
pubs.acs.org/BiochemistryPublished on Web 06/15/2010r 2010 American Chemical Society

Biochemistry 2010, 49, 6009–6020 6009

DOI: 10.1021/bi100642n

Membrane-Bound Dynamic Structure of an Arginine-Rich Cell-Penetrating Peptide,
the Protein Transduction Domain of HIV TAT, from Solid-State NMR†

Yongchao Su,‡ Alan J. Waring,§ Piotr Ruchala,§ and Mei Hong*,‡

‡Department of Chemistry, Iowa State University, Ames, Iowa 50011, and §Department of Medicine,
David Geffen School of Medicine, University of California at Los Angeles, Los Angeles, California 90095

Received April 26, 2010; Revised Manuscript Received June 12, 2010

ABSTRACT: The protein transduction domain of HIV-1 TAT, TAT(48-60), is an efficient cell-penetrating
peptide (CPP) that diffuses across the lipid membranes of cells despite eight cationic Arg and Lys residues. To
understand its mechanism of membrane translocation against the free energy barrier, we have conducted
solid-state NMR experiments to determine the site-specific conformation, dynamics, and lipid interaction of
the TAT peptide in anionic lipid bilayers. We found that TAT(48-60) is a highly dynamic and nearly random
coil peptide in the lipid bilayer and inserts into the membrane-water interface near the glycerol backbone
region. Arg-phosphate salt bridge interaction was revealed by short guanidinium-phosphate distances and
restricted dynamics of the guanidinium. Together with the observation of strong peptide-water cross-peaks
in 1H spin diffusion spectra, these results indicate that TAT binding to the membrane-water interface is
stabilized not only by electrostatic attraction to the anionic lipids but also by intermolecular hydrogen bond-
ing with the lipid phosphates and water, which may take the role of intramolecular hydrogen bonds in cano-
nical secondary structures. The random coil structure of TAT and another CPP, penetratin, suggests that the
lack of amphipathic structure is essential for rapid translocation of these Arg-rich CPPs across the lipid
membrane without causing permanent damages to the membrane integrity.

Cell-penetrating peptides (CPPs)1 are highly cationic and Arg-
rich peptides that are able to cross lipidmembranes into cells both
alone and in conjugationwith largemacromolecular cargos (1, 2).
Therefore, CPPs are potentially important molecules for drug
delivery and for studying macromolecular structures inside living
cells (3). CPPs have been discovered from diverse origins such as
the TAT protein of HIV-1 (4), penetratin from the Drosophilia
antennapedia homeodomain (5), and synthetic polyarginine pep-
tides (6, 7). In contrast to antimicrobial peptides (AMPs), which
are similarly Arg-rich sequences but which kill bacterial cells by
disrupting their lipid membranes, CPPs appear to enter eukaryo-
tic cells without causing long-lasting damage to the integrity of
the cell membrane.

The physical basis for the membrane translocation of CPPs
has been much debated and is still not well understood (8). It is
well-known that the low-dielectric interior of cell membranes
presents a high-energy barrier to the direct unassisted diffusion
of charged ions and molecules. The free energies of transfer of
amino acid residues from the aqueous to a nonpolar solvent have
been measured experimentally and are highly positive for Arg

and Lys (9). It is thus puzzling how short peptides containing a
high density of Arg residues are able to cross the membrane. Two
models, an inverse micelle model (10) and an electroporation
model (11), had been proposed to account for membrane trans-
location of CPPs, but neither was supported by recent solid-state
NMR studies of penetratin. Specifically, 31P NMR line shapes
indicated the absence of isotropic entities in the membrane, thus
ruling out the inverse micelle model (12). Paramagnetic relaxa-
tion enhancement experiments using Mn2þ ions bound to the
outer surface of lipid bilayers versus both surfaces indicated that
penetratin was distributed equally in the two leaflets of the mem-
brane even at low peptide concentrations (12). This finding
contradicted the electroporation model, which posits that asym-
metric association of CPPswith the outer leaflet of themembrane
causes an electric field that alters the lateral and curvature stress
of the membrane, eventually causing electroporation-like per-
foration of the membrane (11). Instead, site-specific distances
between penetratin and the lipid headgroups indicated tight
guanidinium-phosphate associations (13), suggesting that ion
pair interaction between the Arg residues and the anionic lipid
headgroups may play a significant role in the membrane trans-
location of CPPs.

Despite many biophysical studies of CPPs in membrane-
mimetic environments, little site-specific high-resolution structural
information ofmembrane-boundCPPs is yet available. Our recent
studies ofmembrane-bound penetratin through solid-stateNMR
13C chemical shifts suggested an unusual turn-rich conformation
at physiological temperature (14), whose functional role is still
unclear. Moreover, the penetratin conformation was found to
depend on the temperature: in the gel phase of the membrane,
penetratin adopts a β-strand conformation, while in the liquid-
crystalline phase, random coil chemical shifts were observed for
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most labeled sites except for an Arg (14). To further elucidate
how conformation underlies the mechanism of CPPs, and to
examine the diversity of the structure-function relation for this
class of peptides, we have now investigated the structure and
dynamics of the hexa-Arg CPP domain of the HIV TAT protein
(residues 48-60), whose potent CPP activities have been exten-
sively characterized (15-17). Using solid-state NMR, we have
determined the conformation, dynamics, depth of insertion, and
lipid interaction of TAT(48-60) in anionic lipid membranes,
which led us to propose a structural basis for the translocation
mechanism of this peptide.

MATERIALS AND METHODS

Membrane Sample Preparation. TAT(48-60) (GRKKR
RQRRR PPQ-CONH2) was synthesized using standard solid-
phase Fmoc chemistry and purified by HPLC to >95% purity.
Uniformly 13C,15N-labeled Lys, Gln, Arg, and Pro were incor-
porated at residues 4, 7, 8, and 11 of the peptide, respectively, in
singly labeled samples. A 13C,15N-Ile3-labeled penetratin sample
(RQIKI WFQNR RMKW KK-CONH2) bound to DMPC/
DMPG bilayers (13) was also used for the 1H T1F experiment to
compare with the TAT peptide. All lipids, including DMPC,
DMPG, POPC, POPE, and POPG, were purchased fromAvanti
Polar Lipids (Alabaster, AL). Most experiments were conducted
on hydratedDMPC/DMPG (8:7mol ratio) membranes. The high-
melting DMPC/DMPGmixture allows the peptide to be immobi-
lized at moderate low temperatures to facilitate distance and
chemical shift measurements. The low-melting unsaturated lipids
(POPC, POPE, and POPG) were used in alignedmembrane sam-
ples since they are more easily hydrated and aligned at ambient
temperature. We chose phosphatidylglycerol (PG) instead of
phosphatidylserine (PS), which is the anionic lipid of eukaryotic
cell membranes, for our samples in order to facilitate comparison
with the large literature of CPP studies in model membranes.
Eukaryotic cell membranes contain ∼10% anionic lipids (18),
which is much less than the ∼50% charge density used in this
work. However, the cationic TAT is most likely clustered in the
anionic-lipid-rich regions of the biological membrane during trans-
location, so the current model membrane is still relevant for under-
standing the translocation mechanism.

Hydratedmembrane samples were prepared by aqueous phase
mixing. DMPC and DMPG (8:7 mol ratio) lipids were mixed in
chloroform and dried under a stream ofN2 gas. The lipidmixture
was further lyophilized overnight to obtain a homogeneous dry
powder, which was then suspended in 2 mL of phosphate buffer
(5.8mMNaH2PO4 and 4.2mMNa2HPO4, pH=7.0) and freeze-
thawed eight times. The resulting lipid vesicle solution was added
to the peptide solution to obtain a peptide:lipid molar ratio of
1:15. After incubation overnight, the solution was centrifuged at
55000 rpm for 4 h at 4-6 �C to obtain a wet pellet. The pellet was
slowly dried to a hydration level of ∼40 wt % and then packed
into a 4 mmMAS rotor for NMR experiments. Over 95% of the
peptidewas bound to the lipids as checkedbyUV-vis spectrometry.
The POPE/POPG-bound TAT sample was prepared similarly.

Oriented membranes were prepared on thin glass plates using
an organic solvent protocol described before (19). The dry lipid/
peptide film (∼1 mg) on each glass plate was first hydrated by
directly dropping 1 μL of water on each plate, giving a hydration
level of∼50%. The hydrated glass plates were then kept in a 97%
humidity chamber containing saturated K2SO4 solution at room
temperature for 4-5 days before NMR measurements. Samples
with TAT concentrations at 1%, 2%, 4%, and 8%were prepared

to determine the degree of membrane disorder induced by the
peptide. Three series of lipid membranes, neutral POPC, anionic
POPC/POPG(8:7), and anionic POPE/POPG(8:7),were prepared.
Solid-State NMR Experiments. All solid-state NMR ex-

periments were carried out on a Bruker DSX-400 (9.4 T) spectro-
meter (Karlsruhe, Germany) operating at 400.5 MHz for 1H,
100.7 MHz for 13C, and 162.1 MHz for 31P. A triple-resonance
1H/13C/31P 4 mm magic-angle spinning (MAS) probe was used
for 13C-31PREDORexperiments, while a double-resonance 1H/X
MAS probe was used for other MAS experiments. Low tempe-
rature was achieved using a Kinetics Thermal System XR air-jet
sample cooler (Stone Ridge, NY). All experimental temperatures
refer to the sample temperature indicated by the probe thermo-
couple and are estimated to be within 1� of the actual sample
temperature since no fast spinning nor high-salt samples were
used in this work. Typical 90� pulse lengths of 13C, 15N, and 31P
were 5 μs, and typical 1H decoupling field strengths were 75 kHz
at low temperature and 50 kHz at ambient temperature. 13C and
15N chemical shifts were calibrated respectively to the R-Gly 13C0

resonance at 176.49 ppm on the TMS scale and 15N-acetylvaline
(NAV) at 122 ppm on the ammonium scale. 31P chemical shifts
were referenced to the hydroxyapatite signal at 2.73 ppm for
unoriented samples and to the signal of 98% phosphoric acid at
0 ppm for oriented samples.

13C and 15N cross-polarization (CP)MASexperimentswere con-
ducted using CP contact times of 0.5-1.5 ms. One-dimensional
double-quantum (DQ) filtered 13C MAS spectra were measured
at 233K using SPC-5 for 13C-13C dipolar recoupling (20).When
extracting full widths at half-maximum, we took care to use app-
ropriate line broadening that is less than the intrinsic line widths
of the signals at the specific temperatures.

Two 2D 13C-13C correlation experiments, dipolar-assisted
rotational resonance (DARR) (21) and the DQ dipolar INADE-
QUATE experiment (22), were used to assign the TAT 13C
chemical shifts at low temperature. The INADEQUATE experi-
ment suppresses the natural abundance lipid 13C signals and gives
relativelywell-resolved peptide 13C resonances. The SPC-5 sequence
was used for DQ excitation and reconversion. The INADE-
QUATE spectra were measured at 233 K under 5333 Hz MAS.

2D 13C-1H heteronuclear correlation (HETCOR) experi-
ments without 1H spin diffusion were used to assign 1H and
13C chemical shifts of TAT at ambient temperatures. No 1H
decoupling was applied during the evolution period; thus only
signals of highly dynamic species can survive in the spectra. The
experiments were conducted either with or without 1JCH decoup-
ling for the t1 period, by the presence or absence of a

13C 180� pulse
in the middle of the t1 period. The pulse sequence of the 1JCH-
decoupled 2D HETCOR experiment was shown in Figure 2a.
The non-1JCH decoupled HECTOR was conducted at 5 kHz
MAS while the 1JCH decoupled HETCOR experiments were
carried out under 7-8 kHzMAS at 303K, in the liquid-crystalline
phase of the DMPC/DMPG membrane. For 1H spin diffusion
experiments probing the interaction of TAT with lipids and water,
we used a similar HETCOR sequence but with the addition of a
1H spin diffusion mixing period after t1 (23). These experiments
were carried out under 5 kHz MAS at 303 K.

13C-1H and 15N-1H order parameters were measured using
the 2D dipolar chemical shift correlation (DIPSHIFT) experiment
with dipolar doubling (24, 25). The experiments were conducted
at 303Kunder slow spinning rates of 2800 and 3401Hz. 1H homo-
nuclear decouplingwas achieved using semiwindowlessMREV-8
with a 1H 105� pulse length of 4.0 μs (26). Small asymmetry in the
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t1 curves was fit using an apparent T2 relaxation factor. The best-
fit couplings were divided by the theoretical scaling factor, 0.47,
of semiwindowless MREV-8 and a factor of 2 for doubling to
give the trueX-Hdipolar couplings. The order parameters,SXH,
were calculated as the ratio of the true coupling with the rigid-
limit one-bond X-H dipolar coupling. The rigid limit value was
taken as 22.7 kHz for C-H and 10.6 kHz for N-H dipolar
coupling, respectively.

1H rotating-frame spin-lattice relaxation times (T1F), which
reflect microsecond time scale motions that are important for
biological membranes, were measured using a 13C-detected 1H
Lee-Goldburg spin-lock sequencewith an effective 1H field strength
of 61.2 kHz (27). The experiments were conducted at 303Kunder
7 kHz MAS.

13C-31P rotational-echo double-resonance (REDOR) experi-
ments were carried out under 4 kHz MAS at 230 K, where both
the lipids and the peptide were immobilized. A 31P 180� pulse
length of 9 μs was used to achieve complete inversion of the broad
31P spectral width. A frequency-selective version of REDOR (28)
was used tomeasure the distance ofCR to 31P.A1ms 13CGaussian
180� pulse centered at the 13C resonance of interest was used to
remove the J-coupling between the on-resonance CR and its dir-
ectly bonded 13C spins. Two-spin simulations were used to fit the
13C-31P REDOR data. Although multiple 31P spins are present
on the membrane surface, the average 31P density on the mem-
brane surface (10 Å spacing between 31P atoms) is sufficiently low
that when the REDOR dephasing is fast, corresponding to two-
spin 13C-31P distances of ∼5 Å or less, two-spin simulations
report the correct distance of the 13C to a single 31P (29). When
the dephasing is slow, comparison of multispin and two-spin
simulations indicated that the two-spin distance is effectively the
vertical distance between the 13C and the 31P plane, thus reporting
the depth of the 13C spin (29).

Due to overlap with the lipid 13CO signals, the 13CO-31P RE-
DOR data were corrected for the natural abundance lipid back-
ground (13) using the equation (S/S0)observed=0.79(S/S0)peptideþ
0.21(S/S0)lipid, where the weight fractions were calculated based
on the peptide:lipid molar ratio of 1:15. The lipid 13CO-31P
REDOR dephasing was previously measured using POPC
lipids (29). The Pro11 CR REDOR was similarly corrected for
the small percentage of overlapping natural abundance lipid CR
signal, whose distance to 31P is fixed at 2.9 Å. To fit the Arg Cζ
REDOR data, which shows heterogeneous couplings, we used
two distances in the simulation, where the long and short
distances were each incremented at 0.1 Å steps within physically
allowed ranges (13). The best fit was obtained as the lowest rmsd
between the data and simulations. Supporting InformationTable
S1 summarizes the main conditions of all the experiments carried
out in this work.

RESULTS

Random Coil Conformation and High Mobility of TAT
in Lipid Bilayers.We first examined the conformation of TAT
inDMPC/DMPGmembranes using 13C and 15N chemical shifts.
Four uniformly 13C,15N-labeled residues, Lys4, Gln7, Arg8, and
Pro11, were singly incorporated into the peptide. Figure 1 shows
representative 2D 13C-13C correlation spectra of Lys4- andArg8-
labeled TAT in the gel phase of the membrane at 233 K. Broad
CR andCβ peaks with line widths of 4.0-5.1 ppmwere observed,
indicating significant conformational heterogeneity. When the
lipid 13C signals were removed by a double-quantum (DQ) filter,
more than one set of 13C chemical shifts was found for some of

the 13C sites in Lys4, Gln7, and Arg8 (Figure 1b), suggesting that
the conformational distribution may be more complex than a
single Gaussian. Chemical shift multiplicity for the same domain
in the intact TAT protein was also observed in solution and was
postulated to result from transient folding events of the pro-
tein (30). When the chemical shifts of the dominant peaks of
membrane-bound TAT were compared with random coil values
from protein databases (31), we found most residues to exist in a
random coil state (Figure 1c). The only exception is Pro11, which
is known to be predisposed to β-strand conformation by the imine
side chain.

To examine if the random coil chemical shifts of TAT at low
temperature were caused by the gel-phase disorder of the mem-
brane, we measured the TAT 13C chemical shifts in the liquid-
crystalline phase of the membrane at 303 K using 2D 1H-13C
correlation experiments. Even in the absence of 1H-1H homo-
nuclear decoupling, we observed extremely narrow 1H and 13C
line widths and resolved 1JCH splittings in the 1H dimension
(Figure 2b): the 13C line widths were 0.3-0.4 ppm while the un-
decoupled 1H line widths were 0.15-0.30 ppm. Thus, fast iso-
tropic motion largely averaged the 1H-1H dipolar couplings,
giving well-resolved 1H peaks even without homonuclear decoup-
ling.As a comparison, in theHETCORspectrum (data not shown)
of Ile3-labeled penetratin with 1JCH decoupling, no peptide 1H
peaks survived, indicating penetratin has slower motion than
TAT.Most importantly, the TAT 13C chemical shifts remained at
the random coil positions, close to the center of the broad peaks

FIGURE 1: 13C chemical shifts ofHIVTAT(48-60) inDMPC/DMPG
(8:7) bilayers. (a) 2D 13C-13CDARRspectrumofLys4-TATat 233K,
measured with a mixing time of 30 ms. (b) 2D INADEQUATE spec-
trum of Arg8-TAT at 233K. (c) TAT 13C chemical shifts at 303K (open
circles) and233K(closedcircles) comparedtodatabasevalues forvarious
secondary structures (31). Error bars indicate the fwhm. The CR-Cβ
chemical shift differencewasused as amarker of secondary structure (58).
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at low temperature (Figure 1c). Thus, TAT undergoes near-
isotropicmotion at high temperature, with an average conforma-
tion approaching the random coil. This result is consis-
tent with circular dichroism data of TAT in POPC/POPG vesi-
cles, which also suggested a random coil structure similar to that
in buffer (32).

To observe how the narrow line widths of TAT at high tem-
perature transition to broad line widths at low temperature, we
measured the 1D 13C and 15N spectra of TAT as a function of
temperature (Table 1). Figure 3a,b shows 13C and 15N spectra of
Arg8-labeled TATbound toDMPC/DMPGbilayers from 303 to
233K. The Arg8 signals were sharp at 303K: the limiting 13C line
widths were sufficiently small that 13C-13C scalar splittings of
∼40 Hz were observed for many sites such as CR. The peptide

signals became undetectable around 283 K and became broad
and strong at 233 K, with 3.5-4.8 ppm line widths for 13C and a
12 ppm line width for NR. Similar trends were observed for the
other labeled residues. For the backbone CR, the low-temperature
line width of Arg8 covers the entire range of helix to sheet confor-
mations (Figure 3c). We further compared the TAT line widths
to several other membrane peptides, including penetratin, the
β-sheet antimicrobial peptide PG-1 (29), and the R-helical influenza
M2 transmembrane peptide (33). Among these peptides, TAT
exhibits the narrowest line widths at high temperature and the
largest line widths at low temperature (Figure 3d), indicating that
TAT undergoes faster exchange among a wider range of con-
formations at high temperature, thus giving rise to sharp signals
averaged at the random coil chemical shifts. Lowering the tempe-
rature freezes themotion and captures all conformation-dependent
chemical shifts. Thus, the broad low-temperature line widths
reflect the large conformational space sampled by TAT. While it
is difficult to quantify the exact conformational distribution,
compared to the structurally defined β-sheet PG-1 and R-helical
M2, the TAT structure is almost completely random. Comparison
with PG-1 andM2 also indicates that the contribution of gel-phase

FIGURE 2: 2D 1H-13C HETCOR spectra of TAT in DMPC/DMPG
bilayers at 303K. (a) Pulse sequence of 1JCH-decoupled 2DHETCOR
experiment. No 1H homonuclear decoupling was applied during t1;
thus only highly dynamic molecules can exhibit 1H-13C cross-peaks.
(b) 1JCH-decoupled HETCOR spectra (black) of the DMPC/DMPG
membranewithout andwith various site-specifically labeledTAT.The
spectrum in red in the bottom panel is the HETCOR spectrum of
Pro11-TAT without 1JCH decoupling. A 141 Hz 1JCH splitting of the
Pro11 CR peak was observed. The CR 1H cross section was compared
between the 1JCH-decoupled and undecoupled spectra.

Table 1: 1H, 13C, and 15N Chemical Shifts (ppm) of Labeled Residues of

TAT in DMPC/DMPG Bilayers at 303 and 233 K

residue site 303 K 233 K random coil values (31)

Lys4 CO 174.7 174.5 174.5

CR 54.4 54.3 54.7

Cβ 30.9 31.3 30.8

Cγ 22.8 22.9

Cδ 27.2 26.3

Cε 40.2 39.7

HR 4.29 4.28

Hβ 1.82

Hγ 1.45

Hδ 1.69

Gln7 CO 173.8 174.0 174.2

CR 53.8 53.8 54.2

Cβ 27.8 26.7 27.0

Cγ 32.0 33.3

Cδ 178.4 177.9

HR 4.37 4.26

Hβ 2.01

Arg8 NR 123.1 122.2 118.9

Nε 85.4 83.2

Nη 73.0 71.3

CO 174.1 174.3 174.2

CR 54.2 53.4 54.3

Cβ 28.9 28.7 28.8

Cγ 25.2 25.4

Cδ 41.5 41.0

Cζ 157.7 156.9

HN 8.40 8.17

HR 4.31 4.33

Hβ 1.87

Hγ 1.64

Hδ 3.22

Pro11 NR 138.3 136.9

CO 172.5 172.6 175.2

CR 59.7 58.6 61.8

Cβ 29.0 28.7 30.2

Cγ 25.4 25.5

Cδ 48.6 48.3

HR 4.68 4.41

Hβ 1.92

Hγ 2.00

Hδ 3.82
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membrane disorder is minor compared the intrinsic disorder of
the peptide. Furthermore, the possibility that freezing changed
the TAT conformation can be ruled out, since the average chemi-
cal shift frequencies were unchanged between high and low
temperatures (with the slight exception of Pro11 CR).

To quantify the dynamics of TAT in the lipid membrane, we
measured 13C-1H and 15N-1H dipolar couplings and the cor-
responding order parameters at 303 K using 2D DIPSHIFT
experiments. Order parameters indicate the amplitude ofmotion.
A maximum order parameter of 1 corresponds to the rigid limit
while a minimumorder parameter of 0 indicates large-amplitude,
isotropic motion. Figure 4 shows representative dipolar coupling
data of the membrane-bound TAT. Low order parameters of
0.14-0.20 were found for the peptide backbone (Table 2), com-
parable to those of the middle portion of the lipid molecules (34),

indicating that the peptide undergoes large-amplitude motion.
Interestingly, the Arg8 order parameters decrease from NR
(SNH = 0.20) to Cδ (SCH = 0.08) but then reverse the trend
and increase to Nη (SNH=0.30), indicating that two relatively
rigid ends of the residue flank a more mobile aliphatic middle
(Figure 4c). The larger order parameters of the guanidinium
moiety immediately suggest stabilizing interactions with the lipid
headgroups. TAT also exhibits long 1H T1F relaxation times of
10-30 ms (Table 3), indicating that the large-amplitude motions
occur at rates far exceeding 106 s-1.
InteractionofTATwithLipidMembranes.Toprobewhether

TAT binding causes membrane disorder, we measured 31P spec-
tra of oriented lipid bilayers of several compositions in the pre-
sence of increasingamounts of the peptide.Figure 5 shows the effects
of TAT on both the neutral zwitterionic POPC membrane and
two anionic membranes, POPC/POPG (8:7) and POPE/POPG

FIGURE 3: Temperature-dependentTAT linewidths inDMPC/DMPG
membranes. (a) 13CMASspectra from303 to233KforArg8-TAT.Stars
denote lipid peaks. Most spectra were measured by cross-polarization
(CP). A 303 K spectrum was measured by 13C direct polarization
(DP). A 233 K 13C DQ-filtered spectrum gives pure peptide peaks
and line widths. 13C-13C J splittings were resolved for some peaks
at 303 K, as shown in expanded regions in blue. (b) 15N spectra of
Arg8-TAT at 303 K (by DP) and 233 K (by CP). (c) The CR peak of
Arg8 at 233 K from the DQ spectrum spans the chemical shift range
for canonical secondary structures. (d) Comparison of CR line
widths of TAT, penetratin, PG-1, and the influenza M2 peptide in
lipid bilayers at high and low temperatures.

FIGURE 4: C-HandN-Hdipolar couplings ofArg8-TAT inDMPC/
DMPGmembranes at 303K. (a) CR and CδC-HDIPSHIFT curves.
(b) NR and Nη N-H DIPSHIFT curves. (c) Arg8 order parameters
from themeasured dipolar couplings. The lowest order parameterswere
observed for themiddle of the side chain, while the guanidiniummoiety
and the backbone exhibit higher order parameters.

Table 2: 13C-1Hand 15N-1HDipolarCouplings (kHz) andOrderParameters

of TAT in DMPC/DMPGMembranes at 303 K

residue site δ (ppm) XHn ωXH
a SXH

Arg8 NR 123.1 NH 2.13 0.20

Nη 73.0 NH2 3.19 0.30

CR 54.2 CH 4.09 0.18

Cβ 28.9 CH2 3.41 0.15

Cδ 41.4 CH2 1.82 0.08

Pro11 CR 59.7 CH 3.18 0.14

Cβ 28.9 CH2 3.86 0.17

Cδ 48.7 CH2 4.54 0.20

lipids CR 60.3 CH2 2.72 0.12

G2 71.4 CH 4.31 0.19

C2 34.7 CH2 4.77 0.21

(CH2)n 31.0 CH2 5.68 0.25

aωXH is the true dipolar couplings after taking into account various
scaling factors in the pulse sequence. The rigid-limit couplings used for cal-
culating the order parameters are 10.6 kHz for N-Hand 22.7 kHz for C-H
dipolar couplings.
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(8:7). Up to 8mol% peptide, the POPC and POPC/POPGmem-
branes remain largely well ordered, as shown by the high 0� peak
at ∼30 ppm and the low 90� peak of the powder pattern at
-15 ppm, which is indicative of misalignment of the membrane.
The lack of an isotropic peak at 0 ppm indicates that the mem-
brane remains lamellar and intact. For the POPE/POPG mem-
brane, higher powder intensities were observed compared to the
other two membranes, but the isotropic peak is still absent. The
lack of membrane disruption was further confirmed by static 31P
spectra of unoriented DMPC/DMPG and POPE/POPG mem-
branes containing 6% TAT, where regular uniaxial powder line
shapes were observed (Figure 5b). The minor isotropic peaks
were attributed to the phosphate buffer. The lack of isotropic
disorder is consistent with previously reported 31P NMR spectra
of unoriented POPC/POPG (3:1) membranes (32) containing
TAT and is also consistent with the ability of this cell-penetrating
peptide to cross the membrane without damaging its integrity.
Depth of Insertion of TAT in Lipid Bilayers from 1H

Spin Diffusion. To determine how deeply TAT is inserted into
the lipid bilayer, we carried out 13C-detected 1H spin diffusion

experiments from water and lipids to the peptide (23). The
distance between the source protons and protein protons deter-
mines the intensities of the intermolecular cross-peaks. Since
TAT is similarly mobile as lipids at ambient temperature, the
dipolar-mediated 1H spin diffusion process is similarly inefficient
in the peptide as in the soft lipid matrix. Therefore, spin diffusion
cross-peak intensities depend on the distances of individual
residues from the source protons. The site-specific nature of the
depth information for the mobile TAT differs from the case of
large immobile membrane proteins, where rapid spin diffusion
within the protein largely removes the site resolution of the depth,
and only the shortest distance between the protein and the source
protons can be obtained (23).

Figure 6 shows representative 13C-detected 1H spin diffusion
spectra of Arg8- and Pro11-TAT, measured with a 1H spin diffu-
sion mixing time of 225 and 144 ms, respectively. Weak cross-
peaks were observed between the lipid chain CH2 protons at
1.3 ppmand the peptide 13C signals. Themixing timeof 100-200ms
is modest for the highly dynamic TAT with low spin diffusion
coefficients. For comparison, immobilized DNA bound to the
surface of cationic lipid membranes showed no cross-peaks with
the lipid chain protons until after∼400 ms, even though the spin
diffusion coefficient of the rigid DNA rods is much larger than
TAT (23). Thus, if TAT were similarly surface-bound as DNA,
∼20 Å from the center of the membrane, then it will not exhibit
any cross-peaks with the lipid chain protons in the short mixing
times used here. Therefore, the presence of the lipid-TAT cross-
peaks within the modest mixing time is strong qualitative
evidence that TAT binds inside the lipid bilayer rather than lying
on the membrane surface.

Figure 6 shows strong water cross-peaks at 4.7 ppm for Arg8
but not Pro11. Figure 7 compares the water region of the 13C-1H
2D spectra for all sites studied. Interestingly, all polar residues con-
taining labile protons, Lys4, Gln7, andArg8, exhibited water cross-
peaks, while the hydrophobic Pro11 without any exchangeable

Table 3: 1H T1F Relaxation Times (ms) of TAT and Penetratin in DMPC/

DMPG Membranes at 303 K, Measured with a 1H Effective Spin-Lock

Field of 61.2 kHz

peptide residue site T1F (ms)

TAT(48-60) Arg8 CR 11.6

Cβ 11.3

Cδ 29.3

Pro11 CR 14.9

Cβ 8.8

Cδ 7.0

penetratin Ile3 CR 3.0

Cδ 4.9

Cε 6.2

FIGURE 5: Effects of TAT on the membrane structure. (a) Static 31P spectra of glass-plate oriented lipid membranes with varying mole concen-
trations of TAT. Threemembrane compositions, POPC, POPC/POPG (8:7), and POPE/POPG (8:7), were examined. The percentage of intensity
in the 12 to -27 ppm range is indicated for each spectrum to denote the amount of membrane disorder. No isotropic signal near 0 ppm was
observed in any spectra. (b) Static 31P spectraof unorientedDMPC/DMPG(8:7)membrane andPOPE/POPG(8:7)membranes containing 6mol%
TAT. The isotropic peak at 1.6 ppm is the phosphate buffer peak. All 31P spectra were measured at 296 K.
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protons did not. This difference indicates that hydrogen exchange
is necessary for water-protein spin diffusion cross-peaks to occur,
consistent with many recent studies of the mechanism of water-
protein magnetization transfer (35-37). Thus, Pro11 is not neces-
sarily further away fromwater than the other residues.Overall, the
strong water cross-peaks with the peptide indicate that TAT is
not deeply inserted into the bilayer.

The coexistence of water and lipid cross-peaks with TAT is
most consistent with a location of the peptide in the glycerol
backbone and headgroup region of the membrane. This inter-
facial location inside the membrane is further supported by the
fact that TAT enhanced the water-to-lipid spin diffusion of the

POPE/POPG membrane. Figure 8 shows that the lipid head-
groupCR and acyl chainC2have stronger cross-peakswithwater
in the presence of TAT than in its absence, which is not possible if
TAT were on the surface of the membrane.

The exact distance of TAT to the center of the membrane
cannot be quantified by observing cross-peak buildup intensities
as a function ofmixing time due to the lack ofwell-calibrated spin
diffusion coefficients for dynamic molecules. Nevertheless, one
can obtain some insights based on the relative intensities of the
water-peptide and lipid-peptide cross-peaks. In ∼40% hydra-
ted membrane samples, the number of water protons is about
twice the number of lipid CH2 protons. Previous calibrations of
water and lipid chain spin diffusion coefficients indicated that the
water spin diffusion coefficient is about 10-fold larger than the
lipid chain diffusion coefficient because of the faster translational
motion of water (23, 38). Thus, the water-peptide cross-peak
should be higher than the lipid-peptide cross-peak even if a
residue is at comparable distances to themembrane surface water
and to the hydrophobic chains. Thus, the presence of a lipid-
TAT cross-peak at all is a strong indication of the membrane-
immersed nature of TAT.
Site-Specific Distances to the Membrane Surface from

13C-31P REDOR. To confirm the interfacial location of TAT,
we carried out 13C-31P distance measurements at low tempera-
ture using REDOR. If TAT were inserted into the hydrophobic
core of the bilayer, long 13C-31P distances or slow dipolar de-
phasing would be expected, as is the case for the lipid chain 13C
signal. The REDOR experiments were conducted at ∼230 K to
completely freeze the dynamics of both the DMPC/DMPG
membrane and the peptide. The 31P spectra at this temperature
give a span of 197 ppm (Supporting Information Figure S1),
which is the rigid limit for the 31P chemical shift tensor (29).
Figure 9 shows the 13C-31P REDOR data of the backbone and
side chain sites of Arg8 and Pro11. Relatively short backbone
13C-31P distances of 5.7-6.6 Å were observed, consistent with
the 1H spin diffusion result that the peptide backbone lies in the
glycerol backbone region of the membrane-water interface.
Natural abundance lipid signals were corrected for both the

FIGURE 6: (a) 2D 13C-detected 1H spin diffusion spectra of DMPC/
DMPG-bound TAT at 303 K. (a) Arg8-TAT spectrum measured
with 225 ms spin diffusion. Water and lipid CH2 cross-peaks are
colored. (b) Pro11-TAT spectrum with a mixing time of 144 ms. No
water cross-peaks (37) but clear lipid CH2 cross-peaks were detected.

FIGURE 7: 2D 13C-detected 1H spin diffusion spectra of DMPC/DMPG (8:7) membranes with and without TAT. (a) Without TAT. (b) With
Lys4-labeled TAT. (c)WithGln7-labeledTAT. (d)WithArg8-labeled TAT.Water-peptide cross-peaks were detected in (b)-(d). (e)With Pro11-
labeled TAT with a mixing time of 225 ms. No Pro11-water cross-peaks were observed.
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Arg8 COpeak and the Pro11 CR peak. For the guanidiniumCζ of
Arg8, a 1:1 combination of 4.1 and 5.5 Å distances fits the data
well (Figure 9b). The former is at the lower limit of the possible
distance between the guanidinium and the lipid phosphate and
places the two groups within hydrogen-bonding contact of each
other (29, 39). Thus, the Arg residues in TAT interact with the
negatively charged lipid headgroups in a similar fashion to Arg-
rich antimicrobial peptides (29, 40). Since the superposition of
two distances fits the Cζ data well, there is no sign of a broad
distance distribution, suggesting that guanidinium-phosphate
ion pair interaction, rather than the peptide backbone conforma-
tion, is the determining factor for theArg side chain conformation.

DISCUSSION

Depth and Thermodynamics of Insertion of TAT into
LipidMembranes. The 1H spin diffusion and 13C-31P distance
data indicate that TAT binds inside the DMPC/DMPG (8:7)
bilayer in the glycerol backbone and headgroup region of the
membrane-water interface (Figure 10). This location is consis-
tent with the temperature dependence of the 13C and 15N spectra
(Figure 3), since exchange broadening of TAT signals coincided
with the membrane phase transition. This depth is also consistent
with molecular dynamics simulations of TAT and the related
CPP penetratin (41, 42).

It is interesting to consider the free energies of TAT insertion
into the membrane-water interface. Using the Wimley-White
interfacial scale developed for zwitterionic POPCbilayers (43), an
energy barrier of about 9 kcal/mol against insertionwould be pre-
dicted. However, the interfacial scale derived from neutral POPC

bilayers does not account for strong electrostatic attraction
between cationic peptides and highly anionic membranes as used
in this study. Using isothermal titration calorimetry experiments,
Seelig and co-workers characterized the thermodynamics of TAT
binding to anionic membranes in detail and found that the free
energy of binding of TAT to 25%anionic membranes in 100mM
salt solution was about 80% electrostatic and 20% hydrophobic,
with a total Gibbs free energy of -5.2 kcal/mol (32). The NMR
samples used here contain less salt (10 mM) and more (∼50%)
anionic lipids; thus the binding energy should be evenmore nega-
tive or favorable. Similar to TAT, oligoarginine peptides also
showed a significant electrostatic component in their binding
energies (44).

In addition to the electrostatic attraction, 13C-31P REDOR
experiments found tight association of the Arg8 guanidinium
group with the lipid phosphates, similar to a number of other
Arg-rich CPPs and antimicrobial peptides (13, 29, 40). A Cζ-P
distance of 4-5 Å indicates hydrogen bonding between the
guanidinium N-H and the lipid P-O groups. The importance
of this hydrogen bondingwas demonstrated for the antimicrobial
peptide PG-1, where mutation of the guanidinium to dimethyl-
ated guanidinium weakened the antimicrobial activity by 3-fold
and changed the oligomeric structure and orientation of the
peptide in the lipid bilayer (40). Each guanidinium ion can form
up to five hydrogen bonds with lipid phosphates or water. Thus,
the hexa-Arg TAT can form asmany as 30 hydrogen bonds from
the Arg side chains. If each hydrogen bond formation gives a
favorable free energy change of-0.5 kcal/mol (45), then the total
free energy change can be as much as -15 kcal/mol in favor of
binding, which would greatly stabilize TAT at the membrane-
water interface. Therefore, the combined electrostatic attraction
and hydrogen-bonding effects should be more than sufficient to
overcome Born repulsion and facilitate TAT insertion into the
glycerol backbone region of the membrane-water interface.
An increasing number of MD simulations also pointed out the
importance of guanidinium-phosphate and guanidinium-water
interactions for reducing the free energy cost of inserting Arg
residues into the lipid membrane (42, 46-48).

The location of TAT is deeper than polylysine peptides, which
was found by monolayer pressure and area measurements to lie
on the surface of anionic lipid monolayers (49). Differences in the
experimental conditions as well as the intrinsic membrane affi-
nities of the two peptides most likely account for the observed
depth difference. The polylysine measurements were carried out
in 33%negatively chargedmembranes in 100mM salt (49), while
the bilayer samples in the present NMR study contained ∼50%
anionic lipids and only 10 mM salt. A lower fraction of acidic
lipids reduces the electrostatic attraction while a higher salt con-
centration shields the electrostatic attraction between the peptide
and the membrane. Thus the polylysine peptides are expected to
have weaker membrane binding than the TAT peptide under the
conditions of the two studies. The sensitivity of membrane
binding to salt concentration is well-known and is exemplified
by the fact that the free energies of polylysine binding decreased
from -1.5 to -7 kcal/mol from 500 to 50 mM salt (49). The
polylysine binding study also used lipid monolayers, where the
lack of a distal membrane surface, with its concomitant anionic
lipid headgroups, may weaken the propensity of the polylysines
to insert into the membrane. In addition to these experimental
differences, there is also a real difference in the affinity ofArg-rich
and Lys-rich cationic peptides for the membrane interior. It is
well-known that Lys substitution for Arg in cell-penetrating

FIGURE 8: 2D 13C-detected 1H spin diffusion spectra of POPE/POPG
(8:7)membraneswith amixing time of 144ms. (a)WithoutTAT.Only
very weak water-lipid cross-peaks were observed. (b) With Arg8-
labeled TAT (P/L=1:15), showing stronger water-lipid cross-peaks.
(c) 1H cross sections at several lipid 13C frequencies. The TAT-free
spectrum is in black, and the TAT-containing spectrum is in red. TAT
enhances the water-lipid cross-peaks, indicating that the peptide is
inserted into themembrane. All spectra weremeasured at 303Kunder
5 kHz MAS.
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peptides abolishes the membrane translocation ability (50, 51).
An increasing number of recent studies of CPPs and antimicro-
bial peptides suggested that the structural basis for this difference
may lie in the ability of guanidinium to form hydrogen bond-
stabilizedbidentate complexeswith lipidphosphates (12,29,40,52),
which cannot be achieved by the mobile amine of the Lys side
chains.

Taken together, the interfacial location of the Arg-rich TAT in
the lipid bilayer correlates well with the membrane translocation
ability of the peptide and can be attributed to the strong electro-
static attraction between TAT and the anionic lipid membranes
as well as hydrogen bond stabilization of the Arg residues by the
lipid phosphates and water.
TATPerturbation of LipidMembranes. 31PNMR spectra

of both neutral and anionic lipid membranes in the presence of
TAT showed little isotropic disorder. The observation is repro-
duced in both alignedmembranes and unoriented vesicle samples
(Figure 5). This finding suggests that TAT binding does not sig-
nificantly perturb the lamellar structure of the lipid bilayer. Inte-
restingly, a detailed 31P NMR characterization of TAT binding
as a function ofmembrane composition showed that the isotropic

disorder is a sensitive function of the acyl chain saturation and
temperature (53). Low-melting lipids such as DLPC and POPC
did not exhibitmembrane disruption byTAT,while high-melting
DMPC andDPPC bilayers were. Moreover, the nonlamellar dis-
order was only present in zwitterionic bilayers and not in anionic
bilayers. The present use of unsaturated lipids in all three mem-
brane series for the oriented 31P NMR experiments thus pre-
cluded the observation of any potential isotropic features. Our
depth and conformational experiments were conducted in nega-
tively charged lipid membranes, thus similarly precluding the
observation of membrane disorder. When we applied two cycles
of heating and cooling to the TAT-containing DMPC:DMPG
(8:7) membrane sample, we did not observe an isotropic peak
(Supporting Information Figure S2), which confirmed the lack of
significant membrane disorder induced by thermal history.

Interestingly, anMD simulation ofHIVTAT in a neutral DOPC
bilayer as a function of peptide:lipid molar ratios found transient
pores at high peptide concentrations (42). Based on these simu-
lations, Herce andGarcia proposed that the mechanism of trans-
location involves membrane thinning, reorientation of the lipids
near the peptide, and attraction of TAT to lipid headgroups on

FIGURE 9: 13C-31P REDOR data of DMPC/DMPG-bound TAT at 230 K. (a) Representative REDOR control (S0) and dephased (S) spectra.
(b)REDORdataand simulation forArg8COandCζ. TheCζdataare best fit bya 1:1 ratio of 4.1 and5.5 Å. (c)REDORdataandbest fit forPro11
CR. The lipidCR contribution (7%of full intensity) was taken into account by a fixed distanceof 2.9 Å. (d)REDORdata andbest fit for Pro11Cδ.
(e) rmsd between the simulated and experimental REDOR curves of Arg8 Cζ to obtain the best-fit distances for Cζ in (b).
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the distal (far) side of the membrane. The 13C-31P distances
measured here support the latter two proposals. However, the
lack of isotropic 31P signals indicates the absence of long-lasting
pores, although our data, which describe the equilibrium state of
the peptide, do not rule out the existence of transient pores during
translocation. One possibility is that the Arg-phosphate salt
bridge interaction may slow down the fast lipid lateral diffusion
necessary for observing an isotropic signal, so that membrane
defects may be present but undetectable in the 31P NMR spectra.
However, we do not think this scenario is likely, because the salt
bridge interaction is too weak (with a guanidinium Nη order
parameter of 0.30) to retard the lipid diffusion.Moreover, similar
Arg-phosphate salt bridge interactions were observed in anti-
microbial peptides such as PG-1 (29), which caused pronounced
31P isotropic features (39, 54).
Random Coil Conformation of TAT in Lipid Bilayers.

The temperature-independent random coil chemical shifts of
TAT and the temperature-dependent line width changes provide
a rare example of a truly dynamic random coil peptide in lipid
membranes. The 2D INADEQUATE spectra at low tempera-
tures (Figure 1) exhibited fine structures for some side chain
peaks. However, the chemical shift differences between themulti-
ple peaks of each site are small compared to the line widths; thus
they do not change the qualitative conclusion that the TAT adopts
a random coil conformation in the lipid membrane.

While TAT is known to be unstructured in solution (30), the
finding that it remains a random coil in the lipid bilayer is still
surprising, since it is generally believed that unstructured peptides
in solution acquire hydrogen-bonded canonical conformations
upon membrane binding to reduce the number of polar N-H
and CdO groups exposed to the membrane (45). In light of the
lipid-peptide interaction data here, we propose that TAT remains
random coil by substituting intramolecular hydrogen bonds by
intermolecular ones with the lipid phosphates and water and by
residing in the membrane-water interface, which has a higher
dielectric constant than the hydrocarbon region of the bilayer.
The intermolecular Arg-phosphate interaction is not only revea-
led by the short guanidinium-phosphate distance but also by the
fact that the guanidinium exhibits higher order parameters than
the rest of theArg side chain. This lipid anchoring effect dovetails

a recent solution NMR and MD simulation study of Arg side
chains in ribonucleaseH, where the dynamics of the guanidinium
Nε was found to be primarily governed by salt bridges and was
decoupled from the dynamics of the rest of the aliphatic side
chain (55).

The random coil backbone should facilitate TAT interaction
withmultiple lipid headgroups, whose positions in the fluid bilayer
are highly disordered. The completeness of the Arg8 Cζ-31P
REDORdephasing (Figure 9) confirms that all peptidemolecules,
instead of just a fraction, experience guanidinium-phosphate
interactions. Finally, a random coil backbone reduces the hydro-
phobic surface of TAT and prevents any defined polar/apolar
separation. In this way, the peptide may rapidly cross the bilayer
instead of being retained permanently in the membrane, as is the
case for amphipathic antimicrobial peptides. Since the inter-
molecular lipid-TAT and water-TAT hydrogen bonds can be
formed for any phospholipid membranes, TAT is expected to
adopt similar random coil structures in any anionic membranes.
This prediction is supported by the fact that the same random coil
chemical shifts were found in both DMPC/DMPG membranes
and POPE/POPG membranes, even though PE membranes
appear to permit more efficient translocation of TAT than PC
membranes (52).

CONCLUSION

In summary, using solid-state NMRwe found that HIV TAT-
(48-60) adopts a random coil conformation and inserts into the
glycerol backbone region of the membrane-water interface in
anionic lipid bilayers. This structure is thermodynamically stabi-
lized by electrostatic attraction with the anionic lipids, guani-
dinium-phosphate salt bridges, and guanidinium-water hydro-
gen bonding. The highly dynamic TATdoes not cause permanent
damages to the membrane integrity but may cause transient
defects, as suggested by short guanidinium-phosphate distances.
These results suggest that TAT translocation is an extremely
rapid phenomenon that relies on transient interactions of the Arg
side chains with lipid phosphates of the distal leaflet. The equili-
brium structure observed by solid-state NMR, showing the
peptide lying at the membrane-water interface of both leaflets,
is the structure after translocation. Catching the peptide “in
action”, during translocation, may require independent experi-
ments of the kind that has been used to probe transient macro-
molecular interactions and structural changes in solution (56, 57).
We postulate that the role of the random coil conformation is to
prevent the peptide from permanently residing in the hydro-
carbon core of the lipid bilayer through hydrophobic interactions.
The dynamic nature of TAT, together with the previously repor-
ted dynamic turn-rich conformation of penetratin, suggests that
the Arg-rich CPPs differ from the Arg-rich amphipathic AMPs
mainly by the presence or absence of intramolecular hydrogen-
bonded conformations (14).

SUPPORTING INFORMATION AVAILABLE

Static 31P spectra ofTAT-containing unorientedDMPC/DMPG
membranes under two heating and cooling cycles and a summary
table of the solid-stateNMR experiments. This material is available
free of charge via the Internet at http://pubs.acs.org.
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