(CH2CH2O)nCH2CH2—. For the 
mPEG disubstituted lysine made by the one step method, n 
is about 454 to provide a molecular Weight for each mPEG 
moiety of 20,000 and a dimer molecular Weight of 40,000. 
For the mPEG disubstituted lysine made by the tWo step 
method, n is about 114 to provide a molecular Weight for 
each mPEG moiety of 5,000 and a dimer molecular Weight 
of 10,000. 

[0091] Lysine disubstituted With mPEG and having as 
dimer molecular Weights of 10,000 and 40,000 and proce 
dures for preparation of mPEG-disubstituted lysine have 
been shoWn. HoWever, it should be recogniZed that mPEG 
disubstituted lysine and other multi-armed compounds of the 
invention can be made in a variety of molecular Weights, 
including ultra high molecular Weights. High molecular 
Weight monofunctional PEGs are otherWise difficult to 
obtain. 

[0092] PolymeriZation of ethylene oxide to yield mPEGs 
usually produces molecular Weights of up to about 20,000 to 
25,000 g/mol. Accordingly, tWo-armed mPEG disubstituted 
lysines of molecular Weight of about 40,000 to 50,000 can 
be made according to the invention. Higher molecular 
Weight lysine disubstituted PEGs can be made if the chain 
length of the linear mPEGs is increased, up to about 100, 
000. Higher molecular Weights can also be obtained by 
adding additional monofunctional nonpeptidic polymer 
arms to additional reactive sites on a linker moiety, Within 
practical limits of steric hindrance. HoWever, no unreacted 
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active sites on the linker should remain that could interfere 
With the monofunctionality of the multi-armed derivative. 
LoWer molecular Weight disubstituted mPEGs can also be 
made, if desired, doWn to a molecular Weight of about 100 
to 200. 

[0093] It should be recognized that a Wide variety of linker 
fragments P and Q are available, although not necessarily 
With equivalent results, depending on the precursor linker 
moiety and the functional moiety With Which the activated 
mPEG or other nonpeptidic monofunctional polymer is 
substituted and from Which the linker fragments result. 
Typically, the linker fragments Will contain the reaction 
products of portions of linker moieties that have reactive 
amino and/or thiol moieties and suitably activated nonpep 
tidic, monofunctional, Water soluble polymers. 

[0094] For eXample, a Wide variety of activated mPEGs 
are available that form a Wide variety of hydrolytically 
stable linkages With reactive amino moieties. Linkages can 
be selected from the group consisting of amide, amine, ether, 
carbamate, Which are also called urethane linkages, urea, 
thiourea, thiocarbamate, thiocarbonate, thioether, thioester, 
dithiocarbonate linkages, and others. HoWever, hydrolyti 
cally Weak ester linkages and potentially toXic aromatic 
moieties are to be avoided. 

[0095] Hydrolytic stability of the linkages means that the 
linkages betWeen the polymer arms and the linker moiety are 
stable in Water and that the linkages do not react With Water 
at useful pHs for an eXtended period of time of at least 
several days, and potentially inde?nitely. Most proteins 
could be eXpected to lose their activity at a caustic pH of 11 
or higher, so the derivatives should be stable at a pH of less 
than about 11. 

[0096] Examples of the above linkages and their formation 
from activated mPEG and lysine are represented structurally 
beloW. 

[0097] a) Formation of Amide Linkage 

i) 
O 

O 

2 mPEG—O—CH2—CH2—C—O—N + 

O 

NH; 
0 

OH 

Jun. 19, 2003 

-continued 

ii) 
0 

O 

2 mPEG—S—CH2—CH2—C—O—N + 

O 

O 

OH 
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[0098] b) Formation of Carbamate Linkage 

NHZ 

mPEG—O—(|I—HN/(|:H C: 
(EH 

[0099] c) Formation of Urea Linkage 

2 mPEG—N= C=O + 

NH;— (CH2)4— CH— C— OH —> 

NH2 

0 

((IZH2)4 
H CH / 

rnPEG—NH—C—HN (i=0 
OH 

[0100] d) Formation of Thiourea Linkage 

2 mPEG—N= C=S + 

O 

NH2— (CH2)4— CH— C— OH —> 

NHZ 

rnPEG—NH—C—NH 

(CH2)4 

H CH / rnPEG—NH—C—HN \(|:=O 
OH 
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[0101] e) Formation of Amine Linkage 

O 

2 mPEG—O—S—CH2—CF3 + 

O 
O 

NH;— (CH2)4— CH— C— OH —> 

11H, 
mPEG—NH 

(CH2)4 

OH 

[0102] One or both of the reactive amino moieties, —NH2, 
of lysine or another linker moiety can be replaced With thiol 
moieties, —SH. Where the linker moiety has a reactive thiol 
moiety instead of an amino moiety, then the linkages can be 
selected from the group consisting of thioester, thiocarbon 
ate, thiocarbamate, dithiocarbamate, thioether linkages, and 
others. The above linkages and their formation from acti 
vated mPEG and lysine in Which both amino moieties have 
been replaced With thiol moieties are represented structur 
ally beloW. 

[0103] a) Formation of Thioester Linkage 

O 

O 

2 mPEG—O—CH2—CH2—C—O—N + 

O 

SH 

[0104] b) Formation of Thiocarbonate Linkage 




























