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Wilson disease (WD) is a monogenic autosomal-recessive disorder
of copper accumulation that leads to liver failure and/or neuro-
logical deficits. WD is caused by mutations in ATP7B, a transporter
that loads Cu(l) onto newly synthesized cupro-enzymes in the
trans-Golgi network (TGN) and exports excess copper out of cells
by trafficking from the TGN to the plasma membrane. To date,
most WD mutations have been shown to disrupt ATP7B activity
and/or stability. Using a multidisciplinary approach, including clin-
ical analysis of patients, cell-based assays, and computational stud-
ies, we characterized a patient mutation, ATP7B%%*3Y, which is
stable, does not disrupt Cu(l) transport, yet renders the protein
unable to exit the TGN. Bulky or charged substitutions at position
653 mimic the phenotype of the patient mutation. Molecular mod-
eling and dynamic simulation suggest that the S653Y mutation
induces local distortions within the transmembrane (TM) domain
1 and alter TM1 interaction with TM2. S653Y abolishes the traf-
ficking-stimulating effects of a secondary mutation in the N-termi-
nal apical targeting domain. This result indicates a role for TM1/
TM2 in regulating conformations of cytosolic domains involved in
ATP7B trafficking. Taken together, our experiments revealed an
unexpected role for TM1/TM2 in copper-regulated trafficking of
ATP7B and defined a unique class of WD mutants that are trans-
port-competent but trafficking-defective. Understanding the pre-
cise consequences of WD-causing mutations will facilitate the
development of advanced mutation-specific therapies.

ceruloplasmin | interdomain interactions | molecular dynamics

Copper is essential for the normal development and function
of human cells because it serves as a cofactor for many
important metabolic enzymes. However, intracellular levels of
copper must be tightly regulated (1, 2) because excess copper is
toxic. Inborn mutations in the Cu(I)-ATPases, ATP7A [Online
Mendelian Inheritance in Man (OMIM) accession no.*606882]
or ATP7B (OMIM *300011) result in either systemic copper de-
ficiency or copper accumulation in several tissues, causing Menkes
disease or Wilson disease (WD), respectively. WD (OM#277900)
is an autosomal-recessive disorder with a heterogeneous clini-
cal presentation; in the absence of family history, diagnosis of
WD requires multiple clinical and laboratory studies (3). The
large number of rare mutations in the ATP7B gene [>500, (www.
hgmd.cf.ac.uk/ac/gene.php?gene=ATP7B)] contribute to the dif-
ficulty in making genotype-phenotype associations. Presently,
about two dozen mutations found in WD patients have been
characterized in detail (4-7). These studies revealed that the
most common effect of a WD mutation is ATP7B misfolding,
which results in retention of newly synthesized ATP7B in the
endoplasmic reticulum (ER), a marked decrease in protein sta-
bility, and loss of Cu(I)-transport activity (8, 9). Destabilization
and inactivation of ATP7B explain the common phenotypic
manifestations in WD, such as impaired copper export from the
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liver and the lack of copper incorporation into secreted cupro-
enzymes, such as ceruloplasmin (CPN).

ATP7B and the highly homologous ATP7A (Menkes disease
protein) play central roles in maintaining copper levels in cells.
These proteins belong to the evolutionarily conserved family of
Pyp-ATPases, which use the energy of ATP hydrolysis to trans-
port copper from the cytosol across cellular membranes (Fig.
14). ATP7A and ATP7B load copper onto newly synthesized
cupro-proteins in the late Golgi and remove excess copper from
the cytosol after relocating to vesicles, which in turn traffic to the
plasma membrane to release copper into the extracellular milieu.
In low and basal copper, ATP7A and ATP7B are located pre-
dominantly in a subcompartment of the trans-Golgi network
(TGN) marked by syntaxin 6 (10). When copper levels increase,
ATP7A and ATP7B exit the TGN in distinct vesicles; ATP7B
vesicles move to the apical region in polarized epithelia, whereas
ATP7A vesicles move to the basolateral region. Because copper-
dependent ATP7B trafficking is a complex process, the precise
sequence of events and the function of trafficking determinants in
ATP7B’s structure are yet to be fully understood.

We previously developed a comprehensive set of cell-based
assays that use both polarized hepatic cells and fibroblasts lacking
ATP7B and ATP7A (derived from a Menkes disease patient) to
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Fig. 1. Hypothetical ATP7B model and multiple
species alignment of the conserved regions, amino
acids 621-668, in the two Cu-ATPases. (A) A hypo-
thetical ATP7B ribbon model, generated by UCSF
Chimera, showing the conserved core organization
(20). The two large cytoplasmic loops in the core
structure are: the A domain (actuator, green), be-
tween TM4 and TM5, which contains the phospha-
tase activity; and the N and P domains (nucleotide
binding and phosphorylation, red) between TM6
and TM7, which bind ATP (N), catalyzing formation
of a phosphorylated intermediate (P) as part of the
catalytic cycle. The eight TMs (yellow are): TM1
(amino acids 645-670), TM2 (including the platform
helix, amino acids 694-722), TM3 (amino acids 729-
749), TM4 (amino acids 765-786), TM5 (amino acids
916-942), TM6 (amino acids 967-1004), TM7 (amino
acids 1307-1345), and TM8 (amino acids 1352-
1373). The six N-terminal MBDs (blue, N-MBDs, also
referred to as the N-terminal domain of ATP7B, N-
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ATP7B) (61, 62) were manually positioned onto the published model. The box approximates the region of the multiple species alignment shown in B. (B) A
multiple species alignment of human ATP7B sequence 621-668 (Upper) and ATP7A sequence 621-668 (Lower). WD patient mutations are underlined and in
bold. The ATP7B S653 position is marked with an asterisk (bold). Portions of MBD6 and TMD 1 are bracketed. In ATP7A, the bracketed sequence shows the
deleted region that is replaced with two amino acids (IR) in a patient with Occipital Horn Syndrome. The deleted sequence of ATP7A is underlined and in bold
(35). Alignments were obtained using ClustalW (63). Amino acids that are identical (*), conserved (:), and semiconserved (.) are shown.

evaluate the activity, stability, and trafficking of ATP7B and
its mutants (11, 12). In this study, we combined these assays
with additional mutational analysis and computational studies
to dissect the molecular phenotype of WD mutations found in
a highly conserved region of ATP7B, G®2!-5%%8, We demon-
strate that the S653Y mutation has a distinct “transport-
competent/trafficking-defective” phenotype. We also show that
the transmembrane segment (TM) that harbors S653 has an
important and previously unanticipated role in regulating exit of
ATP7B from the TGN in response to copper elevation.

Results

WD Patients with the H1069Q/S653Y Genotype Have Variable Levels
of Serum CPN. Because of the well-documented phenotypic hetero-
genity of WD, multiple clinical and laboratory studies are used to
provide an accurate diagnosis (13-15). A confounding observation

has been the presence of normal serum CPN levels in 5-15% of
patients (16, 17). We identified a group of WD patients from two
unrelated families, in which one family had reduced serum CPN and
a patient from the other family had normal serum CPN (Table 1). All
patients had p.H1069Q in one ATP7B allele and an uncharacterized
missense mutation, ¢.1958C > A [p.S653Y] in the second allele.
Previous studies have demonstrated that the H1069Q mutation
results in significant mislocalization, instability (8, 18), and low re-
sidual activity of ATP7B protein (9), which may account for some
active copper-loaded CPN (holo-CP). It is also known that hetero-
zygous individuals with one wild-type and one p.H1069Q allele do
not have WD (Table 1) (19), indicating that in patients with the
p.H1069Q/S653Y genotype, ATP7B%*>*Y is not functionally
competent to prevent WD. Because ATP7B%%>*Y has not been
previously validated in either biochemical or cellular assays, we
focused our studies on this variant.

Table 1. WD patient clinical data summary
Patient ~-WD WD mutation Age of WD CPN mg/dL* Cu serum pg/dL*  Cu urine pg/24 h* KF
mutation first allele second allele  Sex (#) WD onset type (#)  (normal: 25-45) (normal: 70-140) (normal: <50) ring (%)
Normal None F(50) — — 35 + 10.37 96.7 + 24.7" ND ND
M(50)

Heterozygous*-H1069Q None 31.8 +6.7" 100.4 + 24" 18.5 —
Homozygous®-H1069Q H1069Q F(95) 27.9+9.9" N(89) 13.9 [9.2] 61.2 [34] 163 [255] + (28%)

(median IQR) M(80) H(57)

pre(25)"

Km!-S653Y H1069Q F ND pre 9.2 35 135 —
KG-5653Y H1069Q M 22 H 9.8 35 110 —
KJI-s653Y H1069Q M 21 N 35 27 1050 +
BPI-S653Y H1069Q M 29 H 46.4 131 162 +
BP**-S653Y H1069Q M 32 H 14 250 3335 +

KF, Keyser Fleisher ring; H, hepatic; pre, presymptomatic; SD standard deviation; N, neurological; ND, not determined; IQR, interquartile range. Mean + SD
or median (IQR) are given when individual variables had either normal or abnormal distributions, respectively, in the analyzed population.

*Normal laboratory values are given.
"Mean + SD.
*Clinical data for these individuals was reported in ref. 19.

SData were compiled from the Wilson Disease Database of the Institute of Psychiatry and Neurology, Second Department of Neurology, Warsaw, Poland.
T0Only 171 of the 175 patients with a WD diagnosis had sufficient data to designate the WD type.

IMutation analysis was reported in ref. 64.
**Clinical data before liver transplant was reported in ref. 65.
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ATP7B%¢%%Y Is Located Within a Conserved Region (G2'-5¢%) Following
Metal Binding Domain 6. Although structural information for in-
dividual metal binding domains (MBDs) is available, the precise
nature of their linkage to the core ATP7B sequence is unknown
(20). Therefore, it was particularly interesting that ATP7BS%Y
is located within a region (G®*'-S°®®) following MBDG6 and
encompassing TM1 that is highly conserved in vertebrates (Fig.
1B). A multiple-species sequence alignment illustrates that the
regions linking individual MBDs to one another are more di-
vergent than the region linking MBD6 to TM1 (Fig. S1), sug-
gesting it is functionally important. Analysis of the WD database
(www.wilsondisease.med.ualberta.ca/database.asp) and the clinical
literature revealed that G®2'-8°%8 is a hot spot for WD missense
mutations (Fig. 1B and Table S1). In addition to p.S653Y, mu-
tations p.G626A and p.M645R were reported with p.H1069Q as
the second allele, and one patient was homozygous for p.D642H
(Table S1). The biochemical properties of p.G626A and p.M645R
mutants were previously studied in vitro, where both variants
showed diminished but significant copper transport activity
(21). We reasoned that mutations in this region might disrupt
Cu-specific functions of ATP7B characteristic of vertebrates, such
as Cu-dependent trafficking. Because the intracellular character-
istics of these mutants have not been explored, we studied their
properties in detail.

All Six Patient Mutations Exhibit Copper Transport Activity. The
following patient mutations (G626A, H639Y, L641S, D642H,
M645R, S653Y) (Table S2) were introduced into mGFP-ATP7B,
and their ability to transport copper into the secretory pathway
was evaluated using a cell-based assay that monitors activation of
the copper-dependent enzyme, tyrosinase (10). The YST fibro-
blasts used for these measurements lack endogenous copper-
transport activity because of an inactivating mutation in ATP7A.
Transfection of YST cells with a plasmid encoding apo-tyrosinase
yields inactive tyrosinase, as judged by the lack of any intracellular
black reaction product (Fig. 24). Cells cotransfected with plasmids
encoding tyrosinase and the wild-type GFP-ATP7B showed cop-
per-dependent activation of tyrosinase (Fig. 2B and Table 2),
as expected. The GFP-ATP7B5%5%Y varjant was also active in

BCS 2> 10uM Cu

this assay (Fig. 2C and Table 2). As a second control, we used the

GFP-ATP7B38TCES0>AAA 1 tant that lacked copper transport
activity in the Saccharomyces cerevisiae ccc2A strain (22) and was
present in vesicles independent of cellular copper levels in mam-
malian cells (22). This mutant did not activate apo-tyrosinase (Fig.
2D), confirming the specificity of our assay. Transfection of plas-
mids encoding other patient mutations resulted in tyrosinase ac-
tivation in all cases (Table 2). Thus, patient mutations within the
G*?1.8°% segment do not cause gross misfolding or mistargeting of
ATP7B and allow for detectable copper transport activity in our
assay system.

The ATP7B%%**' Mutation Inhibits Exit of ATP7B from the TGN in Polarized
Hepatic Cells. Because ATP7B is predominantly expressed in liver
(23) and exports copper in a polarized fashion (24, 25) (i.e., via the
apical membrane), we used the polarized hepatic WIF-B cells to
evaluate copper-dependent trafficking of ATP7B variants. We
have previously shown that these cells express endogenous
ATP7B, which responds to changes in cellular copper levels (10).
Because WIF-B cells are recalcitrant to transfection, recombinant
adenoviruses were generated for all mutant proteins, which were
tagged with GFP at the N terminus, and conditions were opti-
mized to evaluate their expression and trafficking in these cells.
Each of the viruses produced a GFP-protein of expected size (Fig.
S24) and, in the copper chelator bathocuproinedisulfonic acid
(BCS), the wild-type ATP7B and all mutants were targeted to the
TGN, as indicated by their colocalization with a TGN marker (Fig.
2 E and E’ and Table 2). (Note: GFP-tagged ATP7B constructs
will be called ATP7B hereafter.) Thus, consistent with the func-
tional data in YST cells, the mutations do not negatively affect
protein structure, allowing them to pass the ER’s quality control
and move to the TGN.

We next evaluated the ability of mutants to undergo copper-
responsive trafficking in polarized WIF-B cells. In the presence
of 10 pM CuCl,, ATP7B was found in vesicles and at the apical
surface (Fig. 2 F and F’ and Table 2). Quantification revealed
that ATP7B trafficked to the apical surface in nearly 90% of
expressing cells (anterograde trafficking) (Fig. 3C). Five of the

BCS BCS = 100uM Cu

G s653Y

Fig.2. WtATP7B and ATP7B%%>3Y have similar Cu(l) transport activity yet show different trafficking behaviors in polarized hepatic cells. (C) ATP7B%¢>3Y exhibits
Cu(l) transport activity. YST cells were cotransfected with pTyrosinase (pTyr) and the indicated plasmid as described in Methods. The black reaction product
reflects copper-dependent tyrosinase activity. Negative controls (A and D) and wtATP7B (B) were always included. (Magnification: A-D, 40x.) WIF-B cells were
infected with wtATP7B and ATP7B%%>3Y adenovirus, cultured overnight in 10 pM BCS, then kept in the chelator (£, E', G, and G’), or incubated in 10 uM CuCl, (F
and F’) or 100 pM CuCl, (H and H’) for 1 h, fixed, stained with antibodies to GFP (green in E, F, G, and H) and TGN38 (red in E’, F/, G, and H’), and imaged by
confocal microscopy. Single optical sections are shown. Exogenous wtATP7B redistributes from the TGN (£ and E’) to vesicles and the apical membrane when
copper levels are elevated (F and F). In contrast, ATP7B*®>3" remains in the TGN in the absence (G and G’) or presence of copper (H and H’). n, nucleus; *, apical
space. (Scale bars, 10 pm.)
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Table 2. Summary of protein phenotypes

Anterograde trafficking* Retrograde trafficking*

Protein
Assay construct Tyrosinase activation* expression’ +Chelator +Cu +Cu +Chelator
Wild-type 7B + + TGNS TGN/ves/ap® TGN/ves/ap® TGNS
7B Patient missense substitutions
G626A + + Wild-type Wild-type Wild-type Wild-type
H639Y + Wild-type Wild-type Wild-type Wild-type
L641S + + Wild-type Wild-type Wild-type Wild-type
D642H + + Wild-type Wild-type Wild-type Wild-type
M645R + + Wild-type Wild-type Wild-type Wild-type
S653Y + + Wild-type TGN TGN ND
Engineered mutations
S653A + + Wild-type Wild-type Wild-type Wild-type
S653F + + Wild-type TGN TGN ND
S653T + + Wild-type Wild-type Wild-type Wild-type
$653C + + Wild-type Wild-type Wild-type Wild-type
S653D + + Wild-type TGN TGN ND
S653E + + Wild-type TGN TGN ND

*Performed in YST cells (S/ Methods).
TPerformed in YS cells (S/ Methods).
*Performed in WIF-B cells (S/ Methods).

SThis subcellular localization is designated as wild-type trafficking for each treatment.

six mutants (G626A, H639Y, L641S, D642H, M645R) exhibited
trafficking behavior that was quantitatively and qualitatively
similar to the copper-responsive trafficking of wild-type ATP7B
(Fig. 3 and Table 2). It is important to note that these five mu-
tations are predicted to be located in the region preceding TM1 of
ATP7B (Fig. 14). However, ATP7B%**Y, with a substitution of
serine predicted to be in TM1, showed defective trafficking. The
S653Y mutant failed to exit the TGN even when cells were in-
cubated in 50- to 100-pM copper (i.e., concentrations that are

BCS - 10uM Cu

BCS 2> 10uM Cu_ > 25uM TTM

O

B anterograde retrograde

IS ® o
s g & 8

ATP7B at apical domain
8

(% of expressing polarized cells)

=

Fig. 3. Qualitative and quantitative evidence that five WD patient muta-
tions show normal trafficking but ATP7B%%>3" does not. (A and B) WIF-B cells
infected with adenoviruses encoding wWtATP7B and each of the patient
mutations were processed for anterograde and retrograde trafficking as
described in Methods. (A and A’) In the presence of copper, GFP-ATP7BS6254
fluorescence is seen at the apical membrane and in vesicles; it does not
overlap with the TGN marker (red). (B and B’) After copper chelation, the
protein is no longer seen at the apical membrane and overlaps strongly with
the TGN marker. (C) The numbers of polar cells with ATP7B protein fluo-
rescence at the apical surface in the presence and after copper chelation
were determined and expressed as a percentage of the total polarized cells
expressing the ATP7B protein. Five of the mutant ATP7B showed wild-type
trafficking in copper and after copper chelation. However, the ATP7B6%3Y
mutant was not found at the apical surface under any copper condition; it
was not evaluated using the retrograde assay. The numbers of polar cells
evaluated for anterograde/retrograde trafficking, respectively, were: G626A:
310/152; H639Y: 193/172; L641: 202/118; D642H: 242/168; M645R: 228/123; and
S653Y: 228. (Scale bar, 10 pm.)

Braiterman et al.

~5- to 10-fold higher than physiolo%ic) (Fig. 2 G and G’ and
Table 2). The presence of ATP7B%*%Y in the TGN did not alter
the half-life of the protein (Fig. S2B).

To evaluate the return (retrograde) trafficking of the five
mutants whose exit from TGN was normal, a duplicate set of
CuCl,-treated hepatic cells were rinsed and transferred to me-
dium containing the copper chelator ammonium tetrathiomo-
lybdate (TTM) for 2 h. Cells were fixed and the number of
expressing cells with ATP7B remaining at the apical surface was
determined. All five of the patient mutants behaved similarly
to wild-type ATP7B and returned to the TGN after copper de-
pletion (Fig. 3C and Fig. S2C). These five mutations were not
deleterious to either retrograde or anterograde trafficking of
ATP7B. Although we concluded that three mutants (p.G626A,
p.D642H, and p.M645R) were disease-causing (Table S1), their
biochemical defect remains unexplained. Consequently, we focused
on the S653Y substitution that had activity but was unable to exit
from the TGN, an ATP7B phenotype that is uncharacterized.

Bulky or Charged Amino Acid Substitutions of $S653 Inhibit TGN Exit.
The phenotype of ATP7BS**Y was especially interesting, not
only because it was unusual for WD, but also because it offered
an opportunity to better understand factors influencing ATP7B exit
from TGN in response to copper elevation. Because ATP7BS>?Y
had transport activity (Fig. 2C) but was unable to traffic in response
to copper, we hypothesized that TM1 harboring S653 played a
specific and important role in regulated trafficking of ATP7B. To
better understand what this role could be, we examined structural
characteristics of this region using the recently generated homology
model of ATP7B (20). Analysis of the ATP7B model (Fig. 44) and
calculations of a solvent accessible surface area (SASA) (Table 3,
fourth column) showed that S653 is located within TM1 and is
buried, as indicated by a SASA exposure of 9%. Thus, the direct
involvement of Ser653 residue in protein—protein or protein-lipid
interaction is unlikely. We then hypothesized that tight packing of
the TM1-TM2 region may be necessary for ATP7B to adopt a
conformational state necessary for trafficking.

We engineered six ATP7B mutants, where we varied the size,
hydophobicity, and charge of the amino acid at position 653
(Table S2). The Ser-to-Tyr substitution introduces an amino acid
that has a volume ~twice that of serine [193.6 A% vs. 89 A°,
respectively (26)]. To test whether the size of the side-chain at
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Fig. 4. The ATP7B structural model shows that Ser653 in TM1 interacts with
different TM2 residues than does the patient mutation, Tyr653. (A) A rotated
view of the ATP7B ribbon model shows the full atom sphere of S653 (magenta)
and the platform helix (yellow). (B and C) Expanded views show interatomic
distances among selected residues nearby Ser653 (B) and Tyr653 (C). (B) In
Ser653, there is a 3 A distance between the hydroxyl group y-oxygen (red) of
Ser653 (magenta) and the carbonyl oxygen (red) of Gly710 (magenta) just
before the platform helix (yellow). Tyr713 (magenta) is part of the platform
helix (yellow). (C) However, Tyr653 (blue) is rotated away from Gly710 (ma-
genta) and shows a large interatomic distance of 6.8 A with it. Instead, Tyr653
interacts with Tyr713 (magenta) as revealed by an interatomic distance of 3.7 A
between their functional groups (red). All models were generated using
PyMOL (The PyMOL Molecular Graphics System, v1.5.0.4; Schrédinger).

position 653 in ATP7B is critical for the transporter’s ability to exit
the TGN, we generated recombinant ATP7B with Phe or Ala
substitutions [residue volumes of 189.9 A% and 88.6 A3, respectively
(26)]. Both mutants migrated with the correct mobility on SDS/
PAGE (Fig. S34) and were catalytically active (Table 2 and

Table 3. Computed structural properties

Fig. S3B). In the trafficking assay, ATP7B with the large sub-
stitution (Phe) remained in the TGN when copper was ele-
vated to 10-100 pM (Fig. 54, Left, and Table 2), whereas ATP7B
with a small substitution (Ala) behaved like wtATP7B (Fig. 5 B
and C and Table 2). To determine the volume limitations, we
produced Thr653 and Cys653 substitutions with volumes of 116.1
A% and 108.5 A3, respectively. Both ATP7B%>3T and ATP7B5¢33¢
behaved like wtATP7B in all respects (Fig. 5C and Table 2).

We next explored the effect of charged residues in position
653 of ATP7B. Glu and Asp have volumes similar to those of Cys
and Ser, respectively (26), but they are negatively charged. In-
troduction of these residues does not significantly change the
predicted surface exposure of residue 653 (Table 3, fourth col-
umn), nor did it disrupt copper transport, as both ATP7BS¢>3F
and ATP7B%%*P activated tyrosinase (Table 2 and Fig. S3B).
However, neither the ATP7B>*F (Fig. 54, Right, and Table 2)
nor the ATP7B%33P mutant was able to exit the TGN, even when
cells were treated with 100 pM CuCl, (Table 2). Thus, both
volume and side-chain functionality at the 653 position are critical
for copper-dependent TGN-exit of ATP7B.

TM1 Orientation and Charge Are Critical for ATP7B Exit from TGN.
Inspection of the ATP7B structure using PYMOL revealed that
the hydroxyl group y-oxygen of Ser653 in TM1 and the carbonyl
oxygen of Gly710 in TM2 show an interatomic hydrogen bond
distance of 3.0 A, which is “moderate to mostly electrostatic”
with an energy of ~5-6 kcal/mol and is consistent with proton
sharing (Fig. 4B and Table 3, second column) (27, 28). To ex-
amine this region further, we predicted the local structural
effects for each of the Ser653 substitutions using the SWISS-
MODEL structural bioinformatics server. Analyses of the Ala,
Cys, and Thr substitutions revealed only minor structural per-
turbations of the static structure, which is consistent with the
normal behavior of the corresponding ATP7B mutants (Table 3,
fourth column). In contrast, the ATP7B%*>*Y model revealed
that the side chain of Tyr653 was rotated away from the protein
core, resulting in an increased SASA (Table 3, fourth column,
exposure 25%). Additionally, the interatomic distance between
Tyr653 hydroxyl and Gly710 was 6.8 A (Fig. 4C and Table 3,
second column), ruling out proton sharing. We also observed
that the exposure of Tyr713 in TM2 was decreased in
ATP7B%*3Y relative to wt (36% vs. 42%, respectively) (Table 3,
fifth column). This change could be because of the increased
volume of the 653 tyrosyl moiety in the region or because of

Static structure SASAT A?
(% exposed)

Molecular synamic SASA
averages* A% (% exposed)

Interatomic distance* A SASA of fully

Residue from 653 residue to Gly-710  exposed residue® A> 653 residue Tyr713 653 residue Tyr713

Ser (wild-type) y oxygen 3.0 80.0 7.2 (9%) 78.40 (42%) 40.38 (50%) 88.53 (47%)
Ala N/A 67 5.40 (8%) 77.50 (41%) 40.21 (60%) 96.58 (51%)
Cys vy sulfur 2.7 104 6.10 (6%) 77.70 (41%) 61.79 (60%) 99.26 (53%)
Thr y1 oxygen 4.2 102 8.20 (8%) 76.30 (41%) 25.92 (25%) 87.66 (47%)
Tyr hydroxyl 6.8 187 47.3 (25%) 67.3 (36%) 125.25 (70%) 136.81 (73%)
Phe N/A 175 34.10 (19%) 70.40 (38%) 102.85 (59%) 65.13 (35%)
Glu €1 oxygen/e2 Oxygen 2.9/4.1 138 14.10 (10%) 71.60 (38%) 11.21 (8%) 71.12 (38%)
Asp 81 oxygen/52 Oxygen 5.2/3.9 106 13.70 (13%)  75.40 (40%) 38.96 (37%) 72.66 (38%)

NA, not applicable because of lack of a functional group.

*The interatomic distance between the functional group of the 653 residue and Gly-710 carbonyl oxygen were calculated using the PyMOL program.

TSASA within the structural model of wWtATP7B and SWISS-MODEL generated models containing the substitutions were calculated using the AREAIMOL
program. The SASA or cavity surface area is defined as the surface traced by the center of a sphere with the radius of a water molecule (0.15 mm) as it is rolled
over the surface of a molecular model of the solution (66). The SASA for each amino acid side chain is given when the Gly-X-Gly is an extended conformation
(67). These values are taken to represent the maximum SASA and are provided for comparison and as a reference point to the SASA reported for the static
structure.

*Average SASAs were calculated using the molecular dynamics calculations, as described in Methods.
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Fig. 5. ATP7B%®>3F and ATP7B%®*3*F mutant proteins are retained in the TGN in 100-uM copper, whereas ATP7B*®*** mutant protein exhibits wild-type
trafficking. WIF-B cells were infected with the indicated ATP7B adenovirus, cultured, and processed as described in Methods. Single confocal sections are
shown. (A) Substitution of $653 with either phenylalanine (F, Phe) or glutamate (E, Glu) blocked TGN-exit of ATP7B in 100 uM copper. A cytoplasmic green
haze found in ATP7B%®>3E_expressing cells may reflect its degradation (Fig. S3A). (B) In contrast, ATP7B%°>*A redistributed from the TGN (B, Left) to vesicles and
the apical membrane when copper levels were elevated (B, Right). n, nucleus; *, apical space. (Scale bar,10 um.) (C) Quantitative evidence that ATP7B%>34,
ATP7B%%3T and ATP7B%¢°3¢ substitutions show wild-type trafficking in polar hepatic cells. WIF-B cells infected with adenoviruses encoding wtATP7B and three
653 substitutions were cultured, processed, and quantitatively analyzed for trafficking as described in Fig. 3. Like WtATP7B, ATP7B%®%3A, ATP7B%>3T, and
ATP7B%®3 variants exited the TGN (anterograde) in 10-uM copper and returned (retrograde) when copper levels were lowered. The number of polar cells
evaluated for anterograde/retrograde trafficking, respectively, were Ala: 108/115; Thr: 98/142; and Cys: 158/77.

stacking interactions of the = electrons from the two conjugated
rings. A Phe653 substitution, which has an aromatic ring and
comparable bulk, had a similar effect on Tyr713, albeit to
a lesser extent than the ATP7B%*>*Y substitution (Fig. 4 and Table
3, fifth column).

We next examined the electrostatic potential of the wtATP7B
static structure using adaptive Poisson-Boltzmann surface anal-
ysis (APBS) and found a pocket adjacent to TM1 Ser653, TM2
Gly710 and the platform helix of TM2 (Fig. S4 4 and B). A
combination of both neutral and positive charges was observed in
this region (shown as blue and white surfaces, Fig. S4B). In-
terestingly, in ATP7B%°>*Y, the pocket was less accessible and
the surface charges more neutral (Fig. S4C). The charged 653
substitutions, Glu653 and Asp653, also showed intriguing surface
charge changes (Fig. S4 D and E). The Asp653 substitution had
a strong influence upon the region around the pocket, reflected
by an increase in negatively charged surfaces (red in Fig. S4D).
The Glu653 substitution lacked a strong negatively charged
surface, indicating that the residue is deeply buried (10% expo-
sure) (Fig. S4E).

To evaluate the dynamic behavior of the mutants, we sub-
jected the generated models to molecular dynamic simulations
using the generalized-born simple-switching approach (Fig. 6).
In this approach, the transmembrane portion of the model was
inserted into a dielectric slab mimicking the membrane bilayer,
a reasonable substitution that significantly reduces computation
time. The simulation studies confirmed our initial findings and
provided additional insight into the surface area changes in a
dynamic context. Ser653, Ala653, and Cys653 behaved in a sim-
ilar manner and were more exposed than Thr653 (Fig. 64 and
Table 3, sixth column) which is consistent with their normal
trafficking behavior. However, relative to Ser653, the Glu653
charged substitution was deeply buried and Asp653 was less so
(8% and 37% exposed, respectively) (Fig. 64 and Table 3, sixth
column). These observations are consistent with the APBS of the
static model (Fig. S4) and suggest that charge has a distinct effect
on ATP7B structure that impedes TGN exit (Table 2). In con-
trast, the Tyr653 substitution that also failed to exit the TGN was
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more exposed as revealed by the increased SASA (Fig. 64 and
Table 3, sixth column), and this had a substantial effect on
Tyr713, the exposure of which was also increased relative to that
determined for the other mutations (Fig. 6B and Table 3, seventh
column). The Phe653 substitution showed a phenotype interme-
diate between Ser653 and Tyr653 (Table 3, sixth column). These
results imply that a dominant steric hindrance, which is most likely
because of repulsion between the two bulky groups, Tyr653 and
Tyr713, introduces a persistent change in the TM1/TM2 segment
of the mutant protein. Taken together, the calculations revealed
that increased bulk or a negative charge at the 653 position had
distinct effects upon ATP7B structure, both of which prevented
ATP7B exit from the TGN.
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Fig. 6. Molecular dynamic simulation of Ser653 mutant proteins reveals
fluctuations in the SASA. (A) Box plots show fluctuations of SASAs at the 653
position in wild-type and mutant (Ala, Cys, Thr, Tyr, Phe, Glu, and Asp)
substituted models. Tyr and Phe mutants are more exposed and Glu is buried
within the structure. (B) Box plots showing fluctuations of SASAs at the 713
tyrosine in wild-type and mutant (Ala, Cys, Thr, Tyr, Phe, Glu, and Asp)
substituted models. Solid line represents median; dashed line with dot rep-
resents average; upper dot represents value at 95%; lower dot represents
value at 5%; error bars are shown. The 95th and 5th percentile datapoints
represent the sampling extremes.
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Second-Site Mutational Analysis Reveals That the S653Y Mutation
Alters ATP7B Structure. How could small changes in the proper-
ties of TM1 result in such a significant effect on trafficking of
ATP7B? Previous biochemical studies with recombinant pep-
tides showed that ATP7B’s N-terminal cytosolic domain in-
dependently interacted with two other cytosolic domains, the
nucleotide binding (N) domain in low Cu conditions (29) and the
actuator (A) domain in elevated Cu (30) (Fig. 14). Because TM1
links the cytosolic, regulatory N-terminal domain of ATP7B to
the protein core, we hypothesized that the intramembrane sub-
stitution at the 653 position of TM1 might have a long-range
effect on the cytosolic interdomain associations, and that in ad-
dition to the regulatory and catalytic roles, the cytosolic domains
may be required for copper-dependent protein trafficking. To
test this hypothesis, we introduced the S653Y mutation into two

BCS BCS = 10uM Cu

ATP7B mutants that have been previously shown to constitu-
tively leave the TGN irrespective of copper levels (11, 31).
ATP7B®STGESCO>AAA ¢ ocked in an acyl-phosphorylated
state as a consequence of inactivation of the intrinsic phospha-
tase in the cytosolic A domain of ATP7B (31). Because this mutant
protein is found out of the TGN and in vesicles irrespective of
copper levels, it is thought to represent a structurally favorable state
for TGN-exit (22, 31). To test whether the S653Y mutation in TM1
would be dominant or permissive to the structural changes induced
by the TGE>AAA substitution, which is ~50 A away, we made a
double mutant ATP7BS*STCESO>AANSESIY  Recombinant adenovi-
ruses of ATPTRSSSTGESS0>AAA .4 A Tp7RSSSTGES60>AAA/S6S3Y
expressed full-length proteins, but neither mutant protein exhibited
activity in our tyrosinase activation assay (which requires multiple
rounds of copper transport per ATP7B molecule to yield detectable
amounts of active tyrosinase) (Fig. S3 C and D). Studies in WIF-B

BCS BCS = 10uM Cu

A TGE>AAA B TGE>AAA

B’ merge
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n
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Fig. 7. ATP7B®>3Y exhibits a dominant effect upon the trafficking of ATP7BY#*A but not ATP7BTSE>AA% \WIF-B cells were infected with ATP7BTSE>AAA (4 A,
B, and B’), ATP7B®>3Y/TGE>AAA (C ', D, and D’), ATP7BY**A (E, E', F, and F'), and ATP7B%>3Y/Y44A (G, G, H, and H’) adenoviruses, cultured overnight in 10 uM
BCS, then either maintained in BCS (A, A, C, C, E, E’, G, and G’) or incubated in 10 pM CuCl, (B, B, D, D', F, F', H, and H’) for 1 h before being fixed and
processed as described in Fig. 2. (A and B) ATP7BTCF>AA trafficked to vesicles and the apical membrane in the absence (A and A’) or presence of copper (B, B').
Quantification showed that in 85% (n = 118) and 91% (n = 107) of polar cells expressing ATP7BTSE>AA jrrespective of copper's presence or absence, the
protein was in vesicles and the apical surface. (C and D) The double-mutant, ATP7BS653Y/TGE>AAA " \yas also found in vesicles and the apical surface in the
absence (C and C)) or presence of copper (D and D’). In the absence but not the presence of copper (C and C’), ATP7B%>3Y/TGE>AAA 55 also found in the ER in
55% of expressing, polar cells (n = 62). (E and F) ATP7BY**A trafficked to the basolateral PM (76% of cells n = 59) in the absence (E and E’) or presence of
copper (F and F). (G and H) Introduction of S653Y in ATP7BY**A changed the resulting double-mutant protein’s behavior. ATP7B%¢53Y/Y44A \was found pre-
dominantly in the TGN in the absence of copper (G and G’) and in its presence (H and H’). Only 22% (n = 60) of polar cells expressing ATP7B%6>3/Y44A showed
basolateral PM fluorescence. n, nucleus; *, apical space. (Scale bar, 10 um.)
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cells revealed that the single mutant (ATP7B®STOES0>AAAY yaq
present in vesicles and at the apical surface when copper was either
chelated or elevated (Fi§. 7 A, A’, B, and B’). In contrast, the
double-mutant (ATP7B®8TOESC0>AAASCSIY) (as found in the
ER when copper was chelated, as well as at the apical surface (Fig.
7 C and C"). Vesicles were also present in some cells. After addition
of copper, this mutant was found predominantly in vesicles and the
apical surface, a phenotype that resembled the single mutant,
ATP7BS8TCESC0>AAA (Eio 7 D and D’). Interestingly, the presence

of copper appears to promote ATP7BS033Y/BSSTCESC0>AAA it from
the ER, as has been reported for the ATP7B"R variant (30). We
conclude that the S653Y was not dominant in the context of the
TGE>AAA mutation.

Finally, we hypothesized that the Tyr653 substitution might
have a long-range effect on the large N-terminal domain of ATP7B.
We previously demonstrated that Y44A, which is located in an
essential apical targeting signal, F(37)AFDNVGYE(45) within the
N-terminal domain of ATP7B, disrupts TGN retention and con-
stitutively targets ATP7BY*** to the wrong (basolateral) membrane
domain independent of copper levels (11). Therefore, we in-
troduced a secondary mutation, Y44A, generating the double-
mutant, ATP7BY*A/S653Y  Expression of the double-mutant
ATP7BY#AS653Y iy fibroblasts revealed it to be catalytically
active and of full-length (Fig. S3 C and D). However, unlike
the ATP7BY#44 single mutation (Fig. 7 E, E’, F, and F’), the
ATP7BY#AS653Y qouble-mutant failed to exit the TGN when
copper was chelated or elevated (Fig. 7 G, G', H, and H'). We
confirmed this difference by quantitating the number of cells
exhibiting basolateral labeling in the presence of copper (Fig. 7).
Such a dominant effect of S653Y upon constitutive exit from
the TGN indicates that small structural changes within TM1
can have a marked long-range effect on the cytosolic N-terminal
domain of ATP7B, making the apical targeting signal unavailable.

Discussion

Our comprehensive analysis of a WD mutation, ATP7B33Y,
located within a conserved sequence, G*2!-$%%8, of ATP7B dem-
onstrates very clearly that Cu(I) transport activity into the TGN
lumen can occur in WD patients in the absence of the protein’s
trafficking, which is required for Cu(I) export. CPN in serum is
commonly used as a diagnostic test of WD because it reflects
ATP7B’s metallating function, which occurs within the Golgi
apparatus of hepatocytes. However, 5-15% of WD patients have
normal serum CPN (16, 32, 33). We speculate that the transport-
active/trafficking-defective phenotype of the ATP7B%*>*Y mutants
accounts for some WD cases where serum CPN is normal. Further
study of the relationship between ATP7B and serum CPN is re-
quired. Clinical assays are confounded by several factors, including
hyperestrogenemia, the inflammatory state of the liver, or stage of
liver disease; most assays do not differentiate the holo- and apo-
forms of the protein.

Our mechanistic studies revealed that bulky or charged sub-
stitutions at position 653 mimicked the phenotype of the patient
mutation, whereas small neutral replacements did not. Molecu-
lar modeling and molecular dynamic simulation suggest that
bulky substitutions induce local distortions within TM1 and alter
TM1 interaction with TM2. Introduction of second-site muta-
tions confirmed that TM1 regulates long-range interdomain inter-
actions required for TGN exit. Taken together, our experiments
reveal two new aspects of WD and ATP7B: (i) a molecular
mechanism underlying a class of WD patients who might benefit
from previously unidentified approaches to treatment; and (i)
an unexpected role for TM1/TM2 in copper-regulated traffick-
ing of ATP7B. Many questions remain. For example, are there
other patient mutations that behave similarly to ATP7B%>3Y? Is
there a hierarchy of conformations or signals in ATP7B that
dictates its localizations separate from the conformations taking
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place during its reaction cycle? Finally, will better genotype/
phenotype correlations lead to improved approaches to WD
patient management?

Does ATP7B%%*3Y Typify a Transport Competent/Trafficking Defective
Class of WD Mutation? Review of WD patient mutations revealed
two more common patient mutations, ATP7BS71%S in TM2 and
ATP7BY**S in TM5, which may behave similarly to ATP7BS%3Y,
Both mutants were reported to localize to the Golgi in basal
medium and exhibit some Cu(I) transport activity (5, 18, 212.
Trafficking studies in fibroblasts showed that ATP7BC4S
failed to exit the TGN in elevated copper. We suggest that
ATP7BS%53Y js the best-characterized example of what appears to
be a previously unidentified functional class of trafficking mutants
that may also include G710S and G943S.

Several Menkes disease-causing mutations in ATP7A have
phenotypes similar to that of ATP7B%>*Y, Although no functional
studies have been presented on ATP7AS**Y (34), we predict that

its phenotype will be similar to that of ATP7B3***Y, Another
ATP7A patient mutation, in which 26 aa were deleted in the
conserved region before TM1 (E624-Q649 of ATP7B) (Fig.
1B), was reported to be functionally active yet did not exit the
TGN in elevated copper (35). The finding that deleting 26
residues in ATP7A affected its TGN exit, yet five single amino
acid substitutions in the same region of ATP7B did not, suggests
that the region may function as a flexible linker between more
distant domains of these proteins (Table 2).

Interactions Within TM1 + TM2 Are Important for TGN-exit of ATP7B
and Its Cu(l)-Dependent Trafficking. The molecular dynamics cal-
culations revealed important changes in TM packing interactions
indicated by the diversity of the SASAs for each substitution as
was first suggested in the homology models. Furthermore, the
calculations show that neither the wild-type nor the mutants
exhibit a single dominant conformation but are a dynamic mix of
structures revealed by changes in the free energy surface (Fig. 6).
The computed structural properties of the patient mutation,

ATP7B%3Y | showed the greatest effect on both the SASA of
Tyr653 in TM1 and Tyr713 in TM2 and indicate that TM1/TM2
packing interactions are altered. We speculate that the nature
of the change is both structural and dynamic because of a shift
in the stable state coupled with dynamic changes in the ac-
cessible nearby energy states and may underlie the observed
trafficking defect.

Our analysis also showed that introducing charge at the 653
position had a modest effect on TM1/TM2 packing interactions.

Because neither ATP7B%°3*P nor ATP7B%***E were able to exit
the TGN, we speculate that long-range TM packing interactions
were altered, which may influence the structural state required
for TGN-exit. By the use of experimental mutational analysis and
biophysical computation, we show that the SASA and charge of
the amino acids at position 653 are important structural deter-
minants. Thus, we propose that interaction between Ser653and
Gly710 of the TM2 kink is critical for copper-dependent struc-
tural changes that allow for TGN-exit.

Is There a Hierarchy of Conformations and Signals That Regulates
TGN-Exit and Copper-Dependent Trafficking of ATP7B? Copper-
ATPase trafficking is a complex process that is not yet un-
derstood and the factors regulating TGN-exit of ATP7B into a
specialized anterograde compartment are just being identified.
In a recent study, the involvement of the clathrin adaptor, AP1
was implicated (36), as has the small cytoplasmic protein, Murr1/
COMMD1, which was identified in Bedlington terriers with WD
symptoms. The latter protein’s function is still unclear despite
considerable effort (37, 38). Finally, we know little about the
components of ATP7B’s specialized vesicles, although the
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chloride channel, CIC-4, has been implicated in ATP7B’s cop-
per-transport function in the Golgi (39).

In addition to the cellular components required for copper-
dependent ATP7B trafficking, studies have shown that molecu-
lar signals within the protein, as well as intramolecular inter-
actions, play important roles (30, 40). Two well-characterized
trafficking signals encoded within the primary sequences of both
copper-ATPases have been identified: (i) F°’-E* in ATP7B,
which is required for retention of ATP7B in the TGN (—Cu) and
targeting to the apical region in polarized hepatic cells (+Cu,
anterograde trafficking) (11); and (i) di- and trileucines in ATP7A
and ATP7B’s C-termini, which are needed for retrograde
trafficking to the TGN (—Cu) (12, 41, 42). Trafficking also
requires MBDS5 or MBD6 (10), the C terminus (12), nucleotide
binding-domain stability (43), and ATPase-dependent copper-
transport activity (31).

Previous studies demonstrated that mutation of the phos-
phatase domain (ATP7B¥TOES00>AAR) brevents completion of
the catalytic cycle, yet the mutant constitutively exits the TGN
irrespective of cellular copper levels (22, 31). Our study con-
firmed this dominant effect upon wtATP7B and showed that
TGE>AAA is also dominant over ATP7B%3*Y, Although our
study demonstrates that the catalytic cycle and trafﬁckirme not
coupled, we speculate that the acyl-ATP7B3STCESCO>AAA ¢qpy
formation is the signal that initiates TGN-exit. We propose that
in high copper there is an equilibrium shift such that a greater
number of ATP7B molecules are in the acyl-phosphorylated state
which is permissive for TGN-exit.

Will Better Genotype/Phenotype Correlations Benefit WD Patients?
WD can be lethal if left untreated and requires lifelong man-
agement. Current treatments focus on controlling the amount of
copper in the body with chelating agents, which have a long list
of side effects (44, 45); however, new approaches that focus on
correcting defective proteins could provide a novel treatment
strategy (46). Recent homology-modeling studies have provided
a convenient tool for in silico structure/function analysis of the
ATP7A (47) and ATP7B cores (20, 47). In an effort to improve
functional predictions of WD patient mutations located within
the core region, a grading strategy was developed based on the
ATP7B model/structure (20) and suggested as a guide for
selecting relevant assays useful for elucidating functional defects
of WD missense mutations. Although epigenetics, modifier loci,
and environment likely contribute to the range of WD clinical
phenotypes (48), we propose that a combination of clinical and
genetic studies together with in depth analyses would allow for
functional classification of WD mutations similar to the classi-
fication system used for Cystic Fibrosis mutations (49), and
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Methods
Additional details are in S/ Methods.

Subjects and Clinical Laboratory Tests. WD patient data in Table 1 were
compiled from the Wilson Disease Database of the Institute of Psychiatry
and Neurology, Second Department of Neurology, Warsaw, Poland.

ATP7B Mutants. QuikChange Il XL Site-Directed Mutagenesis kit (Stra-
tagene) was used with pYG7 as a template to create GFP tagged mutants
(Table S2) (10).

Trafficking Assays. Anterograde trafficking of ATP7B from the TGN was
induced by BCS—Cu shift. Specifically, 16-24 h after infection, WIF-B cells
cultured in 10 uM BCS were rinsed, one set fixed (BCS), and a duplicate set
incubated for 1.5 h in 10-100 pM CuCl, (BCS—Cu). Cells were fixed, pro-
cessed for indirect immunofluorescence, and imaged.

Retrograde trafficking (return to TGN) was induced by incubating copper-
pretreated cells with a copper chelator TTM (Cu—TTM). Specifically, 16-24 h
after infection, WIF-B cells cultured in 10 pM BCS were rinsed, incubated for
1.5 h in 10 pM CuCl, (BCS—Cu), then rinsed twice, one set fixed (BCS—Cu),
and a duplicate set incubated in 25 pM TTM for 2 h (Cu—»TTM). Cells were
fixed, processed for indirect immunofluorescence, and imaged as de-
scribed below.

Indirect Immunofluorescence, Imaging, and Quantification (50). The published
structural model of ATP7B (20) was used as a template to model the S653 sub-
stitutions using SWISS-MODEL (51). The solvent accessible surface area for the
functional groups in positions 653, 710, and 713 was calculated using the
AREAIMOL program from the CCP4i suite (52). The interatomic distances were
measured using PyMOL Molecular Graphics System, v1.4.1, (Schrédinger). Visual
inspection of the ATP7B model/structure was also performed using University of
California at San Francisco (UCSF) CHIMERA, www.cgl.ucsf.edu/chimera (53).

Molecular Dynamics Simulations. The structural model of ATP7B (20) and the
Ser653 substitutions generated by SWISS-MODEL were inserted into the
implicit bilayer of 34 A in depth by translating the molecule along the z axis
with the center of the transmembrane region kept at z = 0 (54-57).
CHARMM |[vs. 37 b1 (58, 59)] was used to perform the molecular dynamics
simulation on the KEENELAND resource (XSEDE-GaTECH) equipped with
Intel Sandy Bridge (NVIDIA 3 M2090) GPU accelerators. The 8-ns trajectory
files were analyzed using visual molecular dynamics (60) and the SASAs were
calculated using the SURF feature (RPRObe -radius 1.4 A - Correll.doc). The
datasets were plotted using SigmaPlot 11 (Systat Software).
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