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There is increasing evidence that multivalency plays an important role in praigith recognition and membrane
targeting in biological systems. We describe here the preparation and characterization of multivalent analogues
of the signaling lipid phosphatidylinositol-4,5-bisphosphate §RIPetherable analogues of the Rlireadgroup

were appended to polyamidoamine dendrimers via a squarate linker to afford polymers displaying four or eight
headgroup moieties. This class of molecules should provide a powerful tool for the study of plipielin
interactions.

Introduction Results and Discussion

Binding interactions in which multiple ligands simultaneously Dendrimers have been used for the surface attachment of a
contact a polyvalent receptor or surface are common in variety of chemical moietie¥ We chose polyamidoamine
biological systems, and synthetic multivalent ligands have been (PAMAM) dendrimers as our polymeric scaffold because of
invaluable for investigating these interactidrisMultivalent their aqueous solubility, extensive structural characterization,
interactions are especially important for protegarbohydrate and commercial availability® Moreover, the larger branched
recognition, and a large array of linear and branched glyco- polymers in this class adopt a spherical shape, providing a
polymers have been prepared and assayed for biologicalmicelle-like arrangement of lipid headgroudsThe synthesis

activity 13 and characterization of dendrimers containing phosphoinositide
Several lines of evidence suggest that multivalent interactions moieties present additional challenges to those of carbohydrate
may also be important for proteiriipid molecular recognition  ligands because of their insolubility in organic media and

in various signal transduction pathways. The lipid phospha- negative charge. Anionic polymers are prevalent in nature.
tidylinositol-4,5-bisphosphate (PJPappears to cluster into lipid ~ However, in marked contrast to glycopolymérs;'8 very few
domains known as lipid rafts in vivbA number of structurally ~ examples of polymers containing anionic lipiihiave been
distinct PIR-binding proteins, including profilin, gelsolin,  prepared in the laboratory.

MARCKS, and FERM domain proteins, have been reported to ~ Many efforts have been directed toward the synthesis of
contact multiple lipid molecules simultaneou8iy! In addition, chiral phosphoinositide headgroup analogt¥%e% For our
proteins such as myosin X, dynamin, and FYVE domain proteins polymer syntheses, the amine-tethered,Rifid headgroup
contain multiple lipid binding domains or require dimerization analogue §) was prepared using modifications of procedures
for productive membrane bindirig: 14 from the groups of Chen and Prestwié3.24

The study of the molecular basis for proteiipid interac- Coupling of saccharides to dendrimers has been achieved in
tions is complicated by the mobility of molecules in lipid the past without protecting group%25-27 and for our initial
bilayers. Many, if not most, of the Pi#binding proteins listed  studies, this strategy presented the most promising route to
above use positively charged regions to bind to the surface of artificial micelles. In seeking efficient chemistry, we were
the membrane, making the strongest contacts with the negativelylimited by the poor solubility of the lipid headgroup in
charged lipid headgroups!'i4 We therefore reasoned that nonaqueous solvents and by its sensitivity to both acidic and
polymeric scaffolds capable of presenting multiple lipid head- basic conditions. Many chemical moieties employed in the cross-
groups in a covalently constrained fashion would provide a linking of amines in aqueous or polar organic solutions, such
powerful tool for the study of proteinlipid recognition. We  as water-soluble carbodiimides, activated hydroxysuccinimide
report here the synthesis of multivalent Pé#Palogues contain-  esters, and isothiocyanates, therefore proved to be unsuitable
ing four (1) and eight 2) copies of the PIPheadgroup (Figure  for attachment of3 to the dendrimer scaffold. The optimal
1). solution proved to be the use of the 3,4-diethoxy-3-cyclobutene-

1,2-dione moiety as a vinylogous amide cross-linker (Scheme
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Figure 1. Generation 1 PIP, micelle mimic. Arrows indicate the positions of the methylene groups used to determine the ratio of headgroup
molecules per dendrimer.

Scheme 1. General Strategy for Synthesis of PAMAM PIP,-Functionalized Dendrimers
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modification of buffer pH, allowing for efficient synthesis of

Reaction of polymergl and5 with excess3 (2 equiv per
the desired vinylogous amide ester or diamide prodifets.

terminus) afforded GO and G1 PAMAM PiBendrimersl and
Generation 0 (G0) and generation 1 (G1) PAMAM den- 2 'espectively. The extent of the reaction was monitored by
drimers were derivatized with an excess of 3,4-diethoxy-3- ‘H NMR (Supporting Information). For both the GO and the
cyclobutene-1,2-dione (1-11.4 equiv per amino terminus) to G1 PAMAM PIP, dendrimers, conversion from the squarate
afford amide esterd and5 (Scheme 1). Removal of residual dendrimer to the desired phosphatidylinositol dendrimers was
squaric acid diester was accomplished by dialysis. quantitative as judged by NMR. However, loss of prod&%v
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Figure 3. ESI-MS of GO PAMAM PIP; dendrimer (1). (A) The

observed mass-to-charge peak of 911.11 corresponds to the calcu-
lated mass-to-charge ratio of 911.12 for C74H125N14072P12 for the triply
B R S EE charged species of 1. Multiple adducts formed between 1 and sodium

] 4.0 ] 2.0 m ions are observed; the spacing allows ynamblguous _as_S|gnment of
4.5 3.5 3.0 25 PP the ion charge state. (B) An expanded view of part A distinctly shows

Figure 2. *H and 3'P (inset) NMR spectra for the generation 1 PIP; isotopic spacing for the highest intensity species in the sodium
micelle mimic (2). The well-resolved peaks used to determine the envelope.

number of headgroup moieties coupled to the dendrimer are indicated
by open and filled arrows, respectively. Arrows correspond to those
shown in Figure 1. mass spectrometry data are consistent with a series of sodium

o ) adducts for the fully derivatized GO and G1 PAMAM RIP
occurred as excesswas removed by dialysis, especially for  gendrimers.

the smaller dendrimet. Isolated reaction yields (53% and 78%

for GO and G1 PAMAM PIR dendrimers respectively) were

determined using a colorimetric assay for moles of phos- Conclusions

phate?:3t : . .

The extent of derivatization was determined from the relative W€ have described the successful preparation of multivalent
integrations at well-separated resonances from the aminoalkyi!iPid analogues displaying four or eight RIReadgroups. We
linker region of the PIPheadgroup and a methylene group from  Predict that this class of molecules will be invaluable for
the PAMAM dendrimer core (Figure 2). The observed den- Studying the molecular basis of protéiphosphoinositide
drimer-to-linker relative integrations of 1.01:1 fband 0.96:1 recognition and.thg means by W.h'Ch these lipids mF’.d“'a‘e
for 2 suggest complete derivatization with RIRid headgroup protein func_tlon |n__5|gnal transduction pathways. In addition to
analogue3 for both dendrimers. As expected, th#® NMR their b|olog|_cal utility, these_ mpleculeg represent progress in
spectrum of G1 PAMAM PIR dendrimer2 (Figure 2, inset) the synthesis and characterization of highly anionic biomimetic

indicates three separate peaksdab.49, 6 5.39, andd 5.51 polymers.

(2:1:1), consistent with one phosphodiester, and two nonequiva-

lent phosphate monoesters. Similar results were observed for Acknowledgment. We thank Angela Hansen and Jon Karty

GO PAMAM PIP, dendrimerl (Supporting Information). for assistance with matrix-assisted laser desorption ionization
The complete derivatization of the dendrimers observed by MaSS spectrometry and Sarah Richer for carefullreading .of this

NMR was confirmed by mass spectrometry. Because of the high Manuscript. This work was supported by National Science

negative charge density on these molecules, electrospray ionizal-0undation Grant No. MCB-9722264, Indiana University, and

tion mass spectrometry (ESI-MS) in the negative ion mode was & National Defense Science and Engineering Graduate Fellow-

utilized32 The charge density of dendrimetsand? led to the ship from the Air Force Office of Scientific Research to S.A.W.

observation of higher-order charge state2 to —6) for these

compounds. Isotopic resolution within these charge states, along Supporting Information Available. Experimental proce-
with the observed Niaatom envelope, allowed the unambiguous dures for the preparation of compourttis5 and details of the
assignment of charges and masses. The calculated mass-tgzharacterization of these compounds, including NMR spectra
charge ratio of 911.12 for the triply charged specieslaé for 1 and mass spectral data f@r This material is available
consistent with its observed mass-to-charge ratio of 911.11 free of charge via the Internet at http://pubs.acs.org.

(Figure 3). Peaks corresponding to the expected mass-to-charg
ratio for sodium adducts containing one, two, and three sodium
ions are also observed. Data for G1 dendrirReare also (1) Kiessling, L. L.; Gestwicki, J. E.; Strong, L. E. Synthetic multivalent
consistent with the expected mass (Supporting Information). 'A'l%ag%j gfzpsfgges of signal transductiéngew. Chem., Int. E2006
Moreover, no dendrimer species with ir_1complete modification @ Mammen, M.- Seok-Ki. C.: Whitesides, G. M. Polyvalent interactions
are observed, even though these species are clearly detectable * " i, piological systems: Implications for design and use of multivalent
in partially modified samples (Supporting Information). Thus, ligands and inhibitorsAngew. Chem., Int. EA998 37, 2754-2794. CDV
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