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SHORT COMMUNICATION

Protein transduction by pseudotyped lentivirus-like

nanoparticles

T Aoki!?, K Miyauchil?, E Urano!, R Ichikawa! and ] Komano!

A simple, efficient and reproducible method to transduce proteins into mammalian cells has not been established. Here we
describe a novel protein transduction method based on a lentiviral vector. We have developed a method to package several
thousand foreign protein molecules into a lentivirus-like nanoparticle (LENA) and deliver them into mammalian cells. In this
proof-of-concept study, we used B-lactamase (BlaM) as a reporter molecule. The amino-terminus of BlaM was fused to the
myristoylation signal of /yn, which was placed upstream of the amino-terminus of Gag (BlaM-gag-pol). By co-transfection of
plasmids encoding BlaM-gag-pol and vesicular stomatitis virus-G (VSV-G) into 293T cells, LENA were produced containing
BlaM enzyme molecules as many as Gag per capsid, which has been reported to be ~5000 molecules, but lacking the viral
genome. Infection of 293T and MT-4 cells by VSV-G-pseudotyped BlaM-containing LENA led to successful transduction of BlaM
molecules into the cell cytoplasm, as detected by cleavage of the fluorescent BlaM substrate CCF2-AM. LENA-mediated
transient protein transduction does not damage cellular DNA, and the preparation of highly purified protein is not necessary.
This technology is potentially useful in various basic and clinical applications.

Gene Therapy (2011) 18, 936-941; doi:10.1038/gt.2011.38; published online 31 March 2011
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INTRODUCTION

When viruses infect cells the viral contents are released. A virus can,
therefore, be considered as a protein transduction vehicle into a target
cell if a large number of foreign proteins are packaged per virion.
A lentiviral vector, approved for human gene therapy,' has been
produced by transfecting 293T cells with four plasmids: the gene
transfer vector that provides the viral genome packaged into
the virion, and three plasmid vectors, each expressing gag-pol, rev or
the vesicular stomatitis virus-G (VSV-G) genome.”* The gag-pol
expression vector produces Gag and Gag-pol in a ratio of ~20:1
because of the frameshift signal positioned between the gag and pol
open reading frames.’ Gag (Pr555%) is a viral structural protein that
traffics to the plasma membrane aided by its amino-terminal myr-
istoyl group, and self-oligomerizes at the plasma membrane to form
a spherical structure. The expression of Gag alone leads to the
production of an enveloped virus-like particle (VLP) of ~100nm
in diameter, consisting of ~ 5000 Gag molecules.’

When the gag—pol expression vector is used to produce VLP, both
Gag and Gag-pol proteins, a total of 5000 molecules,” form the
lentiviral nanoparticles in which approximately one-twentieth of the
VLP-forming protein is Gag-pol.> The VLP produced by the gag—pol
expression vector undergoes maturation whereby Gag is processed by
the protease made from Pol. Gag is cleaved into p17MA, p24©A and
other smaller fragments. This changes the shape of the VLP core from
doughnut shape to bullet shape, as visualized by electron microscopy.
Mediated by VSV-G, the mature VLP envelope fuses to the cell
membrane more efficiently than the immature VLPS In accordance
with this process, if a foreign protein is fused to lentiviral Gag, a large
number of foreign proteins should be transduced into mammalian

cells. In this work, the lentiviral vector has been engineered to achieve
this goal.

By co-transfecting two plasmid vectors, each expressing gag—pol or
VSV-G, the lentivirus-like nanoparticles (LENA) can be produced
with a VSV-G envelope (Figure 1a). These particles undergo matura-
tion, and should be highly competent for promoting fusion of LENA
envelope to the cell membrane. The VSV-G-pseudotyped LENA
should be capable of releasing viral content into the target cells. We
have named this process ‘pseudoinfection’ because it mimics viral
infection, but is not accompanied by integration of the viral genome
into chromosomal DNA.

‘We have previously shown that substitution of the human immu-
nodeficiency virus type 1 (HIV-1) Gag myristoylation signal with the
phospholipase C-3 1 pleckstrin homology (PH) domain, or attach-
ment of heterologous myristoylation signals to the amino-terminus of
Gag, increases the production of lentiviral vector.>!? In these studies
we used the human codon-optimized gag—pol to maximize viral
protein synthesis. The infectivity of these pseudovirions was compar-
able with that of the wild-type (WT) counterpart. This is noteworthy
because modification of Gag often results in reduction of viral
productivity and infectivity.!1!? It has been reported recently that a
protein transduction using murine leukemia virus is achievable by
embedding a foreign gene in gag. However, the viral productivity and
infectivity need to be improved by WT Gag-pol provided in trans
upon viral production. These data suggest that by fusing a foreign protein
to the amino-terminus of Gag and providing a membrane-targeting
signal, it is possible to produce a high-titer, uniform, foreign protein-
containing LENA without the need to co-transfect the WT Gag-pol
expression plasmid. We tested whether the VSV-G-pseudotyped
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Figure 1 Production of a BlaM-containing LENA pseudotyped with VSV-G. (a) Schematic representation of production of VSV-G-pseudotyped LENA.
Two plasmids are transfected into 293T cells, and LENA is recovered from the cuiture supernatant at 48 h post-transfection. The viral protease is activated
after the VLP is released from the cell, and it mediates the maturation of the particles. (b) The structure of WT gag—pol, a mutant bearing the myristoylation
signal of lyn (myr¥-gag-pol), and blaM-gag-pol. Gag is cleaved into p17MA (MA), p24CA (CA), nucleocapsid (NC) and other domains by the viral protease
encoded in pol. In the myr¥"-gag-pol and blaM-gag-pol constructs, the Gag translational initiation site and the myristoylation target residues were mutated to
leucine and alanine to minimize internal translational initiation and myristoylation. (c) Verification of protein expression and VLP production of BlaM-gag-pol
construct in 293T cells by western blot analysis using anti-p24¢A and anti-p17MA antibodies. Shown are the analyses of cell lysates (Cell) transfected with
pgag-pol (WT) or pblaM-gag-pol (BlaM), and the viral particles (VLP) collected from the culture supernatant of transfected cells. Pr556%€ (~55kDa, Gag),
the Gag proteolytic cleavage intermediate MA-CA (~40kDa) and the complete proteolytic cleavage product p24CA (~24kDa, CA) and p17MA (~17kDa,
MA) are indicated by arrowheads. BlaM-Gag, BlaM-MA-CA and BlaM-MA have higher molecular weights because of the attachment of BlaM (~30kDa) to
the MA domain. (d) Immunofluorescence assay showing the distribution of WT Gag (WT) or BlaM-Gag (BlaM) in 293T celis transfected with pgag-pol or
pblaM-gag-pol. Green and blue represent the anti-p24%* monoclonal antibody-stained signal and the Hoechst 33258-stained nucleus, respectively.
Magnification x400; scale bar, 10um. (e) BlaM enzyme activity was tested by nitrocefin. Lysates from 293T cells transfected with pblaM, pblaM-gag-pol,
or pgag-pol or untransfected cells (MOCK) were incubated with nitrocefin for 30 min at 37 °C.

LENA could serve as a protein transduction vehicle for mammalian
cells using B-lactamase (BlaM) as a reporter.

Gag-pol ratio. The BlaM-gag-pol protein was produced in 293T cells
as expected (Figure 1c). The BlaM construct produced VLP from the
transfected cells, although the efficiency was less than with WT gag—pol

RESULTS AND DISCUSSION (Figure 1c). The processing efficacy of Gag in BlaM VLP was less

937

BlaM was chosen as reporter molecule because mammalian cells
do not have BlaM activity. Also, a cell-membrane-permeable BlaM
substrate is available, which can distinguish LENA content release
from cellular endocytosis of LENA that can occur without membrane
fusion.’® BlaM was fused to the amino-terminus of gag—pol, and the
Iyn myristoylation signal was attached to the amino-terminus of BlaM
(BlaM-gag-pol; Figure 1b). The codon usage of gag—pol has been
human codon optimized, but bearing the natural -1 frameshift signal
at the gag—pol junction.!* Thus, the vector provides the natural Gag to

efficient compared with the WT as highlighted by the absence of free
matrix domain (MA) signal in BlaM VLP, which was because of the
lack of HIV-1 protease recognition motif between BlaM and MA
(right panel, Figure 1c). In 293T cells transiently transfected with this
plasmid, the BlaM-gag-pol fusion protein distribution was similar to
that of the WT, although with some aggregation in the cytoplasm
(Figure 1d). The BlaM-gag-pol fusion protein retained enzyme activity
as demonstrated by its reaction with the BlaM substrate nitrocefin,
which changed from a straw color to brown when incubated with
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Figure 2 Flow cytometric analysis to measure the BlaM transduction into 2937 cells by VSV-G-pseudotyped BlaM-LENA. The 293T cells were grown in
24-well plates and either transfected or pseudoinfected with LENA preparations. (a) Unstained 293T cells. (b) 293T cells loaded with CCF2-AM. (c, d) 293T
cells were transfected with pBlaM (c) or pBlaM-gag-pol (d), and loaded with CCF2-AM at 48h post-transfection before the flow cytometric analysis. (e~h)
293T cells were exposed to unenveloped BlaM-LENA (e) or VSV-G-pseudotyped BlaM-LENA (f-h). Cells were loaded with CCF2-AM at 2h post-LENA
exposure. (g, h) The VSV-G-dependent BlaM transduction was verified by exposing 293T cells with VSV-G-pseudotyped BlaM-LENA in the presence of
bafilomycin Al (BAF) at a concentration of 10 ugmi™! (h). Dimethylsulfoxide (DMSQ) was used as a control (g). The percentage of the gated population is
noted in each panel. The x axis represents the blue fluorescence, reflecting the BlaM activity (relative fluorescent unit (RFU)). The y axis represents the green
fluorescence, reflecting the substrate loading onto the cells. (i, j) Microscopic detection of BlaM transduction in 293T cells (i) or MT-4 cells (j) by VSV-G-
pseudotyped BlaM-LENA. Cells were exposed to BlaM-LENA for 3 h, and loaded with CCF2-AM overnight at room temperature in the presence (10 pgmi~1) or
absence of BAF (w/BAF or w/o BAF, respectively). The bar represents 50 um, magnification x200.
lysates from 293T cells transfected with the BlaM-gag-pol expression  293T cells by VSV-G-pseudotyped BlaM-LENA, a significant shift
vector (Figure le). The BlaM enzyme activity of BlaM-gag-pol was  from green to blue fluorescence was detected (63.9%, Figure 2f). The
indistinguishable from that of WT BlaM (Figure le). BlaM enzyme  rightward shift of the signal along the x axis suggests that almost all
activity was not detected in MOCK or pgag-pol-transfected cell lysates  the cells were transduced with BlaM by BlaM-LENA. BlaM transduc-
(Figure le). tion was dependent on VSV-G function as CCF2-AM cleavage was not
Protein transduction into 293T cells was conducted by exposing  detected by LENA lacking VSV-G (Figure 2e), and BlaM transduction
target cells to VSV-G-pseudotyped BlaM-LENA, which mimics viral  was inhibited by bafilomycin Al that blocks VSV-G-mediated mem-
infection. The success of BlaM transduction into the target cell ~brane fusion (Figure 2, compare g vs h). The catalytic activity was
cytoplasm was judged by using the cytoplasm-retained BlaM substrate, ~ visualized under the fluorescent microscopy. In agreement with the
CCF2-AM, which yields blue fluorescence upon cleavage by BlaM  flow cytometric analysis, almost all the substrate-loaded 293T cells
enzyme activity. exposed to BlaM-LENA became blue fluorescent in experimental
The 293T cells emitted green fluorescence when they were loaded  conditions comparable with the above experiments, and the catalytic
with CCF2-AM (Figure 2, compare a vs b). When 293T cells were  activity was not detected when cells were treated with bafilomycin Al
transfected with expression vectors for BlaM or the BlaM-gag-pol,  (Figure 2i). The blue fluorescence was detected homogenously in the
substrate cleavage, as demonstrated by a shift to blue fluorescence, was  cell cytoplasm (Figure 2i). These data were reproduced in human
detected in a discrete population of cells, representing a transfection  T-cell line MT-4 (Figure 2j). Considering the critical dependence to
efficiency of ~45% (Figures 2c and d). These data suggest that VSV-G, it is highly unlikely that the BlaM activity was derived
transduced BlaM-gag-pol has BlaM activity, consistent with the results ~ from the residual DNA/lipid mixture in the LENA preparation. The
of the nitrocefin assay (Figure le). When BlaM was transduced into  BlaM-transducing unit into 293T cells was ~ 0.8 +0.01x10° mlI~! as
Gene Therapy
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Figure 3 Production of a GFP-containing lentivirus-like nanoparticle for physical counting. (a) The structure of PH-gag-po/ and GFP-PH-gag-pol.
(b) The distribution of Gag-GFP and GFP-PH-gag-pol in transiently transfected 293T cells examined by confocal microscopy. The images were taken at 24 h
post-transfection. The bar represents 10 um, magnification x630. (c) Verification of protein expression and VLP production of GFP-PH-gag-pol construct in
293T cells by western blot analysis using anti-p24°*, anti-p17MA and anti-GFP antibodies. Shown are the analyses of cell lysates (Cell) transfected with
pGFP-PH-gag-pol and the viral particles (VLP) collected from the culture supernatant of transfected cells. The numbers represent the proteolytic products as
illustrated in the right panel estimated from the western blot analysis. (d) Confocal image of the GFP-PH-LENA on the slide glass. The bar represents 1 pum,
magnification x630.
estimated by the BlaM-LENA serial dilution (data not shown). Thus,  after the transduction. Proteins, however, do not easily pass through
293T cells were exposed to ~1000-fold excess of BlaM-LENA. the plasma membrane. Historically, microinjection, electroporation
We constructed GFP-PH-LENA to visualize the LENA particles and cell-permeable peptide motifs were used to introduce proteins
(Figure 3a). In this construct, the PH domain from phospholipase C-6  into cells.!>'7 These methods, however, demand a highly purified
1 functions as the membrane targeting motif.”!® The GFP-PH-gag-pol  protein, technical skill or specialized, costly equipment. Also, variable
was distributed at cell periphery, similar to Gag-GFP (Figure 3b). results have been obtained using different proteins and target cells.
The VLP production by GFP-PH-gag-pol was verified in western blot ~ The need of a highly purified protein applies to protein lipofection to
analysis (Figure 3c). According to the estimated molecular weight yield the reproducible results. A convenient, fast, highly efficient and
of protease-mediated cleavage products, we speculate the possible reproducible protein transduction method has so far remained unde-
protease recognition sites within green fluorescent protein (GFP), veloped. Such a technique would greatly help the generation of safe,
GFP-PH junction and PH-MA junction, although we did not inten-  induced pluripotent stem cells. LENA production is as straightforward
tionally reconstitute the HIV-1 protease recognition sites in these as co-transfecting two plasmids into 293T cells without trans-com-
positions (Figure 3c). The GFP-encapsidated LENA preparations were  plementing the WT gag—pol expression vector, and furthermore the
spotted onto the poly-1-lysine-coated slide glass, and the captured LENA  therapeutic protein is protected from plasma proteases by a lipid
was imaged by the confocal microscopy. By counting the green fluor-  bilayer. The target cell tropism can be controlled by well-established
escent dot signals per unit area, we estimated the number of GFP-PH-  viral pseudotype techniques. Using LENA, a substantial number of
LENA particles as 1.4 % 0.2x 10° mI~! (Figure 3d), which was similar to  protein molecules can be packaged into the nanoparticles, and the
the BlaM-transduction unit of VSV-G-pseudotyped BlaM-LENA. transduction procedure is as easy as exposing mammalian cells with
To test whether the lentivirus vector used to produce BlaM-LENA  LENA. There is no need to prepare highly purified proteins for the
retained any viral infectivity, a lentivirus vector was produced LENA system. Also, target proteins are post-translationally modified
carrying the luciferase gene, using the four plasmid system®!® with  in human cells, which should be better than the protein modification
the BlaM-gag-pol construct, and then viral infectivity was assessed.  in non-human organisms. It should also be possible to increase the
Gene transduction by this lentiviral vector was undetectable. These —amount of protein that can be delivered into cells by concentrating the
data indicate that transfer to target cells by BlaM-LENA of an LENA preparation. Physical counting of GFP-encapsidated LENA
expressed, endogenous retroviral element from 293T cells is unlikely ~ shows that a high-titer LENA preparation was casually produced. In
to occur. These data show that a protein transduction system based on  this study, we did not introduce protease recognition sites into
LENA would have an extra level of safety compared with the protein  myristoylation signal-BlaM or -BlaM-MA junctions. By doing so, we
transduction system based on a retroviral vector system.!! would have possibly liberated the foreign protein from the precursor.
Protein transduction in a broad sense, referring to the transport of ~ This could result in infectious LENA particles as the free MA is in part
protein across the cell membrane, is a useful technique in experi- important for the viral infectivity.?
mental molecular biology. It does not require de novo transcription Currently, few approaches are available for the incorporation of a
and translation, and the transferred protein functions immediately ~ foreign protein into retro- or lenti-viral VLP. The protein of interest
Gene Therapy
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can be fused to the C-terminus of Gag or inserted into the middle of
the Gag protein (for example, between the MA and CA).!b!2 Foreign
protein fusion to the C-terminus of Gag would destroy the frameshift
signal required to produce Gag-pol. Thus, Pol would no longer be
produced. To maintain efficient pseudoinfection, the gag—pol expres-
sion vector must be provided in trans when the VLP is produced.
The latter approach often results in reduced VLP yield. Thus, again,
to increase the VLP yield, the gag—pol expression vector has to be
co-transfected with the plasmid encoding Gag fused to the foreign
protein. Co-transfection of the gag~pol expression vector is likely to
reduce the amount of foreign protein per VLP, and lower its
uniformity. It is, therefore, desirable not to co-transfect with the
WT gag-pol expression plasmid. Alternatively, Vpr can be used to
incorporate foreign proteins into lentiviral particles.! Only a few
dozen protein molecules, however, are packed per particle, rendering
this approach of little use in protein transduction. In summary, fusion
of a foreign protein to the N-terminus of Gag has the advantages of
producing uniform, high-titer and membrane fusion-competent VLP
without trans-complementation by WT Gag-pol.

The disadvantages of the LENA system are the susceptibility of
foreign proteins to viral protease and the restriction in the molecular
sizes of foreign proteins. We have succeeded in generating Gag-LacZ
VLP, suggesting that the production of LENA carrying a foreign
protein with a molecular weight of ~100kDa is feasible. The yield,
however, of LENA gradually decreases as the molecular weight of the
foreign protein increases. We did not detect proteolytic cleavage of
BlaM by viral protease in LENA particles; however, when we tested the
transcriptional regulator of HTLV-1 (human T-cell leukemia virus
type 1), Tax, it was degraded by viral protease. To overcome these
potential disadvantages, it is worth considering the use of only the
minimal functional domain of a foreign protein and the destruction of
potential protease recognition sites in the foreign protein without
losing its function.

Lentiviral vectors have been approved for human gene therapy.!
LENA does not contain a viral genome, and is unlikely to support the
transfer of endogenous retrovirus-like elements; thus, the cellular
genome is not threatened by LENA-mediated protein transduction.
Thus, a major safety concern associated with retroviral or lentiviral
vectors is alleviated, making LENA applicable for in vivo studies.
Retroviral vectors are often used for induced pluripotent stem cell
genesis.!” However, they can damage the cellular genome, and
transduced gene expression is difficult to shut off, which can lead to
malignant transformation of induced pluripotent stem cells. To over-
come this problem, a transient and efficient protein transduction
method is needed. We believe that LENA addresses these issues.
Altogether, our system has many advantages over currently available
protein transduction protocols, suggesting that it should be considered
for basic and clinical applications.

MATERIALS AND METHODS

Plasmids

The following oligonucleotides were annealed, and cloned into the Afel-Agel
sites of pEGFP-C2 (Clontech, Palo Alto, CA, USA) to generate the plyn-
MyEGFP-C2: 5'-GCTACCGGACTCAGATCTCGAGCTCAAGCTTCGAATTGC
CACCATGGGATGTATTAAATCAAAAAGGAAAGACGATCCA-3’ and 5-CCG
GTGGATCGTCTTTCCTTTTTGATTTAATACATCCCATGGTGGCAATTCGA
AGCTTGAGCTCGAGATCTGAGTCCGGTAGC-3". The SnaBl-EcoR! fragment
from plynMyEGFP-C2 was cloned into the corresponding sites of pPH-gag-
pol,? generating plynMyGFP-gag-pol. The B-lactamase gene from pUCI9 was
amplified by the following primers: 5'-ACCGGTCAATCCAGAAACGCTGGTG
AAAG-3" and 5"-CAATTGCCAATGCTTAATCAGTGAGGC-3'. The Agel-Mfel
fragment of the PCR fragment was cloned into the Agel-EcoRI sites of
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plynMyGFP-gag-pol, generating the pblaM-gag-pol. The expression vector
for VSV-G was described previously.”® The original codon-optimized HIV-1
gag—pol expression vector was described previously.'* The Gag-GFP expression
vector was described previously.l® The pGFP-PH-gag-pol was constructed by
inserting the Ndel-PshAl fragment from pEGFP-PLCAd1 PH? into the
corresponding sites of pPH-gag-pol.” pcDNA3 was obtained from Invitrogen
(Tokyo, Japan).

Cells and transfection

The 293T cells, obtained from Invitrogen as 293FT cells (Invitrogen), were
maintained in RPMI-1640 medium (Sigma, St Louis, MA, USA) supplemented
with 10% fetal bovine serum (Japan Bioserum, Tokyo, Japan), 50 Uml™!
penicillin and 50 ugml™! streptomycin (Invitrogen), at 37 °C in a humidified
5% CO, atmosphere. Cells were transfected with DNA using Lipofectamine
2000 according to the manufacturer’s protocol (Invitrogen), or calcium
phosphate precipitation. To produce VSV-G-pseudotyped BlaM-LENA, equal
amounts of pVSV-G and pblaM-gag-pol were transfected into 293T cells.
Unenveloped BlaM-LENA was produced using pcDNA3 in place of pVSV-G.

Immunological detection

The detection of viral gene products by western blot analysis was performed as
described previously,?? except that the anti-p24°* monoclonal antibody clone
183-H12-5C and the anti-p17M* rabbit antiserum (NIH AIDS Research and
Reference Reagent Program) were used. The immunofluorescent analysis was
performed as described previously,”® except that cells were fixed at 24h post-
transfection, and the following reagents were used: anti-p24“* monoclonal
antibody (clone 183-H12-5C), anti-mouse antibody conjugated with biotin
(Invitrogen) and streptavidin conjugated with Alexa488 (Invitrogen).

Microscopy
Cells and GFP-encapsidated LENA were imaged by confocal fluorescence
microscopy (LSM510 Meta 40x NA 1.4 lens; Carl Zeiss Microlmaging Inc.,
Tokyo, Japan).

Colorimetric detection of BlaM activity

Transfected 293T cells grown in 6 cm dishes were lysed in 500 ul of buffer A
(10 mm HEPES, 1.5 mm MgCl, 10 mm KCl and 0.05% IGEPAL CA-630), and
then 1pl of nitrocefin (10 ugml™; Calbiochem, San Diego, CA, USA) was
added to the cell lysate. The mixture was incubated for 20 min at 37 °C.

Protein transduction

The pseudoinfection was performed as infecting cells with retroviral vectors?
by incubating ~1x10° cells with 1 ml LENA-containing culture medium at
37°C for 1-3h in the presence of dextran (final concentration 16.25 ugmi™;
DEAE-Dextran chloride, molecular weight ~500kDa; ICN Biomedicals Inc.,
Aurora, OH, USA). The cells were assayed by flow cytometry or fluorescent
microscopy after the LENA exposure. Bafilomycin Al was purchased from
Sigma.

Fluorescent detection of BlaM activity

A fluorescence-activated cell sorter Aria (Becton Dickinson, San Jose, CA, USA)
was used to detect the CCF2-AM (Invitrogen) signals from 2937 cells. A violet
407 nm laser was used for fluorescence activation, and BP450/40 nm and LP502
in conjunction with BP530/30 filters were used for the fluorescent signal
detection of cleaved and uncleaved substrates, respectively. The CCF2-AM
signals from 293T and MT-4 cells were imaged by Biorevo (BZ-9000, Keyence,
Osaka, Japan) using the blue filter set (excitation, band pass filters 377/50 nm
wavelength; emission, band pass 447/60nm wavelength; dichroic mirror,
409nm wavelength) and the green filter set (excitation, band pass filters
377/50 nm wavelength; emission, band pass 520/35 nm wavelength; dichroic
mirror, 495 nm wavelength).
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Regulation of the susceptibility of HIV-1 to a
neutralizing antibody KD-247 by nonepitope
mutations distant from its epitope

Mari Takizawa®, Kosuke Miyauchi®, Emiko Urano?, Shigeru Kusagawa®,
Katsuhiko Kitamura®, Satoshi Naganawa®, Toshio Murakami®,
Mitsuo Honda®, Naoki Yamamoto® and Jun Komano?®

Objective: A humanized neutralizing antibody, KD-247, targets the V3 loop of HIV-1
Env. HIV-1 bearing the GPGR sequence at the V3 loop is potentially susceptible to
KD-247. However, not all GPGR-positive HIV-1 isolates are neutralized by KD-247.
We examined the potential mechanism by which the susceptibility of HIV-1 to KD-247-
mediated neutralization is regulated.

Design: We searched for nonepitope neutralization regulatory (NNR) mutations that
sensitize GPGR-bearing HIV-1pg to KD-247 and mapped the locations of such
mutations relative to the V3 loop.

Methods: We generated a functional HIV-1apg Env library, and evaluated the viral
susceptibility to KD-247 by measuring the half-inhibitory concentration (ICs0) to KD-
247 on TZM-bl cell assay.

Results: We identified nine KD-247-sensitizing NNR mutations from 30 mutations in
various regions of gp120, including the V1/V2 loop, C2, V3 loop, C4, and C5. They
specifically affected KD-247-mediated neutralization, as they did not affect the b12-
mediated neutralization. When combined, the KD-247-sensitizing NNR mutations
additively sensitized the virus to KD-247 by up to 10 000 folds. The KD-247-sensitizing
NNR mutations increased KD-247 binding to the virion. Notably, the NNR mutation in
C4 coincides with the CD4-binding site of gp120.

Conclusion: Given that most of the KD-247-sensitizing NNR mutations are remote
from V3 loop, it is reasonable to hypothesize that the steady-state, local conformation of
the V3 loop is regulated by the interdomain contact of gp120. Our mutational analysis
complements crystallographic studies by helping provide a better understanding of the
steady-state conformation and the functional geometry of Env.

© 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins
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Introduction escape from the host humoral immunity. The study on HIV-
1-neutralizing antibodies (Nabs) and the viral escape from
HIV-1 is a highly mutagenic virus. The viral envelope Nab gives us insights into viral pathogenesis, structure—

glycoprotein gp120/41 (Env) accumulates mutations to function relationship of Env, and AIDS vaccine design [1-8].
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A humanized monoclonal Nab, KD-247, which is
effective against half of clade B primary HIV-1 isolates,
targets the third hypervariable (V3) loop, is an attractive
AIDS vaccine target [1-3]. The epitope essential for
KD-247-mediated neutralization is the conserved
tetrapeptide sequence GPGR. (HXB2 coordinate 312—
315). A human monoclonal Nab 447-52D targets this
same epitope [4]. Mutations in the GPGR sequence
confer viral resistance to KD-247 [3,5,6]. Moreover,
amino acid changes adjacent to the GPGR. motif have
also conferred viral resistance to KD-247 (e.g. H, R,
and K at 311 position, or P at 316 position) [3].
Such mutations physically interfere with binding to the
KD-247 epitope [3]. In the absence of such mutations,
HIV-1 bearing the GPGR sequence at the V3 loop
is potentially susceptible to KD-247. However, not all
GPGR -positive HIV-1 isolates are neutralized by KDD-247.
The mechanism by which some of the GPGR-bearing
viruses are resistant to KD-247 is not fully understood.

We addressed this sequence-neutralization susceptibility
discordance by comparing the amino acid sequences
of various HIV-1 primary isolates. We defined a virus
as resistant to KD-247-mediated neutralization when
the half-inhibitory concentration (ICsg) was higher than
100 pg/ml. We analyzed V3 loop amino acid sequences
from 25 viruses positive for the GPGR epitope, including
11 KD-247-sensitive and 14 KD-247-resistant viruses.
Along with the ELISA data in our previous report [3],
we found that H304R contributes to KD-247 resistance.
The H304R polymorphism accounted for 35.7% (five
of 14 isolates) of the examples of sequence-neutralization
susceptibility discordance, but all the viruses carrying
H304R were CRFO1_AE. We failed to identify any
neutalization regulatory mutations in the clade B isolates.
Additionally, the KDD-247 prototype mouse monoclonal
antibody C25 was unable to neutralize 17 GPGR-
positive HIV-1 clade B primary isolates, even though
C25 was able to bind their synthetic V3 loop peptides
(unpublished observation). From these data, we postu-
lated that the sequence-neutralization susceptibility
discordance is due to non-epitope neutralization
regulatory (NNR) mutations, especially remote from
the V3 loop. Such NNR mutations would be positioned
at certain key sites within the Env domains and
regulate the steady-state conformation. NNR mutations
have been predicted for 447-52D and other cross-
reactive Nab [6—11]. To test this hypothesis, we examined
15 entire Env amino acid sequences of KD-247-sensitive
and KD-247-resistant viruses. However, we were unable
to identify amino acids associated with susceptibility
to KD-247. This suggests that the heterologous virus
approach is not sensitive enough to identify NNR
mutations because the diversity of Env amino acid
sequences is beyond the level of detection.

Here we employed a genetic approach to identify NNR
mutations using the HIV-1apg/apa (AD8 hereafter),

which displays the sequence-neutralization susceptibility
discordance. The ADS strain has been reported to be
sensitive to 447-52D, which targets the same neutral-
ization epitope as KD-247 within the V3 loop [10],
suggesting that the GPGR epitope of the V3 loop is
open to antibodies. We thought that this should help
understand how the NNR mutations work. It does
not contain insertions adjacent to the GPGR muotif, as
HIV-1gxg2 or HIV-1ni4-3 do (QR insertion before
I and G) nor H304R.. Only a few NNR mutations that
make HIV-1 resistant to KD-247 have been reported
in the V1/V2 loop [6]. In this work, we generated
a functional AD8 Env library to identify many NNR
mutations simultaneously that cause HIV-1 to become
susceptible to KD-247. Through KD-247-sensitizing
INNR mutations, we tried to understand the regulatory
mechanism of the viral susceptibility to KD-247-
mediated neutralization.

Materials and methods

Cells, viruses, and transfection

Cells were maintained in RPMI-1640 Medium (Sigma,
St Louis, Missouri, USA) supplemented with 10% fetal
bovine serum (FBS) (Japan Bioserum, Tokyo, Japan),
50 U/ml penicillin, and 50 pg/ml streptomycin (Invitro-
gen, Tokyo, Japan), at 37°C in a humidified 5% CO,
atmosphere. Cells were transfected with Lipofectamine
2000 according to the manufacturer’s protocol (Invitro-
gen). The other viruses and TZM-bl cells were obtained
from the NIH AIDS Research and Reference Reagent
Program.

Antibodies

KD-247 was provided by the Chemo-Sero-Therapeutic
Research Institute, and b12 is a generous gift from
Dr Burton (The Scripps Research Institute).

Cloning

ADS8 Env was amplified by nested reverse-transcriptase-
PCR using RNA extracted from the culture supernatant
as a template (RNeasy mini kit; Qiagen, Hilden,
Germany). The primers used were as follows. For the
first PCR, the sense primer was 5-ATG AAA CTTACG
GGG ATA CTT GGG-3' (HXB2 nucleotide coordinates
5698—5721) and the antisense primer was 5'-GGT ACT
AGC TTG AAG CAC CAT CC-3 (HXB2 nucleotide
coordinates 9236—9214); and for the nested PCR, the
sense primer was 5'-ATA AGA ATT CTG CAA CAA
CTG CTG-3 (HXB2 nucleotide coordinates 5739-
5762) and the antisense primer was 5'-TTC CAG GTC
TCG AGATGC TGC-3' (HXB2 nucleotide coordinates
8910-8890). EcoRI-Xhol fragments of the PCR
products were cloned into the corresponding restriction
sites of pNL4—3. The env gene was sequenced using the
following primers: 3479a, 5'-CTT GGG ATG TTG
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ATGATC TGTAGT GCT GTA GA-3'; 003A, 5-AGC
AGA AGA CAG TGG CAATG-3; 106A, 5'-CAT ACA
TTA TTG TGC CCC GGC TGG-3'; 545A, 5'-GAC
AAT TGG AGA AGT GAA TT-3; and 5700, 5'-AGC
CTGTGC CTC TTC AGC TAC CAC CGC TTG-3'.

Neutralization assay

To produce virus from proviral DNA, 293FT cells (Cat#
R700-007; Invitrogen) grown in six-well plates were
transfected with proviral DNA-encoding plasmid (1 pg)
using Lipofectamine 2000, and replated into a six-well
plate at 4—6h posttransfection. At 48 h posttransfection,
the cell culture medium was collected and mixed
with dextran (final concentration 16.25 wg/ml, DEAE-
Dextran chloride, molecular weight ~500kDa; ICN
Biomedicals Inc., Aurora, Ohio, USA). The TZM-bl
cells were plated in 96-well plates at 500 cells per well in
a volume of 100wl a day before infection. The virus
and KD-247 were mixed in a volume of 50 pl and
incubated at 37°C for 30 min. Then, the TZM-bl cells
were exposed to the virus-KID-247 mixture. At 3 days
postinfection, luciferase activity was measured using the
Steady-Glo Luciferase Assay system (Promega, Madison,
Wisconsin, USA). The ICsy was defined as the Nab
concentration that yielded a half-reduction in luciferase
activity compared with the control wells after subtracting
background signals as previously described [12]. Lumi-
nescence was detected using a Veritas Microplate
Luminometer (Promega). The GHOST cell-based and
peripheral blood mononuclear cell-based neutralization
assays were performed as described previously [3].

Virus capture ELISA

The ELISA plate (Nunclon, Roskilde, Denmark) was
coated by KID-247 with incubating plates with 100 pl of
KD-247 preparation (10 pmwg/ml) in a carbonate buffer
(15mmol/l NayCO3, 35 mmol/l NaHCO;, pH 9.6) at
4°C overnight. Plates were washed five times with Plate
Wash Buffer (Zeptometrics, Buffalo, New York, USA),
and blocked with PBS containing 20% FBS (Nalgene,
Rochester, New York) at 37°C for 1 h. After washing the
plates for five times with Plate Wash Buffer and once with
PBS, virus was captured by KD-247 by incubatin%r
plates with viral preparations containing 50 ng of p24<
resuspended in a volume of 100 wl PBS. After washing
PBS with 10% FBS, captured virus was lysed in a buffer
and a p24“* ELISA was conducted according to the
manufacturer’s protocol (Zeptometrics).

Results

Construction of a functional Env library based on
the AD8 strain

In theory, it is possible to identify NNR mutations
conferring viral resistance to the Nab by selecting
Nab-resistant mutants from a Nab-sensitive virus in

culture. However, this approach is not ideal for the
identification of many NNR mutations at the same
time because it primarily selects epitope mutants and
only a few dominant NNR mutants. To overcome this
problem, we tried to identify NNR mutations that
sensitize HIV-1 to KD-247. To achieve this goal, we
generated a functional Env library and tried to
identify KID-247-sensitizing NNR mutations by corre-
lating mutations with viral susceptibility to KD-247-
mediated neutralization. We chose a KD-247-resistant
strain, ADS, that shows sequence-neutralization suscepti-
bility discordance, and its ICsy to KD-247, when the
virus is produced in 293T cells from a proviral DNA,
was 354.9 ug/ml by TZM-bl assay (average of five
independent experiments). Interestingly, this strain has
been reported to be sensitive to 447—52D, which targets
the same neutralization epitope within the V3 loop [10].
This suggests that the GPGR epitope of the V3 loop is
open to antibodies, and the hindrance of KD-247 epitope
is unlikely.

An Env mutant library can be produced by genetic
engineering (e.g., PCR-based random mutagenesis).
However, such an approach does not always produce
functional Env. In contrast, Env mutants generated by
viral diversification in tissue culture should be functional
unless sporadic mutations that interfere with Env function
are introduced. We took the latter approach to generate
a functional Env library. We diversified ADS viruses
by approximately 100 passages in MOLT-4 cells. This was
a simple bulk passage of virus, whereby tissue culture
supernatant was transferred to fresh cells, likely conferring
the survival of random mutations. We examined
the diversity by sequencing 56 env clones. Of these 56
clones, 54 env clones were independent, suggesting
that the diversification of env was successful. The ICsq of
diversified ADS8 to KID-247 was 334.6 pg/ml by TZM-bl
assay (average of three independent experiments),
suggesting that the diversified ADS8 is resistant to KD-
247 when scored in bulk. Our data indicate that long-
term viral selection in tissue culture does not necessarily
select a few dominant mutants; various mutants of
independent origins can be maintained. We expected that
most of the amino acid substitution mutations should
not damage Env function; otherwise, they should not
have been selected in culture. The average number of
mutations was 3.0 per clone, including the frameshift and
stop codon mutations, and, importantly, every virus
retained the GPGR epitope in the V3 loop. These viruses
were distinct from each other but not as divergent as
a panel of field isolates, making them suitable for the
identification of KD-247-sensitizing NNR. mutations.
Our diversification protocol does not necessarily
select Env mutants with higher or lower susceptibility
to KD-247. We expect that some (but not all) mutations
may increase the susceptibility to KD-247. We next
evaluated whether any mutations could confer the
increased susceptibility of the ADS strain to KD-247.
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Identification of nonepitope neutralization
regulatory mutations in various domains of
gp120

In our viral diversification protocol, mutations can occur
in any region of the viral genome. We are concerned
that non-Env mutations could affect neutralization
susceptibility to KD-247. For example, the ICsq could
be scored lower if the viral fitness is poor and higher if
viral fitness is high. To avoid these possibilities, we cloned
diversified Env into the same viral genetic background.
We chose HIV-1y4-3 because it is one of the standard
molecular clones of HIV-1, and the proviral DNA
is relatively stable and, thus, suitable for such cloning,.
The ADS env cloned HIV-1yy 4_5 was named NL/ADS.
At first, we verified that the susceptibility of viral isolates
to KD-247-mediated neutralization could be reproduced
on the HIV-1yy 43 genetic background. For this purpose,
we used HIV-1py and ADS8 Env, which are highly
susceptible and resistant to KD-247, respectively. Cloning
env from KID-247-sensitive HIV-1p into HIV-1np4-3
reproduced neutralization susceptibility (ICsq 0.07 g/
ml). Similarly, the KD-247 resistance seen in the ADS
strain was reproduced in the NL/ADS viruses (ICsq
357.5 pg/ml, Table 1). Env mutants with no stop codon or
frameshift were tested on the HIV-1n14-3 background.

Chimeric viruses carrying AD8 Env mutants that did not
yield and infectivity index in TZM-bl cells comparable
to that of viruses carrying NL4—3/ADS8 were not tested
further. Viruses bearing combinations of mutations
were generated by positioning mutations between useful
restriction enzyme recognition sites in the viral genome.
Finally, we examined 27 molecular clones by substituting
HIV-1n14-3 env with the diversified ADS env clones or
ADS8 env with a point mutation found in the diversified
pool (Table 1) Mutations causing Env amino acid
changes did not comutate the viral proteins encoded in
the Env-overlapping frames including vpu, tat, and rev.

We determined the ICsy of KD-247 on these viruses
using TZM-bl cells. Out of 27 viruses, 19 increased
their susceptibility to KD-247-mediated neutralization
to more than two-fold that of NL/AD8 (19 of 27
clones, 70.4%; Table 1), consistent with previous reports
suggesting that the long-term passages in vitro select
Nab-susceptible HIV-1 [13,14]. Comparing the ICs
for each of the mutations, we identified nine NNR
mutations that sensitized viruses to KD-247 by more
than two-fold (nine of 30 mutations, 30.0%; Table 2).
A mutation that altered the ICsq no more than two-
fold was defined as a non-NNR mutation. Seventeen

Table 1. Summary of half-inhibitory concentration of mutant viruses against KD-247 and b12.

KD-247 b-12
Mutations® ICso (ug/m)® Fold sensitization® ICso (pug/m)b Fold sensitization®
NL/AD8 357.5+121.8 1 24+1.0 1
T48A, D163N, R248M, N297S, S370N, A721T 0.03£0.02 12342.2 0.2+0.1 12.6
T48A, S186R, S302G S370N, F7645% 7.0+£5.5 50.8 0.7+0.2 3.3
S370N, K428E, Q504R, A509T, G689S 39.8+£25.9 9.0 1.04+0.3 2.3
D163G, R300G, S370N, S760G 4.4+3.9 82.1 0.440.1 6.0
K285R, N298Y, 1488T, E506K 480.9+£27.1 0.7 1.8+1.1 1.3
E31G, T48A, N279T 141.4£53.1 2.5 1.0+0.2 2.5
D181G, N298Y, S760G 350.0+173.2 1.0 1.8+0.9 1.3
S186R, S370N, S760G 102.8 +8.1 3.5 NT
N298Y, S370N, S760G 380.9+70.7 0.9 1.94+1.0 1.3
V178A, N298Y 89.0+£29.3 4.0 8.7+0.9 0.3
N191D, N298Y 157.2+76.8 2.3 1.5£0.9 1.6
1280M, S370N 284.64+34.3 1.3 6.44+0.5 0.4
N297S, S370N 24+£1.8 149.0 0.8+£0.2 3.0
N298Y, E655G* 428.14+47.5 0.8 1.1+0.0 2.3
S370N, N391S 280.5+£29.6 1.3 25+1.9 1.0
S370N, 1546V 303.6+60.8 1.2 2.0+0.2 1.2
S370N, A580T 81.3+18.0 4.4 2.6+0.7 0.9
D163G 6.0+3.5 59.4 1.34+0.0 1.9
D163N 48+2.4 74.3 0.9+£0.4 2.6
S186R 46.7 £24.4 7.7 1.0+£0.3 2.4
R248M 59.7+35.8 6.0 2.6+0.7 0.9
N297S 3.0+1.4 119.2 1.2+0.5 2.1
R300G 68.8+28.1 5.2 22+1.2 1.1
S$302G 6.6+3.4 54.4 22%£11 1.1
S370N 211.5+£92.1 1.7 1.24+0.5 2.0
K428E 39.3+35.0 9.1 2.1+0.1 1.2
Q504R 121.6£38.5 2.9 2.7+1.0 0.9

ICs0, half-inhibitory concentration; NT, not tested.

3NL/ADS8 was used as a reference. The amino acid numbering is according to HIV-1AD8 Env. The virus without an asterisk was subjected to virus—

antibody binding experiment shown in Fig. 1.

PThe average and SD from two to 13 independent experiments are shown.

“The ICsq of the control virus was divided by ICsp of each mutant.
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Table 2. Summary of mutations characterized in this study.

HXB2 Location Fold
Mutations” coordinate in Env® sensitization
NNR
D163G G167 VN2 59.4
D163N G167 V1N2 74.3
S186R K192 V1i/N2 7.7
R248N R252 C2 7.0
N297S N301 V3 119.2
R300G R304 V3 5.2
S302G R306 V3 54.4
K428E K432 C4 9.1
Q504R Q507 (@) 2.9
Non-NNR
E31G¢ E32 C1 -
T48AC T49 C1 -
V178AC 1181 ViN2 -
D181G D185 VN2 -
N191D¢ S$195 VN2 -
K285R N289 V3 -
N298Y N302 V3 -
S370N S375 c3 -
N391S X396 V4 -
1488T 1491 C5 -
E506K E509 C5 -
A509T¢ A512 gp41 -
1546V 1548 gp41 -
A580T¢ A582 gp41 -
E655G E657 gp41 -
G6895° G691 gp41 -
$760G S762 gp41 -

NNR, nonepitope neutralization regulatory.

*The gp120 was subdivided into C1, V1/V2, C3, V3, C4, V4, and C5.
PNNR mutations conferring a change in neutralization susceptibility
of more than two-fold. Non-NNR mutations are defined as mutations
conferring a change in neutralization susceptibility of no more than
two-fold.

“Estimated from the fold sensitization of a mutant carrying multiple
mutations.

non-NINR. mutations were also found (Table 2). The
magnitude of sensitization by NINR mutations ranged
from 2.9 to 119.2. These NNR mutations were present
in a broad range of gp120 sites, including V1/V2 loop,
C2, V3 loop, C4, and C5. When combined, the NNR
mutations additively sensitized the virus to KD-247 by
up to 10000-fold, suggesting an independent structural
cross-talk between the V3 loop and each NNR mutation,
Such a drastic effect was not observed against bi2
Nab targeting the CD4-binding site of gp120 (Table 1).
The effect of these NNR mutations appeared to be
specific to KD-247, as evidenced by the statistically
insignificant correlation between ICsq values for KD-247
and bl12 (Supplementary Information S1, http://links.
Iww.com/QAD/A180). This is probably due to the
conserved nature of the bl2 epitope structure and
function. It should be noted that infection with mutant
viruses yielded similar levels of luciferase signal from
TZM-bl cells when comparable amounts of viruses were
used. Also, the viruses bearing six mutations (T48A,
D163N, R248M, N297S, S370N, and A721T) replicated
in MOLT-4/CCRS5 cells with similar efficiency to the no
mutation control (NL/ADS), suggesting that replication

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

competency can not account for the change in
neutralization susceptibility (data not shown).

Correlation between neutralization susceptibility
and KD-247 binding affinity to the virion

We investigated how NINR mutations could sensitize
a virus to KD-247-mediated neutralization. We tested
whether the KD-247-sensitizing NNR mutation could
induce a conformational change in gp120 in such a way
that KD-247 became able to bind to gp120 with
higher efficiency. To address this question, we performed
a capture ELISA in which ELISA plates were precoated
with KD-247 and blocked, followed by incubation of
virions bearing NNR mutations in the wells of the
ELISA plate. The amount of KD-247 captured virus was
quantified by ELISA detecting the viral core antigen
(Fig. 1). If the latter model is correct, KD-247 captures
every mutant with similar efficiencies. As a result, viral
binding to KD-247 was significantly correlated with
neutralization susceptibility (P < 0.01, n =26, two-tailed
Student’s t-test; Fig. 1). These data support a model in
which KD-247-sensitizing NNR. mutations alter the
steady-state structure of gpl20 into a conformation
such that KD-247 is able to bind to its target with
higher efficiencies.

Structural analysis of nonepitope neutralization

regulatory mutations

To gain insight into the potential mechanisms whereby
KD-247-sensitizing mutations enable neutralization
of virions, we used the three-dimensional structural
model described by Blay et al. [15]. We used an X-ray
crystallographic structure with variable loops [15], which
was aligned in a trimeric form in accordance with a model
developed by Pancera et al. [16].

250 -
A= 0.653 (N = 26), P<0.001
250 |

150 -

100 H

KD-247 - virus binding (p24, pg)
w
o
1

O (Qza
0 T T T T 1
-2 —1 0 1 2
IC50 0n TZM-bl assay (mg/ml, logio)

Fig. 1. Analysis of neutralization susceptibility of HIV-1 to
KD-247. The half-inhibitory concentration (ICsq) for each
virus for KD-247 is plotted against the virus capture ELISA
data using KD-247 as summarized in Table 1. A significant
correlation between the two parameters was detected
(P<0.01, two-tailed Student’s t-test). HIV-Tyn, HIV-TjreL,
and HIV-Tyuaps are shown as M, }, and A, respectively.
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Fig. 2. The three-dimensional mapping of KD-247-sensitizing
non-epitope neutralization regulatory mutations based on the
Env structure aligned in a trimeric form. The view angle is
indicated on the left (arrows) where the gp120 and gp41 are
shown in sphere (purple) and rectangle (red), respectively.
The gp120 core was shown in blue and red, and the variable
loops are shown in yellow. KD-247-sensitizing non-epitope
neutralization regulatory (NNR) mutations are indicated by
their amino acid numbers. The NNR mutations on the V1/V2
loop, V3 loop, and gp120 core are shown in blue, red, and
green, respectively. The GPGR on the V3 loop is shown as a
letter code in yellow. The approximate CD4-binding site
(CD4BS) is indicated by a white line. The original structural
image was developed by Blay et al. {15]

The R248N in the C2 region is placed on the gp41l
side of the gp120 surface and is not facing the trimeric
interface of gp120 (Fig. 2, green) [15]. It has been
reported that the H66N, positioned near the trimeric
interface of gp120, induces a conformational change of
gp120 [17,18]. It has been proposed that H66IN alters
the quaternary Env structure by acting intermolecularly
rather than intramolecularly. In contrast to H66N,
the R248N is not positioned at or close to the trimeric
surface of gp120. It is likely that R248N induces
a different conformational change of the gp120 from
H66N, one that does not affect the neutralization
susceptibility to b12. It is of interest that the remote

KD-247-sensitizing NNR mutation of the gp120 core
can specifically affect the conformation of the V3 loop
positioned on the gp120 surface.

K428E in the C4 region was mapped in the CD4-binding
site close to the so-called bridging sheet (Fig. 2, green),
suggesting that the V3 loop and CD4-binding site
neutralization epitopes can influence each other’s con-
formation under steady-state conditions. Like R248N,
K428E is not positioned at or close to the gp120 trimeric
interface. Thus, we speculate that K428E induces a local,
not global, Env conformational change. The amino acid
corresponding to K428 has been implicated previously in
b12 binding through its side-chain as well as through CD4,
using HXBc2 Env as a model [19,20]. K428E induces a
drastic change in side-chain properties. However, K428E
did not significantly affect the viral susceptibility to b12
and the replication efficiency of the NL/ADS8 backbone,
suggesting that this amino acid may not play a significant
role in AD8 Env—b12 interaction. K428 is positioned at
the edge of the b12—Env or CD4-Env contact region
and, thus, may not contribute significantly to b12—Env
or CD4-Env interaction in the context of AD8 Env.
Structural cross-talk between the V3 loop and the C4
region under steady-state conditions has been suggested
by two studies using monoclonal antibodies. Our approach
pinpointed the amino acids responsible for this inter-
domain cross-talk.

In contrast to the above two mutations, the precise
positioning of KD-247-sensitizing NNR. mutations in
the V1/V2 and V3 loop is unclear because structural
information for them are lacking in the original
crystallographic data. According to the molecular
dynamics modeling [15], the KD-247-sensitizing
NNR mutations in the V1/V2 and V3 loop may not
be positioned at or close to the trimeric surface of
gp120 (Fig. 2). Instead, they function intramolecularly to
affect the conformation of the KD-247 epitope. The
Q504R. is also lacking in the X-ray crystal structures.
However, Q504R is next to the gp120/41 cleavage site
and should be close to gp4l. The gp4l is relatively
proximal to the CD4-binding site of gp120. Some of
the mutations in gp41, including T569A and 1675V,
have been reported to influence the viral susceptibility
to Nabs, including b12 [21]. It is conceivable that
these mutations in gp41 affect the conformation of
gp120. In contrast to T569A and 1675V, Q504R is not a
b12-sensitizing NNR. mutation. Therefore, the confor-
mational change of gp120 induced by Q504R should be
distinct from the gp41 mutations.

The structural approach has a potential limitation because
the molecular model of Env does not represent the
native structure but the liganded structure (Fig. 2). In fact,
almost all of the deposited X-ray crystallographic
structures are devoid of V1/V2 and/or V3 loops and
do not represent the native Env structure, including

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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the model that our figure is built upon [4,8,15,16,19,22—
24].

Discussion

In this work, we identified a number of KD-247-
sensitizing NNR  mutations using a functional Env
library. We re-examined KD-247-sensitive or KD-247-
resistant GPGR-positive HIV-1 isolates for NNR
mutations and found that KD-247-sensitive viruses,
MN (a tissue culture adapted strain of MIN) and MNp
(a primary HIV-1 isolate), had the mutation equivalent
to N301S [25,26]. The predictive value for KD-247
susceptibility due to this mutation was high in the clade B
population. However, this does not apply to CRF01_AE,
suggesting that this mutation is a clade B-specific
predictor of viral susceptibility to KD-247. The other
KD-247-sensitizing NNR. mutations identified in ADS
did not fully account for the neutralization susceptibility
of all of the HIV-1 primary isolates. This suggested that
additional NNR mutations should be present, and/or
NNR mutations in a given individual virus may function
differently than in the other viruses.

How do these mutations alter the conformation of Env
to increase the susceptibility of virus to KD-247-
mediated neutralization? ADS is originally resistant to
KD-247. One of the molecular mechanisms of ADS
resistance to KD-247 is an epitope-masking by other
gp120 domains, possibly the V1/V2 loop or poly-
saccharides attached to the gp120 [6,27]. Recently,
however, Gorny et al. [28] reported that the V3 loop of
ADS Env is accessible to KDD-247, as AD8 is susceptible to
447~52D-mediated neutralization. This clearly suggests
that the sensitization of ADS strain to KID-247 by the
NNR. mutations we identified is unlikely due to the
removal of the Env domains that physically block
antibody access to GPGR. epitope. We assume that the
V3 loop forms a local conformation in which the
neutralization epitope of KD-247 is buried or cannot
be recognized by a Nab (local epitope conformation
model). When the KD-247-sensitizing NNR. mutation
occurs, it induces a local, not a global, conformational
change of the V3 loop that exposes the neutralization
epitope of KD-247. Most of the KD-247-sensitizing
NNR mutations are remote from V3 loop. Thus, we
assume that KD-247-sensitizing NNR mutations may be
located at or close to the interdomain contact regions, and
regulate the local conformation of the V3 loop indirectly.
Although proven by X-ray crystallographic studies, we
propose that the steady-state Env structure is regulated
such a way that the domain-independent structural
fluctuation is limited. This model predicts that the steady-
state structure of the V3 loop is relatively rigid and
that its local conformational fluctuation is restricted. This

model is relevant to understand the mechanism of action
of other NNR mutations against array of Nabs [6—11].

Much attention has been paid to the structural dynamics
of HIV-1 Env on CD4 and/or Nab binding. In contrast,
not as much attention has been paid to the steady-
state conformational dynamics of Env. Unlike previous
studies, ours focuses on the steady-state conformational
regulation of Env. X-ray crystallography is the best
approach to solve a high-resolution native Env structure.
However, technical hurdles prevent us from doing so
for HIV-1 Env. We examined the mechanism by which
the Env conformation is regulated by utilizing Nab
KD-247 as a probe. Our approach to identify NNR
mutations should complement the crystallization
approach in achieving a better understanding of the
steady-state structure of HIV-1 Env. Revealing the native
structure of Env is critical to the design of an immunogen
for the AIDS vaccine and to an understanding of
how Env supports virus—cell membrane fusion from the
receptor-unbound state.
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ABSTRACT

The kinetic analysis of coumarin oxidatio
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CYP2A6 suggested that substrate bmdmg and
release occurred in the multlple steps and such
events proceeded rapidly. However, the crystal”
structure of - the “CYP2A6-coumarin complex"if
reveals that no obvious channel is open enough to
allow coumarin to pass through. Thus, anintrlgu—
ing and important question arises: how coumarin

t d exits the active site, which is deeply
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s cleavage of the O-O bond and formation of the highly active species;
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INTRODUCTION

Cytochromes P450 (P450s) are a superfamily of heme-containing
monooxygenases that catalyze the metabolism of a large number of en-
dogenous and exogenous compounds, including drugs, environmental
pollutants, and carcinogens.! In general, P450- mechated metabolism
occurs via a catalytic cycle consisting of several steps,2 including: sub-

~ strate binding to the active site of P450; reduction of the ferric P450 to

the ferrous state by introducing an electron; binding of molecular oxy-
gen to the ferrous P450; transfer of a second electron to the oxyferrous

oxidation of the substrate and followed by the release of the product.
Completion of this catalytic cycle involves interactions of P450 not
only with the small molecules but also with other electron transfer

~ proteins. Several recent studies further indicated that the above cata-
~ Iytic process might be more complex.3-4

Hence, at present it is a chal-
lenge to fully understand the detailed catalytic mechanism of P450s.
The oxidation reaction catalyzed by P450s occurs in the active site

- above the heme group. Thus, occurrence of a catalytic reaction

site.3# To date, crystal structures of more than thirty P450s from
. different species have been determined, all of which show a similar
~ structural fold at a gross level. Most of the known structures adopt a

~ closed conformation with the active site deeply buried into the cen-
mechanism of coumnarin and for 1dent1fy1ng struc-

tural determinants related to the biological func-
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ter of the fold. Thus, an intriguing question arises: which
part(s) will open up to allow substrate/product passage in
the closed form. The question is of importance because
substrate recognition and catalytic activity of P450s are
influenced not only by the interactions at the P450 active
site, but also by the residues far from the active site. >~ 11
The issue of substrate access/egress channel in P450s has
attracted much attention in recent years.lz—16 Previous
molecular dynamics simulations combined with crystal
structure analysis suggested a common access/egress channel
existing in three bacterial P450s including CYP101, 102A1,
and 107A1.7>17:18 This channel is located between the F-G
loop and B1 sheet. The crystal structure of fungal P450 51
exhibits an access channel threading through the B-C
loop,19 which is almost perpendicular to the above channel
found in three bacterial P450s. This channel was also iden-
tified as the possible channel for an inhibitor egress from
the active site of human P450 3A4 by our previous work.13
In addition, molecular dynamics simulations indicated that
other channels might exist in mammalian P450s, most of
which are membrane-associated. For instance, a channel
located between the helices I and G and the B’-C loop has
been suggested to be the possible substrate egress channel
in P450 2C515 and 2B1.16 Taken together, these findings
have given rise to an idea that different enzymes or classes
of P450s may have different routes for substrate entry/
egress. Even for a given P450, there might be multiple
channels exposed to the exterior solvent or serving as sub-
strate access/egress.

CYP2AG6 is one of 57 P450 isoenzymes found in humans,
and it can specifically catalyze coumarin 7—hydroxylation‘20
CYP2A6 has been proposed to be a potential drug target for
smoking cessation, due to its important roles in the metabo-
lism of nicotine and other tobacco-specific carcinogenic
compounds.21:22 CYP2A6 also showed its potential applica-
tion in the pharmaceutical industry. Some CYP2A6 mutants
have been designed to generate the specific products, which
exhibited high inhibitory activity against human protein ki-
nases.23 The human CYP2AG6 is of interest to investigate the
substrate channel due to the recently reported experimental
results. The kinetic analysis of coumarin catalyzed by
CYP2A6 indicated that the oxidation process of the substrate
involved rapid substrate binding and release at multiple
stages (kon ~10°MJs, kog ~5.7-36/s).4 This accordingly
requires the CYP2A6 structure to open and close rapidly.
However, the crystal structure of CYP2A6-coumarin?4
reveals that the substrate is tightly bound in the active site of
CYP2A6 and the active site is quite small when compared
with other mammalian P450s. No obvious channels are
observed for the substrate access/egress. For this reason, the
catalytic mechanism of CYP2A6 is not well understood.

In this study, we first probed the potential opening
routes in all available crystal structures of CYP2A6. Then
we used random acceleration molecular dynamics
(RAMD)15:18 1o discover the possible coumarin egress
channels in CYP2A6. Based on the channels identified by

RAMD, steered molecular dynamics (SMD) simula-
tions226 were then performed to estimate the rupture
force and characterize the dynamic process during couma-
rin egress. To further understand the energetics of couma-
rin dissociation from the CYP2A6 active site, potentials of
mean force (PMF) were also constructed from a number of
repeated SMD trajectories using Jarzynski’s equality.2” On
the basis of the results from RAMD and SMD, we deter-
mined the most likely channel for coumarin egress in
CYP2A6. The channel was compared with those identified
in other P450s. Finally, the opening mechanism of the
most likely channel was described.

MATERIALS AND METHODS

identification of openings in the CYP2AEG
crystal structures

To date, 10 CYP2A6 crystal structures are available in
the protein data bank (PDB), including ligand-bound
complexes and several ligand-free mutants. The MOLE
tool28 was used to identify the possible openings in the
CYP2A6 crystal structures. MOLE uses a Dijsktra path
search algorithm to explore the potential channels from a
starting point inside the protein to the protein surface. The
tool can read a single PDB file or trajectory files generated
by MD simulations. The Fe atom in the heme group was
set to the starting point for the tunnel search. The number
of outcome tunnels was set to five for each structure.

System preparation for MD simulations

The initial structure of CYP2A6 in complex with cou-
marin for MD simulations was taken from PDB (PDB
code 1210, at 1.9 A resolution), which contains four asym-
metric 2A6 complex molecules.24 Molecule A was used for
the present MD simulations. The protonation states of
charged residues and histidines were determined on the
basis of pK,, values calculated by PROPKA.29 According to
the calculation results, His229 and His254 were assigned to
be fully protonated at both nitrogen atoms. His72 and
His477 were assigned to be protonated at € nitrogen and
other histidines to be protonated at & nitrogen atoms. In
addition, Glu448 was set in the protonated state.

The initial structural model of coumarin was extracted
from the crystal structure of the CYP2A6-coumarin com-
plex. The model was subjected to geometrical optimization
at the B3LYP/6-31G** level using Gaussian03 [www.gaus-
sian.com]. Atomic charges of the substrate were derived
using restrained electrostatic potential (RESP) fitting pro-
cedure30 based on the optimized structure. The all-atom
model of CYP2A6 complex was generated using the xleap
module in Amber8.31 All crystallization water molecules
were kept in the initial model. The resulted model was
then solvated with water in a truncated octahedron peri-
odic box. The TIP3P model>2 was used for water, and
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