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transport. The aromatic Tyr419, the polar Ser313 and 
Ser314 as well as the charged Glu422 and Glu423 lining 
the transport channel have been studied. Based on related 
sugar transporters, we suggest an alternating access mecha-
nism for MCT8 involving a series of amino acid positions 
previously and newly identified as critical for transport.
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Abbreviations
AHDS	� Allan–Herndon–Dudley syndrome
FucP	� E. coli fucose/H+ symporter
GlpT	� Glycerol-3-phosphate transporter
GLUT3	� Glucose transporter 3
T3	� 3,3′,5-Triiodothyronie
T4	� 3,3′,5,5′-Tetraiodothyronine
TH	� Thyroid hormone
TM	� Transmembrane
TMH	� Transmembrane helix
XylE	� E. coli d-xylose:H+ symporter

Introduction

Thyroid hormones (TH) are amino acid derivatives car-
rying positive and negative charges. In order to reach 
their nuclear T3-receptor, TH need transporter pro-
teins to help them cross the plasma membrane. Several 
classes of transporter proteins with 12 transmembrane 
helices (TMH) are capable of TH transport including 
the organic anion transporters 2, 3 and 14 (Oatp2 and 
Oatp3, Oatp14) [1–3], monocarboxylate transporters 8 
and 10 (MCT8 and MCT10) [4, 5] and also amino acid/

Abstract  Monocarboxylate transporter 8 (MCT8) medi-
ates thyroid hormone (TH) transport across the plasma 
membrane in many cell types. In order to better under-
stand its mechanism, we have generated three new MCT8 
homology models based on sugar transporters XylE in the 
intracellular opened (PDB ID: 4aj4) and the extracellular 
partly occluded (PDB ID: 4gby) conformations as well as 
FucP (PDB ID: 3o7q) and GLUT3 (PDB ID: 4zwc) in the 
fully extracellular opened conformation. T3-docking studies 
from both sides revealed interactions with His192, His415, 
Arg445 and Asp498 as previously identified. Selected 
mutations revealed further transport-sensitive positions 
mainly at the discontinuous transmembrane helices TMH7 
and 10. Lys418 is potentially involved in neutralising the 
charge of the TH substrate because it can be replaced by 
charged, but not by uncharged, amino acids. The side chain 
of Thr503 was hypothesised to stabilise a helix break at 
TMH10 that undergoes a prominent local shift during the 
transport cycle. A T503V mutation accordingly affected 
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polyamine/organocation (APC) type transporters like the 
l-type amino acid transporters 1 and 2 (Lat1, Lat2) [6–8], 
reviewed in [9]. Among these transporters, only MCT8 
is specific for TH. The major function of MCT8 is the 
cellular import and export of 3,3′,5,5′-tetraiodothyronine 
(T4, thyroxine as prohormone) and the active, nuclear 
TH-receptor-binding 3,3′,5-triiodothyronine (T3) along 
their concentration gradients across the plasma mem-
brane [5]. Mutations in MCT8/SLC16A2 lead to severe 
psychomotor retardation and TH abnormalities [10, 11], 
the so-called Allan–Herndon–Dudley syndrome (AHDS) 
[12]. Surprisingly, mice deficient in Mct8 replicate the 
endocrinological phenotype of AHDS patients but do 
not show severe neurological impairment [13–15]. It is 
hypothesised that mice express compensating transporters 
during their embryonic development which are absent in 
humans. Indeed using a double knockout strategy, Mayerl 
et al. [16] showed that Oatp1c1 is important for T4 trans-
port at the blood–brain-barrier (BBB) and demonstrated 
that Mct8/Slco1c1 double knockout mice develop a neu-
rological phenotype that impacts on brain development. 
Humans only show a weak OATP1C1 expression at the 
BBB [17] which might be one reason for the differences 
between mice and humans concerning thyroid hormone 
transport into brain.

Transmembrane transport is a dynamic process during 
which the transporter protein undergoes a series of confor-
mational changes that allow the substrate to enter a cavity 
in the transporter from one side of the membrane and leave 
the cavity towards the other side. The fundamental folding 
pattern of 12 TMH major facilitator superfamily (MFS) 
transporters is characterised by two 6 TMH-bundles, an 
N-terminal bundle linked by an extended linker peptide to 
a C-terminal bundle [18]. Both 6 TMH-domains are com-
posed of two 3 TMH-motifs which are symmetrical. The 
relative movement of the two 6 TMH-bundles is thought 
to allow the passage of substrate between the interfaces of 
both domains [18]. To fully appreciate the roles of specific 
amino acids in substrate recognition and conformational 
changes, transporter models in several conformations along 
the transport cycle are desirable.

There is still a lack of experimental structure informa-
tion that explains substrate specificity for all TH transmem-
brane transporters. With the help of an initial molecular 
homology model of MCT8, based on the crystal structure 
of the bacterial glycerol-3-phosphate transporter GlpT 
in the intracellular facing conformation (PDB ID: 1pw4 
[19]), we previously identified the highly conserved amino 
acids Arg445 (TMH8) and Asp498 (TMH10) of MCT8 as 
being involved in T3-transport and verified their essential 
role experimentally by alanine mutations [20]. Our initial 
model also suggested that both residues are likely interact-
ing. This was confirmed by further experiments showing 

that a reciprocal charge swap (R445D, D498R) rescued in 
part the severely reduced T4 uptake of single mutants [21].

The ligand binding site in both TH-receptors (TRα 
and TRβ) was shown to consist of one histidine and two 
arginines [22, 23]. These residues bind T3 between a 
“His–Arg clamp” as shown in the crystal structure of 
the T3-receptor/T3 complex (PDB ID: 3gws [23]). This 
prompted us to investigate whether such a motif might 
potentially be relevant for T3 recognition in MCT8. Indeed, 
three potential “His–Arg clamps” were discovered in the 
MCT8 model formed by residue pairs His192/Arg301, 
His192/Arg445 and His415/Arg301, which matched the 
geometry of the T3-receptor/T3-pair [24, 25]. Previous [20] 
and recent experimental studies [21, 24, 26] confirmed the 
involvement of these residues in T3-transport.

Moreover, reaction with Cys-specific chemical probes 
identified two out of ten cysteine residues (Cys481 and 
Cys497) as functionally important in MCT8 [27].

Our previous molecular model of MCT8 could not 
explain the molecular traversing mechanism of TH, since 
it illustrated only the intracellular accessible conforma-
tion, based on the intracellular opened crystal structure of 
the GlpT transporter. Recent progress in crystallography 
of related sugar transporters in three conformations has 
allowed us, for the first time, to generate models of MCT8 
in several conformations along the transport cycle to bet-
ter understand protein–substrate interactions. These mod-
els (extracellular opened, extracellular partly occluded and 
intracellular opened conformations) were probed by site-
directed mutagenesis and transport was measured in cell 
models.

Methods

Modelling of MCT8

The MCT8 models in intracellular opened and extracel-
lular partly occluded conformation were built on the 
crystal structures of xylose transporter XylE in intracel-
lular opened (PDB ID: 4aj4 [28]) and extracellular partly 
occluded (PDB ID: 4gby [29]) conformation. Irregularities 
in the helices TMH5 and TMH7 (see sequence alignment 
in ESM_1) were corrected manually. Fragments used for 
manual adjustments in TMH5: π-helix fragment from PDB 
ID: 2qd3 [30] residues 351–355 and in TMH7: fragment 
from GlpT, PDB ID: 1pw4 [19] residues 265–269. Loops 
were created utilising the Loop Search tool implemented in 
Sybyl X2.1.1 (Certara USA Inc., St. Louis, MO, USA). The 
structure of glucose transporter GLUT3 in the extracellu-
lar opened conformation (PDB ID: 4zwc [31]), as well as 
the structure of fucose transporter FucP in the extracellu-
lar opened conformation (PDB ID: 3o7q [32]) were utilised 
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as matrices to achieve a fully extracellular opened con-
formation of MCT8, by overlaying the N- and C-terminal 
domains (Helices 1–6 and 7–12) of the extracellular partly 
occluded model of MCT8 separately with the according 
domains of GLUT3 (4zwc) and FucP (3o7q) followed by 
manual reconcatenating. All manual dockings, manipula-
tions, optimisations of the models, as well as calculations 
of hydrophobic and electrostatic potentials on the molecu-
lar surfaces, were performed with Sybyl X2.1.1 (Certara 
USA Inc., St. Louis, MO, USA). Models were energetically 
minimised using the AMBER7 FF99 force field. Structure 
images and morphs between intracellular opened, extracel-
lular partly occluded and extracellular opened conforma-
tions were generated with PyMOL 1.8.0.1 [33].

Site‑directed mutagenesis, cell culture and TH‑uptake 
assays

Mutations of N-terminal HA tagged wild-type MCT8 were 
introduced by site-directed mutagenesis (QuikChange 
Lightning Site-Directed Mutagenesis Kit, Stratagene) using 
the oligonucleotides shown in Table  1. All selected resi-
dues for substitutions are >90% conserved among 100 clos-
est orthologous of MCT8 and also highly similar in human 
MCT10 (see Table in ESM_2).

Stable transfection of Madin Darby canine kidney 
(MDCK1) cells, kinetic experiments with radioactive 
labelled 125I-T3 (Perkin Elmer), western blotting and sur-
face biotinylation as well as injection of Xenopus laevis 
oocytes with cRNA were performed as described elsewhere 
[34–36]. All uptake experiments have been performed two 
to three times (in triplicates) with similar results and one 
representative experiment is shown unless otherwise indi-
cated. Statistical calculations were done with GraphPad 
Prism 6. MDCK1 cells do not express endogenous thyroid 
hormone transporters and have little background uptake 
activity [37]. For that reason MDCK1 cells have been cho-
sen as a model.

Results

We searched for templates in the PDB among the major 
facilitator superfamily (MFS) transporters for which 
crystal structures exist in more than one state. As closest 
match in sequence similarity we found the crystal struc-
tures of the xylose transporter XylE (E. coli) in the intra-
cellular opened (PDB ID: 4aj4 [28]) and the extracellular 
partly occluded (PDB ID: 4gby [29]) states. We also used 
the human glucose transporter GLUT3 in the extracellular 
partly occluded (PDB ID: 4zw9; 4zwb [31]) and extracellu-
lar opened (PDB ID: 4zwc [31]) states. We, therefore, cre-
ated a revised MCT8 homology model in the intracellular 

opened conformation based on the respective XylE struc-
ture (PDB ID: 4aj4 [28]) which is very similar to our previ-
ous model based on GlpT [20]. The second MCT8 model 
based on the extracellular partly occluded crystal structure 
of XylE (PDB ID: 4gby [29]) is not fully opened to the 
extracellular side, which hinders an extracellular entry or 
release of THs. This applies also to the conformation of the 
extracellular partly occluded conformation (PDB ID: 4zw9; 
4zwb [31]) of GLUT3 with bound d-glucose. Thus, the sec-
ond new model represents an intermediate state of MCT8 
in an extracellular partly occluded state with bound ligand.

The crystal structures of GLUT3 (PDB ID: 4zwc [31]) 
and of another sugar transporter, fucose transporter FucP 
(PDB ID: 3o7q [32]) are in a fully extracellular opened 
conformation and thus allow for extracellular entry or 
release of the respective substrate.

To understand the conformational transition in XylE 
from the intracellular opened (PDB ID: 4aj4, Fig.  1a, 
dark grey) to the extracellular partly occluded state 
(PDB ID: 4gby, Fig.  1a, yellow) we superimposed the 
Cα atoms of only the N-terminal domain (Tyr9–Glu222, 
TMH1–TMH6) of the two states and only the C-terminal 
domain (Val275–Ala455, TMH7–TMH12) of the two XylE 
states separately (Fig.  1a). Structural differences between 
the two N-terminal and the two C-terminal 6 TMH-domains 
in each conformational state resulted in an RMSD over Cα 
atoms of 0.67 Å for the N-terminal domain and of 0.94 Å 
for the C-terminal domain, respectively. This indicates that 
each 6 TMH-domain remains more or less rigid within 
the overall 6 TMH arrangement in both conformational 
states. The major conformational transition is thus a rigid 
body movement by tilting the N- and C-terminal domain 
relative to each other around a central ligand recognition 
cavity. This applies also for the corresponding N-terminal 
domains of GLUT3 in the extracellular partly occluded and 
in the fully extracellular opened (RMSD = 0.47 Å) states as 
well as for the C-terminal domain in the respective states 
(RMSD = 0.43 Å). However, for the C-terminal domain of 
GLUT3, where TMH7 and TMH10 are discontinuous heli-
ces (named TMH7a/7b and TMH10a/10b, respectively) a 
prominent local rearrangement is reported to occur for 
TMH7b at the extracellular side [31]. Notably, a glycine 
(invariant Gly284 in GLUT3 and also Gly292 in XylE) 
constitutes in both cases a bulge preceding TMH7b, which 
may provide the flexibility for the pronounced structural 
shift observed in GLUT3. However, this obvious inserted 
bulge forming glycine in GLUT3 and XylE is absent in the 
sequences of FucP, GlpT, MCT8 and MCT10 and, there-
fore, causes a gap in the corresponding sequence align-
ment (see sequence alignment in ESM_1). Subsequently 
the structures of FucP and GlpT show only a slight helix 
discontinuity and not such a pronounced bulge compared 
to XylE and GLUT3. Therefore, we used FucP (PDB ID: 
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Table 1   Oligonucleotides used 
for site-directed mutagenesis of 
MCT8

Primer Sequence

E422D
 fwd GAT​GAA​GTA​TGT​GGA​GGA​CGA​GTT​CTC​AGA​AAT​CAA​G
 rev CTT​GAT​TTC​TGA​GAA​CTC​GTC​CTC​CAC​ATA​CTT​CAT​C

E422N
 fwd CCT​GAT​GAA​GTA​TGT​GGA​GAA​CGA​GTT​CTC​AGA​AAT​CAAGG
 rev CCT​TGA​TTT​CTG​AGA​ACT​CGT​TCT​CCA​CAT​ACT​TCA​TCAGG

E423D
 fwd GAA​GTA​TGT​GGA​GGA​GGA​CTT​CTC​AGA​AAT​CAA​GGA​G
 rev CTC​CTT​GAT​TTC​TGA​GAA​GTC​CTC​CTC​CAC​ATA​CTT​C

E423N
 fwd TGA​TGA​AGT​ATG​TGG​AGG​AGA​ACT​TCT​CAG​AAA​TCA​AGG​AGA​C
 rev GTC​TCC​TTG​ATT​TCT​GAG​AAG​TTC​TCC​TCC​ACA​TAC​TTC​ATC​A

K418R
 fwd CTA​TGT​ACA​CCT​GAT​GAG​GTA​TGT​GGA​GGA​GGAGT
 rev ACT​CCT​CCT​CCA​CAT​ACC​TCA​TCA​GGT​GTA​CATAG

K418A
 fwd CCC​TAT​GTA​CAC​CTG​ATG​GCG​TAT​GTG​GAG​GAG​GAG​TTC
 rev GAA​CTC​CTC​CTC​CAC​ATA​CGC​CAT​CAG​GTG​TAC​ATA​GGG

K418E
 fwd CTA​TGT​ACA​CCT​GAT​GGA​GTA​TGT​GGA​GGA​GGAGT
 rev ACT​CCT​CCT​CCA​CAT​ACT​CCA​TCA​GGT​GTA​CATAG

K418Q
 fwd CTA​TGT​ACA​CCT​GAT​GCA​GTA​TGT​GGA​GGA​GGAGT
 rev ACT​CCT​CCT​CCA​CAT​ACT​GCA​TCA​GGT​GTA​CATAG

R388Q
 fwd TGC​GTT​GGC​GGA​ACA​CTT​GCA​TGT​TGA​AGT​ACTTC
 rev GAA​GTA​CTT​CAA​CAT​GCA​AGT​GTT​CCG​CCA​ACGCA

R388K
 fwd AGT​GCG​TTG​GCG​GAA​CAC​TTT​CAT​GTT​GAA​GTA​CTT​CCTG
 rev CAG​GAA​GTA​CTT​CAA​CAT​GAA​AGT​GTT​CCG​CCA​ACG​CACT

R388E
 fwd AGG​AAG​TAC​TTC​AAC​ATG​GAA​GTG​TTC​CGC​CAA​CGC​AC
 rev GTG​CGT​TGG​CGG​AAC​ACT​TCC​ATG​TTG​AAG​TAC​TTC​CT

R388M
 fwd GTA​AGT​GCG​TTG​GCG​GAA​CAC​CAT​CAT​GTT​GAA​GTA​CTT​CCT​GAG
 rev CTC​AGG​AAG​TAC​TTC​AAC​ATG​ATG​GTG​TTC​CGC​CAA​CGC​ACT​TAC

S313A
 fwd GGT​GTG​GTG​TCT​GCT​GGG​GCT​AGC​ATT​TTC​TCC​ATG​TC
 rev GAC​ATG​GAG​AAA​ATG​CTA​GCC​CCA​GCA​GAC​ACC​ACA​CC

S314A
 fwd GTG​GTG​TCT​GCT​GGG​AGT​GCC​ATT​TTC​TCC​ATG​TCC​TT
 rev AAG​GAC​ATG​GAG​AAA​ATG​GCA​CTC​CCA​GCA​GAC​ACC​AC

T503V
 fwd GCG​ATG​GCT​TCT​TCA​TCG​TCA​TCA​TGG​CCC​CCA​TTG​
 rev CAA​TGG​GGG​CCA​TGA​TGA​CGA​TGA​AGA​AGC​CAT​CGC​

Y419V
 fwd CTA​TGT​ACA​CCT​GAT​GAA​GGT​TGT​GGA​GGA​GGA​GTT​CTCA
 rev TGA​GAA​CTC​CTC​CTC​CAC​AAC​CTT​CAT​CAG​GTG​TAC​ATAG

Y419W
 fwd TAT​GTA​CAC​CTG​ATG​AAG​TGG​GTG​GAG​GAG​GAG​TTC​TCAG
 rev CTG​AGA​ACT​CCT​CCT​CCA​CCC​ACT​TCA​TCA​GGT​GTA​CATA
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3o7q [32]) as structural template for these TMH7-positions 
in our MCT8 models.

In TMH10 a N-terminal helix capping Gly-Pro motif 
that follows a helix break is conserved in the sequence 
of TMH10b as in many transporters such as GLUT3, 
XylE, GlpT and also in FucP (as Tyr-Pro) (see sequence 
alignment in ESM_1). In our alignment, residue Thr503 

of TMH10 is placed at the corresponding position of the 
TMH10b-capping motif. Thus it is very likely that the 
helix capping is stabilised by a Thr side chain interac-
tion with the backbone carboxyl group and that a similar 
interruption of TMH10 occurs also in MCT8. We used 
XylE as template for TMH10 in MCT8.

Fig. 1   Separate overlay of the 
N-terminal (right panels) and 
C-terminal (left panels) 6 TMH-
bundle domains of a intracellu-
lar opened (PDB ID: 4aj4, dark 
grey) and extracellular partly 
occluded (PDB ID: 4gby, yel-
low) crystal structures of XylE; 
b fully extracellular opened 
crystal structure of GLUT3 
(PDB ID: 4zwc, light grey) and 
extracellular partly occluded 
structures of XylE (PDB ID: 
4gby, yellow); c fully extracel-
lular opened crystal structure 
of GLUT3 (PDB ID: 4zwc, 
light grey) and fully extracel-
lular opened crystal structures 
of FucP (PDB ID: 3o7q, cyan); 
d the MCT8 model based on 
PDB ID: 4gby (TMH1-6: green; 
TMH7-12: blue) and fully extra-
cellular opened crystal structure 
of GLUT3 (PDB ID: 4zwc, light 
grey) reveal high similarity in 
the arrangement of the 6 TMH-
bundles. This result allowed the 
generation of a full extracellular 
opened MCT8 model by tilting 
one of the 6 TMH-bundles 
according the pivot of the chan-
nel interface
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These facts were integrated to achieve a fully extra-
cellular opened model of MCT8. We superimposed the 
two extracellular partly occluded structures of XylE and 
GLUT3. The corresponding fully extracellular opened 
crystal structure of GLUT3 (PDB ID: 4zwc [31]) was used 
as a structural matrix. The 6 TMH-bundles of the N- and 
C-terminal domains of extracellular partly occluded XylE 
(Fig. 1b, yellow) show a striking similarity in the arrange-
ment to the corresponding domains of the fully extracellu-
lar opened conformation of GLUT3 (Fig.  1b, light grey), 
when separately overlaid. Pairwise fitting of Cα atoms 
of the respective XylE and GLUT3 domains revealed 
an RMSD of 1.20 Å for the N-terminal and an RMSD of 
1.10  Å for the C-terminal domain. Thus, the separate 6 
TMH-bundle subunits of the extracellular partly occluded 
MCT8 model based on XylE (PDB ID: 4gby), were struc-
turally aligned to the corresponding subunits of GLUT3 
(PDB ID: 4zwc) with particular focus on the channel inter-
face by computer-assisted reciprocal tilting of the 6 TMH-
bundles accordingly (Fig. 1b, yellow helices).

The crystal structure of a fully extracellular opened state 
from FucP was used for comparison. The extracellular 
opening angle between the 6 TMH-bundles of the N- and 
C-terminal domains for the extracellular opened conforma-
tions from GLUT3 and FucP showed a striking similarity 
(Fig. 1c).

This resulted in a new third MCT8 model of the fully 
extracellular opened conformation (based on PDB ID: 
4gby and PDB ID: 4zwc, Fig.  2a, b) which is useful for 
T3-docking.

Extra‑ and intracellular T3‑docking reveals one central 
substrate recognition and membrane‑traversing cavity

The MCT8 models in the extra- and intracellular open 
conformations were used for T3-docking studies. One cen-
tral substrate recognition cavity was apparent, which is 
formed and shaped by the previously described transport-
sensitive residues His192, His415 [24, 26] and Arg445, 
Asp498 [20, 21] as well as Cys497 [27]. Our new models 
based on homologous MFS transmembrane transporters 
revealed that these residues are accessible both from the 
extracellular side and from the intracellular side in con-
formations open towards these compartments (Fig. 2d, e). 
Moreover, the three different MCT8 models (extracellu-
lar opened, extracellular partly occluded and intracellular 
opened) suggest the following potential molecular trans-
port mechanism. After extracellular recognition, T3 adheres 
alternately to these residues in the central recognition and 
traversing cavity. The banana-shaped N- and C-terminal 
domains are tilting around the central TH recognition site 
(Fig. 2f–h) with alternating extra- and intracellular acces-
sibility of the known transport-sensitive MCT8 residues 

(Fig. 2d, e). In doing so, the T3 binding sites likely undergo 
a dynamic rearrangement during the transport cycle (see 
morph between the three conformational MCT8 models in 
ESM_3) in which T3 is lifted through the central traversing 
channel and released towards the intracellular side and vice 
versa.

In addition to the previously postulated His–Arg clamps 
for THs between His415–Arg301, His192–Arg301 and 
His192–Arg445 [24, 25] the new models allow for a fourth 
His–Arg clamp between His415–Arg445. The His–Arg 
clamp pairs His415–Arg445 and His192–Arg445 both 
are accessible for T3 in the extracellular as well as in the 
intracellular opened conformation of the MCT8 model, 
whereas the His–Arg clamps formed by His192, His415 
and Arg301 are only accessible in the intracellular opened 
conformation. In that context it is to be noted that DEPC as 
a His-reactive probe applied in the medium only modified 
His192, but not His415 [26].

The differing His–Arg clamps may be engaged con-
secutively during a transport cycle. The charge interac-
tion between Arg445–Asp498 can be observed in all three 
new MCT8 conformations as suggested in our previous 
model [20] and confirmed experimentally by Groeneweg 
et  al. 2014 [21]. Even the previously postulated interac-
tion of Arg445 and Asp498 with T3 [20] is replicated in all 
three states. Cys497 is pointing into the traversing cavity 
in all three models. This is in agreement with its experi-
mental accessibility by p-chloromercurybenzenesulfonate 
(pCMBS) that blocks T3-uptake by obstructing the travers-
ing cavity. The mutation C497A rescues T3-uptake in the 
presence of pCMBS [27]. The three new models thus are 
compatible with biochemical findings obtained by different 
groups using different approaches, lending further support 
to the new models of MCT8.

The role of Lys418, a charged amino acid 
in the membrane plane close to the substrate cavity

The lifting processes of T3 through the central travers-
ing cavity suggested by the new MCT8 models identified 
Lys418 as a further residue that likely takes part as inter-
action partner in the alternating T3 interactions. Lys418 is 
located in TMH7 at the surface facing the transport chan-
nel. Moreover, it is situated at the presumed bulge region 
of TMH7 and may thus be critical for conformational 
changes of the transporter. Model guided mutagenesis of 
Lys418 (Fig. 3) revealed that mutation K418A abolished 
T3-uptake activity. This effect is stronger than could be 
explained by its weaker expression in MDCK1 cells and 
Xenopus oocytes. We hypothesised that a charge at this 
position may be critical for function and introduced Arg 
and Glu at this position. Mutation K418R even increased 
T3-uptake activity. Quite surprisingly, the charge 
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Fig. 2   a, d, f MCT8 models of extracellular opened, b, g extracel-
lular partly occluded and c, e, h intracellular opened conformations 
(based on crystal structures of XylE, GLUT3 and FucP) reveal one 
central substrate recognition and membrane-traversing cavity. d, e 
The central cavity is formed by previously reported transport-sen-
sitive residues such as His415, His192 (cyan), Arg445 and Asp498 

(magenta) which are accessible from both sides. Arg301 (magenta in 
e) is only accessible from the intracellular side. f–h After extracellu-
lar recognition T3 adheres to these residues during tilting (red arrows) 
of the N- (green) and C-terminal (blue) 6 TMH-bundles around the 
central cavity and is thus lifted through the central traversing channel 
and released towards the intracellular side and vice versa
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changing mutation K418E did not substantially alter 
uptake activity. These findings are supported by kinetic 
studies revealing K M values of MCT8WT = 2.7 ± 0.6 µM; 
K418R = 4.0 ± 1.0 µM and K418E = 4.3 ± 1.2 µM. These 
data indicate that the presence of a charge at position 418 
is more critical than its sign. To further probe this idea, 
we replaced lysine with the isosteric, but uncharged, glu-
tamine. However, we repeatedly failed to recover stable 
MDCK1 clones expressing K418Q. Therefore, Xenopus 
oocytes were injected with respective cRNA and despite 
significant expression, the activity of the mutant protein 
was very low, not allowing reasonable determination of 
a Michaelis constant. These findings suggest to us that 
the charge at position 418 may interact with the zwitteri-
onic substrate to compensate the charges during passage 
through the hydrophobic membrane/protein environment. 
The K418A mutation, in contrast, may simply create a 
hole in the structure. Since the expression of K418A is 
diminished in two cell models, MDCK1 cells as well as 
Xenopus oocytes, a charge at position 418 is probably not 
only important for transport function but also affects pro-
tein folding or stability.

Tyr419 may close the traversing cavity, but does 
not interact specifically with the substrate

In the MCT8-model Tyr419 is located one helix turn above 
H415 towards the extracellular side (Fig. 4) and could thus 
be involved in closing of the traversing cavity and also inter-
act with the substrate. Mutation to Val reduces T3-uptake 
and efflux, which is most likely related to decreased expres-
sion. In order to test if an aromatic moiety is needed for 
a stable expression, we created the substitution Tyr419 to 
tryptophan. This mutation only mildly affected expression 
and transport (slight increase of K M), suggesting that an 
aromatic residue is needed at this position probably rather 
for protein stability than transport function. This is in 
agreement with the model where Tyr419 is interacting with 
the sulphur of Met225 in the intracellular opened state, sta-
bilising this conformation like a latch.

Polar Ser313 and Ser314 are essential for MCT8 
stability and surface translocation

We investigated whether two consecutive serine residues 
which are located in a helix irregularity (bulge in TMH5) 
and line the central substrate channel (Fig. 5) are involved 
in substrate transport with their hydroxyl groups. Ser313 
and Ser314 were both mutated to alanine. The substitution 
of S313 or S314 to alanine both led to drastically decreased 
protein expression and surface expression levels, indicat-
ing a strong effect on stability and folding of the respec-
tive MCT8 mutants. Nevertheless, in both cases uptake and 
efflux activities were detectable. The exchange of Ser313 
to alanine resulted in a reduced T3-uptake. T3-efflux is like-
wise reduced. This indicates that a polar property is favour-
able for TH transport at this position. Mutation of Ser314 
to alanine resulted in an even lower T3 uptake activity 
and T3-efflux consistent with low surface translocation of 
S314A.

Thr503 is located within a hinge region of THM10

In the new MCT8 models, Thr503 is located at the 
helix discontinuity between TMH10a and TMH10b and 
may thus influence conformational flexibility and trans-
port activity. The model suggests that the side chain 
hydroxyl may cap the helix main chain carbonyl from 
Gly499 (Fig.  6a). In order to probe the importance of 
the Cβ-hydroxyl for intramolecular interaction stabilis-
ing the unwound segment in TMH10, we mutated Thr503 
to Val replacing the hydroxyl with a non-polar methyl 
group (Fig. 6). Expression of T503V was reduced in sta-
bly transfected MDCK1 cells. T3-uptake was diminished, 
possibly as a result of reduced expression. Similarly, 
expression of T503V cRNA in Xenopus oocytes led to 

Fig. 3   A charge (irrespectively whether positive or negative) is 
needed at position 418 for transport of T3. a Partial view of MCT8 
model. Lys418 (sticks, yellow) points into the central traversing cav-
ity of MCT8 (cartoon, grey) formed by Arg445, Asp498 (sticks, 
magenta), His192 and His415 (sticks, cyan). The substrate T3 is 
shown in orange as sticks. b Expression levels of different Lys418 
mutants compared to wild-type MCT8. Western blot of 50 µg whole 
cell homogenates against MCT8. MDCK1 cells transfected with 
pcDNA3 empty vector served as negative control. β-Actin was used 
as a loading control. Quantification of western blots was performed 
on three replicates by densitometry. One-way ANOVA, Dunnett’s 
test with **p < 0.01 and ***p < 0.001. c Surface biotinylation of 
Lys418 mutants compared to MCT8WT. d Time course uptake with 
10 nM 125I-T3 of MCT8WT, K418R, K418A and K418E. The back-
ground of empty-vector transfected cells (pcDNA3) was subtracted 
from saturation curves. e Efflux of radioactive labelled T3 by dif-
ferent Lys418 mutants was measured in the media over time after 
loading the cells with 10 nM 125I-T3 for 45 min. f Determination of 
KM values for K418R, K418E and K418A compared to MCT8WT 
in stably transfected MDCK1 cells. T3 concentration ranges from 
0.5 to 15  µM. The uptake of different concentrations of T3 was 
measured for 3  min. Empty-vector transfected cells served as back-
ground control and values were subtracted from saturation curves. 
KM (MCT8) = 2.7 ± 0.6  µM; KM (K418R) = 4.0 ± 1.0  µM; KM 
(K418E) = 4.3 ± 1.2 µM. g Injection of Xenopus oocytes with 30 ng 
capped cRNA of wild-type MCT8, K418A and K418E confirmed the 
results found in stably transfected MDCK1 cells. Upper panel west-
ern blot against MCT8 and β-actin (loading control). Non-injected 
oocytes served as negative controls. An unspecific band was found 
slightly smaller than MCT8. Lower panel end point assay with 10 
nM 125I-T3. The background of non-injected oocytes was subtracted. 
h Xenopus oocytes injected with K418Q. Upper panel western blot 
against MCT8. β-Actin served as a loading control. Lower panel time 
course uptake of K418Q compared to wild-type MCT8 with 10 nM 
125I-T3. Background of non-injected cells was subtracted from satura-
tion curves

◂



2308	 J. Protze et al.

1 3

reduced 125T3-uptake. However, the Michaelis constant 
was not significantly changed (MCT8WT = 3.0 ± 0.5  µM; 
T503V = 2.6 ± 0.6  µM) suggesting that v max is reduced 
which perhaps reflects impaired conformational changes. 

Interestingly, efflux of T3 is apparently less affected than 
uptake. Taken together, we interpret our data as support 
for a role of Thr503 in conformational change (affect-
ing the speed or accuracy of mobility) by potential 

Fig. 4   Tyr419 might close the traversing cavity in the intracellu-
lar opened state, but does not interact with the substrate. a Partial 
view of MCT8 model. Tyr419 (sticks, yellow) is positioned one turn 
above His415 (sticks, cyan) towards the extracellular side of MCT8 
(cartoon, grey) and could contribute to close the traversing cavity 
formed by Arg445, Asp498 (sticks, magenta) His192 and His415 
(sticks, cyan) in the intracellular opened state. The substrate T3 is 
shown in orange as sticks. b Expression levels of different Tyr419 
mutants compared to wild-type MCT8. Western blot of 25 µg whole 
cell homogenates against MCT8. MDCK1 cells transfected with 
pcDNA3 empty vector served as negative control. β-Actin was used 
as a loading control. Quantification of western blots was performed 
on four replicates by densitometry. One-way ANOVA, Dunnett’s 
test with **p < 0.01. c Surface expression of Tyr419 mutants com-

pared to wild-type MCT8. d Time course uptake with 10 nM 125I-T3 
of MCT8WT, Y419V and Y419W. The background of empty-vector 
transfected cells (pcDNA3) was subtracted from saturation curves. 
e Efflux of radioactive labelled T3 by different Tyr419 mutants was 
measured in the media over time after loading the cells with 10 nM 
125I-T3 for 45  min. f Determination of K M values for Y419V and 
Y419W compared to MCT8WT in stably transfected MDCK1 cells. 
T3 concentration ranges from 0.5 to 15  µM. The uptake of differ-
ent concentrations of T3 was measured for 3  min. Empty-vector 
transfected cells served as background control and values were 
subtracted from saturation curves. g Eadie–Hofstee plot of e with 
K M (MCT8) = 3.1 ± 0.4  µM; K M (Y419V) = 4.3 ± 1.0  µM; K M 
(Y419W) = 3.7 ± 0.4 µM
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interaction with Gly499 at the helix break. The differen-
tial sensitivity of uptake and efflux towards the mutation 
may be compatible with our hypothesis. A direct inter-
action of Thr503 with substrate appears less likely given 
the unaltered K M value of the mutant.

Substitution of two glutamic acids to aspartate 
and asparagine show no effect on T3 transport 
for Glu422, but enhanced uptake and efflux for Glu423

According to the MCT8 model, Glu422 is pointing 
into the channel leading towards the traversing cavity 

Fig. 5   S313 and S314 provide a hydrophilic environment for the 
ether oxygen and the amino acid moiety of T3. a Intermediate state 
between intracellular and extracellular opened conformation of the 
MCT8 Model (cartoon, grey). As previously described, binding rel-
evant amino acids are shown as sticks and highlighted in cyan and 
magenta. The residues Ser313 (sticks, yellow) and Ser314 (sticks, 
green) line the central substrate channel. Ser313 is in close prox-
imity to the ether oxygen of T3. b Expression levels of S313A and 
S314A mutants compared to wild-type MCT8. Western blot of 25 µg 
whole cell homogenates against MCT8. MDCK1 cells transfected 
with pcDNA3 empty vector served as negative control. β-Actin was 
used as a loading control. Quantification of western blots was per-
formed on three replicates by densitometry. One-way ANOVA, Dun-
nett’s test with *p < 0.05 and **p < 0.01. c Cell-surface biotinyla-

tion of S313A and S314A compared to MCT8WT. d Time course 
uptake with 10 nM 125I-T3 of MCT8WT, S313A and S314A. The 
background of empty-vector transfected cells (pcDNA3) was sub-
tracted from saturation curves. e Efflux of radioactive labelled T3 by 
S313A and S314A was measured in the media over time after load-
ing the cells with 10 nM 125I-T3 for 45 min. f Determination of K M 
values for S313A and S314A compared to MCT8WT in stably trans-
fected MDCK1 cells. T3 concentration ranges from 0.5 to 12  µM. 
The uptake of different concentrations of T3 was measured for 3 min. 
Empty-vector transfected cells served as background control and 
values were subtracted from saturation curves. g Eadie–Hofstee plot 
of e. K M (MCT8) = 4.4 ± 0.8 µM; K M (S313A) = 3.3 ± 0.8 µM; K M 
(S314A) = 1.0 ± 0.6 µM
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Fig. 6   Replacing Thr503 with Val destabilises MCT8. a Thr503 
(shown as stick, yellow) forms an H-bond (dashed line) with the car-
boxy-group of Gly499 (sticks, blue) in the model of MCT8 (cartoon). 
b Upper panel expression levels of T503V compared to wild-type 
MCT8 and pcDNA3 empty-vector transfected cells. Western blot of 
50 µg whole cell homogenates against MCT8. β-actin served as load-
ing control. Quantification of western blots was performed on three 
replicates by densitometry. t test, unpaired with **p < 0.01. c Surface 
biotinylation of T503V compared to wild–type MCT8. d Time course 
experiment of 10 nM 125I-T3. Empty-vector transfected cells served 
as background control. e Efflux of radioactive labelled T3 by T503V 
stably expressing MDCK1 cells was measured in the media over 

time after loading the cells with 10 nM 125I-T3 for 45 min. f Deter-
mination of KM values of T503V and MCT8WT of stably transfected 
MDCK1 cells. Empty-vector transfected cells served as background 
controls and were subtracted from saturation curves. T3 concentration 
ranges from 0.5 to 15 µM. The uptake was performed for 3 min. KM 
(MCT8) = 3.7 ± 0.5  µM; KM (T503V) = 3.0 ± 0.7  µM. g Injection of 
Xenopus oocytes with 30 ng capped cRNA confirmed a lower expres-
sion of T503V compared to MCT8WT. Upper panel western blot 
against MCT8 and β-actin (loading control). Non-injected oocytes 
served as negative control. Lower panel end point assay with 10 nM 
125I-T3. Non-injected cells served as background control
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(Fig.  7a). Thus in the extracellular opened conforma-
tion it could be involved in guiding T3 into the recogni-
tion site. Furthermore, it is located in proximity to R445 
and thus might contribute to the coordination of Arg445 
during the transport process. In order to investigate if 
charge and length of the side chain at this position are 
important for transport, we generated substitutions of 

Glu422 to asparagine and aspartate (Fig. 7). Exchange of 
the charged Glu422 to polar asparagine did not alter T3 
transport. However, shortening of the side chain, while 
keeping the negative charge, by substitution of Glu422 to 
aspartate resulted in a reduced uptake and altered efflux 
behaviour. This finding suggests that Glu422 is indeed 

Fig. 7    Glu422 could be involved in coordinating Arg445 and the 
amino acid moiety of T3. a Extracellular opened conformation of the 
MCT8 Model (cartoon, grey). Glu422 (sticks, yellow) is facing to 
the channel leading to the binding cavity and is flanked by a stretch 
of negative charged residues (lines, green). b Expression levels of 
E422D and E422N mutants compared to wild-type MCT8. West-
ern blot of 25  µg whole cell homogenates against MCT8. MDCK1 
cells transfected with pcDNA3 empty vector served as negative con-
trol. β-Actin was used as a loading control. Quantification of western 
blots was performed on three replicates by densitometry. One-way 
ANOVA, Dunnett’s test. c Time course uptake with 10 nM 125I-T3 

of MCT8WT, E422D and E422N. The background of empty-vector 
transfected cells (pcDNA3) was subtracted from saturation curves. d 
Efflux of radioactive labelled T3 by E422D and E422N was measured 
in the media over time after loading the cells with 10 nM 125I-T3 for 
60 min. e Determination of K M values for E422D and E422N com-
pared to MCT8WT in stably transfected MDCK1 cells. T3 concentra-
tion ranges from 0.5 to 12 µM. The uptake of different concentrations 
of T3 was measured for 3 min. Empty-vector transfected cells served 
as background control and values were subtracted from saturation 
curves. f Eadie–Hofstee plot of e. K M (MCT8) = 3.1 ± 0.5 µM; K M 
(E422D) = 2.0 ± 0.5 µM; K M (E422N) = 2.4 ± 0.4 µM
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involved in coordination and geometry of the T3 recogni-
tion site.

In the MCT8 model, Glu423 is located extrafacial to 
the traversing cavity; thus it could be involved in guid-
ing T3 into the recognition site in the extracellular opened 

conformation (Fig. 8a). In order to investigate if the charge 
and length of the side chain at this position are important 
for transport we generated substitutions of Glu423 to aspar-
agine and aspartate (Fig.  8). Removal of the charge and 
shortening of the side chain of Glu423 by substitution to 

Fig. 8   Glu423 might be involved in guiding T3 to the central tra-
versing cavity. a Extracellular opened conformation of the MCT8 
Model (cartoon, grey). Glu423 (sticks, yellow) is facing to the chan-
nel leading to the binding cavity and is flanked by a stretch of nega-
tive charged residues (lines, green). b Expression levels of E423D 
and E423N mutants compared to wild-type MCT8. Western blot of 
25  µg whole cell homogenates against MCT8. MDCK1 cells trans-
fected with pcDNA3 empty vector served as negative control. β-Actin 
was used as a loading control. Quantification of western blots was 
performed on four replicates by densitometry. One-way ANOVA, 
Dunnett’s test. c Surface expression of Glu423 mutants compared 
to wild-type MCT8. d Time course uptake with 10 nM 125I-T3 of 

MCT8WT, E423D and E423N. The background of empty-vector 
transfected cells (pcDNA3) was subtracted from saturation curves. e 
Efflux of radioactive labelled T3 by E423D and E423N was measured 
in the media over time after loading the cells with 10 nM 125I-T3 for 
60  min. f Determination of KM values for E423D and E423N com-
pared to MCT8WT in stably transfected MDCK1 cells. T3 concentra-
tion ranges from 0.5 to 12 µM. The uptake of different concentrations 
of T3 was measured for 3 min. Empty-vector transfected cells served 
as background control and values were subtracted from saturation 
curves. g Eadie–Hofstee plot of e. KM (MCT8) = 2.8 ± 0.4  µM; KM 
(E423D) = 1.4 ± 0.8 µM; KM (E423N) = 3.0 ± 0.4 µM
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asparagine led to a slight enhancement of uptake and efflux 
compared to wild-type MCT8. Interestingly, shortening the 
side chain while keeping the negative charge by substitu-
tion of Glu423 to aspartate increased the uptake even more. 
However, efflux was not strongly altered. This indicates 
that Glu423 could be involved in guiding T3 to the recogni-
tion side by interaction with the amine of the amino acid 
moiety. Side chain shortening at position 423 results in an 
enlargement of the entrance vestibule towards the recog-
nition side from the extracellular side, which explains the 
generally enhanced uptake of both substitutions to aspara-
gine and aspartate. A negative charge is strongly beneficial 
at this position, as indicated by the Michaelis constant of 
E423D mutant (K M = 1.4 ± 0.8 µM) compared to the one 
of the E423N mutant (K M = 3.0 ± 0.4 µM) and MCT8WT 
(2.8 ± 0.4 µM; Fig. 8f, g).

Is the linker region participating in transport?

Arg388 is located in the intracellular helix which is part 
of the linker loop connecting TMH6 and 7 between the N- 
and C-terminal 6 TMH-bundles. The R388Q mutation in 
MCT8 was initially found in an exome-sequencing effort 
to identify a potential gene defect in a boy with a move-
ment disorder [38]. In our model, the Arg388 side chain 
points towards the intracellular vestibule leading to the 
substrate binding site (Fig.  9a). We initially hypothesised 
that the positively charged side chain of Arg388 may help 
attract the substrate towards the gate of the vestibule and a 
glutamine mutation would change the local electric field. 
We generated the R388Q mutant and expressed it in stably 
transfected MDCK1 cells and Xenopus oocytes along with 
several more Arg388 mutants. While R388Q expressed at 
normal levels, T3-uptake was slightly reduced. This was 
also true for a R388M mutant. The KM of R388Q and 
R388M were not different from wild-type MCT8. Replace-
ment of Arg388 by lysine appeared to reduce uptake and 
increase KM, while protein expression remained normal. 
When we replaced Arg388 with glutamate, we had dif-
ficulty recovering a stably expressing MDCK1 cell line. 
However, when R388E was injected into Xenopus oocytes 
along with wild-type MCT8 and R388Q, transport activity 
was not different from the uncharged R388Q, suggesting 
that Arg388 is likely not critical for substrate transport or 
protein stability.

Discussion

We here identified a membrane-traversing mechanism for 
THs by MCT8 as the two banana-shaped 6-TM-helix bun-
dles are tilting around a central TH-interacting cavity with 
alternating extra- and intracellular accessibility. Moreover, 

we pinpoint experimentally further transport-sensitive res-
idues that help to get a deeper insight into the molecular 
mechanisms of TH import and export by MCT8.

Based on a series of recently published crystal structures 
of sugar porters XylE, FucP and GLUT3, we have gener-
ated homology models of MCT8 in three different con-
formations: extracellular opened, extracellular occluded 
and intracellular opened. The models extend our previous 
inward open model based on GlpT [20] and for the first 
time allowed investigation of both the inward and also the 
outward open conformation to rationalise substrate trans-
port through the membrane. With this information we 
could further identify single amino acids important for T3 
transport. T3-docking studies from the extra- and intracel-
lular sides revealed one central cavity for bidirectional sub-
strate binding and traversing. Amongst others the cavity is 
formed by previously identified amino acids, e.g. His192, 
His415, Arg445 and Asp498 [20, 21, 24, 26], which can 
be exposed to both faces of the protein. In addition to the 
tilting of the N- and C-terminal domains around a cen-
tral cavity, the new homology models reveal two discon-
tinuous transmembrane helices (TMH7 and TMH10) with 
unwound segments residing in the middle of both. The two 
parts of one TMH interrupted by an unwound segment are 
named TMHa and TMHb (Fig. 10). Discontinuous TMHs 
are also found in other transporters such as sugar transport-
ers [28, 31, 39] and even in transporter classes comprising 
a different fold such as LeuT, which are also accompanied 
by inverted repeats [18, 40]. A detailed structure–function 
consideration of those transmembrane helices and trans-
port-sensitive residues that enclose the traversing cavity led 
to the following arrangements and conclusion (Fig. 10).

The three different MCT8 conformations indicate a par-
ticular conformational shift of the two helical segments 
a + b from discontinuous TMH7 and 10 relative to each 
other (Fig.  10a–c, right panels). This notion is of impor-
tance since many transport-sensitive residues are located 
in TMH7 and 10. Interestingly, several pathogenic muta-
tions (L492P [10, 41], G495A [42], D498N [21], delF501 
[43] and L512P [11]) occur on TMH10. Both TMHs are 
positioned parallel to each other in direct spatial proxim-
ity. His415 is located on TMH7a and the newly identified 
transport-sensitive residue Lys418 is located at the begin-
ning of TMH7b. Both residues are pointing into the travers-
ing channel of MCT8. While T3 passes through the central 
cavity, Lys418 can alternately interact with the functional 
groups of the amino acid moiety of the substrate. This is 
the reason why a drastic mutation of positively charged 
Lys418 to negatively charged glutamate still enables the 
passage of T3, while the mutation to alanine abrogates 
transport. Tyr419 is another amino acid located on TMH7b. 
Our results indicate that the aromatic residue is involved in 
a latch-like stabilisation of the intracellular opened state 
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Fig. 9   The properties of the side chain at position 388 are important 
for membrane localisation. a Arg388 (sticks, yellow) is located in the 
intracellular domain (grey) pointing to the vestibule of MCT8 (car-
toon; N-terminal domain, green; C-terminal domain, blue) b Expres-
sion of different Arg388 mutants compared to wild-type MCT8 
as positive control and empty-vector (pcDNA3) transfected cells 
as negative control. Western blot of 50  µg whole cell homogenates 
against MCT8. β-Actin served as a loading control. Quantification 
of western blots was performed on three replicates by densitometry. 
One-way ANOVA, Dunnett’s test with **p < 0.01 and ***p < 0.001. 
c Cell-surface expression of Arg 388 mutants compared to MCT8WT. 
d Time course uptake of 10 nM 125I-T3 in stably transfected MDCK1 
cells. pcDNA3-MDCK1 served as background control. e Meas-

urement of KM values of different Arg388 mutants compared to 
wild-type MCT8 in stably transfected MDCK1 cells. Empty-vector 
transfected cells served as background controls and were subtracted 
from saturation curves. T3 concentration ranges from 0.5 to 12 µM. 
The uptake was performed for 3  min. KM (MCT8) = 5.5 ± 1.2  µM; 
KM (R388Q) = 3.9 ± 0.4  µM; KM (R388E) = 4.1 ± 0.7  µM, KM 
(R388K) = 6.4 ± 1.9  µM; KM (R388M) = 3.9 ± 0.7  µM. f Injection 
of Xenopus laevis oocytes with 30  ng capped cRNA of wild-type 
MCT8, R388Q and R388E. Western blot against MCT8 and β-actin 
(loading control). Non-injected oocytes served as negative controls. g 
End point assay in Xenopus laevis oocytes with 10 nM 125I-T3. Non-
injected oocytes served as background controls
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by interaction with Met225 (TMH2). This intramolecular 
stabilisation is also supported by the recently published 
finding of Fischer et al. that TMH2 is involved in an dimer 
interface [44]. Their hypothesis that the pathogenic muta-
tion A224T [45] could disturb this dimer interface by 
forming an additional H-bond with the hydroxyl group of 
Tyr419 [44] is consistent with our models.

Furthermore, a patch of negatively charged residues 
Glu421, Glu422, Glu423 and Glu426 are located on 

TMH7b. These residues most likely guide T3 to the central 
traversing cavity from the extracellular side by coordinat-
ing the amine group of the amino acid moiety. Shortening 
of the side chain by mutating Glu423 to aspartate enlarges 
the space at the extracellular entrance and may explain the 
enhanced uptake and the unaltered efflux. However, loss 
of the charge by introducing an asparagine at position 423 
significantly increased the Michaelis constant compared to 
E423D suggesting a beneficial role of the negative charge 

Fig. 10   Simplified depiction of 
the MCT8 models in a the fully 
extracellular opened, b extracel-
lular partly occluded and c 
intracellular opened conforma-
tion in side view with the two 6 
TMH-bundles of the N- (green) 
and the C-terminal (blue) 
domain. The large intracellular 
linker is formed by helices 
(ICH, grey). Detailed positions 
of the lifted T3 (orange) within 
the central traversing cavity 
(orange circle) with respect to 
the N- and C-terminal domain 
are shown as T3 facing side 
view separately for the N- and 
C-terminal domain (middle and 
right panels). Most T3 binding 
and transport-relevant residues 
are located on the C-terminal 
domain, where a slight move of 
the TMH10ab and 7ab (minor) 
especially at the helix-disconti-
nuity can be observed between 
the extracellular (a right panel) 
and intracellular (c right panel) 
open state
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for T3 transport. This cluster of negative charged residues 
(Glu421, Glu422, Glu423 and Glu426) could be involved 
in coordination of the amine moiety of T3 and the transport 
relevant residue Arg445 in MCT8 (Figs. 7, 8; green lines). 
Interestingly, this negative patch is not present in the homo-
logue MCT10 and might be of interest for further research.

The transport-sensitive residues Cys497 and Asp498 are 
located at the C-terminal end of TMH10a. Both are point-
ing towards the traversing cavity and are thus able to inter-
act with the substrate. This is in agreement with previously 
reported mutations at these positions and pCMBS acces-
sibility of Cys497 influencing T3-uptake [20, 21, 27]. The 
second transport-sensitive cysteine Cys481 [27] is located 
at the extracellular loop N-terminal to TMH10. A pCMBS 
derivatisation at this position can thus influence either the 
orientation of TMH10 or block the mobility of TMH10 
probably needed for transport. The newly identified Thr503 
is located at the onset of TMH10b. Thr503 probably stabi-
lises the unwound segment of TMH10 by bending TMH10b 
to the interior centre of the protein (Figs.  6a, 10). This 
might explain why a loss of the H-bond stabilisation by the 
T503V mutation leads to decreased expression hinting a 
lower stability of the mutant. Furthermore, the loss of this 
H-bond could also explain why efflux of T3 is less affected 
than uptake, since TMH10b can move further away from 
the interior and especially enlarge the intracellular entrance 
(Fig. 10c). The existence of such an unwound segment in 
TMH10 of MCT8 is also supported by the pathogenic dele-
tion mutation MCT8-delPhe501, whose disturbed expres-
sion and function can be rescued by small molecule chap-
erones, whilst for the mutation L471P only expression but 
not function can be rescued [35]. Our new MCT8 models 
are useful to explain the differences. Phe501 is located 
exactly in the unwound segment between TMH10a and 
b close to Thr503 (Fig.  6a). Deletion of Phe501 causes a 
shift of Thr503 by one position in TMH10, which obvi-
ously slightly disturbs the stabilisation of the unwound 
segment that can be rescued by small chaperones (even by 
DMSO). In contrast, the lost function of the proline muta-
tion L471P cannot be rescued by small chaperones. Leu471 
is positioned in the middle of the continuous TMH9, which 
is not part of the traversing cavity. Thus, the proline muta-
tion probably causes a severe fold defect in the C-terminal 
domain. Compendiously, we could show tilting of the two 
6 TMH-bundles against each other and the rearrangements 
of the discontinuous TMH10 and partly of TMH7 in MCT8 
which has been already reported for GLUT3 [31].

Arg445 is located in TMH8 which lies directly next to 
TMH10. Kinne et  al. [20] suggested a possible interac-
tion of Arg445 with Asp498 (TMH10) which was later 
supported by Groeneweg et  al. [21]. The weak rescue 
of TH transport by the charge exchanging double mutant 
R445D/D498R compared to the respective single mutants 

emphasises the importance of charges at specific posi-
tions within TMHs [21]. An interaction between Arg445 
and Asp498 with each other and the amino acid moiety of 
THs could also explain the pathogenic effect of the single 
mutants R445C [46], R445S [47] and D498N [48]. The 
loss of the charge at any of these positions disturbs the 
geometry and interaction pattern needed for TH transport 
by MCT8. In addition, Arg445 interacts with T3 as a promi-
nent partner of a His–Arg motif for clamping T3 (such as 
His415 in TMH7). The second histidine His192 covering 
the central traversing cavity is located at TMH1. Until now 
His192 and Arg301 were the only residues interacting with 
the substrate identified at the N-Terminal 6 TMH-bundle. 
The two His–Arg clamps within the central traversing cav-
ity (His192–Arg445 and His415–Arg445) show a com-
parable distance and geometry to the T3 binding motif 
“His435–Arg282 clamp” in the TRβ: T3 complex structure 
(PDB ID: 3gws [23]). A similar binding mode might also 
be feasible for His192–Arg301 and His415–Arg301. How-
ever, Arg301 is only accessible to T3 in the intracellular 
opened conformation of MCT8. Thus, Arg301 and the cor-
responding potential His–Arg clamps (His192–Arg301 and 
His415–Arg301) seem to rather be involved in guiding the 
substrate in and out of the traversing cavity from the intra-
cellular side.

The newly characterised residues Ser313 and Ser314 are 
located at a bulge in TMH5 in close proximity to Arg445 
on TMH8. The strong effect on folding and protein stability 
of both S313A and S314A mutants are in full agreement 
with the localisation within an irregular helix compart-
ment in our MCT8 model. Furthermore, these two serines 
provide a hydrophilic environment which might allow the 
passage of the ether oxygen atom of T3 (Ser313) as well as 
the carboxyl group of the amino acid moiety (Ser314). In 
addition, they could be involved in the coordination of the 
amino acid group from the intracellular side as their sub-
stitution to alanine in both cases has a stronger impact on 
efflux than on uptake of T3.

The potentially pathogenic mutant R388Q [38] which is 
located in the large linker loop between TMH6 and TMH7 
suggests that the function of MCT8’s intracellular domain 
might be similar to the speculated function of the intracel-
lular helical domain of GLUT3 [31]. However, while a sub-
tle role of Arg388 in T3-transport cannot be refuted on the 
basis of the data presented here, our results argue against 
the idea that R388Q is a transport-inactive mutant. How-
ever, Arg388 might be involved in so far unknown intracel-
lular protein–protein interactions which could contribute to 
the reported potential pathogenicity of R388Q.

Taken together, we here identified a membrane-travers-
ing mechanism for THs by MCT8 as the N-terminal domain 
undergoes a rigid body rotation around a central TH-inter-
acting cavity with respect to the C-terminal domain. This 
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allows alternating extra- and intracellular accessibility of 
the TH recognition-sensitive residues His192, His415, 
Arg445 and Asp498. After extracellular recognition by a 
His–Arg clamp motif T3 adheres alternately to these resi-
dues and is thus conveyed through the central traversing 
channel and released towards the intracellular side and vice 
versa.
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