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P hosphoinositide (PI) lipids play im-
portant roles in virtually every cellu-
lar process in eukaryotes, including

cell motility and the regulation of the cy-
toskeleton, membrane trafficking, apopto-
sis, and cell growth (1−6). These lipids are
recognized by a variety of structurally dis-
tinct protein domains, including PH, PX,
FERM, ANTH, ENTH, and Tubby domains
(7−11), as well as by proteins containing
surface patches of basic residues (12−17).
Our understanding of the role of protein·PI
interactions and the regulation of protein
function by PIs has advanced significantly
in the past decade (2). However, the study
of the molecular basis for these interactions
has been hampered by the inherent com-
plexity of eukaryotic cell membranes, by the
mobility of lipids within the bilayer, and of-
ten by the requirement for interactions with
multiple membrane components (2, 7, 18).

Indeed, many PI-binding proteins form
multivalent complexes with their lipid tar-
gets (9, 11−16, 19−23). The importance of
multivalent interactions for the recognition
of biological molecules is especially well
documented for carbohydrate-binding pro-
teins, and synthetic multivalent ligands ca-
pable of displaying multiple copies of mono-
and oligosaccharides have been vital for
studying these interactions (24−26). Simi-
larly, synthetic analogues of lipid assem-
blies would provide an extremely valuable

tool for probing and manipulating protein·PI
interactions.

Many PI-binding proteins are peripheral
membrane proteins that are likely to inter-
act primarily with polar lipid headgroups (2,
4, 10). We therefore reasoned that a multi-
valent PI analogue lacking the hydrophobic
diacylglycerol (DAG) moiety would be an ef-
fective ligand, greatly simplifying the prepa-
ration of these analogues. Human profilin I,
a tumor suppressor (27−29) that is involved
in the regulation of the cytoskeleton (30,
31), was used for our initial studies. This
small, well-characterized, actin-binding pro-
tein also recognizes phosphatidylinositol-
4,5-bisphosphate (PIP2), interacting with
multiple equivalents of lipid (12, 13,
32−36). Importantly, profilin can discrimi-
nate between PIP2 and its monomeric hy-
drolysis product, inositol-1,4,5-triphosphate
(IP3), and this discrimination appears to be
important for its function (37). We chose
polyamidoamine (PAMAM) dendrimers as
our polymeric scaffold because of their
aqueous solubility, extensive structural
characterization, and commercial availabil-
ity (38). Moreover, the larger branched poly-
mers in this class adopt a spherical shape,
providing a micelle-like arrangement of lipid
headgroups (39).

Here, we present the synthesis of a
PAMAM dendrimer derivatized with 46 PIP2

headgroups. Moreover, we show that this
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ABSTRACT Phosphoinositide (PI) lipids are
essential regulators of a wide variety of cellular
functions. We present here the preparation of a
multivalent analogue of a phosphatidylinositol-
4,5-bisphosphate (PIP2) micelle containing only
the polar headgroup portion of this lipid. We
show that this dendrimer binds to the cytoskel-
etal protein profilin with an affinity indistin-
guishable from that of PIP2, despite the fact
that profilin discriminates between PIP2 and its
monomeric hydrolysis product inositol-1,4,5-
triphosphate (IP3) under physiological condi-
tions. These data demonstrate that the diacylg-
lycerol (DAG) moiety of PIP2 is not required for
high-affinity binding and suggest that profilin
uses multivalency as a key means to distinguish
between the intact lipid and IP3. The class of
soluble membrane analogues described here is
likely to have broad applicability in the study of
protein·PI interactions.
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artificial micelle binds to profilin with an af-
finity equivalent to that of PIP2. This result
demonstrates that micelle mimics contain-
ing only the headgroup portion of a PI lipid
can bind with high affinity even to a protein
that discriminates between PIP2 and IP3.

We have previously described the attach-
ment of an aminoalkyl-tethered PIP2 head-
group analogue 2 (40−42) to generation 0

(G0) and generation 1 (G1) PAMAM den-
drimers via a 3,4-diethoxy-3-cyclobutene-
1,2-dione (squarate) linker (43). For this
study, the generation 4 (G4) PAMAM den-
drimer was selected as the most suitable
scaffold, as its size and the number of ter-
mini available for attachment of PIP2 head-
groups (38, 39) would afford a modified
dendrimer with roughly the size and head-

group spacing of a PIP2 mi-
celle (44). Unlike the smaller
PAMAM dendrimers, the G4
dendrimer is polydisperse as
a result of defects in polymer
synthesis (45). We found the
G4 PAMAM dendrimer to have
60 available termini, in accord
with previously reported val-
ues (45−47). The dendrimer
was derivatized with diethyl
squarate (48) to afford G4
PAMAM squarate dendrimer 3
(Scheme 1). Approximately 51
termini were modified as
judged by matrix-assisted la-
ser desorption/ionization-
time-of-flight (MALDI-TOF)
mass spectrometry.

PIP2 aminoalkyl headgroup
2 was coupled to squarate
dendrimer 3 to afford G4
PAMAM PIP2 dendrimer 1. The
progress of the reaction was

monitored by 1H NMR, through the disap-
pearance of the squarate ethyl resonance
at 1.46 ppm (OCH2CH3) (Figure 1). The de-
gree of derivatization of the product den-
drimer was estimated using 1H NMR, by
comparison of relative integrals located at
well-defined resonances (Figure 1, open and
closed arrows). Approximately 90% of the
squarate-containing termini were derivat-
ized, affording dendrimer 1 with an average
of 46 PIP2 headgroups per dendrimer.

To assess the suitability of artificial mi-
celle 1 for studying protein·PI interactions,
we monitored its binding to profilin, which
binds to both PIP2 micelles and large unila-
mellar vesicles (LUVs) containing PIP2 (12,
13, 32−36). Biochemical studies with profi-
lin are complicated by its sensitivity to modi-
fications at either terminus (34, 49, 50), re-
quiring the use of unlabeled protein. We
therefore measured the binding affinity of
profilin for PIP2 and for G4 PAMAM PIP2 den-
drimer 1 using an enzyme-linked immu-
nosorbent assay (ELISA). ELISA plates were
coated with PIP2 or dendrimer 1 and then in-
cubated with varying amounts of profilin.
The bound profilin was affixed with a pri-
mary antiprofilin antibody, which was in turn
detected by means of a secondary horserad-
ish peroxidase (HRP)-conjugated antibody.
The data were fit assuming a 1:1 binding
model, yielding an average dissociation
constant (Kd) of 6.5 � 4.9 �M for the
profilin·PIP2 interaction (Figure 2, panel a),
consistent with previously reported values
(13, 32−36). The affinity of profilin for G4
PAMAM PIP2 dendrimer 1 is indistinguish-
able from that of PIP2, with a Kd of 4.6 �

4.5 �M (Figure 2, panel a). Independent
controls confirmed that there was no inter-
action between profilin and an unmodified
dendrimer lacking the PIP2 headgroup 2
(data not shown).

To characterize the complex between pro-
filin and dendrimer 1 further, we sought to
estimate the average number of profilin mol-
ecules bound to each dendrimer using sedi-
mentation equilibrium experiments. Be-

SCHEME 1. General Scheme for the Synthesis of G4 PAMAM PIP2 Dendrimer
1a

aArrows correspond to those shown in Figure 1.

Figure 1. 1H NMR spectra for G4 PAMAM PIP2 dendrimer 1
and PIP2 headgroup 2 (inset). The well-resolved peaks used
to determine the number of headgroup moieties coupled to
the dendrimer are indicated by open and filled arrows,
respectively.
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cause of the polydispersity of the dendrimer
pool and the potential for multiple profilin
molecules to interact with each dendrimer,
we expected a distribution of complexes. To
minimize this heterogeneity, we used a 13-
fold excess of profilin and monitored the
complex at a wavelength (305 nm) at which
the absorbance is due primarily to the den-
drimer squarate moiety. Data were fit to an
idealized single-species model to obtain an
average molecular weight for the distribu-
tion of species. The observed molecular
weight of ca. 170 � 17 kDa mol�1 corre-
sponds to that expected for a single den-
drimer bound to 8 � 1 molecules of profi-
lin, providing a binding stoichiometry of

approximately 1 profilin per 6 PIP2 head-
groups (data not shown). Estimates of the
stoichiometry of the profilin·PIP2 interaction
range from 5�10 molecules of lipid per mol-
ecule of profilin (12, 13, 32−35). In gen-
eral, higher estimates are obtained with PIP2

micelles than with PIP2-containing LUVs,
presumably because there is insufficient
surface area on the micelles to accommo-
date additional protein molecules. Similarly,
steric occlusion may also limit the number
of profilin molecules that interact with each
dendrimer; thus, we interpret the 1:6 stoi-
chiometry we observe for the dendrimer as
an upper limit. Nonetheless, these data are
consistent with the profilin·PIP2 binding stoi-
chiometry values reported in the literature
(12, 13, 32−35), emphasizing the impor-
tance of multivalency for the interaction be-
tween profilin and dendrimer 1 and indicat-
ing a binding mode similar to that observed
for PIP2.

To assess the efficacy of G4 PAMAM PIP2

dendrimer 1, it is necessary to measure not
only the binding affinity of profilin for PIP2

but also its affinity for monomeric IP3. Al-
though a profilin·IP3 complex has not been
detected at physiological concentrations in
a wide variety of biochemical assays (32,
33, 51, 52), we have recently shown that
profilin binds to IP3 at elevated concentra-
tions. Using 1H�15N HSQC NMR titrations,
we determined an average apparent Kd

value of 20 mM for the profilin·IP3 (53). For
direct comparison to our PIP2 and G4
PAMAM PIP2 dendrimer 1 ELISA data, we
probed the ability of profilin to bind PIP2 in
the presence of excess IP3 or PIP2 head-
group 2 using competition ELISA (Figure 2,
panel b). No change in the affinity of profi-
lin for PIP2 was detected in the presence of
either ligand in excess of 20,000 equiv
(Figure 2, panel b). We therefore estimate
from these results a lower limit of 10 mM for
the dissociation constants of these com-
plexes, in accord with our previously re-
ported NMR results (53). Thus, profilin binds
to its target lipid, PIP2, with approximately

3000-fold higher affinity than it does to IP3.
Moreover, all of this binding affinity is recov-
ered in the multivalent ligand, G4 PAMAM
PIP2 dendrimer 1, which does not contain
the DAG moiety. This result is particularly re-
markable as the spacing between head-
groups of our analogue has not been
optimized.

Our observation of high-affinity binding
to profilin by a multivalent PI analogue com-
pletely lacking the DAG moiety strongly sug-
gests that this hydrophobic portion of the
lipid is not required for binding. In contrast,
multiple PIP2 headgroups are required for
high-affinity binding. The simplest interpre-
tation of these observations is that the acyl
chains are required for lipid self-association,
allowing multivalent presentation of PIP2

headgroups within the membrane
(Figure 3). Supporting this view, Moens
et al. (54) have shown that PIP2 at submicel-
lar concentrations has a dramatically lower
binding affinity for profilin than does PIP2 in
micelles or lipid vesicles. The observed Kd

(1 mM) for the interaction between profilin
and submicellar PIP2 is approximately 20-
fold lower than the Kd we have reported for

Figure 2. ELISA binding data for profilin. a) Av-
erage normalized fitted ELISA data for bind-
ing titrations of profilin with PIP2 (circles,
solid line) and G4 PAMAM PIP2 micelle mimic
1 (squares, dashed line). The dissociation con-
stants reported were derived from 15 sepa-
rate experiments for both PIP2 and 1; error
bars represent the standard deviation of these
experiments. b) Representative data from
competition titration experiments for IP3

(circles) and PIP2 headgroup 2 (squares). Nei-
ther ligand was able to compete with PIP2

(0.2 �M) for binding to profilin (10 �M) even
at a �20,000-fold excess. Error bars represent
the standard deviation of the profilin signal in
the absence of either ligand from 88 wells.

Figure 3. Schematic representation of the mul-
tivalent interaction between profilin and PIP2.
Profilin (gray) is shown binding to a mem-
brane (yellow) with PIP2 headgroups shown in
orange. Residues implicated in binding are
shown in green. The protein model was pre-
pared in Visual Molecular Dynamics (Univer-
sity of Illinois and the Beckman Institute) us-
ing 1FIK (72).
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the profilin·IP3 interaction (53). Because
our data demonstrate that the DAG moiety
is not required, the increased affinity of pro-
filin for “monomeric” PIP2 relative to IP3

may indicate self-association of the acyl
chains on the surface of profilin. Indeed,
profilin has been observed to cluster PIP2

molecules in model membranes (54).
A subset of PI-binding domains, most no-

tably PH domains, interact strongly with
both lipid bilayers and monovalent head-
groups (55) and can be studied using
soluble, monovalent PI probes. Indeed,
such probes have been critical tools for
identifying PI-binding proteins and for inves-
tigating their mechanism of action in vitro
and in vivo (for a review, see ref 56). How-
ever, our work suggests that multivalent
probes are required for recognition of pro-
teins that bind weakly to individual PI head-
groups but bind strongly to lipid assemblies.

Profilin is only one example of a number
of PI-binding proteins for which multivalent
interactions are important. Well-characterized
proteins that bind to multiple PI ligands in-
clude gelsolin (14, 16), N-WASP (21), and
FERM domain proteins (3). In addition, pro-
teins such as myosin X, dynamin, and some
FYVE domain proteins contain multiple lipid-
binding domains or require dimerization for
productive membrane binding (9, 11, 22,
23). Multivalent analogues, such as the den-
drimers described here, the cross-linked PI
liposomes developed by Prestwich and co-
workers (57), or the surface display of syn-
thetic PI headgroups described by Best and
co-workers (58) would be expected to bind to
all of these proteins with substantially greater
affinity than would monovalent PI ligands.

The use of covalently constrained, multi-
valent PI analogues also provides key ad-
vantages over lipid micelles and vesicles.
First, covalently constrained micelle ana-
logues can be used at concentrations be-
low the critical micelle concentration (54).
Second, the methods we describe here can
be adapted to prepare PI probes containing
different headgroups (40, 59). These syn-

thetic analogues would allow for the study
of the protein�lipid specificity without the
changes in lipid aggregation properties that
accompany changes in phosphorylation
state and complicate the analysis of
protein·PI interactions (60, 61). Third, the
average spacing between PI headgroups
can be readily varied to probe the determi-
nants of binding specificity for different
classes of PI-binding proteins (62−64).
Fourth, similar strategies allow the prepara-
tion of co-polymers presenting additional
lipid or protein determinants of specificity.
Finally, our multivalent PI analogues have
potential applications not only for biochemi-
cal assays but also for the study of PI-
binding proteins in cell culture.

In conclusion, we have demonstrated
that a PI-containing dendrimer lacking a hy-
drophobic moiety binds profilin with an af-
finity indistinguishable from that of PIP2,
even though profilin fails to bind to monova-
lent headgroups at physiologically relevant
concentrations. This result sets the stage for
the preparation of a new class of covalently
constrained, multivalent PI probes, a power-
ful new tool for the characterization of
PI·protein interactions.

METHODS
The plasmid pMW172 was a kind gift from

S. C. Almo. Chemicals were obtained from Sigma
Aldrich unless otherwise noted. Dendrimers were
obtained from Dendritech. Dialyses were carried
out using either Spectra/Por R6 dialysis mem-
branes (Spectrum Laboratories, Inc.) or Tube-O-
Dialyzers (G-Biosciences/Genotech). The latter ap-
paratus was found to lead to better recovery. NMR
spectra were collected using either a 400 (1H) or
500 (1H) MHz Varian Inova NMR spectrometer.
Samples were externally referenced to H3PO4

(85%) for 31P NMR spectra or DSS (sodium 2,2-
dimethyl-2-silapentane-5-sulfonate) for 1H and 13C
NMR. 1H and 31P NMR data were analyzed using
MestReC (Mestrelab Research S.L.). Mass spectra
were acquired using MALDI-TOF (Bruker Biflex III
MALDI-TOF mass spectrometer with reflectron).

Protein Expression and Purification. Human pro-
filin I was expressed using the T7 bacteriophage
expression system (65). The pMW172 construct
was transformed into the E. coli strain BL21(DE3)
(Novagen) and purified essentially as described by
Fedorov et al. (65), without the use of an anion
exchange column. In addition, we found that sub-
stitution of �-mercaptoethanol (�ME) for dithioth-

reitol minimized protein precipitation and methi-
onine oxidation. Therefore, �ME (1 mM) was used
in all buffers. The mass of purified profilin is con-
sistent with that expected for the protein after
complete removal of the amino terminal
methionine residue. MALDI-TOF: calcd for
C657H1046N180O202S7 14,923.0; obsd [M � H]�

14,923.6.
ELISA Assays. Binding of profilin to PIP2 or G4

PAMAM PIP2 dendrimer 1 was investigated by
ELISA. Greiner medium bind polystyrene plates
(Sigma Aldrich) were coated overnight at 4 °C with
10 or 25 pmol per well of 1:5 PIP2/PC in 1:9 CHCl3/
MeOH (66) or G4 PAMAM PIP2 dendrimer 1 in 0.1
M NaHCO3 pH 9. As a control, 10 or 25 pmol per
well of bovine serum albumin (BSA) was coated in
0.1 M NaHCO3 using the same conditions as de-
scribed above. After removal of excess liquid, the
plates were washed with phosphate buffered sa-
line with Tween (PBST; 140 mM NaCl, 5 mM so-
dium phosphate, 0.02 % Tween, pH 7.4) and
blocked with 3% BSA in PBS (140 mM NaCl, 5 mM
sodium phosphate, pH 7.4) for 1 h at RT. After
the PBST washes, the plates were incubated with
increasing profilin (up to 2000 pmol in 10 mM Tris-
Cl, 40 mM KCl, 1 mM �ME, pH 8) for 2 h at RT.
Free profilin was removed by washing with PBST,
and bound profilin was incubated for 1 h at RT us-
ing a specific antiprofilin rabbit antibody (Gene
Tex, Inc.; diluted 1:5120 in PBS). Unbound anti-
body was removed by washing with PBST followed
by incubation for 1 h at RT with a secondary goat
antirabbit HRP-conjugated antibody (Gene Tex,
Inc.; diluted 1:1000 in PBS). Following PBST
washes, secondary HRP-conjugated antibody was
detected using 3,3=,5,5=-tetramethylbenzidine (In-
vitrogen). The reaction was quenched using 1 N
HCl, and the absorbance was quantitated at 450
nm. In all trials, the binding volume was 50 �L,
and in all washing steps the plates were washed
up to 5 times with PBST.

For the competition ELISA experiments, all
steps were carried out as described above except
only 10 pmol of PIP2 was used per well and the
profilin incubation step was altered. Profilin,
10 �M, was preincubated with IP3 or 2 (up to
209,000 pmol) for 20 min at RT before applying
the mixture to the ELISA plates. Four and six inde-
pendent data sets were obtained for compound 2
and for IP3, respectively, all of which reproduce the
results shown in Figure 2, panel b. A lower limit
for the Kd was estimated by calculating the lowest
Kd for which no change would be observed outside
of the calculated error in the profilin·PIP2 complex
(67).

Since the degree of cooperativity has not been
unambiguously determined for binding of profilin
to PIP2 or to the G4 PAMAM PIP2 dendrimer 1, all
data were fit to a 1:1 binding model using Kaleida-
graph 4.03 (Synergy Software) as described by Ye
et al. (68). Data from each titration were normal-
ized to account for variability in absorbance.

Because nonspecific binding of profilin to the
plates was significant, each titration involving pro-
filin was repeated using BSA-coated wells to con-
trol for background binding. Only data sets in
which the maximum absorbance value in the pres-
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ence of PIP2 or dendrimer 1 was at least twice
that observed in their absence were included in
the reported affinity constants (ca. 70%). Absor-
bance values were corrected for background be-
fore the data were fit (Supplementary Figure 1).
The error for the Kd measurements was determined
using the standard deviation between the Kd val-
ues of individual ELISA plates.

Sedimentation Equilibrium. Apparent molecular
masses were determined by sedimentation equi-
librium with a Beckman XL-I ultracentrifuge at
20 °C. The concentrations of the G4 PAMAM PIP2

dendrimer 1 and profilin were 23.6 and 315 �M,
respectively (in 10 mM Tris-Cl, 40 mM KCl, 1 mM
�ME, pH 8). Data were obtained at 305 nm, a
wavelength at which the observed absorbance is
primarily due to the squarate moiety, for three ro-
tor speeds (6,000, 7,500, and 9,000 rpm) using an
An-60Ti rotor (Beckman). Data were fit simulta-
neously to a single species model of absorbance
versus radial distance using the Origin (XL-A/XL-I
data analysis software version 4.0, Beckman In-
struments, Inc.) software provided by the manufac-
turer. The solvent density and the partial specific
volume of profilin were calculated using SEDNTERP
(69). A partial specific volume of 0.790 mL g�1

was used for the derivatized G4 dendrimer (70).
G4 PAMAM Squarate Dendrimer (3). The number

of free amines in the G4 PAMAM dendrimer start-
ing material was determined by subtraction of the
observed MW of 13,783 g mol�1 by MALDI-TOF
from the theoretical MW and division by 114 g
mol�1 (equivalent to the mass of one terminal
-CH2CH2CONHCH2CH2NH2) (45). Polydispersities
were calculated according to Woller and Cloninger
(46).

G4 PAMAM dendrimer containing an average
of 60 free amine termini was concentrated from a
methanolic solution (100 mg, 7.19 � 10�3 mmol)
in a glass vial. The dendrimer was then dissolved
in DMSO (2 mL), and 3,4-diethoxy-3-cyclobutene-
1,2-dione (diethyl squarate) (59 �L, 68 mg, 0.401
mmol) was added. The reaction mixture was stirred
at ambient temperature overnight. Residual di-
ethyl squarate was removed by dialysis against
DMSO (2 � 1000 mL, 1000 MWCO cellulose tub-
ing).

The extent of reaction was determined by sub-
traction of the observed MW by MALDI-TOF from
the observed MW of the G4 PAMAM dendrimer and
division by 125 (equivalent to the mass of one ter-
minal squarate moiety; see Scheme 1). The poly-
dispersity index increased slightly upon modifica-
tion, as has been observed for glycosylated
PAMAM dendrimers (46). For the polymer used in
this experiment, approximately 85% of the termini
were modified by squarate. Subsequent experi-
ments demonstrated that yields of up to 92%
could be obtained by the addition of a slight ex-
cess (1.05) of diethyl squarate per free amine. Iso-
lated yield: 77 mg, 3.9 � 10�3 mmol, 51%. 1H
NMR (400 MHz, DMSO-d6) �: 8.68 (1 H, br s, NH),
8.51 (1 H, br s, NH), 7.98 (br s, NH), 7.72 (br s, NH),
4.62�4.56 (2 H, qrt, -OCH2CH3), 3.45 (br s), 3.17
(br s), 3.03 (br s), 2.54 (br s), 2.40 (br s), 2.19 (br
s), 1.46 (3 H, tr, -OCH2CH3). 13C NMR (125 MHz,
DMSO-d6) �: 189.1, 182.3, 182.1, 176.9, 176.4,

172.9, 172.5, 171.6, 171.2, 68.8, 52.1, 49.4,
43.7, 43.3, 36.8, 33.1, 15.6 (Supplementary
Figure 2). IR (ATR) cm�1: 3268, 3206, 3073, 2968,
2937, 2829, 1801, 1700, 1649, 1603, 1544,
1482, 1431, 1377, 1334, 1256, 1023, 949. MAL-
DI-MS: calcd for 13,783 � (51 � 170) � (51 � 46)
20,083; found 20,082.

G4 PIP2 Dendrimer (1). The amine-tethered PIP2

lipid headgroup analogue 2 was prepared as de-
scribed previously (41−43, 71). Absolute ethanol
(225 �L) and 0.1 M NaHCO3 buffer, pH 9 (225 �L)
were added to the G4 PAMAM squarate dendrimer
3 (15 mg, 7.47 � 10�4 mmol of 3 based on MW
of 20,082 as determined by MALDI-TOF) and ami-
noalkyl headgroup 2 (47.5 mg, 8.09 � 10�2 mmol)
in a 1.5-mL Eppendorf tube. The mixture formed a
cloudy suspension and was allowed to stir at am-
bient temperature for 48 h. Ethanol was then re-
moved in vacuo to give a clear yellow solution. The
reaction was monitored by 1H NMR (H2O/D2O)
over 30 days, and the extent of the reaction was
determined by the disappearance of the 1H reso-
nance at � 1.46 (m, -OCH2CH3), corresponding to
the remaining squarate ethyl group from unreacted
3. Excess headgroup 2 was removed by extensive
dialysis against 0.1 M NaHCO3 buffer, pH 9 (1000
MWCO).

The degree of derivatization (90%) of the G4
PAMAM squarate dendrimer with PIP2 aminoalkyl
headgroup 2 was determined by 1H NMR, using the
relative integrals for the terminal methylene of
the PAMAM dendrimer core (� 3.45, R-NHCH2CH2-)
and the middle methylene of the PIP2 headgroup
aminoalkyl tether linker (� 1.98, R-OCH2CH2CH2NH-)
(see Figure 1, closed and open arrows, respec-
tively). To allow for complete 1H relaxation be-
tween scans, T1 values for all protons in the G4
PAMAM PIP2 dendrimer 1 were measured. T1 val-
ues for the protons used to calculate the degree of
derivitization (Figure 1) ranged from 0.41 to 0.65 s.
Thus, a recycle delay of 5 s (�5 � T1) was used
for all 1H spectra to provide accurate integrals.
Similarly, a 30 s recycle delay was used for all 31P
spectra.

The unoptimized isolated yield (68%) for the
G4 PAMAM PIP2 dendrimer 1 was determined by
using 31P NMR and trimethylphosphate as an inter-
nal standard. 1H NMR (500 MHz, 80% D2O) �:
4.28�4.18 (m), 4.05�3.96 (m), 3.93�3.88 (qt),
3.74�3.73 (br s), 3.43 (br s), 3.30 (br s), 2.84 (br
s), 2.79 (br s), 2.63 (br s), 2.45 (br s), 2.40 (br s),
1.98 (tr), 1.46 (m). 13C NMR (DSS external refer-
ence) (125 MHz) �: 182.1, 181.6, 175.1, 174.8,
169.0, 168.4, 77.1, 76.4, 75.1, 72.0, 70.9, 65.4,
63.5, 51.7, 51.6, 49.2, 44.0, 41.5, 40.3, 37.0,
32.8, 32.6, 31.7 (Supplementary Figure 3). 31P
NMR (202 MHz) �: 5.43, 5.25, 0.48.
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