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Transport of small molecules across the cell membrane is
a crucial biological mechanism for the maintenance of
the cell activity. ABC transporter family is a huge group
in the transporter membrane proteins and actively trans-
ports the substrates using the energy derived from ATP
hydrolysis. In humans, there are 48 distinct genes for
ABC transporters. A variation of a single amino acid in
the amino acid sequence of ABC transporter has been
known to be linked with certain disease. The mechanism
of the onset of the disease by the variation is, however,
still unclear. Recent progress in the method to measure
the structures of huge membrane proteins has enabled
determination of the 3D structures of ABC transporters
and the accumulation of coordinate data of ABC trans-
porter has enabled us to obtain clues for the onset of the
disease caused by a single variation of amino acid resi-
due. We compared the structures of ABC transporter
in apo and ATP-binding forms and found a possible
conformation shift around pivot-like residues in the
transmembrane domains. When this conformation
change in ABC transporter and the location of patho-
genic variation were compared, we found a reasonable
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match between the two, explaining the onset of the dis-
ease by the variation. They likely cause impairment of
the pivot-like movement, weakening of ATP binding and
weakening of membrane surface interactions. These
findings will give a new interpretation of the variations
on ABC transporter genes and pave a way to analyse the
effect of variation on protein structure and function.
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Transport of small molecules across the cell membrane is
a fundamental biological mechanism for the maintenance
of the cell activity [1]. The transport is mainly handled by
a group of membrane proteins including channels, solute
carrier (SLC) transporters and ATP-binding cassette (ABC)
transporters [2]. Channel proteins passively transport ions
and water molecules by diffusion [3], SLC transporters carry
small molecules along with conformational changes in the
transporter without ATP hydrolysis [4], and ABC transporter
proteins actively transport the substrates using the energy
derived from ATP hydrolysis [5]. A protein family of ABC
transporters consists of homologous proteins and they share
a nucleotide-binding domain (NBD) where ATP molecule

<« Significance »

ABC transporter is known to be involved in multidrug transport and its function relates to drug resistance. Nucleotide variations in ABC transporter
genes found in human genomes may relate to different responses to drugs, but only a few studies have been conducted on the relationship
between the atomic function of the protein and the variations. We took a database-driven approach to address this relationship and found that
variations at pivot-like, ATP-binding and membrane-surface regions tend to be annotated as pathogenic variation in the databases.
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binds and is hydrolysed [6]. Based on the sequence similar-
ity, ABC transporter family is divided into seven sub-families,
named ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, and
ABCG (Table 1). Of them, ABCA, ABCB, ABCC, ABCD
and ABCG have similar transmembrane domains (TMDs),
but ABCE and ABCF do not have TMDs and are not involved
in membrane transport [7]. The evolution of the ABC trans-
porter family appears to be complicated, because the number
of domains amongst the sub-families as well as in each
sub-family is different [8]. In humans, there are 48 distinct
ABC transporters, which belong to one of the sub-families
[9].

ABC transporters are known as causative agents of inher-
ited diseases. A variation of a single amino acid type in ABC
transporter is annotated as a cause of a certain disease in
ClinVar database [10]. ABC transporters are also known as
an obstacle for drug therapy, because the transporters pump
a broad range of chemical substances out of the cell includ-
ing cancer chemotherapeutics [11]. Therefore, there is a high
demand in the community studying ABC transporters for the
combinations of the mechanisms of function/malfunction
and disease to understand the molecular and atomic mecha-
nisms causing diseases [12]. The mechanical detail of the
function and the variations in the disease has not been com-
bined, because the three-dimensional (3D) structures of ABC
transporters have been difficult to obtain.

Recent progress in the method to determine the protein
structures, especially the structure of membrane proteins, by
electron microscopy (EM) has enabled determination of the
3D structures of ABC transporters [13]. EM measurement of
protein structures is pushing up the number of 3D structures
in Protein Data Bank (PDB) [14] including the number of
ABC transporters. Hence the recent increase in the structural
data of ABC transporters has enabled us to compare the struc-
tures, especially in different states. The structures of ABC
transporter are now determined in a number of different con-
ditions, namely apo form, ATP-binding form, ADP-binding
form and inhibitor-binding form.

In this study, we compared the structure of ABC trans-
porters in different states and deduced the conformation shift
upon ATP or inhibitor binding. The locations of key residues
for conformation shift and for biological function were com-
pared with the positions of known variations on the amino
acid sequence. We tried to elucidate a possible cause-and-
effect relationship between the variations and the onset of
diseases.

Methods

Search for human ABC transporter from ENSEMBL,
UniProt, gnomAD and PDB

The DNA and amino acid sequence data including the
chromosome location of human ABC transporters were
extracted from ENSEMBL and UniProt databases [15,16].
Based on the chromosome location, all the variations were
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extracted from gnomAD database [17]. The variation data in
gnomAD including the relationship between the variations
and diseases had been synchronized with the data in ClinVar
[10]. Hence the variation data in this study were originated
in ClinVar. The 3D structures of ABC transporters were
extracted from PDB [14]. To obtain the whole entries of
ABC transporters, we used all the amino acid sequences of
ABC transporters obtained from ENSEMBL and performed
homology search by BLAST [18] locally. In addition, we
performed an online homology search on PDB;j [19], so as
not to miss the recent deposition of the coordinate in PDB.

Detecting ATP-binding residues

ATP-binding residue was detected by the method employed
by Kobayashi et al. [20]. Briefly, accessible surface area of
each atom of the ATP-bound ABC transporter was calcu-
lated by in-house program. The ATP molecule was, then,
eliminated from the coordinate set and the accessible surface
area was calculated again. An atom with two different values
was, then, defined as an ATP-binding atom and the residue
with the atom was defined as ATP-binding residue.

Differential map

Two different coordinates of ABC transporter were com-
pared using differential map, which corresponds to the sub-
traction of two distance maps of the ABC transporter. The
similar map was previously used in identifying domain
movement under the name of difference map [21]. A dis-
tance map was an isosceles right triangular map with the
amino acid residue numbers on two right sides. The distance
between amino acid residue i and amino acid residue j,
which was defined as the distance between two Ca atoms,
was mapped on the intersection of i and ; inside the triangle
[22]. The distance map based on conformation 4 of ABC
transporter was subtracted from the distance map based on
conformation B in the following manner;

ADJ A =di —df,
where d;; is the distance between residues i and j, and the
correspondence of amino acid residues i and j in different
conformations of ATP transporter was taken based on the
amino acid sequence alignment. Ideally conformations of
the same sequence should be used for the comparison, but
the real data often had variations in the sequences including
proteins from different species, hence sequence alignment
was required and a gap may exist in the map. As far as unam-
biguous correspondence could be obtained, we used the 3D
structures derived from species other than human. The range
of AD was limited between —10 A and 10 A and depicted in
the map using blue to white gradation in minus values and
white to red in plus values.

Differential map can identify a change in conformation by
measuring the relative locations of the residues. Superposi-
tion of two proteins are often used for comparing the struc-
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tures, but conformation changes determined by the super-
position method depend on the sites of being superimposed.
Superposition with different regions ends in different results
which may miss the real conformation change. Differential
map has no ambiguity in this sense, but the results tend to
be qualitative. Therefore, differential map and superposition
method can be complementary. Differential map can iden-
tify constant regions in two proteins and superposition
method can be performed based on the constant regions to
quantify conformation changes. We, however, introduce a
differential plot, another quantification method in the fol-
lowing section.

Differential plot
The dimension of the differential map was reduced in the
following manner to obtain the differential plot;

AW =< X | ADEA| >,

where N is the number of AD from residue i. Ideally when
AW, is zero, the relative location of residue i remains the
same in the protein during the conformational change. The
residue is then a candidate for a pivot in the conformational
change (possibly rotation) in the internal dynamics of the
protein, if there is such dynamics. If AW, is in the local min-
imum, then residue 7 is a candidate of the local centre of the
conformational change. For the real data, identification of
the minimum site was not straight forward. We visually
located the low value region from the differential plot and
found the least value within the range.

Results and Discussion

ABC transporters of human

The results of database search were summarized in Table
1. As already known, there were 48 independent ABC trans-
porter genes in human genome and they were classified into
seven sub-families [7]. ABCE and ABCF did not have TMD
and were highly diverged from other sub-families. There-
fore, we omitted these sub-families from further analyses.
Sub-families ABCA and ABCC were monomer proteins
with two TMDs and NBDs, whereas ABCD and ABCG were
homo- or hetero-dimer proteins and each subunit had one
TMD and one NBD. ABCB contained both monomer type
and dimer type transporters. The order of domains along the
amino acid sequence of ABCG differed from the others.
Majority of the proteins had the order of TMD-NBD-TMD-
NBD, whereas ABCG alone had the order of NBD-TMD. At
the time of the submission of this manuscript, 3D structure
of only a single state was registered in ABCA, structures of
multiple states were known in ABCB, ABCC and ABCG,
and no structure of ABCD was available.

Benign and pathogenic variations in ABC transporters
We extracted variation information of human ABC trans-

porters from ClinVar and found 30,384 missense variations.
Out of these variations, 201 were annotated as benign, 407
were as pathogenic and the rest as unknown. We used the
known variations (benign and pathogenic variations) here-
after. Frequently observed types of variations in those benign
and pathogenic variations were summarized in Table 2, in
descending order in the form of major amino acid to variant.
One of the differences between the benign and pathogenic
variations was the frequent appearance of arginine in patho-
genic variation as an original amino acid (bold font in the
table). In benign variations, 16% of the variations was origi-
nated in arginine, whereas in pathogenic variations, 28%
of the variations was from arginine to different amino acid
types. Log2-odds values of the pathogenic variations indi-
cated that except for Arg-Gln variation, most of the other
variations were twice as frequent as the one in benign case.
The alteration from arginine to other amino acid types
seemed to have an impact on the function of ABC trans-
porter to a great extent. We previously found the similar
trend in SLC transporter proteins and discussed that they
were frequently found close to the surface of the membrane
[23]. In the case of ABC transporter, however, these arginine
residues were not necessarily located close to the presump-
tive surface of the membrane as we discuss below. The
mechanisms leading to the disease by the same type of vari-
ations seemed to vary in different proteins.

Location of variations on ABCA

All the missense variations on human ABCA genes were
mapped on to the 3D structure of ABCA protein (Fig. 1).
Residues in red were the locations of pathogenic variations
and residues in cyan were the locations of benign variations.
The pathogenic variations were seemingly located all over
the proteins except for TMD2 and benign variations were
located mostly on two NBDs. The variation mapping, how-
ever, did not show any difference between pathogenic and
benign variations leading to a different effect in protein
function.

Conformation shift and location of variations on ABCB
Quite a number of 3D structures have been determined in
ABCB and we selected four structures in different states
derived from humans or closely related species in relatively
high resolution (Table 1). One of the structures is shown in
Figure 2A. The overall structure of ABC transporter sub-
family B was similar to that of sub-family A, but the struc-
ture shown in Figure 2A was in the pose that two NBDs were
separated. NBDs of sub-family A in Figure 1 were in con-
tact. Comparison of two structures from sub-family B is
shown in Figure 2B using the differential map. The structure
of mouse P-glycoprotein (ABCB4) with an inhibitor (PDB
ID: 4xwk) was compared against the same protein in apo
form (PDB ID: 5ko2). The numbering in the axes is irregu-
lar, because of some missing residues in the structure data.
This differential map was derived from the subtraction of two
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Table 2 Variation types in ABC transporters

benign pathogenic
variation # % variation # %  log2-odds*
Arg-Gln 13 65 Arg-Trp 23 57 0.7
Val-Ile 13 65 Arg-His 22 54 1.44
Ala-Thr 8 4.0 Arg-Gln 22 54 —-0.25
Arg-Trp 7 3.5 Arg-Cys 20 49 1.3
Ile-Val 7 35 Gly-Arg 15 37 1.3
Ala-Val 6 3.0 Glu-Lys 15 37 0.89
Ile-Met 5 25 Leu-Pro 11 2.7 2.44
Val-Met 5 25 Arg-Gly 10 25 1.3
Val-Ala 5 25 Ala-Val 10 25 —0.29
Arg-Leu 4 20 Arg-Pro 9 22 2.15
Arg-Cys 4 20 Trp-Cys 9 22 2.15
Arg-His 4 2.0 Arg-Leu 9 2.2 0.15
Glu-Lys 4 20
Leu-Phe 4 20
Pro-Leu 4 20
Thr-Met 4 20
Val-Leu 4 20

*: log2-odds was calculated by the logarithm (base 2) of the percent-
age of pathogenic variation over the percentage of benign variation
in the same variation type.

distance maps drawn on 4xwk and 5ko2. Ideally the cor-
respondence of two distance maps should be complete,
because both coordinate data were derived from the same
protein, however there were some residues missing in the
data, and hence there were some gaps in the differential map.

o
c
o
S
E
o
E

In the case of Figure 2B, the first two residues (residues 1
and 2) and two residues in the middle (residues 600 and 601)
were missing in 4xwk, hence the map has two gaps at the
corresponding positions. In this study, the numbering of the
residues in the 3D structure was based on the observed Ca
atoms. The residue with the first Ca atom from the N-termi-
nal side was annotated as residue 1, the one with the second
Ca atom was annotated as residue 2 and the same thereafter.

One of the outstanding patterns in Figure 2B was a clear
separation around 600, which separated the N-terminal
domains (TMD1 plus NBD1) and C-terminal domains
(TMD2 plus NBD2). The N-terminal two domains moved
collectively against the C-terminal two domains. The
rhombus region on the diagonal axis around 600 are mostly
red, indicating that the sets of domains were separated by
inhibitor binding. In Figure 2A, this motion corresponds
to the horizontal separation between TMDI+NBD1 and
TMD2+NBD2. The two sets of domains are, however,
connected at the extracellular region. Hence the separation
motion is conjectured to be a rotation motion around a pivot
located in the extracellular region.

The second outstanding pattern was found in each set of
domains. Both TMD1+NBD1 and TMD2+NBD2 were sep-
arated into three sections based on the colour pattern in the
differential map; the first part of TMD (from 1 to 182, and
from 600 to 764 in 5ko2), the middle of TMD (from 183 to
291, and from 765 to 876 in 5ko2), and the last part of TMD
(from 292 to 341, and from 877 to 927 in 5ko2) plus NBDs
(Numbering method here was explained above). This sepa-

rotation in
the membrane

Figure 1 3D structure of human ABCA1 (PDB ID: 5xyj). Grey boxes are the presumptive location of the membrane. The top side is the extra-
cellular and the bottom side is the cytosolic spaces. ABCAL1 has a huge extracellular domain, but the domain is only partially shown. Amino acid
position in red is the location of pathogenic variation and in cyan is that of benign variation. The structure is shown by ribbon model in A, by ribbon
model with translucent space-filling model in B, and the other side of B in C. TMD stands for transmembrane domain and NBD for nucleotide-
binding domain. TMD1 and NBDI1 are the N-terminal domains, and TMD2 and NBD?2 are the C-terminal domains.
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Figure 2 3D structure, differential map and differential plot of sub-family B of ABC transporters. A. 3D structure of mouse P-glycoprotein
(ABCB4) (PDB ID: 5ko2). See text for the colouring of the protein. Dotted lines are the putative surfaces of the membrane. Seven residues are in
space-filling model. They are the locations of certain pathogenic variations. B. Differential map between mouse P-glycoprotein with an inhibitor
(PDB ID: 4xwk) and apo form of mouse P-glycoprotein (PDB ID: 5ko2). The horizontal axis from left to right and the vertical axis from top to
bottom are the residue number of P-glycoprotein. The difference of the distances between residues i and j (measured between Ca atoms) in two 3D
structures of P-glycoproteins is colour-coded at the intersection in the triangular map. Red colour means that the distance of the pair of residues
became longer, and blue colour means shorter. On the diagonal axis, a white box indicates domain organization, a black box indicates a location of
the second coupling helix (see text), a small dot in the white box indicates ATP-binding residue, a blue circle indicates a location of benign variation,
a red circle indicates a location of pathogenic variation, and a white circle indicates a location of conflicting variation. C. The same as B, the differ-
ential map between human ABCB8 with ADP molecule (PDB ID: 5ocha) and mouse P-glycoprotein (PDB ID: 5ko2). Grey colour in the triangle
indicates an insertion region in human ABCBS8 compared with mouse P-glycoprotein. D. The differential map between human P-glycoprotein in
ATP-binding outward-facing conformation (PDB ID: 6¢0v) and mouse P-glycoprotein (PDB ID: 5ko2). E. Differential plot based on B. Horizontal
axis is the residue number and the vertical axis is the mean differential value (AW} ). A white box on the horizontal axis shows domain organization
and a black box is the location of the second coupling helix. A blue circle with amino acid one letter code on the plot is the position of benign vari-
ation and red circle is the position of pathogenic variation. Those variations were derived from the ones on ABCB genes. CH1 and CH2 indicate the
locations of the first and the second coupling helices, respectively, defined in refs. 24 and 25. F. Ribbon model of mouse P-glycoprotein protein, the
flip side of A. The chain trace is shown in rainbow colour. Ten residues in space-filling model are located in the local minima of the differential plot
in E. The residue is identified by the sequential number (equal to the horizontal axis of E), amino acid one letter code and the residue number (the
number from the N-terminus of the contiguous sequence).

ration of TMD was mapped in Figure 2A; TMD-i, the first
part of TMD is in redish colour, TMD-ii, the middle of TMD
is in blueish colour, and the last part of TMD is in yellowish
colour (Fig. 2A). Note that TMD-ii performed a domain
swapping. TMD-ii conducted a motion separating from
TMD-i and from TMD-iii, and reduced the distance to

NBDs, which was confirmed by a red belt in TMD+NBD in
Figure 2B. By inhibitor binding to P-glycoprotein, TMD-ii
seemed to be squeezed out from the bundle of TMD-i and
TMD-iii to some extent and located closer to NBD. TMD-ii
contained one of the short cytoplasmic helices that is almost
parallel to the membrane surface. The helix seemed to play
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an interface role between TMD and NBD, hence the helix
has been termed coupling helix [24]. Dawson, R.J.P. and
Locher, K. P. found two coupling helices in each TMD. The
one that we found here was the second coupling helix in
each TMD. The location of the second coupling helix in each
TMD is shown by a black box in the domain diagram on the
diagonal axis of the map. TMD-ii apparently played the role
of transferring the information of conformation shift in TMD
to NBD.

The conformation shift observed in the comparison between
the apo and inhibitor-binding forms of P-glycoprotein was
also observed in the comparison between the apo and
ADP-binding form, but in the opposite direction (Fig. 2C).
The ADP-bound form was derived from human ABCBS
(PDB ID: 5och). Human ABCBS is a homodimer trans-
porter, of which each subunit has one TMD and one NBD.
For drawing the differential map in Figure 2C, we therefore
concatenated the coordinate files of the two subunits and
compared with apo form of mouse P-glycoprotein. The over-
all sequence identity was about 32%. The locations of the
colour regions appearing on the differential map were very
similar to the ones in Figure 2B, except for the colour, which
means that the direction of the conformation shift was oppo-
site between Figures 2B and 2C. In the case of ADP binding,
the transporter was closed, namely, the distance between
TMDI1+NBD1 and TMD2+NBD2 was closer and the cou-
pling helices were closer to NBDs. The same conformation
shift was observed in the comparison between the apo and
ATP-binding form (Fig. 2D). The ATP-binding form was
derived from human ABCB1 (PDB ID: 6c0v). The overall
sequence identity was about 89%. The locations of the
colour regions as well as the colour spectra appearing in
Figures 2C and 2D are very similar (Pearson’s correlation
coefficient = 0.39). In the case of ADP/ATP binding, both
molecules bound to NBD, and hence conformation change
in NBDs should be transmitted to TMDs and the transporter
should assume a closed conformation. Hence TMD-ii likely
plays the role of information transfer and the coupling helices
play the roles of interfaces between NBD and TMD.

In all the cases, the differential maps present the following
two conformation shifts. 1) Increase/Decrease in the dis-
tance between TMD1+NBD1 and TMD2+NBD2. And 2)
Increase/Decrease in the distance between TMD-ii and NBD.
These two types of conformation shift in ABC transporter
sub-family B were conjectured to be a rotation movement as
discussed above. To clarify this conjecture, we further drew
a differential plot (Fig. 2E and Supplementary Fig. 1). As
explained in the method section, the differential plot is the
mean of the absolute differential values in each residue plot-
ted against the residue number. Figure 2E shows that TMD
has lower values than NBD on average, indicating that con-
formation shift of NBD is greater than the shift of TMD.
Though the magnitude of the shift was not so different in
ATP/ADP-binding forms (Supplementary Fig. 1). Each TMD
had three local minima. When the sum of absolute differen-

tial values is zero, then the relative location of the residue
does not shift during the conformational change, hence the
residue is a candidate of pivot of the conformation shift. We
cannot expect such an ideal situation in the real proteins, but
when the value is in a local minimum, the residue is the
candidate of the pivot for the conformation shift and the
existence of such low value suggests that the conformation
shift is the rotation-like movement. Finding six low values
in TMDs strongly suggests that the conformation shift in
ABCB should be a hinge motion. The locations of these six
residues in the 3D structure are shown in Figure 2F. Figure
2F showed the flip side of Figure 2A. Six residues on the top
side in Figure 2F corresponds to the six minima of TMDs in
Figure 2E. In NBDs, there are a number of local minima.
At the N-terminal side of NBDs, there locate a couple of
deep minima with the value around 3.0 A. These residues are
the candidates for pivot of local conformational change in
NBD. A pivot for local conformational change may have
great overall shift in the location, but small shift against the
local group of residues. When the deep minima in NBDs
(402, 1044, 1087 and 1099 in Fig. 2E) were mapped on the
3D structure, they were located at the neck of NBDs (Fig.
2F). These residues likely play the roles of the pivots for
hinge-bending motion between TMD and NBD. In Figure
2E, the second coupling helices (black boxes in Fig. 2E)
mark the greatest values in TMD. The coupling helices
defined by Dawson R. J. P. and Locher, K. P. [24] were noted
as CH1 and CH2 in Figure 2E. All of them mark the local
maxima in TMD.

One may speculate that the mean differential values of the
residues correlates with accessibility of the residues, but we
found no correlation (correlation coefficient was about 0.15)
between the two. Another reservation one may have is on the
comparison of proteins derived from different species. Cur-
rent data set could not allow the comparison of the different
forms derived from the same species due to the paucity of
data. But when ABC transporters from mouse and that from
Staphylococcus (sequence identity was about 32%) in ADP-
binding form were compared, the mean differential value
was about 3.2 A. The corresponding value for Figure 2C was
5.6 A, much greater than the value of the same form from
different species. This result suggests that the values we
obtained above were mainly derived from the difference in
the states rather than from the difference of the species.

We plotted a position of residue variation in humans on
Figures 2B to 2E. A red dot indicates a location of variation
that causes pathogenic condition and a blue dot indicates
the location of variation that is benign. Blue dots seem to
be located throughout the protein. The locations of red
dots, however, can be classified into three regions, namely,
TMD-ii, NBD, and others. The ones appearing in TMD-ii
may hamper the information transfer between NBD and
TMD. The ones appearing in NBDs were in fact close to
ATP-binding residues that are shown by a small black dot on
the diagonal axis in the diagram of Figures, 2B, C, and D,



but only one of the variations was on the ATP-binding
residue. The variation on ATP-binding residue may impair
ATP binding to some extent leading to the impairment of
the function of the transporter. If the impairment were too
severe, then the function of the transporter should have been
lost, hence the variation would have a lethal effect. But the
effect of variation should be mild, because there was only
one exact match to the ATP-binding residues and ATP bind-
ing is a collective function involving many residues (there
are 53 dots in the figure). A single variation likely has a
limited effect that mildly impairs the function of the trans-
porter that does deprive the residue of the function. The ones
appearing in other regions were in fact found either close to
the pivots or the interface of the membrane surfaces. These
residues with the variations had the mean differential value
less than 3.0 A (Fig. 2E). Three of them had the mean differ-
ential value close to 1.0 A, hence they were likely the pivots
for the hinge movement of the TMDs. Mild impairment of
the pivot may have impact on the hinge movement and
reduce the efficacy of the conformation shift in the trans-
porter protein. The remaining four of them were located
close to one of the presumptive surfaces of the membrane
(Fig. 2A). These variations likely impair the stable interac-
tions between the protein and the membrane.

Furuta, T. et al. analysed MsbA, ABC transporter of
Escherichia coli, and found that the second coupling helix
was significantly important for nodding-like motion of NBD
based on wet-lab experiments and molecular dynamics
simulation [25]. These coupling helices are shown as CH1
and CH2 in Figure 2E. The second coupling helix of MsbA
corresponds to the coupling helix in the current analyses. In
Figure 2E, the second coupling helix (CH2), undergoes
greater conformation shift than the first coupling helix (CH1)
and one of the second coupling helices had a pathogenic
variation. The results from Figure 2E well corresponded
with their results.

Conformation shift and location of variations on ABCC
The conformation shift in ABCC was analysed between
mouse sulfonylurea receptor SURI1 in apo form (PDB ID:
Swua) and the same protein in ADP-binding form (PDB ID:
Sywec), and between mouse SUR1 in apo form and zebrafish
cystic fibrosis transmembrane conductance regulator (CFTR)
in ATP-binding form (PDB ID: 5w81). These three struc-
tures were all determined by electron microscopy. The dif-
ferential maps and the differential plots are shown in Figure
3. The regions in colour and the colour spectra of the differ-
ential maps (Figs. 3A and 3C) were surprisingly similar to
the ones in ABCB (Figs. 2C and 2D). The conformation
shifts found in ABCC were, 1) Decrease in the distance
between TMD1+NBD1 and TMD2+NBD?2, and 2) Decrease
in the distance between the coupling helices and NBD.
SUR1 had additional N-domain and the domain tended to
behave concomitant to TMD1+NBDI1. The differential plots
for both differential maps (Figs. 3B and 3D) behaved similar
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to the plot of ABCB (Fig. 2E).

In ABCC, a huge number of variations in humans have
been identified and most of the variations were pathogenic,
especially on multi-specific organic anion transporter E
(ABCC6) and cystic fibrosis transmembrane conductance
regulator (ABCC7) [12]. When these variations were
mapped on to the differential maps and plots, pathogenic
variations appeared everywhere including the regions identi-
fied in ABCB (Fig. 3). This scattered distribution of the
pathogenic variations on ABCC suggests that the way the
ABCC realises function is quite different from the way of
ABCB. The intolerance of variations in ABCC suggests that
there should be many protein-protein interactions involved
in ABCC. In fact, SURI works with potassium channel.
SURL surrounds the channel and stabilises a closed confor-
mation of the channel [26].

Conformation shift and location of variations on ABCG

The overall structure of ABCG is different from the mem-
bers in other ABC sub-families. ABCG is a dimer protein
and each subunit correspond to the half of other ABC
sub-family proteins. The sequential order of the domains in
ABCAG is also different from other ABC sub-families. ABCG
starts with NBD followed by TMD, whereas other ABC
proteins start with TMD followed by NBD. These differ-
ences are evidently reflected to the differences in static and
dynamic conformations of ABCG from other ABC sub-
families. Figure 4A shows the static structure of human
sterol transporter ABCG5/ABCGS heterodimer. The TMDs
are buried in relatively parallel against each other compared
with TMDs in other ABC transporters (Fig. 2A). In addition,
the length of helices in TMDs is shorter. The conformation
shift in ABCG was analysed between human sterol trans-
porter ABCG5/ABCGS heterodimer in apo form (PDB ID:
5do7) and human ABCG2 in ATP-binding form (PDB ID:
6hbu). The sequence identity was about 27%. The subunits
of each protein were concatenated so that shift in subunit
location can also be detected in the map. As expected from
the difference in the structures between ABCG and other
ABC transporters, the coloured regions as well as the colour
spectra of the differential map of ABCG are quite different
from other ABC transporters (Fig. 4B). The rhombus region
on the diagonal axis around the junction of two subunits
(two edges are depicted by dotted lines) is mainly blue,
which means that upon ATP binding, the distance between
two subunits became closer. The regions corresponding to
the coupling helix in other ABC transporters are indicated by
black boxes in Figure 4B, which is named CpH by Lee, J.-Y.
et al. [27], but no characteristic conformation shift was
observed on the region in the differential map. Instead the
characteristic conformation shift was found close to the
junction of NBD and TMD, especially in ABCGS. This
region corresponded to a helix connecting the domains and
the helix lay parallel to the presumptive membrane surface.
Lee, J.-Y. et al. [27] named this helix CnH. The mean differ-
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Figure 3 Differential map and differential plot of sub-family C of ABC transporters. A. Differential map between mouse sulfonylurea receptor
SURI in apo form (PDB ID: Swua) and the same protein in ADP-binding form (PDB ID: Sywc). See the figure caption of Figure 2B for the detail
of the map. B. Differential plot based on A. See the figure caption of Figure 2E for the detail of the plot. C. Differential map between mouse sulfo-
nylurea receptor SURI in apo form (PDB ID: Swua) and zebrafish cystic fibrosis transmembrane conductance regulator (CFTR) in ATP-binding
form (PDB ID: 5w81). D. Differential plot based on C. The circles located on the horizontal axis indicate that these residues were located on the gap
of the alignment amongst human ABCCs, mouse SUR1 and zebrafish CFTR.

ential values of the residues in CpH and CnH were high (Fig.
4C). This observation suggests that both CpH and CnH
likely play the role of coupling helix in ABCG, as suggested
by Lee, J.-Y. et al. [27]. Ferreira R.J. et al. performed a
molecular dynamics calculation and showed that the loop
between transmembrane helices 2 and 3 should substitute
for the function of the coupling helix (thus they named
‘coupling loop”) [28]. The corresponding loop did not show
a conformation shift characteristic to the coupling helix in
our study. In either case, ABCG seems to have different
information transmission pathway between NBD and TMD.

The differential plot of ABCG is shown in Figure 4C.
Quite different from the differential plots of other sub-
families, the minimum values did not reach around 1.0 A
and hence there existed no global pivot residues in the con-
formation shift of ABCG upon ATP binding. However, five
pathogenic variations were still located close to the local
minimum of the plot. These positions are visualized in Fig-
ure 4A with a space-filling model in yellow. All of them are

on the tip of the transmembrane helices on the side of extra-
cellular region. This result suggests that the TMDs of ABCG
should undergo a hinge motion upon ATP binding as in other
ABC transporters, yet the extent of the motion is limited to
TMDs at most, and that the mild impairment of the hinge
motion by variation at or close to the pivot residue should
lead to a decline in the activity of ABCG, which onsets the
disease. Ferreira R.J. et al. [28] performed a molecular
dynamics simulation on ABCG protein to gain insights for
the mechanisms of the pump and they mainly analysed the
dynamics of NBD where ATP bound, but the result in their
Figure 8A showed a clear conformation shift motion at the
extracellular regions where we identified pivot-like residues
for hinge motions and pathogenic variations. Pathogenic
variations located at the position with mean differential
value >4.0 A is also mapped in Figure 4A with a black
space-filling model. These pathogenic variations were
located either in NBD or close to the presumptive cyto-
plasmic interface of the membrane. Especially the two vari-
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Figure 4 3D structure, differential map and differential plot of sub-family G of ABC transporters. A. 3D structure of human sterol transporter
ABCGS5/ABCGS heterodimer (PDB ID: 5do7). Dotted lines are the presumptive surfaces of the membrane. Four residues are in black space-filling
model. They are located at the positions of pathogenic variation with mean differential value >4.0 A. Five residues are in yellow space-filling model.
They are located at the positions of pathogenic variation with mean differential value <3.0 A. B. Differential map between human sterol transporter
ABCG5/ABCGS heterodimer in apo form (PDB ID: 5do7) and human ABCG2 in ATP-binding form (PDB ID: 6hbu). The dotted line on the map
indicates the separation of two subunits. See the figure caption of Figure 2B for the detail of the map. CpH indicates the location of the coupling
helix defined in ref. 27. C. Differential plot based on B. Two subunits (ABCGS and ABCGS) were concatenated and shown in a single graph. See
the figure caption of Figure 2E for the detail of the plot. CnH and CpH indicate the locations of the connecting helix and coupling helix, respectively,

defined in ref. 27.

ations, changing Arg to other types of amino acid on the
surface of the membrane, likely destabilise the interactions
between the TMD and the membrane, and hence likely
destabilise the position or the direction of ABCG in the
membrane [23]. Figure 4C shows an apparent skewed distri-
bution of pathogenic variations to the positions with lower
mean differential value, especially <4.0 A. The P-value of
this skewed distribution can be derived from Fisher’s exact
test as 5.0x 1073, suggesting that pathogenic variations tends
to be found close to the local pivot-like position in ABCG.

Conclusion

In this study, we found several pivot-like residues using
differential maps and plots for the conformation shift deduced
by ATP binding in ABC transporters by comparing different
3D structures registered in PDB [14]. The locations of
pivot-like residues differed in different sub-families of ABC
transporters, but they were often found on the residues in
extracellular region (Fig. 5). The importance of the coupling
helix has been reported in many previous studies and we also

Apo form ATP-binding form

Extracellular region

cytoplasm

ATP/ADP ATP/ADP

Figure 5 A schematic view of the conformation shift identified by
differential map and plot.

identified the conformation shift in the helix.
The similar, but not exactly the same, studies have been
deployed using molecular dynamics simulation [29-33].
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Molecular dynamics simulation is a powerful method to
elucidate the atomic movement of the protein, yet due to the
huge size of ABC transporters, a sufficient phase space search
has been difficult to attain. Condic-Jurkic, K. ef al. cast a
doubt on the results of molecular dynamics simulation of
big protein including ABC transporters [34]. Our analyses
can be an alternative to address the ambiguity that molecular
dynamics simulation has.

Making distinction between benign and pathogenic varia-
tions from the location of the variations is still considered to
be a difficult task, but accurate prediction of the effect of the
variation to the protein function will solve the issue. In this
study, we combined the information of conformation shift
and the locations of variations and found that amino acid
variations on pivot-like residues tend to have pathogenic
results. This trend could be found in ABCB, subtle but statis-
tically significant in ABCG, and hard to be applied in ABCC
because of the scattered distribution of pathogenic variations
over the entire protein. The information of pivot-like residue
obtained by the comparison of different 3D structures of
ABC transporters, in addition to the information of ATP-
binding sites and sites close to the surface of membrane, will
help to improve the annotation of variations found in ABC
transporter genes in human genome sequences.
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