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ABSTRACT: Glycogen storage disease type Ib is caused by mutations in the glucose 6-phosphate transporter
(G6PT) in the endoplasmic reticulum membrane in liver and kidney. Twenty-eight missense and two
deletion mutations that cause the disease were previously shown to reduce or abolish the transporter’s
activity. However, the mechanisms by which these mutations impair transport remain unknown. On the
basis of the recently determined crystal structure of itsEscherichia colihomologue, the glycerol 3-phosphate
transporter, we built a three-dimensional structural model of human G6PT by homology modeling. G6PT
is proposed to consist of 12 transmembraneR-helices that are divided into N- and C-terminal domains,
with the substrate-translocation pore located between the two domains and the substrate-binding site formed
by R28 and K240 at the domain interface. The disease-causing mutations were found to occur at four
types of positions: (I) in the substrate-translocation pore, (II) at the N-/C-terminal domain interface, (III)
in the interior of the N- and C-terminal domains, and (IV) on the protein surface. Whereas class I mutations
affect substrate binding directly, class II mutations, mostly involving changes in side chain size, charge,
or both, hinder the conformational change required for substrate translocation. On the other hand, class
III and class IV mutations, often introducing a charged residue into a helix bundle or at the protein-lipid
interface, probably destabilize the protein. These results also suggest that G6PT operates by a similar
antiport mechanism as itsE. coli homologue, namely, the substrate binds at the N- and C-terminal domain
interface and is then transported across the membrane via a rocker-switch type of movement of the two
domains.

Glycogen storage disease type I (von Gierke’s disease), a
group of autosomal recessive disorders, is characterized by
severe hepatomegaly, osteoporosis, enlarged kidneys, growth

retardation, hypotonia with delayed acquisition of motor
skills, platelet dysfunctions, and a tendency toward infections
associated with neutropenia (1). The disorder is caused by a
dysfunction in the glucose-6-phosphatase (G6Pase)1 system
in the endoplasmic reticulum (ER) in the liver and kidney
(2, 3). The ER takes up glucose 6-phosphate (G6P) by the
G6P transporter (G6PT), and the imported sugar-phosphate
molecule is hydrolyzed by the enzyme G6Pase into glucose
and phosphate (Pi), which are then reexported back to the
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cytoplasm (4). A deficiency of the G6Pase enzyme results
in glycogen storage disease type Ia (GSD-Ia), whereas a
defect in the G6P transporter causes glycogen storage disease
type Ib (GSD-Ib). In the past few years, various mutations
in the G6PTgene that cause GSD-Ib have been identified,
including 28 missense, 2 codon deletion, 15 insertion/
deletion, 10 nonsense, and 14 splicing mutations (2, 3).
Among them, the transport activities of the 28 missense and
2 deletion mutations have been characterized by microsomal
transport assays (3, 5). On the protein and mechanistic levels,
however, the structural changes caused by these mutations
are unknown, and consequently, the molecular pathogenesis
of the GSD-Ib disease is poorly understood.

G6PT is a secondary transporter protein embedded in the
ER membrane (4, 6). The human protein consists of 429
amino acids (7). Using a marker peptide and proteolysis, Pan
and co-workers showed that both the amino and carboxyl
termini of the protein are in the cytoplasm (8). The
transmembrane topology of the protein, however, is contro-
versial: two topology models, one with 10 (8) and the other
with 12 (7) transmembraneR-helices, have been proposed.
Since no purification system is yet available for the human
protein, direct biochemical and biophysical studies have not
been possible. However, bacterial homologues of G6PT have
been studied extensively. As a secondary membrane trans-
porter, G6PT belongs to the organophosphate:phosphate
antiporter (OPA) family of the major facilitator superfamily
(MFS) (9). Bacterial members of the OPA family include
the glucose 6-phosphate transporter (UhpT) and the glycerol
3-phosphate transporter (GlpT) (10). Both UhpT and GlpT
from the Escherichia coli inner membrane have been
overexpressed and purified and their transport activities
measured in reconstituted proteoliposomes (11, 12). Mu-
tagenesis and functional studies on UhpT suggested certain
residues that are located in the substrate-translocation pore
or involved in substrate binding (13, 14). Recently, the
structure of GlpT fromE. coli was determined to 3.3 Å
resolution using X-ray crystallography (15, 16). The structure
revealed the substrate-translocation pathway and the substrate-
binding site in the protein and suggested a mechanism for
substrate transport. Since human G6PT shares significant
sequence homology with itsE. coli homologues, the struc-
tural and mechanistic information on the bacterial transporters
should also shed light on the mechanism of the human
protein.

With the recent successes in structural biology of mem-
brane proteins from bacterial sources (17, 18), homology
modeling has been used to obtain 3D structural information
for various mammalian membrane proteins, for which direct
structural information is sparse. Models of G-protein-coupled
receptors built using the rhodopsin structure as a template
predicted the binding of various ligands (19). Homology
modeling of inwardly rectified potassium channels based on
the bacterial KcsA protein suggested a distorted ion selectiv-

ity filter for certain mutations, explaining their reduced
conductance (20). For transporters, the 4.5 Å resolution
structure of MsbA fromVibrio cholera(21) proteins has been
used to model the human multidrug resistance proteins Pgp
and MRP1 in the same ATP-binding cassette (ABC)
transporter family, providing important mechanistic insight
for these important drug-exporting proteins in tumor cells
(22-25).

An understanding of the molecular mechanism underlining
the GSD-Ib disorder requires detailed structural information
on the G6PT protein. To this end, we have built a three-
dimensional (3D) model of human G6PT using the crystal
structure of itsE. coli homologue GlpT as a template. The
28 missense and 2 deletion mutations that cause GSD-Ib were
mapped onto the 3D G6PT model. Possible structural
changes brought by these mutations and their effects on the
substrate translocation were examined.

MATERIALS AND METHODS

Multiple Sequence Alignment. The amino acid sequence
of human G6PT (O43826) was aligned with the following
five OPA proteins that were found to have>23% sequence
identity: G6PT from mouse (AAC79840), GlpT fromE. coli
(P08194), GlpT fromBacillus subtilis(P37948), UhpT from
E. coli (P13408), and UhpT fromSalmonella typhimurium
(P27670). The protein sequences were retrieved from the
Swiss-Prot/TrEMBL database and were compared using the
program BLAST (26). The multiple sequence alignment was
constructed using T-COFFEE (27). In the preliminary
alignment, a total of six gaps were located in regions near
the termini of helices 3, 5, 10, 11, and 12 in the correspond-
ing GlpT structure template. These gaps were manually
moved to the nearest loop regions in order to preserve the
secondary structure between target and template (28), in
agreement with the predicted transmembrane regions. In
addition, theE. coli GlpT sequence was changed from the
Swiss-Prot entry to account for the 8 unseen residues in the
central loop of the crystal structure and mutations of L2G
and of the last four residues at the C-terminus (RNGGf
LVPR) that were required to produce the GlpT crystals (12,
15).

Topology Prediction. We used several popular programs
to predict the topology from its amino acid sequence for
G6PT, using GlpT as a control. The programs were DAS
(29), HMMTOP (30), MEMSAT (31), PHDhtm (32), TM-
HMM (33), TMpred (34), and TopPred (35). For HMMTOP,
we also used the known sidedness of the N- and C-termini
of the proteins relative to the membrane to improve the
accuracy of the predictions (36).

Homology Model Building of the Three-Dimensional
Structure. Using the above sequence alignment, three-
dimensional models of human G6PT were built by homology
modeling with the MODELLER software (37). The crystal
structure of GlpT (16) was used as the structural template.
Twelve sets of 100 homology models were generated, six
sets with varying numbers of residues subjected to helical
restraints and the others without. From each set, the five
models with the lowest value of the MODELLER objective
function were evaluated using VERIFY-3D (38), PROCHECK
(39), and WHAT-IF (40). On the basis of these tests, the
best performing model was selected as the final model. The

1 Abbreviations: 3D, three dimensional; ABC, ATP-binding cassette;
G3P, glycerol 3-phosphate; G6P, glucose 6-phosphate; G6Pase, glucose-
6-phosphatase; G6PT, mammalian glucose 6-phosphate transporter;
GlpT, bacterial glycerol 3-phosphate transporter; GSD-Ia, glycogen
storage disease type Ia; GSD-Ib, glycogen storage disease type Ib; MFS,
major facilitator superfamily; OPA, organophosphate:phosphate anti-
porter; Pi, inorganic phosphate; UhpT, bacterial glucose 6-phosphate
transporter.
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cavity volume within the protein model was calculated using
the program VOIDOO (41). Finally, to investigate their
structural changes and possible functional consequences,
disease-causing missense and deletion mutations (3, 5) were
mapped onto the wild-type G6PT model using MODELLER.

RESULTS

Sequence Homology and Transmembrane Topology. The
human glucose 6-phosphate transporter belongs to the OPA
family of the major facilitator superfamily. Eukaryotic and
prokaryotic members of the transporter family share signifi-
cant amino acid sequence homology, and we therefore
aligned the amino acid sequences of the G6PT proteins from
human and mouse with those of their bacterial homologues
UhpT and GlpT (Figure 1). The sequence identities among
bacterial OPA proteins range from 30% to 60%, whereas
the identities between bacterial and mammalian proteins are
20-30%. Except at the N-terminal region where the mam-
malian proteins are 15-18 amino acids longer, a reflection
of the lack of a signal peptide for ER membrane proteins,
the conserved residues distribute across the entire protein
sequence. In particular, residues that are known to be critical
for the configuration or packing of transmembraneR-helices,
such as prolines and glycines (42, 43), are well conserved
among members of the OPA family (Figure 1). Human G6PT
shares 27% amino acid sequence identity with itsE. coli
homologue, the GlpT protein, and their overall sequence
similarity is 54%. A BLAST search between the two
sequences generated a score of 129 with anE value of 8×
10-29, indicating strong similarity in their folds (26). For the

questionable region between N27 and R77 in G6PT, corre-
sponding to part of helix 1 and the entire helix 2 in the 12-
helix model (7) but assigned as a long, single loop in the
10-helix model (8), the identity and similarity are as high as
45% and 63%, respectively. Importantly, proteins that are
large and share sequence identities over 30% uniformly
across the entire sequence almost always have the same fold
(44-47).

We propose that G6PT adopts the same transmembrane
topology as GlpT (16), with 12 transmembraneR-helices
connected by loop regions (Figure 2). Besides the significant
sequence identity discussed above, additional reasons are the
following. First, secondary structure prediction favored a 12-
helix transmembrane topology for G6PT. The DAS program
predicted 11 helices for both G6PT and GlpT, whereas
predictions by MEMSAT, PHDhtm, and TopPred yielded a
12-helix model for both proteins. The other three programs,
HMMTOP, TMHMM, and TMPred, predicted 11 helices for
G6PT and 12 helices for GlpT, respectively. However, when
the cytoplasmic location of the N- and C-termini (8) was
included in the predictions, HMMTOP also predicted 12
helices for GlpT as well as G6PT, in agreement with the
results from MEMSAT, PHDhtm, and TopPred. It has been
shown that the inclusion of even one experimental data point,
say the C-terminal location, increased the accuracy of
predictions for membrane proteins from 55% to 70% for all
of the membrane proteins from three genomes (36), including
E. coli. Thus, a 12-helix model for G6PT is more reasonable.
Second, three known structures of MFS proteins, GlpT (16),
the E. coli lactose permease (LacY) (48), and the oxalate

FIGURE 1: Multiple sequence alignment of human G6PT with other members of the OPA family. Residues conserved in at least half of the
proteins are highlighted in black (identical matches) or gray (similar matches). The positions of the 12 transmembraneR-helices are indicated.
E.col ) Escherichia coli; B.Sub) Bacillus subtilis; S.typ) Salmonella typhimurium.
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transporter (OxlT) fromOxalobacter formigenes(49, 50),
all have the same 12-transmembrane helix topology, even
though their sequence identity is only 12-14%, while the
sequence identity between G6PT and GlpT is much higher.
The transmembrane helices were thereby designated H1 to
H12 and the connecting loops L1-2 to L11-12. In addition
to the differences in the H1-H2 region, helix 2 in the 10-
helix model became H3 and was necessarily inverted, and
the loop connecting helices 2 and 3 became H4 in the 12-
helix model. The last eight helices in our model, H5 to H12
(Q133-M421), where the sequence identity between GlpT
and G6PT is only 21%, correspond well with helices 3-10
(W137-L414) in the 10-helix model.

OVerall Three-Dimensional Structure. On the basis of the
above sequence alignment (Figure 1), homology modeling
was carried out for the human G6PT protein using the crystal
structure of itsE. coli homologue GlpT (16) as a template.
The best models with and without helical restraints were very
similar. To avoid undue bias, we chose the best one derived
without helical restraints as the final model. This G6PT
model (Figure 3A) has adequate stereochemical properties.
Ramachandran plot analysis showed that the backbone
torsion angles are mostly in the favorable regions, whereas
deviations of the bond lengths and angles from the mean
standards were found to be reasonable, with root-mean-
square deviations for bond length and angle of 0.019 Å and
2.2°, respectively. As expected, the G6PT structural model,
to a large extent, resembles the GlpT structure (16). Briefly,
the G6PT molecule is composed of an N-terminal half and
the C-terminal half that are related by a central pseudo-2-
fold symmetry axis perpendicular to the membrane plane.
This pseudo-2-fold symmetry reflects the weak sequence
homology between the two halves of the protein (at 19%
identity), a common feature of all MFS proteins. Both the
N- and C-termini are in the cytoplasm. Each half of the
protein consists of six transmembraneR-helices that are
connected by extramembrane loops. Due to an eight amino
acid insertion relative to the GlpT sequence, the L8-9 loop
is 13 amino acids long. Most of the other intradomain loops
are only five amino acids long, leaving little freedom for
relative movements of the helices within each domain.
Helices in both the N- and C-terminal domains are densely
packed, and there are few cavities in the domain interior.
The interactions between the N- and C-terminal domains,

however, are relatively weak. The two domains are connected
by a long, central loop L6-7, presumably flexible as in GlpT.
While there are extensive van der Waals contacts between
the domains at their interface, no salt bridges and few
hydrogen bonds exist there. The convex curvature of the
helices packed back to back at the domain interface suggests
a rocker-switch type of movement between the two halves
of the protein.

Proposed Substrate-Translocation Pathway and Substrate-
Binding Site. Between the N- and C-terminal domains of
G6PT is located a pore, open to the cytoplasm and closed
off to the ER lumen, presumably representing the substrate-
translocation pathway (Figures 3A and 4A). The structural
model thus represents the cytoplasm-facing conformation of
the transporter. The substrate-translocation pathway is lined
by eight helices: H1, H2, H4, and H5, from the N-terminal
half, and from their symmetry-related counterparts in the
C-terminal domain, H7, H8, H10, and H11. The inner surface
of the pore is mostly hydrophobic (data not shown), except

FIGURE 2: Proposed topology of G6PT with 12 transmembraneR-helices. Locations of GSD-Ib-causing mutations are indicated in black.

FIGURE 3: Ribbon diagrams of the structure model of human G6PT
by homology modeling based on the crystal structure of itsE. coli
homologue GlpT, viewed from within the membrane. (A) Model
for the wild-type G6PT. The N- and C-terminal domains are shown
in green and purple, respectively. The 12 transmembraneR-helices
are numbered by their order in the protein sequence. (B) Model of
the wild-type G6PT shown together with the locations of 28
missense and 2 deletion mutations that cause glycogen storage
disease type Ib. Affected residues are colored according to their
position in the structure: pink, within the substrate-translocation
pore; orange, at the N- and C-terminal domain interface; blue, in
the interior of the N- or C-terminal domains; green, on the protein
surface. This figure and Figure 4 were prepared using the program
Pymol (75).
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at the closed end of the pore in the middle of the membrane,
where two positively charged residues, R28 from H1 and
K240 from H7, are located. The closest distance between
R28 and K240 is 10.1 Å. We propose that they form part of
the substrate-binding site, similar to the substrate-binding
site in theE. coli GlpT protein (14, 16).

G6PT Mutations Were DiVided into Four Classes. We
mapped the 28 missense and 2 deletions that cause GSD-Ib
(6) onto the 3D structural G6PT model (Figure 3B). These
mutations occur at 26 positions in the wild-type protein
(Figures 2 and 3B and Table 1). All of the mutations are in
the helical regions, except M1V, P191L, R300H, and R300C,
which are located in loops on the cytoplasmic side of the
membrane (Figure 3B). On the basis of the position of these
mutations, we categorized them into four classes (Table 1):
class I, in the substrate translocation pore; class II, at the
N-/C-terminal domain interface; class III, in the interior of
the N- or C-terminal domains; class IV, at the protein’s
interface with the cytoplasm or with the lipid membrane.
Each class of these mutations was analyzed separately as
described below.

Class I: Mutations in the Substrate-Translocation Pore.
A number of mutations were found in the proposed substrate-

translocation pore (Figures 3B and 4A,B and Table 1).
Notably, both R28H and R28C mutations occur on R28, one
of the two positively charged residues proposed to be directly
involved in substrate binding. The third mutation in this class,
G149E, occurred at a position slightly on the lumenal side
of the substrate-binding site, at a triangular plane with R28
and K240 (Figure 4B). Its distances to the key residues at
the binding site are R28-G149, 9.5 Å, and K240-G149,
9.3 Å. Introduction of a negative charge near the binding
site would probably change the positions of R28 and K240
as well as the positive electrostatic surface potential of the
binding site and, therefore, affect the substrate binding. The
last one in the category, W118R, is∼7.0 Å to R28 from the
cytoplasmic side. The location may be involved with binding
to the glucose moiety of the substrate.

Class II: Mutations at the N-/C-Terminal Domain Inter-
face. Several disease-causing mutations were found at the
interface between the N-/C-terminal domains that is mostly
formed by two pairs of curved helices, H2-H11 and H5-
H8 (Figure 3B and Table 1). These single point mutations
are G50R and S54R in H2, Q133P, G150R, and P153L in
H5, I278N in H8, and A367T in H11 (6). Two of these
mutations, Q133P and P153L, involve changes of a proline
residue. The rest of the mutations change the size of the side
chain at the interface or its charge or both. Four of the eight
mutations in this class, G50R, S54R, G68R, and G150R,
involve changing a neutral to a charged residue (Figure
4C,D), and two additional ones, I278N and A367T, change
a hydrophobic residue to a hydrophilic one.

Class III: Mutations in the Interior of the N- and
C-Terminal Domains. Twelve mutations that cause GSA-Ib
were found to occur within the N- and C-terminal domains
(Figure 3B and Table 1). Seven of them, G20D, N27K,
G88D, C176R, C183R, G339D, and A373D, introduce a
charged residue into the interior of the N- or C-terminal
domains, often in the middle of a helix bundle. Four of the
12 mutations involve changing a glycine into a more bulky
residue, G20D, G88D, G339D, and G339C (Figure 4E,F).
Two deletion mutations that occur in a helix,∆F93 in H3
and∆V235 in H7, probably cause the neighboring residues
to clash with its neighbors. In addition, because the∆93
deletion occurs near the C-terminus of H3 which is followed
by a short loop L3-4, the mutation may even affect the
neighboring helix H4. Two other mutations involve a proline
residue. L85P in H3 probably causes the helix to bend,
whereas the H301P mutation probably disrupts H9.

Class IV: Mutations at the Protein’s Interfaces with the
Cytoplasm and with the Lipid Membrane. One mutation
introducing a charged side chain, S55R, was found to be
located at the protein-lipid interface (Figure 3B and Table
1). Two mutations, R300H and R300C, occur in L8-9 in
the cytosol, which is part of the signature sequences for all
members of the major facilitator superfamily (51). A
mutation at the next residue in the protein sequence, H301P
at the N-terminus of H9, may cause the helix to bend.
Another mutation in this class abolishes G6PT’s transport
in a completely different manner: the M1V mutation causes
the translation to start at M17 (6), resulting in a∆1-16
truncation mutant lacking a substantial portion of H1. For
the last mutation in the group, P191L, we were unable to
suggest a reason for it to be lethal to the transporter’s
function.

FIGURE 4: Examples of mutations of G6PT that disrupt the protein
structure and thus diminish the transporter activity and cause
glycogen storage disease type Ib. (A) Substrate-binding site in the
wild-type protein. (B) Substrate-binding site with the G149E
mutation. (C) H5-H8 interface in the wild-type protein. (D) H5-
H8 interface with the G150R mutation. (E) Part of the N-terminal
domain in the wild-type protein. (F) Part of N-terminal domain
with the G20D mutation. Note the charge or the steric clashes
introduced by each of the mutations. (A-D) are viewed from within
the membrane, and (E, F) are viewed from the cytoplasm.
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DISCUSSION

The human glucose 6-phosphate transporter belongs to the
organophosphate:phosphate antiporter family, one of the 38
transporter families identified in the major facilitator super-
family thus far (9). On the protein level, while members
within a family are reasonably homologous, the sequence
homology is rather low or undetectable between families
within the superfamily. However, the available direct struc-
tural information on three MFS proteins (16, 48-50)
indicates that all proteins in the superfamily share the same
topology and have very similar three-dimensional structures
as well. This is even more significant considering the absence
of significant sequence homology among the three proteins.
The human G6PT and theE. coli GlpT proteins belong to
the same OPA family and share 27% identity and 54%
similarity in amino acid sequence. In addition, secondary
structure predictions, when the experimentally determined
C-terminal location was included in the input, also favored
a 12-helix topology. We therefore assumed that the two
proteins adopt very similar three-dimensional structures,
which allowed us to justify building a structural model for

human G6PT based on the GlpT crystal structure (Figures 2
and 3A). It follows that the two proteins may share similar
substrate-translocation mechanisms.

The structural model of human G6PT that we obtained
by homology modeling consists of an N- and a C-terminal
domain related by a pseudo-2-fold symmetry (Figure 3A).
Separated by a long, central loop, the two compact domains
each contain six transmembraneR-helices that are connected
by short, extramembrane loops. The substrate-binding site
is believed to be located at the domain interface. The two
pairs of long helices at the domain interface, H2-H11 and
H5-H8, are highly curved, and they pack in a back-to-back
manner like an hourglass. Obviously, this 12-helix structure
is inconsistent with the 10-helix topology model of G6PT
(8), which was largely based on data from protein glycosy-
lation experiments. When point mutation T53N or S55N (in
H2 of our model) was introduced, glycosylation of G6PT
was detected (8). Such glycosylation was possible only if
T53N and S55N were in the ER lumen, lending support to
the 10-helix model. Importantly, however, these two glyco-
sylated mutants were nonfunctional (8). Glycosylation of

Table 1: Mutations That Cause GSD-Ib and Their Possible Effects on the Protein Structure

mutation location
activity

(%)a classb comments

M1V L1 0 IV the M1V mutation causes the translation to start at M17, resulting in a∆1-16 truncation mutant (6)
G20D H1 0 III G20 faces H6; mutation to an aspartate may affect the interface between H1 and H6
N27K H1 0 III N27 from H1 faces a region between H3, H4, and H6; a lysine in this region is too bulky and may cause

clashes with the other three helices
R28C H1 0 I R28 is part of the substrate-binding site; a mutation may affect substrate binding directly
R28H H1 0 I see comments for R28C
G50R H2 0 II mutation to an arginine may cause problem at the H2-H11 interface
S54R H2 0 II mutation to an arginine may cause problem at the H2-H11 interface
S55R H2 0 IV S55 faces the lipids; mutation to a charged residue is unfavorable
G68R H2 8.1 II G68 is at the interface with H11; mutation to an arginine may cause problems at the N-/C-terminal

domain interface in the outward-facing conformation
L85P H3 0 III L85 faces the lipids; mutation to a proline may cause a kink in the otherwise straight H3, causing the

helix to bend toward H1 and H4
G88D H3 2.2 III G88 interacts with H6; mutation to an aspartate may disrupt the helix packing
∆F93 H3 0 III L3-4 is only 5 amino acids long; a deletion may cause problem to the two helices
W118R H4 0 I W118 faces the pore and is at the N/C interface; mutation to an arginine there may affect the pore closing

in the outward-facing conformation; R118 may also affect the position of R28
Q133P H5 0 II mutation to a proline may change the curvature of H5
G149E H5 0 I G149 is in a triangular plane with R28 and K240, which are part of the proposed substrate-binding site;

a G149E mutation introduces a negatively charged residue and may change the positive electrostatic
surface potential there

G150R H5 0 II mutation may cause steric clashes with H8 at the N/C interface
P153L H5 8.6 II mutation may cause unfavorable interactions with H8 at the N/C interface
C176R H6 0 III an arginine causes clashes with side chains of H1 and H3
C183R H6 0 III C183 faces H1; mutation to an arginine may affect the interface between H1 and H6
P191L L6-7 0 IV
∆V235 H7 0 III deletion may destabilize H7
I278N H8 10.4 II mutation may cause steric clashes at the H5-H8 interface
R300C L8-9 5.2 IV R300 is the last residue in loop L8-9 and forms an ion pair with E355 of H10; loss of this interaction may

affect the curvature of H8
R300H L8-9 7.1 IV R300 is the last residue in loop L8-9 and forms an ion pair with E355 of H10; loss of this interaction may

affect the curvature of H8
H301P H9 24.2 IV mutation to a proline initiating this helix could bend the helix
G339C H10 4.9 III G339 is located at the interface with H8; mutation to a cysteine may cause steric clashes at the H8-H10

interface
G339D H10 0 III see comments for G339C
A367T H11 23.1 II mutation to a threonine may cause problem at the H2-H11 interface
A373D H11 0 III A373 faces H7; mutation to an aspartate may cause steric clashes and thereby destabilize the H11-H7

interface
G376S H11 5.6 IV G376 faces the lipid; it is part of a hydrophobic region in H11; energetically, it would be unfavorable to

introduce a polar residue
a See ref6. b Class I, mutation within the substrate-translocation pore; class II, mutation at the N-/C-domain interface; class III, mutation in the

interior of the N- or C-terminal domains; class IV, mutation on the protein surface.
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membrane proteins is critical for their membrane targeting
and folding (52, 53); misglycosylation can cause misfolding
(54-56). It is therefore possible that the two mutants were
not properly folded in the ER membrane.

Our three-dimensional G6PT model, in combination with
mutation data, provides information on the transporter’s
molecular mechanism. Two-thirds of the known mutations
in G6PT (Figure 3B and Table 1) abolish the protein’s
substrate transport completely, with the remaining 10 show-
ing activities of 2-25% of the wild type (5, 6). These
mutations probably affect the transporter’s activity in three
different ways, by modifying the substrate-binding site, by
changing the N- and C-terminal domain interface, or by
destabilizing the protein. This suggests that both the putative
substrate-binding site and the N-/C-terminal domain interface
are critical for the transporter’s activity. Their importance
can be best understood if the human G6PT protein is a G6P/
inorganic phosphate antiporter, as suggested by mutation data
on the proteins from patients with GSD types Ib and Ic (57),
and if it works by a similar mechanism as theE. coli GlpT
protein. In such a mechanism, the substrate binds at the N-
and C-terminal domain interface in the transporter and is
then transported across the membrane via a rocker-switch
type of movement of the two domains (16). Such an antiport
mechanism for G6PT would also explain the markedly
enhanced G6P uptake of microsomes in the presence of
G6Pase activity (5, 58). As G6Pase hydrolyzes G6P into
glucose and Pi, its activity lowers the G6P concentration in
the ER lumen and, at the same time, increases the Pi

concentration. As a result, the lacking of accumulation of
G3P in the ER lumen and a steeper Pi gradient across the
membrane as the driving force facilitate the G6P-Pi

exchange (16). This is in contrast to the uptake of G3P and
G6P inE. coli by GlpT or UhpT, where multiple pathways
of utilizing the organic phosphates are present but not a
homologue of human G6Pase (59). Finally, the nondisease-
causing mutation due to G6PT polymorphism (57, 60),
N198I, occurs in L6-7, the long central loop whose amino
acid sequence is known to be unimportant for the function
of MFS proteins (61).

Understandably, mutations in the proposed substrate-
translocation pore (class I) can affect substrate binding
directly (Figures 3B and 4A,B and Table 1). It was shown
previously that these mutants express at similar levels as the
wild-type G6PT (5, 6). The loss of transport activity,
therefore, is due to impaired protein activity, rather than
reduction in expression levels. Like its bacterial homologues
(12), the substrate binding in G6PT is expected to be via
the negatively charged phosphate moiety of a substrate. The
positive electrostatic surface potential around the binding site
is therefore important. R28H, R28C, and G149E occur at
the proposed substrate-binding site. They are likely to change
the electrostatic surface potential there. Interestingly, “back-
mutation” experiments carried out with UhpT, the G6P
transporter fromE. coli, on the equivalent residues at the
substrate-binding site (62) agree with our model. Among the
14 arginines in UhpT, only the two equivalent to R28 and
K240 of G6PT were found to be essential for UhpT’s
activity. The last residue in the category, W118, may be
involved with binding to the glucose moiety of the substrate.
A mutation to an arginine residue may therefore affect this
binding. It is noted that the indole ring of W151 in the

lactose-transporting LacY is a major part of the substrate-
binding site by hydrophobic interactions (48).

Mutations at the N- and C-terminal domain interface in
G6PT (class II) affect the side chain size or charge or the
curvature of the helices (Figures 3B and 4C,D and Table 1).
Seven of the 28 known missense mutations that cause GSD-
Ib belong to this class. Having curved helices packed back
to back at the domain interface is a common feature in all
the three known structures of MFS proteins (16, 48, 49). As
in GlpT, the curvature of H2, H5, H8, and H11 in G6PT is
believed to be critical for the rocker-switch type of movement
of the two domains associated with substrate translocation
(16). The two mutations involving a proline residue (Q133P
and P153L) are likely to change the helix curvature (42, 63)
and thus affect the conformational change. On the other hand,
a change in residue charge or side chain size at the domain
interface in G6PT can also hinder the relative movement of
the two domains (Table 1).

Mutations of G6PT in the interior of the N- and C-terminal
domains (class III) and at the interface with the lipids or
cytoplasm (class IV) probably affect the protein’s stability
(Figures 3B and 4E,F and Table 1). Most of them introduce
a charged residue in the middle of a helix bundle or at the
protein-lipid interface. These changes are likely to desta-
bilize the protein. Mutations from glycine into a more bulky
residue may disrupt helix-helix packing, as glycine residues
in membrane proteins are known to often be involved in
helix-helix packing by forming weak CR- - -H‚‚‚O hydrogen
bonds (64). The H301P mutation, as the first residue of H9,
probably disrupts or even breaks the helix (65). On the
cytosolic side of the molecule, R300C and R300H occur
within one of the two MFS signature sequences (9, 51),
RXXXR in L2-3 and RXXR in L8-9 (Figure 2), which
are known to be important for the protein’s transport activity
(66-68). These positively charged residues probably help
to position and orient the transmembrane helices when the
protein undergoes membrane insertion, as has been observed
for the human erythrocyte glucose transporter (Glut1) (69).
Interestingly, the change of the Glut1 equivalent of R300 in
G6PT to a tryptophan residue (RXXXW) causes human
Glut1 deficiency syndrome (70).

The above hypothesis on the stability of G6PT mutants
agrees with the available experimental data on G6PT. In vitro
transcription-translation assays showed that wild-type, R28H,
G20D, ∆F93, and I278N constructs directed the synthesis
of similar amounts of G6PT proteins (71). Therefore, the
observed decrease in the synthesis of G20D,∆F93, and
I278N mutants may result from misfolding or rapid degrada-
tion of the mutant proteins in the cell. Recently, mutations
in membrane proteins that destabilize the protein structure
have attracted considerable attention (72). As has been shown
with the multiple-spanning integral membrane protein dia-
cylglycerol kinase ofE. coli, destabilizing mutations often
promote membrane protein misfolding (73). Sanders and
Myers have argued that a 1.5 kcal/mol change in kinetic
energy barriers, well within the range of free energy
perturbations by a single amino acid mutation (74), is
sufficient to reduce the membrane protein’s folding efficiency
by 10% at body temperature (72). Therefore, misfolding and
misassembly of membrane proteins may be a common
mechanism of causing human diseases.
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