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Abstract Mutations of proteins with dual activities that

lead to enhancement of one activity are frequently

accompanied by attenuation of the other activity. However,

this mutational negative trade-off phenomenon typically

only involves the canonical 20 amino acids. To test the

effect of non-canonical amino acids on the negative trade-

off phenomenon, two bioactivities of HIV-1 Tat-derived

peptides were monitored upon changing the Arg side chain

length. In contrast to the expected mutational negative

trade-off, shortening Arg by one methylene resulted in both

higher TAR RNA binding specificity and higher cellular

uptake. These results suggest that introducing previously

unexploited building blocks, even if the difference is only

one methylene, can alter the peptide bioactivity landscape

leading to the enhancement of multiple bioactivities.
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Abbreviations

Agb (S)-2-Amino-4-guanidinobutyric acid

Agh (S)-2-Amino-6-guanidinohexanoic acid

Arg Arginine

bAla Beta-alanine

BIV Bovine immunodeficiency virus

CD4 Cluster of differentiation 4

CHO Cells Chinese hamster ovary cells

EDTA Ethylenediaminetetraacetic acid

EMSA Electrophoretic mobility shift assay

HIV-1 Human immunodeficiency virus type 1

HPLC High performance liquid chromatography

KD Dissociation constant

MALDI-TOF Matrix-assisted laser desorption ionization

time-of-flight

MS Mass spectrometry

NMR Nuclear magnetic resonance spectroscopy

PBS Phosphate buffered saline

PI Propidium iodide

Poly(dI-dC) Poly(20-deoxyinosinic-20-deoxycytidylic)

acid

R Fluorescence anisotropy

RNA Ribonucleic acid

TAR Transactivator response element

Tat Transactivator of transcription

Tris Tris(hydroxymethyl)aminomethane

tRNA Transfer ribonucleic acid

Introduction

Protein neofunctionalization occurs by accumulating

mutations that enhance a secondary latent promiscuous

function (Zhang 2003; Khersonsky et al. 2006; Soskine

and Tawfik 2010; Tawfik 2010). Many of these mutations

that facilitate the emergence of the new function are

accompanied by weak but quantifiable negative trade-offs

of the existing native function (Aharoni et al. 2005; Vick

et al. 2005; Khersonsky et al. 2006; McLoughlin and

Copley 2008; Levin et al. 2009; Soskine and Tawfik 2010).

For evolution at this single protein level, multi-function

or functionally generalized proteins serve as evolutionary
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intermediates between the protein specialized in the exist-

ing function and the protein specialized in the new function

(McLoughlin and Copley 2008). Proteins with dual activity

could be an intended functionally generalized protein or a

specialized protein with a secondary latent function,

depending on the extent of evolution of the secondary

activity (McLoughlin and Copley 2008). Importantly,

mutations that further enhance either activity should lead to

the attenuation of the other due to mutational negative

trade-offs (Aharoni et al. 2005; Vick et al. 2005; Kherson-

sky et al. 2006; McLoughlin and Copley 2008; Levin et al.

2009; Soskine and Tawfik 2010). However, these naturally

occurring mutations are limited to the 20 canonical amino

acids. In this study, we challenge the mutational negative

trade-off phenomenon with non-canonical amino acids to

potentially alter the peptide bioactivity landscape.

The 11-amino acid basic region of HIV-1 Tat protein

(human immunodeficiency virus type 1 transactivator of

transcription protein, residues 47–57), Tat(47–57) (Fig. 1),

binds to the transactivator response element (TAR) RNA

(Cordingley et al. 1990; Weeks et al. 1990), and is

responsible for cell penetration (Vives et al. 1997; Richard

et al. 2003). The Tat–TAR interaction is crucial for HIV

proliferation (Cullen 1991; Stevens et al. 2006), whereas the

cell penetration capability of Tat is important for inducing

viral proliferation in infected neighboring cells (Ensoli et al.

1993) and inducing apoptosis of nearby healthy immune

cells (Berman et al. 2007; Misumi et al. 2004). However,

Tat(47–57) binds the bulge-deleted TAR RNA with higher

affinity compared to the native bulge-containing TAR

RNA (Gelman et al. 2003). Furthermore, Arg8 and Arg9

peptides are more effective in cell penetration compared

to Tat(47–57) (Wender et al. 2000). Also, Arg9 binds

TAR RNA with slightly lower specificity compared to

Tat(47–57) based on gel shift data (Calnan et al. 1991b). As

such, Tat(47–57) most likely represents a balance between

specific TAR RNA recognition and cell penetration.

The six Arg residues in Tat(47–57) are critical for both

specific TAR RNA recognition (Calnan et al. 1991a) and

cell penetration (Wender et al. 2000), making Tat(47–57)

an ideal system to explore the effect of introducing non-

canonical Arg analogs with varying side chain length on

the peptide bioactivity landscape. Accordingly, we report

the incorporation of non-canonical arginine analogs with

different side chain lengths, resulting in the simultaneous

enhancement of the two bioactivities (i.e., specific RNA

binding and cell penetration) for the basic region of the Tat

protein. This suggests that introducing previously inac-

cessible building blocks, even if the difference is only the

number of methylenes, can alter the original molecular

bioactivity landscape.

Materials and methods

Peptide synthesis

The peptides were synthesized by solid-phase peptide syn-

thesis using Fmoc-based chemistry (Atherton et al. 1978;

Cheng et al. 2011). (S)-2-Amino-6-guanidinohexanoic acid

(Agh)-containing peptides were synthesized using Fmoc-

Agh(Boc)2-OH following standard protocols. (S)-2-Amino-

6-guanidinobutyric acid (Agb)-containing peptides were

synthesized by solid-phase guanidinylation (Cheng et al.

2011). After cleavage, the peptides were purified by reverse-

phase HPLC and confirmed by MALDI-TOF MS.

Fluorescence anisotropy experiments

Fluorescein-labeled RNA (25 nM) was titrated with pep-

tide in 50 mM Tris–HCl, pH 7.4, 20 mM KCl, and 0.02 %

Tween20 at room temperature, and monitored by fluores-

cence spectroscopy (Gelman et al. 2003). The fluorescence

intensity with various combinations of orientations for the

Native human Tat(47-57)
-Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-

XaaTat peptides
AghTat:
ArgTat:
AgbTat:

Flu-XaaTat peptides
Flu-AghTat:
Flu-ArgTat:
Flu-AgbTat:

Ac-Tyr-Gly-Agh-Lys-Lys-Agh-Agh-Gln-Agh-Agh-Agh-NH2
Ac-Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-NH2
Ac-Tyr-Gly-Agb-Lys-Lys-Agb-Agb-Gln-Agb-Agb-Agb-NH2

Flu-βAla-Tyr-Gly-Agh-Lys-Lys-Agh-Agh-Gln-Agh-Agh-Agh-NH2
Flu-βAla-Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-NH2
Flu-βAla-Tyr-Gly-Agb-Lys-Lys-Agb-Agb-Gln-Agb-Agb-Agb-NH2

βAla = β-alanine
Flu = 6-carboxyfluorescein

H3N
O

O

HN

H2N NH2

n n = 4, Agh, (S)-2-amino-6-guanidinohexanoic acid
      3, Arg, L-arginine
      2, Agb, (S)-2-amino-4-guanidinobutyric acid

    G   G
 U         G
   C      A
    C - G
    G - C
    A - U
    G - C
   U
 C
   U
    A - U
    G - C
    A - U
    C - G
    G - C
    G - C
    5'    3'

    G   G
 U         G
   C      A
    C - G
    G - C
    A - U
    G - C
    A - U
    G - C
    A - U
    C - G
    G - C
    G - C
    5'    3'

TAR RNA Bulgeless
TAR RNA

Fig. 1 Sequences of

Tat(47–57), Tat-derived

peptides, TAR RNA, and

bulgeless TAR RNA
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excitation polarizer and emission polarizer was measured

to derive the fluorescence anisotropy (R) for each addition

(Lakowicz 1999). The apparent dissociation constant for

the peptide-RNA complex was derived by fitting the

anisotropy data assuming a 1:1 peptide-RNA stoichiometry

(Puglisi et al. 1995; Gelman et al. 2003) using the full

quadratic equation (Eq. 1).

R is the fluorescence anisotropy observed at the total

peptide concentration [peptide]total, Runbound is the fluores-

cence anisotropy of unbound RNA, Rbound is the fluores-

cence anisotropy of RNA bound to peptide, [RNA]total is

the total RNA concentration (including unbound RNA and

bound RNA), [peptide]total is the total peptide concentra-

tion (including unbound peptide and bound peptide), and

KD is the apparent dissociation constant for the RNA-

peptide complex.

Electrophoretic mobility shift assay

Fluorescein-labeled RNA (100 nM) and peptide (at various

concentrations) were incubated in pH 7.4 buffer (10 lL)

containing Tris–HCl (50 mM), KCl (50 mM), poly(dI-dC)

(10 lg/mL), 2 % glycerol, and Triton X-100 (0.05 %) at

room temperature. The samples were analyzed by loading

into 12 % native polyacrylamide gels in 0.5 % TB buffer

and electrophoresis was performed with 140 V at room

temperature. Bands corresponding to the free and bound

RNA were used to determine the fraction bound RNA. The

fraction bound RNA data were used to globally derive the

apparent dissociation constants assuming a 1:1 binding

stoichiometry (Puglisi et al. 1995; Gelman et al. 2003)

using the full quadratic equation (Eq. 2).

where [RNA]total is the total RNA concentration (including

unbound RNA and bound RNA), [peptide]total is the total

peptide concentration (including unbound peptide and

bound peptide, and KD is the apparent dissociation constant

for the RNA-peptide complex.

Cellular uptake assay

Jurkat cells (8 9 105) were incubated with the peptides at

various concentrations (7, 30, 60, and 120 lM) at 37 �C with

5 % CO2 for 15 min. The cells were then incubated with

0.05 % trypsin/EDTA in PBS for 5 min to remove the pep-

tides which adhered to the cell surface rather than entered

into the cell (Richard et al. 2003). Propidium iodide (PI) was

added to all samples to stain the dead cells but should not

stain the live cells. The cells were then transferred into the

flow tube and analyzed by flow cytometry (FACScan, Bec-

ton–Dickinson Bioscience). The minimum PI fluorescence

intensity for the dead control cells (which were terminated by

adding Triton X-100) treated with PI was set as the threshold

value. The mean 6-carboxyfluorescein fluorescence intensity

for 10,000 live cells (with appropriate forward scatter and

side scatter values, and below the PI fluorescence threshold)

was determined for each experiment. Each experiment was

independently repeated at least three times.

Results

Peptide design

The native Tat(47–57) was capped at both termini to give

peptide ArgTat (Fig. 1). All six Arg residues were replaced

with Agh (one methylene longer than Arg) and Agb (one

methylene shorter than Arg) to give peptides AghTat and

AgbTat (Fig. 1), respectively. To enable the detection of

cellular uptake, the peptides were capped with 6-carboxy-

fluorescein at the N-terminus with an intervening bAla

R ¼ Runbound

þ
RNA½ �totalþ peptide½ �totalþKD �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RNA½ �totalþ peptide½ �totalþKD

� �2�4 RNA½ �total� peptide½ �total

q

� �

2 RNA½ �total

Rbound � Runboundð Þ

ð1Þ

Fraction bound RNA ¼
RNA½ �totalþ peptide½ �totalþKD �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RNA½ �totalþ peptide½ �totalþKD

� �2�4 RNA½ �total� Peptide½ �total

q

� �

2 RNA½ �total

ð2Þ
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(Gelman et al. 2003) to give the Flu-XaaTat peptides

(Fig. 1).

RNA binding affinity determined by fluorescence

anisotropy

The effect of Arg side chain length on RNA binding by

XaaTat peptides was investigated by fluorescence anisot-

ropy (Table 1). The HIV TAR RNA and the corresponding

bulge-deleted TAR were labeled with fluorescein at the 30-
terminus to enable these experiments. The fluorescence

anisotropy of fluorescein-labeled RNA (25 nM) was mon-

itored upon adding varying amounts of peptide (Figs. S1,

S2). The apparent dissociation constants (KD) were derived

from the experimental data assuming a 1:1 binding stoi-

chiometry using the full quadratic equation (Gelman et al.

2003) (Table 1), because BIV (bovine immunodeficiency

virus) Tat peptide binds BIV TAR RNA with such a ratio

as shown in the structures derived from NMR data (Puglisi

et al. 1995).

All three peptides bound TAR RNA with sub-micro-

molar affinity (Table 1). Since the apparent KD for the

peptide-TAR RNA complexes did not vary with Arg side

chain length, the guanidinium group alone may be suffi-

cient for TAR RNA binding. Towards binding the corre-

sponding bulge-deleted TAR RNA, the apparent KD for the

peptide-RNA complexes decreased with decreasing side

chain length (Table 1). Importantly, the binding affinity

was higher for the bulge-containing TAR compared to the

bulgeless RNA, regardless of side chain length.

RNA binding specificity determined by electrophoretic

mobility shift assays

Many negatively charged entities exist in the cell, which

may bind non-specifically to the positively charged pep-

tides. Accordingly, to determine the specific binding of the

peptides to the bulge-containing TAR and the corre-

sponding bulgeless RNA, electrophoretic mobility shift

assays (EMSA) were performed in the presence of com-

peting negatively charged poly(dI-dC) (Zondlo and Sche-

partz 1999) to obtain the apparent KD with attenuated

nonspecific binding, i.e., specificity (Figs. 2, 3; Fig. S3;

Table 1). The affinity of ArgTat for TAR RNA was

somewhat affected by the presence of poly-anionic

poly(dI-dC), whereas the affinity of AghTat was signifi-

cantly reduced upon adding poly(dI-dC). Surprisingly, the

affinity of AgbTat for TAR RNA was not affected by the

presence of poly(dI-dC); the affinity of AgbTat for TAR

Table 1 Apparent dissociation constants for the binding of XaaTat

(Xaa=Agh, Arg and Agb) peptides with HIV TAR-related RNA in the

absence and presence of poly(dI-dC)

Peptide Apparent KD (nM)a

RNA alone RNA with poly(dI-dC)

TARb Bulgeless

TARb
TAR with

poly(dI-dC)c
Bulgeless TAR with

poly(dI-dC)c

AghTat 36 ± 9 99 ± 8 450 ± 40 NDd

ArgTat 25 ± 3 75 ± 8 67 ± 19 7000 ± 1000

AgbTat 32 ± 9 51 ± 4 31 ± 9 2400 ± 200

a The apparent dissociation constants were derived from the experi-

mental data assuming a 1:1 binding stoichiometry
b Values determined by fluorescence anisotropy experiments. The

experiments were performed by titrating the peptide into 25 nM

fluorescein-labeled HIV TAR RNA or corresponding buldgeless TAR

RNA
c Values determined by electrophoretic mobility shift assays

(EMSA). The assays were performed with 100 nM fluorescein-labeled

HIV TAR RNA or corresponding buldgeless TAR RNA, varying

amounts of peptide, in the presence of 10 lg/mL poly(dI-dC)
d No binding was observed even in the presence of 3,000 nM peptide

Fig. 2 Gel images of electrophoretic mobility shift assays for

XaaTat peptides with 100 nM fluorescein-labeled HIV TAR RNA in

the presence of 10 lg/mL poly(dI-dC)

Fig. 3 Gel images of electrophoretic mobility shift assays for

XaaTat peptides with 100 nM fluorescein-labeled bulge-deleted HIV

TAR RNA in the presence of 10 lg/mL poly(dI-dC)
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RNA in the absence of poly(dI-dC) determined by EMSA

(KD = 36 ± 10 nM; Fig. S4) was essentially the same as

that determined by the fluorescence anisotropy experiments

(KD = 32 ± 9 nM; Table 1). Furthermore, the binding

affinity in the presence of bulk tRNA as the competing

negatively charged species showed the same apparent

affinity trend for TAR RNA: AgbTat [ ArgTat [ AghTat

(Figs. S5, S6). In contrast, the affinity of the peptides for

the corresponding bulgeless RNA were all greatly attenu-

ated upon adding poly(dI-dC) (Fig. 3; Table 1), indicating

that non-specific electrostatic interactions are the main

reason for the binding of the peptides for this closely

related RNA species. These results suggest that altering the

Arg side chain length does not affect the affinity between

Tat and TAR, but affects specificity. In particular, short-

ening the Arg side chain length to Agb increases the

binding specificity between Tat and TAR RNA, perhaps by

limiting the motion of the guanidinium group or by pro-

viding optimal distances between guanidinium groups to

interact with RNA.

Cellular uptake experiments

Cellular uptake experiments were performed on Jurkat

cells, because these cells are a CD4? helper T cell cancer

cell line, and CD4? helper T cells are the target of HIV-1.

Jurkat cells were incubated separately with various con-

centrations (7, 30, 60, and 120 lM) of Flu-XaaTat for

15 min at 37 �C in the presence of fetal bovine serum, and

then treated with trypsin to remove cell-surface bound

peptide (Richard et al. 2003). Cellular uptake was visual-

ized qualitatively using fluorescence microscopy (Fig. S7),

showing obvious uptake for all three peptides.

Cellular uptake was then investigated quantitatively

using flow cytometry (Fig. 4; Figs. S8, S9); only live cells

were included in these studies. Using a strict threshold,

more than 70 % of the cells showed uptake upon short-

ening the Arg side chain length by one methylene to Agb

and incubating cells with 7 lM peptide (Fig. 4a; Fig. S8).

Importantly, nearly all cells exhibited peptide uptake upon

raising the peptide concentration to 30 lM regardless of

side chain length (Fig. 4b; Fig. S9).

The amount of peptide uptake into the cells was also

determined by flow cytometry. Incubating with 7 lM

peptide, Flu-AgbTat exhibited 3 times higher uptake into

cells compared to Flu-ArgTat and Flu-AghTat (Fig. 5a;

Fig. S8). This exceptional uptake of the Agb-containing

peptide was also present at higher peptide concentrations

(Fig. 5b). Interestingly, Flu-AghTat exhibited slightly

more cellular uptake compared to Flu-ArgTat at concen-

trations higher than 7 lM (Fig. 5b), consistent with a lit-

erature report on Arg7 and Agh7 uptake into Jurkat cells

(Mitchell et al. 2000). However, the results on Flu-AgbTat

(at all concentrations studied) significantly differed from

the published results on Agb7 (Mitchell et al. 2000), sug-

gesting that the Tat(47–57) system is distinctly different

from poly-arginine peptides (Mitchell et al. 2000). Inter-

estingly, preliminary studies showed that the uptake of Flu-

XaaTat peptides did not decrease upon lowering the tem-

perature from 37 to 4 �C (Fig. S10), suggesting uptake

through non-endocytotic mechanisms (Mitchell et al. 2000;

Thoren et al. 2003). Importantly, altering the Arg side

chain length in Tat(47–57) increased the cellular uptake of

the peptides, especially when the Arg side chain length was

shortened by one methylene to Agb.

Discussion

Our studies have revealed that increasing the Arg side

chain length in the Tat-derived peptide greatly diminished

the specificity for binding TAR RNA, with very slight

effect on cell penetration. In contrast, decreasing the Arg

side chain length in the same Tat-derived peptide enhanced

both TAR RNA binding specificity and cell penetration

capabilities. Among these Arg analogs with varying side

chain length (Fig. 1), Agh has the longest side chain with

the most hydrophobicity and conformational flexibility,

Fig. 4 Flow cytometry results

for cellular uptake of Flu-

XaaTat peptides into Jurkat

cells in the presence of fetal

bovine serum at 37 �C. Cellular

uptake upon incubation (%)

with 7 lM (a) and 30 lM

(b) peptide for 15 min based on

a strict threshold (Figs. S8, S9)
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presenting the guanidinium group with the most possible

number of orientations. Furthermore, the Agb side chain

has the shortest side chain with the least hydrophobicity

and conformational flexibility. It appears that increasing

the Arg side chain length to Agh lowers the TAR RNA

binding specificity most likely because the side chain

guanidinium groups are able to adopt orientations suitable

for binding a plethora of nucleic acid structures. In con-

trast, shortening the Arg side chain length to Agb increases

the TAR RNA binding specificity by restricting the pos-

sible three-dimensional presentations of the guanidinium

groups while maintaining the proper arrangement for TAR

RNA binding.

Understanding the detailed structural basis for the dif-

ference in RNA binding upon lengthening and shortening

the Arg side chain length would require knowledge in the

structural effect of introducing these Arg analogs on both

the Tat-derived peptide itself and the Tat-TAR structure.

There have been some limited studies on the structural

consequence of incorporating these Arg analogs in helical

peptides. In coiled coils, the Arg side chain length could be

shortened to Agb without affecting stability (Kennan and

Diss 2008). In monomeric Ala-based peptides, Arg was the

most optimal for helix propagation (Cheng et al. 2011),

whereas Agh was the most suitable for C-capping (Cheng

et al. 2011). However, the structure of Tat(47–57) bound to

HIV-1 TAR RNA remains unknown, hampering further

analysis without this structural information.

The secondary structure of the XaaTat peptides alone

was investigated by circular dichroism spectroscopy (CD)

to perhaps understand the difference in bioactivity of these

peptides. The CD spectra of the peptides were acquired

at pH 7 (Fig. 6a). The CD of ArgTat is consistent with

literature reports on the natural Tat peptide, which exhibits

no structure (Mucha et al. 1998) or some evidences for

the poly(proline) II helix in aqueous solutions (Ruzza

et al. 2004). The peptides AghTat and ArgTat showed

essentially identical CD spectra, whereas AgbTat showed

a slightly more positive signal around 205–230 nm

(Fig. 6a).

The CD spectral changes upon forming the peptide-

RNA complexes were also obtained to perhaps understand

Fig. 5 Flow cytometry results

for cellular uptake of Flu-

XaaTat peptides into Jurkat

cells in the presence of fetal

bovine serum at 37 �C. Mean

cellular fluorescence upon

incubation with 7 lM peptide

(a) and various peptide

concentrations (b) for 15 min

Fig. 6 a CD spectra of XaaTat peptides in 10 mM Tris at pH 7.

b Difference CD spectra obtained by subtracting the TAR- and

peptide-only spectra from the XaaTat-TAR complex spectrum in

10 mM of potassium phosphate and 10 mM KCl at pH 7.5.

c Difference CD spectra obtained by subtracting the bulgeless

TAR- and peptide-only spectra from the XaaTat-bulgeless TAR

complex spectrum in 10 mM of potassium phosphate and 10 mM KCl

at pH 7.5. The spectra are reported in mean residue ellipticity,

normalized to the number of backbone amide bonds in the peptide

XaaTat
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the difference in RNA binding specificity for these peptides

(Fig. 6b, c; Figs. S11, S12). The spectral changes involving

TAR RNA were similar to those previously reported for the

native Tat-derived peptide (Calnan et al. 1991a; Long and

Crothers 1995). Furthermore, peptide-RNA complex for-

mation induced a more negative CD signal at 260 nm for

TAR RNA compared to bulgeless TAR, as mentioned in an

earlier report (Calnan et al. 1991a). Interestingly, AgbTat

induced a more negative signal around 220 nm compared

to ArgTat and AghTat. The slightly different CD signature

for AgbTat alone and complexed with RNA compared to

the other two peptides may be related to the enhanced TAR

RNA binding specificity.

Increased uptake has been previously shown upon

lengthening the guanidinium-bearing side chain for peptoid

homo-oligomers (Wender et al. 2000). Similarly, the

amount of uptake of poly-arginine peptides increased with

increasing side chain length, following the trend: Agh7 [
Arg7 [ Agb7 (Mitchell et al. 2000). In contrast, our results

on Tat-derived peptides showed the most efficient uptake

for the peptide with the shortest side chain AgbTat. The

enhanced uptake of the AgbTat may be due to the Agb side

chain length for presenting the guanidinium groups to

enable favorable interaction with cell-surface heparan

sulfate, which has been shown to be important for Arg9

uptake into CHO cells (Elson-Schwab et al. 2007), or other

cell-surface negatively charged entities (Wender et al.

2008). Since the details of the distribution of the positive

charges appear to be an important factor in heparan sulfate

binding and thus cellular uptake (Chao et al. 2010),

changing the Arg side chain length may affect the inter-

action with cell-surface heparan sulfate and thereby affect

cellular uptake. Furthermore, the presence of the two

positively charged Lys residues and the intervening Gln

residue in the Tat-derived peptides provide a unique dis-

tribution of the positively charged functionalities. As such,

it is not surprising that the Tat-derived peptides behave

differently compared to either the poly-arginine system or

the peptoid homo-oligomer system.

Peptides derived from the basic region of Tat can

inhibit Tat-dependent viral particle production at 50 lM

(Choudhury et al. 1998; Mi et al. 2005), showing promise

as anti-HIV therapeutics. Furthermore, peptides containing

Arg analogs with varying side chain length show higher

protease resistance compared to the corresponding Arg

peptides (Izdebski et al. 2004). This suggests that AgbTat

may be suitable for drug delivery or anti-HIV therapeutics.

Preliminary studies on Jurkat cells showed minimal cyto-

toxicity upon exposure to 120 lM of the Agb-containing

peptide for 4 h at 37 �C (Fig. S13). Further studies on

AgbTat will be necessary for developing anti-HIV thera-

peutics or drug delivery applications.

Conclusion

Native Tat(47–57) exhibits two distinct biological func-

tions including specific TAR RNA recognition and cell

penetration. Tat(47–57) appears to represent a balance

between these two bioactivities. Since mutational negative

trade-off occurs in protein neofunctionalization (Aharoni

et al. 2005; Vick et al. 2005; Khersonsky et al. 2006;

McLoughlin and Copley 2008; Levin et al. 2009; Soskine

and Tawfik 2010), further improvement of one activity

should lead to deterioration of the other. In sharp contrast,

our results showed that shortening Arg by one methylene to

Agb in Tat-derived peptides resulted in enhancement of

both RNA binding specificity and cellular uptake. This

suggests that introducing similar but previously unex-

ploited building blocks (even if the difference is only the

number of side chain methylenes) can alter the bioactivity

landscape, leading to simultaneous enhancement of both

activities.
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