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conformation were confirmed by observing differences in 
the hGMPK secondary structures with circular dichroism 
spectroscopy.
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Abstract  Bio-catalysis is the outcome of a subtle inter-
play between internal motions in enzymes and chemical 
kinetics. Small-angle X-ray scattering (SAXS) investi-
gation of an enzyme’s internal motions during catalysis 
offers an integral view of the protein’s structural plasticity, 
dynamics, and function, which is useful for understanding 
allosteric effects and developing novel medicines. Gua-
nylate kinase (GMPK) is an essential enzyme involved in 
the guanine nucleotide metabolism of unicellular and mul-
ticellular organisms. It is also required for the intracellu-
lar activation of numerous antiviral and anticancer purine 
nucleoside analog prodrugs. Catalytically active recom-
binant human GMPK (hGMPK) was purified for the first 
time and changes in the size and shape of open/closed 
hGMPK were tracked by SAXS. The binding of substrates 
(GMP + AMPPNP or Ap5G or GMP + ADP) resulted in 
the compaction of size and shape of hGMPK. The struc-
tural changes between open and completely closed hGMPK 
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cGMP	� 3’, 5’ -cyclic guanosine 
monophosphate

DTT	� Dithiothreitol
GMP	� Guanosine 5’ 

-monophosphate
GDP	� Guanosine 5’ -diphosphate
GTP	� Guanosine 5’ -triphosphate
HEPES	� 4-(2-hydroxyethyl)pipera-

zine-1-ethanesulfonic acid
hGMPK	� Human guanylate kinase
hGMPK (apo)	� Open hGMPK form 

(ligand-free)
hGMPK (GMP + AMP-PNP)	� Completely closed hGMPK 

form 1
hGMPK (Ap5G)	� Completely closed hGMPK 

form 2
hGMPK (GMP + ADP)	� Completely closed hGMPK 

form 3
mGMPK	� Mouse guanylate kinase
NMP kinases, NMPKs	� Nucleoside monophos-

phate kinases
NMP-BD	� NMP binding domain
PSI	� Paul Scherrer Institute
SAXS	� Small-angle X-ray 

scattering
SDS-PAGE	� Sodium dodecyl sul-

fate–Polyacrylamide gel 
electrophoresis

SLS	� Swiss Light Source
SUMO	� Small ubiquitin-related 

modifier
yGMPK	� Yeast guanylate kinase

List of symbols
Dmax	� Maximum dimensions
I(q)	� X-ray scattering intensity
I(0)	� Forward scattered intensity
P(r)	� Pair distance distribution 

function
Pdb	� Protein Data Bank file 

format
pH/pH scale	� Hydronium ion concentra-

tion measurement
q	� Momentum transfer
Rg	� Radius of gyration

Introduction

Guanylate kinase (GMPK, ATP:GMP phosphotransferase, 
EC 2.7.4.8) is an essential enzyme involved in the gua-
nine nucleotide metabolism of unicellular and multicellu-
lar organisms. It catalyzes the reversible phosphoryl group 

transfer from ATP to GMP yielding GDP and ADP (Beck 
et  al. 2003; Choi and Zocchi 2007; Sekulic et  al. 2002). 
GMPK plays an important role in the recycling of the sec-
ondary messenger cGMP and thereby regulates the supply 
of guanine nucleotides to various signal transduction path-
ways (Hall and Kuhn 1986; Konrad 1992). In addition to its 
physiological roles, GMPK is also required for the intracel-
lular activation of numerous antiviral and anticancer purine 
nucleoside analog prodrugs (Sekulic et  al. 2002). Promi-
nent examples are 6-thioguanine and 6-mercaptopurine, 
which are used for the treatment of acute lymphoblastic 
leukemia and as immunosuppressive agents, respectively 
(Ardiani et al. 2009; Karran 2006; Karran and Attard 2008; 
Zhang et  al. 2013). Moreover, efficient agents routinely 
used for the treatment of herpes infections, such as gan-
ciclovir and acyclovir, are first phosphorylated by a viral 
kinase and then converted to the diphosphate forms by cel-
lular GMPK (Sekulic et al. 2002).

GMPK is a member of the family of ATP:NMP phos-
phoryltransferases (nucleoside monophosphate kinases; 
NMP kinases, or NMPKs). NMP kinases of different spe-
cies (E. coli, yeast, mouse, and human) have been charac-
terized for their structure and function showing similarities 
to the class of nucleoside kinases (e.g., human deoxycy-
tidine kinase). NMP kinases and nucleoside kinases share 
distinctive structural features: the phosphate-binding loop 
(P-loop) as a common motif found in most ATP- and GTP-
binding proteins, the NMP-binding domain (NMP-BD), a 
LID domain, and a CORE domain, which are connected 
by dynamic hinges (Hazra et al. 2010; Lavie et al. 1998a, 
b; Ostermann et  al. 2000) (Fig.  1). NMP kinases are bi-
substrate enzymes that bind both substrates simultane-
ously to catalyze phosphoryl transfer. These kinases exist 
in different conformations: without ligands (apo-form), 
NMP-bound form, ATP-bound form, and a ternary complex 
with bound NMP and ATP (closed form). The binding of 
substrates to NMP kinases reassembles their active centers 
resulting in large domain movements (Muller-Dieckmann 
and Schulz 1995). Large conformational changes in NMP 
kinases were first observed in adenylate kinases (AMP 
kinases; AKs) (Gerstein et  al. 1993; Schulz et  al. 1990). 
Structural analysis of various homologous forms of AKs 
showed that both ATP and AMP induce substantial con-
formational changes upon binding to these enzymes. The 
binding of AMP resulted in the closure of the NMP-BD 
domain, whereas the binding of ATP caused the closure of 
the LID domain (Yan and Tsai 1999). The analysis of 17 
crystal structures from the NMP kinase family confirmed 
the existence of these large conformational changes, which 
were mainly attributed to rigid-body movements of the LID 
and NMP-BD with respect to the CORE domain (Vonr-
hein et al. 1995). Similar observations were made for yeast 
GMPK (yGMPK). Large movements of the GMP-binding 
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domain and smaller but significant movements of the LID 
domain were reported by comparing the open yGMPK 
(apo) conformation and the partially closed yGMPK 
(GMP) conformation. Also, the open yGMPK conforma-
tion was found to be more open than its substrate-bound 
partially closed conformation (Blaszczyk et al. 2001).

Despite their important catalytic and therapeutic roles, 
the only structural information available for mammalian 
GMPKs is the crystal structure of the fully closed form 
of mouse GMPK in complex with one substrate and one 
product molecule (mGMPK (GMP  +  ADP), pdb 1LVG) 
(Sekulic et al. 2002). The lack of structural and dynamical 
information for hGMPK could be due to the purification of 
recombinant hGMPK in the inactive form and the failures 
of crystallization (Ardiani et  al. 2009; Brady et  al. 1996; 
Sekulic et al. 2002). Small-angle X-ray scattering (SAXS) 
only requires small amounts of purified hGMPK in solution 
to provide global structural information, assess structural 
changes, and derive the three-dimensional surface recon-
structions of hGMPK in the absence and presence of its 
substrates and analogs (Jacques and Trewhella 2010; Jain 
et al. 2013; Koch et al. 2003; Mallik et al. 2012; Petri et al. 
2011, 2012; Putnam et al. 2007; Solanki et al. 2014; Taylor 
et al. 2012; Tuukkanen and Svergun 2014). We succeeded 
in purifying the active recombinant hGMPK, which was 
used to obtain insights into between open/closed hGMPK 
conformations. SAXS measurements were performed at 
a home X-ray source and at a third-generation X-ray syn-
chrotron. In these studies, the open hGMPK conformation 
(no ligand) was compared with three different completely 
closed hGMPK conformations [GMP  +  AMPPNP (1), 

Ap5G (2), and GMP + ADP (3)]. We also evaluated the 
reconstructed SAXS models (ab initio) of different hGMPK 
conformations with the crystal structure of its murine hom-
ologue, the fully closed form of mGMPK (Sekulic et  al. 
2002). Different hGMPK conformations were also inves-
tigated with circular dichroism to confirm small structural 
differences observed with SAXS. These investigations may 
explain the mode of interaction of anticancer and antiviral 
therapeutics with hGMPK, which is a critical enzyme for 
the metabolic activation of certain nucleoside analogs.

Materials and methods

Cloning, expression, and purification of human 
guanylate kinase

The 591-bp open reading frame (ORF) of hGMPK (UniProt 
entry Q16774, also called GMP kinase, GUK1, or GMK), 
was amplified via polymerase chain reaction (PCR) using 
the DNA template reported previously (Kuhlendahl et  al. 
1998; Kumar et al. 2000; Prinz et al. 1999). The final con-
struct includes an N-terminal hexa-histidine tag followed 
by the SUMO (small ubiquitin-related modifier; SUMO 
family protein SMT3 of 101 residues)-tag, which was used 
to improve heterologous protein solubility and stability 
(Panavas et  al. 2009). The detailed hGMPK cloning and 
purification procedure is described in the supplementary 
information. For overproduction of the enzyme, the E. coli 
expression strain BL21-(DE3)-pLysS carrying the hGMPK 
plasmid was used to inoculate 1  l of lactose-containing 

Fig. 1   The Swiss homol-
ogy model for hGMPK was 
constructed by using the crystal 
structure of mGMPK’s closed 
conformation (residues 5-194 of 
197 aa) as template [pdb 1LVG 
(Sekulic et al. 2002)]. The three 
major structural regions present 
in hGMPK are designated and 
color-coded as the NMP-bind-
ing domain (NMP-BD) (blue), 
the CORE (red), and the LID 
(green). These structural regions 
in hGMPK (residues 5-194 of 
197 aa) are interconnected by 
four hinges (yellow). hGMPK 
substrates, GMP (blue square), 
which bind to NMP-BD and 
substrate ATP (green triangle), 
which bind to LID in GMPK 
are schematically presented
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auto-inducing medium. hGMPK was obtained as a catalyti-
cally active monomer upon applying different purification 
steps. The monomer peak of hGMPK was pooled, concen-
trated to 38  mg/ml, aliquoted, and then stored at –80  °C. 
The Bradford dye-binding assay was used to determine the 
hGMPK concentration.

Enzyme activity assay

The enzymatic activity of hGMPK was determined by a 
standard NADH-dependent lactate dehydrogenase/pyru-
vate kinase-coupled assay using a JASCO V-650 UV–Vis 
spectrophotometer (Konrad 1992). All measurements were 
performed at 25  °C in the assay buffer, which consisted 
of 100 mM Tris-HCl, pH 7.5, 100 mM KCl, and 10 mM 
MgCl2. The final hGMPK concentration in the assay was 
18 nM.

Home source SAXS data acquisition

SAXS data was collected at the home-built SAXS appa-
ratus (Quevedo et al. 2008) to check the effect of various 
hGMPK concentrations. The hGMPK samples and corre-
sponding buffers in different experimental conditions were 
exposed and measured under stationary conditions in the 
assembled quartz capillary flow cell with 1.0 mm diameter. 
Potential radiation damage in the measured samples was 
checked with SDS-PAGE and the kinase activity assay. In 
this way, we verified that the enzyme did not suffer from 
radiation damage during X-ray exposures.

Synchrotron SAXS data acquisition

hGMPK samples and their matching buffers under differ-
ent experimental conditions were filled in separate 1.0-mm-
diameter borosilicate capillaries and sealed with capillary 
wax for SAXS measurements. SAXS data was collected at 
the coherent SAXS beamline X12SA, Swiss Light Source 
(SLS) at the Paul Scherrer Institute (PSI, Switzerland). The 
photon flux was  ~1012 photons/s at the sample position. 
The photon energy was 12.4 keV, which corresponds to a 
wavelength of 1.0 Å. X-ray images were acquired with an 
integration time of 100 ms per image.

The X-ray spot size on the sample was 100 × 100 µm 
and the X-ray beam was focused on the detector. SAXS 
images were acquired using a PILATUS 2M detector at a 
sample-detector distance of  ~7  m. Images were acquired 
at three different spots on the capillary; these observa-
tion spots were 1.0 mm apart and were centered across the 
capillary.

SAXS data processing and analysis

Scattering curves were obtained from the raw PILATUS 
detector images using MATLAB (R2012a) and further pro-
cessed with Origin (8.6) and ATSAS (2.4) software (Kon-
arev et al. 2006; Petoukhov et al. 2012). hGMPK scattering 
curves I(q) vs. q were plotted after the subtraction of their 
respective buffer from the hGMPK samples as a function of 
momentum transfer q (Å−1), which is given by:

where 2θ is the scattering angle and λ is the X-ray wave-
length in Å (Glatter and Kratky 1982; Guinier and Fournet 
1955).

The SAXS scattering curves were then analyzed with 
different parameters. The Guinier approximation for a 
monodisperse sample of globular protein can be used to 
describe the X-ray scattering at low q as:

where Rg is the radius of gyration and I(0) is the forward 
scattered intensity (Glatter and Kratky 1982; Guinier and 
Fournet 1955). The Guinier approximation is valid for the 
qRg ≤ 1.3 region. Rg is essentially the second moment of 
the distribution of shape and size of proteins about the 
mean and its calculation requires electron density rather 
than mass as a weighing factor. For this q range, the 
Guinier plot will give a straight line from which Rg and I(0) 
values are extracted. Rg values were determined by vari-
ous procedures including manual Guinier plot (not shown), 
PRIMUS and GNOM (Konarev et al. 2003; Svergun et al. 
1995). The I(0) value is directly proportional to the mul-
tiplication of molar protein concentrations and molecular 
mass of the scattering hGMPK molecule. I(0) was approxi-
mated by the extrapolation of SAXS intensity to q = 0. The 
Kratky plots (I(q) × q2 vs. q) were then used to assess the 
globular or Gaussian chain-like nature of hGMPK under 
different experimental conditions.

ATSAS suite was used to reconstruct and analyze the 
three-dimensional SAXS models. The detailed procedure 
is presented in the supplementary information. The iner-
tial axes of the SAXS data-based averaged hGMPK mod-
els were then overlaid to different crystal structures or to 
the different SAXS models by the SUPCOMB13 software 
(Kozin and Svergun 2001). The open-source software 
PyMOL was used for graphical analysis and for figure 
preparation.

(1)q =

4π sin θ

�
,

(2)ln
[

I(q)
]

= ln [I(0)]−

(

R2
g

3

)

× (q2),
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CD measurements of different hGMPK conformations

CD measurements were performed to confirm the observed 
size and shape changes in different hGMPK conformations 
with SAXS. hGMPK concentration was 80 µM. The buffer 
was 10 mM potassium phosphate pH = 7.5, 2 mM MgSO4, 
and 0.5 mM Tris (2-carboxyethyl)phosphine (TCEP). Sub-
strate (GMP + AMP-PNP and GMP + ADP) concentration 
was 1 mM in hGMPK samples and buffer. The bi-substrate 
analog Ap5G was used at 100 µM concentration.

CD spectra were measured separately for hGMPK 
samples and respective buffers at 25  °C between 180 and 
300 nm. Five scans were collected at 1 s/measurement and 
then averaged. The averaged CD spectra for an hGMPK 
conformation and its respective buffer was subtracted and 
then smoothed (window size =  3). The CD spectra were 
finally plotted with the help of Origin 8.6.

Results and discussion

Human guanylate kinase, hGMPK, was expressed in E. 
coli, and the histidine-tagged protein (~22 kDa) was puri-
fied via nickel agarose-affinity chromatography and size-
exclusion chromatography in successive steps (Fig.  2a). 
The purified recombinant hGMPK protein was catalytically 
active as determined in the NADH-dependent enzyme-
coupled assay and yielded the kinetic parameters shown in 
Table 1. The activity of recombinant hGMPK presented in 
this work is in contrast to previous reports where hGMPK 
was found inactive (Ardiani et al. 2009; Brady et al. 1996).

The radius of gyration (Rg) and forward scattered scat-
tering (I(0)) of hGMPK remained unchanged for increas-
ing concentrations (6.5–26.5  mg/ml) in the home SAXS 
measurements (data not shown). Also, the hGMPK activity 

did not decrease after X-ray exposure during SAXS meas-
urements (data not shown). In the following step, different 
hGMPK conformations in the presence and absence of sub-
strates and analogs were measured at the third-generation 
cSAXS beamline: No ligand (open form), GMP + AMP-
PNP (completely closed form 1), Ap5G (completely closed 
form 2), and GMP  +  ADP (completely closed form 3). 
The SAXS measurements were performed for correspond-
ing buffer solutions as well. SAXS measurements of dif-
ferent hGMPK conformations along with buffer were free 
from radiation damage. This was checked by plotting inte-
gral X-ray intensity of consecutive scattering images at an 
observation spot with respect to the X-ray exposure time 
(Fig. S2, ESM). The buffer-subtracted SAXS intensity pro-
files of different hGMPK conformations were plotted and 
analyzed with various SAXS parameters to evaluate struc-
tural changes in different hGMPK conformations (Fig. 3a). 
The bell-shaped Kratky profiles depict a globular nature for 
all measured hGMPK conformations (Fig. 3b).

The unliganded form of hGMPK was found to be mono-
meric by comparing its elution profile with standard pro-
teins by size-exclusion chromatography (Fig. S1 and Table 
S1, ESM). Open and completely closed hGMPK confor-
mations (1–3) have identical I(0) values (Table  2). This 
implies that hGMPK is a monomer in all investigated con-
formations and the binding of substrates and analogs did 
not cause its oligomerization. Different slopes of manual 
Guinier plots for hGMPK conformations indicate varia-
tion in the hGMPK size (Fig. 3c). The size (Rg) of different 
hGMPK conformations was calculated by pair distance dis-
tribution curves (Table 2). The open hGMPK conformation 
is bigger in size (Rg ~ 20.1 (± 0.04) Å) than the completely 
closed hGMPK conformations: GMP  +  AMPPNP (1, 
Rg ~ 18.4 (± 0.04) Å), Ap5G (2, Rg ~ 18.1 (± 0.03) Å) and 
GMP + ADP (3, Rg ~ 18.4  (± 0.04) Å). In tendency, the 
completely closed hGMPK conformations (1–3) get com-
pact in comparison to the open hGMPK conformation. The 
maximum dimensions Dmax for different hGMPK confor-
mations were also calculated with the pair distance distri-
bution curves (Fig. 3d; Table 2). The maximum dimensions 
of open and completely closed hGMPK conformations 
(1–3) are similar (Dmax ~ 50 Å) (Table 2).

The overall fold of hGMPK is very similar to that of 
other members of the NMP-kinase family, in particular to 

hGMPK
22 KDa 

M 1 

Fig. 2   Purified recombinant hGMPK is catalytically active. Bacteri-
ally produced hGMPK was purified by affinity and gel filtration chro-
matography in two successive steps. Purified hGMPK is a single band 
on 12 % SDS-PAGE

Table 1   Kinetic parameters obtained from the steady-state kinetic 
assay measuring hGMPK activity (T = 25 °C). The ATP:GMP phos-
phoryl transferase activity of purified recombinant hGMPK was 
determined by using the NADH-dependent enzyme-coupled assay

Substrate kcat (s
−1) km (µM) kcat/Km (M−1 s−1)

GMP 79 25 3.2 × 106

Mg-ATP 79 95 0.8 × 106
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mGMPK and yGMPK (Blaszczyk et al. 2001; Kandeel and 
Kitade 2011; Sekulic et al. 2002). The 197-amino-acid-long 
hGMPK is just one amino acid shorter at the C-terminus 
than the closely related mGMPK, with which it has high 
amino acid sequence identity (88 %). The crystal structures 
of open yGMPK [apo, pdb 1EX6 (Blaszczyk et al. 2001)] 
and partially closed yGMPK [GMP, pdb 1EX7 (Blaszczyk 
et al. 2001)] are also available. All available GMPK struc-
tures share three major structural domains: the NMP-BD, 
a CORE domain, and a LID domain, which are intercon-
nected by four dynamic hinges. In its apo-form (yGMPK 
without ligand), the NMP-BD and the LID domain are 
farthest apart, and therefore the open form of yGMPK is 

more extended than the partially closed form of yGMPK 
(Blaszczyk et al. 2001). The binding of GMP to the NMP-
BD in yGMPK (in complex with GMP) causes a signifi-
cant movement of the NMP-BD towards the LID domain 
with comparatively smaller movement of the LID domain 
in the same direction. Therefore, GMP binding brings the 
NMP-BD and the LID domain closer to each other result-
ing in a compaction of the partially closed yGMPK (GMP-
complexed) as compared to its open yGMPK (apo) form 
(Blaszczyk et al. 2001). The simultaneous binding of both 
substrates (GMP + ADP) in mGMPK brings the NMP-BD 
and LID domain closer together than in the partially closed 
yGMPK (GMP) conformation (Sekulic et al. 2002). There-
fore, the fully closed conformation of GMPK is the most 
compact conformation (Sekulic et al. 2002). Also, the open 
form of yGMPK is the most flexible conformation, while 
the fully closed hGMPK form is the most rigid conforma-
tion (Blaszczyk et al. 2001; Sekulic et al. 2002).

Changes in the global structure of hGMPK from open 
to completely closed conformation were investigated by 
reconstructing low resolution SAXS models within the 
shape constraints computed with P(r) function analysis. 
Structural interpretation for each hGMPK conformation 
was performed with 10-15 reconstructed SAXS models 
(pdb files) having low χ2 values between experimental 

Fig. 3   SAXS data analysis for 
open and completely closed 
hGMPK conformations. a 
SAXS intensity curves. b 
Kratky profiles. c Guinier plots. 
d Computed pair distance 
distributions
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Table 2   Structural parameters for different hGMPK conformations 
as derived with SAXS measurements

hGMPK sample Conformation I(0) × 10−2 Rg (Å) Dmax (Å)

Apo-form Open 1.3 20.1 (± 0.04)50.0

GMP + AMP-
PNP

Completely 
closed 1

1.4 18.4 (± 0.04)50.0

Ap5G Completely 
closed 2

1.4 18.1 (± 0.03)50.0

GMP + ADP Completely 
closed 3

1.4 18.4 (± 0.04)51.0
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scattering intensity and computed scattering intensity for 
the GASBOR models (χ2 =  1.6–2.6) or DAMMIN mod-
els (χ2 =  1.5–2.2) (Table S2, ESM). The SAXS models 
generated with GASBOR or DAMMIN programme were 
averaged separately by DAMAVER (Fig. S2, ESM). The 
alignment and averaging procedure for the reconstructed 
SAXS models was scrutinized with normalized spatial dis-
crepancy (NSD) values. DAMMIN and GASBOR models 
with higher NSD values (NSD  >  mean +  2 ×  variation) 
were discarded (Table S2, ESM). To identify the struc-
tural changes in the hGMPK molecule, the averaged SAXS 
models of different hGMPK conformations were overlaid 
on the crystal structure of the fully closed mGMPK form 
[pdb 1LVG (Sekulic et  al. 2002)] (Fig.  4, Tables S3, S4, 
ESM). With respect to the NSD values, the overlays were 
sufficient and revealed compactness from open to com-
pletely closed hGMPK conformations (Fig.  4, Tables S3, 
S4, ESM).

The overall fold of hGMPK is very similar to that of 
other members of the NMP-kinase family, in particular to 
mGMPK and yGMPK (Blaszczyk et al. 2001; Kandeel and 
Kitade 2011; Sekulic et  al. 2002). The 197-amino-acid-
long hGMPK is just one amino acid shorter at the C-ter-
minus than the closely related mGMPK, with which it has 
high amino acid sequence identity (88 %). Therefore, the 
in silico homology model of the completely closed form 
of hGMPK was constructed by using the fully closed form 
of mGMPK (Sekulic et al. 2002) as a template (Fig. 1). In 
addition to the completely closed mGMPK crystal struc-
ture (pdb 1LVG), the substrate-induced conformational 
changes in hGMPK SAXS models were compared with the 
homology model of the completely closed form of hGMPK 
(Tables S3, S4, ESM). The overlay of different hGMPK 
SAXS models on the completely closed hGMPK homology 
model is similar to that of the completely closed mGMPK 
crystal structure (not shown). 
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Fig. 4   Overlay of reconstructed hGMPK SAXS models (mesh repre-
sentation) on the crystal structure of the completely closed mGMPK 
conformation (GMP + ADP, pdb 1LVG (Sekulic et al. 2002), surface 
representation). GASBOR (A) and DAMMIN (B) SAXS models of 
different hGMPK conformations are compared separately. a Open 
hGMPK conformation (apo-form). b Completely closed hGMPK 

conformation 1 (GMP + AMP-PNP). c Completely closed hGMPK 
conformation 2 (Ap5G). d Completely closed hGMPK conforma-
tion 3 (GMP + ADP). Overlay was done with SUPCOMB13 and the 
resulting NSD values are shown in Table S4, ESM. Different struc-
tural regions in the crystal structure of completely closed mGMPK 
(NMP-BD, CORE, and LID) and hinges are color-coded
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Three-dimensional reconstructions are globular for 
the open and completely closed hGMPK conformations 
(Fig. 4). There are small but distinguishable differences in 
shape between open and completely closed hGMPK con-
formations. The open hGMPK conformation is character-
istic of the unliganded enzyme. The binding of GMP (sub-
strate) to the NMP-BD and AMP-PNP (ATP analog) to the 
LID domain induces the completely closed hGMPK con-
formation 1. The binding of the bi-substrate analog Ap5G 
to NMP-BD and LID domain induces the completely 
closed hGMPK conformation 2. The binding of GMP (sub-
strate) to the NMP-BD and ADP (reaction product) to the 
LID domain induces the completely closed hGMPK con-
formation 3. The completely closed hGMPK conforma-
tions are smaller in size than those of the open hGMPK 
conformation (Fig. 4).

The compaction observed from open to completely 
closed hGMPK conformations was compared with small 
differences in the size between crystal structures of open 
yeast conformation (pdb 1LVG), partially closed conforma-
tion (pdb 1EX6) and completely closed mGMPK conforma-
tion (pdb 1EX7). The open to completely closed hGMPK 
conformation follows the trend observed in the size reduc-
tion from open yeast conformation (Rg ~ 18.8 Å) to the par-
tially closed yeast GMPK conformation (Rg ~ 17.8 Å) and 
to the completely closed mGMPK conformation (Rg ~ 17.2 
Å) (Tables S5, ESM). One way to explain the compaction 
between open hGMPK and completely closed hGMPK 
could be the closeness of the NMP-BD and ATP-binding 
domains in comparison to the open hGMPK conformation. 
The observed structural changes in the size and shape of 
open and closed hGMPK conformations were confirmed 
by circular dichroism (CD) spectroscopy. CD spectros-
copy is a valuable technique for the investigation of struc-
tural changes in proteins caused by the binding of ligands 
(Fasshauer et al. 2002; Greenfield 2006; Petri et al. 2012). 
The differences in secondary structures from open to com-
pletely closed hGMPK conformations (1–3) observed with 
CD spectra are small and present at 210–240 nm (peptide 
bonds) and 260–300 nm (tertiary structure) (Fig. 5). Hence, 
the compaction in hGMPK structure during catalytic reac-
tion (open to completely closed) could result from a change 
in the secondary structure content of hGMPK.

In summary, our SAXS analyses have tracked the miss-
ing structural differences in the size and shape of open 
and completely closed hGMPK conformations. The open-
to-close conformational transition of hGMPK brought 
about by the sequential binding of its substrates supports 
the induced fit enzymatic mechanism. The good fitting of 
the completely closed mGMPK crystal structure and com-
pletely closed hGMPK SAXS models indicates the con-
servation of the 3D-fold of the guanylate kinase domain in 
these two enzymes.
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