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Sequence data.
We initiated a three-iteration PSI-BLAST (1) search of hCTR1
against the UniProt database (2) with an E-value threshold of
0.0001. Discarding redundant hits (>99% sequence identity)
and fragments (<60% of hCTR1’s length), we obtained a multi-
ple sequence alignment (MSA) of 271 sequences using MUSCLE
(3). We used the MSA to estimate the evolutionary conservation
level at each amino acid position via the ConSeq webserver [(4),
http://conseq.tau.ac.il].

TM helix boundaries.
In the literature there is overall agreement regarding the core
sequence of the three TM helices of hCTR1 (5–9). However,
estimates regarding the exact boundaries of each helix differ
by up to seven residues. Following an approach that we used
previously to model the EmrE transporter (10), we identified
the TM helices as the longest hydrophobic stretches in the protein
sequence after taking into account the equivalent regions in
homologues (11). We extended the hydrophobic stretch detected
in the sequence of hCTR1 by including positions in which most of
the homologous sequences contained hydrophobic residues. For
determining the ends of TM1 and TM3, we also incorporated the
evolutionary conservation analysis, which indicated a clear pat-
tern of helix periodicity in both TM segments (Fig. 1A). The final
helix boundaries were thus set to 69–86 (TM1), 136–154 (TM2)
and 160–176 (TM3) (Fig. S1A). The boundaries should roughly
correspond to the hydrocarbon region of the membrane, and the
actual TM helices may extend beyond them.

Selection of helix orientation and construction of noncanonical
helices.
Employing the approach of Fleishman et al. (11), we obtained the
best-scored helical rotation separately for each of the three he-
lices. Briefly, the algorithm starts from the helix principal axes
(extracted from a low-resolution map), and constructs Cα-trace
models of the corresponding helices. Next, for predicting the
rotational angle of each helix around the axis, the algorithm
includes a scoring function that favors the burial of conserved
residues in the protein core, as well as the exposure of variable
amino-acids to the lipid membrane. In addition, a penalty is
associated with orienting any of the amino-acids Asp, Glu,
Lys, Arg, and Asn toward the membrane. Calculated individually
for each helix, the highest-scored rotation angle is selected using
an exhaustive search in which the scores for all orientations are
calculated in increments of 5° (Fig. S7).

The original algorithm was only capable of constructing per-
fectly canonical helices (11). We introduced an improvement
in the helix construction section of the algorithm to support also
noncanonical helices, which are abundant in TM proteins and are
visible in the cryoEM map of hCTR1 (12). Briefly, the principal
axes, extracted from the cryoEM map containing the apparent
helix kinks, were first divided into a series of points in 3D space.
Each point represented the projection of the Cα of a single re-
sidue on the principal axis. Every point was set at a distance of
1.5 Å from the previous one to accommodate the known traits of
alpha-helices. A virtual disc with a radius of 2.3 Å was built
around each point. Each disc was tilted so that its normal was
the vector connecting its corresponding point to the next. The
disc corresponding to the last point was tilted in the same direc-
tion as the previous disc. Next, we placed the Cα atom of each

residue on the perimeter of its corresponding disc, rotating each
atom by an additional 100° around the disc’s perimeter. This
maintained the helical periodicity around the principal axes. Be-
cause we incorporated the direction vector between each two
points to establish the location of the Cα atom, we could model
any noncanonical helical structural feature.

Alternative conservation profiles.
CTR proteins are characterized by rather diverse N- and
C-termini, varying in both size and residue content. The long loop
between TM1 and TM2 also exhibits similar features. Comparing
these regions to the three TM regions, it is apparent that the TM
parts are indeed much more conserved (Fig. 1A). In the ConSeq
webserver [(4), http://conseq.tau.ac.il/] the conservation score of
each residue is calculated relative to the conservation levels of all
positions in a given MSA. Therefore, when we used the full MSA,
which included the variable regions in addition to the conserved
TM segments, the grades of the TM region had a somewhat lim-
ited distribution, with the lowest grade set at five. As expected,
removal of the variable regions resulted in a sharper conservation
signal in the TM region, with grades ranging from 1 to 9. We
therefore constructed a Cα-trace model of hCTR1 using conser-
vation scores based on the full MSA (Fig. 1), the MSA in which
the N- and C-termini were extracted, and using an additional
MSA in which we also removed the long loop between TM1
and TM2. Reassuringly, all resulting models had almost identical
properties; the largest difference was a rotation angle of a single
helix in one of the models, which deviated by 5° from those in
the other models. This value is much lower than the predicted
error range of 20° (see Discussion in the main text). Hence, we
can estimate that the model structure is robust with respect to
changes in the conservation scores, computed based on differ-
ent MSAs.

TM2-3 loop and model symmetry.
The loop included in the final model structure was constructed
using PLOP (13). To estimate the reliability of this loop config-
uration, we generated 500 additional loop conformations using
the kinematic loop closure method, embedded in the recent
Rosetta software package (14). The Rosetta-produced loops cor-
responded to the PLOP conformation, with a large cluster of 308
loops yielding an rmsd of <0.2 Å from the original PLOP loop.
Additionally, the manual procedure of extracting the helices’
principal axes did not result in an entirely symmetric model. As-
suming that the structure is, on average, symmetric, we enforced
symmetry on the model using the method of Andre et al. (15),
part of the Rosetta package.

Physicochemical characteristics. Although the hCTR1 Cα-trace
model provided only a rough estimate of the location of the
Cα atoms of the TM domain (see Discussion in the main text),
it was still sufficient for investigation of the domain’s physico-
chemical properties (Fig. S1B). Out of the few hydrophilic resi-
dues in TM1 and TM3, Met69, Tyr83, and Glu84 of TM1 along
with Cys161 and Tyr172 of TM3 were located at the cytoplasmic
edges of their TM segments or were positioned toward neighbor-
ing TM helices. The remaining polar residues, Met81 (TM1) and
Thr170 (TM3), were exposed to the lipid (Fig. S1B), but exam-
ination of our alignment of the CTR family revealed that most
homologues in fact possess hydrophobic residues in these posi-
tions (data available upon request). TM2’s hydrophilic residues
constitute a single, evolutionarily conserved helical face, com-
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posed of the residues His139, Gln142, Ser146, Tyr147, Met150,
and Met154 (Fig. 1B). The model positioned this conserved polar
face toward the pore, creating a hydrophilic environment within
the pore (Fig. S1B). This orientation corresponded well with the
chemical nature of TM2 and its intuitively assigned role in coating
the ion translocation pathway. It is noteworthy that these struc-
tural features were not direct derivatives of the model-building
process, as the scoring function relies mainly on the given
conservation profile, with minor penalties for orienting charged
amino-acids, as well as Gln, toward the lipids (11).

SI Results GNM and ANM analysis.
GNM versus ANM.
In GNM and ANM (16–19), the structure is viewed as a collection
of nodes, representing the Cα atoms, and springs, contacting the
Cα-atoms within a distance range. The particular topology of the
structure determines its collective modes of motion. GNM, being
an isotropic and a one-dimensional model, characterizes only the
magnitudes of fluctuations; ANM, on the other hand, predicts
also the directions of the fluctuations. In GNM, the correlation
between the fluctuations ΔRi and ΔRj of residues i and j can be
expressed as a sum of individual modes, where N is the number of
residues, using:

hΔRiΔRji ¼ ð3kBT∕γÞ½Γ−1�ij ¼ ð3kBT∕γÞΣk½λ−1k ukuTk �ij [S1]

Here, Γ is the connectivity (or Kirchhoff) matrix, accounting
for the interaction of residues within a distance cut-off by a har-
monic potential function (with a force constant γ). The term k
refers to the N-1 nonzero modes; λk is the eigenvalue of Γ that
refers to the k-th mode of motion; uk is the k-th eigenvector; kB is
the Boltzmann constant; and T is the absolute temperature. The
contribution of each motion scales with the inverse frequency of
that mode. When i ¼ j, the predicted correlations are reduced to
the mean-square fluctuations of residues. The normalized posi-
tive and negative correlations refer, respectively, to fluctuations
that are correlated in the same and opposite directions, using:

hΔRiΔRjinorm ¼ hΔRiΔRji∕ðhΔR2
i i1∕2hΔR2

j i1∕2Þ [S2]

Of the two elastic models, GNM is more robust in the predic-
tion of fluctuations (18, 20, 21). Thus, it was used here to predict
the relative magnitudes of fluctuations of residues, to identify
hinge regions and to derive the cooperative motion of the model
structure. ANMwas then used to predict the directions of motion
and to generate the conformations that describe the motion, in
accordance with the fluctuations described by the GNM analysis.
In this study, we used distance cut-offs of 10 Å and 18 Å for the
slowest modes of GNM and ANM, respectively. We performed
GNM and ANM analysis using in-house programs, as well as
the HingeProt webserver (22). For ANM, we reviewed only non-
degenerate motions, as these suggest symmetric motion. We then
matched the corresponding GNM and ANM modes according to
their square displacements and hinge regions (Table S4). Addi-
tionally, high-frequency vibrating residues of the fastest GNM
modes were detected using a cut-off of 6.5 Å for the distance be-
tween contacting Cα-atoms, as previously established (23–26).
Such positions have been shown to correspond to positions essen-
tial for fold stabilization or function (25, 26).

Matching GNM and ANM modes.
Although the two elastic network models GNM and ANM differ
in their underlying potential functions, studies have demon-
strated that, as shown for other systems, modes of motion
predicted for TM proteins by GNM and ANM can be related
using a comparison between the derived fluctuations [e.g.
(27–29)]. While associating GNM and ANM modes, one must

keep in mind that minima are more accurately predicted by
the GNM model (18, 20, 21). Therefore, we matched the modes
taking into account that some of the hinges displayed by the an-
isotropic ANM model might not be displayed by a matching
GNM model (Table S4). Indeed, whereas GNM mode 1,2 dis-
played a single prominent minimum in the region of M150
andM154, the associated ANMmode 3 included some additional
local regions of low mobility (Figs. S3 A and C). Yet, because the
single region identified as a minimum in GNMmode 1,2 is clearly
the dominant minimum in ANM mode 3 as well (Movie S1), we
concluded that GNM mode 1,2 and ANM mode 3 are matching
modes, describing similar motion. We validated our conclusion by
mapping of GNM-derived cross-correlations from mode 1,2 on
the structural deformations of the third ANM mode. The motion
of ANM3 suggested a dynamic domain of three structural units,
formed by TM1 and TM3 from the same subunit along with TM2
of an adjacent subunit (Fig. 4 and Movie S1). Indeed, these exact
segments were positively correlated according to the matched
GNM mode 1,2 (Fig. 3C). Clearly, the cross-correlation of
GNM3, separating the structure into oppositely correlated cyto-
plasmic and extracellular parts (Fig. 5C), does not match the
motion depicted by ANM3 (Fig. 4). The next match, GNM3
and ANM6, was much more intuitive, as the regions of minimal
mobility were essentially identical in both modes (Fig. S3 B and
D). In both modes, the hinges were located approximately at the
center of the TM helices, resulting in extracellular and intracel-
lular rigid parts. Mapping the cross-correlations of GNM3 on the
deformation of ANM6 (Movies S2 and S3), we indeed observed
that the dynamics is composed of two distinct cooperative
motions: the extracellular parts of the TM helices displayed a ro-
tational movement, whereas the cytoplasmic parts moved toward
and back from the pore center. Notably, as GNM mode 3 is very
similar to, GNMmode 4,5, whereas ANMmode 6 displays essen-
tially the same motion as ANM mode 7, we extrapolated the
match of GNM3 and ANM6 to the similar modes as well
(Fig. S3B).

Conformation of the TM2-3 Loop.
To examine the robustness of our results, we performed the
GNM/ANM analysis using two other models with substantially
different loop conformations, obtained using the program Loopy
(30). The calculations yielded almost identical results to those
obtained with the trimer consisting of the PLOP-generated loop.
GNM fluctuation shapes, detected hinge regions, ANM fluctua-
tions and interresidue cooperative dynamics were generally the
same for all examined loop conformations, whereas the exact,
absolute values of the residue fluctuation magnitudes differed
slightly. We thus concluded that the exact loop conformation
had negligible effect on the normal mode analysis investigation.

Approximated helix rotation errors: Effect on dynamics and structural
interpretation.
As mentioned above, the scoring function we used examined the
possible rotation angles in increments of 5°. Plotting the scores
for the possible rotational angles, we observed that for each helix
there were several sequential rotation angles that received very
similar scores (Fig. S7). We thus approximated the expected error
in the helix rotations, consisting of three different rotational
angles for TM1, four possible orientations for TM2, and four
for TM3 (overall 3 × 4 × 4 ¼ 48 alternatives). As both GNM
and ANM rely only on Cα-Cα contacts to predict motion, we
compared the contacts of all 48 possible models to investigate
the effect of this error range on our findings. Reassuringly, the
number of differences between the contacts of the selected model
and those of the other possible models was small. Of approxi-
mately 800 contacts in the TM domain of each model, the number
of contact differences ranged from 6 to 24.
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To further investigate the matter, we added the TM2-3 loop to
the model that had the largest number of altered contacts and
carried out the GNM/ANM and structural analysis on that model.
Indeed, we received the exact same results for the normalized
square displacements and cross-correlations from GNM and
for the ANM-based deformations. Mapping the sensitive- and
insensitive-to-mutation positions on this alternative model, we
concluded that the structural locations of these residues were
hardly affected. Considering the rather small error range, we
anticipate a similar effect for the other models as well.

Additional GNM slow modes.
In the main text, we focused on the five slowest GNM modes.
Overall, we examined how the 30 slowest modes contributed
to the protein’s motion. The sixth GNM mode and the following
mode 7,8 (average of degenerate modes 7 and 8) contributed
similarly to the protein’s motion, exceeding 1% (Fig. S2). The
square displacements of the modes, however, revealed that the
hinge regions were quite similar to the previous ones detected
in the third mode and in mode 4,5 (Fig. S4B) but were more em-
phasized. We could not match a specific slow ANMmode to these
modes and decided not to fully analyze the predicted functional
motion associated with these modes. Nevertheless, the most
cooperative modes are expected to describe functional motions
in biological macromolecules (31).

Highly fluctuating residues: Fastest GNM modes.
The fastest modes of the GNM can be used to identify kinetically
hot positions; i.e., positions that are critical for the stabilization of
the structure or are involved in binding (23–26). Previous studies
have stated that the high-frequency of such residues is a direct
consequence of a sheer energy landscape around their highly re-
stricted positions in the structure. These residues undergo fast
fluctuations with small conformational freedom. For hCTR1,
the eigenvalues of the nine fastest GNM modes revealed three
degenerate groups, consisting of modes 1′–3′, 4′–6′ and 7′–9′
(Fig. S6A). We identified the most mobile residues in these
modes as the most prominent peaks in the fluctuations. Interest-
ingly, these positions consisted of Ala80 of TM1 and GxxxG-con-
tacting residues Gly167 and Gly171 of TM3 (Fig. S6B). This
suggests a possible role for these residues in structure stabiliza-
tion or as critical points at the helix-helix interface, as indicated
before for high-fluctuating positions. Whereas it was previously
speculated that the GxxxG is of structural significance (12,
32), no such role was established for Ala80. It should also be
noted that location of the two glycines in the tightest contact
point of the structure is not a direct consequence of the modeling
approach; the scoring function attempts to maximize the number
of buried conserved and exposed variable residues for a single
TM helix, without accounting for the size of specific residues
included in the segment (11).
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Fig. S1. Physicochemical properties of the hCTR1model structure. (A) The hCTR1 sequence is colored according to hydrophobicity (1), using the blue-to-yellow
color code shown in the color bar. The predicted boundaries of the three TM segments are marked. For clarity, only part of the N-terminal is illustrated. (B) Side
view of the hCTR1 model colored similarly according to hydrophobicity (1), with Cα-atoms of hydrophilic residues shown as spheres and the cytoplasmic side
facing up. It is apparent that the pore is enriched with hydrophilic residues, whereas the membrane-facing positions are mostly hydrophobic, as expected.

1 Kessel A, Ben-Tal N (2002) Peptide–Lipid Interactions: Current Topics in Membranes ed Simon S (Academic, San Diego) Vol 52, pp 205–253.

Fig. S2. Contribution of slow GNM modes to motion. The contribution of the 30 slowest GNM modes to the overall motion, based on their eigenvalues. This
graph reveals pairs of degenerate modes, displaying the same eigenvalues, e.g. modes 1 and 2, 4 and 5, 7 and 8, etc.
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Fig. S3. Associated slowest GNM and ANM modes. The square fluctuations of GNM and ANM modes are displayed according to the legend. The residue
numbers are shown with their corresponding chains. For clarity, in panels C and D fluctuations of only one chain is displayed, and the maximum value is
set to 0.014. (A) GNM1,2 is matched to ANM3, with the most prominent minima emerging in Met150 and Met154 of the TM2 MxxxM motif in both modes.
(B) GNM3, GNM4,5 and ANM modes 6 and 7 display essentially the same square displacements, with minima as marked in Fig. 5A, including residues of the
GxxxG motif. (C) GNM1,2 and GNM3 compared to ANM3. Although ANM3 does display some local minima around positions 77 and 168, the most prominent
hinge (encircled) is located at positions 147, 150 and 154, matching exactly the dominant minima of GNM1,2. (D) GNM1,2 and GNM3 compared to ANM6.
ANM6 displays three equally emphasizedminima regions, corresponding to theminima of GNM3. GNM1,2, on the other hand, consists of a single hinge region,
therefore probably does not match this ANM mode.

Fig. S4. Comparison of slow GNM modes. Square displacements are shown for the three subunits according to the legend. The residue numbers are shown
with their corresponding chains. (A) Mode 3 and mode 4,5 (average of modes 4 and 5). The modes exhibit similar hinge regions, located approximately at
residues 75–80, 145–150 and 165–170 of TM1, TM2 and TM3, respectively. (B) Modes 6 and 7,8 to mode 4,5. Slow modes 6 and 7,8 exhibit similar hinge regions
to mode 4,5, albeit some hinge regions are more emphasized or expanded beyond their regions in mode 4,5.
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Fig. S5. The GNM analysis of the hCTR1 monomer shows, in essence, the same results obtained for the trimer. We carried out GNM calculations for the hCTR1
monomer as described above for the trimer. In both panels, the fluctuations of the slowest GNM modes obtained for the isolated monomer are compared to
those of the trimeric structure. The residue numbers are shown with their corresponding chains. (A) GNMmode 1,2 of the trimer was compared to the slowest
mode of motion of the monomer. It is apparent that minima appear in similar regions, with the slowest mode of the monomer showing an additional hinge
compared to GNMmode 1,2 of the trimer. (B) The shape of the third trimeric GNMmode is similar to those of the second and third slowest monomeric modes.

Fig. S6. The fastest GNM modes. (A) Contribution to motion of the nine fastest GNM modes. It is evident that there are three groups of degenerate modes,
modes 1′–3′, 4′–6′ and 7′–9′, with 1/eigenvalues of 0.064778, 0.065116 and 0.076283, respectively. Indeed, superimposing the square displacements resulted in
symmetrically shaped graphs for all three groups [in (B)]. (B) Square displacements of the fastest GNM modes, shown according to the legend above. The
detected “kinetically hot” residues are marked on one of the subunits.
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Fig. S7. Score versus rotation angle for each of the three TM helices. A single peak was obtained for each helix, representing its preferable rotation angle. The
peaks are marked by the arrows. The final model was generated using the rotation angles with the highest scores.

Fig. S8. Emerging experimental data supports the hCTR1 model structure. The hCTR1 model is presented and colored as in Fig. 2 but the positions are now
colored according to the new Trp scanning presented in a recently published paper (1). It is evident that the new experimental data agrees with the
model structure as well; as determined in previous mutagenesis studies, predicted pore-lining residues are sensitive to mutations. In positions that are
lipid-exposed, substitution to Trp is generally tolerated. Notably, Glu84 and His139, suggested by our study to be engaged in pH dependency, are both sensitive
to mutation to Trp.

1 De Feo CJ, Mootien S, Unger VM (2010) Tryptophan scanning analysis of the membrane domain of CTR-copper transporters. J Membrane Biol 234(2):113–123.
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Movie S1. The third ANM mode, corresponding to GNM mode 1,2 (Table S4). The model structure is shown as ribbon and viewed from the cytoplasm. The
mode depicts three separate structural elements (red, green, and blue), in accordance with the cooperative dynamics in GNMmode 1,2 (Fig. 3C). Each element
is composed of TM1 and TM3 of the same chain, along with the N-terminal part of TM2 from an adjacent chain. Gly167 and Gly171 of the GxxxG TM3 motif of
the three subunits are depicted as red, green, and blue spheres. The hinge region at the end of TM2, remaining static during motion, is colored gray, with
Met150 and Met154 represented by spheres. Residues 85, 86, and 136–139 of the ends of TM1 and TM2, respectively, were omitted for clarity.

Movie S1 (GIF)

Movie S2. The sixth ANM mode [matched to GNM mode 3 (Table S4)]: An extracellular view. The trimer is colored according to the positive and negative
correlations exhibited in the corresponding (third) GNM mode, as in Fig. 5C. Spheres represent Met150 and Met154 of the MxxxM TM2 motif and Gly167 and
Gly171 of the GxxxG TM3 motif. The glycines, situated at or near the hinge points, are colored gray. The extra- and intracellular helical segments display
correlated motion, respectively. Thr136 was omitted for clarity.

Movie S2 (GIF)
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Movie S3. The sixth ANMmode: A cytoplasmic view. The model structure is depicted and colored as in Movie S2, but viewed from the opposite end. Positions
136–137 were omitted for clarity.

Movie S3 (GIF)

Table S1. Scores computed for all 12 possible models

(A,B,C)* N-terminus outside N-terminus inside

(1,2,3) 54.29† 44.44
(1,3,2) 44.36 38.07
(3,1,2) 33.90 34.96
(3,2,1) 40.09 39.38
(2,1,3) 43.34 45.87
(2,3,1) 38.52 44.90

*Columns A, B, and C correspond to map density rods according to the selected helix assignment, with A, B, and C, matching TM1, TM2,
and TM3, representing the selected assignment. The numbers represent altered assignments; for example (1,3,2) represents an
assignment in which the TM2 is switched with TM3 relative to the preferred assignment (1,2,3). For each assignment, the scores
computed for the correct topology (N-terminus outside the cell) and the inverted one (N-terminus inside the cell) are shown in
the two rightmost columns.

†The model with the helix assignment and topology suggested in a previous study (12) received a significantly higher score than did all
other possible permutations.
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Table S2. Available mutagenesis data within the TM region

Substitution (hCTR1 equivalent*) Pos. Examined protein Effect† Con. (1–9)‡ Ref.

M69I TM1 hCTR1 Nondeleterious 8 (1)
M81I TM1 hCTR1 Nondeleterious 7 (1)
C48S (F73) TM1 yCTR3 Partial 8 (2)
C51S (V76) TM1 yCTR3 Partial 8 (2)
Y83A TM1 hCTR1 Nondeleterious 7 (1)
Y83F TM1 hCTR1 Deleterious 7 (1)
E84L TM1 hCTR1 Nondeleterious 9 (1)
E84Q TM1 hCTR1 Nondeleterious 9 (1)
H139A TM2 hCTR1 Deleterious 8 (1)
H139R TM2 hCTR1 Nondeleterious 8 (1)
Y147A TM2 hCTR1 Nondeleterious 9 (1)
Y147F TM2 hCTR1 Deleterious 9 (1)
M150L TM2 hCTR1 Deleterious 9 (3)
M150Q TM2 hCTR1 Deleterious 9 (4)
M154L TM2 hCTR1 Deleterious 9 (3)
M154Q TM2 hCTR1 Deleterious 9 (4)
M150IM154I TM2 hCTR1 Deleterious 9,9 (1)
Y156A TM2-3 hCTR1 Deleterious 8 (1)
C161S TM3 hCTR1 Nondeleterious 8 (1)
I196W (C161) TM3 yCTR3 Partial 8 (5)
I197W (I162) TM3 yCTR3 Partial 7 (5)
S198W (A163) TM3 yCTR3 Deleterious 9 (5)
C199W (V164) TM3 yCTR3 Deleterious 9 (5)
C199S (V164) TM3 yCTR3 Nondeleterious 9 (2)
L200W (A165) TM3 yCTR3 Nondeleterious 8 (5)
I201W (A166) TM3 yCTR3 Nondeleterious 6 (5)
G167L TM3 hCTR1 Deleterious 9 (5)
G167S TM3 hCTR1 Deleterious 9 (4)
G202L (G167) TM3 yCTR3 Deleterious 9 (5)
G202W (G167) TM3 yCTR3 Deleterious 9 (5)
A203W (A168) TM3 yCTR3 Nondeleterious 8 (5)
I204W (G169) TM3 yCTR3 Nondeleterious 7 (5)
V205W (T170) TM3 yCTR3 Nondeleterious 6 (5)
G171L TM3 hCTR1 Deleterious 9 (5)
G206L (G171) TM3 yCTR3 Deleterious 9 (5)
G206W (G171) TM3 yCTR3 Deleterious 9 (5)
R207W (Y172) TM3 yCTR3 Partial 8 (5)
F208W (F173) TM3 yCTR3 Nondeleterious 7 (5)

*Performed mutation, and corresponding hCTR1 position in cases which the substitution was performed on a
homologous protein.

†Substitutions were deemed deleterious in cases which this was the observed phenotype, or when mutations
reduced activity below 50% of the WT Vmax. Nondeleterious effect was ascribed to substitutions in which
this was the determined phenotype, or when activity of over 50% WT Vmax was observed for the mutant.
Partial activity was attributed to mutants when this was the observed effect.

‡Evolutionary conservation grades for each position, as shown in Fig. 1.

1 Eisses JF, Kaplan JH (2005) The mechanism of copper uptake mediated by human CTR1: A mutational analysis. J Biol Chem 280(44):37159–37168.
2 Pena MM, Puig S, Thiele DJ (2000) Characterization of the Saccharomyces cerevisiae high affinity copper transporter Ctr3. J Biol Chem 275(43):33244–33251.
3 Puig S, Lee J, Lau M, Thiele DJ (2002) Biochemical and genetic analyses of yeast and human high affinity copper transporters suggest a conserved mechanism

for copper uptake. J Biol Chem 277(29):26021–26030.
4 Liang ZD, Stockton D, Savaraj N, Tien KuoM (2009)Mechanistic comparison of human high-affinity copper transporter 1-mediated transport between copper

ion and cisplatin. Mol Pharmacol 76(4):843–853.
5 Aller SG, Eng ET, De Feo CJ, Unger VM (2004) Eukaryotic CTR copper uptake transporters require two faces of the third transmembrane domain for helix

packing, oligomerization, and function. J Biol Chem 279(51):53435–53441.
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Table S3. Distribution of mutated positions on the different
locations on the model structure

Class/location Lipid-exposed Helix–helix interface Pore

Deleterious 0 6 4
Nondeleterious 7 2 0
Partial 1 4 0

The mutated positions (Table S2) were divided according to the
effect of the substitution on function and the positions’ predicted
structural locations according to the hCTR1 TM model.

Table S4. Matching GNM and ANM modes

Mode\hinge region 75–80 145–148 147–154 165–170

GNM mode 1,2 − − + −

Third ANM − + + −

Third GNM + + − +
GNM mode 4,5 + + + +
Sixth ANM + + + +
Seventh ANM + + + +

Each column represents a detected hinge region in the slowest
GNM/ANM modes. Corresponding modes are shaded with the
same color, matched by analogy between their hinge regions.
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