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Detailed Methods 
 
Sequence analysis of NaPi-IIa 
To identify conserved structural regions in NaPi-II transporters, sequence homologs 
of NaPi-IIa were collected with a 3-iteration HMMER search using the sequence of 
mouse NaPi-IIa (accession NP_035522) on the HHMER server (1). Note that the 
mouse and human NaPi-IIa sequences share 91% identical residues overall, and 97% 
in core regions; for ease of comparison we use the human residue numbering 
throughout. The NaPi-IIa sequence was scanned against the NCBI nr database dated 
20.02.13 and the homologs obtained were clustered using UCLUST (2) with a 
similarity cutoff of 50%. Representative sequences <400 residues in length were 
excluded so that every sequence in the final alignment covered >70% of the query 
sequence. The resultant 300 sequences were multiply aligned using MSAProbs (3). 
Blocks of conserved residues in the resultant multiple-sequence alignment (see subset 
in Fig. S1) were identified as belonging to repeated regions in NaPi-IIa (see Results), 
and given preliminary assignments of region 1 (residues 86-256), and region 2 
(residues 335-489). These residue definitions were made as inclusive as possible, so 
as not to truncate any helices. However, it was not clear whether an additional 
conserved segment at the C-terminal end of region 2 (region C, residues 504-564) is 
part of the structural repeat. 

To refine the boundaries of the structural repeats, we analyzed hydropathy 
profiles of the three regions. From the MSAprobs multiple-sequence alignment, three 
segments were extracted, namely region 1, region 2, and a longer version of the latter 
including region C, called region 2+C. Hydropathy profiles for these segments, 
averaged over all sequences in each multiple-sequence alignment, were constructed 
and aligned using the AlignMe (4) web server (http://www.bioinfo.mpg.de/AlignMe), 
using the Hessa et al. (5) hydrophobicity scale and a 13-residue long triangular 
window for smoothing.  

To identify more precisely the equivalent residues in the identified structural 
repeats of NaPi-II at the sequence level, we used hidden Markov Models (HMMs) as 
descriptors of a given sequence region. First, an HHalign HMM based on NaPi-II 
sequences was obtained by using the HHblits web server (6) to scan the mouse NaPi-
IIa sequence against the NCBI nr20 database dated 22.02.13. From these results, the 
best 50 sequence hits were selected, short sequences that covered only one of the two 
repeats were excluded, and from the remaining sequences the final HMM for NaPi-II 
was constructed. From this full-length profile, shorter HMMs were extracted that 
corresponded to the different regions mentioned above. Subsequently, the region 1 
HMM was aligned with either the region 2 HMM, or the region2+C HMM, using the 
HHalign server (7) (Fig. S2). 
Identification of VcINDY as a suitable template 
Putative templates were searched for using PSI-BLAST (8), Phyre2 (9) and COMA 
(10). We also used the full-length HHalign HMM of NaPi-IIa to scan the pdb70 
database (from 4.4.13) using the HHpred server (7). Hits from the HHpred search 
were compared with NaPi-II by full-length pair-wise alignments using the 
Profile+Secondary-Structure (AlignMePS) mode on the AlignMe server 
(http://www.bioinfo.mpg.de/AlignMe). 
 Sequence homologs of a putative template, VcINDY (see Results) were 
identified as above for NaPi-IIa. Sequences too short to cover an entire structural 
repeat of VcINDY (<300 residues) were excluded. The resultant HHalign HMM of 
full-length VcINDY contained 729 sequences. From this, fragment HMMs were 



extracted for RU1 and RU2 of VcINDY, i.e., residues 40-242 covering TMs 2-6, and 
residues 253-462 covering TMs 7-11, respectively.  
Structural Modelling of NaPi-IIa 
For a given template, the sequence alignment to the target protein (here, human NaPi-
IIa) is the most critical determinant of model accuracy. However, attempts to align 
full-length NaPi-IIa with full-length VcINDY using several approaches, such as 
HHalign, produced unsuitable alignments replete with gaps, particularly in the C-
terminal half. Thus, we aligned the repeat units independently. First, to obtain an 
overview of the equivalent TM helices, AlignMe was used to align family-averaged 
hydropathy profiles of a given repeat unit of the template and target proteins. A more 
precise alignment of each repeat unit for VcINDY and NaPi-IIa was then obtained 
using the AlignMe by providing the server with a position-specific substitution matrix 
(generated for the HHalign homologues) for each repeat unit using the 
Profile+Secondary-Structure+Transmembrane (AlignMePST) mode. These 
alignments of RU1 and RU2 were combined into a single alignment of the core of the 
two proteins.  
 The alignment of the core was used to build a preliminary model of human 
NaPi-IIa with Modeller 9v5 (11), using the X-ray structure of VcINDY (PDB 
identifier 4F35) as a template, in particular TMs 4-6 (residues 83-242) and TMs 9-11 
(residues 310-462) for RU1 and RU2, respectively (see Fig S3). Following an 
iterative procedure, the alignment was refined in order to: a) remove gaps within 
secondary structure elements; b) orient less conserved residues towards the protein 
surface; c) ensure that more conserved residues participate in the packing of the 
protein or in the binding site and; d) be as consistent as possible with a local 
(fragment) alignment obtained by HHalign for each repeat (Figs. S4C, D). 
Optimization of the position of conserved and variable residues was aided by 
conservation scores for human NaPi-IIa obtained using the ConSurf server (12) In the 
final alignment the percentage of identical residues between the template and model 
was ~15% in RU1 and 11% in RU2. 
 The final alignment (Fig. 2B) was used to model the NaPi-IIa core domain, 
which included residues 97-249 of RU1 and 341-505 of RU2, i.e., those residues for 
which a template was present. In a final modeling stage, two Na+ ions and a 
phosphate substrate were included. Harmonic upper bound distance restraints of 3.3 Å 
were imposed between: the Na+ ion at Na2 and side chain O atoms of residues S164, 
T195, S196, N199 and substrate Pi; the Na+ ion at Na3 and side chain O atoms of 
residues Q417, S419; and Pi and side chain O atom of residue S164, or side chain N 
atom of N199. The final model was that with the lowest Modeller probability 
distribution function score out of a set of 2000 models. The ProQM score (13) of this 
model was 0.545 (improved from 0.465 for the preliminary model) compared to a 
ProQM score of 0.675 for the template; and only four residues were found in 
disallowed regions of the Ramachandran plot according to PROCHECK (14), all of 
which are located in loops. The model is available upon request from the authors. 
Immunostaining 
Oocyte sections were blocked in 1% BSA/PBS for 15 min at room temperature. NaPi-
IIa antibody raised against a COOH-terminal peptide (15) diluted 1/400 in 0.02% Na-
azide/PBS and incubated on the slides overnight at 4°C. Sections were washed twice 
with hypertonic PBS (PBS with additional 18 g NaCl/L) and once in PBS for 5 min. 
Sections were incubated with secondary Donkey anti-rabbit Alexa-488 antibody 
(Invitrogen) diluted 1/1000 in 0.02% Na-azide/PBS for 1 hour. Fluorescence was 
detected using a fluorescence microscope (Leica CTR600). 
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Fig. S1 - Multiple sequence alignment of NaPi-II homologs indicating the conserved 
region 1 (purple box, residues 86-256), region 2 (human residues 335-489, blue box) 
and region C (green box, human residues 504-564). The top sequence line 
corresponds to mouse NaPi-IIa. Only homologues that cover 90% of the sequence of 
mouse NaPi-II are shown. For clarity, the sequences of the cytosolic C-terminal 
domain are not shown, and residues are represented as squares colored by residue 
type and not as letters (see legend). The fraction conservation of each column is also 
indicated. The predicted secondary structure (“SS prediction”) is shown above the 
alignment, along with the TM spanning residues (orange, “TM spans in model”) and 
SS elements (“Helices in model”) in the final model. Helical (dark blue), coiled 
(gray) and stranded (pink) SS elements are indicated.  
 
 
  



 
 

 
 
Fig. S2 - HHalign sequence alignment of human NaPi-IIa repeats to each other. 
Region 1 containing residues 86-256 was aligned to region 2+C consisting of residues 
335-564, resulting in a local (i.e., not full-length) alignment that indicates the 
locations of the conserved repeated elements. The predicted secondary structure for 
each residue is indicated above and below the respective sequences, with helices in 
blue, coil in gray and strand in pink. 
  



 
Fig. S3 – Overview of the topology and fold of the template VcINDY X-ray structure 
(PDB identifier 4F35) compared to the predicted topology of NaPi-II.  
(A) Schematics of the transmembrane topologies of hNaPi-IIa (top) and VcINDY 
(bottom), indicating: the locations of repeat unit 1 (green triangle) and repeat unit 2 
(purple triangle); the two peripheral transmembrane helices in hNaPi-IIa that have no 
template in VcINDY, namely TMs 7-8 (white); and the five peripheral 
transmembrane helices in VcINDY that have no equivalent in NaPi-II, namely TMs 
1-3 (white/light gray) and TMs 7-8 (gray).  
(B) Fold of VcINDY viewed from the periplasm shown as cartoon helices, and 
colored to highlight the repeats (green and purple), and the peripheral helices (white 
and gray). Citrate (yellow and red) and one sodium (blue) observable in the structure 
are shown as spheres.  
 
 



 
 
Fig. S4 – Comparison of human NaPi-IIa with VcINDY, a putative structural 
homologue.  
(A) Alignment of family-averaged hydropathy profiles of full-length NaPi-IIa (red) 
and VcINDY (black). The extents of VcINDY TM helices are shown above the 
alignment, colored according to Figure 3. NaPi-IIa repeats are indicated with dashed 
boxes. Insertions in the alignment are indicated as thick bars below the alignment.  
(B) Local alignment output from HHpred template search, showing that the first 
repeat units of each protein can be aligned.  
(C, D) HHalign sequence alignments of VcINDY and human NaPi-IIa RU1 (C) and 
RU2 (D). Note that even though in each case only a fragment (local) alignment is 
output by HHalign, the QSSS motif of the NaPi-II sequence is matched to the region 
of a conserved xSNT motif in VcINDY in both repeats.  



 

 
 
Fig S5 Close-up of the predicted substrate binding sites in NaPi-IIa, using the same 
orientation as in Fig 4A. Residues close to the binding site are highlighted (sticks), as 
are bound Pi (ball and stick), and sodium ions (spheres). Residues N199 and S462 
have previously been implicated in substrate binding. Residues T195, S196, N199, 
R210, Q417, S418, S419 were investigated in the present study. 
 
  



 
 
 
 
 

 
 

Fig. S6 – Immunostaining of Xenopus oocytes confirms the surface localization of 
wild-type (WT) NaPi-IIa and selected mutants (S196C, S418C and S419C) that 
showed no functional behavior. NI: non-injected control oocyte. (see SI Detailed 
Methods for details). 
  



 
 
Fig. S7 – Hydropathy profile alignments of an ST[3] class transporter CitS (red) with 
NaPi-IIa (black, top) or with VcINDY (black, bottom). Hydropathy profiles of repeats 
were aligned separately. Approximate extents of the TM segments in VcINDY are 
shown above the lower plot and colored according to Fig. 3. Insertions are indicated 
using thick bars below each alignment. 
1.  
 
 


