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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 1gG 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 averadg® value of the TTD and PG core are0.54 and~0.84, respectively). PG-TTD

has been shown to bind to heparin by isothermal titration calorim&iy= 0.37 uM, AH = —12 kcal/

mol, AS= —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 (avegagalue 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 1l-residue basic region of HIV-1 tat (amino acid tion; (ii) a membrane-bound state (or states), in which TTD
sequences YGRKKRRQRRR), termed the tat transduction is bound to protein, carbohydrate, and/or lipids. As a
domain (TTD)! has been shown to mediate transfer of HIV-1 consequence, a detailed understanding of the TTD mecha-
tat across biological membranes, ). The transduction  nism requires knowledge of the structural and dynamic
abilities of HIV-1 tat are thought to play numerous roles in properties of the TTD solution and membrane-bound states.
the progression and pathogenesis of AII3S%). Interest- Recently, heparan sulfate, which is found in proteoglycans
ingly, proteins containing the TTD translocate across bio- ubiquitously present on the cell surface, has been implicated
logical membranes in cell culture and in living animals. For in TTD-mediated internalization. For example, it has been
example, Schwarze et ab)(have shown that-galactosidase  shown that the HIV-1 tat protein, which naturally contains
containing the 11 residues of the TTD at the amino terminus the TTD at residues 4757, binds to soluble heparin, an
can be delivered by intraperitoneal injection to virtually all analogue of heparan sulfate, via the basic residues within
tissues in mice. In addition, it has been established that theTTD (8, 9). Moreover, mutant cell lines lacking heparan
TTD can be used for intracellular delivery of DNA and drug- sulfate have been shown to be deficient in tat-mediated
like compounds as well as proteins (reviewed in fefAs membrane translocatiol@). However, a different mecha-

a consequence, TTD fusions can be envisioned as deliverynism, which does not require heparan sulfate, has been
tools for a wide variety of diagnostic and therapeutic agents suggested for TTD-mediated entry of cargo proteih®).(
to diverse cell types. Interestingly, Richard et al. have recently shown evidence

Despite the importance of the TTD in AIDS pathogenesis that TTD-mediated entry, as well as those of other basic
and the increasing use of the TTD in biochemical and peptides, occurs by endocytosi®(13). In the present work,
medical studies, little is known about the mechanism of TTD- the TTD has been fused to the C-terminus of a model cargo
mediated membrane translocation. In the simplest model, theprotein, the 1gG-binding domain of streptococcal protein G
TTD must exist in two states: (i) a free solution state, which (PG). The structural and dynamic properties of the free and
corresponds to the extracellular and intracellular conforma- heparin bound states of the TTD have been characterized
by NMR spectroscopy to lend insight into the mechanism

T This work was supported by startup funds from the University of Of TTD-mediated membrane translocation.
lllinois at Chicago.
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1 Abbreviations: FGF, fibroblast growth factor; FITC, fluorescein
isothiocyanate; GFP, green fluorescent protein; GST, glutathione Preparation of PG-TTDThe preparation of PG-TTD is

Stransferase; HIV, human immunodeficiency virus; ITC, isothermal described elsewherd 4). The resulting PG-TTD construct
titration calorimetry; PG, 1gG binding domain of streptococcal protein ’

G; PG-TTD, TTD fused to C-terminus of PG; TTD, HIV-1 tat CONSists of 77 residues: (a) the 56 residues of BE), (
transduction domain. (b) a six-residue linker region (amino acid sequence
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PGGPAS), (c) TTD (amino acid sequeneeY GRKKRRQR-
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 describ&d) (
The identity of PG-TTD was confirmed by mass spectrom-
etry.

NMR Assignments and Dynamic Studiesr the NMR
experiments®N-labeled and*C/**N-labeled PG-TTD were
prepared by growing the appropridscherichia colBL21-
(DE3) strain in minimal media supplemented witinH,ClI
(Martek Biosciences, Columbia, Maryland) ati@-glucose
(Isotec, Miamisburg, Ohio) as previously describdd)(
NMR experiments of PG-TTD in the free state contained 1
mM PG-TTD in 100 mM PQ /pH 6.0, 10% RO. NMR
experiments of PG-TTD/heparin contained 1 mM PG-TTD,
1 mM heparin in 100 mM P©Q/pH 6.0, 10% DBO. Heparin

Hakansson and Caffrey

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
7.8uM PG-TTD, 100 mM PQ@pH 6.0 at 25°C. Titrations
were performed by injecting &L of a 142 uM heparin
solution in 100 mM P@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 3M PG-
TTD in 100 mM PQ/pH 6.0 at 27°C. CD spectra were
recorded on a Jasco J-710 spectropolarimeter with a 0.1-cm
path length at 23C.

RESULTS

Structural Properties of PG-TTD in the Free Stakeor
the study of the TTD, we have chosen to fuse it to the

(lyophylized pig intestine heparin, average molecular weight C-terminus of PG, which is well expressedin coli and
= 6000, Sigma, St. Louis) concentrations were determined has been extensively characterized by NMR spectroscopy

by the uronic acid assayl 7). All NMR experiments were
preformed with a Bruker DRX600 spectrometer equipped
with a triple resonance probe at ZC. For the NMR

(15, 21, 25. For NMR studies of protein structure and
dynamics, the first step is the assignment of the chemical
shifts. The'H, 13C, and**N of the PG-TTD backbone were

assignment of the backbone resonances, the experimentassigned using standard heteronuclear NMR experiments (cf.

included®™N-edited HSQC, 33°N-edited TOCSY (mixing
time = 70 ms), 3D*N-edited NOESY (mixing time= 150
ms), HNCA, HNCOCA, and HNCO. ThEN R, (1/ T1), Ry

Experimental Procedures). As shown by Figure 1altNe
edited HSQC spectrum of PG-TTD is well dispersed and
very similar to that of PG 41, 25). There are 19 new

(1/ T,) and HNOE values were measured by standard pulsecorrelations observed in the spectrum of PG-TTD. This

sequences (reviewed in réd). In the case of free PG-TTD,
a total of seven data sets were collected to meaRuvéth

number is consistent with the introduction of 11 TTD amino
acids and eight additional amino acids in the PG-TTD

delay values of 11.8, 31.8, 61.8, 121.8, 241.8, 481.8, andconstruct (there are also two added prolines, which do not
721.8 ms; a total of seven data sets were collected to measurexhibit correlations in thé®N-edited HSQC experiment).

Ry with delay values of 8, 16, 32, 64, 128, 192, and 256

Interestingly, the backbone chemical shifts of the TTD

ms. In the case of PG-TTD/heparin, a total of six data sets residues (and those of the other added residues) are close to

were collected to measuR with delay values of 11.8, 51.8,

the random coil values, suggesting that the TTD tail is

101.8, 201.8, 401.8, and 801.8 ms; a total of six data setsrelatively unstructured in aqueous solution (Figure 1b).

were collected to measui®, with delay values of 8, 40,

Moreover, the TTD residues do not exhibit NOE patterns in

80, 120, 160, and 200 ms. All NMR data were processed the*N-edited NOESY spectrum that would indicate regular

with NMRPipe (9). The decays of cross-peak intensities
with time in the>N—R, and R, experiments were fit to a
single exponential by a nonlinear least-squares fit with fitting

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

errors typically less than 5% (Kaleidagraph 3.08, Synergy number of PG residues exhibit small perturbations of their
Software, Reading, Pennsylvania). HNOE values for each backbone chemical shifts with respect to PG in the absence

given residue were calculated as the intensity radfig) (of
the 15N-H correlation peak in the presendg &nd absence
(lo) of proton saturation during the relaxation delay of 5 s.
Errors in the HNOE were estimated to #20.10. Analysis

of rotational diffusion and internal mobility was performed
by the program Tensor version 220§. On the basis of the
PG structure 1), R/R; ratios of residues 356 (the core

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

structure of PG) and a Monte Carlo error analysis, the sequence, which follows PG residue 56. Thus, the added
appropriate diffusion model was determined to be isotropic sequence does not perturb the PG structure and does not
in the case of free PG-TTD and fully anisotropic in the case interact significantly with the PG core.

of PG-TTD bound to heparin. The appropriate model for
rotational diffusion was then used in a Lipari-Szabo type
analysis of the internal mobility2Q). Due to spectral overlap

Dynamic Properties of PG-TTD in the Free Stalthe
dynamic properties of PG-TTD were characterized by
determination of heteronuclear relaxation rates, which have

residues 2, 68, and 70 are missing from the analysis PG-been widely used to investigate the backbone dynamics of
TTD in the free state and residues 2, 61, 65, 66, 69, 70, 71,proteins R7, 2§. The®N—R, and R,y relaxation rates and

and 73 are missing from the analysis of PG-TTD in the
complex with heparin. Molecular dynamics simulations were
performed using CNS2@). The program MOLMOL was
used for molecular graphicg4).

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

the'H-15N NOE (HNOE) were determined for each residue
in PG-TTD (Figure 2a). In generaR,, R,, and HNOE of
the PG moiety of PG-TTD are very similar to those
previously observed for the wild-type P@5). Interestingly,
the TTD sequence exhibits lower valuesRyf R, and the
HNOE than the PG. For example, the aver&yeR,, and
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FiGUrRE 1: Structural properties of PG-TTD in the free state. {&-edited HSQC spectrum of PG-TTD. The TTD residues (and the
residues that link TTD to PG) are labeled. PG residues that exhjpithet are perturbed by 0.2 ppm are labeled with parentheses.
Experimental conditions were 3@0M protein in 100 mM P@pH 6.0, 10% DO at 27°C. (b) Backbone chemical shifts of PG-TTD with
respect to random coil values. Random coil values were taken from Wishart and26age)(Location of PG residues perturbed by the
addition of a C-terminal TTD sequence. The structure of PG is that of Gronenborn 21)al. (

the HNOE values of the PG (residues36) are 1.99 ¢, ate rotational diffusion model and fits the data to a Model-
6.62 s, and 0.70, respectively; the average R,, and the free analysis of internal mobility. On the basis of Rg/R,
HNOE values of the TTD (residues 633) are 1.60 s, ratios of the PG core residues, the isotropic model was

4.36 s, and 0.15, respectively. This difference suggests that, deemed most appropriate. The resulting overall correlation
at least at a qualitative level, the TTD moiety is more mobile time is estimated to be 4.74 0.05 ns. Many of the residues
than the PG core. To better interpret the dynamic propertiesfit to the simplest model of internal mobility, which requires
of PG-TTD, the three relaxation parameters were analyzedone variables. Residues 13 and 7577 require arRey term

by the program Tenso2(), which determines the appropri- to include conformational exchange on the microsecond to
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Fieure 2: Dynamic properties of PG-TTD. (@, (circles) R in the present case possesses an average molecular weight
(squares) HNyOE (tria?]glgs); (b) Order parameté)stﬁf PG-TTTZy) of ~6000 an.d thu§ ConSIStS 0#20.negat|vely charged
based on a isotropic model of rotational diffusion. TTD (residues Monosaccharide units. Third, the deriv&H of the complex
63—73) are denoted by a shaded box. Experimental conditions wereformation is—12 kcal/mol and the derivedSis —11 cal/
1 mM PG-TTD in 100 mM P@pH 6 at 27°C at 600 MHz. mol/T, suggesting that complex formation is enthalpy driven.
The negative enthalpy is consistent with the formation of
millisecond time scale. Residues 6;-84, 18, 20, 35, 40, energetically favorable electrostatic interactions between the
41, 43,51, 54, 55, 58, 59, 6567, 69, 7177 (which largely positively charged side chains of TTD and the negatively
includes TTD residues 6373) require an effective internal  charged sulfate groups of heparin. On the other hand, the
correlation timez. to fit the relaxation parameters. No negativeASsuggests that entropy is decreased by formation
residues require the extended model free formal@sh The of the PG-TTD/heparin complex (to be discussed below).
resultingS values are shown in Figure 2b. As expected from  NMR and CD Characterization of Heparin Binding to PG-
the R,, Ry, and HNOE values for the PG core, the derived TTD.To further characterize the PG-TTD/heparin complex,
< values are again very similar to the wild-type PZ5) 5N-edited HSQC of'>N-labeled PG-TTD was used as an
suggesting that the dynamic properties of PG are not assay of proteirtligand interactions30). In Figure 4a, the
perturbed by the presence of the TTD sequence. Interestingly effects of adding soluble hepariniN-labeled PG-TTD are
the averagé& value of TTD is 0.54 and the avera§évalue shown. First, note that only a subset of the resonances move
for PG is 0.84, consistent with the notion that in the free during the titration. The only resonances that move cor-
state the PG core is relatively rigid and the TTD tail is respond to the TTD resonances, which indicate that they are
relatively mobile. in close association with heparin. Examples include Y63,
Thermodynamics of Heparin Binding to PG-TTBs K66, and Q70. The PG-TTD/heparin complex is in fast
discussed in the Introduction, previous work suggested anexchange, as indicated by the presence of only one set of
important role of heparan sulfate in the translocation of resonances. The exchange rate can be estimated by the
HIV-1 tat (8—10). To better understand the mechanism of maximal chemical shift perturbation. At saturating concentra-
TTD-mediated entry, we have characterized the thermody- tions of heparin, R69 exhibits the largest change i H
namic properties of heparin, a naturally occurring analogue chemical shift (0.32 ppm), which indicates that the exchange
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Ficure 4: Effects of heparin binding on PG-TTD structure. {&i)-edited HSQC spectra of PG-TTD in the presence of increasing

concentrations of heparin (blue no heparin, cyan= 22 uM heparin, green= 44 uM heparin, yellow= 65 uM heparin, red= 105 uM

heparin). Experimental conditions were 31M PG-TTD, 100 mM PQ@/pH 6.0, 5% BO at 27°C. (b) Hy (solid bars) andN (open bars)

chemical shift perturbations of PG-TTD in the presence of heparin. Experimental conditions wett3G-TTD, 300uM heparin in

100 mM PQ/pH 6.0, 5% DO 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 vdvieP3B-TTD, 300uM heparin

in 100 mM PQ/pH 6.0 at 23°C.

rate between the bound and free states is greater than 19@bsence of heparin was assayed by difference CD spectropo-
Hz or 1200 s*. The location of heparin binding to PG-TTD  larimetry. As shown by Figure 4c, no change in the PG-
can be inferred from a plot of chemical shift perturbation TTD CD spectrum is observed in the presence of excess
versus residue number (Figure 4b). First note that the PGheparin (or at a 1:1 ratio, data not shown). Thus, it can be
moiety (residues-156) does not exhibit significant chemical inferred that heparin does not induce a change in secondary
shift changes, consistent with the notion that heparin doesstructure of PG-TTD and that TTD remains in an extended
not bind to PG. In contrast, TTD residues (residues B3) conformation.

are clearly perturbed. We were next interested in the Dynamic Properties of the PG-TTD/Heparin Complax.
conformation of TTD when bound to heparin. In the absence shown above, the dynamic properties of PG-TTD in the free
of heparin, the chemical shift and relaxation properties of state suggest that TTD is relatively mobile and that this
PG-TTD indicate that TTD is in a flexible extended mobility may be functionally important (to be discussed
conformation (discussed above). In the presence of heparinbelow). Moreover, the thermodynamic studies presented
the simultaneous upfield shift of the TTDyFnd**N could above suggest that the entropy of PG-TTD and/or heparin
be taken to indicate the adoption of helical structu6).( is decreased upon complex formation. To further characterize
On the contrary, the spectral dispersion of the TTD residuesthe dynamic properties of TTD when complexed to heparin,
does not increase in the presence of heparin (cf., Figure 4a)we performed the standard set of heteronuclear NMR
suggesting a continued absence of regular secondary strucrelaxation experiments in the presence of an equimolar
ture. Moreover, examination of the 3BN-edited NOESY concentration of heparin. Thi, R., and HNOE of PG-
spectrum of PG-TTD/heparin complex did not reveal the TTD in the presence of heparin are shown in Figure 5a. First
presence of shortrange (or longrange) NOEs which would note that averag®,, R, and the HNOE values of the PG
be characteristic of a regular secondary (or tertiary) structure core (residues-156) in the presence of heparin are 1.69 s

in the TTD. To further probe the effects of heparin binding, 9.47 s, and 0.68, which are somewhat different than the
the secondary structure of the PG-TTD in the presence andrelaxation parameters of the PG core in the free state. For
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Ficure 5: Dynamic properties of PG-TTD in the presence of
heparin. (aR; (circles),R, (squares), HNOE (triangles); (b) Order
parameters®) of PG-TTD based on a fully anisotropic model of
rotational diffusion. TTD (residues 63 3) are denoted by a shaded
box. Experimental conditions were 1 mM PG-TTD/heparin in 100
mM POy/pH 6 at 27°C at 600 MHz.

example, the averad®,, rate of the PG core is 6.62%5in

the free state and 9.47%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-

Hakansson and Caffrey

s, andD,, = 3.36 x 107 s™% In contrast to the PG-TTD
free state, fewer residues fit to the simplest model requiring
only &. Residues 31 and 39 requireRg, term. Residues 2,

5, 7-16, 18-20, 29, 33, 35, 40643, 48, 51, 52, 55, 56, 58,
62, 74, 75, and 77 require an effective internal correlation
time 7. 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, requiRg, and 7. terms to

fit the relaxation parameters. No residues require the extended
model free formalism. As shown in Figure 5b, t&eof PG

are essentially unchanged with respect to PG-TTD in the
free state (averag® = 0.89). Interestingly, thé&? values

of TTD are notably increased with the largest change
occurring at residue 67A& = 0.28). Overall, the average
< value for TTD bound to heparin is 0.69; the aver&e
value for TTD in the free state is 0.54.

DISCUSSION

Structure and Dynamics of TTD in the Free Stafar
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 sta8d, (32,
Caffrey, unpublished results). Moreover, a recent NMR
structure of full-length tat shows the TTD to be in an
extended conformatior88). 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 85). 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
andintracellular 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

ingly, the changes in the relaxation parameters, with respectas a model of heparan sulfate found on cell surfa@&s (
to their corresponding free state values shown in Figure 2a,Previously, we have demonstrated that PG-TTD binds to a

clearly indicate that the TTD tail is less mobile in the
presence of heparin. For example, the avefdgé,,, and
the HNOE values of the TTD bound to heparin are 1.51 s
8.81 s, and 0.36, respectively; the average R,y and the
HNOE values of the TTD in the free state are 1.64 4.36

heparin affinity column with relatively high affinity, based
on elution of PG-TTD at 1.6 M NaCll¢). The present work
has used ITC to determine tig of heparin binding to PG-
TTD, as well as theAH and AS of heparin binding. The
measuredy of the PG-TTD/heparin complex is 0.3iM,

s1 and 0.15, respectively. It is important to note that the which is similar to those observed for various FGF/heparin

ITC results suggest that multiple PG-TTD bind to 1 heparin

complexes, which range from 0.5 to @5/1 (29). Interest-

molecule and thus the NMR experiments are actually ingly, the stoichiometry of heparin binding suggests that
observing a mixture of PG-TTD/heparin complexes in fast multiple PG-TTD bind to 1 heparin molecule. Multiple
exchange. Nonetheless, the relaxation parameters can béinding sites are reasonable in the case of heparin, which

interpreted on a qualitative basis. On the basis ofREéR,

consists of multiple repeating disaccharide units. For ex-

ratios of the PG core, the fully anisotropic model was deemed ample, the X-ray structure of the FGF/heparin complex
to be most appropriate. The resulting diffusion tensor shows that heparin binds multiple FG¥g(37). On the basis

parameters arBy = 1.95x 107 s %, Dy, = 2.29x 107/

of the negativeAH, the binding of TTD to heparin is driven
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heparan sulfate

cell membrane

Ficure 6: Model for the interaction between PG-TTD and heparan
sulfate proteoglycans. The coordinates for the PG moiety of PG-
TTD were taken from the solution structure of P@L) The
coordinates for TTD and the linker regions were modeled in an
extended conformation using the program CNS 120).(The
coordinates for heparin, an analogue of heparan sulfate, were take
from those of the X-ray structure of the ternary complex of heparin,
FGF, and the FGF receptoBY). The electrostatic profile was
calculated by the program MOLMOL24).

by the formation of energetically favorable interactions

Biochemistry, Vol. 42, No. 30, 2003005

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 conformations37, 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).

between the basic side chains of TTD and the negative sulfatetACKNOWLEDGMENT

groups of heparin. Finally, the negati®s predicts that the
entropy of PG-TTD and/or heparin is decreased in the
complex. In general, th& of PG-TTD increased upon
binding to heparin, consistent with increased order and
decreased entropy. Previous NMR studies of other proteins
have demonstrated that change§ircan be directly related

to entropy (cf.38). However, the entropy changes relate to
the global order of the complex, which is comprised of

The work of Nikolina Sekulic in preliminary studies of
PG-TTD is gratefully acknowledged.

SUPPORTING INFORMATION AVAILABLE

Two tables S1 and S2, which contain the relaxation data
(R, Ry, and HNOE) and the derived relaxation parameters
(S, Te, R and S ?) for PG-TTD in the free and heparin-

backbone and side chain atoms, as well as the atoms ofbound states. This material is available free of charge via

heparin. In the present case, the order parameters are know
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 fron® values of the PG-TTD/heparin
complex.

Model of the PG-TTD/Heparin Compléilork presented
here and elsewher8-{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 PZ3)(
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 struct@dg. (
Proteins and peptides are known to bind to heparin in various
conformations. For example, heparin binds dehelical
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 7.

undergo a transition from an extended structure to &elix

in the presence of hepari8g 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 9.

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

the Internet at http://pubs.acs.org.
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