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Abstract Aims/hypothesis: There are three members of
the glucose-6-phosphatase (G6Pase) family: (1) the liver/
kidney/intestine G6Pase-« (encoded by G6PC), which is a
key enzyme in glucose homeostasis; (2) the ubiquitous
G6Pase-3 (encoded by G6PC3); and (3) the islet-specific
G6Pase-related protein (IGRP, encoded by /G6PC2).
While G6Pase-« and G6Pase-3 are functional glucose-6-
phosphate hydrolases, IGRP possesses almost no hydro-
lase activity. This was unexpected since G6Pase-o is more
closely related to IGRP than G6Pase-f3. Recently, amino
acids 206-214 in IGRP were identified as a beta cell
antigen targeted by a prevalent population of pathogenic
CD8" T cells in autoimmune diabetes, suggesting that this
peptide confers functional specificity to IGRP. We there-
fore investigated the molecular events that inactivate IGRP
activity and the effects of the beta cell antigen sequence
on the stability and enzymatic activity of G6Pase-c.
Methods: Studies were performed using site-directed mu-
tagenesis and transient expression assays. Protein stability
was evaluated by Western blotting, proteasome inhibitor
studies and in vitro transcription—translation. Results: We
showed that the residues responsible for G6Pase activity
are more extensive than previously recognised. Introduc-
ing the IGRP antigenic motif into G6Pase-x does not
completely destroy activity, although it does destabilise
the protein. The low hydrolytic activity in IGRP is due
to the combination of multiple independent mutations.
Conclusions/interpretation: The loss of catalytic activity
in IGRP arises from the sum of many sequence differences.
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Go6Pase-o« mutants containing the beta cell antigen se-
quence are preferentially degraded in cells, which prevents
targeting by pathogenic CD8" T cells. It is possible that
IGRP levels in beta cells could dictate susceptibilities to
diabetes.
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Introduction

The concentration of glucose in the blood is highly reg-
ulated. During meals, excessive dietary glucose is taken up
by tissues, predominantly muscle and liver, converted to
glucose-6-phosphate (G6P) and then on to glycogen. Be-
tween meals, as the blood glucose level starts to drop, the
process is reversed, and the glycogen in the liver is broken
down to G6P, which is then dephosphorylated to glucose
and released back into the blood [1, 2]. An additional
source of blood glucose is derived from the G6P generated
by gluconeogenesis in the liver and the kidney [1, 2]. The
glucose-6-phosphatase (G6Pase) enzyme family plays a
key role in regulating interprandial blood glucose homeo-
stasis [3, 4] by catalysing the hydrolysis of G6P to glucose
in the terminal step of gluconeogenesis and glycogenolysis
[5]

The Go6Pase family has three members. G6Pase-o
(G6PC) [6, 7] is expressed primarily in the liver, kidney
and intestine [5, 8]. G6Pase-3 (G6PC3 or UGRP) [9-12] is
expressed ubiquitously, while the islet-specific G6Pase-
related protein (G6PC2 or IGRP) [13-16] is restricted to
expression in the pancreas. All three proteins are similarly
orientated within the membrane of the endoplasmic re-
ticulum and contain nine transmembrane domains [12, 16,
17].
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Go6Pase-« is the enzyme most widely recognised for
its role in glucose homeostasis. A deficiency in G6Pase,
characterised by a failure in the production and release
of glucose to the blood, causes the autosomal recessive
disorder type la glycogen storage disease [3, 4]. G6Pase-f3
has been implicated in a more limited role of glucose
homeostasis within the muscle [18]. However, the biolog-
ical importance of IGRP had been unclear until a recent
report linked it to autoimmune diabetes [19]. The critical
finding was that IGRP amino acids 206-214 constituted
a beta cell antigen targeted by a prevalent population of
pathogenic CDS" T cells [19] in nonobese diabetic (NOD)
mice [20], a model of type 1 diabetes [21]. The correspond-
ing peptide in G6Pase-o is not recognised by the patho-
genic CD8" T cells [19], suggesting this beta cell antigenic
peptide may confer functional specificity to IGRP.

Both the human G6PC [22] and G6PC3 [9] genes map to
chromosome 17. The human G6PC2 gene maps to a dia-
betes susceptibility locus [23] on chromosome 2 [14], con-
sistent with its role as a beta cell autoantigen in diabetes
[19]. Type 1, insulin-dependent, diabetes mellitus, is an
autoimmune disorder which is characterised, in part, by
an inflammation of the pancreatic islets, which progresses
into T-cell-mediated destruction of insulin-producing be-
ta cells [21]. The mechanisms of beta cell destruction in
type 1 diabetes and the mechanisms underlying the ge-
netic predisposition and resistance to this autoimmune dis-
ease are issues of fundamental importance, which is why
IGRP has gained increased attention. The IGRP-reactive
T-cell population was shown to constitute the earliest NOD
islet infiltrates and the response to IGRP may be one of
the first events leading to beta cell destruction by diabe-
togenic CD8" T lymphocytes [19]. In human and mouse
islets, there are several alternatively spliced IGRP tran-
scripts [13, 14], whose roles are unclear. The full-length
mRNA is not the most abundant transcript, but it is the
only one that contains the antigenic peptide.

Go6Pase- is the most active member of the G6Pase
family. Characterisation of the naturally occurring inacti-
vating mutations of G6Pase-o, combined with site direct-
ed mutagenesis, has identified 43 key residues required
for hydrolytic activity [24]. G6Pase-f3, the second most
active member of the family, which shares an overall 36%
sequence identity [9—11] and retains 35 of the 43 critical
residues identified in G6Pase-o [10], possesses ~12% of
the GOP hydrolytic activity of G6Pase-x [10]. The third
and most closely related family member to G6Pase-«x is
IGRP. It shares an overall 50% amino acid sequence iden-
tity [13, 14] and retains 39 of the 43 residues critical for
Go6Pase-oc activity. Despite this, it is the least active hy-
drolase in the family, possessing 0% [13, 14] to 5% [15] of
the activity of G6Pase-o.. Of the four critical residue dif-
ferences between IGRP and G6Pase-«, three are also al-
tered in G6Pase-f3. This suggests that while these three
common mutations abrogate activity substantially, it is the
fourth difference in IGRP, namely Lys®®’, which lies in
the beta cell antigen motif, is responsible for the near total
loss of hydrolytic activity. However, since the backbone
residues differ between the three proteins, it is also pos-

sible that other residues, not previously identified, also in-
teract to abolish the hydrolase activity. The only way to
address this is to introduce the residues of interest back into
the G6Pase-ox backbone and monitor activity. We show
that, unexpectedly, the four mutations in IGRP do not in-
activate G6P hydrolysis. Indeed these four residues in
G6Pase-« are more resilient to mutation than the literature
suggests. However, G6Pase-o« mutants harbouring amino
acid substitutions in the motif equivalent to the antigenic
nona-peptide in IGRP do have reduced stability. Our sub-
sequent analysis shows that the marked loss of phospho-
hydrolase activity of IGRP appears to result from a number
of independent mutations, some in regions not previous-
ly implicated in hydrolytic activity. We discuss the impli-
cation of this for diabetes and the evolution of the critical
G6Pase activity.

Materials and methods

Construction of IGRP-like G6Pase-o mutants The human
Go6Pase-x-3FLAG cDNA was used as a template for
construction of the G6Pase-o« mutants, essentially as de-
scribed previously [24]. The mutational primers spanned
nucleotides 116-136 (T16A, AGG to GCG); nucleotides
227-253 (Q54N, CAG to AAT); nucleotides 437463
(A124S, GCA to AGC); nucleotides 697-725 (L211K,
CTC to AAGQG); nucleotides 941-973 (P293S, CCA to
TCA); and nucleotides 689-736 (LIT211-213KTN, CTC
to AAG at position 211, ATT to ACT at position 212 and
ACC to AAC at position 213).

The Go6Pase-o MEEG1-4del-3FLAG construct [17]
was used as a template for construction of MEEG1-4del/
SH135ins and MEEG1-4del/GM140ins mutants. The prim-
ers for MEEG1-4del/SH135ins were nucleotides 479-514
(5'-ACT CTTAGC CAC TCC ATC TTT CAG GGA AAG
ATA AAG CCG ACC-3', sense, inserted sequences un-
derlined) and nucleotides 455490 (5'-GAT GGA GIG
GCT AAG AGT AGA TGT GAC CAT CAC GTA GTA
TAC-3', antisense) and the primers for MEEGI1-4del/
GM140ins were nucleotides 494-529 (5'-CAG GGA GGG
ATG AAG ATA AAG CCG ACC TAC AGA TTT CGG
TGC-3', sense, inserted sequences underlined) and nucle-
otides 469-505 (5'-TAT CTT CAT CCC TCC CTG AAA
GAT GGA AAG AGT AGA TGT GAC-3', antisense). All
constructs were verified by DNA sequencing.

Expression in COS-1 cells, phosphohydrolase assays and
western blot analysis COS-1 cells in 25-cm” flasks were
transfected with 10 pg of a construct in the pSVL vector as
previously described [24]. After incubation at 37°C for 2
days, the transfected cultures were harvested for phospho-
hydrolase assay or Western blot analysis.
Phosphohydrolase assays were performed essentially as
described previously [24]. Reaction mixtures (100 pl)
containing 50 mmol/l cacodylate buffer, pH 6.5, 10 mmol/
1 G6P, 2 mmol/l EDTA and appropriate amounts of cell
homogenates, were incubated at 30°C for 10 min. Phos-
phate release was determined by comparing the change in



absorbance at 820 nm with a standard curve constructed
from a stock of inorganic phosphate solution. Phosphohy-
drolase activities were assayed in three separate transfec-
tions. Statistical analysis using the unpaired #-test was
performed with the Prism Program (GraphPad Software,
San Diego, CA, USA). Data are presented as means+=SEM.

For Western blot analysis of FLAG-tagged constructs,
proteins in transfected COS-1 lysates were separated by
electrophoresis through a 12% polyacrylamide-SDS gel
and trans-blotted onto polyvinylidene fluoride membranes
(Millipore Co., MA, USA). The membranes were first
incubated with a monoclonal antibody against the FLAG
epitope and then with goat anti-mouse IgG antibody
conjugated with horseradish peroxidase (Kirkegarrd &
Perry Laboratories, Gaithersburg, MD, USA). The im-
mune complex was detected with the SuperSignal West
Pico Chemiluminescent substrate obtained from Pierce
(Rockford, IL, USA).

In vitro transcription—translation analysis In vitro tran-
scription—translations of G6Pase-« constructs cloned into
the pGEM-11Zf vector were performed using the TnT
coupled reticulocyte 1ysate system (Promega Biotech,
Madison, W1, USA) with L-[>>S]methionine as the labelled

1853

precursor. The in vitro synthesised proteins were analysed
by 12% polyacrylamide-SDS gel electrophoresis and vi-
sualised by fluoro-autoradiography.

Results

The conserved residue mutations are insufficient to
inactivate G6Pase-o: Functional analysis of naturally oc-
curring mutations in the G6PC gene of patients with the
glycogen storage disease type la, along with active site
analysis, has identified 43 amino acid residues essential
for G6Pase-x catalysis [24, 25]. Amino acid sequence
alignment shows that 39 of the 43 essential amino acids
are conserved between mammalian G6Pase- and IGRP
(Fig. 1). Four essential amino acids, Thr'®, GIn**, Ala'**
and Leu®"" in human G6Pase-«, are substituted with non-
conserved residues in human and mouse IGRP (Fig. 1). In
G6Pase-B, Thr'®, GIn>* and Ala124 are also substituted
relative to G6Pase-o, but Leu?'' is conserved. Since
Go6Pase-ox is a more active phosphohydrolase than
G6Pase-3, and IGRP has little [15] or no [13, 14] activity,
the Thr'®, GIn®* and Ala'?* substitutions are thought to
reduce the activity in G6Pase-[3, while the addition of the

Fig. 1 Alignment of the amino  Human G6Pase-a MEEGMNVLHD FGIQS[HYL]J VNYQDSQDWF ILVSVIADLR NAFYVLFPIW FHLQEAVGIK 60
acid sequences of mammalian Mouse G6Pase-0.  ----H]- I-mmmmees S R g- - T---N
G6Pase-o and IGRP. The con- ~ RatGoPase-a - I Qr-f ---B------ Vomoees g - - 1-r---n
served amino acids essential for Dog G6Pase-oc SO = e = N = R - R R------
Gibuwsen caayss 04 2are MrmiOn e vl e ymove: o ogfnn
bracketed The Tle?'?, Lys® e } e
and Pro™” residues conserved Human G6Pase-o. ~ LLJVAVI[GDW LNLVFKWILF [GORPYWWVLD TDYYSNTSVP LIKQFP SPS 120
amongst mammahan G6Pase-o Mouse G6Pase-a I@V V%D F—-—l—:}g——— g% ————————————— S--- I----- \—,E(‘E ESE(-;-—-?%?
but altered in human and mouse gy Gepase-ar P s N = A, Soom e B-8 B-B----vE-
IGRP are shaded and shown in  pog Gepasen - fJ---[J-- ----- - B------ Mo mmmmmmem o] B-8 B-5-----B-
bolfiface letter.s. Thg beta cell Human IGRP c-1- - - QE -QI-P-H-§- CLE---T{]-{ [-F-----F- 116
antigen at amino acids 206214 Mouse IGRP F--1-[J--- [H]----10E -EI-P-H-s- CLE---T[]-[ F-[-----0-
in human or mouse IGRP is
bracketed. The G6Pase-x se- Human G6Pase-o.  MGTAIGVYYVM VTSTL**SIF QGKIKPTYRF RCLNVILIWLG FWAVQLNFVICL S[RIYLAAHF{R 178
quences are GENBANK acces- ~ Mouse G6Pase-oc Bp------ ----- **A-- R--K----G- ------- g-- ------- 0-- ------ |
sion numbers U01120 (human), — RatG6Pase- Q-g------ ----- **A-- R--K-8--G- -----V-[]-- Y------ - ------ g
U00445 (mouse), U07933 (rat)  Dog G6Pase-a. g-g------ ----- **--- R-RKR----- ---- - --------- -H-------f
and U91844 (dog); and the Human IGRP -[ASlc-w--- --AA-SHTVC GMDKFSITLH -LTWSF-[JSV --LI-IS-I -[JvFI-T--[] 176
IGRP accession numbers are Mouse IGRP -[siglc-w--- --AR--YT-S RMEESSVTLH -LTWSF-[JsV --LI-IS[]-I -[-vFI-T--[]
Eﬁggi ;;? E},Z,%?Z)) and Human G6Pase-a.  [HQVVAGVLS|J IAVAETFSHI HSIYNASLKK YFUITFFLFS FAIGFYLLLK GLGVDLLWTL 238
Mouse G6Pase-o. - - RG------R- -(J--I---G --If------ ------1 [H--
Rat G6Pase-ou B— -- —B— - —H ——————————
Dog G6Pase-o. g----[--- ------- R--
Human IGRP [H--11{]-1¢ ML---A-E-T 236
Mouse IGRP [H--11{]-1¢] ML---A-E-T
Human G6Pase-o.  EKRORWCEQP EWVHID[IEF ASLLKNLGTL FGLGLALNSS MYRESCKGKL SKWLPHRLS[ 298
Mouse G6Pase-o --[K----r- ---- v-g-f- ---F-f-3-- 1f-------- --- K----E- --SF--[]JFad
Rat G6Pase-a -[k----r- ---- v ---F-=3-- 1F-------- --- K----E- R-S---[]-2d
Dog G6Pase-a ——E]R————R —————— : : —-————— -B~ “VT---- —---mmmm- - F——E]——@
Human IGRP PI[JKK--AN- D-I---[J-[]- -G-VR--v- -[]--F-I--E -FLL--R-GN NYT-S-[{-1d 296
Mouse IGRP PI[-JKK--AN- D-I---[g-[- -G-VR---Jv- -[]--F-I--E -FLR--Q-EN GTKPS-[]-1d
Human G6Pase-«  IVASLVLLHV FDSLKPPSQV ELV[HYVLS[HC KSAVVPLASH SVTPYCAQV LGQ**PHKKSL 357
Mouse G6Pase-. ~ -----=---- A K-I[H-1--[J- ---T--F--[] -1f]---[]-RT ---**T-----
Rat G6Pase-o0. ~  ----- G---L --=-m--n- 1 -SI[-1--[J- ---T--F--[] -1f---[J-RL ---**T-----
Dog G6Pase-o. --V--I-=-L =--=---m- T --1{-1--{- ---2-----f -y---[J-rR- FD-**-D----
Human IGRP ALT--TI-QL YHF-QI-THE -HL{]----[]- ---SI--TV] AH]--SHML MK-**sG---Q 355
Mouse IGRP ALT--TTMQL YRFI-I-THA -PL{]-L--[]- ---SI--Mv[] AL[]---HML MRP**GD--TK



1854

Leu?'! substitution finally abrogates the activity in IGRP.

To determine the relative importance of each of these
four essential amino acid substitutions, we introduced
these mutations into human Go6Pase-«, tagged with a C-
terminal FLAG epitope. Previous studies have shown that
a C-terminal FLAG epitope does not interfere with the
activity of G6Pase-« [17, 24]. G6P hydrolytic activities of
these mutants were examined after transient expression in
COS-1 cells. The single mutants, T161, Q54N, A124S and
L211K, retain 75-81% of wild-type G6Pase-x activity,
suggesting no single mutation is sufficient to cause the
inactivation of IGRP. In combination, the double (T161/
Q54N), triple (T161/Q54N/A124S), and quadruple (T161/
Q54N/A124S/L.211K) mutants all retain 37% of wild-type
activity (Table 1), again significantly greater than the
residual 5% of activity that is reported for IGRP [15]. To
ensure that the lack of activity does not arise from poor
expression or stability of the mutants, the cell lysates were
also subjected to Western blot analysis using a monoclonal
anti-FLAG antibody. Both the single and multiple mutants
are expressed to a similar level as wild-type G6Pase-o
(Fig. 2). Therefore, inactivation of the phosphohydrolase
activity in IGRP is caused, in part, by mutations that lie
beyond the 43 residues previously identified as critical to
the catalytic activity of G6Pase-«.

G6Pase-o. mutants harbouring amino acids 209-211 in
the autoantigen in IGRP are unstable In looking for the
other residues critical for hydrolytic activity, the sequence
context of Leu?'' in G6Pase-x became of particular

Wild-type

T16l

Q54N

A124S

L211K

T161/Q54N
T161/Q54N/A124S
T161/Q54N/A124S/L211K

40kDa ~
37kDa”

!

Fig. 2 Western blot analysis of wild-type and mutant G6Pase-x
synthesis. COS-1 cells were transfected with FLAG-tagged wild-
type or mutant human G6Pase-o« cDNA constructs as described
under Materials and methods. The G6Pase-« proteins on the western
membranes were visualised by an anti-FLAG monoclonal antibody;
each lane contained 20 pg protein

interest because amino acids 204-216 (VYLKTNVFL) in
murine IGRP have been identified as a beta cell antigen
targeted by a prevalent population of pathogenic CD8" T
cells in autoimmune diabetes [19]. Since the homolo-
gous residues in human G6Pase-« (amino acids 206-218,
KYCLITIFL) are not autoantigenic [19], other residues in
this motif might be critical for the differences between
Go6Pase-x and IGRP. The major difference between this

Table 1 Phosphohydrolase
activity of IGRP-like human
G6Pase-oc mutants

Go6Pase-oc mutants

Phosphohydrolase activity
(% wild-type)

Phosphohydrolase activity
(nmol min ' mg™")

Mock

Wild-type

T161

Q54N

A124S

L211K

T161/Q54N
T161/Q54N/A124S
T161/Q54N/A124S/L211K
P293S
L211K/P293S

COS-1 cells were transfected T16/Q54N/L211K/P293S

with a FLAG-tagged wild-type
or mutant G6Pase-x construct in
a pSVL vector. Phosphohydro-
lase activities were assayed in
three separate transfections (see
Materials and methods). Data
are means=SEM. The unpaired
t-test was used to evaluate the
statistical difference between
mutant and wild-type activities
*For Q54N, p=0.01; A124S,
p=0.017; L211K, p=0.019; and
MEEG1-4del, p=0.08. For all

LIT211-213KTN
LIT211-213KTN/P293S

P293S (M7)
MEEG1-4del
MEEG1-4del/SH135ins
MEEG1-4del/GM140ins
MEEG1-4del/SH135ins/M7
MEEG 1-4del/GM140ins/M7

T16I/Q54N/A124S/L211K/P293S

T161/Q54N/LIT211-213KTN/P293S (M6)
T161/Q54N/A124S/ LIT211-213KTN/

785+0.25 0.0
48.05+1.98 100.0
38.27+2.19 75.7
40.2543.99* 80.6
38.02+2.40%* 75.0
38.26+2.43* 75.6
22.76+0.70 37.1
22.88+1.71 374
23.12+1.23 38.0
35.33+1.53 68.4
21.60+1.06 342
21.75+£2.09 34.6
21.59+£2.29 342
17.77+1.23 24.7
12.40+1.00 11.3
11.88+0.74 10.0
10.72+0.57 7.1
43.81+1.03* 89.4
21.65+1.23 343
29.22+1.22 53.1

7.23+0.33 0.0

7.65+0.72 0.0

other comparisons p<0.001



nona-peptide motif between these proteins is that the se-
quence LIT (amino acids 211-213) in G6Pase-x is sub-
stituted by the sequence KTN (amino acids 209-211) in
IGRP. We therefore investigated the effects of LIT to KTN
mutations on the stability and activity of G6Pase-x. While
the L211K mutant retains 75.6% of wild-type activity, the
LIT211-213KTN mutants drops to 24.7% of wild-type
activity (Table 1). Cell lysates were subjected to Western
blot analysis (Fig. 3a) to determine if the mutations lowered
the G6P hydrolytic activity by altering the expression or
stability of the proteins. They did; the LIT211-213KTN
mutant is expressed at a significantly lower level than the
wild-type or L211K mutant.

An additional difference between G6Pase-o and IGRP
that drew attention was the non-conservative Pro?”* to Ser
(P293S) in helix 8 of G6Pase- (Fig. 1), which lies in a
transmembrane domain of the proteins. The stability and
enzymatic activity of G6Pase-oc depends upon the struc-
tural integrity of transmembrane helices L24]. The P293S
mutation lies close to the critical Arg?®> residue that is
conserved among G6Pase-oc, G6Pase-3 and IGRP [10].
By itself the P293S mutation retains 68.4% of wild-type
G6Pase-« activity (Table 1), and is associated with a lower
level of expression compared with the wild-type G6Pase-o
(Fig. 3a), which could account for the partial loss of en-
zymatic activity. When the P293S mutation was combined
the L211K mutation, the activity of the resulting double
mutant dropped to 34.2% of wild-type G6Pase-x, due at
least in part to a further loss of expression or stability
(Fig. 3a). However, the addition of the other three critical
residue changes T16I, Q54N and A124S, to form T16l/
Q54N/A124S/1.211K/P293S, did not result in a further loss
of activity (Table 1), having a similar activity to the L211K/
P293S mutant. These data show that while the L211K and
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P293S mutations cooperate in an additive manner, neither
cooperates further with the T16I, Q54N or A124S muta-
tions (Table 1). Therefore the critical residue mutations are
not synergistic.

In contrast, the LIT211-213KTN mutations are co-
operative with P293S, the combined mutant (LIT211-
213KTN/P293S), exhibiting only 11.3% of wild-type
G6Pase-o¢ activity (Table 1)-much less than that seen
with any of the critical residue mutations. Again, the loss of
activity (Fig. 3a) is associated with a loss of expression
and/or stability of the mutant protein. To determine if
these mutations, combined with the critical residue changes
(T16I, Q54N, A124S), could explain the inactivating mu-
tations, the T16/Q54N/A124S/LIT211-213KTN/P293S (M7)
Go6Pase-o« mutant was assayed for activity. The combina-
torial M7 mutations lost slightly more activity, leaving a
residual activity of 7.1% of wild-type G6Pase-c (Table 1).
Consistent with the previous observation, this reduction
of activity is associated with a loss of expression and/or
stability of the protein (Fig. 3a).

To differentiate between the possibilities of a loss of ex-
pression, and a loss of stability, we examined expression
of the mutant proteins in a cell-free transcription-transla-
tion system. The LIT211-213KTN, LIT211-213KTN/
P293S and T161/Q54N/A124S/LIT211-213KTN/P293S
mutants, and wild-type G6Pase-c, all direct the synthesis
of similar amounts of protein in vitro (Fig. 3b). This sug-
gests that the loss of activity reflects reduced protein sta-
bility in vivo. This leads to lower levels of accumulation in
vivo and confirms the vital role of the transhelical domains
in the structural integrity of G6Pase-«.

Insertions and deletions within G6Pase-o¢ The optimal
sequence alignment between G6Pase-x and IGRP starts

n o
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Fig. 3 Comparison of in vivo and in vitro synthesis of G6Pase-x
wild-type and helical mutants. a Western blot analysis of in-vivo-
expressed constructs. COS-1 cells were transfected with FLAG-
tagged wild-type or mutant G6Pase-oc cDNA constructs (see
Materials and methods). Mock transfected cells were used as con-
trols. The G6Pase-x proteins on the western membranes were
visualised by an anti-FLAG monoclonal antibody; each lane con-

tained 20 pg protein. b In vitro transcription-translation analysis. In
vitro synthesis of G6Pase-« directed by FLAG-tagged wild-type or
mutant G6Pase-« construct in a pGEM-11Zf vector was performed
using the TnT coupled reticulocyte lysate system. L-[>>S]methionine
was used as the labelled precursor and after electrophoresis, the
proteins were visualised by fluoro-autoradiography
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the alignment of Met' of IGRP with the essential residue
Met’® of G6Pase-ox (Fig. 1). The resulting shift requires a
subsequent two-amino-acid insertion further down the
sequences to align the 357-residue G6Pase-o« with the
355-residue IGRP. Two theoretically equivalent align-
ments place this insertion between either amino acids 135
and 136 (Fig. 1) or amino acids 140 and 141 in human
G6Pase-a.

Removing the first four amino acids in G6Pase-a
(MEEGI1-4del) has little effect on the activity (Table 1) or
expression (Fig. 4a) of G6Pase-oc. Combining this deletion
with either of the two alternative insertions (MEEG1-4del/
SH135ins) or (MEEG1-4del/GM140ins) reduces expres-
sion a little (Fig. 4a) and reduces activity between 34 and
53% (Table 1), the SH135ins being the slightly more
destabilising mutation. Finally, combination of the G6P
ase-o¢ insertion/deletion mutations, with the critical re-
sidue and helical mutations (MEEG1-4del/SH135ins/M7
or MEEG1-4del/GM1405ins/M7) abolishes all detectable
activity (Table 1) but also reduces the expression and/or
stability of the protein to a level where it is almost not
detectable (Fig. 4a). However, when examined in a cell-
free transcription—translation system (Fig. 4b), the MEEG1 -
4del, MEEGI1-4del/SH135ins, MEEGI1-4del/GM140ins,
MEEG1-4del/SH135ins/M7 and MEEG1-4del/GM140ins/
M7 mutants all direct the synthesis of similar amounts of
proteins. This also suggests that the M7-containing mu-
tants have reduced protein stability in vivo.

G6Pase-o« mutants lacking expression have reduced
stability G6Pase-« is processed through the proteasome
pathway [24]. Lactacystin, a proteasome inhibitor [26, 27]
inhibits the pathway by stabilising endoplasmic reticulum
membrane proteins against proteolytic turnover. To further
distinguish between losses of activity due to protein

instability, and poor expression, we examined G6Pase-o
mutant protein accumulation in the absence or presence of
lactacystin. In the presence of lactacystin, wild-type
G6Pase-« greatly increases the accumulation of both the
37-kDa precursor and 40-kDa post-translationally mod-
ified G6Pase-ov proteins. The mutant proteins similarly
increase in the presence of the inhibitor (Fig. 5), sug-
gesting that the IGRP-like Go6Pase-x mutants have
reduced stability in vivo. However, despite a marked in-
crease in protein accumulation in the presence of lac-
tacystin, both the wild-type and the mutant G6Pase-&
proteins have decreased enzymatic activities. Moreover,
the ratios of their relative activities in the absence or
presence of lactacystin remain similar (Table 2), suggest-
ing that the additional proteins accumulated in the pres-
ence of lactacystin are non-functional, most probably as a
result of incorrect folding.

Discussion

Until very recently, blood glucose homeostasis between
meals was thought to be regulated primarily by the liver
and kidney. Only these tissues were known to express
G6Pase-« [5, 8], which is required to convert G6P, gen-
erated by gluconeogenesis and glycogenolysis, into glu-
cose for release to the blood. Recently, however, two
additional members of the G6Pase family, G6Pase-f3 [9—
12] and IGRP [13-16] were identified. IGRP, which bears
the closest protein sequence to G6Pase-x, is expressed
solely in the pancreatic beta cells [13, 14], while G6Pase-f3,
a more distant relative, is expressed ubiquitously [9].
Go6Pase-3 has an activity very similar to G6Pase-«, al-
though its specific activity is only ~12% that of G6Pase-x
[10, 11]. Surprisingly, IGRP, which is more closely relat-
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Fig. 4 Comparison of in vivo and in vitro synthesis of G6Pase-x
wild-type and insertion/deletion mutants. a Western blot analysis of
in-vivo-expressed constructs. COS-1 cells were transfected with
FLAG-tagged wild-type or mutant human G6Pase-o« cDNA con-
structs (see Materials and methods). Mock transfected cells were
used as controls. The G6Pase-« proteins on the western membranes
were visualised by an anti-FLAG monoclonal antibody; each lane

contained 20 pg protein. b In vitro transcription—translation anal-
ysis. In vitro synthesis of G6Pase-« directed by FLAG-tagged wild-
type or mutant G6Pase-o¢ construct in a pGEM-11Zf vector was
performed using the TnT coupled reticulocyte lysate system. L-[>°S]
methionine was used as the labelled precursor and after elec-
trophoresis, the proteins were visualised by fluoro-autoradiography
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Fig. 5 The effect of the proteasome inhibitor lactacystin on
degradation of IGRP-like human G6Pase-oc mutants. Two sets of
COS-1 cells were transfected with FLAG-tagged wild-type or mu-
tant G6Pase- constructs. After 34 h incubation at 37°C, 1 umol/l
lactacystin was added to one set of cultures and the incubation was

ed to G6Pase-« structurally, has appeared to lack activity
[13, 14], or at most retain only 5% of the activity of
G6Pase-« [15]. An inactivated protein in normal tissue is
not usually of immediate interest. However, the recent ob-
servation that a nona-peptide in IGRP is a beta cell antigen
for autoimmune diabetes prompted us to look more close-
ly at IGRP to understand the basis of its inactivation, and
the potential for reactivation in diabetes. Of the 43 amino
acids critical for hydrolytic activity of G6Pase- [24, 25],
four are not conserved in IGRP (Fig. 1), and three of the
four are also altered in G6Pase-f3 (10). The initial assump-
tion was that the reduced hydrolytic activity of G6Pase-f3
was due to these three substitutions and that the loss of
the remaining activitg in IGRP was due to the fourth mu-
tation, a unique Lys>° (corresponding to Leu?'! in human
G6Pase-«). In attempting to confirm this we discovered
that these four critical sites in G6Pase-o can tolerate some
specific substitutions without a dramatic loss of activity.
In turn, we demonstrated that the low hydrolytic activity

continued for an additional 12-14 h. The steady-state levels of
protein in transfected cultures were examined by western blot anal-
ysis using an anti-FLAG monoclonal antibody; each lane contained
20 pg protein

in IGRP is due to the combination of multiple independent
mutations, which reduces the potential of its reactivation
to a phosphohydrolase.

The sequence context of the Lys**® substitution in IGRP
attracted our attention. It is part of the sequence lying
between amino acids 206 and 214 (VYLKTNVFL) in
murine IGRP, which represent the beta cell antigenic
peptide targeted by a prevalent population of pathogenic
CD8" T cells [19] in NOD mice [20]. The corresponding
peptide (KYCLITIFL) between amino acids 208 and 216 in
murine G6Pase-« is not auto-antigenic [19]. Between the
mouse and human IGRP (T/VYLKTNL/VFL) and the
mammalian G6Pase-x (K/RYF/CLITF/IFL), the peptides
differ at six of the nine positions (Fig. 1). The major
difference is the LIT (amino acids 211-213 in G6Pase-x)
to KTN (amino acids 209-211in IGRP) substitutions. We
show that the G6Pase-oc LIT211-213KTN triple mutant
retains 24.7% of wild-type enzymatic activity, mainly as
the result of decreased protein stability compared with the

Table 2 Effects of lactacystin on the phosphohydrolase activity of IGRP-like human G6Pase-o mutants

Go6Pase-oc mutants

Phosphohydrolase activity without

Phosphohydrolase activity with

lactacystin lactacystin

nmol min ' mg"' % wild-type nmol min~! mg™! % wild-type
Mock 8.60+0.40 0.0 5.11+0.35 0.0
Wild-type 61.68+1.20 100.0 20.29+1.29 100.0
L211K 51.11+2.38* 80.0 15.68+1.11* 69.6
L211K/P293S 31.19£0.75 42.6 10.08+0.49 33.0
LIT211-213KTN 22.92+0.33 27.0 8.78+0.32 24.2
LIT211-213KTN/P293S 15.62+1.21 13.2 6.39+0.06 8.4
T161/Q54N/A124S/ LIT211-213KTN/P293S (M7) 15.63+0.02 13.2 6.47+£0.74 9.0
MEEG1-4del/SH135ins 30.48+0.55 41.2 8.73+0.05 23.8
MEEG1-4del/SH135ins/M7 8.60+0.4 0.0 4.8440.01 0.0
MEEG1-4del/GM140ins/M7 8.49+0.4 0.0 5.16+0.30 0.0

Two sets of COS-1 cells were transfected with a FLAG-tagged wild-type or mutant G6Pase-« construct. After 34 h incubation at 37°C, 1
pnmol/l lactacystin was added to one set of cultures and the incubation was continued for an additional 12—14 h. Phosphohydrolase activities
were assayed in three separate transfections (see Materials and methods). Data means+=SEM. The unpaired #-test was used to evaluate the

statistical difference between mutant and wild-type activities

*For L211K, p=0.008 in the absence of lactacystin and p=0.03 in the presence of lactacystin. For all other comparisons p<0.001
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wild-type G6Pase-x. Our results suggest that a G6Pase
harbouring mutations in the IGRP auto-antigenic peptide is
preferentially degraded in cells, and thus would not present
a risk of diabetes.

The KTN motif, however, is not destabilising in IGRP.
This led to the recognition that despite the structural
similarity, and the close conservation of the residues pre-
viously identified as critical for G6P hydrolytic activity
between G6Pase-« and IGRP, the motif must be interacting
with backbone residues that differ between G6Pase-« and
IGRP. Our identification of a critical residue lying within a
transmembrane helix reinforces the view that the trans-
membrane domains in the G6Pase family are not passive
membrane anchors but actively interacting with other
sequences to control stability. In the case of IGRP, the
stabilising interactions between the KTN motif and other
sequences in the protein have left it, as a pancreatic beta
cell-specific antigen, open to recognition by diabetogenic
CDS8" T lymphocytes.

In the pancreatic beta cells, the intracellular concentra-
tion of G6P acts as a measure of the blood glucose level
and regulates the activation of insulin gene transcription
[28, 29]. Any consistent disruption in intracellular GO6P,
especially a lowering of the concentration via hydrolysis
of G6P, would reduce insulin expression and could be-
come a contributing factor to diabetes mellitus. Consistent
with this, G6Pase expression is elevated in human diabet-
ic patients [30] and in rodent models of diabetes [31-33].
The expression of a G6Pase-related protein is not favour-
able to islet G6P metabolism or blood glucose control. This
may explain why alternatively spliced IGRP transcripts
lacking exon-4, which encodes the catalytic site of the
hydrolase [25], and multiple mutations in the full-length
transcript, evolved to inactivate the IGRP protein.

To further increase our understanding of the role of
IGRP in diabetes, it will be important in future studies
to look for mutations within the IGRP protein associated
with the disease. Since only the full-length IGRP mRNA,
which is not the most abundant transcript, contains the
antigenic peptide [13, 14], it will also be important to de-
termine whether the ratio of full-length to truncated IGRP
mRNA differs between normal and diabetes-susceptible
mammals in order to ascertain whether an increase in the
full-length IGRP predicts a risk of developing diabetes.
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