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Abstract: Glycopolymers are useful macromolecules with a non-carbohydrate backbone for presenting
saccharides in a multivalent form. Here, a new methodology is described which allows easy access to water-
soluble, biodegradable glycopolymers with both predeterminable composition and molecular weight distribution.
Thus, chloroacetylation of commercially available polylysine hydrobrorBigave the reactive homopolymer

4, whose chloroacetamide functions allowed subsequent coupling with thiol-containing components. Water-
soluble homopolymers such &sand 13 were available by treatment with an excess of hydrophilic thiols.
Heteroglycopolymers were obtained via quantitative incorporation of substoichiometric amounts of carbohydrates
with a mercapto functionality linked to the reducing end; the remaining chloroacetamide groups were capped
with an excess of thioglycerol. A variety of glycopolymers with up to four different components was prepared.
The composition and purity of the products were reliably analyzed-Hb)}MR. Generally, the quantitative
incorporation of substoichiometric components was verified. The polymer backbone was not altered under the
applied reaction conditions, as indicated by very similar polydispersities and degrees of polymerization of
starting polylysine8 and functionalized homo- and heteropolym@r43, and14. Glycopolymer25, containing

sialyl Lewis* and biotin as a functional group for enzyme-linked immuno sorbent assay, was used for developing
cell-free selectin ligand binding assays. The inhibition of E-selectin by glycopolyf@&rsontaining sialyl

Lewis* (sLe), was evaluated in a cell adhesion assay under flow conditions using activated human umbilical
vein endothelial cells and polymorphonuclear neutrophils. Thé phlgmers16 showed no significant inhibition,
whereas conjugates with additional charged groups (carboxyl8tesilfonates?1) in addition to sL& gave
30—35% reduction of the number of interacting cells at the same concentration @fMGQLe*.

Introduction rides to thew-amino functions of lysine residuéd.iposomes
formed by carbohydratelipid conjugates represent an alterna-
tive approach toward the multivalent presentation of complex
oligosaccharide High-density presentation of carbohydrates
was realized with dendrimers which were prepared either by
carbohydrate functionalization of preformed core strucfunes

by linking of carbohydrate-containing building blocks in a
convergent manner.

The assembly of oligosaccharides using only a few monosac-
charide building blocks gives nature access to an enormous
structural variety. The recognition of such oligosaccharides by
proteins (lectins) represents the basis of many biologically
important events.Individual protein-carbohydrate interactions
are generally weak{xc = 103-10"*M~1).2 To overcome this,
many processes mediated by oligosaccharigetin interactions
involve multivalent binding. Hence, tailored macromolecules (3) A variety of uses of neoglycoconjugates has recently been summarized
that present oligosaccharides in a multivalent form are of high i;wgext;:eggcitnre,:‘/ie\\//vjsre {g%)qu;O&, FiTirheg:]s gzcgzclié%yz%ecgngggsﬁng,
interest due to a variety of possible applications, e.g., as receptor;s -L(_;)PohI, N o oo o v Mot & ?\l;kamaelgk_
blockers, for cell targeting, and for generation of monoclonal Trends Polym. Sc1997 5, 198.
antibodies® Such neoglycoconjugates can also be used for (4)(a) Berg, E. L.; Robinson, M. K.; Mansson, O.; Butcher, E. C.;
ELISA as coating reagents and multivalent ligaAds. ’\S"aghagg Jd d'-ef- Ei‘?'kggﬁgnlf?’l_l_zgg 13?639-K(F’)CVZ9LPC'){H; 'éi_Aggg; .

A Varie'[y of neleyCOCOhquate,s has been prepqred. Neo,gly' Sieiri’ingel#, C,; ’Hd\}vard, S. C-.; échmjke, J. J..'; Gr;neto, l’\/l.;”Rotsaer't, J
coproteins derived from well-defined natural carrier proteins M.; Manger, I. D.; Jacob, G. S3lycobiology1994 4, 259.

such as BSA and HSA were obtained by linking oligosaccha- _ (5) (a) Kingery-Wood, J. E.; Williams, K. W.; Whitesides, G. M.Am.
Chem. Soc1992 114, 7302. (b) Spevak, W.; Nagy, J. O.; Charych, D. H.;
* Towhom correspondence should be addressed. E-mail: gebhard.thoma@Schaefer, M. E.; Gilbert, J. H.; Bednarski. M. D.Am. Chem. S0d.993

pharma.novartis.com 115 1146. (c) Wang, P.; Schuster, M.; Wang, Y.-F.; Wong, C3HAm.
T Novartis Pharma AG. Chem. Soc1993 115 10487. (d) DeFrees, S. A.; Philipps, L.; Guo, L.;
*GlycoTech Corp. Zalipsky, S.J. Am. Chem. S0d.996 118 6101. (e) Spevak, W.; Foxall,
8 New address: Department of Pharmacy, University of Basel, CH-4051 C.; Charych, D. H.; Dasgupta, F.; Nagy, J. {.Med. Chem.1996 39,
Basel, Switzerland. 1018. (f) C.-C. Lin; Kimura, T.; Wu, S.-H.; Weitz-Schmidt, G.; Wong,
(1) (a) Varki, A.Glycobiology1993 3, 97. (b) Dwek, R. AChem. Re. C.-H.Bioorg. Med. Chem. Letll996 6, 2755. (g) Stahn, R.; Schaefer, H.;
1996 96, 622. Kernchen, F.; Schreiber, Glycobiol. 1998 8, 311.
(2) (a) Lee, Y. C,; Lee, R. TAcc. Chem. Red.995 28, 321. (b) Jacob, (6) (@) Roy, R.; Zanini, D.; Meunier, S. J.; Romanowska,JAChem.

G. S.; Kirmaier, C.; Abbas, S. Z.; Howard, S. C.; Steininger, C. N.; Welpley, Soc., Chem. Commu993 1869. (b) Zanini, D.; Roy, RJ. Am. Chem.
J. K.; Sudder, PBiochemistry1995 34, 1210. (c) Mammen, M.; Choi, Soc.1997 119 2088. (c) Zanini, D.; Roy, RJ. Org. Chem.1998 63,
S.-K.; Whitesides, G. MAngew. Chem., Int. Ed. Endl998 37, 2754. 3486.

10.1021/ja984183p CCC: $18.00 © 1999 American Chemical Society
Published on Web 06/11/1999



5920 J. Am. Chem. Soc., Vol. 121, No. 25, 1999 Thoma et al.

Glycopolymers are another important class of neoglycocon- A) Copolymerization
jugates. Homopolymers were prepared by ring-opening meta-

thesis polymerization of carbohydrate-containing monofaets CARB i |
and polymerization of carbohydrate-containing acrylamfdes. P2 . N0 Gopolymerization ’
Heteroglycopolymers have been obtained by copolymerization _— —_

of alkenyl? or acryloyl-containing carbohydratésand acry- o " H00%
lamide (Figure 1). The ratios of applied and incorporated Carbohydrate-  Acrylamide

. - o containing Glycopolymer
quantities of the monomers can vary significantly because Monomer
carbohydrate-containing monomers and acrylamide often behave

differently in the polymerization process. In these cases, product B) Functionalization of a homopolymer

compositions can be both difficult to predetermine and difficult a) Carohydrate =, .= Capping Spacer
to reproduce. The control of the molecular weight distribution Component Agent
of the copolymers is tricky, and usually very broad molecular cane i Palymer
weight ranges are obtainétlFractionation of the crude product T * J) = JJ
to obtain a more uniform composition is laborious and leads to % “oxcess
loss of valuable material. Reactive % (100-X% % (1000%

The modification of a preformed, reactive homopolymer is Hemerolymer Intermediate Giycopolymer
an elegant approach toward neoglycoconjugates with predictable
composition since the above-mentioned drawbacks of copo- b) Crohydrate  Looran a9 [cana] [aod) [oaP
lymerization can be avoided (Figure 1). Ideally, a well-char- cARB ADD cap
acterized homopolymer is reacted first with a substoichiometric 1 J) (L 2. (L
quantity of the carbohydrate-containing component and then,
after complete consumption of the saccharide, with an excess . X% v T T S (1o
of a capping agent to “quench” the remaining reactive func- womesaymer Complex Glycopolymer

tionalities.To.achieze a predetermina}ble' produgt composjtion, Figure 1. Strategies for the synthesis of glycopolymers. (A) Copo-
thes_e conmersions ought to be quantitag, and side reactions  jymerization of a carbohydrate-containing olefin and acrylamide. (B)
altering the polymer backbone bato be excludedVith these  perivatization of a preformed homopolymer:) (@wo components)

(7) @ Ashton, P. R.: Boyd, S. E.. Brown, C. L. Jayaraman, N.: (1) quantitative reaction with a substoichiometric amount of a suitably

Nepogodiev, S. A.; Stoddart, J. Ehem. Eur. J1996 2, 1115. (b) Ashton, junctionalized carbohydrate component and (2) capping of the remain-

P.R.; Hounsell, E. F.; Jayaraman, N.; Nilsen, T. M.; Spencer, N.; Stoddart, ing reactive residues; J{three components) (1) quantitative reaction

F. J.; Young, M.J. Org. Chem.1998 63, 3429. (c) Jayaraman, N.;  with substoichiometric amounts of a carbohydrate component and an

Nepogodiev, S. A.; Stoddart, J. Ehem. Eur. J1997 3, 1193. additional component and (2) capping of the remaining reactive residues.
(8) (a) Mortell, K. H.; Weatherman, R. V.; Kiessling, L. 1. Am. Chem.

Soc.1996 118 2297. (b) Mortell, K. H.; Gingras, M.; Kiessling, L. L1. - . .

Am. Chem. Socl994 116 12053. (c) Motomu, K. Mortell, K. H.;  Prerequisites, such an approach is also applicable for very

Kiessling, L. L.J. Am. Chem. Sod997 119 9931. (d) Miyauchi, H.; complex preparations containing more than two different

Tanaka, M.; Koike, H.; Kawamura, N.; Hayashi, Bioorg. Med. Chem.

Lett. 1997 7, 985. COII‘_nhponent?. t f | l id h VT4
(9) (a) Horejs, V.; Smolek, P.; Kocourek, Biochim. Biophys. Acta . us, active esters of poly(acrylic a_C'_ )'_ such as poly[4-

1978 538 293. (b) Chernyak, A. Y.; Levinsky, A. B.; Dmitriev; B. A_; nitrophenyl acrylatéf and polyN-oxysuccinimidyl acrylate}?

Kochetkov, N. D.Carbohydr. Res1984 128 269. (c) Kochetkov, N. D. have been functionalized with residues containing a primary

Pure Appl. Chem1984 56, 923. (d) Chernyak, A. Y.; Antonov, K. V; ; : ~
Kochetkov, N. D.. Padyukov, L. N.: Tswetkova, N. ‘Carbohydr. Res. amino group. Unfortunately, the reactive homopolymers, pre

1985 141, 212. (€) Roy, R.; Lafeiere, C. A.; Gamian, A.: Jennings, H. J.  pared by radical acrylate polymerization of the corresponding
J. Carbohydr. Cheml987 6, 161. (f) Kosma, P.; Gass, Garbohydr. Res. monomers, are not readily available with narrow molecular
1987 167, 39. (g) Kosma, P.; Schulz, G.; Unger, F. Karbohydr. Res. ; iotribl it ; ;

1988 180, 19, (h) Kosma. P.. Waldstan, .- Daoud, L.: Schulz. G.. Unger, We!ght distribution. In some cases, partlall hydrolysis of the
F. M. Carbohydr. ResL989 194 145. (i) Kosma, P.; Strobl, M ; Ma, L. active ester groups cannot be avoided, leading to unforseen and
Kusumoto, S.; Fukase, K.; Brade, Barbohydr. Res1993 238 93. (j) variable amounts of carboxylic acid functions in the product.
Nishimura, S.-1.; Matsuoka, K.; Furuike, T.; Ishii, S.; Kurita, K.; Nishimura, ~ As an example, the model homopolyniederived from poly-

K. M. Macromoleculesl991 24, 4236. (k) Nishimura, S.-l.; Matsuoka, . ’ .

K.; Furuike, T.; Nishi, N.; Tokura, S.; Nagami, K.; Murayama, S.; Kurita, 4-n|tropher_1yl acrylaté by treatment Wlth_ excess am_ounts of
K. Macromolecules1994 27, 157. (I) Nishimura, S.-I.; Furuike, T.; ethanolamine at room temperature contained approximately 8%

Matiu?(ka, K.SMe't\?Oﬁ_S Enzyrgolllc9h94 24L2 Zigéémgzlzsur?i?egk; NiSéli. of carboxylic acid functions (Scheme %).More complex

., 1okura, S.; Nishimura, S.- em. Lett. . (n akeo, K.; H H :

Kawaguchi, M.; Kitamura, SJ. Carbohydr. Chem1993 12, 1043. (0) glyCOpO|ymers.Of this type, which are prepgred by applyllng

Kobayashi, K.; Akaike, T.. Usui, TMethods Enzymoll994 242, 226. elevated reaction temperatures, may contain an even h|gher
(10) (a) Lee, R. T,; Lee., Y. CCarbohydr. Res1974 34, 151. (b) Lee, carboxylate fraction. Furthermore, depending on the application,

R.T. Cascio, S.; Lee, Y. GAnal. Biochem1979 95, 260. (c) Lee, R. T.. the nondegradable backbone of such polyacrylates might be an

Lee, Y. C.Methods Enzymoll982 83, 299. (d) Roy, R.; Laferfie, C. A. desired feat

Carbohydr. Res1988 177, C1. (e) Roy, R.; Tropper, F. DBlycoconjugate undesired leature. ) . o
J.1988 5, 203. (f) Roy, R. InVlodern Methods in Carbohydrate Synthesis As an alternative, polyamino acids have been derivatized
Khan, S. H., O'Neil, R., Eds.; Harwood Academic: Amsterdam, 1996; p  giving biodegradable glycopolymers. Polyaspartimide (PAI) was

378. (g) Matrosovich, M. N.; Mochalova, L. V.; Byramova, N. E.; Bovin, . . . . . ]
N. V. FEBS Lett1990 272 209. (h) Byramova, N. E.. Mochalova. L. VV.: functionalized with carbohydrates containing an amino sub

Belyanchikov, I. M.; Matrosovich, M. N.; Bovin, N. \. Carbohydr. Chem.  Stituent at the reducing e However, complete consumption
1991, 10, 691. (i) Chernyak, A. Y.; Demidov, I. V.; Kochetkov, N. K. of the saccharide was not always achieved, even when extended
Bioorg. Khim.1989 15, 1673. (j) Chernyak, A. YACS Symp. Sef.994
560, 133. (k) Chernyak, A. Y.; Kononov, L. O.; Kochetkov, N. K. (12) (a) Bovin, N. V.; Korchagina, E. Y.; Zemlyanukhina, T. V;
Carbohydr. Chem1994 13, 383. (I) Spaltenstein, A.; Whitesides, G. M. Byramova, N. E.; Galanina, O. E.; Zemlyakov, A. E.; lvanov, A. E.; Zubov,
J. Am. Chem. S0d.991, 113 686. (m) Sparks, M. A.; Williams, K. W.; V. P.; Mochalova, L. V.Glycoconjugate J1993 10, 142. (b) Nifant'ev,

Whitesides, G. M.J. Med. Chem.1993 36, 778. (n) Lees, W. J.; N. E.; Shashkov, A. S.; Tsvetkov, Y. E.; Tuzikov, A. B.; Abramenko, I.
Spaltenstein, A.; Kingery-Wood, J. E.; Whitesides, G. MMed. Chem. V.; Gluzman, D. F.; Bovin, N. VACS Symp. Sefl994 560, 267.
1994 37, 3419. (13) Sigal, G. B.; Mammen, M.; Dahmann, G.; Whitesides, G.JM.

(11) Ishige, T.; Hamielec, A. EJ. Appl. Polym. Scil974 175, 3177. Am. Chem. Sod 996 118 3789.
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process is of pharmaceutical interest because chronic expression
occurs in certain inflammatory conditions, such as psoriasis and
rheumatoid arthritis. Acute disorders such as reperfusion injury
or asthma caused by excessive leukocyte recruitment represent
another important targéf. Several recent reports suggest that
multivalency plays an important role in the inflammatory
respons@® To probe this, we required a reliable access to
multivalent sLé& ligands. We were also interested in well-
characterized glycopolymers containing $be sLe* and biotin

as a functional group for competitive selectin binding assays,
allowing the determination of I§5 values of potential selectin

reaction times and elevated temperatures were applied. More-antagonists.

over, partial hydrolysis to unwanted carboxylic acid functions
in the polymer cannot be avoided completely. Polylysine has
been functionalized directly. Michael addition to a carbohydrate

In this paper, we present a novel, reliable, and reproducible
access to glycopolymers. Commercially available polylysine
is converted into its chloroacetamide?! This new, DMF-

containing an acrylamide residue gave a highly charged gly- soluble and reactive homopolymer can easily be transformed
copolymer with more than 80% of free amino functidfs. into water-soluble homopolymers by treatment with hydrophilic

Neither capping nor further functionalization of the amino thiols. Glycopolymers with predeterminable carbohydrate con-
groups was reported. Coupling of polylysine and carbohydratestent are available by reaction with substoichiometric amounts
with carboxylic acid functions has also been reported, but the of saccharides containing a mercapto substituent, followed by

carbohydrate incorporation was incompléte.
Our interest in such glycopolymers arose from our involve-
ment in studying the selectin oligosaccharide recognitfde-

treatment with an excess of thioglycerol to cap the remaining
chloroacetamide groupgdThe scope of the method is explored
by preparing sl and sLé&-glycopolymers with up to four

and P-selectins are expressed on endothelial cells upon stimuladifferent components. The appropriate characterization of the

tion and mediate the recruitment of leukocytes to sites of injury
or infection, recognizing sialyl LewigsLe")-related carbohy-
drate epitopes on the leukocyte surfageControl over this

(14) Acryl polymer2 was obtained from Synthesome, Gesellschaft fuer
medizinische Biochemie mbH, Heimdall Str. 4, D-81739 Muenchen,
Germany*H NMR spectroscopy (500 MHz, D, 60°C) showed that the
integral per proton of the ethanolamine side chain has approximately 90%
of the value per proton of the polymer backbone, indicating 90%
incorporation of ethanolamine. Accordingly, compouhcontains 10% of
carboxylic acid functions. Additional evidence for the presence of unwanted
carboxylic acid functions in compoun@ was obtained as follows:
Compound?2 was dissolved in 0.01 M HCI to transform carboxylates into
the free carboxylic acid functions, followed by repeated ultrafiltration until
the eluted solution became neutral. An ecxeds,Nfdimethylaminopyridine
(DMAP, 5.0 equiv) was added to form the corresponding carboxylic acid
salt. The solution was resubjected to ultrafiltration until the elute became
neutral. Following lyophilization, the compound was analyzedHyWMR
(400 MHz, D;0O). A singlet at 3.10 ppm (6 H of DMAP) and two doublets
at 6.80 and 7.95 ppm (2 H of DMAP each) indicated 8% DMAP with respect
to the polymer backbone. Accordingl®contains at least 8% of carboxylic
acid functions. Within the experimental error,the sum of the integrals per
proton of the ethanolamine side chain and of DMAP equaled the integral
per proton of the polymer backbone. Similarly, commercially available
glycopolymers are prepared by converting polyacryl@tefirst with
substoichiometric amounts of carbohydrates (DMF, INEO °C, 24 h),
followed by treatment with ethanolamine (see ref 12a). We have evidence
that such compounds can contain even more carboxylic acid residues
(>25%).

(15) (a) Stahl, W.; Ahlers, M.; Walch, A,; Bartnik, E.; Kretzschmar, G.;
Grabley, S.; Schleyerbach, R. Eur. Pat. Appl. 0601417A2, 1992. (b) Thoma,
G.; Ernst, B.; Schwarzenbach, F.; Duthaler, RBidorg. Chem. Med. Lett.
1997 7, 1705.

(16) Romanowska, A.; Meunier, S. J.; Tropper, F. D.; Lafeeii€. A;

Roy, R.Methods Enzymoll994 242 90.

(17) (a) Monsigny, M.; Roche, A.-C.; Midoux, P.; Mayer, Rdv. Drug
Delivery Re.. 1994 14, 1 and references therein. (b) Mahato, R. I;
Takemura, S.; Akamatsu, K.; Nishikawa, M.; Takakura, Y.; Hashida, M.
Biochem. Pharmacoll997 53, 887.

(18) (a) Scheffler, K.; Ernst, B.; Katopodis, A.; Magnani, J. L.; Wang,
W, T.; Weisemann, R.; Peters, Angew. Chem., Int. Ed. Endgl995 34,
1841. (b) Thoma, G.; Schwarzenbach, F.; Duthaler, RJ.GDrg. Chem.
1996 61, 514. (c) Baisch, G.; Oehrlein, ”Angew. Chem., Int. Ed. Engl.
1996 35, 1812. (d) Jahnke, W.; Kolb, H. C.; Blommers, M. J. J.; Magnani,
J. L.; Ernst, B.Angew. Chem., Int. Ed. Endl997, 36, 2603. (e) Norman,

K.; Andersson, G. P.; Kolb, H. C.; Ley, K.; Ernst, Blood1998 91, 475.

(19) (a) Welply, J. K.; Keene, J. L.; Schmuke, J. L.; Howard, S. C.

Biochim. Biophys. Actd994 1197, 215. (b) Springer, T. ACell 1994 76,
301. (c) Kansas, G. 8lood 1996 88, 3259. (d) Cines, D. B.; Pollak, E.
S.; Buck, C. A.; Loscalzo, J.; Zimmermann, G. A.; McEver, R. P.; Pober,
J. S.; Wick, T. M.; Konkle, B. A.; Schwartz, B. S.; Barnathan, E. S.; McCrae,

K. R.; Hug, B. A.; Schmidt, A.-M.; Stern, D. MBlood 1998 91, 3527.

products is described in detail. Furthermore, the use of such
conjugates as multivalent receptor blockers and multivalent
ligands for assay development is discussed.

Results and Discussion

Acylation of Polylysine Hydrobromide. Polylysine of
different well-characterized, narrow molecular weight fractions
is commercially available in the, p/t, and b forms. This
polymer is nonimmunogenic and biodegradable and has already
been explored as a drug carrféThe polylysine hydrobromides
3 used in this work were purchased from Sigma and had a
molecular weight\M,, of approximately 50 000 (Table 2). We
intended to transform poly-lysine hydrobromidel(-3)?* into
the perN-chloroacetyl derivativé-4 in order to subsequently
modify this reactive homopolymer by thiol substitution (Scheme
2). A suspension ot-3 in a 3:1 mixture of DMF and 2,6-
lutidine was treated with chloroacetic anhydride. Formation of
a clear solution indicated the consumptiorLe8. The product
L-4 was isolated in 98% yield by precipitation. The compound
is insoluble in water but readily dissolves in DMF and DMSO.

(20) (a) Berg, E. L.; Robinson, M. K.; Mansson, O.; Butcher, E. C.;
Magnani, J. LJ. Biol. Chem1991, 266, 14869. (b) Welply, J. K.; Abbas,

S. T.; Scudder, P.; Keene, J. L.; Broschat, K.; Casnocha, S.; Gorka, C.;
Steininger, C.; Howard, S. C.; Schmuke, J. J.; Graneto, M.; Rotsaert, J.
M.; Manger, I. D.; Jacob, G. SGlycobiology1994 4, 259. (c) Spevak,

W.; Foxall, C.; Charych, D. H.; Dasgupta, F.; Nagy, J.JOMed. Chem.
1996 39, 1018. (d) Lin, C.-C.; Kimura, T.; Wu, S.-H.; Weitz-Schmidt, G.;
Wong, C.-H.Bioorg. Med. Chem. Lett1996 6, 2755. (e) Stahn, R;
Schaefer, H.; Kernchen, F.; SchreiberGlycobiology1998 8, 311.

(21) Chloroacetylation of lysine dendrimers and subsequent functional-
ization with cystein-containing peptides has been described earlier. The
resulting dendrimers contain only one type of active residue (up to eight
end groups). Zhang, L.; Tam, J. P.Am. Chem. S0d.997, 119, 2363.

(22) In a preliminary communication, we have described the preparation
of a sialyl Lewi$ polymer: Thoma, G.; Magnani, J. L.; Oehrlein, R.; Ernst,
B.; Schwarzenbach, F., Duthaler, R..DAm. Chem. So4997, 119, 7414.

(23) Acylated polyt-lysine derivatives have been used as drug carriers.
Acylation was necessary to avoid both toxicity and nonspecific binding to
mammalian cells caused by the polycationic properties. (ajréNeE.;
Monsigny, M.; Mayer, R.Tetrahedron1993 49, 6991. (b) Gonsho, A.;
Irie, K.; Susaki, H.; lwasawa, HBiol. Pharm. Bull.1994 17, 275.

(24) In this paper, poly-lysine derivatives are designated laspoly-
p/L-lysine derivatives are designated@4., and polyp-lysine derivatives
are designated d3. Polymer identification numbers without an extension
do not specify the configuration.
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Table 1. Heteroglycopolymers Containing-Acetylglucosamine
(Rll) or SLé‘(R17)

1lor17 R (incorp.)

compd  (appl.) (%) condition® (%)°
L-14a R.i-SH (50) DMF/NES, 2 equiv/16 h (27)
L-14b R.-SH (50) DMF/NE$, 10 equiv/16 h (39)
L-14c Ru-SH (50) DMF/DBU, 1 equiv/1 h (50)
L-14d R;-SH (20) DMF/DBU, 1 equiv/1 h (20)
D/L-14  Ry-SH (50) DMF/DBU, 1 equiv/1 h (50)
L-16a Ri~SH (5) DMF/H0O/DBU, 1 equiv/l h (5)
L-16b Ri~SH (10) DMF/HO/DBU, 1 equiv/1 h (10)
L-16¢ R;~SH (20) DMF/HO/DBU, 1 equiv/l h (20)
L-16d R;~SH (30) DMF/HO/DBU, 1 equiv/1 h (30)
D/L-16a  R;7SH (10) DMF/HO/DBU, 1 equiv/l h (10)
D/L-16b  R;+SH (30) DMF/HO/DBU, 1 equiv/l h (30)

aIn all cases, 35 equiv of thioglycerol was subsequently added,
and the mixture was stirred for 16 hProduct composition analyzed
by 1H NMR (error,42%).

Table 2. Molecular Weight Distribution

mol wt polydispersity, degree of
compd perunit My (av) Mw/Mp polymerization (av)
D/L-3 209 50 000 1.2 240
L-3 209 50 008 1. 240
L-8 276 58 000 1.4 210
L-14 412 86 000 1.6 210
L-13 548 107 000 1.2 200

a|n water; determined by coupling of size exclusion chromatography
and low angle laser light scattering (SEC-LALLS), done on the
succinimidyl derivative; performed by Sigma Chemical Co., 3050
Spruce St., St. Louis, MO 63108In DMF; determined by coupling
of size exclusion chromatography and multiangle laser light scattering
(SEC-MALLS); performed by Polymer Standards Services, Postfach
3368, D-55023 Mainz, Germany.

Scheme 2
» o] [ o 7]
0O O ||
=NH - ~4NH -
j)l‘ X\)L OJK/X
(CH,), (CH,),
| N |
NH2 ~ I HN (@]
x x
HBr DMF / 0°C
n >90% L x" _]
3 n
n =240 . _L-lvsi 4: X=Cl
( ) L: Poly-L-lysine 5 XoBr
D/L: Poly-D/L-lysine 6: X=H

It can be stored over months at room temperature without
decompositior?® Treatment of_-3 with bromoacetic anhydride
or acetic anhydride under similar conditions furnished bromo-
acetamidé_-5 and acetamide-6. Starting fromD/L-3 chloro-
acetamideD/L-4 was available. It is important to note that the
use of 2,6-lutidine for chloro- or bromoacetylation is essential,
as with pyridine or triethylamine decomposition was observed.
The chloroacetamide4 were characterized bfH NMR in
DMSO-ds. The spectra show a singlet at 4.02 ppm for the

(25) High-molecular-weight poly-lysine hydrobromideNl,, ~ 180 000;
degree of polymerization= 860; polydispersityMy/M, = 1.1) was also
transformed into the corresponding polychloroacetamide in high yield. The
1H NMR spectrum of the product was very similar to the spectruri-6f
Treatment with thioglycerol in the presence of NBave a water-soluble
material in almost quantitative yield which showed, compared -®,
slightly broadenedH NMR signals. The reaction of low-molecular-weight
poly-L-lysine hydrobromideNl,, ~ 8000; degree of polymerization 40;
polydispersityM,/M, = 1.2) with chloroacetic acid anhydride in DMF/
2,6-lutidine gave an impure material. A clean product was obtained when
the hydrobromide was transformed into the DMF-soluble tosylate prior to
the acylation (for the transformation of polylysine hydrobromide into its
tosylate, see ref 23a).
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Figure 2. *H-NMR spectra (500 MHz, DMS@, room temperature)
of the w-chloroacetamidek-4 and D/L-4.

% :ZXNH

chloroacetamide function (Figure 2). The integral of this signal
corresponds to two hydrogens, indicating complete transforma-
tion. Signals of carbon-linked hydrogens of the polyamide
backbone or close to it (H-2, H-3) are very broad, whereas
distant H atoms of the side chain give rather sharp peaks (H-6,
CH>-CI). While chemical shift and shape of the signals of H-6
and @H»-Cl are identical forL-4 and D/L-4, differences are
observed for H-2 and H-3. Different conformational preferences
of the backbone oL-4 and D/L-4 in DMSO could be an
explanation.

Water-Soluble Homopolymers from Polylysine Derivatives
4. The reaction of thiols with halogenoacetamides usually
proceeds with very good yields and has been used to link
carbohydrates to dendrimer core structures, leading to carbo-
hydrate clusters with up to 16 sugar residéi@s. prepare water-
soluble homopolymers, we treateed with excess amounts of
hydrophilic mercaptans. The reaction lbf4 with mercapto-
ethanol in DMF in the presence of NHed to an insoluble
material which was not further characterized. We reasoned that
one hydroxyl group per lysine residue is insufficient to
compensate for the lipophilicity of the side chain. In fact,
treatment oL-4 with 3 equiv of the diol thioglycerolq, Figure
3) and NEt gave the perfectly water-soluble polymies8 in
quantitative yield after precipitation and ultrafiltration in water
(Scheme 3% Analogously,D/L-8 was prepared frond/L-4.
The compounds were analyzed By NMR in water (Figure
4), and the peaks were assigned by two-dimensidH&IH
correlation (COSY) anéH/*C correlation spectroscopy (HSQC).
Most signals are baseline separated and become sharper and
better resolved with increasing distance to the polyamide
backbone. Most importantly, no signal of remaining chloro-
acetamide functions was observed, indicating the complete
transformation of4. For L-8 and D/L-8, the integral for one
hydrogen of the lysine part (H-2H-7, lys) matches the integral
for one hydrogen of the glycerol part (H-81-10, gly), in line
with quantitative side-chain functionalization. Similar to poly-
chloroacetamide&-4 and D/L-4, the chemical shifts of H-2
(L-8, 4.00 ppm;D/L-8, 4.20 ppm) and H-3L(-8, 1.65-2.10
ppm; D/L-8, 1.50-1.80 ppm) differ substantially. The other
signals are very similar with respect to both chemical shift and
shape. The NMR data df-8 andD/L-8 could again indicate
different backbone conformations of these stereoisomers. Since

(26) L-8 and all other polymers described are also soluble in DMF and
DMSO.
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Figure 3. Components incorporated in polylysine conjugates.
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When L-4 was treated with 1.5 equiv of thiolatel-
acetylglucosaminél (Figure 3) in the presence of NEbr 48
h, glycopolymerL-12 was isolated (Scheme 4JH NMR
revealed thatL-12 contained 70% of monomers linked to
N-acetylglucosamine besides 30% of parent chloroacetamide
functionalities. This result shows the stability of the chloro-
acetamide group under the applied reaction conditions. Incom-
plete substitution was still observed at elevated temperatures
and when DMSO was used instead of DMF. Probably,sNét
not strong enough to effect complete incorporation of the
aliphatic mercaptaril. With the more acidic anomeric thiol
10, on the other hand, the reaction goes to completion.
HomoglycopolymerL-13 was finally obtained by treating a
DMF solution ofL-4 and 1.3 equiv ofL1 with 1.5 equiv (with
respect toL-4) of the stronger base 1,8-diazabicyclo[5.4.0]-

racemic thioglycerol was used for the preparations, the additional Undec-7-ene (DBU) at room temperature (Scheme 3). The

stereocenter, however, complicates the interpretation.
The circular dichroism (CD) spectrum of compoun@& was
recorded in water and showed two negative bands at 208 an

product was isolated in quantitative yield by precipitation and
analyzed by!H NMR (Figure 4)?° The spectrum of_-13

gdemonstrates the purity of the compound, and integration of

222 nm, which can be taken as strong evidence for the presencéeveral well-separated signals shows the complete carbohydrate

of a significant amount odi-helix (see Supporting Information).
This is an interesting finding since polylysine is unordered

in water at pH 7.3 but adoptsfpleated sheet conformation at
pH 11.5 when it is uncharged. An a-helical structure is
observed during the pH-induced transition from random coil to
p-sheet?

As a first example of a polylysine-based homoglycopolymer
compound,L-9 was prepared by reaction of chloroacetamide
L-4 with 2 equiv of 1-thioglucos&0 (Figure 3) in the presence
of NEtz (Scheme 3). The 5:fB/o-ratio of 10 was reflected in
the product, which contained 83% monomers linkeg-ttio-
glucose and 17% monomers linkedatethioglucose, as judged
by integration of the signals of the anomeric hydrogen atoms.
According to NMR, all chloroacetamide groups had been
substituted.

(27) (a) Greenfield, N.; Fasman, G. Biochemistryl969 8, 4108, (b)
Keiderling, T. A,; Yasui, S. C.; Sen, A. C.; Toniolo, C.; Bonora, G. M
Pept.: Sruct. Funct., Proc. Am. Pept. Symp., 8885 167.

derivatization. It should be noted that the polyrhe4 and the
thiol 11 have to be dissolved prior to the addition of DBU. In
some experiments, the inversion of the order resulted in the
formation of insoluble precipitates. Dissolution éfcan be a
slow process anshould not be acceleratday physical methods
such as sonication or with the use of high-velocity stirrers.
Model Polymers with Two Components The reaction of
50% of thiolated\-acetylglucosaminé1 with chloroacetamide
L-4 in the presence of triethylamine (2 equivy  h atroom
temperature gave incomplete consumptioridfas indicated
by TLC. Following the addition of thioglycerol, the product
L-14awas isolated and the sugar content determined to be 27%
by IH NMR (Scheme 5, Table 1). When 10 equiv of Nizere
used and the reaction time was extended to 24 h, the carbohy-

(28) Peggion, E.; Cosani, A., Terbojevich, M.; Romanin-Jacur,).L.
Chem. Soc., Chem. Commu974 314.

(29) Quantitative carbohydrate incorporation was also achieved when
the sodium thiolate ofl1 was used, which was prepared frobi by
treatment with 1 equiv of sodium methanolate.
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Figure 4. H-NMR spectra (500 MHz, BD, room temperature) of

homopolymer</L-8, L-8, andL-13 and heteroglycopolymeit-14c.
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drate content of the corresponding produet4b increased to

38%, but complete incorporation could still not be achieved. In

the presence of 1.0 equiv (with respect.td) of DBU, thiol

11 was consumed within 3 min, as indicated by TLC. After 1

h, excess amounts of thioglycerdl)(and NEg§ were added,

and the desired glycopolymérl4c was isolated as described

above (Scheme 5).
The NMR spectrum of heteropolymérl4c looks exactly

like that of a 1:1 mixture of the corresponding homopolymers
L-8 and L-13, allowing a straightforward peak assignment
(Figure 4). Impurities were below the NMR detection level.

Thoma et al.
Scheme 5
—+NH NH
1. 11 or 17 (substoichiometric) 1/ \|/
4 2. 7 (excess) (CI-|I2)4 (C'?z) A
>90 % HNfO HNTO
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compotjitionfof tge products | R, R,
see table 1; for R-groups see T TT00. o
figure 3) X% (100-x) %
14: R = R,,
16: R = Ry

mination of the composition. Accordingly, compouhel4c
consists of 50% of monomers linked to the carbohydrate and
50% of units containing thioglycerol. Generally, the NMR specra
of multicomponent polymers can be easily interpreted by using
the spectra of simple homopolymers or less complex hetero-
polymers with the corresponding components. Complete carbo-
hydrate incorporation was also observed whehwas reacted
under the same conditions with 20% of thiolateehcetylglu-
cosaminell, leading to heteroglycopolymer14d. The ana-
logous transformation of polg#.-lysine derivativeD/L-4 using
50% of11 gaveD/L-14, containing 50% of lysine units linked

to the carbohydrate (Table 1). These data demonstrate the clean
course of the derivatization and, hence, a high predictability of
the resulting polymer composition.

Determination of Molecular Weight and Polydispersity.
Cleavage of the polylysine backbone under the applied reaction
conditions (chloroacetylation, thiol addition) would alter both
the degree of polymerization and the polydispersi;, (V)
of the product. To verify the stability of the amide backbone of
polylysine, the molecular weight distributions of polymer8,

L-8, L-13, and L-14c were determined by coupling of size
exclusion chromatography and light scattering (Table 2). The
molecular weightV,, of the poly+-lysine hydrobromidd.-3

was approximately 50 000, corresponding to an average degree
of polymerization of 240. The derivativés8, L-13, andL-14c
were prepared fronL-3 and had molecular weights,, of

58 000, 86 000, and 107 000, respectively. Their degrees of
polymerization of 210, 210, and 200 indicate that the polymer
backbone was not altered significantly under the applied reaction
conditions. Furthermore, very similar polydispersities of all four
polymers show that the molecular weight distribution was not
changed substantially.

It is likely that the distribution of different components in
the polymers is statistical because, otherwise, an activation of
still intact chloroacetamide funtionalities adjacent to lysine units
which are already linked td1 would have to be assumed.
Nevertheles, the applied analytical methods prove neither the
homogeneous distribution of the components nor the absence
of carbohydrate clusters within the polymer chain. Clustering
of either carbohydrat&l or polylysine4 in the medium (DMF)
could also contribute to nonstatistical distributions.

Side Reaction: N-Alkylation of DBU. It is very important
to note that extended treatment of the activated polylysine
derivativel-4 with DBU in the absence of a thiol leads to partial
N-alkylation of the base (Scheme 6). Whert was reacted
with 1 equiv of DBU for 18 h followed by the addition of 3
equiv of thioglycerol and NEf polymerL-15 was isolated,
containing 40% of lysine residues linked to DBU and 60% of
thioglycerol side chains (DBU signals at 2.08, 2.60, and 4.31
ppm). When excess amounts of thiols were used, leading to

Integration of several well-resolved signals allows the deter- homopolymerd.-13 andL-8 (L-8 was also prepared using DBU



Versatile Functionalization of Polylysine
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Table 3. Glycopolymers with Three Components

compd R (%) Ry (%)2 Rc (%0)°
L-18 Ri7 20 Rio 25 Ry 55
L-21 Ri7 20 Reo 25 R, 55
L-23 Ri7 20 Ro2 5 Ry 75
L-25 R4 20 Ro2 5 Ry 75
L-26 Ri7 20 Ro2 5 Roo 75

2 Applied and incorporated amounts were identi€&-5 equiv of
the capping reagent was used.

instead of NEJ), N-alkylation was below the NMR detection
level (<2%). Thiol addition to chloroacetamides in the presence
of DBU (complete reaction within minutes) seems to be much
faster than N-alkylation (incomplete reaction after 18 h). To
obtain pure heteropolymers, the reaction time with substoichio-
metric quantities of thiols in the presence of DBU should be
limited to <1 h. Then, thioglycerol has to be added for capping
the remaining chloroacetamide functionalities.
Synthesis of sL& and sLe* Conjugates.A series of sialyl

Lewist glycopolymersl6 with different carbohydrate contents

J. Am. Chem. Soc., Vol. 121, No. 25, B59%

Scheme 8
1. RySH 20%
2. RypSH 25%
3. RySH 5%
L4 DMF/DBU
4. RSH excess
DMF/NEt,

L-27 (for R—grougs

see figure 3)

20% of sLé thiol 17 and 25% and mercaptoethanesulforzde
(25%) (Figure 3) gave glycopolymér21.

A series of biotinylated glycopolymers was prepared to serve
as multivalent ligands for ELISA. Treatment bf4 with bio-
tin thiol 22 (5%) (Figure 3) and sl&hiol 17 (20%), followed
by the addition of thioglycerol, gave-23. The use of sL&
thiol 24 (20%) (Figure 3) instead of skehiol 17 gavel-25.
Highly acidic multivalent sL&L-26 was obtained by reacting
L-4 with biotin thiol 22 (5%) and sLé& thiol 17 (20%), fol-
lowed by the addition of an excess of mercaptoethanesulfonate
20. The products were analyzed, and, within the accuracy of
NMR spectroscopy, the applied substoichiometric amounts of
the components were reflected by the product compositions,
demonstrating again the quantitative course of the functional-
ization.

The scope of the method was explored by preparing the four-
component derivativé-27 (Scheme 8). DBU was added to a
solution of chloroacetylated polylysithie4, sLe thiol 17 (20%),
sulfonate20 (25%), and biotin thioR2 (5%). When TLC control
showed complete consumption of the thiols, the mixture was
treated with an excess of thioglycerol and NEEhe highly
complex conjugat&-27 was analyzed byH NMR at elevated
temperatures (60 instead of 2Q) to obtain sharper signals.
The individual protons of the various components reflected by
complex signals were deduced from the spectra of simpler
conjugates and/or the spectra of the nonconjugated components
(as shown folL-14c, Figure 4). The spectrum &f-27 (Figure
5) and the indicated assignments therein demonstrate the
reliability of the analysis of the composition. According to the
integrals,L-27 contains 50% of R 20% of Rz, 25% of Ry,
and 5% of Ry, corresponding to the fractions of thiols applied
in the preparation. It is conceivable that compounds of even
higher complexity are accessible.

Preparation of Mercaptans from Primary Amines. The

(Scheme 5, Table 1) was prepared by reacting chloroacetamidemnercaptandl1, 17, 22, and24 were prepared by reacting the

4 with sLe* thiol 17 (Figure 3) in the presence of DBU. It is
advantageous to dissolden DMF, add the tetrasaccharide

as a solid, and then add water dropwise until the solution
becomes clear. Addition of too much water has to be avoided
because otherwise polymdrcan precipitate. Glycopolymers
L-16 with 5, 10, 20, and 30% sEeontent were obtained from
L-4. Precipitation followed by ultrafiltration in water gave pure
products in almost quantitative yields. Palf—chloroacetamide
D/L-4 was transformed int®/L-16, containing 10 and 30%
of sLe’. According to NMR, quantitative carbohydrate incor-
poration was achieved in all cases.

corresponding primary amin&8, 29, 30, and31 with thiobu-
tyrolactone (10 equiv) in refluxing, oxygen-free methanol in
the presence of triethylamine (10 equiv) for 16 h (Scheni# 9).
The mercaptans were purified by chromatography on silica gel,
and the purity was checked Bi# NMR. Only trace amounts
of disulfides were detecteck6%). The products were isolated
in yields ranging from 60 to 90%. In some cases, the aprotic
solvent DMF is better suited for these transformations, since
less side product formation with respect to thiobutyrolactone
occurs.

When Traut's iminothiolan® was applied, we obtained

Glycopolymers containing three components are also acces-unsatisfactory results. Instead of the desired amides, we observed

sible in a very predictable manner (Scheme 7, Table 3). Sub-

stoichiometric quantities of the oligosaccharide and an additional
component were reacted wilt+4 in the presence of DBU,
followed by the additon of an excess of thioglycerol. Thus,
multivalent sialyl Lewi¥ with additional carboxylate groups
L-18 was obtained using 20% of st¢hiol 17 and 25% of
mercaptopropionic acid9 (Figure 3) . Reaction oE-4 with

the formation of amidines. This could lead to positively charged

(30) This method has been described earlier in a patent. (a) Thoma, G.;
Duthaler, R. O.; Ernst, B.; Magnani, J. L.; Patton, J. T. PCT Int. Appl.,
WO 97/19105, 1997. A similar procedure has recently been published. (b)
Blixt, O.; Norberg, T.J. Carbohydr. Chem1997, 16, 143.

(31) (a) Traut, R. R.; Bollen, A.; Sun, T.-T.; Hershey, J. W. B.; Sundberg,
J.; Pierce, L. RBiochemistryl973 12, 3266. Jue, R. J.; Lambert, J. M.;
Pierce, L. R.; Traut, R. RBiochemistryl978 17, 5399.
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Figure 5. 'H-NMR spectrum ofL-27 (500 MHz, D;O, 60°C).
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1 Cleavage described below and inhibit E-selectin = 0.5-1.0 mM
sLe) similarly to monovalent sl (ICso = 1.0-2.0 mM).

NH, In(;ts_r(_estinlgly, k(Sylyccl)_poly_r(lju];:‘r_-lg, co?;aioni;]g sL& gZO(g%) an _
. additional carboxylic acid functions (25%), gave 30% reduction
RN, + )\/\/SH of the number of interacting cells at 0.1 mM gL#&ultivalent
sLef L-21, with 25% of sulfonate residues, also showed 35%
reduction of the number of interacting cells. A control polymer
with 100% of carboxylates but no stehowed no effect. The
observed activities of the charged polymers are too weak to
indicate multivalent E-selectinsLe® recognition and rather
highlight the important but not fully understood interactions of
multiple acidic functions with selectins. Selectin inhibition by
macromolecules which contain multiple acid functions such as
acidic ion-exchange resins has been observed b&®Braelectin
inhibition using liposomes with carbohydrates and additional
carboxylic acid funtions has also been repor#d.
Use of Polymer L-24 as Multivalent Ligand for Competi-
tive Selectin Ligand Binding Assays. Compound L-24,
containing 75% of glycerol, 20% of skeand 5% of biotin,

polymers. In addition, the amidine linkages are susceptible to
both hydrolysis and cleavage, which could result in the
formation of impure products and incomplete incorporation of
the components (Scheme 9).

Investigation of sLe-Containing Polylysine Derivatives 16,
L-18, and L-21 as Multivalent E-Selectin Inhibitors. We
consider the determination of 4 values of multivalent
inhibitors in static, cell-free assays as inappropriate because,
compared to cell surfaces, plastic wells coated with recombinant
E-selectin exhibit completely different properties with respect
to both selectin density and mobility. These factors are essential,
especially for multivalent interactions. Therefore, a parallel plate
flow chamber coated with human umbilical vein endothelial cells
(HUVECSs) was used to study the rolling of polymorphous
neutrophils (PMNSs) in contact with selectins under hydrody-  (32) Sialyl Lewig mimic CGP69669A

namic flow (Figure 6). This in vitro assay mimics the nonequi- NaO,

librium conditions in vivo. Digital image acquisition was used HO

to determine the number of interacting cells in the presence and O?g\%ﬁ

absence of the potential E-selectin inhibitors (for details, see HO o

the Experimental Section and ref 30a). Monovalent‘sjave OHO OH

no significant inhibition at 0.5 mM, but the more potent, H

monovalent sLéanalogue CGP6966%A showed up to 45 (ICso = 0.1 mM) is 10 times more active in the static E-selectin ligand
75% reduction at 0.20 mM. Compoundis16 and D/L-16, tl’i5”7dli”9 assay than steKolb, H. C.; Emst, B.Chem. Eur. J.1997 3,
which contain 5-30% of sLé&, were inactive at 0.1 mM per (33) Kretzschmar, G.; Toepfer, A.; Huels, C.; Krause, Ttrahedron

sLe’. The compoundsl6 are functional in the static assay 1997 53, 2485.
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was used as a polymeric ligand for a cell-free, competitive

J. Am. Chem. Soc., Vol. 121, No. 25, 1555y

24 from 31:3¢ eluent: chloroform/methanol/water 55:45:10; yield,

E-selectin ligand binding assay (for details, see Experimental 72%; MS/EI 1002 (M+ Na)*.

Section and ref 22). Interestingly, attempts to use the corre-

sponding biotinylated sXgpolymerL-23 failed. A similar assay

has been described that uses a commercially available biotiny-

lated sLé&-containing polyacrylate derived from 4-nitrophenyl
polyacrylate®* As shown above, such compounds can contain
variable quantities of additional carboxylates (Schenié $)nce

the binding properties of multivalent carbohydrate ligands with
additional carboxylates is not fully understood, it can be

Acylation of Polylysine Hydrobromide. General Procedure.
Polylysine hydrobromid@ (1.0 mmol) was suspended in a mixture of
4 mL of DMF and 1 mL of 2,6-lutidine. At OC, a solution of acid
anhydride (3.0 mmol) in 1 mL of DMF was added within 15 min, and
the resulting clear solution was stirred for 16 h at@ The product
was precipitated by dropwise addition of the solution to 40 mL of a
stirred 1:1 mixture of ethanol and ether. The solid was filtered off,
washed with ethanol/ether 1:1, and dried to yield the acylated polylysine
derivative.

problematic to use these polymers for selectin assays. Compound L-4: yield, 98%.D/L-4: yield, 94%.L-5: yield, 94%.L-6: yield,

L-24 is well characterized, can be prepared with reproducible
composition and molecular weight distribution, and has no

quantitative.
Functionalization Reactions of 4. General Procedure for the

additional acid functions (besides the sialic acid and one end Purification of Water-Soluble Polymers. The reaction mixture was

group). Our assay allows reliable evaluation of a broad variety
of E-selectin antagonists. The data are predictive for the in vivo
behavior of the tested compounds. The application for similar
P- and L-selectin ligand binding assays was less successful.

Conclusion

The new homopolyme# with reactive chloroacetamide
functions was prepared from commercially available polylysine
hydrobromide. As functionalization with various thiols is
quantitative and the polylysine backbone is not affected, this

added dropwise to 30 mL of a 1:1 mixture of ethanol and ether. The
formed precipitate was filtered off and washed with ethanol. The crude
product was dissolved in water and further purified by means of
ultrafiltration. Ultrafiltrations were performed using Amicon stirred cells
8010 (volume, 10 mL, diameter, 25 mm) and Amicon disk membranes
YM3 (molecular weight cutoff, 3000). Ultrafiltrations were repeated
five times from 10 down to 2 mL, with the volume being made up
with distilled water on each occasion. When charged components were
incorporated, the aqueous solution was adjusted to pH 11 by adding 2
M NaOH prior to the first run to obtain the sodium salts. Lyophilization
afforded the product polymers as colorless powders.

L-8. A solution of DBU (29.8 mg, 0.196 mmol, 2.0 equiv) in 1 mL

methodology gives easy access to complex, biodegradableqs pymE was added at room temperature to a solutioh-6f(20.0 mg,

glycopolymers with predictable composition and molecular
weight distribution. Both product purity and composition can
be readily analyzed bfH NMR. This new method is not limited

to the synthesis of glycopolymers and could be broadly applied

0.098 mmol) and (31.8 mg, 0.294 mmol, 3.0 equiv) in 2 mL of DMF,
and the mixture was stirred f& h (L-8, 26 mg, 96%).

D/L-8. As described fot-8; yield, 99%.

L-9. At room temperature, NE{20.2 mg, 0.200 mmol, 2 equiv)

to the design and preparation of soluble polylysine conjugates was added to a solution &f4 (10.0 mg, 0.050 mmol) antio® (5:1

for a variety of uses.

Experimental Section

General. All reactions were carried out under an atmosphere of dry
argon. Chemical shifts of theH NMR signals of water-soluble
compounds are reported relative to the shift of the DHO peak (4.75
ppm). The signal assignments which are given in the Supporting
Information are based on two-dimensiofl*H correlation (COSY)
and 'H/3C correlation spectroscopy (HSQC). The SEC-MALLS
measurements df-8, L-13, andL-14c were done in DMF at 30C
using PSS SDV 1000 A, 16m, 8 x 300 mm, and PSS SDV i@,

10 um, 8 x 300 colums, a Wyatt DAWN-F multiangle laser light
scattering detector, and a Shodex differential refractometer SE-61.

Syntheses of Mercaptans 11, 17, 22, and 24 from the Corre-
sponding Primary Amines. General Procedure.Under rigorous
exclusion of oxygen, a solution d®y'-SH (0.05 mmol), thiobutyro-
lactone (0.5 mmol), and NE(0.5 mmol) in 5 mL of degassed methanol

o/f-mixture; 19.2 mg, 0.100 mmol, 2 equiv) in 2 mL of DMF, and the
mixture was stirred for 16 hL¢9; 17.0 mg, 93%). According téH
NMR, the product contained 83% of monomer units linke@G{B1o
and 17% of monomer units linked t-Ro.

L-12. At room temperature, NE(30.3 mg, 0.300 mmol, 3 equiv)
was added to a solution &f4 (20.5 mg, 0.100 mmol) antil (57 mg,
0.150 mmol, 1.5 equiv) in 1 mL of DMF, and the mixture was stirred
for 48 h (L-12; 28 mg, 72%). According tdH NMR, the product
contained 70% of monomer units linked to GIcNAc and 30% of
chloroacetamide units.

L-13. A solution of DBU (37.0 mg, 0.244 mmol, 2.0 equiv) in 1
mL of DMF was added at room temperature to a solutioh-df (25.0
mg, 0.122 mmol) and1 (60.4 mg, 0.159 mmol, 1.3 equiv) in 2 mL of
DMF and stirred fo 3 h (L-13; 65 mg, 97%).

L-14c. A solution of DBU (13.7 mg, 0.092 mmol, 0.75 equiv) in 1
mL of DMF was added at room temperature to a solutioh-df (25.0
mg, 0.122 mmol) and1 (23.2 mg, 0.061 mmol, 0.5 equiv) in 2 mL of
DMF and stirred for 1 h. Thery, (29.8 mg, 0.276 mmol, 3 equiv) and

was heated under reflux for 16 h. The solvent and volatile side products NEt; (27.9 mg, 0.276 mmol, 3 equiv) were added, and stirring was
were removed in vacuo, and the residue was subjected to chromatog-continued fo 2 h (L-14c; 47.5 mg, 95%). According t&H NMR, the

raphy on silica gel.

11 from 28:3 eluent, ethyl acetate/methanol 3:1; yield, 89%; MS/
El 403 (M + Na)'.

17 from 29:3¢ eluent, chloroform/methanol/water 55:45:10; yield,
74%; MS/EI 1002 (M+ Na)".

22 from 30:%7 eluent, chloroform/methanol 10:1; yield, 78%; MS/
El 445 (M + H)*.

(34) Weitz-Schmidt, G.; Stockmaier, D.; Scheel, G.; Nifant'ev, N. E.;
Tuzikov, A. B.; Bovin, N. V.Anal. Biochem1996 238 184. Biotinylated
sLetpolyacrylate is commercially available from Synthesome, Gesellschaft
fuer medizinische Biochemie mbH, Heimdall Str. 4, D-81739 Munic,
Germany.

(35) Nishimura, S.-I.; Furuike, T.; Matsuoka, Klethods Enzymol994
242 235.

(36) (a) Nifant’ev, N. E.; Tsvetkov, Y. E.; Shashkov, A. S.; Tuzikov, A.
B.; Maslennikov, I. V.; Popova, I. S.; Bovin, N. \Bioorgan. Khim.1994
20, 552. (b) Nifant'ev, N. E.; Tsvetkov, Y. E.; Shashkov, A. S.; Konov, L.
O.; Menshov, V. M.; Tuzikov, A. B.; Bovin, N. VJ. Carbohydr. Chem.
1996 15, 939.

product contained 50% of monomer units linked to thioglycerol and
50% of monomer units linked to GIcNAc.

L-14d. As described fot-14c, but by using 20% ofL.1 instead of
50%; yield, 95%. According tdH NMR, the product contained 20%
of monomer units linked to GIcNAc and 80% of monomer units linked
to thioglycerol.

D/L-14. as described fdr-14c; yield, 95%. According t6H NMR,
the product contained 50% of monomer units linked to GIcNAc and
50% of monomer units linked to thioglycerol.

L-15. DBU (22.3 mg, 0.147 mmol, 1.0 equiv) was added at room
temperature to a solution @f-4 (30.0 mg, 0.147 mmol) in 6 mL of

(37) Nifant'ev, N. E.; Shashkov, A. S.; Tsvetkov, Y. E.; Tuzikov, A.
B.; Abramenko, I. V.; Gluzman, D. F.; Bovin, N. VACS Symp. Set994
560, 267.

(38) Compound.0 (5:1 a/-mixture) was obtained from the correspond-
ing tetraacetate by saponification using sodium methanolate in methanol.
The reaction mixture was neutralized with Dowex 50Wx8 ion-exchange
resin.
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DMF and stirred for 18 h. Thery, (47.7 mg, 0.441 mmol, 3.0 equiv)
and NEg (74.2 mg, 0.735 mmol, 5.0 equiv) were added, and stirring
was continued for 24 hL¢15; 21 mg, 44%). According téH NMR,
the product contained 60% of monomer units linked to thioglycerol
and 40% of monomer units linked to DBU.

L-16d. 4L (7.6 mg, 0.037 mmol) was dissolved in 1.4 mL of
degassed DMF. Nex1,7 (12.0 mg, 0.0111 mmol, 0.3 equiv) followed

Thoma et al.

temperature for 1 h, 39.5 mg (0.366 mmol) of thioglycef@nd 100
mL of distilled triethylamine were added, and stirring was continiued
for 2 h (L-27; 60 mg, quantitative). According fé! NMR, the product
contained 50% of monomer units linked te, R0% of monomer units
linked to Ri7, 25% of monomer units linked to,i and 5% of monomer
units linked to R,

Cell-Free E-Selectin Ligand Binding AssayWells in a microtiter

by 0.1 mL of degassed water were added. To the clear solution wasplate (plate 1, Falcon probind) are coated with E-selectin/hlg chimera

added at room temperature a solution of DBU (8.5 mg, 0.056 mmol,

1.5 equiv) in 0.4 mL of DMF. After the solution was stirred for 17,
(12.0 mg, 0.111 mmol, 3 equiv) and NEtL1.2 mg, 0.111 mmol, 3
equiv) were added, and stirring was continued for 1&.416d; 20.0
mg, quantitative). According t&H NMR, the product contained 70%
of monomer units linked R(thiglycerine) and 30% of monomer units
linked to Ry (sLe&).

Accordingly, L-16a, L-16b, and L-16c were prepared froni-4.
PolymersD/L-16a andD/L-16b were prepared frorb/L-4 (for yields
and carbohydrate contents, see Table 1).

L-18. A solution of DBU (8.5 mg, 0.056 mmol, 1.5 equiv) in 0.4
mL of DMF was added at room temperature to a solutioh-df (6.6
mg, 0.0324 mmol)17 (7.0 mg, 0.0065 mmol, 0.2 equiv), add (0.92
mg, 0.0081 mmol, 0.25 equiv) in 1.0 mL of DMF and 0.05 mL of
water and stirred for 1 h. Theid,(10.5 mg, 0.097 mmol, 3 equiv) and
NEt; (9.8 mg, 0.097 mmol, 3 equiv) were added, and stirring was
continued for 16 h.l(-18; 14.5 mg, quantitative). According t&H
NMR, the product contained 55% of monomer units linked to R
20% of monomer units linked to /R and 25% of monomer units
linked to Ru.

L-21. A solution of DBU (8.5 mg, 0.056 mmol, 1.5 equiv) in 0.4
mL of DMF was added at room temperature to a solutioh-df (6.6
mg, 0.0324 mmol)17 (7.0 mg, 0.0065 mmol, 0.2 equiv), a@@ (1.33
mg, 0.0081 mmol, 0.25 equiv) in 1.0 mL of DMF and 0.05 mL of
water and stirred for 1 h. Then,(10.5 mg, 0.097 mmol, 3 equiv) and
NEt; (9.8 mg, 0.097 mmol, 3 eqiv) were added, and stirring was
continued for 16 hi(-21; 15.0 mg, quantitative). According t61 NMR,
the product contained 55% of monomer units linked to 20% of
monomer units linked to B, and 25% of monomer units linked to
RZO.

L-23. DBU (7.5 mg, 0.050 mmol, 1 equiv) was added at room
temperature to a solution @f4 (10.0 mg, 0.050 mmol)}17 (10.6 mg,
0.010 mmol, 0.2 equiv), and2 (1.11 mg, 0.0025 mmol, 0.05 equiv)
in 2.0 mL of DMF and stirred for 1 h. TherT, (27.0 mg, 0.25 mmol,

5 equiv) and NEf (25.3 mg, 0.25 mmol, 5 equiv) were added, and
stirring was continued for 16 HL¢23; 22.0 mg, 95%). According to
IH NMR, the product contained 75% of monomer units linked to R
20% of monomer units linked to.R and 5% of monomer units linked
to Roo.

L-25. DBU (7.5 mg, 0.050 mmol, 1 equiv) was added at room
temperature to a solution @f4 (10.0 mg, 0.050 mmolR4 (10.6 mg,
0.010 mmol, 0.2 equiv), and2 (1.11 mg, 0.0025 mmol, 0.05 equiv)
in 2.0 mL of DMF and stirred for 1 h. TherT, (27.0 mg, 0.25 mmol,

5 equiv) and NEf (25.3 mg, 0.25 mmol, 5 equiv) were added, and
stirring was continued for 16 H_{25; 22.0 mg, 95%). According to
IH NMR, the product contained 75% of monomer units linked o R
20% of monomer units linked to& and 5% of monomer units linked
to Rzz.

L-26. DBU (18.5 mg, 0.122 mmol, 1 equiv) was added at room
temperature to a solution &f4 (25.0 mg, 0.122 mmol)17 (10.6 mg,
0.024 mmol, 0.2 equiv), ang? (2.7 mg, 0.0061 mmol, 0.05 equiv) in
2.5 mL of DMF and stirred for 1 h. Ther20 (60.0 mg, 0.366 mmol,

3 equiv), NE$ (61.6 mg, 0.61 mmol, 5 equiv), and 0.5 mL of degassed
water were added, and stirring was continued for 16-8¢; 62.0 mg,
quantitative). According t6H NMR, the product contained 20% of
monomer units linked to B, 75% of monomer units linked to R
and 5% of monomer units linked toR

L-27. To an oxygen-free solution of 25.0 mg (0.122 mmol)Le4
in 2.5 mL of dimethylformamide and 0.5 mL water were added 5.0
mg (0.0305 mmol, 0.25 equiv) @0, 26.4 mg (0.024 mmol, 0.2 equiv)
of 17, and 2.70 mg (0.0061 mmol, 0.05 equiv) 82 at room

at a concentration of 200 ng/well. After coating, the wells are blocked
for a minimum of 2 h. During this incubation, inhibitory test compounds
are titrated by a 2-fold serial dilution in a second U-shaped bottom
low-bind microtiter plate (plate 2, Costar, Inc.). An equal volume of a
preformed complex of the biotinylated sialyl Le#wlymerL-15 and
horseradish peroxidase-labeled streptavidin (KPL, Gaithersburg, MD)
is added to each well. Afte2 h at 22°C, plate 1 is washed with buffer,
and 100uL/well is transferred from plate 2 to plate 1. The binding
reaction is allowed to proceedrf@ h at 22°C while rocking. Plate 1

is then washed with buffer, and 120 of TMB substrate reagent (KPL)

is added to each well. After 3 min, the colorimetric reaction is stopped
by adding 100uL/well of 1 M HsPQ, and the optical density is
determined at 450 nm.

Assay To Measure Cell Adhesion under Flow ConditionsA flow
assay was employed using a parallel plate flow chamber (GlycoTech,
Rockville, MD) to measure the activity of multivalent sljgolymers
to inhibit the rolling of polymorphonuclear neutrophils (PMNs) on
human umbilical vein endothelial cells (HUVECS).

HUVECs were isolated from umbilical cords using collagenase
(Worthington Biochemicals, LS004196), washed, and expanded in
T-175 flasks. After about 10 days, when the HUVECs reached
confluence, they were passaged to 35-mm tissue culture dishes coated
with fibronectin (FN) (Gibco 33016-023). The dishes were used-f 3
days once a confluent monolayer was obtained.

PMNs were isolated from fresh blood the day of each experiment
and used witm 5 h of theisolation. The neutrophils were suspended
in HBSS with Ca and Mg (Sigma H9269) and 12 mM Hepes (Biofluids,
MD No. 305) at 16 cells/mL for use in the flow assay.

Prior to the flow assay, the confluent HUVEC monolayers were
stimulated with TNFet (30 U/mL, Genzyme) fo 3 h to induce the
expression of E-selectin on the cell surface. Test compounds were
incubated with HUVECs and PMNs for 20 min prior to flow in the
presence or absence of human serum albumin (HSA, 3 mg/mL, Sigma,
A-6784). The cell suspension of PMNs fl¢ells/mL) containing the
test compound was perfused through the chamber at a shear rate
corresponding to a wall shear stress of 0.9 dyr/chime wall shear
stress fy, dyn/cn?) is given byz, = 6uQ/a’b, whereu is the ap-
parent viscosity of the media (for,@ at 37°C = 0.0076 P)a is the
channel height (i.e., gasket thickness of 2&4), b is the channel width
(i.e., gasket width of 0.25 cm), ar@is the volumetric flow rate (mL/
min). The cell suspension was allowed to flow through the chamber
for 3 min before digital images were collected to quantify each
experiment.

The digital image system consisted of a Silicon Graphics Indigo 2
workstation interfacing to Inovision’s IC300 digital image system. A
CCD camera (Dage-MTI CCD72) was mounted on a Zeiss inverted
stage microscope (ICM 405), operated in the phase contrast mode using
a 10x objective to provide the signal to the digital image system. The
experiments were recorded on a video recorder (Sony model SVO-
1610).

After 3 min of perfusing cells through the flow chamber, digital
images were acquired at-20 different locations on each of three dishes
for every experimental condition. The image acquisition program
collected 10 images at each location to provide sufficient image data
for subsequent image processing. Each of the 10 images was a result
of a real-time minimization function of three frames to remove all
moving cells in the bulk flow which are not in contact with HUVEC
monolayer in the flow chamber. Once the 10 images were collected,
image analysis was performed to generate composite images containing
only rolling cells, only arrested cells, or images with the total number

temperature and under argon. Then, 27.8 mg (0.183 mmol) of DBU of interacting cells (i.e., both the rolling and arrested cells). The images
was added to the clear solution. After the solution was stirred at room with the rolling cells are created to show the rolling cells as vertical



Versatile Functionalization of Polylysine J. Am. Chem. Soc., Vol. 121, No. 25, 55

streaks corresponding to the distance traveled by the cells during image Acknowledgment. We thank Gabriele Baisch, Beatrice

acquisition. Wagner, Franz Schwarzenbach, and Bernhard Wyss for excellent
The number of interacting cells was determined by a segmentation tachnical assistance.

program based on pixel intensity and size. The digital image analysis

system is able to count the number of objects that meet the pixel ~Supporting Information Available: CD spectum ofL-8;

intensity and size criteria and report the number of interacting cells NMR data and peak assignment for thidl4, 17, 22, 24

for each image. The number of arrested cells is usually minimal, so and for polymersA—6, 9, 12—16, 18, 21, 23, 2527 (PDF).

they were counted visually. Quantification of the rolling behavior was - Thjs material is available free of charge via the Internet at

performed by analysis of images containing the rolling cells as vertical http://pubs.acs.org.

streaks. The measure of rolling was the rolling index defined as the

total area (i.e., total pixel count) of all the vertical streaks in each image. JA984183P



