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ABSTRACT: An 11-residue basic domain of the HIV-1 tat protein, termed the tat transduction domain (TTD),
has been shown to mediate transfer of biomolecules across biological membranes. The mechanism of
TTD-mediated membrane translocation is currently unknown but thought to involve binding to heparan
sulfate, which is found in proteoglycans that are ubiquitously present on cell surfaces. To study the
mechanism of TTD-mediated membrane translocation, the TTD was fused to the C-terminus of a model
cargo protein, the IgG binding domain of streptococcal protein G (PG) to form PG-TTD. NMR studies
of PG-TTD in the free state indicated that the structure of the PG moiety of PG-TTD was not perturbed
by the presence of the TTD and that the TTD moiety is in an extended conformation. Heteronuclear
relaxation measurements of PG-TTD in the free state show that the TTD moiety of PG-TTD is relatively
mobile (e.g., the averageS2 value of the TTD and PG core are∼0.54 and∼0.84, respectively). PG-TTD
has been shown to bind to heparin by isothermal titration calorimetry (KD ) 0.37µM, ∆H ) -12 kcal/
mol, ∆S ) -11 cal/mol/T). NMR spectroscopy demonstrated that heparin binds to the TTD moiety of
PG-TTD. The heteronuclear relaxation measurements of PG-TTD in complex with heparin show that the
TTD becomes less dynamic when bound to heparin (averageS2 value of the TTD is 0.69 in the presence
of heparin). A model for the first step of TTD-mediated entry into cells is presented.

An 11-residue basic region of HIV-1 tat (amino acid
sequence) YGRKKRRQRRR), termed the tat transduction
domain (TTD),1 has been shown to mediate transfer of HIV-1
tat across biological membranes (1, 2). The transduction
abilities of HIV-1 tat are thought to play numerous roles in
the progression and pathogenesis of AIDS (3-5). Interest-
ingly, proteins containing the TTD translocate across bio-
logical membranes in cell culture and in living animals. For
example, Schwarze et al. (6) have shown thatâ-galactosidase
containing the 11 residues of the TTD at the amino terminus
can be delivered by intraperitoneal injection to virtually all
tissues in mice. In addition, it has been established that the
TTD can be used for intracellular delivery of DNA and drug-
like compounds as well as proteins (reviewed in ref7). As
a consequence, TTD fusions can be envisioned as delivery
tools for a wide variety of diagnostic and therapeutic agents
to diverse cell types.

Despite the importance of the TTD in AIDS pathogenesis
and the increasing use of the TTD in biochemical and
medical studies, little is known about the mechanism of TTD-
mediated membrane translocation. In the simplest model, the
TTD must exist in two states: (i) a free solution state, which
corresponds to the extracellular and intracellular conforma-

tion; (ii) a membrane-bound state (or states), in which TTD
is bound to protein, carbohydrate, and/or lipids. As a
consequence, a detailed understanding of the TTD mecha-
nism requires knowledge of the structural and dynamic
properties of the TTD solution and membrane-bound states.
Recently, heparan sulfate, which is found in proteoglycans
ubiquitously present on the cell surface, has been implicated
in TTD-mediated internalization. For example, it has been
shown that the HIV-1 tat protein, which naturally contains
the TTD at residues 47-57, binds to soluble heparin, an
analogue of heparan sulfate, via the basic residues within
TTD (8, 9). Moreover, mutant cell lines lacking heparan
sulfate have been shown to be deficient in tat-mediated
membrane translocation (10). However, a different mecha-
nism, which does not require heparan sulfate, has been
suggested for TTD-mediated entry of cargo proteins (11).
Interestingly, Richard et al. have recently shown evidence
that TTD-mediated entry, as well as those of other basic
peptides, occurs by endocytosis (12, 13). In the present work,
the TTD has been fused to the C-terminus of a model cargo
protein, the IgG-binding domain of streptococcal protein G
(PG). The structural and dynamic properties of the free and
heparin bound states of the TTD have been characterized
by NMR spectroscopy to lend insight into the mechanism
of TTD-mediated membrane translocation.

EXPERIMENTAL PROCEDURES

Preparation of PG-TTD.The preparation of PG-TTD is
described elsewhere (14). The resulting PG-TTD construct
consists of 77 residues: (a) the 56 residues of PG (15),
(b) a six-residue linker region (amino acid sequence)
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PGGPAS), (c) TTD (amino acid sequence) YGRKKRRQR-
RR), (d) a four-residue cloning artifact at the C-terminus
(amino acid sequence) GGGG). The expression and
purification of PG-TTD has been previously described (14).
The identity of PG-TTD was confirmed by mass spectrom-
etry.

NMR Assignments and Dynamic Studies.For the NMR
experiments,15N-labeled and13C/15N-labeled PG-TTD were
prepared by growing the appropriateEscherichia coliBL21-
(DE3) strain in minimal media supplemented with15NH4Cl
(Martek Biosciences, Columbia, Maryland) and13C-glucose
(Isotec, Miamisburg, Ohio) as previously described (16).
NMR experiments of PG-TTD in the free state contained 1
mM PG-TTD in 100 mM PO4 /pH 6.0, 10% D2O. NMR
experiments of PG-TTD/heparin contained 1 mM PG-TTD,
1 mM heparin in 100 mM PO4 /pH 6.0, 10% D2O. Heparin
(lyophylized pig intestine heparin, average molecular weight
) 6000, Sigma, St. Louis) concentrations were determined
by the uronic acid assay (17). All NMR experiments were
preformed with a Bruker DRX600 spectrometer equipped
with a triple resonance probe at 27°C. For the NMR
assignment of the backbone resonances, the experiments
included15N-edited HSQC, 3D15N-edited TOCSY (mixing
time ) 70 ms), 3D15N-edited NOESY (mixing time) 150
ms), HNCA, HNCOCA, and HNCO. The15N Rz (1/ T1), Rxy

(1/ T2) and HNOE values were measured by standard pulse
sequences (reviewed in ref18). In the case of free PG-TTD,
a total of seven data sets were collected to measureRz with
delay values of 11.8, 31.8, 61.8, 121.8, 241.8, 481.8, and
721.8 ms; a total of seven data sets were collected to measure
Rxy with delay values of 8, 16, 32, 64, 128, 192, and 256
ms. In the case of PG-TTD/heparin, a total of six data sets
were collected to measureRz with delay values of 11.8, 51.8,
101.8, 201.8, 401.8, and 801.8 ms; a total of six data sets
were collected to measureRxy with delay values of 8, 40,
80, 120, 160, and 200 ms. All NMR data were processed
with NMRPipe (19). The decays of cross-peak intensities
with time in the15N-Rz andRxy experiments were fit to a
single exponential by a nonlinear least-squares fit with fitting
errors typically less than 5% (Kaleidagraph 3.08, Synergy
Software, Reading, Pennsylvania). HNOE values for each
given residue were calculated as the intensity ratio (I/I0) of
the 15N-1H correlation peak in the presence (I) and absence
(I0) of proton saturation during the relaxation delay of 5 s.
Errors in the HNOE were estimated to be( 0.10. Analysis
of rotational diffusion and internal mobility was performed
by the program Tensor version 2.0 (20). On the basis of the
PG structure (21), Rxy/Rz ratios of residues 3-56 (the core
structure of PG) and a Monte Carlo error analysis, the
appropriate diffusion model was determined to be isotropic
in the case of free PG-TTD and fully anisotropic in the case
of PG-TTD bound to heparin. The appropriate model for
rotational diffusion was then used in a Lipari-Szabo type
analysis of the internal mobility (22). Due to spectral overlap
residues 2, 68, and 70 are missing from the analysis PG-
TTD in the free state and residues 2, 61, 65, 66, 69, 70, 71,
and 73 are missing from the analysis of PG-TTD in the
complex with heparin. Molecular dynamics simulations were
performed using CNS (23). The program MOLMOL was
used for molecular graphics (24).

Heparin Titrations.Isothermal titatration calorimetry (ITC)
was performed on a MicroCal VP-ITC. Solutions were

degassed under vacuum prior to use. The heat off dilution,
which was subtracted from the titration, was determined by
injecting heparin into buffer. Experimental conditions were
7.8 µM PG-TTD, 100 mM PO4/pH 6.0 at 25°C. Titrations
were performed by injecting 5µL of a 142 µM heparin
solution in 100 mM PO4/pH 6.0. Thermodynamic data were
derived from the Origin software provided by the manufac-
turer. For the NMR titrations, aliquots of the heparin stock
solution were added to a NMR tube containing 317µM PG-
TTD in 100 mM PO4/pH 6.0 at 27°C. CD spectra were
recorded on a Jasco J-710 spectropolarimeter with a 0.1-cm
path length at 23°C.

RESULTS

Structural Properties of PG-TTD in the Free State.For
the study of the TTD, we have chosen to fuse it to the
C-terminus of PG, which is well expressed inE. coli and
has been extensively characterized by NMR spectroscopy
(15, 21, 25). For NMR studies of protein structure and
dynamics, the first step is the assignment of the chemical
shifts. The1H, 13C, and15N of the PG-TTD backbone were
assigned using standard heteronuclear NMR experiments (cf.
Experimental Procedures). As shown by Figure 1a, the15N-
edited HSQC spectrum of PG-TTD is well dispersed and
very similar to that of PG (21, 25). There are 19 new
correlations observed in the spectrum of PG-TTD. This
number is consistent with the introduction of 11 TTD amino
acids and eight additional amino acids in the PG-TTD
construct (there are also two added prolines, which do not
exhibit correlations in the15N-edited HSQC experiment).
Interestingly, the backbone chemical shifts of the TTD
residues (and those of the other added residues) are close to
the random coil values, suggesting that the TTD tail is
relatively unstructured in aqueous solution (Figure 1b).
Moreover, the TTD residues do not exhibit NOE patterns in
the15N-edited NOESY spectrum that would indicate regular
secondary structure or tertiary structure. These observations
are in agreement with CD and NMR studies of the TTD
peptide in the absence of PG (Caffrey, unpublished data). A
number of PG residues exhibit small perturbations of their
backbone chemical shifts with respect to PG in the absence
of the TTD, suggesting that the presence of the TTD
sequence perturbs their local environment. However, on the
basis of the observation that the majority of the PG residues
only exhibit small chemical shift perturbations, the structure
of PG can be inferred to be that of the wild-type PG. As
shown by Figure 1c, the structural perturbations are clearly
limited to those residues in close contact with the added TTD
sequence, which follows PG residue 56. Thus, the added
sequence does not perturb the PG structure and does not
interact significantly with the PG core.

Dynamic Properties of PG-TTD in the Free State.The
dynamic properties of PG-TTD were characterized by
determination of heteronuclear relaxation rates, which have
been widely used to investigate the backbone dynamics of
proteins (27, 28). The 15N-Rz andRxy relaxation rates and
the1H-15N NOE (HNOE) were determined for each residue
in PG-TTD (Figure 2a). In general,Rz, Rxy, and HNOE of
the PG moiety of PG-TTD are very similar to those
previously observed for the wild-type PG (25). Interestingly,
the TTD sequence exhibits lower values ofRz, Rxy and the
HNOE than the PG. For example, the averageRz, Rxy and
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the HNOE values of the PG (residues 1-56) are 1.99 s-1,
6.62 s-1, and 0.70, respectively; the averageRz, Rxy and the
HNOE values of the TTD (residues 63-73) are 1.60 s-1,
4.36 s-1, and 0.15, respectively. This difference suggests that,
at least at a qualitative level, the TTD moiety is more mobile
than the PG core. To better interpret the dynamic properties
of PG-TTD, the three relaxation parameters were analyzed
by the program Tensor (20), which determines the appropri-

ate rotational diffusion model and fits the data to a Model-
free analysis of internal mobility. On the basis of theRxy/Rz

ratios of the PG core residues, the isotropic model was
deemed most appropriate. The resulting overall correlation
time is estimated to be 4.74( 0.05 ns. Many of the residues
fit to the simplest model of internal mobility, which requires
one variableS2. Residues 13 and 75-77 require anRex term
to include conformational exchange on the microsecond to

FIGURE 1: Structural properties of PG-TTD in the free state. (a)15N-edited HSQC spectrum of PG-TTD. The TTD residues (and the
residues that link TTD to PG) are labeled. PG residues that exhibit HN that are perturbed by>0.2 ppm are labeled with parentheses.
Experimental conditions were 300µM protein in 100 mM PO4/pH 6.0, 10% D2O at 27°C. (b) Backbone chemical shifts of PG-TTD with
respect to random coil values. Random coil values were taken from Wishart and Case (26). (c) Location of PG residues perturbed by the
addition of a C-terminal TTD sequence. The structure of PG is that of Gronenborn et al. (21).
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millisecond time scale. Residues 6, 8-14, 18, 20, 35, 40,
41, 43, 51, 54, 55, 58, 59, 61-67, 69, 71-77 (which largely
includes TTD residues 63-73) require an effective internal
correlation timeτe to fit the relaxation parameters. No
residues require the extended model free formalism (25). The
resultingS2 values are shown in Figure 2b. As expected from
the Rz, Rxy, and HNOE values for the PG core, the derived
S2 values are again very similar to the wild-type PG (25),
suggesting that the dynamic properties of PG are not
perturbed by the presence of the TTD sequence. Interestingly,
the averageS2 value of TTD is 0.54 and the averageS2 value
for PG is 0.84, consistent with the notion that in the free
state the PG core is relatively rigid and the TTD tail is
relatively mobile.

Thermodynamics of Heparin Binding to PG-TTD.As
discussed in the Introduction, previous work suggested an
important role of heparan sulfate in the translocation of
HIV-1 tat (8-10). To better understand the mechanism of
TTD-mediated entry, we have characterized the thermody-
namic properties of heparin, a naturally occurring analogue

of heparan sulfate (29), binding to PG-TTD by ITC. The
results of the ITC analysis are shown in Figure 3. First, note
that the dissociation constant of 0.37µM is consistent with
the notion of a relatively strong affinity of PG-TTD for
heparin. Second, the derivedn value of 0.12 suggests that
∼8 PG-TTD molecules bind to 1 heparin molecule, which
in the present case possesses an average molecular weight
of ∼6000 and thus consists of∼20 negatively charged
monosaccharide units. Third, the derived∆H of the complex
formation is-12 kcal/mol and the derived∆S is -11 cal/
mol/T, suggesting that complex formation is enthalpy driven.
The negative enthalpy is consistent with the formation of
energetically favorable electrostatic interactions between the
positively charged side chains of TTD and the negatively
charged sulfate groups of heparin. On the other hand, the
negative∆Ssuggests that entropy is decreased by formation
of the PG-TTD/heparin complex (to be discussed below).

NMR and CD Characterization of Heparin Binding to PG-
TTD.To further characterize the PG-TTD/heparin complex,
15N-edited HSQC of15N-labeled PG-TTD was used as an
assay of protein-ligand interactions (30). In Figure 4a, the
effects of adding soluble heparin to15N-labeled PG-TTD are
shown. First, note that only a subset of the resonances move
during the titration. The only resonances that move cor-
respond to the TTD resonances, which indicate that they are
in close association with heparin. Examples include Y63,
K66, and Q70. The PG-TTD/heparin complex is in fast
exchange, as indicated by the presence of only one set of
resonances. The exchange rate can be estimated by the
maximal chemical shift perturbation. At saturating concentra-
tions of heparin, R69 exhibits the largest change in HN

chemical shift (0.32 ppm), which indicates that the exchange

FIGURE 2: Dynamic properties of PG-TTD. (a)Rz (circles) Rxy

(squares) HNOE (triangles); (b) Order parameters (S2) of PG-TTD
based on a isotropic model of rotational diffusion. TTD (residues
63-73) are denoted by a shaded box. Experimental conditions were
1 mM PG-TTD in 100 mM PO4/pH 6 at 27°C at 600 MHz.

FIGURE 3: Heparin binds to PG-TTD as shown by ITC titration of
PG-TTD by heparin. Experimental conditions were 7.8µM PG-
TTD, 100 mM PO4/pH 6.0 at 25°C. Titrations were performed by
injecting 5µL of a 142µM heparin solution in 100 mM PO4/pH
6.0.
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rate between the bound and free states is greater than 190
Hz or 1200 s-1. The location of heparin binding to PG-TTD
can be inferred from a plot of chemical shift perturbation
versus residue number (Figure 4b). First note that the PG
moiety (residues 1-56) does not exhibit significant chemical
shift changes, consistent with the notion that heparin does
not bind to PG. In contrast, TTD residues (residues 63-73)
are clearly perturbed. We were next interested in the
conformation of TTD when bound to heparin. In the absence
of heparin, the chemical shift and relaxation properties of
PG-TTD indicate that TTD is in a flexible extended
conformation (discussed above). In the presence of heparin,
the simultaneous upfield shift of the TTD HN and15N could
be taken to indicate the adoption of helical structure (26).
On the contrary, the spectral dispersion of the TTD residues
does not increase in the presence of heparin (cf., Figure 4a),
suggesting a continued absence of regular secondary struc-
ture. Moreover, examination of the 3D15N-edited NOESY
spectrum of PG-TTD/heparin complex did not reveal the
presence of shortrange (or longrange) NOEs which would
be characteristic of a regular secondary (or tertiary) structure
in the TTD. To further probe the effects of heparin binding,
the secondary structure of the PG-TTD in the presence and

absence of heparin was assayed by difference CD spectropo-
larimetry. As shown by Figure 4c, no change in the PG-
TTD CD spectrum is observed in the presence of excess
heparin (or at a 1:1 ratio, data not shown). Thus, it can be
inferred that heparin does not induce a change in secondary
structure of PG-TTD and that TTD remains in an extended
conformation.

Dynamic Properties of the PG-TTD/Heparin Complex.As
shown above, the dynamic properties of PG-TTD in the free
state suggest that TTD is relatively mobile and that this
mobility may be functionally important (to be discussed
below). Moreover, the thermodynamic studies presented
above suggest that the entropy of PG-TTD and/or heparin
is decreased upon complex formation. To further characterize
the dynamic properties of TTD when complexed to heparin,
we performed the standard set of heteronuclear NMR
relaxation experiments in the presence of an equimolar
concentration of heparin. TheRz, Rxy, and HNOE of PG-
TTD in the presence of heparin are shown in Figure 5a. First
note that averageRz, Rxy, and the HNOE values of the PG
core (residues 1-56) in the presence of heparin are 1.69 s-1,
9.47 s-1, and 0.68, which are somewhat different than the
relaxation parameters of the PG core in the free state. For

FIGURE 4: Effects of heparin binding on PG-TTD structure. (a)15N-edited HSQC spectra of PG-TTD in the presence of increasing
concentrations of heparin (blue) no heparin, cyan) 22 µM heparin, green) 44 µM heparin, yellow) 65 µM heparin, red) 105 µM
heparin). Experimental conditions were 317µM PG-TTD, 100 mM PO4/pH 6.0, 5% D2O at 27°C. (b) HN (solid bars) and15N (open bars)
chemical shift perturbations of PG-TTD in the presence of heparin. Experimental conditions were 317µM PG-TTD, 300µM heparin in
100 mM PO4/pH 6.0, 5% D2O at 27°C. (c) CD difference spectrum of PG-TTD and PG-TTD/heparin. The PG-TTD spectrum was corrected
for buffer. The PG-TTD/heparin spectrum was corrected for heparin/buffer. Experimental conditions were 30µM PG-TTD, 300µM heparin
in 100 mM PO4/pH 6.0 at 23°C.
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example, the averageRxy rate of the PG core is 6.62 s-1 in
the free state and 9.47 s-1 in the presence of heparin, which
is consistent with the larger molecular weight of the PG-
TTD/heparin complex (∼9 kDa versus∼15 kDa). Interest-
ingly, the changes in the relaxation parameters, with respect
to their corresponding free state values shown in Figure 2a,
clearly indicate that the TTD tail is less mobile in the
presence of heparin. For example, the averageRz, Rxy, and
the HNOE values of the TTD bound to heparin are 1.51 s-1,
8.81 s-1, and 0.36, respectively; the averageRz, Rxy and the
HNOE values of the TTD in the free state are 1.60 s-1, 4.36
s-1, and 0.15, respectively. It is important to note that the
ITC results suggest that multiple PG-TTD bind to 1 heparin
molecule and thus the NMR experiments are actually
observing a mixture of PG-TTD/heparin complexes in fast
exchange. Nonetheless, the relaxation parameters can be
interpreted on a qualitative basis. On the basis of theRxy/Rz

ratios of the PG core, the fully anisotropic model was deemed
to be most appropriate. The resulting diffusion tensor
parameters areDxx ) 1.95× 10-7 s-1, Dyy ) 2.29× 10-7

s-1, andDzz ) 3.36× 10-7 s-1. In contrast to the PG-TTD
free state, fewer residues fit to the simplest model requiring
only S2. Residues 31 and 39 require aRex term. Residues 2,
5, 7-16, 18-20, 29, 33, 35, 40-43, 48, 51, 52, 55, 56, 58,
62, 74, 75, and 77 require an effective internal correlation
time τe to fit the relaxation parameters. Residues 4, 30, 32,
36, 45, 49, 50, 63, 64, 67, 68, 72, and 76, which include all
of the observed TTD residues, requireRex and τe terms to
fit the relaxation parameters. No residues require the extended
model free formalism. As shown in Figure 5b, theS2 of PG
are essentially unchanged with respect to PG-TTD in the
free state (averageS2 ) 0.89). Interestingly, theS2 values
of TTD are notably increased with the largest change
occurring at residue 67 (∆S2 ) 0.28). Overall, the average
S2 value for TTD bound to heparin is 0.69; the averageS2

value for TTD in the free state is 0.54.

DISCUSSION

Structure and Dynamics of TTD in the Free State.Our
long-term goal is to characterize the mechanism of TTD-
mediated translocation across biological membranes, which
has been shown to be important in AIDS pathogenesis and
promises to be an important biotechnological tool in the
future. Toward this goal, we have prepared a model system,
PG-TTD, for the study of the TTD mechanism. As demon-
strated by NMR, the TTD moiety in the context of a cargo
protein is in an extended conformation and relatively
dynamic in the free state. This observation is consistent with
CD studies of the TTD peptide in the free state (31, 32,
Caffrey, unpublished results). Moreover, a recent NMR
structure of full-length tat shows the TTD to be in an
extended conformation (33). Interestingly, the lack of regular
secondary structure of TTD may be an inherent property for
membrane translocation. For example, transit sequences of
plant chloroplast proteins have been proposed to be purposely
devoid of structure (34). This notion is supported by CD
and NMR studies of plant transit peptides in the presence of
mixed micelles (35). Importantly, the structure and dynamic
properties of the PG moiety are not disturbed by the presence
of TTD, suggesting that TTD does not inherently destabilize
the structure of the cargo protein. Thus, the cargo protein
can be taken to be in the native structure in the extracellular
and intracellular free states (i.e., before and after membrane
translocation).

Heparin Binding to PG-TTD.Heparin is a naturally
occurring analogue of heparan sulfate, which can be used
as a model of heparan sulfate found on cell surfaces (29).
Previously, we have demonstrated that PG-TTD binds to a
heparin affinity column with relatively high affinity, based
on elution of PG-TTD at 1.6 M NaCl (14). The present work
has used ITC to determine theKd of heparin binding to PG-
TTD, as well as the∆H and ∆S of heparin binding. The
measuredKd of the PG-TTD/heparin complex is 0.37µM,
which is similar to those observed for various FGF/heparin
complexes, which range from 0.5 to 85µM (29). Interest-
ingly, the stoichiometry of heparin binding suggests that
multiple PG-TTD bind to 1 heparin molecule. Multiple
binding sites are reasonable in the case of heparin, which
consists of multiple repeating disaccharide units. For ex-
ample, the X-ray structure of the FGF/heparin complex
shows that heparin binds multiple FGF (36, 37). On the basis
of the negative∆H, the binding of TTD to heparin is driven

FIGURE 5: Dynamic properties of PG-TTD in the presence of
heparin. (a)Rz (circles),Rxy (squares), HNOE (triangles); (b) Order
parameters (S2) of PG-TTD based on a fully anisotropic model of
rotational diffusion. TTD (residues 63-73) are denoted by a shaded
box. Experimental conditions were 1 mM PG-TTD/heparin in 100
mM PO4/pH 6 at 27°C at 600 MHz.
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by the formation of energetically favorable interactions
between the basic side chains of TTD and the negative sulfate
groups of heparin. Finally, the negative∆Spredicts that the
entropy of PG-TTD and/or heparin is decreased in the
complex. In general, theS2 of PG-TTD increased upon
binding to heparin, consistent with increased order and
decreased entropy. Previous NMR studies of other proteins
have demonstrated that changes inS2 can be directly related
to entropy (cf.38). However, the entropy changes relate to
the global order of the complex, which is comprised of
backbone and side chain atoms, as well as the atoms of
heparin. In the present case, the order parameters are known
for the majority of the NH vectors but are missing for all
other atoms within the complex; thus, we feel that it is unwise
to calculate entropy fromS2 values of the PG-TTD/heparin
complex.

Model of the PG-TTD/Heparin Complex.Work presented
here and elsewhere (8-10) have suggested that the first step
of TTD-mediated entry consists of TTD binding to heparan
sulfate present on cell surfaces. In Figure 6 we present a
model of the interaction between PG-TTD and heparin, an
analogue of heparan sulfate. The model of PG-TTD was
obtained by adding the TTD to the C-terminus of PG (21)
and performing a restrained molecular dynamics simulation
(23). As discussed above the structure of the PG moiety is
unperturbed by the presence of TTD or heparin; thus, the
PG structure can be taken from the solution structure (21).
Proteins and peptides are known to bind to heparin in various
conformations. For example, heparin binds toR-helical
regions of antithrombin and to loop regions of various FGF
(reviewed in ref29). Indeed, a peptide corresponding to the
consensus heparin binding sequence has been shown to
undergo a transition from an extended structure to anR helix
in the presence of heparin (39, 40). However, in the present
study structure of the TTD moiety has been modeled in an
extended conformation, based on the secondary NMR
chemical shifts, NOEs and CD of TTD in the presence of
heparin (presented above). The heparin structure shown
consists of 10 monosaccharide units, which corresponds to
∼half that of the heparin used in the present study. On the
basis of the ITC results, an electrostatic interaction between

positively charged TTD and negatively charged heparin is
highlighted by their respective electrostatic potentials. It is
important to note that the structure of heparin bound to PG-
TTD may be in a different conformation. For example, the
iduronate ring of heparin has been shown to be in equilibrium
with two conformations (37, 41). Regardless of the heparin
conformation, it is clear that heparin presents a negatively
charged surface to interact with the positively charged surface
of the TTD moiety. Importantly, heparin is an analogue of
heparan sulfate found at the cell surface of many cell types.
Thus, the interaction between the TTD and solubilized
heparin may indeed mimic the physiological interaction with
heparan sulfate, with the caveat that the in vivo interaction
between TTD and heparan sulfate may be modulated by
variations of the carbohydrate sequence and/or the degree
of sulfation. Finally, it is important to note that TTD binding
to cell surface receptors may also be involved in TTD-
mediated entry. For example, tat binding to the low-density
lipoprotein receptor-related protein of neuronal cells, as well
as heparan sulfate proteoglycans, has also been shown to be
critical to tat entry (42).
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SUPPORTING INFORMATION AVAILABLE

Two tables S1 and S2, which contain the relaxation data
(Rz, Rxy, and HNOE) and the derived relaxation parameters
(S2, τe, Rex, andSf

2) for PG-TTD in the free and heparin-
bound states. This material is available free of charge via
the Internet at http://pubs.acs.org.
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