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Low molecular weight CXCR4 ligands

Low molecular weight CXCR4 ligands were developed based on the peptide T140, which has previously
been identified as a potent CXCR4 antagonist. Some compounds with naphthyl, fluorobenzyl and pyridyl
moieties as pharmacophore groups in the molecule showed significant CXCR4-binding activity and
anti-HIV activity. Structure-activity relationships were studied and characteristics of each of these three
moieties necessary for CXCR4 binding were defined. In this way, CXCR4 ligands with two types of
recognition modes for CXCR4 have been found.

© 2012 Elsevier Ltd. All rights reserved.

The chemokine receptor CXCR4 is classified into a family of G
protein-coupled receptors (GPCRs), and transduces signals of its
endogenous ligand, CXCL12/stromal cell-derived factor-1 (SDF-
1).! The CXCR4-CXCL12 axis plays a physiological role in chemo-
taxis,> angiogenesis® and neurogenesis’ in embryonic stages. The
CXCR4 receptor is linked to many disorders including HIV infec-
tion/AIDS,” metastasis of cancer cells,® leukemia cell progression,’
rheumatoid arthritis.® Since CXCR4 is an important drug target in
these diseases, it is thought that effective agents directed to this
receptor may be useful leads for therapeutic agents. To date, we
and others have developed several potent CXCR4 antagonists. A
highly potent antagonist, T140, a 14-mer peptide with a disulfide
bridge, and its downsized analogue, FC131, with a cyclic pentapep-
tide scaffold, and several other related compounds have been re-
ported.” Based on T140 and FC131, small-sized linear anti-HIV
agents such as ST34 (1) have been developed (Fig. 1).'°
AMD3100,'" KRH-1636,' Dpa-Zn complex (2)'? and other azamac-
rocyclic compounds such as 3,'* which like 1, contain benzylamine
and electron-deficient aromatic groups, have also been reported as
nonpeptidic antagonists. Compound 1 possesses significant anti-
HIV activity but does not have high CXCR4 binding affinity. In the
present study, more effective linear CXCR4 antagonists derived
from compound 1 have been examined, and structure-activity rela-
tionship studies of these compounds have been performed.

* Corresponding author.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).

0960-894X/$ - see front matter @ 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmcl.2012.04.032

Initially, three segments of compound 1 were selected for
structural modification to support the design of new synthetic
compounds: replacement of the 4-trifluoromethylbenzoyl group
(Fig. 2, R"), modification of the stereochemistry of the 1-naphthyl-
ethylamine moiety (R?) and introduction of pyridine moieties on
the nitrogen atom (R?). In a previous study of T140 analogues, 4-flu-
orobenzoyl was found to be superior to 4-trifluoromethylbenzoyl as
an N-terminal moiety. Thus, 4-fluorobenzyl, 4-fluorobenzoyl and
4-fluorophenylethyl groups were used as substitutes for the 4-tri-
fluoromethylbenzoyl group (R')in 1. The (R)-1-naphthylethylamine
moiety in 1 is also present in KRH-1636 where it has the (5)-stereo-
chemistry and thus both the (R) and (S)-stereoisomers were investi-
gated in the present study. Several CXCR4 antagonists such as KRH-
1636,'? Dpa-Zn complex (2)"* and Dpa-cyclam compound (3),'*
contain pyridyl rings. Thus, 2, 3, or 4-pyridylmethyl and 2, 3, or
4-pyridylethyl groups were introduced on the nitrogen atom of the
4-aminomethylbenzoyl group (R?). With these modifications, a total
of 3 x 2 x 6 =36 compounds (12-47) were designed (Fig. 2).

The synthesis of the structural fragment, Unit 1 is shown in
Scheme 1. N-nosylation of 4-amino-methylbenzoic acid (4) with
2-nitrobenzenesulfonyl chloride and subsequent esterification
gave the t-butyl ester 5. Introduction of an R*> moiety by means
of a Mitsunobu reaction followed by removal of the Ns group
yielded amines 6A-F. Introduction of either 4-fluorobenzyl or
4-fluorophenylethyl groups by reductive amination of 6A-F
produced amines 7Ai-Fi or 7Aiii-Fiii, respectively. Conversion of
6A-F to the appropriate amide (7Aii-Fii), and subsequent depro-
tection of the tert-butyl group yielded Unit 1, 8Ai-Fiii.
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Figure 1. The structures of 1 (5T34), Dpa-Zn complex (2) and Dpa-cyclam
compound (3).
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Figure 2. The structures of substituents for three parts of compound 1 in the design
of new compounds.

e for eforg h Ri"I‘}l
oy~ R? OH
0

TAI-Fiii BAI-Fiii

Scheme 1. The synthetic scheme of Unit 1, compounds BAi-Fiii. Reagents and
conditions and yields: (a) NsCl, EtyN, THF/H,0 (1/1); (b) isobutene, THF/H.50,4 (10/
1), 39% (2 steps): (c) PPhy, DEAD, R®OH, THF; (d) PhSH, K,CO;, DMF, 42-92% (2
steps); (e) NaBH(OAc);, 4-fluorobenzaldehyde, CH,Cly; (F) NaBH(OAc)s, (4-fluoro-
phenyl)acetaldehyde, CH;Cly; g) 4-fluorobenzoyl chloride, EtsN, CHzCl, 51-94%; (h)
TEA then 4 M HCI/EtOAc, quantitative; The structures of R' and R? are shown in
Fig. 2 as i-iii and A-F, respectively. Ns = 2-nitrobenzenesulfonyl, ‘Bu = tert-butyl,
DEAD = diethyl azodicarboxylate.

The synthesis of Unit 2 is shown in Scheme 2. Condensation of
Boc-Arg(Mts)-OH (9) and (R)-1-naphthylethylamine or its (S) iso-
mer produced amides (R)-10 or (S)-10. Removal of the Boc group
gave Unit 2, (R)-11 and (S)-11.

Compounds 12-47 were synthesized by amide condensation of
Unit 1, 8Ai-Fiii, with Unit 2, (R)-11 and (5)-11, and subsequent
deprotection of the Mts group, as shown in Scheme 3.'" All the syn-
thetic compounds were purified by preparative reverse phase
HPLC. In cases where peaks derived from side products appeared
around the target peaks on the HPLC profile, the precise analysis
was accomplished, giving rise to lower yields (Scheme 3, 1).

o AIAD L AD
i

i

NH NH NH
N NH‘J‘N‘MIS
H H

w

(R)-10; (S}-10 (R)-11; (S)-11
Scheme 2. Synthetic schemes of Unit 2, compounds (R/S)-11. Reagents and condi-
tions: (i) EDCI-HCI, HOBEt-H,0, EtsN, (R/S)-(+/—)-1-(1-naphthyl)ethylamine, CH.Cl,,
83-97%; (j) TFA then 4 M HCI/EtOAc, quantitative; EDCI-HCI = 1-ethyl-3-(3-dimeth-
ylaminopropyljcarbodiimide hydrochloride, HOBt-H,0 = 1-hydroxybenzotriazol
monchydrate, Mts = 2,4,6-trimethylphenylsulfonyl, Boc = tert-butoxycarbonyl.

NH

BAI-Fiii I NH
Mts 4
HNTN R

H HN}‘H’
(R}-11; (S)-11 A e :
AR
L1-L36

Scheme 3. Synthetic schemes of compounds 12-47. Reagents and conditions: (k)
EDCI-HCI, HOBt-Hz0, Et;N, DMF, 36-95%; (1) TMSBr, m-cresol, 1,2-ethanedithiol,
thioanisole, TFA, 4-54%. The structures of R' and R* are shown in Figure 2 as iiii
and A-F, respectively.

The CXCR4-binding activity of synthetic compounds was as-
sessed in terms of the inhibition of ['?*I]-CXCL12 binding to Jurkat
cells, which express CXCR4.'® The percent inhibition of all the com-
pounds at 10 pM is shown in Table 1. Several of the compounds
showed significant binding affinity. In general, compounds in which
the 1-naphthylethylamine moiety (R?) has the (§)-stereochemistry,
as in KRH-1636, are more potent than the (R)-stereoisomers. Ten
compounds (26-28, 30,33, 36,39,44,45 and 47, Table 1) were found
to induce at least 30% inhibition and compounds 26, 27 and 33,
which have a pyridyl group with a nitrogen atom at the p-position,
showed more than 60% inhibition. It is noteworthy that compounds
26 and 27 in which R? is a (R)-1-naphthylethylamine moiety, are
both more potent than the corresponding (S)-stereocisomers 44
and 45. Compounds 26, 27 and 33, have a 4-fluorobenzyl or 4-fluor-
ophenylethyl group, which rather than an amide, is a reductive alkyl
type (R"). As can be seen from Table 1, there is a tendency for com-
pounds with a pyridyl group with a nitrogen atom at the p-position
(R?: C or D), to be more potent in terms of CXCR4-binding activity
than the corresponding compounds, which have a pyridyl group
with a nitrogen atom at the a- or y- position (R*: A, B, E or F), and
those with a reductive alkyl 4-fluorobenzyl or 4-fluorophenylethyl
group (R': i or iii), to be more potent in CXCR4-binding activity than
the corresponding compounds, with a 4-fluorobenzoyl group (R': ii).

Compounds were next evaluated for anti-HIV activity and
cytotoxicity. CXCR4 is the major co-receptor for the entry of T-cell
line-tropic (X4-) HIV-1.5 Accordingly, inhibitory activity against
X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells
(anti-HIV activity), and reduction of the viability in MT-4 cells
(cytotoxicity) were assessed'® and are shown in Table 1. Com-
pounds 26 and 33-35 showed significant anti-HIV activity with
ECso values in the micromolar range. Compounds 26 and 33
showed both potent CXCR4-binding activity (79% and 60% inhibi-
tion at 10 puM, respectively) and anti-HIV activity (ECso=11 and
13 uM, respectively), the two activities being highly correlated.
Compounds 34 and 35 have significant anti-HIV activity with
ECsp values of 8 and 10 pM, respectively, which is higher than
CXCR4-binding activities, which are 16% and 20% inhibition at
10 puM, respectively. Compound 27, which showed relatively high
CXCR4-binding activity (69% inhibition at 10 uM), failed to show
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Table 1

CXCR4-binding activity, anti-HIV activity and cytotoxicity of compounds 12-47
Compdno. R'® R*" R®° [nhibition? (%) ECsp"(uM) CCso' (WM) Compdno. R'® R*® R3*©  Inhibition? (%) ECse® (M)  CCsg' (M)
12 i (R} A 0 >20 35 30 i 5 A 30%1.1 >4 11
13 i (R) B 4%1.7 >4 23 31 i (55 B 2533 >20 24
14 i (R) ¢ 6£0.7 >20 37 32 i 5y ¢ 27£1.7 >20 41
15 i (R} D 2417 n.d. n.d. 33 i 55 D 60£15 13 65
16 i (R) E 12£3.0 >20 39 34 i (55 E 16+ 1.2 8 44
17 i (R) F 16£22 n.d. n.d. 35 i (55 F 2013 10 44
18 i (R) A 3:09 >20 38 36 ii 5 A 3618 >20 37
19 ii (R) B 6£3.9 >20 41 37 ii (5) B 0 >20 43
20 ii (R} ¢ 11208 >20 45 38 ii 5] ¢ 14+14 >20 57
21 ii (R) D 2241 n.d. n.d. 39 ii 55 D 3284 n.d. n.d.
22 ii (R) E 6£2.7 >20 45 40 ii (55 E 13£15 >20 51
23 ii (R) F 12£19 n.d. n.d. a1 ii (55 F 2513 >20 47
24 i (R} A 15£2.1 n.d. n.d. 42 iii 5 A 16£5.1 >4 9.9
25 iii (R) B 13206 >20 27 43 iii sy B 23+ 14 >4 13
26 iii R} € 79+ 14 1 47 44 iii 5] € 3613 n.d. n.d.
27 iii (R} D 69+5.0 >11 11 45 il 55 D 35152 n.d. n.d.
28 iii (R) E 4454 n.d. n.d. 46 i (5) E 26423 n.d. n.d.
29 iii (R) F 0 n.d. n.d. 47 iii (5) F 51166 n.d. n.d.
KRH-1636 100 0.33 80 FC131 100 0.16 >10
AMD3100 nd. 0.062 55 1(ST34) n.d. 7.4 66
AZT n.d. 0.058 100

¢ The structures of R' and R® are shown in Fig. 2 as i-iii and A-F, respectively.

P The absolute configuration in stereochemistry of R* shown in Fig. 2 is described.

¢ CXCR4-binding activity was assessed based on the inhibition of the ['2°I]-CXCL12 binding to Jurkat cells. Inhibition percentages of all the compounds at 10 pM were

calculated relative to the inhibition percentage by T140 (100%).

¢ ECsp values are the concentrations for 50% protection from X4-HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells.
! CCsp values are the concentrations for 50% reduction of the viability of MT-4 cells. All data are the mean values from at least three independent experiments.

significant anti-HIV activity at concentrations below 11 pM be-
cause of high cytotoxicity (CCso =11 uM). With the exception of
27, 30, 42 and 43, the tested compounds showed no significant
cytotoxicity (CCsqg >20 uM, Table 1). On the other hand, compounds
26, 27, 33, 34 and 35 at concentrations below 100 pM failed to
show significant protective activity against macrophage-tropic
(R5-) HIV-1 (NL(AD8) strain)-induced cytopathogenicity in
PM-1/CCR5, whereas the ECso of the CCR5 antagonist SCH-D'” in
this assay was 0.055 puM (data not shown). Since instead of CXCR4,
R5-HIV-1 strains use the chemokine receptor CCRS, a member of
the GPCR family, as the major co-receptor for their entry, this sug-
gests that these compounds do not bind to CCRS. Thus, compounds
26, 27, 33, 34 or 35 have highly selective affinity for CXCR4.
Compounds 34 and 35, which have significant anti-HIV activity,
have a pyridyl group with a nitrogen atom at the y-position, in
contrast to compounds 26, 27 and 33 which also show CXCR4-
binding activity, but have a pyridyl group with a nitrogen atom
at the p-position. Furthermore, compounds 34 and 35 have
R! = 4-fluorobenzyl and R? = (5)-1-naphthylethylamine. A possible
explanation of these observations is that compounds 34 and 35
compete with HIV-1 in binding to CXCR4 while compounds 26
and 33 compete with HIV-1 and CXCL12. Compound 27 does not
compete with HIV-1 because of its high cytotoxicity. This suggests
that the CXCR4 binding site used by compounds 34 and 35 differs
slightly from that used by compounds 26, 27 and 33.

Low molecular weight CXCR4 ligands with two types of recog-
nition modes for CXCR4 have been obtained in this study: one
causes competition with HIV-1 on CXCR4 whereas the other causes
competition with HIV-1 and CXCL12. These compounds have selec-
tive affinity for CXCR4 because they do not significantly bind to
CCR5. Further structural modification studies of these CXCR4
ligands are the subject of an ongoing project.
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0.0236 mmol, 13%) as white powder. 'H NMR &, (400 MHz; DMSO-d;) 1.49 (m,
2H),1.51(d,J = 7.2 Hz, 3H), 1.80-1.62 (m, 2H), 3.07 (dd, ] = 6.4, 12.8 Hz, 2H), 3.85
(s, 2H), 3.91 (s, 4H), 4.54 (m, 1H), 5.72 (m, 1H), 7.13 (t, ] = 8.8 Hz, 2H), 7.40 (m,
1H), 7.60-7.45 (m, 10H), 7.75-7.95 (m, 5H), 8.10 (m, 1H), 8.40 (d, J = 8.0 Hz, 1H),
8.58 (m, 1H), 8.65 (d, ] = 7.6 Hz, 1H); LRMS (ESI), m/z calcd for CasHazFN;02
(MH)* 660.34, found 660.31.

Tanaka, T.; Tsutsumi, H.; Nomura, W.; Tanabe, Y.; Ohashi, N.; Esaka, A.; Ochiai,
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Tamamura, H. Org. Biomol. Chem. 2008, 6, 4374.

17. Tagat, . R.; McCombie, 5. W.; Nazareno, D.; Labroli, M. A.; Xiao, Y.; Steensma, R.
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Reevaluation of the Requirement for TIP47 in Human
Immunodeficiency Virus Type 1 Envelope Glycoprotein Incorporation

Mary Ann Checkley,® Benjamin G. Luttge,® Peter Y. Mercredi,” Sampson K. Kyere,® Justin Donlan,® Tsutomu Murakami,®

Michael F. Summers,® Simon Cocklin,? Eric O. Freed®

Virus-Cell Interaction Section, HIV Drug Resistance Program, Center for Cancer Research, National Cancer Institute, Frederick National Laboratory for Cancer Research,
Frederick, Maryland, USA®; Howard Hughes Medical Institute, Department of Chemistry and Biochemistry, University of Maryland, Baltimore County, Baltimore, Maryland,
USAP; AIDS Research Center, National Institute of Infectious Diseases, Shinjuku, Tokyo, Japan; Department of Biochemistry and Molecular Biology, Drexel University
College of Medicine, Philadelphia, Pennsylvania, USA?

Incorporation of the human immunodeficiency virus type 1 (HIV-1) envelope glycoproteins into assembling particles is crucial
for virion infectivity. Genetic and biochemical data indicate that the matrix (MA) domain of Gag and the cytoplasmic tail of the
transmembrane glycoprotein gp41 play an important role in coordinating Env incorporation; however, the molecular mecha-
nism and possible role of host factors in this process remain to be defined. Recent studies suggested that Env incorporation is
mediated by interactions between matrix and tail-interacting protein of 47 kDa (TIP47; also known as perilipin-3 and mannose-
6-phosphate receptor-binding protein 1), a member of the perilipin, adipophilin, TIP47 (PAT) family of proteins implicated in
protein sorting and lipid droplet biogenesis. We have confirmed by nuclear magnetic resonance spectroscopy titration experi-
ments and surface plasmon resonance that MA binds TIP47. We also reevaluated the role of TIP47 in HIV-1 Env incorporation
in HeLa cells and in the Jurkat T-cell line. In HeLa cells, TIP47 overexpression or RNA interference (RNAi)-mediated depletion
had no significant effect on HIV-1 Env incorporation, virus release, or particle infectivity. Similarly, depletion of TIP47 in Jurkat
cells did not impair HIV-1 Env incorporation, virus release, infectivity, or replication. Our results thus do not support a role for

TIP47 in HIV-1 Env incorporation or virion infectivity.

ncorporation of the Env glycoprotein complex into assembling

HIV-1 particles is critical for viral infectivity and replication.
Env is synthesized as an ~160-kDa precursor polyprotein (gp160)
in the endoplasmic reticulum (ER) and is processed into the ma-
ture surface glycoprotein gp120 and transmembrane glycoprotein
gp41 during transport to virus assembly sites on the plasma mem-
brane (1). Although many aspects of the HIV-1 assembly pathway
have been deciphered over the past 2 decades (2, 3), the mecha-
nism of Env recruitment and incorporation remains poorly un-
derstood. Several non-mutually exclusive models for Env incor-
poration have been suggested (1, 4): (i) an active model, in which
Env is recruited through a direct interaction with the viral struc-
tural polyprotein Gag; (ii) a passive model, in which Env present at
assembly sites is randomly incorporated; (iii) a Gag-Env cotarget-
ing model, in which both Gag and Env localize to a common
membrane microdomain to increase the local concentration of
viral proteins at assembly sites; and (iv) an indirect Gag-Env in-
teraction model, in which Env incorporation requires the forma-
tion of a ternary complex composed of Env, Gag, and a host cel-
lular factor. The active model is supported by studies showing that
mutations in the matrix protein (MA) or the gp41 cytoplasmic tail
(CT) reduce levels of incorporation and that second-site compen-
satory mutations in MA can rescue other MA substitutions or a
small gp41 CT deletion that blocks Env incorporation (5-11). The
passive model for Env incorporation derives support from pseu-
dotyping experiments, wherein foreign (non-HIV-1) or HIV-1
CT-deleted viral Env glycoproteins are incorporated into HIV-1
particles in the presumed absence of a direct Gag-Env interaction
(12, 13). The colocalization of Gag and Env in cholesterol-en-
riched plasma membrane microdomains (lipid rafts) that become
part of the virion lipid bilayer is consistent with the Gag-Env co-
targeting model (14).

March 2013 Volume 87 Number 6

Journal of Virology p. 3561-3570

The indirect Gag-Env interaction model posits that a host fac-
tor interacts with MA and/or the gp41 CT to promote Env incor-
poration. The observation that truncation of the gp41 CT blocks
Envincorporation in most T-cell lines and in primary cell types (T
cells and monocyte-derived macrophages) but has only a modest
effect in several laboratory cell lines (15, 16) supports the notion
that a host factor(s) bridges MA and the gp41 CT to recruit Env
into particles. Recent studies suggested that tail-interacting pro-
tein of 47 kDa (TIP47) may serve such a bridging role (17-19):
HIV-1 Gag and TIP47 coimmunoprecipitated in an in vivo pull-
down assay; TIP47-MA binding was detectable in vitro in a quan-
titative yeast two-hybrid assay and in glutathione S-transferase
(GST) pulldowns; TIP47 overexpression in HeLa cells increased
Env incorporation into virions; depletion of TIP47 in cell-based
assays decreased Env packaging; and MA and gp41 CT mutations
that impair TIP47 binding reduced Env incorporation (17-19).

TIP47 is a soluble protein that forms oligomers in solution, a
process promoted by 11-mer helix repeat elements within its
~150 N-terminal residues. These N-terminal residues do not ap-
pear to be required for TIP47 binding to cellular partners (e.g.,
mannose 6-phosphate receptors [M6PRs]), but they are required
for function (20, 21). TIP47 was originally proposed to mediate
the trafficking of M6PRs from late endosomes to the trans-Golgi
network by selectively binding the cytoplasmic domains of these
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cargo receptors (21-24). More-recent phylogenetic, structural,
and protein function studies indicated that TIP47 is a member of
the perilipin/ADRP/TIP47 (PAT) protein family (20, 25). PAT
proteins bind intracellular lipids either constitutively or in re-
sponse to metabolic stimuli and are important in lipid droplet
biogenesis (20, 25-27). X-ray crystallographic studies revealed
that the C-terminal domain of TIP47 has a structure similar to
that of the N-terminal domain of apolipoprotein E, suggesting a
role for TIP47 in protein recruitment to lipid droplets and lipid
biogenesis (20). TIP47 adopts an extended conformation in solu-
tion, suggesting that N- and C-terminal domains are well sepa-
rated, perhaps facilitating independent functions of the two ter-
minal regions (28).

To understand further the role of TIP47 in HIV-1 MA binding
and Env incorporation, we have cloned, expressed, and purified
the intact TIP47 protein and deletion mutants lacking the N ter-
minus. Nuclear magnetic resonance (NMR) spectroscopy-de-
tected titration experiments were performed with myristylated
(myr) and unmyristylated [myr(—)] forms of HIV-1 MA. Surface
plasmon resonance (SPR) assays were also performed to evaluate
MA-TIP47 binding. Our results confirm that TIP47 binds MA
and, contrary to expectations based on TIP47-M6PR binding
(21), suggest that the N terminus of TIP47 is required for this
interaction. However, we were unable to verify a role for TIP47 in
HIV-1 Env glycoprotein incorporation into virions.

MATERIALS AND METHODS

Sample preparation for NMR. The DNAs encoding a C-terminally His-
tagged TIP47 (residues 1 to 434) and a C-terminally His-tagged TIP47
fragment from which the N-terminal 112 residues were deleted (A1-112
TIP47), were subcloned and transformed into Rosetta 2 (DE3) pLysS
expression cells (Novagen). Cells were grown in flasks of Luria broth
medium, and unlabeled TIP47 and A1-112 TIP47 were induced with 1
mM isopropyl B-p-1-thiogalactopyranoside (IPTG) at an Agq, reading of
0.6. The cells were harvested and lysed with a microfluidizer (Microfluid-
ics) and clarified by centrifugation, and the target protein was applied to a
cobalt affinity resin (BD Biosciences). The resin was washed extensively
(50 mM sodium phosphate, pH 7.0, 500 mM sodium chloride, 5 mM
dithiothreitol [DTT], 10 mM imidazole), and the proteins were eluted
with wash buffer containing 250 mM imidazole. Gel filtration chromatog-
raphy was used to purify the proteins to homogeneity (GE Healthcare).
Electrospray mass spectrometry results indicated calculated molecular
masses of 36,088.6 Da for A1-112 TIP47 and 47855.7 Da for intact TIP47.
I°N isotopically labeled A1-112 TIP47 was overexpressed in M9 minimal
medium supplemented with 99.9% enriched '*N-ammonium chloride as
the sole nitrogen source (Isotec) and purified as above. '*N-labeled myri-
stylated (myr) and unmyristylated (myr—) HIV-1 MA samples were pre-
pared as previously described (29, 30). The purified TIP47 and MA sam-
ples were simultaneously exchanged into an NMR buffer consisting of 50
mM sodium phosphate [pH 7.0], 5 mM DTT, and 10% D,O. Titrations
with '*N-labeled A1-112 TIP47 were collected at pH 5.5.

NMR spectroscopy. Two-dimensional (2D) 'H, '*N heteronuclear
single quantum coherence ('H-'’N HSQC) NMR titration data were ob-
tained with a Bruker Avance 600 MHz NMR spectrometer equipped with
a cryoprobe, using protein concentrations of 25 to 200 M (35°C). Data
were processed using NMRPIPE (31) and analyzed using NMRView (32).

Recombinant protein production and purification. The MA region
of the HIV-1 gag gene was amplified from plasmid pLAI (a generous gift
from E. Kilareski and B. Wigdahl, Drexel University College of Medicine),
using primers designed to facilitate ligation-independent cloning into the
vector pETHSUL.1 (LabLife) (33). This vector is designed for the inser-
tion of genes of interest in frame with an N-terminal SUMO tag (33). The
recombinant pETHSUL plasmid was verified for the presence of MA in-
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sert by restriction digestion and sequence analysis (Genewiz, Inc., South
Plainfield, NJ). The resultant vector was designated pSUMO-MA. The
purification of H6SSUMO-Gag was achieved via immobilized metal affin-
ity chromatography (IMAC) using a Talon cobalt resin affinity column
(CloneTech Laboratories, Inc.). The Escherichia coli strain BL21(DE3)
Codon+-RIL (Stratagene) was used for expression of H6SUMO-MA
from pSUMO-MA. Two milliliters of LB, containing 100 pg/ml ampicil-
lin and 50 pg/ml chloramphenicol, was inoculated with a single trans-
formed colony, and the culture was allowed to grow at 37°C for 9 h.
Twenty-five milliliters of the preculture was used to inoculate 50 ml of the
autoinducing medium ZYP-5052 (34) containing 100 pg/ml ampicillin
and 50 pg/ml chloramphenicol. The culture was grown at 30°C for 16 h.
Cells were harvested by centrifugation at 3,000 rpm for 20 min at 4°C, and
the pellet was resuspended in 10 ml phosphate-buffered saline (PBS)
(Roche) containing 2.5 mM imidazole. Cells were lysed by sonication, and
the supernatant was clarified by centrifugation at 10,000 rpm (SS-34, Sor-
vall RC 5C Plus) for 20 min at 4°C. The supernatant was removed and
applied to a Talon cobalt resin affinity column (CloneTech Laboratories),
previously equilibrated with PBS (Roche). Loosely bound proteins were
removed via 7 column volumes of PBS containing 7.5 mM imidazole.
Tightly associated proteins were eluted in 3 column volumes of PBS con-
taining 250 mM imidazole. The eluates were then pooled and made 1 mM
with respect to EDTA. To this pooled sample was added 10 pg of a recom-
binant His,-tagged form of the catalytic domain (dtUD1) of the Saccha-
romyces cerevisine SUMO hydrolase (33). Cleavage was allowed to proceed
for 4 h at 18°C. Following cleavage, the sample was dialyzed at 4°C over-
night against 2 liters of PBS to remove any imidazole. After dialysis, the
dtUD1-catalyzed cleavage reaction was subjected to a second cobalt affin-
ity purification using the Talon cobalt resin affinity column (CloneTech
Laboratories). In this purification step, however, the cleaved MA protein
passes straight through the column due to removal of the 6-histidine tag.
Subsequently, the subtractively purified MA was dialyzed against 25 mM
Tris-HCI [pH 8.0]-10% glycerol, at 4°C overnight. This dialyzed sampled
was then filtered and loaded onto a 5-ml Hi-Trap Q HP (GE Healthcare).
The flowthrough, containing the MA, was concentrated, flash frozen in
liquid nitrogen, and stored at —80°C.

The human TIP47 gene was amplified from total cDNA generated
from the CEM human T lymphoblastoid cell line using primers designed
to facilitate ligation-independent cloning into the vector pETHSUL (33).
TIP47 was expressed in E. coli BL21(DE3) Codon +-RIL (Stratagene) and
purified by the subtractive purification methodology outlined by Hynson
etal. (28). In addition to the full-length TIP47, an N-terminally truncated
mutant of TIP47 was created, based on the work of Hickenbottom et al.
(20). All vectors were verified by DNA sequencing. Expression and puri-
fication were carried out as for full-length TIP47.

The cytoplasmic tail of the cation-dependent (CD) mannose 6-phos-
phate receptor (M6PR) was produced from its expression vector (gener-
ously provided by Susanne Pfeffer, Stanford University) and purified as
previously described (22, 35, 36). A C-terminally truncated mutant
Rab9A GTPase (37) was overproduced from plasmid pET28b-Rab9(1-
177), generously provided by E. J. Meehan (University of Alabama,
Huntsville, AL). E. coli strain BL21(DE3) (Stratagene) harboring pET28b-
Rab9(1-177) was grown in superbroth at 37°C. Overproduction of the
His tag fusion protein was induced at an Ag, of ~2.0 with 1 mM IPTG for
2 h. Rab9(1-177) was purified using the same protocol as that used for
HIV-1 MA purification, except that all buffers contained 10 pM GTP
(Sigma). The eluates from the purification were pooled and then dialyzed
at 4°C overnight against 2 liters of PBS containing 10 pM GTP to remove
excess imidazole. Protein was stored at 4°C until used.

SPR binding assays. Binding studies were performed at 25°C using a
Biacore 3000 optical biosensor equipped with a CM4 research grade sen-
sor chip. Immobilization of proteins to sensor surfaces was achieved using
standard amine coupling methods. Analysis of the direct binding of the
CD-M6PR cytoplasmic tail to full-length and mutant TIP47 was achieved
by passage over surfaces to which the TIP47 proteins had been immobi-
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FIG 1 Interaction of purified TIP47 with its natural ligands in SPR assays. (A) Sensorgrams depicting the interaction of the cytoplasmic tail of CD-M6PR with
sensor chip-immobilized human TIP47. Results for GST-tagged CD-M6PR cytoplasmic tail protein at concentrations of 0.134, 0.269, 0.538, 1.075, and 2.15 pM
are shown. (B) Sensorgrams depicting the interaction of the Rab9 GTPase with sensor chip-immobilized human TIP47. Results for His-tagged Rab9(1-177)
proteins at concentrations of 8.6, 17.3, 34.6, 134.3, and 276.6 nM are shown. Black lines indicate experimental data, whereas red lines indicate fitting to a 1:1

Langmuir binding model with a parameter included for mass transport. Kinetic values are as follows: for CD-M6PR-TIP47, k, = (1.3 = 0.2) X 10*M ™' -s7};
k;=4.5% 1072574 Kp = 3.6 uM; for Rab9-TIP47, k, = (4.2 = 2.0) X 10*M™" - 57 ky = (L0 £ 0.1) X 107 s7; Kp = 24.4 nM.

lized directly using standard amine coupling. Different concentrations of
CD-M6PR cytoplasmic tail diluted in PBS running buffer were passed
over these surfaces at a flow rate of 50 pl/min for 3 min of association and
10 min of dissociation. Specific regeneration of the surfaces was not
needed between injections due to the rapid dissociation rate. Analysis of
the direct binding of the Rab9(1-177) protein was achieved by passage
over surfaces to which the human TIP47 proteins had been immobilized
directly. Different concentrations of Rab9(1-177) diluted in running buf-
fer (PBS containing 10 .M GTP) were passed over these surfaces at a flow
rate of 50 pl/min for 3 min of association and 10 min of dissociation.
Specific regeneration of the surfaces between injections was achieved by
pulses of 1.3 M NaCl-35 mM NaOH until the baseline returned to the
preexposure value. For MA binding assays, different concentrations of
MA, diluted in PBS running buffer, were passed over TIP47-containing
surfaces at a flow rate of 50 pl/min for 3 min of association and 10 min of
dissociation. Specific regeneration of the surfaces between injections was
achieved by pulses of 10 mM glycine, pH 1.5, until the baseline returned to
the preexposure value.

SPR data analysis was performed using BIAEvaluation 4.0 software
(Biacore Inc., NJ). The responses of a buffer injection and responses from
a reference flow cell were subtracted to account for nonspecific binding.
Experimental data were fitted to a simple 1:1 binding model with a pa-
rameter included for mass transport. The average kinetic parameters (as-
sociation [k,[rsqb] and dissociation [k,] rates) generated from a mini-

A 125,
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Response (RU)
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mum of four data sets were used to define equilibrium association (K,)
and dissociation constants (Kp,).

Cell culture, plasmids, transfections, and RNA interference (RNAi).
Cell lines 293T, TZM-bl (obtained from J. Kappes through the NIH AIDS
Research and Reference Reagent Program), and HeLa were maintained in
Dulbecco’s modified Eagle’s medium (DMEM). Jurkat T cells were main-
tained in RPMI-1640 medium. All media were supplemented with 5 or
10% fetal bovine serum (FBS; HyClone), penicillin, and streptomycin
unless otherwise indicated.

The full-length molecular clone pNL4-3 (38) was used in this study.
Previous TIP47 studies (17, 19) used pHXB2R and pNL(ADS8) clones.
pNL(ADS) (39, 40) consists of pNL4-3 sequences encoding gp120 and the
N-terminal portion (ectodomain) of gp41 from the CCR5-tropic clone
pADS. pNL(AD8) thus contains MA and gp41 cytoplasmic tail coding
regions identical to (derived from) those of pNL4-3. pHXB2R and
pNL4-3 are closely related molecular clones, and, importantly, are iden-
tical at residues implicated in TIP47 binding (residues 12, 15, 16, and 30 of
MA and the YW motif in the gp41 CT) (19).

To deplete TIP47 in HeLa cells, 1 X 10° Hela cells were transfected in
suspension with 30 pmol of a pool of four TIP47 small interfering RNAs
(siRNAs) (SMARTpool, Dharmacon) using RNAIMAX reagent (Invitro-
gen) and seeded in a 12-well plate in medium supplemented with 5% FBS.
The next day, cells were transferred to a 6-well plate. Three days posttrans-
fection with siRNA, cells were transfected with 3 pg of the pNL4-3 HIV-1

vy

Percent binding of full length

0 T L : -
TIP47 delta1-186

FIG 2 The N terminus of TIP47 is required for its interaction with HIV-1 MA in SPR assays. HIV-1 MA at a concentration of 250 nM was passed over full-length
TIP47 and A1-186 TIP47, and the responses were recorded. (A) Representative sensorgrams for these interactions; (B) mean responses of three experiments in

graphical form. Error bars represent 1 standard deviation.
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FIG 3 MA interacts with TIP47 in NMR-based assays. 'H-'*N HSQC NMR
spectra obtained upon titration of "N-labeled HIV-1 myrMA (50 pM) (A)
and myr(—)MA (50 wM) (B) with intact TIP47; [TIP47]:[MA] = 0:1 (black),
0.5:1 (green), and 1:1 (red).

molecular clone (38) using Lipofectamine LTX (Invitrogen). Approxi-
mately 24 h posttransfection with pNL4-3, cells were metabolically radio-
labeled with [**S]Cys for 4 h. Virus-containing supernatants were filtered
and subjected to ultracentrifugation (41, 42). Cell and virus lysates were
immunoprecipitated with HIV immunoglobulin (HIV-Ig; obtained from
the NIH AIDS Research and Reference Reagent Program) and analyzed by
SDS-PAGE and fluorography. Bands were quantified by phosphorimager
analysis using QuantityOne software (Bio-Rad).

To overexpress TIP47 in HeLa cells, 0.6 X 10° HeLa cells were seeded
on a 6-well plate. Cells were cotransfected with 2 g of pNL4-3 and 0.5 or
1 pgof a plasmid containing the TIP47 open reading frame (ORF) driven
by the cytomegalovirus (CMV) promoter (EX-U0354-MO2 from Gene-
Copoeia) or a green fluorescent protein (GFP)-expressing control plas-
mid (pmaxGFP from Lonza). Approximately 24 h postinfection, super-
natants containing released virions were collected and cell and virus
lysates were assayed for Env incorporation, virus release, and cellular lev-
els of TIP47 as described above.

For short hairpin RNA (shRNA) transductions, five TIP47 MISSION
shRNAs and the SCH002 nontargeting (NT) shRNA were obtained from
Sigma: TRCN0000029679 NM_005817.2-904s1cl, TRCN0000029680
NM_005817.2-329s1cl, TRCNO0000029681 NM_005817.2-1044slcl,
TRCN0000029682 NM_005817.2-1267s1cl, and TRCN0000029683
NM_005817.2-550s1cl, here referred to as TIP47 shRNAs 1, b, 2, ¢, and d,
respectively. As a negative control, the SCH002 NT shRNA (Sigma) was
used. C. Berlioz-Torrent (Institut Cochin, Paris, France) (19) kindly pro-
vided an anti-TIP47 shRNA pLKO.1-TIP1 (TIP1sensTRC sequence, CC
GGAAGACTGTCTGCGACGCAGCACTCGAGTGCTGCGTCGCAGA
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FIG 4 The N terminus of TIP47 is required for its interaction with TIP47 in
NMR-based assays. (A, B) 'H-'*N HSQC NMR spectra obtained for '*N-
labeled HIV-1 myrMA (50 pM) (A) and myr(—)MA (50 wM) (B) upon titra-
tion with Al1-112 TIP47; [A1-112 TIP47]:[MA] = 0:1 (black), 1:1 (red). (C)
'H-'*N HSQC NMR spectra obtained for '*N-labeled A1-112 TIP47 upon
titration with myrMA; [MA]:[A1-112 TIP47] = 0:1 (black), 2:1 (green), and
4:1 (red).

CAGTCTTTTTTTG, and TIP1 antisenseTRC sequence, AATTCAAAAA
AAGACTGTCTGCGACGCAGCACTCGAGTGCTGCGTCGCAGACA
GTCTT), cloned into pLKO.1-TRC and here referred to as TIP47 shRNA
3.shRNAs were packaged in 293T cells by cotransfecting with pCMV delta
R8.2 (43) and pHCMV-G (44) at a 1:1:0.1 ratio using Lipofectamine LTX
reagent (Invitrogen) and a total of 2 g DNA. Twenty-four hours post-
transfection, media were changed, and virus-containing supernatant was
collected 48 h posttransfection. To deplete TIP47 in the Jurkat T-cell line,
3 % 10° Jurkat cells were infected with 50 to 75 pul of shRNA vector virus.
Once cells had reached a density of 1 X 10° cells/ml, shRNA-transduced
cells were selected with 1 pg/ml of puromycin. From the five tested
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FIG 5 Depletion of TIP47 in HeLa cells does not impair HIV-1 Env incorporation, virus release, or infectivity in HeLa cells. Cells were transfected with 30 pmol
nontargeting siRNA (NT) or a pool of four TIP47-specific siRNAs. (A) Transfected cell lysates were probed with antibodies specific for tubulin and TIP47 (left
panel); the ratio of TIP47 to tubulin was quantified by using a FluorChem SP Imaging System (Alpha Innotech) (right panel) (means = SD; n = 3). (B) Control
and TIP47-depleted cells were transfected with pNL4-3 and metabolically radiolabeled with [**S]Cys; cell and virus lysates were immunoprecipitated with
HIV-Ig. The relative ratios of virus-associated gp120 to p24(CA) and virus release efficiencies were quantified by phosphorimager analysis (means = SD; n = 3).
(C) Virus-containing supernatants were harvested from control and TIP47-depleted cells, normalized for RT activity, and used to infect the TZM-blindicator cell
line. Graphs show average levels of infectivity with a virus input of 50,000 RT cpm. Luciferase activity was measured 2 days postinfection (means = SD, n = 3).

shRNAs against TIP47, only two were found to consistently deplete
TIP47. These two shRNAs were used independently to deplete TIP47 in all
the experiments with Jurkat cells and were compared to the TIP1 (TIP47
3) shRNA (19). TIP47-depleted and NT-transduced Jurkat cells were in-
fected with vesicular stomatitis virus (VSV)-G-pseudotyped HIV-1 pre-
pared in 293T cells. Twenty-four hours postinfection, cell and virus lysates
were assayed for Env incorporation, virus release, and cellular levels of
TIP47 as described above.

Western blot analysis. Proteins were separated by SDS-PAGE (10%
acrylamide) and transferred to polyvinylidene difluoride membranes us-
ing the iBlot Dry blotting system (Invitrogen). TIP47 protein was detected
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with goat anti-TIP47 IgG (sc-14723; Santa Cruz) at a 1:600 dilution, fol-
lowed by horseradish peroxidase-conjugated mouse anti-goat IgG
(Thermo Scientific). Alpha tubulin was detected with mouse anti-tubulin
IgG (T6074; Sigma) at a 1:10,000 dilution, followed by horseradish per-
oxidase-conjugated goat anti-mouse IgG. Proteins were visualized by
Western Lightning (Perkin-Elmer) and scanned using the FluorChem SP
Imaging system (Alpha Innotech), followed by exposure to X-ray film.
Levels of TIP47 and tubulin from cell lysates were quantified using Quan-
tity One software (Bio-Rad). Standard deviations (SD) and standard er-
rors of the mean (SEM) were calculated from at least three independent
experiments.
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RIPA analysis. Radioimmunoprecipitation assays (RIPA) were per-
formed as previously described (41, 42, 45, 46). Approximately 18 h fol-
lowing transfection with pNL4-3 or infection with VSV-G-pseudotyped
HIV-1, cells were washed and metabolically labeled in labeling medium
(RPMI 1640 without -Cys [MP Biomedicals no. 091646454] containing
5% FBS and 500 w.Ci [**S]L-Cys /well) for 4 to 6 hat 37°C. Released virions
were collected from culture supernatants by 0.45-pm filtration and ultra-
centrifugation at 125,000 X g for 45 min. Cell and virion samples were
solubilized in lysis buffer (0.5% Triton X-100, 300 mM NaCl, 50 mM Tris
[pH 7.5], and Complete protease inhibitor cocktail [Roche]). Cell lysates
were precleared by adsorption with protein A agarose in RIPA buffer
(0.1% Triton X-100, 300 mM NaCl, 50 mM Tris [pH 7.5]) and 0.1%
bovine serum albumin (BSA). Virion and precleared cell lysates were im-
munoprecipitated at 4°C with HIV-Ig bound to protein A agarose beads.
Immunoprecipitated cell lysates were washed three times with RIPA buf-
fer and once with SDS-deoxycholic acid wash buffer (0.1% SDS, 300 mM
NaCl, 50 mM Tris [pH 7.5], and 2.5 mM deoxycholic acid). Immunopre-
cipitated virus lysates were washed once with RIPA buffer. Immunopre-
cipitated proteins were eluted in Laemmli sample buffer at 99°C for 5 min
and resolved by SDS-PAGE in 12% acrylamide with AcrylAide cross-
linker (FMC Corp.). After fixation and dehydration of the gel, labeled
proteins were detected by exposure to phosphor screens and quantified
using Quantity One software (Bio-Rad). The percentage of Env incorpo-
ration was calculated as the amount of virion gp120 relative to the amount
of virion capsid protein (CA). Virus release efficiency was calculated as the
amount of virion CA over the total sum of cell and virion Gag (Pr55%,
p41, p25, and p24). Standard deviations and standard errors of the mean
were calculated from at least three independent experiments.

Infectivity assays. Virus stocks used for infections were collected by
0.45-pm filtration of supernatant from transfected HeLa cells or infected
Jurkat cells and then normalized for reverse transcriptase (RT) activity as
previously described (42). For single-cycle infectivity assays, 5 X 10*
TZM-bl cells/well were infected in the presence of 20 pg DEAE-dextran
(GE Healthcare) per ml with four different virus inputs. Infected cells
were lysed 48 h postinfection using Glo Lysis buffer (Promega) and as-
sayed for luciferase activity using a luciferase assay kit (Promega) as pre-
viously described (47). Standard deviations and standard errors of the
mean were calculated from at least three independent experiments.

Analysis of virus replication kinetics. To evaluate HIV-1 replication
kinetics, 2 X 10° Jurkat cells were transfected with 2 g of pNL4-3 in 200
.l of 0.7 mg/ml of DEAE-dextran and incubated for 15 min at 37°C. Cells
were then washed with transfection buffer (25 mM Tris-HCI [pH 7.4], 0.6
mM Na,HPO,, 5 mM KCl, 140 mM NacCl, 0.7 mM CaCl,, 0.5 mM MgCl,)
and resuspended in 1 ml of RPMI 1640 supplemented with 10% FBS.
Cultures were split 1:3 every 2 to 3 days, at which time culture superna-
tants were collected to monitor RT activity (41).

RESULTS AND DISCUSSION
Recombinantly produced TIP47 is competent to bind its natural
ligands. It has been demonstrated that preparations of TIP47,
either recombinantly produced or endogenously purified, have
low binding activity (21, 35, 36, 48). We therefore employed a
surface plasmon resonance (SPR)-based interaction assay using
two native ligands of TIP47, CD-M6PR and Rab?9, to verify and
quantify the activity of our full-length recombinant protein. Rep-
resentative sensorgrams for these interactions are shown in Fig. 1.
The apparent equilibrium dissociation constants (Kp) derived
from fitting of the sensorgrams are in good agreement with values
previously reported (35). These results demonstrate that our re-
combinant TIP47 protein is correctly folded and active (35, 36,
49-51).

The N terminus of TIP47 is required for its interaction with
HIV-1 MA. To confirm the reported MA-TIP47 interaction (19)
and define the domain of TIP47 required for binding, we per-
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FIG 6 Overexpression of TIP47 in HelLa cells does not enhance HIV-1 Env
incorporation or virion infectivity. HeLa cells were cotransfected with pNL4-3
and either GFP [(—)Ctrl] or TIP47 expression vectors (pCMV-TIP47) at the
indicated DNA concentrations. (A) Transfected cell lysates were probed with
antibodies specific for tubulin and TIP47. (B) Cells were metabolically radio-
labeled with [*°S]Cys; cell and virus lysates were immunoprecipitated with
HIV-Ig. The relative ratios of virus-associated gp120 to p24(CA) were quan-
tified by phosphorimager analysis (= SEM; n = 3). Using a paired t test, both
samples overexpressing TIP47 were considered not significantly different from
the negative control (two-tailed P values > 0.3) (C) Virus-containing super-
natants were harvested from control and TIP47-overexpressing cells, normal-
ized for RT activity, and used to infect the TZM-bl indicator cell line with four
different virus inputs. Graphs show average levels of infectivity with a virus
input of 50,000 RT cpm. Luciferase activity was measured 2 days postinfection
(* SEM; n = 3).

formed SPR-based interaction analyses with purified MA protein
and full-length or N-terminally truncated TIP47 protein (Fig. 2).
We observed that HIV-1 MA binds well to the full-length TIP47
protein but does not bind the A1-186 TIP47 mutant. This implies
that the N terminus of TIP47 is required for its interaction with
HIV-1 MA. To place these results in the context of previous TIP47
binding studies, Hanna et al. showed that TIP47 residues 152 to
186 are required for Rab9 interaction (50) and Krise et al. demon-
strated that the M6PR cytoplasmic domain interacts with the Al1-
186 TIP47 mutant (35).

To confirm these binding results by an independent approach,
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FIG 7 Depletion of TIP47 in Jurkat cells does not disrupt HIV-1 Env incorporation, infectivity, or virus release. (A) TIP47 depletion in Jurkat cells using shRNAs.
TIP47 and tubulin were detected by Western blotting of puromycin-resistant Jurkat cells after transduction with TIP47-targeted shRNAs or nontargeting (NT)
shRINA. Average protein levels relative to tubulin are shown. Error bars indicate SEM (n = 3). (B) HIV-1 Env incorporation efficiency in TIP47-depleted Jurkat
cells. Cells were metabolically radiolabeled with [**S]Cys; cell and virus lysates were immunoprecipitated with HIV-Ig (left panel). Average levels of Env
incorporation are shown (right panel). Error bars indicate SEM (n = 4). Using a paired ¢ test, none of the results were considered significantly different from the
NT control results (P > 0.05). (C) HIV-1 release efficiency in TIP47-depleted Jurkat cells. Average virus release efficiency normalized to NT shRNA-transduced
cells is shown. Error bars indicate SEM (n = 4). Using a paired f test, none of the results were considered significantly different from the NT control results (P >
0.01). (D) Infectivity of HIV-1 produced from TIP47-depleted Jurkat cells. Infectivity was detected by luciferase activity in infected TZM-bl cells, and results were
averaged. Infectivity assays were performed with four different virus inputs, normalized for RT activity. Graphs show average levels of infectivity with a virus
input of 25,000 RT cpm. Error bars indicate SEM (n = 4). Using a paired ¢ test, the increases in infectivity were marginally significant relative to the controls (P =
0.1 for shRNA 2 compared to mock sample, and P = 0.02 for shRNA 2 compared to NT sample).

we performed "H-""N HSQC experiments to probe for TIP47-MA
binding. 'H-1N HSQC signals for the backbone amides of 13N
labeled myristylated HIV-1 MA (myrMA) exhibited significant
signal broadening upon titration with full-length TIP47 (Fig. 3A),
which again indicates a direct interaction. The signals were nearly
undetectable at TIP47/MA ratios above 1.0, consistent with tight
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binding and a dissociation equilibrium constant of less than ~100
M. Similar results were obtained for the unmyristylated MA
[myr(—)MA] protein, indicating that the myristyl group is not
required for TIP47-MA binding (Fig. 3B). Consistent with the
SPR data, titrations with TIP47 lacking the N-terminal oligomer-
ization domain (A1-112 TIP47) did not affect the "H-""N HSQC
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spectra obtained for '*N-labeled myrMA and myr(—)MA (Fig. 4A
and B, respectively), which suggests no interaction. Similarly,
titration of "*N-labeled A1-112 TIP47 with myr(—)MA did not
affect the 'H-'""’N HSQC spectrum of Al1-112 TIP47 (Fig. 4C).
These findings again indicate that the N-terminal domain of
TIP47 is required for MA binding. However, neither the SPR nor
the NMR approach excludes the possibility that oligomerization-
dependent interactions between MA and the C-terminal domain
of TIP47 may also exist.

Depletion of TIP47 in HeLa cells does not impair HIV-1 Env
incorporation, virus release, or infectivity. To assess the putative
role of TIP47 in Env incorporation, we depleted TIP47 in HeLa
cells with a pool of four siRNAs. Nontargeting (NT) siRNA was
used as a negative control. Cells were transfected with the pNL4-3
HIV-1 molecular clone and metabolically labeled with [**S]Cys.
Cell and virus lysates were immunoprecipitated with HIV-Ig. Lev-
els of TIP47 were analyzed in parallel by quantitative Western
blotting. Although TIP47 protein levels were significantly reduced
(~90 to 95% depletion) (Fig. 5A), no significant decrease in Env
(gp120) incorporation or virus release efficiency was observed
(Fig. 5B). To evaluate the effect of TIP47 depletion on specific
particle infectivity, viral supernatants were harvested from control
and TIP47-depleted cells, normalized for RT activity, and used to
infect the TZM-bl indicator cell line. No effect of TIP47 depletion
on single-round infectivity was observed (Fig. 5C). These results
indicate that depletion of 90 to 95% of TIP47 in HeLa cells does
not affect Env incorporation, virus release efficiency, or HIV-1
infectivity.

Overexpression of TIP47 in HeLa cells does not enhance
HIV-1 Env incorporation or virion infectivity. Lopez-Verges
and coworkers (19) reported that overexpression of TIP47 in
HelLa cells increases Env incorporation. To confirm this finding,
HeLa cells were transfected with TIP47 or GFP (negative control)
expression vectors and metabolically labeled with [**S]Cys. Cell
and virus lysates were immunoprecipitated with anti-HIV Ig. De-
spite markedly increased levels of TIP47 expression (Fig. 6A), no
increase in HIV-1 Env incorporation was observed, as determined
by the ratio of gp120/p24(CA) (Fig. 6B). We also measured the
specific infectivity of virus released from TIP47-overexpressing
cells in the TZM-bl single-cycle assay. No significant effect on
particle infectivity was observed (Fig. 6C). These results demon-
strate that TIP47 overexpression in HeLa cells does not enhance
either Env incorporation or infectivity.

Depletion of TIP47 in Jurkat cells does not disrupt HIV-1
Env incorporation, virus release, infectivity, or replication. We
previously demonstrated that the requirement for the gp41 CT in
Env incorporation is cell type dependent; in HeLa cells, gp41 CT
truncation had only a small effect on Env incorporation, whereas
in most T-cell lines (e.g., Jurkat) the gp41 CT is required for Env
incorporation and virus replication (16). These observations
raised the possibility that TIP47 could play a cell type-dependent
role in Env incorporation. We therefore depleted TIP47 in the
Jurkat T-cell line by transducing with TIP47-specific shRNAs. Of
five shRNAs tested, three yielded consistent knockdowns in the
range of 60% for shRNA 3 and ~80% for shRNAs 1 and 2 (Fig.
7A); the others failed to produce reliable depletion (data not
shown). To determine whether TIP47 depletion in Jurkat cells
affects Env incorporation or virus release, TIP47-depleted cells were
infected with VSV-G-pseudotyped HIV-1. Infected cells were
then washed and labeled with [**S]Cys for 4 h. Cell and virus
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FIG 8 TIP47 depletion does not significantly affect HIV-1 replication in the
Jurkat T-cell line. Jurkat cells transduced with shRNA 1 or 2 targeting TIP47
(#1 or #2) or nontargeting shRNA (NT) or Jurkat cells with no shRNA (mock)
were transfected with the HIV-1 molecular clone pNL4-3 and passaged by
dilution with fresh medium every 2 to 3 days. Culture supernatants were col-
lected at each passage, and virus replication was monitored by RT activity.

lysates were immunoprecipitated, and Env incorporation and vi-
rus particle production were analyzed. We did not observe a sig-
nificant decrease in Env (gp120) incorporation (Fig. 7B) or virus
release efficiency (Fig. 7C). As a control, we compared levels of
Env incorporation between wild-type (WT) (NL4-3) and a gp41
CT truncation mutant (NL4-3/CTdel-144) in Jurkat cells by ap-
plying the same VSV-G pseudotyping approach as the one used
for TIP47-depleted Jurkat cells. As we reported previously (16),
the CTdel-144 mutant displayed a 10-fold decrease in Env incor-
poration in Jurkat cells relative to the WT (data not shown). To
determine the effect of TIP47 knockdown on HIV-1 infectivity,
TZM-bl cells were infected with supernatants from TIP47-de-
pleted, HIV-1-infected Jurkat cells. We did not observe a decrease
in HIV-1 infectivity (Fig. 7D) but saw a small increase that was of
marginal statistical significance (see legend to Fig. 7D). Finally, we
tested whether TIP47 is required for the establishment of a spread-
ing HIV-1 infection. TIP47-depleted Jurkat cells were transfected
with pNL4-3, and virus replication was monitored by RT activity.
We observed that HIV-1 replication in TIP47-depleted Jurkat cells
peaked either on the same day as, or 2 days later than, replication
in cells transduced with the nontargeting shRNA (Fig. 8). We ob-
served a small amount of cytotoxicity in TIP47-depleted cells,
likely accounting for the very minor delays in peak RT production
in some cultures. TIP47 protein levels were analyzed close to the
end of each replication assay; TIP47 knockdown efficiencies were
calculated to be ~80% (data not shown). Because this level of
TIP47 knockdown diminished after approximately 1 month,
shRNA transductions were performed de novo for each experi-
ment.

We note that Manrique and coworkers were able to detect an
interaction between TIP47 and an HIV-1 gp41 CT-GST fusion but
observed that TIP47 did not increase the binding of HIV-1 MA to
the gp41 CT (52).
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In summary, the results of this study confirm the findings of
Lopez-Verges etal. (19) indicating that HIV-1 MA binds to TIP47,
However, our findings do not confirm a role for TIP47 in HIV-1
Env incorporation. It is possible that low levels of TIP47 could be
sufficient to promote Env incorporation and that our depletions
were not complete enough to induce an Env incorporation defect.
However, the TIP47 depletion efficiencies observed in this study
are similar to those achieved in studies that reported a require-
ment for TIP47 in Env incorporation, which was not quantified by
Lopez-Verges et al. (19) but found to be in the 60 to 85% range by
Bauby et al. (17). Further work will be required to delineate the
physiological relevance to HIV-1 replication, if any, of the inter-
action between MA and TIP47.
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Cyclophilin A-Dependent Restriction to Capsid N121K Mutant
Human Immunodeficiency Virus Type 1 in a Broad Range of Cell

Lines

Taichiro Takemura, Miyako Kawamata, Miho Urabe, Tsutomu Murakami

AIDS Research Center, National Institute of Infectious Diseases, Shinjuku-ku, Tokyo, Japan

Human immunodeficiency virus type 1 (HIV-1) infection of most human cells is dependent on cyclophilin A (CypA); however,
the opposite phenomenon, known as CypA-dependent inhibition, is also observed in the combination of some capsid (CA) mu-
tations and cell lines. Here, we identified a CA N121K mutant whose infection of 293T, Jurkat, and HeLa cells was impaired by
CypA. The N121K mutant could be a useful tool for analyzing the mechanisms underlying CypA-dependent restriction.

he host cellular protein cyclophilin A (CypA) binds to the

proline-rich loop in the N-terminal region of the human im-
munodeficiency virus type 1 (HIV-1) capsid (CA) protein (1, 2).
Inhibition of the CA-CypA interaction by using competitive
chemicals such as cyclosporine (CsA), introduction of mutations
into the CypA-binding loop within CA, or RNA interference
(RNAi)-mediated knockdown of endogenous CypA in target cells
leads to reduced HIV-1 infectivity (3, 4). An initial model assumed
that the incorporation of CypA into the virions facilitates uncoat-
ing of the HIV-1 core. However, recent studies show that the CA-
CypA interaction in target cells, rather than that of virus-incorpo-
rated CypA, is important for HIV-1 infection (5, 6). CypA
catalyzes the cis-frans isomerization of proline peptide bonds,
leading to conformational changes in CA and, in turn, the core
structure. Although the CA-CypA interaction has been well char-
acterized in vitro, the precise role played by CypA during HIV-1
replication is still unclear (3, 4). Recent reports indicate that the
CA-CypA interaction is involved not only in uncoating but also in
nuclear import and integration (7, 8).

HIV-1 infection of most human cells is dependent on CypA;
however, the opposite phenomenon, known as CypA-dependent
inhibition, is observed for some CA mutant viruses. A previous
study showed that the passage of wild-type (WT) HIV-1 in HeLa-
CD¢4 cells (when CypA was inhibited by CsA) resulted in the gen-
eration of two CA escape mutants, A92E and G94D (9). These
mutations tolerate the inhibition of CA-CypA interaction, but
their replication in HeLa and H9 cells (although not in other cell
lines such as 293T and Jurkat cells) becomes dependent on CsA (6,
10). Several CA mutants, such as R132K and T54A, showed similar
CsA-dependent phenotypes in a target cell-contingent manner
(11-13). These results imply the bidirectional function of CypA
during HIV-1 replication. To better understand the function of
CypA during HIV-1 replication, the viral regions that modulate
CypA dependence must be identified. To this end, we tried to
isolate HIV-1 mutants that can replicate in Jurkat cells in the ab-
sence of CypA. The newly isolated CA mutant N121K was gener-
ated by serial passage of a CypA-nonbinding HIV-1 mutant (NL4-
3.P90A.A92E) in Jurkat cells (14). In this paper, we report that
N121K infection is inhibited in a CypA-dependent manner not
only in HeLa and H9 cells but also in 293T and Jurkat cells.

We attempted to isolate HIV-1 mutants that replicate in Jurkat
cells in the absence of CypA; HIV-1 infection of Jurkat cells is
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CypA dependent. Jurkat cells were infected with either WT virus
or a CypA-nonbinding mutant, NL4-3.P90A.A92E, in the pres-
ence or absence of 1 uM cyclosporine (CsA) as follows: culture I,
NL4-3 without CsA; culture II, NL4-3 plus 1 pM CsA; culture ITI,
NL4-3.P90A.A92E without CsA; and culture IV, NL4-
3.P90A.A92E plus 1 pM CsA. After repeated passage (47 times),
we succeeded in obtaining replication-competent viruses under
all culture conditions. Sequence analysis of the entire gag region
identified a virus from culture II that harbored a mutation in MA
(V34I). The CA N121K and CA R132K mutants arose from cul-
tures III and IV, respectively. The mutation in MA overlapped
with a mutation reported to increase viral fitness in T-cell cultures
(15). Therefore, we studied two CA mutant viruses in detail. Since
the R132K substitution identified in the virus from culture IV had
also been identified previously (11, 16), we focused on the N121K
mutant (which harbored a mutation in the loop between helix 6
and helix 7), which arose from culture III (Jurkat cells infected
with NL4-3.P90A.A92E in the absence of CsA).

We constructed an N121K substitution virus on a WT (NL4-3
or NL4-3-luc) and the CypA-nonbinding mutant (NL4-
3.P90A.A92E or NL4-3.P90A.A92E-luc) backbone. Viral replica-
tion was then examined in Jurkat and H9 cells, and infection effi-
ciency was examined in Jurkat, 293T, and HeLa cells. Figure 1A to
D shows the replication kinetics of the WT and CA mutant viruses
in Jurkat and H9 cells in the presence or absence of 1 wuM CsA. The
triple mutant virus (N121K.P90A.A92E) replicated as efficiently
as did the WT virus in the presence or absence of CsA in both
cell lines. However, the replication of the N121K single mutant
virus in both Jurkat and H9 cells increased in the presence of
CsA (Fig. 1B and D). Similar results were observed in the single-
round infection experiments (Fig. 1E to G). Infection by the
N121K.P90A.A92E mutant was not impaired in any of the cell
lines, in either the presence or the absence of CsA. However, the
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infection of Jurkat, 293T, and HeLa cells by N121K increased in
the presence of 1 uM CsA.

Previous studies show that CypA-dependent inhibition of in-
fection by some CA mutants is greater in nondividing cells (16,
17). Therefore, to investigate whether the mechanism underlying
the CypA-dependent inhibition of infection by N121K mutants is
similar to that observed for other CA mutants such as A92E, we
tested whether cell growth arrest of CypA- or nontarget short
hairpin RNA (shRNA)-transduced HeLa cells further inhibited
infection by N121K. CypA knockdown by shRNA restored the
infection efficiency of the N121K mutant (Fig. 1H), suggesting
that N121K is inhibited by CypA in the cytoplasm of the target
cells as previously observed for other CsA-dependent mutant vi-
ruses (5, 18). Aphidicolin-induced growth arrest markedly in-
creased the level of N121K inhibition in HeLa cells (as was ob-
served in A92E mutants) (16, 17).

The A105T mutation is suppressive in CsA-dependent CA mu-
tants, such as A92E (12). Therefore, we next asked whether the
A105T mutation suppressed the inhibition of N121K infectivity in
293T and Hela cells. The infectivity of a dual mutant
(N121K.A105T) virus was approximately 10-fold higher than that
of a single mutant N121K virus in both 293T and HeLa cells. The
A105T mutation fully restored the infection efficiency of the N121K
mutant virus in 293T cells (Fig. 2A). In contrast, the A105T-medi-
ated rescue of infection efficiency in HeLa cells was only moderate,
and it was increased by the addition of CsA (Fig. 2B). Interestingly,
the infection efficiency of the single A105T mutant decreased in
both HeLa cells and 293T cells in the presence of CsA. Yang and
Aiken suggested two possible explanations for why the A105T
mutation may compensate for the structural changes caused by
CypA or block the potent inhibitory factor activated by CypA-
dependent manner (12).

We next determined which N121K replication step(s) is regu-
lated by cellular CypA by measuring the synthesis of new reverse
transcription (RT) products, or the production of two-long-ter-
minal-repeat (2-LTR) circular DNA products, by quantitative
real-time PCR (19) in the presence or absence of 1 pM CsA. Viral
infectivity was also measured in parallel (Fig. 3A). There was no
clear difference between the early and late N121K RT products in
the presence or absence of CsA (Fig. 3B and C). However, the
addition of CsA increased the amount of N121K 2-LTR circular
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DNA products (Fig. 3D). These results indicate that the replica-
tion of N121K is impaired at the nuclear transport stage. Although
it is thought that the inhibition of these viruses occurs at either the
RT, nuclear import, or integration stages, the replication step im-
paired by CypA (with regard to the A92E and G94D mutant vi-
ruses) is still controversial (12, 16, 17, 20). Our quantitative PCR
data show that the inhibition of N121K replication occurs at the
nuclear import stage, supporting previous data showing that the
CA-CypA interaction is involved in a series of viral replication
steps at the nuclear import stage (8, 17).

Next, we conducted infection experiments by titrating the dose
of CsA and examining the effects on the infectivity of WT, A92E,
and N121K viruses. 293T or HeLa cells were incubated with 0.5 ng
of virus p24 in the presence of increasing concentrations of CsA.
Along with the increase of the CsA concentration, the infectivity of
the WT virus gradually decreased to approximately one-fifth of
that of the virus in the control infection without CsA in 293T cells
(Fig. 4A). The infectivity of the A92E virus was not affected by the
CsA concentration in 293T cells. In contrast, the infectivity of the
N121K virus gradually increased with increasing CsA concentra-
tion (up to 0.15 uM CsA). The infection efficiencies of N121K and
the WT virus were comparable at CsA concentrations above 1.25
M. In HeLa cells, the titration curve for the N121K virus was
similar to that of the A92E virus; however, the infectivity of N12 1K
was less than that of A92E at most CsA concentrations tested (Fig.
4B). The dual mutant virus (N121K.A92E) also showed increased
infectivity in line with the increasing CsA concentration, although
the infectivity was about 10-fold less than that of N121K in 293T
cells and that of A92E and N121K in HeLa cells. This suggests that
CypA-dependent restriction of the N121K.A92E dual mutant is
increased in both cell types. Although the underlying mechanisms
are still unclear, these data suggest that the CypA-dependent re-
striction factor(s) is expressed at different levels in 293T and HeLa
cells. If the sensitivity of N121K to this hypothetical factor is
higher than that of A92E, this may account for the different infec-
tivities of A92E in 293T and HelLa cells. N121K might be very
sensitive to this factor, and the A92E.N121K mutant is even more
sensitive because A92E is potently restricted by the as-yet-un-
known factor. This hypothesis can explain the different levels of
NI121K toleration shown by the introduction of an additional
A105T mutation shown in Fig. 2.
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no drug, 1 pM CsA, 1 pM azidothymidine (AZT; Sigma-Aldrich), and 1 pM raltegravir (RAL). (A) Virus infectivity was determined by measuring the luciferase
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The error bars represent the standard deviations from duplicate assays performed in a single experiment. The results are representative of two independent

experiments. UD, undetectable.

In this report, we infected 293T, Jurkat, and HeLa cells with a
CA mutant virus, N121K, which has a CsA-dependent phenotype.
Although a similar CsA-dependent mutant virus, such as A92E,
was previously identified, the CsA dependence was observed only
in high-CypA-expressing cells, such as HeLa and H9 (9, 11, 12,
21). Two hypotheses have been proposed to explain CsA-depen-
dent infection by CA mutants. The first is that high levels of cel-
lular CypA alter the stability and uncoating of the mutant viral
core; the second is that a potent, as-yet-unknown HIV-1-inhibi-
tory factor(s) interrupts the proper timing of uncoating or dis-
rupts nuclear import or integration (5, 12, 18, 20). In the present
study, N121K replication was disrupted after the RT step and the
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magnitude of this inhibition varied in a cell-type-dependent man-
ner. Inhibition of N121K virus infection appears to be stronger in
HeLa cells than in 293T cells, and this can be explained by the
potent as-yet-unknown restrictive factor differentially expressed
in 293T and HelLa cells. Further work is needed to validate this
model. The N121K mutation is located in the loop between helices
6 and 7. Two different groups reported that human TRIM 5« in-
hibits N-tropic murine leukemia virus (N-MLV) infection in hu-
man cells by recognizing a comparable region within the viral CA
(in the loop between helix 6 and helix 7) (22, 23). Considering the
conformational homology between N-MLV and HIV-1, this re-
gion might be accessible to human TRIM5a. We knocked down
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FIG 4 Effects of titrating CsA on the infectivity of WT, A92E, N121K, and N121K.A92E HIV-1. In the presence of different concentrations of CsA, 4 X 10 293T
cells (A) or HeLa cells (B) were infected with 0.5 ng of p24 from vesicular stomatitis virus G protein-pseudotyped HIV-1 carrying the luciferase gene as a marker.
Cellular luciferase activity was measured after 48 h. The error bars represent the standard deviations from parallel cultures performed in triplicate. The results are
representative of two independent experiments.
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