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ABSTRACT: Glucokinase (GK) plays a major role in the 3 B
regulation of blood glucose homeostasis in both the liver and the ., s’%‘%f ;\‘L*Jf‘ y\
pancreas. In the liver, GK is controlled by the GK regulatory A P |

protein (GKRP). GKRP in turn is activated by fructose 6- g:»’ia X ,ff
phosphate (F6P) and inactivated by fructose 1-phosphate (F1P). & ?_,»ﬂ’g’q i f<‘.' \
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Disrupting the GK—GKRP complex increases the activity of GK
in the cytosol and is considered an attractive concept for the
regulation of blood glucose. We have determined the crystal .
structure of GKRP in its inactive F1P-bound form. The binding inactive GKRP-F1P active GKRP-

site for FIP is located deeply buried at a domain interface, and gk binding site blocked GK binding site established

H-D exchange experiments confirmed that F1P and F6P

compete for this site. The structure of the inactive GKRP—F1P complex provides a starting point for understanding the

mechanism of fructose phosphate-dependent GK regulation at an atomic level.

lucokinase (hexokinase IV, GK) plays a major role in the In addition to the impact of glucose itself on the dissociation
regulation of blood glucose homeostasis because of its of the GK—GKRP complex, likely via affecting GK directly,
important role as the dominant glucose phosphorylating different fructose phosphates play an important role in
enzyme in both the liver and the pancreas, its major sites of increasing the respective probabilities of both the assembly of
expression." GK functions as a key regulator of both hepatic the inactive GKRP—GK nuclear complex and its dissociation.®
glucose metabolism (hepatic glucose uptake, hepatic glucose While it could be shown that the binding of fructose 6-
output) as well as of pancreatic insulin secretion. Its sigmoidal phosphate (F6P) to GKRP increases its affinity for GK thereby
activation curve with glucose, a unique feature among the favoring the inactive complex, the binding of fructose 1-
family of hexokinases, allows a fast and pronounced response of phosphate (F1P) or its analogue sorbitol phosphate to GKRP,
activity to fluctuations in plasma glucose levels."” Crystal on the other hand, destabilizes the complex and shifts the
structures have revealed that GK can cycle between at least two equilibrium of total GK to the free and active form in the
conformations. In the presence of ligands and/or synthetic cytosol.”
activators, GK was crystallized in a “closed”, active Increasing GK activity through small molecule activators
conformation.>* In the absence of either glucose or activator, (GKAs) is under intense investigation both in preclinical Fhases
GK adopts a “super-open”, inactive apo conformation.* and in clinical phases as a novel antidiabetic principal.*'® The
Moreover, the existence of an intermediate “open”, active orthogonal strategy, disrupting the inactive GK—GKRP
conformation was proposed on the basis of a comparison with comple)%l li?creases the level of GK in the cytosol and its
hexokinase L.* It is hypothesized that GK is shifted toward the activity. "~ Although this theoretically is an attractive concept,
active conformations as a function of D-glucose concentration no progress in this direction has been reported.
and that the reversible transition between conformations is Our current knowledge of the molecular details of the GK—
slower than the catalytic cycle,” resulting in a unique positive GKRP complex is limited anng originates mainl)lr4from indirect
kinetic cooperativity with glucose.® evidence based on enzymatic ~ and biophysical * experiments.
In the liver, GK is regulated not only by the presence of its While first site-directed mutagenesis efforts that aimed to
substrate glucose but also by the 68 kDa regulatory protein investigate selected amino acids and their potential involvement

GKRP (glucokinase regulatory protein) that inhibits GK in a in fruc.tose. bipding and the-ir impact on GK—GKRP cc?mplex
competitive manner with respect to glucose.” In the presence of formation indicated at least in part overlapping binding sites for

8 . .
low glucose levels, GK is bound to GKRP, forming an inactive fructose phosphates on GKRP,” there is a lack of in-depth
complex, which is predominantly localized in the nucleus.

When glucose levels are replenished, e.g, by feeding, the Received: January 22, 2013
inactive GK—GKRP complex dissociates and GK translocates Revised:  April 12, 2013
into the cytosol, its site of action. Published: April 26, 2013
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Table 1. Data Collection, Phasing, and Refinement

F1P-1 EuAc3 F1P-2 phosphate
Data Collection”
wavelength (A) 1.00 1.30 0.960 0.910
space group P2,2,2 P2,2,2, P2,2,2, P2,2,2,
unit cell dimensions [a, b, ¢ (A)] 60.6, 72.3, 137.4 60.8, 71.8, 137.3 61.0, 72.3, 136.9 60.8, 72.2, 138.0
resolution (A) 50—1.67 72-1.90 72-147 69-1.92
highest-resolution shell (&) 1.74-1.67 1.98—1.90 1.53—1.47 1.98—1.92
no. of observed reflections 249597 602957 347484 306781
no. of unique reflections 70207 48118 102068 47132
completeness (%) 99.1 (99.1) 99.9 (99.9) 98.6 (98.2) 99.9 (100.0)
Ry (%)° 5.1 (38.0) 9.5 (44.4) 5.1 (39.8) 9.8 (44.1)
(1/0(1)) 15.8 (3.3) 20.6 (6.7) 147 (3.9) 17.0 (6.5)
Phasing
phasing power®
isomorphous acentric 0.611
isomorphous centric 0.553
anomalous acentric 0910
figure of merit (centric/acentric) 0.16/0.24
Refinement
R factor? (%) not refined not refined 16.0 16.0
Riee’ (%) 17.7 18.6
no. of refined atoms 5357 5086
protein 4640 4635
solvent 700 446
ligand 17 S
average B factor (A?) 18.6 18.1
rmsd
bond lengths (A) 0.008 0.008
bond angles (deg) 0.96 0.98
Ramachandran statistics (%)
favored 98.6 98.1
allowed 1.1 1.5
outliers 0.3 0.3

“Values in parentheses are for the highest-resolution shell. bRSym = Ydl = DI/ Y X L. “Phasing power = Fyy/(lack of closure). R factor =
>l Fopsl — KIEcucll/ Yl Fopel- “Reee Was calculated using 5% of the data excluded from refinement. /The three Ramachandran outliers are well-

defined in the electron density.

details on either the molecular structure of GKRP, the precise
binding sites of its endogenous regulators, or the underlying
regulatory mechanisms. As a first step in understanding the
molecular mechanism of fructose phosphate-dependent regu-
lation of GK, we have determined the crystal structure of
GKRP in its inactive F1P-bound form.

B MATERIALS AND METHODS

Molecular Biology. The gene encoding human GKRP
(SWISS-Prot entry Q14397, residues 1—625) was codon-
optimizied for expression in insect cells and synthesized at
GENEART (Regensburg, Germany). The cDNA was flanked
by attBl and attB2 sites. The Gateway system was used to
perform cloning into pDONR221 and subsequently into the
pDESTS vector (Invitrogen). The resulting open reading frame
encodes human GKRP 1—-625 and a C-terminal LEHHHHHH
tag. This construct is termed GKRPyyry;,. The GKRPyr
K326T/K327T mutant (GKRPgs,4) is identical to GKRPyy ;6
except for amino acids K326 and K327, which were mutated to
threonine by using the gene synthesis approach at GENEART.
After the corresponding bacemids had been constructed via the
BAC-to-BAC system (Invitrogen), the proteins were expressed
in High FIVE cells for 72 h at 27 °C. The cells were harvested
by centrifugation and frozen at —70 °C.
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Protein Purification. Frozen cells were thawed, resus-
pended in lysis buffer [25 mM Hepes (pH 8), 0.1 mM MgCl,,
500 mM NaCl, Complete EDTA-free protease inhibitor
(Roche Diagnostics, one tablet/S0 mL), 0.2 mM DTT, and 3
ug/mL DNase], and broken by one freeze—thaw cycle. The
lysate was centrifuged for 60 min at 20000g. The supernatant
(400 mL) was incubated with 9 mL of Ni-NTA agarose beads
in buffer A [SO mM Na,HPO, (pH 8.0) and 500 mM NaCl]
for 60 min at 4 °C. Beads were washed with 40 mL of buffer A
and subsequently with 2% buffer B [SO mM Na,HPO, (pH
7.0), 500 mM NaCl, 0.5 M imidazole, and S mM DTT] in
buffer A until the absorbance at 280 nm (A,g,) of the eluate
returned to baseline (approximately 40 mL). After the sample
had been washed, GKRP was eluted from the beads in 20 mL of
buffer B. The eluted protein was concentrated and further
purified by size exclusion chromatography (Superdex 200,
Amersham) in buffer S [100 mM Hepes (pH 7.4), 200 mM
KCl, 1 mM MgCl,, and 2 mM DTT]. Mutants and other
variants were expressed and purified following the same
protocol.

Enzymatic Assay of Glucokinase Regulatory Protein.
The effect of GKRP on glucokinase activity was determined
using the glucose-6-phosphate dehydrogenase coupled assay at
room temperature by a modification of methods described
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previously.”"> The final reaction mixture contained 150 mM
KCl, 100 mM Hepes, 1 mM ATP, 1 mM MgCl,, 2 mM
NADP*, 2 mM dithiothreitol (pH 7.4), S units/mL glucose-6-
phosphate dehydrogenase, 0.5 mg/mL BSA, 10 mM glucose, 6
uM F6P, 15 nM human liver glucokinase, and 100 nM GKRP.
The enzymatic reaction was started by the addition of ATP and
glucose. The increase in the optical density was measured at a
wavelength 340 nm over 10 min. From these kinetic data, the
slope was calculated and graphically depicted.

H—D Exchange. Amide hydrogen exchange was initiated by
a 20-fold dilution of 30 pmol of GKRP with or without ligand
into D,O containing 100 mM Hepes (pH 7.4), 200 mM KClJ,
100 mM MgCl,, and 2 mM DTT and incubated at room
temperature. After various time points (10 s, 1 min, and 30
min), the exchange reaction was quenched by decreasing the
temperature to 0 °C and the pH to 2.5 with quench buffer [S00
mM KH,PO,/H,PO, (pH 2.5), 2 M urea, and 2 mM TCEP].
Quenched samples were directly injected into an HPLC setup
and analyzed on an electrospray ionization quadrupole time-of-
flight mass spectrometer (QSTAR XL, Applied Biosystems) as
described previously.'® The HPLC setup contained a column
(2 mm X 20 mm) packed with Poroszyme immobilized pepsin
(Applied Biosystems, Darmstadt, Germany). The resulting
peptides were trapped on a 0.5 mm X 5 mm reversed-phase
column (Reprosil-Pur C8) and eluted from the trap column
over a 0.5 mm X 100 mm Reprosil-Gold C8 analytical reversed-
phase column (Dr. Maisch, Ammerbuch-Entringen, Germany)
with an 8 min gradient directly into the electrospray source.
The digestion, desalting, and elution required <10 min. The
whole setup was immersed in an ice bath to minimize back-
exchange. Peptic peptides of GKRP were identified on the basis
of their MS/MS spectra. The deuterium content of the peptides
was calculated by using the average mass difference between the
isotopic envelopes of the deuterated and undeuterated
peptides.

Crystallization. Screens for initial crystallization conditions
were performed with commercial sparse matrix screens at two
temperatures (4 and 20 °C) in the absence or presence of
fructose 1-phosphate. Prior to crystallization, the GKRPy,—
F1P complex was prepared by incubating GKRPy;,4 at 12—16
mg/mL in 25 mM Hepes (pH 7.4), SO mM KCl, 1 mM MgCl,,
2 mM DTT, and S mM FI1P for 1 h at 4 °C. One initial
crystallization condition for the GKRPy;,,—F1P complex was
identified (JCSG+ screen, condition 59, Qiagen), which had
already yielded diffraction quality crystals. Typical crystalliza-
tion drops were formed at 20 °C using the sitting drop vapor
diffusion method by mixing 1 uL of the GKRPgs,s—F1P
complex and 1 pL of a reservoir solution consisting of 14%
PEG 8000, 20% glycerin, 0.16 M calcium acetate, and 0.08 M
cacodylate (pH 6.5). Crystals were flash-frozen in a 100 K
nitrogen stream, with the mother liquor serving as the
cryoprotectant. GKRPy3,4 in a complex with phosphate
(GKRPy3,6—P) was crystallized as described for the
GKRPy;,5—F1P complex, but without the addition of S mM
F1P to the crystallization buffer. The reservoir solution
consisted of 20% PEG 3350 and 0.1 M Tris (pH 8.0).
Phosphate was not explicitly added, but residual phosphate
from the previous Ni-NTA purification step remained bound to
the protein (see below).

Data Collection, Sructure Solution, and Refinement.
All diffraction data were collected at 100 K on the PX-1
beamline at the SLS (Villigen, Switzerland) and processed with
XDS."” The data processing statistics are listed in Table 1. An
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initial high-resolution data set [F1P-1 (Table 1)] was used for
molecular replacement trials and SIRAS phasing. For initial
molecular replacement trials, we used models identified with
the help of the hhpred server,'® but no clear solution could be
identified. The structure of the GKRPy;s—F1P complex was
determined with the SIRAS method. For derivatization, we
soaked a crystal of the GKRPy3,,—F1P complex for 3 days in
artificial mother liquor, in which the calcium acetate was
exchanged with 160 mM EuAc;. Identification of the heavy
atom substructure, phasing, and density modification were
performed using autoSharp (Global Phasing Ltd.) and
SHELXD." The model of GKRPy;,s was semiautomatically
built with ARP/wARP.* Subsequently, missing residues as well
as fructose 1-phosphate were manually built using Coot,*" and
the resulting model was improved by iterative rounds of manual
rebuilding and refinement with autoBuster (Global Phasing
Ltd.). The final refinement was performed against data set F1P-
2 that originated from a crystal that had been unsuccessfully
soaked with AuCl; for derivatization. The final model consists
of residues 6—606 of GKRPgs, one fructose 1-phosphate
molecule, one Ca®" ion, and 700 water molecules. N- and C-
termini as well as a short surface loog (residues 64—68) are
disordered. As defined by MolProbity,”> 98.6% of residues are
in the most favored regions of the Ramachandran plot and 1.0%
in additionally allowed regions. The structure of the
GKRPy;,s—phosphate complex (GKRPy;,,—P) was deter-
mined by difference Fourier methods and refined as described
above. The final statistics for the models are listed in Table 1,
and a representative portion of the final electron density is
shown in Figure 3A. PyMOL (DeLano Scientific LLC) was
used for figure preparation and structural analysis (rmsd
calculations and distance measurements). Coordinates of F6P
were taken from Protein Data Bank (PDB) entry INUZ and
manually placed in the F1P binding site.

B RESULTS AND DISCUSSION

Structure Determination. Using an insect cell expression
system, we could express human, wild-type, full length GKRP
(GKRPyr.py;). The resulting protein could be purified in
milligram amounts, was homogeneous according to ESI-MS
and size exclusion chromatography (data not shown), and
could be concentrated to >20 mg/mL. GKRP from two rodent
species could be produced analogously (data not shown). It was
possible to identify initial crystallization conditions for human
and murine GKRP in complex with F1P, but in both cases, the
crystals were conjoined, did not diffract to better than 4 A
resolution, and could not be optimized to a quality sufficient for
structure solution. To explore whether N- and/or C-terminally
unstructured regions were detrimental to the formation of
better ordered crystals, we then used truncated variants (data
not shown) of human GKRP based on sequence conservation,
secondary structure, and domain prediction'®* as well as
limited proteolysis. Again, the proteins could be expressed in
large amounts, but diffraction quality crystals could not be
obtained. A similar result was observed when we modified the
affinity tag in the context of full-length human GKRP. Whereas
protein with an N-terminal Hisy affinity tag was unstable, two
constructs with altered C-terminal affinity tags could be
homogeneously purified in large amounts but yielded the
same malformed crystal habitus as GKRPyr.; (data not
shown). Because the solubility and homogeneity of the protein
samples apparently were not the limiting factor for the
formation of well-ordered crystals, we decided to explore
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Figure 1. Biochemical characterization of GKRPyyr. 1y GKRPyys0, and GKRPys,¢. (A) GK inhibition by GKRP (experimental conditions, 15 nM GK
and variable amounts of GKRP). (B) GK inhibition by GKRP and F6P (experimental conditions, 15 nM GK, 6 uM F6P, and variable amounts of
GKRP). (C) Increase in GK activity upon destabilization of the GK—GKRP—F6P complex by F1P (experimental conditions, 15 nM GK, 100 nM

GKRP, 6 uM F6P, and variable amounts of F1P).

surface entropy reduction® as a method for increasing
crystallization probability. There flexible, charged, and surface-
exposed amino acids (Lys, Arg, and Glu) are mutated to small
amino acids (Thr, Ser, and Ala) with the intention of rigidifying
the protein surface and thereby creating regions more favorable
for the formation of crystal contacts. Because no three-
dimensional structure of a close GKRP homologue was known
to guide the selection of potential surface-exposed residues, we
identified lysine rich regions in the primary sequence of human
GKRP and expressed five mutants of GKRPyr.yy, in which
lysines were exchanged with threonine. The double mutant
K326T/K327T (GKRPy;,s) in complex with fructose 1-
phosphate (GKRPy;,,—F1P) finally yielded well-ordered
crystals that diffracted to high resolution (Table 1). The
GKRPy;,s—F1P complex crystallized in space group P2,2,2,
with one molecule in the asymmetric unit. The phase problem
was solved experimentally by the SIRAS method. A model of
the GKRPy3,,—F1P complex was refined to a resolution of 1.47
A with an R, of 17.7% and consists of residues 6—606 of
GKRPy;,6 (Table 1).

Biochemical Characterization. Using GK activity as a
readout, major biochemical characteristics of wild-type human
GKRP were compared with those of different GKRP variants,
in particular GKRPy,4. As found previously,"*" recombinant
GKRPyyryy; alone is capable of inhibiting the apparent GK
activity in a dose-dependent manner by inducing an inactive
GK—GKRP complex (Figure 1A). When the compound was
dosed in excess over GK (final concentration of 15 nM), an
almost complete inhibition (>90%) of the apparent GK
enzymatic activity was observed, indicating a very pronounced
shift of the equilibrium toward the inactive GK—GKRP
complex (ICsy, = 124 + 9 nM). The addition of 6 uM F6P
induces a higher affinity of the F6P-bound GKRP protein for
GK binding, as the inhibition of GK activity already occurs at
lower GKRP concentrations (ICs, = 74 = 6 nM) (Figure 1B).
The effect of F6P on the formation of the inactive GK—
GKRP—-F6P complex is dose-dependent (data not shown).

The impact of GKRP surface mutants on the formation of
the GK—GKRP complex differs. While GKRPy,¢ and a second
double mutant, K450T/K451T (GKRPy4s,), both contain two
adjacent surface lysine/threonine substitutions, GKRPg3
displays wild-type GKRP-like properties concerning its
interaction with GK, whereas the ability of GKRPy,s, to form
an inactive GK—GKRP or GK—GKRP—F6P protein complex is
impaired (Figure 1A,B). In comparison to wild-type GKRP,
GKRPy;,4 is equally capable of decreasing the apparent activity

3526

of GK in the reaction mixture by inducing the formation of the
inactive complexes both alone and in the presence of 6 yuM F6P
(ICg = 116 + 10 and 71 * 7 nM, respectively). Using the
surface mutant GKRPyy,s, it requires ~3-fold more GKRP
mutant protein in the reaction mixture to shift the equilibrium
toward the inactive complex. While the K450T and K451T
mutations seem to weaken the ability of the protein to form an
inactive complex with GK (ICs, = 351 = 58 nM), the binding
of F6P itself seems not to be influenced, as 6 M F6P is capable
of promoting the formation of the inactive GK—GKRPy,so—
F6P complex (ICg, = 182 + 18 nM).

The ability of F1P to compete with the binding of F6P as
suggested in ref 8 was investigated using both GKRPyy_y;, and
GKRPg3,6. In the presence of 6 uM F6P, increasing
concentrations of F1P are able to dose-dependently increase
the apparent GK activity in the reaction mixture. The
concentrations of F1P needed to drive the equilibrium from
the inactive GK—GKRP—F6P complex toward free GK are
comparable using either wild-type GKRPyyr py;; (ECso = 6.28 +
1.07 uM) or GKRPy,4 (EC = 5.08 + 1.38 M) (Figure 1C).
This indicates that the major functional properties of
GKRPyj3y4 namely to bind to GK, to function as a regulator
of GK activity, and to be regulated by its endogenous regulatory
molecules F6P and F1P in a competitive way, are fully retained
and are quantitatively equivalent to those of wild-type GKRP in
our hands.

Structure of GKRP. GKRP is trilobal in shape (Figure 2). It
consists of two topologically identical sugar isomerase (SIS)
domains™ of equal size, herein termed SIS-1 (residues 45—
284) and SIS-2 (residues 289—498), capped by an a-helical C-
terminal domain (residues 499—606, termed the Lid domain),
which in turn is embraced by residues 6—44 of the N-terminus.
In the following discussion, secondary structure elements are
designated with indices N (N-terminus), A (SIS-1), B (SIS-2),
and C (Lid domain) (Figure S1 of the Supporting
Information). The SIS domain fold represents the nucleotide-
binding motif of a flavodoxin type.”> Each SIS domain has an
af structure and is dominated by a five-stranded parallel f-
sheet flanked on either side by a-helices forming a three-layer
apa sandwich (Figure 2C). Helices in the loops connecting -
strands run approximately antiparallel to the strands. In
addition to this motif, there is an ~20-residue a-helical
extension donated by the N-terminus of each subdomain (aAl,
residues 46—59 of SIS-1; aB1, residues 289—307 of SIS-2) that
folds over the domain interface and onto the other respective
domain. Both SIS domains are related by an approximate 2-fold
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Figure 2. Structure of GKRP. (A) GKRP domain arrangement. (B)
Ribbon diagram of GKRPy;,4 The individual domains are colored as
in panel A. Ligand F1P and sites probed by mutational analysis are
shown as spheres. Selected structural elements involved in FIP
binding are labeled. The view is approximately down the pseudo-2-fold
axis that relates SIS-1 and SIS-2. (C) Ribbon representation of SIS-1
with all secondary structure elements labeled. The orientation of the
SIS-1 domain is related to that in panel B by an ~90° rotation toward
the viewer around the image horizontal.

axis going through the SIS domain interface that is built from
helices aAl, @A3, and @A7 (SIS-1) and the corresponding
helices of SIS-2 (aB1, aB3, and aB7). The two SIS domains
can be superimposed with an rmsd of 1.7 A for 129 equivalent
a-carbon atoms. The structural and topological similarity of the
subdomains supports the suggestion that GKRP has evolved
through a gene duplication and fusion event from an ancestral
dimer,?® similar to other SIS domain-containing proteins,23 as,
for example, GImS (see below).

The Lid domain consists of a bundle of seven a-helices
(aC1—aC?7). Its core consists of a triple-helical bundle (aCl,
aC2, and aCS) with a ubiquitin-like fold. The core is flanked by
the C-terminal aC7 helix that stacks approximately parallel to
the central bundle and by helices aC3, aC4, and aC6 that run
approximately perpendicular. The Lid domain is initiated by a
rather irregular peptide stretch (residues 499—512, termed
Linker) in which a short f-hairpin (residues 501—504) is the
only secondary structure feature. The 14 Linker residues are
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wedged between the a-helical bundle that constitutes the core
of the Lid domain and the SIS domain dimer and contribute
significantly to the Lid—SIS interface.

Surface Mutation. The K326T/K327T double mutation is
located on the surface of the SIS-2 domain at the end of helix
aB2 (Figure 2B). The region is not involved in contacts with
SIS-1 or the active site and does not interact with the Lid
domain or the N-terminus. Biochemically, GKRPys,45 behaves
like wild-type GKRP (Figure 1), and one can thus assume that
all conclusions drawn from the mutant structure are valid for
wild-type GKRP as well. Despite the dramatic improvement
that the K326T/K327T double mutation made on crystal
quality, there are only modest involvements in crystal contacts:
Thr327 is solvent-exposed and not involved in contacts to
neighboring molecules at all. The Thr326 side chain is found in
two conformations, one of which makes two interactions with a
symmetry-related molecule (denoted with an asterisk): a van
der Waals interaction of Thr326 CG2 with Asnl197* and a
hydrogen bond of OG1 to water W283, which in turn contacts
Thr198*. It is probable that the native Lys326 side chain
cannot be properly accommodated into the observed crystal
contact. The K450T/K451T double mutation is located on the
solvent-exposed surface of helix aB6 of the SIS-2 domain
(Figure 2B). In the GKRPy3,, crystal lattice, Lys4S0 is involved
in a crystal contact that, presumably, cannot be maintained in
GKRPyyso- Interestingly, the ability of GKRPy,s to form a
GK—GKRP complex is weakened 3-fold, indicating that this
region might be involved in GK binding, albeit not as a key
element of the binding interface.

Fructose Phosphate Binding Site. The two fructose
phosphate isomers FI1P and F6P both act on mammalian
GKRPs in a competitive manner with micromolar activities [for
rat GKRP, K4(F6P) = 20 uM and K4(F1P) = 1 yM] and likely
bind to a single binding site.”®* GKRP could be crystallized in
the presence of F1P and binds in a deeply buried cavity at the
junction between the SIS and Linker domains (Figure 3). Clear
ligand electron density indicates that S-p-FIP binds in the
pyranose configuration at the edge of the f-sheet of the SIS-1
domain (Figures 2C and 3). Within SIS-1, the binding site is
formed by the N-terminal regions of helices @A3 (residues
107—110) and aA7 (residues 258 and 259) and one face of
helix aA4’ (GlulS0 and GlulS3), which together line the
fructose moiety. The phosphate group is embraced by a loop
(residues 179—184) that precedes helix @AS. Terminal
phosphate oxygens form hydrogen bonds with Ser110 and
Ser179 (hydroxyl groups), Vall80 and Glyl81 (main chain
amino groups), and water molecules (with low B factors)
tightly bound in the pocket (Figure 3). The N-terminal end of
helix aAS is directed to the phosphate site and may contribute
to binding of F1P by dipole—dipole interaction. The binding
site is complemented by one helix of SIS-2 (aB3, residues
Glu348 and His351) and one edge of the Lid domain (residues
512—518). There, the LysS14 e-amino group neutralizes one
negative charge of the phosphate by interacting with O1P (3.3
A) and with phosphoester O1 (2.9 A). Hydroxyl substituents of
fructopyranose are involved in polar contacts with residues of
SIS-1 (Thr109, backbone NH; GlulS3, carboxylate OE1), SIS-
2 (Glu348, carboxylate OE2), and the Lid domain (LysS14 NZ,
AsnS12 ND2) and two water molecules.

Crystals of GKRPg;,¢ in complex with phosphate
(GKRPy3,,—P) were inadvertently identified when we
attempted to crystallize apo-GKRPyjy. Although the final
purification steps as well as the reservoir buffer for
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Figure 3. Fructose phosphate binding site. (A) Stick representation of the F1P (green carbon atoms) binding site. Water molecules are shown as red
spheres and hydrogen bonds as yellow dotted lines. The final weighted 2IF,| — IF,| electron density map for F1P is shown as a blue mesh contoured
at 1.56. (B) Surface plot of the F1P binding site colored according to electrostatic potential (blue for positive and red for negative). (C) Schematic
plot of F1P interactions. Hydrogen bonds are shown as dotted arrows (green for side chain and blue for main chain); nonpolar contacts are shown as
dotted lines. (D) Protection against H—D exchange due to ligand binding mapped onto the structure. Regions that are protected against deuterium
incorporation (after 30 min) in the presence of F1P as compared to apo-GKRP are color-coded by the degree of protection.

crystallization did not contain phosphate salts, there was clear (Figure S2 of the Supporting Information). Because the Ni-
electron density that could be modeled as a phosphate ion NTA affinity purification step employed a phosphate buffer, we
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Figure 4. Comparison to GImS. (A) Ribbon diagram of the GKRP SIS domain dimer (SIS-1 colored orange and SIS-2 colored yellow). The
structure of GImS (gray, PDB entry IMOQ) is superimposed on the basis of the SIS-1 domains. Ligands F1P (green) and glucosamine 6-phosphate
(magenta) are shown as stick models. LID domain and Linker peptide of GKRP have been omitted for the sake of clarity. The C-terminus of GlmS is
labelled in gray. (B) Comparison of GKRP (orange, black labels) and GImS (gray, gray labels) binding sites. Hydrogen bonds, water molecules, and
several contacting residues have been omitted for the sake of clarity. Note that GKRP residue Glul53 has no equivalent in GlmS.

assume that residual phosphate remained bound to the protein
during the following purification steps. When bound to
phosphate instead of F1P, GKRPy;,¢ assumes a conformation
almost identical to that of the GKRPy;,,—F1P complex (0.14 A
rmsd on all Car atoms). The lacking sugar moiety is replaced by
several water molecules, but apart from that, there are no
significant deviations in the active site architecture (Figure S2
of the Supporting Information).

Despite the internal 2-fold symmetry of the SIS domains,
GKRP contains only one ligand binding site, namely that in
SIS-1, with the bound F1P. Another putative binding site at the
equivalent region in SIS-2 is not occupied. A comparable
asymmetry is observed in glucosamine-6-phosphate synthase,*
which also contains a SIS dimer in an arrangement similar to
that of GKRP, but only one binding site for the reaction
product glucosamine 6-phosphate in its SIS-1 domain (Figure
4).

The observed structure is corroborated by a mutational
analysis of fructose phosphate binding.® Mutation of residues
directly involved in phosphate group binding would be
expected to have a profound effect on the binding affinity of
fructose phosphates. Accordingly, the three mutations S110A,
S179A, and KS14A were found to abolish binding or strongly
decrease the dissociation constant of both F1P and F6P. The
G107C mutation caused a marked increase in F6P affinity,
while reducing the affinity for F1P. Presumably, the sulfhydryl
side chain of a Cysl07 mutant displaces GlulS3, which
coordinates the anomeric hydroxyl group of F1P, thus
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weakening binding. F6P in turn has no anomeric hydroxyl in
this position and may not be affected by this displacement
(Figure 4B and Figure S3A of the Supporting Information)
when bound. In contrast, a comparison to GImS (Figure 4B),
which also features a Gly — Cys exchange at this position,
indicates that the cysteine side chain may form an additional
favorable van der Waals interaction with C6 of F6P. Several
other mutants (T337A, T411A, K499A, and DS07A) that were
probed had only marginal effects on fructose phosphate
dissociation constants, in line with their location outside the
binding site.

H-D Mapping of the Fructose Phosphate Binding
Site. To map the potential ligand binding sites, the amide
hydrogen exchange behavior of apo-GKRP was compared to
that of ligand-bound GKRP (Figure S4 and Table S1 of the
Supporting Information). After H—D exchange for 30 min,
nine regions in GKRP show less deuterium incorporation in the
presence of either ligand (F6P or F1P) than in the presence of
apo-GKRP. Protection against H—D exchange indicates a more
stable and less flexible protein fold in the presence of ligand.
F6P and F1P show protection against H—D exchange mostly in
the same regions in GKRP (Figure S4A of the Supporting
Information). Together with biochemical data,® this supports
the idea that there is one binding site in GKRP for both ligands.
Mapping of the H—D exchange results to the crystallo-
graphically observed structure indicates four regions (residues
102—116, 136—157, 243—269, and 349—356) that include
residues that are engaged in direct interactions with F1P
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(Figure 3D) or F6P (Figure S4B of the Supporting
Information). Two further peptides (214—242 and 487—508,
which includes part of the Linker) do not directly contact F1P
but flank its binding site. Residues 33—48 of the N-terminus
and adjacent residues 49—57 are probably indirectly stabilized
through the contacts of the N-terminus and Lid domain with
the fructose phosphates. Subtle differences in the amount of
H-D exchange (Figure S4A of the Supporting Information)
most probably reflect conformational differences between the
two complexes.'®

B CONCLUSION

The high-resolution structure of GKRP in its inactive F1P-
bound form confirms earlier suggestions of a SIS domain dimer
and reveals additional structural elements that cap the ligand
binding site. H—D exchange experiments support the notion
that F1P and its antagonist F6P compete for the same binding
site but are not sufficiently sensitive to identify larger structural
differences between the respective complexes. It is believed that
GKRP interacts with the super-open, low-affinity state of GK.*”
The required “active” GKRP state (“active” with respect to GK)
is further stabilized by F6P and in turn can abolish GK catalytic
activity. F1P, on the other hand, stabilizes an “inactive” GKRP
conformation with low affinity for GK.'"* The high-resolution
structure of the GKRP—F1P complex provides a starting point
for understanding the mechanism of fructose phosphate-
dependent GK regulation at an atomic level. In the absence
of further structural data, one can only speculate about the
exact molecular mechanism of this switch (Supporting
Information), but it appears to be reasonable to assume that
F6P binding may trigger conformational changes between the
individual GKRP domains that ultimately establish the GK
binding site.
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mean-square deviation.
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