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Figure 2. Detection of ZFN-targeted deletion activity. (a) Schematic representation of the reporter plasmid used to detect the ability of ZFN to
remove a DNA fragment flanked by two ZFN recognition sites. The expression of renilla luciferase (Rluc) is driven by the CMV promoter when
the GFP expression cassette is removed by ZFN. The ZFN target sites are indicated by circles. pA is polyadenylation signal. (b) The ZFN1/2 or
3/4 reporter plasmids were transfected into 293 T cells in the presence of ZFN expression vectors as indicated in each panel. The cells were
observed under a fluorescence microscope at a low magnification ( x 100) at 2 days post transfection. (c) Transient transfection assay to assess
the targeted deletion activity of ZFN. The ZFN expression vectors (500 ng; containing each subunit alone or equal amounts of each ZFN
subunit) and the reporter plasmid (50 ng) were cotransfected into 2937 cells and the luciferase signals were detected at 2 days post
transfection. A GFP expression vector was used as the control. Representative data from four independent experiments, each performed in
triplicate, are shown. Significant differences between the ZFN pairs and the subunits alone were analyzed using a two-tailed Student’s t-test
(asterisk denotes P<0.001).
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Table 2,
ZFN.

Cloning efficiency of HTLV-1-infected cells transduced with

Cells ZFN? Cloning efficiency Statistical significance

(%, mean t+s.d.)

M8166  ZFN1 -+ ZFN2

ZFN2 -+ ZFN1
ZFN1+ZFN1
ZFN2 + ZFN2
ZFN3 +ZFN4
ZFN4 -+ ZFN3

ZFN3 + ZFN3
ZFN4 + ZFN4

014101 (N=4)
0.04+0.05 (N=4)

1.15+0.15 N=2)
3.75+0.88 (N==2)
03120.15 (N=2)
036%0.14 (N=2)

]
)
]
4381147 (N= 3)]
]
]
IS

> P=00013, 269-fold, 8 vs 4

> P=0.0018, 20.0old, 4 vs 5
9384088 (N=2)

SIT ZFNT 4 ZFN2

ZFN2 + ZFN1

ZFNT +ZFN1
ZFN2 -+ ZFN2

0.13+0.02 (N=2)
0112001 (N=2)

0.51+0.01 (N=2)
0541013 N=2)
0.35+0.03 (N=4)
0.15£0.04 (N=2)

041+0.01 N= 4)]
0.54+0.02 (N=2)

> P<0.0001, 44-fold, 4 vs 4

ZFN3 +ZFN4
ZFN4 +ZFN3

ZFN3 + ZFN3
ZFN4 + ZFN4

P=0.08, 1.9-fold, 6 vs 6

Abbreviations: HTLV-1, human T-cell leukemia virus type 1; ZFN, zinc finger
nuclease. *The order of transduction into cells is indicated.

Table 3. Detection of ZFN-mediated site-directed mutagenesis in S1T
cells.

ZFN? No. of clones No. of clones with site-specific

examined mutation

ZFN1+ZFN2 9 3

ZFN2 + ZFN1 7 3

ZFN1+ZFN1 1 0

ZFN2 + ZFN2 1 0

ZFN3 + ZFN4 12 4

ZFN4 +ZFN3 6 5

ZFN3 4 ZFN3 3 0

ZFN4 + ZFN4 2 0

Abbreviation: ZFN, zinc finger nuclease. ®The order of transduction into
cells is indicated.

Reporter assay

Luciferase activity was measured 48h after transfection or infection
using a Dual-Glo or Renilla-Glo Luciferase assay kit (Promega, Madison, WI,
USA) according to the manufacturer’'s protocol. Chemiluminescence was
detected with a Veritas luminometer (Promega).

Immunoblotting

Western blotting and immunoprecipitation were performed as previously
described'? using an anti-FLAG antibody (F7425, Sigma) and Envision
Dual Link System-HRP (Dako, Glostrup, Denmark). Chemiluminescence
was generated using Lumilight (Roche) or Lumigen (GE Healthcare,
Tokyo, Japan), and the signals were detected using an LAS-3000 mini
Lumino-Image analyzer.

Cell proliferation assay

8166 and S1T cells were transduced with ZFN genes inserted into the
MLV vector and bulk-selected in medium containing 1 pg/ml puromycin.
The cells were then transduced with a second ZFN gene in the MLV vector,
seeded into 96-well plates (5 or 100 cells/well), and selected in medium
containing 500 pg/mi G418 at 3 days post infection. The number of wells
containing viable cells was counted at 3-4 weeks post selection. Cellular
DNA was isolated using the Wizard DNA Purification Kit (Promega), and the
proviral DNA sequence was analyzed by sequencing after PCR ampli-
fication of the target regions.

Leukemia (2013) 1621-1627

Mouse study

Balb/c nude Rag-2/Jak3 double-deficient (nude R/J) mice were established
by crossmg Balb/c nude mice and Balb/c Rag-2/jak3 double-deficient
mice.’® Nude R/J mice were inoculated subcutaneously in the right and
left flanks with 2 x 10° ED?™NZZNT and EDZN2/ZFN2 cells, respectively.
Tumor growth was monitored at 6 weeks post inoculation by weekly
measurement of the maximal and minimal diameter using calipers. Tumor
size was estimated using the formula: tumor size (mm?) =length (mm) x
width? (mm) x 0.4.'*' The mice were housed and monitored in the
animal research facility according to institutional guidelines. All experi-
mental procedures and protocols were approved by the Institutional
Animal Care and Use Committee at Kumamoto University (B23-201).

Statistical analysis

Experimental results were analyzed by Student’s t-test, Person’s exact test
or Paired Wilcoxon Rank-Sum test, as appropriate. P < 0.05 were considered
statistically significant.

RESULTS

We synthesized two pairs of ZFNs that targeted the HTLV-1 LTR,
which are: ZFN1/2, which recognizes the R region (524-563 bp,
according to the GenBank accession number D13784 coordinate)
and ZFN3/4, which recognizes the U5 region (627-665 bp)
(Figure 1a). According to our own data and the NCBI
database, these sequences are conserved in 77.8% (14/18 clones)
of independent HTLV-1 clones isolated in Asia, Europe, and
North and South America. Sequence analysis indicated that the
human genome does not contain sequences that are identical
to these ZFN targets. ZFN was tagged at the N-terminus with a
3x FLAG epitope and ZFN expression was verified by
western blotting of 293 T cells transfected with the ZFN expression
vectors (Figure 1b). As the ZFNs were fused to a nuclear
localization signal, they were distributed predominantly in the
nucleus (Figure 1c).

Next, ZFN activity was examined in human cells. First, we
assessed whether ZFN inhibited LTR-driven gene expression. For
this purpose, ZFN expression vectors were transfected into 293 T
cells along with a Tax expression vector and a reporter plasmid
encoding an HTLV-1 LTR-luciferase cassette. Luciferase activity was
markedly reduced upon coexpression of functional ZFN pairs
(Figure 1d). This effect was dependent upon the amount of
plasmid transfected. By contrast, ZFN expression did not affect the
transcriptional activity of the cytomegalovirus (CMV} promoter
(Figure 1d). Second, two deletion reporter plasmids were
constructed to test the targeted deletion activity. One deletion
reporter harbored a CMV promoter and green fluorescent protein
(GFP) and renilla luciferase genes (Figure 2a). The GFP gene was
sandwiched by the cognate ZFN site (Figure 2a). The renilla
luciferase was not expressed unless the GFP cassette was
removed. The results of a cotransfection experiment in 293 T cells
showed that GFP fluorescence decreased substantially in the
presence of functional ZFN subunits (Figure 2b), whereas a
marked increase in renilla luciferase activity was detected upon
coexpression of functional ZFN subunits (Figure 2¢).

To confirm this finding, we constructed another deletion
reporter containing a bacterial LacZ-alpha expression cassette
flanked by ZFN cognate sites and cotransfected it into 293T
cells with the ZFN expression plasmids. Escherichia coli were
then transformed with DNA recovered from the transfected 293 T
cells. Deletion of the LacZ-alpha expression cassette should
result in white bacterial colonies on agar plates containing
X-Gal. As expected, the number of white colonies increased
substantially when the ZFN pairs were expressed in 293 T cells
(Table 1). Interestingly, expression of the ZFN pairs caused a
reduction in the number of colonies, suggesting that DSBs were
efficiently introduced into the reporter plasmid, but not all
of the DSB loci were ligated by the DSB repair system in 293 T
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Figure 3.

Effect of ZFN-mediated site-directed mutagenesis of the HTLV-1 LTR. (a) Experimental procedure used to assess the effect(s) of ZFN

expression in HTLV-1-infected cells. (b and ¢) Sequence of the LTR (spanning the ZFN target sites) recovered from S1T cells transduced with
ZFN1/ZFN2 (b) or ZFN3/ZFN4 (c). The nucleotide number coordinates are derived from GenBank accession number D13784. Blue letters
represent the ZFN recognition sequence and red letters represent the DSB induction sites as in Figure 1a. Dashes represent deletions and
underlining represents substitutions. (d-g) Reporter assay to assess the promoter activity of the LTR mutants shown in (b} and (c). The Tax
expression vector (100 ng) and the reporter plasmid carrying the LTR mutants (200 ng) were cotransfected into 293 T cells and the luciferase
signals were detected at 2 days post transfection. The transcriptional activity of the positive (d and f) and negative strand (e and g) is

indicated. Data are representative of four independent experiments. The dashed line indicates the wild-type level.

cells. A small number of white colonies were observed,
presumably because ZFN-independent deletion of LacZ
from the reporter plasmid occurs spontaneously and with low
frequency. Taken together, these data suggest that ZFNs inhibit
the function of the LTR promoter and remove DNA flanked
by the ZFN cognate sites. We assume that the inhibition of
LTR promoter function (Figure 1d) was caused by physical damage
to the LTR.

We next examined the biological effect(s) of ZFNs in HTLV-1-
transformed and ATL-derived CD4-positive human T-cell lines,
harboring the HTLV-1 provirus. HTLV-1 immortalizes human CD4-
positive T cells, and the proliferation of HTLV-1-transformed cells is
dependent on HTLV-1 gene expression. If ZFN inhibits the
promoter function of the LTR, then ZFN expression should inhibit
the proliferation of HTLV-1-transformed cell lines. In addition,
HTLV-1-positive cells should undergo DSB-triggered apoptosis
upon ZFN expression. We confirmed that the ZFN target sequence
in the LTR was conserved in all the cell lines used in this study.
Initially, we transduced a subunit of ZFN into C8166 cells'® using a
MLV vector. A second ZFN subunit was then transduced into the
cells using a MLV vector carrying a distinct selection marker, and
cell proliferation was examined by measuring the cell-cloning
efficiency (Figure 3a). For the control cells, the same ZFN subunit

© 2013 Macmillan Publishers Limited

that was transduced initially was introduced again (referred to as a
"non-functional pair"). When the functional ZFN1/2 and ZFN3/4
pairs were expressed, the cloning efficiency of (8166 cells was
significantly reduced by 269- and 20.0-fold, respectively,
compared with that of the control (P=0.001 and P=0.002,
respectively; Student’s t-test, Table 2). Next, we examined the ATL
cell line S1T, which proliferates in an interleukin-2-independent
manner.'”” Under the same experimental conditions, the cloning
efficiency of S1T cells was reduced by 4.4- and 1.9-fold compared
with the control when functional ZFN1/2 and ZFN3/4 pairs,
respectively, were expressed (Table 2). The reduction in the cell-
cloning efficiency mediated by ZFN1/2 (but not ZFN3/4) was
statistically significant (P<0.001; Student's t-test). Proliferative
inhibition of HTLV-1-transformed and ATL-derived cell lines was
observed when cell growth was assessed in bulk culture using
metabolic measurements (data not shown). We observed similar
results in HTLV-1-transformed MT-2 and MT-4 cells, and the ATL-
derived cell lines, ED and TL-Oml (data not shown). Furthermore,
these findings were not observed in four HTLV-1-negative CD4-
positive T-cell lines, including CEM, MOLT-4, Jurkat and SUP-T1
(data not shown). These data suggest that ZFN inhibits the
proliferation of HTLV-1-infected cells, specifically. We also noted
that the cell-cloning efficiency was reduced to a greater extent in
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Figure 4. ZFN-mediated inhibition ATL cell tumorigenesis in vivo. (a) Engraftment of ED cells transduced with ZFNs into Balb/c nude Rag-2/
Jak3 double-deficient (nude R/J) mice, ED“N¥2FNT and EDZNZFN2 cells were transplanted into the left and right flanks, respectively. Mice
were photographed at 6 weeks post-cell inoculation. (b) Nude R/J mice were killed at 6 weeks post-cell inoculation. The tumors were
dissected, photographed and measured. (¢} The estimated tumor volume is shown. The bar represents the average of the group. Significant
differences between the two groups were analyzed using the paired Wilcoxon Rank-Sum test (P<0.05).

HTLV-1-transformed cells than in ATL-derived cells. Presumably,
this is because HTLV-1-transformed cells are more susceptible to
DSB-induced apoptosis.

Next, the physical damage to the LTR sequence caused by ZFN
was examined in S1T cell clones recovered from the
above experiment. We identified site-specific mutations in 44.1%
(15/34 clones) of LTR sequences derived from S1T cell clones,
expressing functional ZFN pairs, whereas no mutations were
found in LTR clones isolated from the controls (0/7 clones, P<0.05;
Pearson’s exact test, Table 3). Most of the mutations were
deletions (average, 14.1 bp/clone). Expression of ZFN3/4 resulted
in larger deletions (15.0bp/clone) than expression of ZFN1/2
(10.2 bp/clone). An insertional mutation was detected only in a
single ZFN3/4-transduced clone (2 bp, 2.9%, 1/34 clones; Figures
3b and c). These data suggest that DSB repair occurs in ATL cells,
but that the quality of the repair at the ZFN1/2 and ZFN3/4 sites is
different. We assume that clones bearing a wild-type LTR might
have failed to express ZFNs efficiently, or lost ZFN expression
during selection.

The promoter activity of some LTR mutants was examined in a
reporter assay in which the reporter plasmid contained both firefly
and renilla luciferases, representing positive and negative strand
transcription, respectively (Figure 3d-g). The Tax-augmented
transcription of the positive strand was reduced by most of
the mutations introduced by ZFN1/2 (4/6 clones, Figure 3d).
Similarly, the negative strand transcription was also reduced by
ZFN1/2-induced mutations (5/6 clones, Figure 3e). On the other
hand, increased positive strand transcription was observed in 4/7
LTR mutants recovered from ZFN3/4-transduced cells (Figure 3f).

Leukemia (2013) 1621-1627

By contrast, many of the LTR mutants showed modestly reduced
negative strand transcription (Figure 3g). Sequence analysis
suggested that the LTR sequences targeted by ZFNs do not
contain binding sites for previously-known transcription factors;
therefore, it is possible that the ZFN1/2 target site spans a
cis-acting element that supports the efficient transcription of the
positive strand. All S1T cell clones were positive for the gag gene,
suggesting that removal of the entire proviral genome was
inefficient, or that ATL cells cannot proliferate without the
provirus. However, some S1T cell clones showed reduced gag-
to-LTR ratios as measured by quantitative real-time PCR, suggest-
ing that removal of some proviral gene copies is possible (data not
shown). Taken together, these data suggest that ZFN-mediated
killing of S1T cells is not because of the loss of viral genes, but
more likely due to DSB-induced apoptosis.

To evaluate the potential of ZFN1/2 to inhibit tumorigenicity of
ATL cells in vivo, we adopted ATL cell xenograft model in Balb/c
nude Rag-2/Jak3 double-deficient (nude R/J) mice. We chose to
use ED cells because they form a tumor mass in nude mice and do
not require human interleukin-2 for growth.'® In addition, ED cells
are highly susceptible to infection by MLV vectors. As shown
above, the biological effect of ZFN1/2 was greater than that of
ZFN3/4 in both HTLV-1-transformed and ATL-derived cell lines.
Therefore, we used the ZFN1/2 pair for the in vivo study. ED cells
constitutively expressing ZFN2 (ED“™?) were infected with
MLV vectors, harboring GFP, ZFN1 or ZFN2 gene (Figure 3a).
Approximately half of the cells were infected by the MLV vectors
as estimated by the number of GFP-positive cells (data not
shown). Cells were inoculated intradermally into into nude mice at

© 2013 Macmillan Publishers Limited



2 days post-MLV infection. ED*™¥Z™N cells showed a lower rate of

tumor formation, and the tumors were significantly smaller than
those in control mice (Paired Wilcoxon Rank-Sum test, P<0.05;
Figure 4). These data indicate that ZFN1/2 shows promising
therapeutic efficacy against ATL.

DISCUSSION

We synthesized two pairs of ZFNs that successfully targeted the
HTLV-1 proviral LTR and inhibited the proliferation of HTLV-1-
transformed and ATL-derived T-cell lines. ZFN caused physical
damage to the LTR and disrupted its function. Even though some
cells survived, they contained a defective provirus; therefore, the
therapeutic effects should be long-lasting. ZFN was able to
remove at least a part of proviral genes from HTLV-1-infected cells
and showed anti-tumor effects in vivo. Taken together, these
data show that ZFN is an attractive therapeutic molecule for
treating HTLV-1 infection, and may form the basis of a treatment
that eliminates the virus from infected cells. Previous studies
used ZFN to edit the human genome.”?® However, the work
reported herein is unique in that ZFN was used to kill target
cells via DSB-triggered apoptosis. This approach can be used
for other viruses that establish latent infections and are associated
with human malignancies, including retroviruses, Epstein-
Barr virus, Kaposi sarcoma herpes virus, papilloma virus and
hepatitis B virus.

The choice of a viral vector may improve the efficacy of ZFN in
terms of limiting the proliferation of HTLV-1-infected cells. We
delivered the ZFN gene using an MLV vector; however, adenoviral
vectors have been used for the clinical application of ZFNs.?® The
advantage of an adenoviral vector is that it induces transient, but
high levels of ZFN expression, whereas retroviral vectors express
the gene of interest constitutively, but at low levels. We found that
ZFN expression in cells gradually decreased after the long-term
cultivation, as is often the case with other genes. This suggests
that MLV-mediated gene transduction may not be appropriate for
clinical application. We also expect that ZFN-mediated cell killing
can be enhanced by inhibiting DSB repair proteins, a method
used to increase the efficacy of DNA-damaging agents against
tumor cells.’

The major hurdle that must be overcome if ZFNs are to be used
clinically to treat HTLV-1 infection is their efficient delivery to virus
reservoirs. To eliminate HTLV-1 from infected individuals, ZFN
must be delivered directly to latently infected cells; however, the
latent reservoir of HTLV-1 is poorly understood. Although ZFN has
a high-substrate specificity and its non-specific effects are thought
to be minimal, delivery of ZFN to all the cells may not be desirable.
Cell surface markers of HTLV-1-infected cells, either transformed or
not, remain to be identified. We must increase our understanding
of HTLV-1 latency if we are to use ZFNs in a clinical setting. Off-
target effects are another concern. Although ZFN did not inhibit
the proliferation of HTLV-1-negative cells, the risk that ZFNs
may edit the human genome must be addressed in future
studies. Phase | and II clinical trials using ZFN to treat human
immunodeficiency virus infection and recurrent/refractory
malignant glioma are currently underway (NCT00842634,
01044654, and 01082926), suggesting that the clinical application
of ZFN is feasible. Another issue to be addressed is the stage
of HTLV-1 infection at which ZFN should be used; for example,
during the latent period or after the onset of HTLV-1-associated
disease.
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Influence of Lipid Composition on the Structural Stability of G-Protein
Coupled Receptor
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B, Adrenergic receptor (f,AR) is a Kind of G-protein coupled receptors (GPCRs) which transduce a
wide range of extracellular signals into intracellular messages responsible for the regulation of diverse cell
functions. Because of their functional ubiquity, GPCR is one of the most important drug targets in pharma-
ceutical industry. Although recent crystallographic studies provided both the active and the inactive states
of some families of GPCRs, the influence of lipid composition of bilayer membrane on their activation is still
poorly understood. In this work, we address the influence of lipid composition on the structural stability
of GPCR, performing molecular dynamics simulations of three kinds of states: apo-, and agonist epineph-
rine-, or antagonist alprenolol-bound f,AR. These three kinds of #,ARs were embedded in four types of
lipid membranes: (i) pure palmitoyl-oleoyl-phosphatidyl-choline (POPC), (ii) POPC/cholesterol (CHL), (iii)
POPC/CHL/GM1 (GM1 ganglioside), (iv) POPC/palmitoyl-oleoyl-phosphatidyl-ethanolamine (POPE)/CHL/
sphingomyeline (SM). The side chains of Lys267%* and Asp331-* showed different conformations among
the three states in all types of lipid membranes. The distances between Lys267%* and Asp331™® of apo- and
alprenolol-bound #,ARs are smaller than that of the epinephrine-bound f,AR. In contrast, f,ARs in POPC/
CHL bilayer were unstable in which the salt bridge; i.e., ionic lock, was not formed between Arg131>% and
Glu26853°, We have also examined the distribution of lipid molecules. A stable hydrophobic interaction be-
tween CHL and §,AR was observed at transmembrane helix5 in POPC/CHL/GM1 and POPC/POPE/CHL/
SM membranes. These results suggest that the lipid composition strongly affects the conformation of GPCR
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and essentially concerns the GPCR activation.

Key words G-protein coupled receptor; 5, adrenergic receptor; lipid bilayer; molecular dynamics simulation

G-Protein coupled receptors (GPCRs) are the largest class
of versatile signaling molecules that are responsible for the
signal transduction across cellular membranes in response to
extracellular hormones or neurotransmitters, efc.” Accord-
ingly, GPCRs have been the major drug targets in pharma-
ceutical industry. The S, adrenergic receptor (5,AR) is well
studied member of GPCR families, which mediates the effects
of catecholamine, epinephrine, and norepinephrine.”? £,AR
plays an important regulatory role in a variety of cells and
organs and is an important therapeutic target in the treatment
of airway and cardiovascular disease.” Like other GPCRs, the
conformation of §,AR is known to vary between the inactive
and the active states. The conformational change induced by
the binding of extracellular ligands to S,AR results in the G-
protein-mediated cell signaling.

The protein structures vary, depending on the inactive and
the active signaling state of the receptor. The crystal struc-
tures of two GPCRs, f,AR and bovine rhodopsin, have re-
cently been revealed both for the active state (agonist-bound)
and the inactive state (antagonist-bound).*"® The human ,AR
is one of the first GPCRs to be identified through ligand bind-
ing, and is the first neurotransmitter receptor to be cloned.”
Its structure has been determined in complex with various
kinds of ligands including inverse agonists, full agonists, and
antagonists.> % In the previous computational studies, the in-
active state of §,AR in complex with agonist or antagonist has
been embedded in a lipid bilayer membrane composed of a
single type of lipid molecule (palmitoyl-oleolyl-phosphatidyl-
ethanolamine (POPE) bilayer or palmitoyl-oleoyl-phosphati-
dyl-choline (POPC) bilayer).%'? Recent studies suggest that
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rafts, special kind of micro-domains that are enriched by
cholesterol (CHL), play an essential role in the signaling by
enabling the conformational change of GPCRs.”'® In the
present study, we analyze the inactive structure of §,AR with-
out ligand (apo) or in complex with ligand (agonist epineph-
rine and antagonist alprenolol) embedded in the palmitoyl-
oleoyl-phosphatidyl-choline (POPC) bilayer, cholesterol (CHL)
containing POPC, GM1 ganglioside containing POPC/CHL,
or the mixed membrane consisting of POPC, palmitoyl-oleoyl-
phosphatidyl-ethanolamine (POPE), CHL, sphingomyeline
(SM). The last one imitates the biological membranes, using
a software program developed for modeling various types of
lipid membranes.'” The mixed membrane, POPC/POPE/CHL/
SM, was created referring the studies on the lipid composition
of biological membrane.* In erythrocyte, the lipid bilayer
was composed of equal ratios by weight of cholesterol (CHL)
and phospholipids.!”” The three major phospholipids are POPC,
POPE and SM."*® About 25% of the phospholipids is SM.?»
Judging from these findings, 50% of the POPC/POPE/CHL/
SM mixed membrane was set to CHL. SM was included at
12% in the mixed membrane. POPC and POPE were assigned
to the rest 38%. Therefore, our simulation using the membrane
model with the mixed lipid composition will be helpful to un-
derstand the structural perturbation of GPCRs in the biologi-
cal membrane.

In the diverse intracellular signaling process, f,ARs consti-
tute multiple receptor conformation in its active and inactive
states. Biochemical and biophysical studies suggested that the
rearrangement of helix3 and helix6 was involved in the activa-
tion process of thodopsin and B,AR.*? Moreover the inac-
tive rhodopsin structures demonstrated that highly conserved
residue Argl31>*° (superscripts refer to Ballesteros—Weinstein
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residue numbering scheme®”) at the end of intracellular part of
helix3 formed a salt bridge; i.e., ionic lock, with acidic residue
Glu268%3° at the end of intracellular part of helix6.26%® In
contrast, an activated rhodopsin structure showed the break of
the ionic lock between Argl31>%° and Glu26863 22232930 Al
though the crystal structure of the inactive §,AR lacks the salt
bridge between Argl31>*° and Glu268%%, several biochemical
studies have suggested that an ionic lock between Argl31%>
and Glu268%%° is established in B,AR as well as other
GPCRs.%*7% The disruption of ionic interaction between the
highly conserved D(E)RY residue at helix3 and an acidic resi-
due at helix6 is considered to promote the receptor activation
and to be highly related to the conformational change of both
thodopsin and 8,AR.?313%)

For understanding of the activation mechanism of f,AR
embedded in a lipid bilayer membrane, in this work, we have
performed molecular dynamics (MD) simulation by construct-
ing computational models for ligand bound and unbound
B,AR embedded in four types of lipid bilayer membranes;
pure POPC, POPC/CHL, POPC/CHL/GM1 and POPC/POPE/
SM/CHL, solvated with water molecules, and executed 100ns
MD simulations for every model system with applying peri-
odic boundary conditions. We particularly address the effect
of lipid composition of bilayer membrane on the ligand bound
and unbound S,AR receptor. Several huge MD simulations
previously characterized the dynamics of rhodopsin and/or
B,AR and some simulation studies on f,AR mainly focused on
the formation of ionic lock.%*¢*? Contrary to the huge simula-
tions, a few reports'**>*) have indicated that lipid composition
modulates the activity of GPCRs. In MD simulations of two
kinds of GPCRs of k-opioid receptor and rhodopsin in CHL-
depleted and CHL-enriched model membranes, k-opioid re-
ceptor was suggested to functionalize better in CHL-enriched
environments, while a relatively low concentration of CHL
was favorable for rhodopsin.*’ Therefore, GPCR function is
closely linked to the composition of lipid membrane and CHL
will highly affect the functional motion or conformational
change of GPCRs.*#!>47%9) In the study of k-opioid receptor
and rhodopsin, the DMPC/CHL bilayer was employed with
setting the ratio of CHL 20%.*Y In our POPC/CHL, POPC/
CHL/GM1 and POPC/POPE/SM/CHL models, CHL was set
to be about 50% of lipid molecules. Accordingly the amount
of cholesterol is assumed to be sufficient to observe the f,AR
activation.

In this study, MD simulations using the membrane models
with different kind of lipid compositions showed the change in
the ionic lock formation between Argl313*° and Glu268%3° in
apo-, epinephrine- and alprenolol-bound S,AR. We compared
these results to the previous study performed using pure lipid
bilayer POPE.® The previous study showed that the ionic
lock was formed in apo- and inverse agonist carazolol-bound
B,AR. Our simulations with pure POPC and POPC/POPE/
CHL/SM membranes were consistent with the previous study.
Our simulation further suggested that the receptor in apo- and
epinephrine- or alprenolol-bound form hardly maintained the
ionic lock in POPC/CHL bilayer. This means that the compo-
sition of lipid membrane is essentially important for the acti-
vation of GPCR. One of the lipid components; CHL, has been
observed to strongly interact with the receptor in the POPC/
CHL/GM1 and POPC/POPE/CHL/SM mixed membrane. The
present computational study will clarify the complex structure
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of GPCR and CHL and enhance the understanding of the in-
fluence on the receptor function.

Experimental

The initial structure of S,AR receptor for MD simulations
was taken from an X-ray crystal structure of the carazolol-
bound f,AR/T4-lysozyme fusion protein (code 2RHI) solved
by Cherezov et al*® The lysozyme and ligand carazolol
were removed. The N-terminal 35 residues did not appear in
the crystal structure. Hence, the missing residues were not
included in our model of B,AR receptor. The protonation
states of charged residues and histidines were determined on
the basis of pK, values calculated by PROPKA.*® According
to the PROPKA calculation results, the & nitrogen atoms in
His93, 172, 178, 269 and 296 were set to be protonated and the
£ nitrogen atoms were deprotonated for those residues.

The full agonist epinephrine was manually docked into the
F,AR and the neutral antagonist alprenolol was also docked to
the B,AR, referring the crystal structure of ligand-bound §,AR
(PDB code 3NYA).” The chemical structures were subjected
to geometrical optimization at the B3LYP/6-31G** level using
Gaussian03 software. Atomic charges of the chemicals were
determined by the restrained electrostatic potential (RESP) fit-
ting procedure*” using the optimized structure. The force field
parameters for epinephrine and alprenolol were determined by
parameterizing fragment molecules and combining them ac-
cording to the CHARMM parameterization methodology. The
CHARMM force field for small organic molecules®® and the
CHARMM?27 force fields for lipids*® were employed for all
simulation. All of the bilayer models were constructed using
VMD ver. 1.8°? and an in-house program named GLYMM
which is a VMD plug-in to add a function of automatically
making a heterogeneous lipid bilayer.!” Initially, the coordi-
nates of all lipids were generated by the membrane tool of
VMD, which provided the atom geometry of the liquid crys-
talline state of POPC lipids. Next, some of POPC molecules
were converted into POPE, SM, CHL, or GM1 by GLYMM.
The missing parameters were already created based on the
analogy with available parameters.’” The POPC bilayer
model consisted of 226 POPC molecules. The POPC/CHL bi-
layer consisted of 120 POPC and 112 CHL molecules (POPC/
CHL=0.52:0.48). The POPC/CHL/GMI1 bilayer consisted
of 128 POPC, 104 CHL and 7 GMI molecules (POPC/CHL/
GM1=0.54:0.43:0.03). The POPC/POPE/SM/CHL bilayer
consisted of 36 POPC, 58 POPE, 112 CHL and 26 SM mol-
ecules (POPC/POPE/CHL/SM=0.15:0.25:0.48:0.12). Hence,
calculation models in this work provided various types of
membrane environments in which $,AR receptor were placed.
TIP3P water molecules and ions to neutralize the calcula-
tion cell were generated to solvate the complex of S,AR and
lipid membrane, making a periodic boundary box of ca.
80AXx90AX120A. Consequently, the total number of atoms
was approximately 75000 in each model as shown in Fig. la.

MD simulations were carried out for every model using
NAMD ver. 2.7°? under the isothermal—isobaric (NPT) en-
semble condition. The simulations were divided into four
parts: minimization, heating, equilibration, and production
runs. After the potential energy had been minimized, the
model system was heated to 310K with z coordinates of the
head groups of the lipids restrained in order for the lipids to
move only in the x and y directions. Gradually releasing the
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(a) Computational Model of #,AR Embedded in a Lipid Membrane with Water Layer

(b) Conformation of seven transmembrane helices of ,AR extracted from a crystal structure; PDB code: 2RHI. (c) Intracellular ends of helix3 and helix6. The structure
keeping the ionic lock is shown in green and that without maintaining the ionic lock is in cyan. (d) Intracellular ends of helix6 and helix7. The side chains of Lys267°%
and Asp3317%® in the agonist-bound state is colored green and that of the antagonist-bound state is cyan. Structures of (e) agonist epinephrine and (f) antagonist alprenolol.

(Color images were converted into gray scale.)

restraint, we equilibrated the system at a constant temperature
of 310K and a constant pressure of latm and then carried
out production runs under no restraint condition. The simula-
tion times for equilibration and production runs were 10ns
and 100ns, respectively. Non-bonded interaction terms were
computed with a cutoff distance of 12A, where a switching
distance of 10 A was applied to make the non-bonded interac-
tion zero at the cutoff distance smoothly. An integration time
step was 2fs. A periodic boundary condition was applied to
all directions of the calculation cell in a similar manner to

the previous work,>® and the particle mesh Ewald method was
employed to compute the long-distance non-bonded interac-
tion. CHARMM?27 force field*? was adopted for all the atoms
except for ligand chemical.

The root mean square deviation (RMSD) measurement
was performed, using the ptraj module of AMBER11.5Y In
this analysis, only the coordinates for C, O, and N atoms of
the main chain of receptor were used, because the flexibility
of the side chain is large. The trajectories acquired from the
100ns MD simulation were fit to the snapshot structure after



April 2013

the 10ns equilibration run as a reference. The average struc-
ture was calculated using the trajectories for the last 20ns,
because the RMSD showed small values for the last 20ns in
MD simulation.

Fluctuation of main chain atoms for the respective residues
of the receptor was examined using the trajectories for 100ns
of the MD simulation. Fluctuation was evaluated by the B-
factor values®™>® calculated by the ptraj module of AMBER11
without including side chain. The structure after equilibration
was used as the reference, and the trajectories were fit to this
reference with respect to C, O, and N atoms in the main chain
to eliminate the movement due to the rotation and the trans-
versal motions.

The C,~C, and N-O distances shown in Fig. 4 were com-
puted from the snapshot structures of the 100ns MD simula-
tion. We focused on two major conformational changes in
which one is the inactive; ionic lock is formed, and another is
the active state; ionic lock is broken, as shown in Fig. Ic. The
N-O and C-C, distances regarding to the ionic lock were
measured to examine whether the ionic lock is formed or bro-
ken between Argl31>% and Glu268%*, Another distance be-
tween Lys267%% of intracellular end of helix6 and Asp331™®
of intracellular end of helix7 was also measured with respect
to C,—C, and N-O distances as shown in Fig. 1d.

The distribution of lipid molecules around f,AR was mea-
sured with respect to their distance and direction and was
visualized using gnuplot. Each coordinate of lipid molecule
in the respective trajectories was rotated and superimposed so
that 5,AR were fitted to the reference one.

Results

We carried out 12 patterns of 100ns MD simulations for
B,AR embedded in pure and/or mixed membrane bilayers as
shown in Table 1. The crystal structure of f,AR; PDB code:
2RHI1, shown in Fig. 1b was used for the receptor. For the
ligand-free, apo form, the simulations are labeled as a, b, ¢
and d. An agonist epinephrine (Fig. le) was docked into the
binding pocket manually referring to the literature,”™® and
the simulations are labeled as a’, b/, ¢’ and d’. An antagonist
alprenolol (Fig. 1f) was placed at the binding site, referring
the crystal structure; PDB code: 3NYA,” and the simula-
tions are labeled as a”, b”, ¢” and d”. The simulations using
pure POPC bilayer were labeled as a, a’ and a”. POPC bilayer
containing CHL was used in simulations b, b’ and b". POPC,
CHL and GMI-ganglioside containing membrane was used
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in simulations ¢, ¢’ and ¢”. The mixed membrane consisting
of POPC, POPE, CHL and SM was used in simulations d, d’
and d".

Fluctuation of Protein Residues Fluctuation of protein
structure is closely related to the stability of protein. Flexibil-
ity of protein was highly correlated with protein functions.>
B-factor analysis presents the deviation of atom positions from
their average points. The calculated B-factor values of 5,AR
for the respective models are shown in Fig. S1 of Supplemen-
tary Information. A comparison among simulations a, a’ and
a" suggested that, in POPC bilayer, the flexibility of protein
residues in apo form was higher than those in the presence of
epinephrine and alprenolol, and simulation a” gave the small-
est fluctuation (Fig. 2a). Therefore, alprenolol stabilized the
B,AR structure. The flexibility of protein residues for POPC/
CHL bilayer model was significantly decreased compared to
that of pure POPC bilayer (Fig. 2b). Simulations for POPC/
CHL/GM1 and mixed POPC/POPE/CHL/SM bilayers showed
further small flexibility compared with the pure POPC and
POPC/CHL bilayer (Figs. 2¢,d). In the presence of alprenolol,
simulations always showed the small flexibility for protein
residues than other simulations. These results suggest that the
lipid molecule strongly influences the stability of the residues
and alprenolol also affects the flexibility of the receptor.

Binding Structure Figures 3a and b show the superim-
position of the average structures of simulations for epineph-
rine-bound and alprenolol-bound f,ARs to the apo-f,AR
in the POPC/POPE/CHL/SM mixed membrane (simulations
d, d’, d"). The averaged structures were obtained from the
last 20ns MD simulations (Fig. S2) and pymol software®®
were employed to superimpose the structures with respect
to main chain atoms of §,AR. $,AR is bound to Ga protein
with making hydrogen-bond network between them, in which
Thr68*%, Asp130**° and Argl31>*° of B,AR are strongly in-
volved in the binding.’ The comparison of §,AR structures
among simulations d, d' and d” indicated that the Ga binding
site kept the almost similar conformation as shown by blue
mesh in Figs. 3a and b. To analyze the interactions between
ligands and #,AR receptor in all the models (Figs. S3, S4),
we evaluated the hydrogen-bond network connecting ligand
and B,AR. In the presence of epinephrine (Fig. 3c, Figs. S3,
S4), epinephrine interacted with Ser203>%2, Ser207°¢ and with
Aspl13** of B,AR. The movement of helix5, which has also
been investigated in the recently published crystal structures
of AR, js important for forming the hydrogen-bond

Table 1. Calculation Pattern of the MD Simulations
Simulation Components of lipid bilayer Protein Ligand Simulation time (ns)
a POPC BAR — 100
a’ POPC PAR Epinephrine 100
a” POPC B,AR Alprenolol 100
b POPC/CHL BAR — 100
b’ POPC/CHL BAR Epinephrine 100
b’ POPC/CHL B,AR Alprenolol 100
c POPC/CHL/GM1 BAR — 100
¢’ POPC/CHL/GM1 PAR Epinephrine 100
¢’ POPC/CHL/GM1 B,AR Alprenolol 100
d POPC/POPE/SSM/CHL BAR — 100
d POPC/POPE/SSM/CHL BAR Epinephrine 100
d’ POPC/POPE/SSM/CHL BAR Alprenolol 100
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Fig. 2. Superimposition of B-Factor Values for All Residues of 5,AR in
apo-Form and the Agonist- or the Antagonist-Bound Form

(a) Pure POPC bilayer, (b) POPC/CHL bilayer, (¢) POPC/CHL/GMI bilayer, and
(d) POPC/POPE/CHL/SM mixed bilayer. B-Factor values were obtained from the
trajectories for the 100ns.

network between ligand and receptor. In case of alprenolol
(Fig. 3d, Figs. S3, S4), it interacted with Aspl13**? but no
interaction with Ser203*# and Ser207°#S. Hence, the inverse
agonist and/or antagonist will be not involved in the move-
ment of helix5, which is compatible with the previous compu-
tational study.®® The interactions between ligand (epinephrine
or alprenolol) and f,AR (Figs. 3c,d) indicated that a stable
interaction maintained in the simulation.

Ionic Lock Formation It is important to examine the
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activation of £,AR in terms of the contribution of the intracel-
lular amino acid residues to the formation of ionic lock (Fig.
4). The ionic lock was continuously formed in pure POPC and
POPC/POPE/CHL/SM mixed membrane containing apo-, and
epinephrine- or alprenolol-bound £,ARs. In the simulations a,
a’, a" and d, d’, d", f,AR maintained a formation of ionic lock
and the intracellular ends of helix3 and helix6 made a close
network with each other (Fig. 4). Arg131>*° and Glu268%% in-
teracted with each other vig salt bridge during the MD simu-
lation. In a ,AR crystal structure; PDB code: 2RHI, C,~C,
and N-O distances of Argl31** and Glu268%3° were 11.2A
and 9.9A respectively, but typical distances of the inactive
rhodopsin structures were ca. 8.8A and ca. 2.8A. The C,~C,
and N-O distances were ca. 9.5A and ca. 3.0A throughout
the 100ns simulations in a—a” and d—d” (Fig. 4). Both of these
simulations showed that the ionic lock was formed and helix3
and helix6 were close to each other. The N-O distance in Fig.
4 shows two pairs of lines, one pair represents NH1 to OEl
and OE2 distances and another one represents NH2 to OEl
and OE2 distances. The distances of the two lines in the re-
spective pairs were observed to synchronize with each other.
The side chain atoms of Argl31>*° and Glu268%3 fluctuated
during the simulation while they always maintained the for-
mation of ionic lock. No noticeable difference was observed
among apo-, epinephrine- and alprenolol-bound f,AR.

The apo-, and epinephrine- or alprenolol-bound $,AR in
POPC/CHL bilayer in simulations b, b’ and b” showed the
break of the ionic lock (Fig. 4). The ionic lock was broken
frequently in these three simulations. The N-O distances
show no clear separation in four lines. The displacement of
the side chain atoms of Argl31**° and Glu268%* are large
compared to the simulations with other type of lipid mem-
brane. The apo-, and epinephrine- or alprenolol-bound S,ARs
in the POPC/CHL/GM1 bilayer in simulations ¢, ¢ and ¢”
showed the instability of the ionic lock (Fig. 4). The ionic lock
distance was frequently enlarged compared with simulations
a—a” and d—d". The present findings suggest that the ionic lock
distance depends on the lipid compositions.

Characteristic Conformational Changes in the Side
Chain Residues The conformational change of side chain
will affect on Ga protein bound with f,AR. Hence we
analyzed the conformation of the side chains at the intracel-
lular part of B,AR, especially for three residues Thr68>%,
Aspl130°*# and Argl31>° that are involved in the binding to
Ga protein. The conformations of these three residues are
similar among all the models. The distances between two of
these three residues are represented in Figs. S5 and S6 of Sup-
plementary Information. The C ~C, and N-O distances give
the almost similar kinds of results in apo-, and epinephrine-
or alprenolol-bound B,AR in all models. We observed the
C,~C, and N-O distances between Thr68>* and Aspl30>%
in all simulations. The distances were ca. 7.5A and 3-6A in
a—a", c—c” and d—d” (Fig. S5). In contrast, the distances were
ca. 9.5A and 5-8.5A in the CHL bilayer simulations in b—b".
We also evaluated the C,—C, and N-O distances between
Thr68** and Argl31>* in all the simulations. The distances
were ca. 8.5A and 4A in a-a", c—c” and d—d” (Fig. S6), but
these distances were 9-10.5A and 4-6A in CHL containing
membrane in b-b". These changes in distance are similar to
Fig. 4. In contrast, Lys267%% and Asp3317® showed a differ-
ent conformational change among all the models (Fig. 5). The
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Fig. 3. (a), (b) Superimposition of the Average Structure of Ligand-Bound f,AR (Cyan) on That of the apo One (Green), Obtained in the POPC/

POPE/CHL/SM Mixed Membrane

The interaction domain with Ga protein is shown by blue mesh at the intracellular part of the receptor. (c), (d) Close view of the ligand, epinephrine or alprenolol, bind-
ing site of $,AR in POPC/POPE/CHL/SM mixed bilayer. (Color images were converted into gray scale.)

distance between Lys2675% and Asp331™*® was relatively short
in apo- and alprenolol-bound $,AR in all models whereas the
distances became long in the epinephrine-bound 8,AR. Judg-
ing from these N-O distances, we concluded that the interac-
tion was stably maintained between Lys267°%° and Asp3317%
in a and a”. In contrast, this interaction was often broken in a’
for the epinephrine-bound f,AR. The N-O distance between
Lys2675% and Asp331™*® was occasionally maintained in b
and b”, ¢ and ¢”, d and d” and the interaction was almost bro-
ken in b/, ¢’ and d’. Therefore, the distance between Lys267%%
and Asp3317°® will be one of the important indices that varies
depending on the presence and the absence of antagonist.
Distribution of Lipid Molecules The distribution of lipid
molecules were analyzed using the trajectories acquired from
the last 30ns MD simulation (Fig. S7). The lipid molecules,
which are located near around B,AR, showed sharp distribu-
tions, whereas distributions became broad for the lipid mol-
ecules that are apart from S,AR. The sharpness in distribution
will be due to the interaction between lipid molecules and

BAR. The lipid molecule, CHL, is found to be distributed
heterogeneously in all the models (Fig. S7). Superimpositions
of the distribution of lipid molecules in apo- and epinephrine-
or alprenolol-$,AR for the respective membrane models are
shown in Fig. S8. In case of POPC/POPE/CHL/SM mixed
membrane, two CHLs marked by red circle always stay at the
same position during last 30ns MD simulations (Fig. 6a). This
position is the location between the helix4 and helix5 of S,AR.
Figure 6b shows the top view of CHL distributions around
S,AR and the CHLs colored red are bound to f,AR. CHL has
a highly hydrophobic part. In the upper and lower leaflets of
the lipid membrane, two CHLs mainly interact with the non-
polar hydrophobic residues of Ala198>%, A1a202°4, Val206>%,
Prol68+%°, 11e214>%3, Val126>% and Val129*** (Fig. 6c). The
CHL in the upper leaflet interacts with Ala198>%, Ala20254,
and Val206>* and Prol68*“®°. The CHL in the lower leaflet
interacts with Val206>%, 11e214>>% and Vall26>%, Vall29°4¢,
Hence the hydrophobic interaction tightly connects CHL mol-
ecule to helix5 of 5,AR.
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Ca—Ca (red) and N-O (NHI1-OE1: blue; NH1-OE2: magenta; NH2-OEl: cyan; NH2-OE2: brown) distances were measured for 100ns in MD simulations. apo-$,AR and
the agonist epinephrine- or the antagonist alprenolol-bound $,AR in pure POPC (a, a’, a”), POPC/CHL/GMI (c, ¢/, ¢") and POPC/POPE/CHL/SM (d, d’, d”) keep the ionic
lock formation while the ionic lock is broken in POPC/CHL (b, b’, b”). (Color images were converted into gray scale.)

Discussion

Protein flexibility is closely related to the function of a
protein. We have analyzed the residue fluctuation by B-factor
analysis. The comparison of B-factor among the simulation
models indicated that the flexibility of protein residues in apo
form is higher than those in the presence of epinephrine and
alprenolol. Protein residues give the smallest fluctuation in the
presence of alprenolol, which suggests that alprenolol stabiliz-
es the f,AR structure. Goetz et al. carried out MD simulation
on the agonist isoprenaline- or inverse agonist carazolol-bound
B,AR.SD Their comparison of B-factor between the isoprena-
line- and the carazolol-bound $,ARs demonstrated that the
residue fluctuation was reduced in the presence of carazolol,

which is consistent with our results (Fig. S1, Fig. 2).

Some previous studies have revealed that the binding modes
of epinephrine and alprenolol to 8,AR were different.>162-69
In computational approaches, Simpson et al. carried out MD
simulation on the epinephrine-bound $,AR.%? In their calcu-
lation the hydrogen-bond interactions with epinephrine were
observed at Ser203°4?, Ser207°4¢ and Aspll13*¥, which is
compatible with our results (Fig. 3¢, Figs. S3, S4). An X-ray
crystal analysis suggested the interaction of Ser203°*? and
Ser20754¢ with a ligand.!” In many computational studies on
the structure of the agonist-bound and the inverse agonist/
antagonist-bound f,ARs, an agonist was found to make hy-
drogen-bonds with receptor through the residues of Ser203>42,
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Fig. 5. Distances between the Side Chain of Lys2675% and Asp3317® at the Intracellular Part of ,AR
Co—Ca (red) and N~O (NZ-OD1: blue; NZ-OD2: magenta) distances were monitored all through 100ns of MD simulation. (Color images were converted into gray

scale.)

Ser207°4¢ and Aspl13*32.%%9 In contrast, the inverse agonist/
antagonist bound to S,AR was shown to make the hydrogen-
bond network with Asp113>3? and not to establish the hydro-
gen-bonds with Ser203°4? and Ser207°46, which is also con-
sistent with our current findings (Fig. 3d, Figs. S3, S4).

The ionic lock formation of GPCR in lipid membrane has
already been studied in simulation and suggested to play an
important role in the activation of GPCR.*%® About 70% of
GPCRs of the rhodopsin family contain the E(D)RY(W) motif
on helix3. Argl35*%® of the conserved motif makes an intra-
helical salt bridge to the neighboring Glul34*%. Argl35*%
also interacts with Glu247%* strongly. Further, Glu249%3
interacts with the backbone NH of Lys311™® at the kink from
helix7 to the small cytoplasmic helix8. During the activation
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of rhodopsin, the interhelical interactions between Argl35*>

and Glu247%3, and between Glu249%%? and Lys3117%® were
observed to be broken.® The disruption of the intrahelical salt
bridge between Glul34**’ and Argl35>*° at the cytoplasmic
terminus of helix3 was proposed to be a key factor for the
transition to the active conformation.®5>

An important difference between the crystallographic struc-
tures of rhodopsin®2® and B,AR>**%9) bound with the partial
inverse agonist carazolol and timolol is the disruption of the
ionic lock. The B,AR structures lack the interhelical interac-
tions between homologous residues Argl131>* and Glu268%%,
and between Lys270%% and Asp331™. Dror et al. carried out
MD simulation on a carazolol-bound f$,AR embedded in pure
POPE lipid bilayer.® They showed that the C,~C, distance
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Red circle indicates the area that CHL molecules always stay during the last 30ns of MD simulation. (b) Close view of CHL distribution around GPCR, in which the
CHL colored red is always bound to GPCR. (c) Hydrophobic interaction between the CHL and GPCR in the upper and the lower leaflets of the lipid membrane. (Color

images were converted into gray scale.)

was below 9.5A for 91% of the simulation time. According
to their results, the ionic lock was stably maintained between
the backbones of Argl131>%° and Glu268%* for the inverse ago-
nist bound S,AR. This finding is consistent with our results
using the pure POPC bilayer. But the intrahelical salt bridge
between two adjacent residues Aspl30** and Argl31>*° ap-
pear to be preserved and it stabilizes the inactivated form of
the receptor. Furthermore, intracellular ends of helices 3 and
6 are substantially far apart from each other compared with
those in rhodopsin.® The disruption of the ionic lock was
previously suggested to be the crucial step for the GPCR acti-
vation. Some mutagenesis studies indicated that the mutations
of the residues related to the jonic lock in £,AR and those of

homologous residues in rhodopsin-family GPCRs resulted in
a continuous receptor activation.’=336%) In spite of the above
suggestion, the ionic lock may be not only major factor in
GPCR activation because S,AR has the broken ionic lock in
the crystallographic structures.

In the inactive state of 8,AR, Lys270%32 and Asp3317*® were
suggested not to interact with each other in contrast to the
interaction between the homologous residues; Glu249%%? and
Lys3117%, in the inactive state of rhodopsin.®® In our results
we found that another residue, Lys267%?° kept an adequate dis-
tance to Asp331”%® in apo- and alprenolol-bound B,AR in all
calculation models. In the epinephrine-bound f,AR structures,
this distance became noticeably larger in all models, which
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suggests the presence of a different kind of salt bridge in the
inactive form of §,AR.

The transmembrane receptors are in contact with the mem-
brane lipid bilayer, which suggests that membrane has an im-
portant influence on receptor structure and function.®” Hence,
it is necessary to analyze the effect of lipid composition on
the structural stability of the receptor. As well as other mem-
brane proteins,'” the optimal function of GPCR will depend
on the lipid environment. The significance of specific lipids in
the function of GPCR has been demonstrated in a variety of
studies.®®® For example, the presence of phosphatidylethanol-
amine (PE) was shown to modulate the activation of GPCR.5®
In addition, the presence of phospholipids with unsaturated
fatty acids in the membrane is required for efficient signaling
of rhodopsin.®” Similar to other lipid molecules, CHL is also
required for the optimal function of membrane proteins.®”
The lipid-receptor interactions, especially CHL-receptor in-
teraction, is involved in the modification of conformation and
function of several GPCR family proteins.’> CHL is distrib-
uted heterogeneously in domains or pools of biological and
artificial membranes™® and believed to be important for the
maintenance of membrane structure. CHL modulates the con-
formation and the function of membrane proteins by a direct
molecular interaction with the receptor’? or due to the altera-
tion of the membrane physical properties induced by the pres-
ence of CHL.®""27 For example, CHL is directly bound to the
sterol regulatory element binding protein cleavage activating
protein (SCAP), which is a large polytopic membrane protein,
thereby CHL induces a conformational change in SCAP.

The CHL-receptor interactions have extensively been
studied in the case of rhodopsin. Due to the increase of the
amount of CHL, rhodopsin shifted itself to the inactive con-
formation.” Molecular dynamic simulation with rhodopsin in
a membrane containing CHL and unsaturated phospholipids
suggested the direct interaction between rhodopsin and CHL™
and hence the enhancement of the stability of the receptor in
the membrane. Further, CHL is required for keeping a high
binding affinity between ligand and receptor. For example, the
efficiency of ligand binding to the cholecystokinin receptor
was reported to be reduced by the lowering of the concentra-
tion of CHL in membrane.”® The importance of CHL in mem-
brane for the ligand binding was also suggested in subtype 2
galanin (GalR2) and oxytocin receptor.”””® Moreover, CHL-
receptor interaction was also found in case of ,AR. A recent
X-ray crystal analysis suggested that CHL molecules were
tightly bound to $,AR* and CHL seemed to be an important
component for crystallization of the receptor. These find-
ings indicate that CHL composes a specific interaction with
P,AR and promotes the enzymatic functions for ligand bind-
ing, receptor-G-protein interaction, and/or downstream signal
transduction.” Hanson et al. provided the crystal structure
of £,AR bound with both CHL and a partial inverse agonist
timolol and showed that CHL was bound at a shallow surface
groove formed by segments of helices 1, 2, 3, and 4% CHL
was shown to enhance the thermal stability of §,AR, by form-
ing many intermolecular interactions through van der Waals
interactions or hydrogen bonding to 5,AR helix. For example,
Tyr70># makes the van der Waals interaction with ring A of
CHL and a hydrogen bond to Argl51** in £,AR.® A recent
study proposed a characteristic amino acid sequence, named
as cholesterol recognition/interaction amino acid consensus
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(CRAC) motif, which is the dominant region interacting with
CHL and observed in three representative GPCRs of rhodop-
sin, f,AR and serotonin;, receptor. S,AR presents CRAC
motifs in transmembrane helix3; residues 231-221, and helix7;
residues 324-328.%Y In our molecular dynamics study, CHL
binding was observed in all the f,AR in apo- and epineph-
rine- or alprenolol-bound form and the contribution of CHL
for §,AR stability was suggested. In our simulations except
for pure POPC model, CHL appeared to be distributed het-
erogeneously in the membranes and a specific CHL-binding
to the helices 3, 4 and 5 in f,AR was observed in the simula-
tions c—d.” CHL molecules mainly interacted with the hydro-
phobic residues such as Alal98>%, Ala202>%, Val206>% and
11e214°%, with its principle molecular axis almost parallel to
the membrane normal direction. The change of the distances
between CHL and these residues were monitored for the last
30ns of MD simulation (Fig. S9). The fluctuation of these dis-
tances was small during the simulation, which suggested that
the hydrophobic interaction was stable. In order to evaluate
the interaction from the quantitative viewpoint, the shape-
complementarity between CHL and f,AR was measured. The
shape-complementarity was calculated to be was 0.68. This
value is higher than those of the antigen-antibody interfaces,
while slightly lower than those of the interfaces between pro-
teases and their inhibitors.®” Therefore, the molecular shape of
CHL is concluded to be well compatible with the helix4 and
helix5 region of S,AR.

Conclusion

The influence of the lipid composition on the structural
conformation of one kind of GPCR protein, 5,AR, was inves-
tigated by performing molecular dynamics simulations. Four
types of lipid membranes, pure POPC, POPC/CHL, POPC/
CHL/GM1 and POPC/POPE/CHL/SM containing three kinds
of §,AR; apo- and the agonist epinephrine- or the antagonist
alprenolol-bound form, were employed for 100ns simulation
and the computational results were compared. This work
presented the following findings. (1) The stability of the
jonic lock formation between Argl31>*° and Glu268%* varies
depending on the difference of the lipid component of mem-
brane. (2) The side chain interaction between Lys267%% and
Asp331™*® became strong in apo- and the alprenolol-bound
B,AR, compared with the epinephrine-bound S,AR in pure
POPC membrane. (3) A stable hydrophobic interaction was
observed between CHL and the receptor at the transmem-
brane helix5 in POPC/CHL/GM1 and POPC/POPE/CHL/SM
membranes. CHL is specifically bound at the position between
helix4 and helix5 in S,AR.
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& INTRODUCTION

Accumulation of insoluble and filamentous amyloid fibrils is a
serious risk factor for some nervous or circulatory diseases.
Aggregation of amyloid # (Af) peptides has been extensively
investigated because of its potential toxicity for amyloid
deposmon in Alzheimer’s disease (AD) and Huntington’s
disease.”” AD is a severe neurodegenerative disorder that is
characterized by deposition of amyloid plaques in the brain.> AS
peptides of 39—43 residues in length are generated from the
proteolytic process of amyloid precursor protein (APP) by f-
and y-secretases. The most commonly observed forms of toxic
Aps consist of 40 and/or 42 residues, and the latter is the major
component of senile plaque.* A comparative study suggested that
both Af,_, and Ap,_,, exhibited an affinity to the lipid
membrane and a similar lipid specificity, but Af;_,, was more
likely to form amyloid fibrils.®

Many studies have suggested that the aggregation of toxic Af
peptides occurs on lipid microdomains containing glycolipids
such as ganglioside, sphmgomyelme (SM), and cholesterol
(Chol) in high concentrations.*™ The complex of Aff and GM1-
monosialoganglioside was detected in the brains of patients with
AD, suggesting that the Af—GM1 complex acts as a seed for the
aggregation of AB.” It has also been proposed that Afs are likely
to be bound to a particular kind of microdomain named the
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detergent-insoluble glycoshpingolipid-rich domain (DIG).”
Several in vitro studles have been carried out to clarify the lipid
composition of DIG.”® Matsuzaki et al. demonstrated that a high
Chol concentration promoted the formation of GM1 clusters
and enhanced Af aggregation on the GMI-containig mem-
brane.'®'! The effect of lipid composition on Af binding to
GMI-containing bilayers has been examined by preparing several
kinds of DIG-mimicking lipid membranes,'® by changing the
component of host lipid membranes such as SM/Chol or
POPC," and by substituting the species of ganglioside."’ These
experimental studies suggested that highly condensed GM1
molecules are critical for the formation of the Af—GM1 complex.
A lipid composition of GM1/SM/Chol =-1:2:2 is one of the
adequate membranes prov1dmg the DIG-like environment.

In our previous study,'> 100 ns molecular dynamics (MD)
simulations were performed for two kinds of GMI1-containing
membrane models: one model consisted of GM1, SM, and Chol
in a ratio of 1:2:2, and the other model consisted of GM1 and
POPC in aratio of 1:4 for comparison. The simulations showed a
marked difference between the two membrane models, GM1
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Figure 1. (a) Top view of the equilibrated mixed membrane after 100 ns MD simulation in the lipid composition of GM1:SM:Chol = 1:2:2. GM1
oligosaccharides are depicted in light blue. Acyl chains of GM1, SM, and Chol are colored blue, green, and yellow, respectively. (b) Initial structure of
AP, _4,, which is adopted as a starting structure for the first, second, and third Afs. (c) Computational model for a single Af)_, incorporated in the
mixed membrane. Sodium and chloride ions are represented by cyan and purple spheres, respectively. The periodic boundary box is indicated by lines.
Water molecules are not shown for clarity. (d) Amino acid sequence of Af};_y,. The initial secondary structure of AB,_, shown in (b) is indicated at the
bottom bar, in which the red area represents a helix and the blue areas represent a turn or sheet.

molecules in the former model being condensed and those in the
latter model being scattered. GM1 clusters were formed only on
the GM1/SM/Chol membrane.'> Chol was suggested to play
important roles in preventing interdigitation of the membrane
and keeping the GM1-ganglioside sphingolipids close enough to
form clusters.

Many computational studies have been performed to analyze
the behavior of A in an aqueous condition or in the presence of a
lipid membrane. Some studies have focused on the structural
properties of AB peptide.*”'® It was shown that the C-terminal
hydrophobic region plays a critical role in the dimerization, ' that
positively charged amino resides assist the oligomerization,'” and
that four glycine resides promote transformation into the f-sheet
form.'® Several recent works addressed the interaction of ABwith
the lipid membrane.'®”>* However, only a simple lipid
membrane consisting of a single kind of lipid molecule such as
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) or dioleoyl-
phosphatidylcholine (DOPC) was used in most of those works.
The influence of Chol using POPC or DPPC membranes
containing Chol has been investigated in only a few studies.”>*
In experiments, the presence of GMI1 ganglioside was already
revealed to be critically important for the aggregation of AS
peptide. Therefore, simulation analysis using a mixed membrane
including GM1 ganglioside and Chol is needed.

Clarifying the molecular structures of the Af—GM1 complex
and/or the embryonic stage of A fibrils is important for
designing an inhibitor that blocks the generation of the Af
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microaggregate. The final structure of the 100 ns MD simulation
for the GM1/SM/Chol model'® is a good base for analyzing the
initial stage of the interaction between Af peptides and a
biological membrane. Hence, in this study, we carried out
multiple MD simulations with incorporation of A molecules
into the model system. The computational results will provide a
reasonable explanation of why Af is stably held by the GM1
cluster and why the Af peptides trapped on the membrane
become a seed for Af fibrils.

& METHOD

Construction of a Computational Model. The GM1-
containing mixed membrane consisted of 48 GM1, 96 SM, and
96 Chol molecules with a molar ratio of 1:2:2. Chemical
structures of these lipid molecules are shown in Figure S1
(Supporting Information). The initial coordinates of all of the
lipids were extracted from the last snapshot structure of the 100
ns MD simulation of our previous study.'* The model also
contained a water layer and sodium and chloride jons to make the
ion concentration equal to 150 mM. The total number of atoms
in the model was about 90 000, and the final model size was ca.
70.0 A x 70.0 A x 136.0 A.

The initial atom coordinate of Af;_, was extracted from the
11th conformation of PDB code 1Z0Q, which had been
determined by solution nuclear magnetic resonance (NMR)
spectroscopy. * 1Z0Q_contains 30 structures,”® and another
code, 1IYT, contains 10 NMR structures.”® Clustering analysis
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with the nearest-neighboring method was applied for both 1Z0Q_
and 1IYT. Four clusters were obtained for 1Z0Q, and two
clusters were obtained for 1IYT (Table S1, Supporting
Information). For all of the 40 NMR structures, a 12 ns MD
simulation was carried out as a preliminary study. The
conformation of Af fluctuated during MD simulation, but no
marked structural change such as transformation into the p-
strand form was observed in any of the simulations. For the
reason stated in the footnote of Table S1 (Supporting
Information), we selected an Af peptide with the 1lth
conformation of 1Z0Q_and inserted it into the midst of the
water layer of the GM1-containing membrane mode] as a starting
structure.

Calculation Conditions of MD Simulations. Simulations
were performed using the NAMD2.7 program.”® The calculation
procedure was almost the same as that in our previous
works.'**”% In short, the production run was carried out at a
temperature of 310 K and a pressure of 1 atm. A periodic
boundary condition was applied to all of the xyz-directions, and
pressure and temperature were kept constant by the Nosé—
Hoover Langevin piston method. The cutoff distance of van der
Waals and Coulomb forces in a real space was set to 12.0 A. The
integration time step was 2 fs. The particle mesh Ewald method
was applied to estimate the effect of long-distance electrostatic
force.

Analysis of MD Simulations. The hydrogen bond
occupancy was calculated using visual molecular dynamics
(VMD).” The binding free energy between Af peptides was
calculated by the MM/GBSA method using the pbsa module of
AMBER11® in a manner similar to that in the previous
studies.’*® The secondary structure of Af peptides was
calculated using the DSSP program.®® For a better understanding
of simulation structures, the positions of some parts of the
molecules were transferred to the x-, y-, or z-direction by the
length of the periodic boundary box. All of the structures were
visualized by PyMol.>*

B RESULTS

Using the GM1/SM/Chol mixed membrane (Figure 1(a)), the
movements of Af;_,, peptides (Figure 1(b)) were investigated
through multiple MD simulations with models incorporating
one, two, or three Afls. We carried out 70 ns simulations 10 times
for the model with one AS, 100 ns simulations S times for the
model with two Afs, and 200 ns simulations 2 times for the
model with three Afs. The final structure of the simulation with
the one Af model was used as the starting structure of the
simulation for the two Affs model, and the final structures of the
two Affs models were used as the starting structure for the three
Aps model (Figure S2, Supporting Information).

Single Ag Peptide on a GM1-Containing Membrane.
To examine the interaction between a single Af,_,, peptide and
the GM1-clustering lipid membrane, 70 ns MD simulations were
carried out using the calculation model shown in Figure 1(c).
MD simulation will reproduce the dynamic movement of Af,
which enables us to test the possibility of Af binding to the
membrane. Since simulation results usually depend on the
starting structure, 10 MD simulations, trial I-a—trial I-j, were
executed with change in the initial position of Af in x and y
directions and also rotating Af by 180° around the z-axis. Final
structures of all of the trials and z-axis changes of the center of
mass of the Af peptide are shown in Figures S3 and S4
(Supporting Information).
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The Ap peptide initially fluctuated at the water layer in every
trial. The terminal regions of AJ sometimes approached the
membrane surface and made contact with the membrane. The
contact was soon broken, and Af was detached from the
membrane in some cases; however, Af occasionally continued to
be attached to the membrane. Once an A established a steady
contact with the membrane, the A was scarcely released from
the membrane by itself. Judging from the motion of Af during
simulation, it seerns that there is no special long-distance force to
attract Af to the membrane.

Table 1 presents a summary of Aff binding to the membrane
for 10 trials. Af was firmly bound to the membrane in four trials.

Table 1. Occurrence of Af Binding to the Membrane and/or
Another Aff Molecule

total number of trials 10 N 2
cases for Af bound to membrane® 4 3 2
cases for Af not bound to membrane® 6 2 0
cases for A bound to another A 1 2

“The occurrence was monitored for the A molecule newly added in
the calculation model, for example, the third Af in the three Afs
incorporated model. *The not bound case includes the situation in
which Af is just weakly attached to the membrane.

Ap was weakly attached in two trials, and no Af binding was
observed for four trials. The Af binding, of course, occurred on
both sides of the lipid bilayer. The present simulations clearly
suggest that Af;_, is capable of binding to the GM1-clustering
membrane. In the four trials in which Af was firmly bound, the
AP peptide retained the helix conformation in its secondary
structure, and the molecular principal axis was almost parallel to
the membrane surface (Figure S3, Supporting Information; trials
I-a, Ib, I-d, I-i). In the two trials in which Af was weakly bound,
the helix axis was almost parallel to the membrane in one case
(trial I-c), while one terminus stuck in the membrane in another
case (trial I-h).

Simulation with Two or Three Af Peptides. Extended
MD simulations were performed using the calculation model
constructed by incorporating an additional Af peptide into the
final structure of trial I-b. We executed 100 ns MD simulations
five times, trials II-a—Il-e, with change in the initial position of
the second Af. The first A was firmly bound to the membrane
surface at the starting point. The second A initially fluctuated in
the water layer, while the first one was steadily attached to the
membrane (Figure S6, Supporting Information). That is, the
second Af peptide moved randomly, while the motion of the first
one was restricted at a local area of the membrane. In the 100 ns
MD simulations, the second Aff was also bound to the membrane
in three trials (II-b, II-c, II-d). The second Af was bound to the
same side of the lipid bilayer as the first one in one trial (II-c),
while the second Af was bound to the opposite side in two other
trials (Figure SS, Supporting Information). In trial II-c, the
second Af established direct contact with the first one. In
contrast, there was no direct interaction between the two Afs in
other trials. This means that the first Af has no attractive
influence on the second one.

Two 200 ns MD simulations were carried out using the
calculation model containing three Af peptides. In trial ITI-a, the
third Af was incorporated into the final structure of trial II-b, and
in trial ITI-b, Af was incorporated into the final structure of trial
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