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Abstract: Arginine kinase is an essential enzyme which is closely related to energy metabolism in 
marine invertebrates. Arginine kinase provides a significant role in quick response to environmental 
change and stress. In this study, we simulated a tertiary structure of Sepia pharaonis arginine kinase 
(SPAK) based on the gene sequence and conducted the molecular dynamics simulations between SPAK and Zn2+. Using 
these results, the Zn2+ binding sites were predicted and the initial effect of Zn2+ on the SPAK structure was elucidated. 
Subsequently, the experimental kinetic results were compared with the simulation results. Zn2+ markedly inhibited the ac-
tivity of SPAK in a manner of non-competitive inhibitions for both arginine and ATP. We also found that Zn2+ binding to 
SPAK resulted in tertiary conformational change accompanying with the hydrophobic residues exposure. These changes 
caused SPAK aggregation directly. We screened two protectants, glycine and proline, which effectively prevented SPAK 
aggregation and recovered the structure and activity. Overall, our study suggested the inhibitory effect of Zn2+ on SPAK 
and Zn2+ can trigger SPAK aggregation after exposing large extent of hydrophobic surface. The protective effects of gly-
cine and proline against Zn2+ on SPAK folding were also demonstrated. 

Keywords: Aggregation, arginine kinase, Zn2+, inhibition, molecular dynamics simulation, Sepia pharaonis. 

1. INTRODUCTION 

 The cuttlefish Sepia pharaonis belongs to cephalopods, 
and it is an important marine resource for human consump-
tion [1]. Sepia pharaonis has excellent breeding prospects 
based on its characteristics of larger body type, fast growth 
and suitability for high-density cultivation. At present, re-
search into the artificial breeding of Sepia pharaonis is being 
carried out in China. It has shown that Sepia pharaonis is 
particularly sensitive to environmental changes in its breed-
ing environment [2]. Changes in salinity and heavy metal 
concentration cause a severe stress reaction, including stress-
induced inking behavior, and can even lead to massive death. 
Thus, it is important to study the stress response of cephalo-
pods and their defense mechanisms under different environ-
mental conditions. 

 Previous studies have indicated that energy metabolism-
related enzymes in invertebrates are importantly responsible 
for adapting the environmental stress. In this regard, arginine 
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kinase (AK, EC 2.7.3.3) is distinctively found in marine in-
vertebrates to be associated with adapting the environmental 
troubles caused from physical and chemical factors [3-6]. 
AK is a phosphagen kinase that catalyzes the reversible reac-
tion of phosphoryl group’s transfer from various sources of 
phosphagens [7, 8]. It has been generally recognized that AK 
plays a pivotal role in ATP buffering in invertebrates both 
temporal and extreme conditions where muscle and nerves 
cells require immediate and high fluctuating energy demands 
via catalyzing Mg2+ cofactor dependent phosphoryl transfer 
[9, 10]. The evolution of a marine organism’s metabolic pat-
terns generally involves further adaptation to the aquatic 
environment and this was supported by the homologous se-
quence alignments of various origins of AKs [11-13]. Some 
of divalent metal ions (i.e. Cd2+, Cu2+ and Pb2+) were found 
to have significant inhibitory effects on AK catalysis, which 
could directly affect the body’s energy balance and destroy 
energy homeostasis in invertebrates [5, 14-15]. 

 Cuttlefish muscle is a good food source of some impor-
tant essential minerals [16-18]. However, the increasing pol-
lution of seawater by metal ions often leads to excessive in-
tracellular unfavorable accumulation. Excessive Zn2+ can be 
toxic to marine organisms regardless of that Zn2+ is a basic 
ingredient of several important enzymes and displays multi-
ple functions in the catalytic reaction [19-20]. It is evident 
that Zn2+ binding directly mediates hydrophobic exposure of 
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enzyme active site pocket and structural unfolding, as well as 
unfavorable aggregation in a broad variety of metallic/non-
metallic enzymes, including creatine kinase and AK [21,22]. 
The roles of Zn2+ in ocean invertebrates have not been well 
elucidated, but it has been found that Zn2+ concentrations in 
the body of marine organisms, especially for marine inverte-
brates, are more excessive than other organisms’ metabo-
lisms [23-25]. The reason of Zn2+ can exist excess concentra-
tion in tissues of marine invertebrates is that it is prone to 
bind to macromolecules or present as insoluble metal inclu-
sions in tissues [26]. It has rarely been reported the role of 
Zn2+ on enzymes’ structure and function in aquatic organ-
isms and thus, it could be a topic of interest to investigate the 
role of excess Zn2+ on enzyme derived from aquatic organ-
ism such as Sepia pharaonis that is one of food source for 
human. Accordingly, we elucidated the inhibitory effect of 
Zn2+ on arginine kinase from Sepia pharaonis (SPAK) in this 
study and the protective functional role of some osmolytes 
against Zn2+ in controlling changes in enzyme structure and 
function and combined these studies with ORF gene se-
quence analysis and computational simulations. Exploration 
the basic characteristics of the energy metabolism related 
enzymes might provide significant message on the metabolic 
adaptation mechanisms during environmental stress. 

2. MATERIALS AND METHODS 

2.1. Materials 

 Magnesium acetate, thymol blue, ATP, arginine, ANS, 
zinc acetate dehydrate were obtained from Sigma-Aldrich 
(Shanghai, China). Sephacryl S-200 and Cellulose DE-52 
were purchased from GE Healthcare (Piscataway, NJ, USA) 
and Whatman (GE Healthcare), respectively. The other 
chemicals were the analytical grade and locally obtained. 

2.2. cDNA Cloning of SPAK and RACE 

 Total RNA was extracted from tissue samples of healthy 
adult S. Pharaonis using a Trizol RNA extraction reagent 
(Invitrogen, Carlsbad, USA). Oligo (dT) primer was used to 
initiate the reverse transcription process, and cDNA synthe-
sis was conducted by M-MLV reverse transcriptase (Takara, 
Shiga, Japan). Partial fragments of the AK gene from the 
prepared cDNA were obtained with primers AK-F and AK-R 
(Table 1). The purified PCR products were subcloned into 
pMD18-T vector (Takara). Positive clones were sequenced. 

 The missing cDNA sequences of the SPAK gene were 
then obtained by 3’-RACE and 5’-RACE using RACE Kit in 
accordance with the manufacturer’s instructions (Takara). 
For 3’ RACE, RT product was amplified with nested for-
ward PCR primers (3’ RACE1 and 3’ RACE2) to obtain the 
partial sequence and an adaptor primer. PCR was performed 
under hot-start conditions (95ºC, 3 min) for 33 cycles of 
94ºC 30 s, 58ºC 30 s, and 72ºC 60 s, and then 7 min at 72ºC. 
The oligo-dC primer and terminal deoxynucleotidyl trans-
ferase was used to amplify the 5’-half of the SPAK cDNA. 
Outer PCR was carried out by 5’RACE1 and 5’RACE Outer 
Primer. Inner PCR was conducted by 5’RACE2 and 
5’RACE Inner Primer. PCR amplification was performed for 
33 cycles of 94ºC 30 s, 68ºC 30 s, and 72ºC 60 s, and then 7  
 

Table 1. The Primers Used for RACE and cDNA Cloning of 

SPCK. 

Primer Sequence (5’—3’) 

AK-F TTGCTGAAGTCCTTGATGCYGT 

AK-R TCATGGTRGTACCCAAGTTGC 

3’RACE1 TGGCAGAGGAATTTACTTCAACCAGGACA 

3’RACE2 
GAAGAAATTGACCTTTGCCAAGAAGGA-

TAACA 

5’RACE1 CAGTCAGCTTCTGTTGAGTGTCTGGGGT 

5’RACE2 GCCTGCAGAGCTTCAACTGAGACCTTC 

5’RACE Outer 

Primer 
GCCACGCGTCGACTAGTACGGGGGGGGGG 

5’RACE Inner 

Primer 
GGCCACGCGTCGACTAGTAC 

 

min at 72ºC. Finally, the amplified products were subcloned 
and sequenced, respectively. The sequences were spliced and 
analyzed using BLAST in the GenBank database. 

2.3. Computational Simulations of SPAK 

 The pseudo quadratic restraint with simulated annealing 
method (PQR-SA) [27] was used to establish a SPAK ho-
mology model. A knowledge-based statistical energy poten-
tial (STAP) was used [28] for higher protein like scores. All 
simulations and analyses were used in the CHARMM pro-
gram. To validate the structure model, the radius of gyration 
of the protein and the associated protein-like scores were 
measured. A functional study of the structure, dockable 
pocket site prediction (DPSP) was used and identified the 
appropriate ligand-binding pocket. To understand the role of 
Zn2+ in SPAK, molecular dynamics simulations (MD) were 
prepared with the action of Zn2+. The experimental concen-
tration was calculated, and eight Zn2+ ions were randomly 
added in the simulation. Ten-nanosecond (ns) MD simula-
tions were carried out and the atomic coordinates were saved 
every 1 picosecond (ps) for further analyses. The protein 
stabilities were checked by root mean square deviation of the 
alpha carbon relative to its initiating structure. The bound 
Zn2+ ions were counted as a function of time. Protein flexi-
bilities were checked based on the feature of residue number 
by root mean square fluctuation (RMSF). The final structures 
after 10 ns MD simulations were applied to determine the 
secondary structure and to compare the two structures with 
and without Zn2+. The secondary structure ratio was tested 
by DSSP [29]. 

2.4. SPAK Purification and Activity Assay 

 SPAK enzyme samples were extracted and purified from 
the muscle of cuttlefish by homogenate, cellulose DE-52 ion-
exchange chromatography and Sephacryl S-200 gel chroma-
tography according the previous procedures [30,31]. AK 
activity was determined by monitoring H+ generation in the 
catalytic reaction of ATP and arginine with an indicator  
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thymol blue as the previous reported methods [31,32]. The 
absorption change value per minute was measured at 575 nm 
by a Shimadzu UV-1800 spectrophotometer. The OD value 
at 280 nm was measured to calculate the protein content us-
ing the corresponding standard curve based on bull serum 
albumin. 

2.6. Kinetic Analysis  

 The Lineweaver-Burk equation of non-competitive inhi-
bition in double-reciprocal form is as follows, and it was 
used to analysis the inhibition type and kinetics: 

)
I][

1(
1

S][

1
)

[I]
1(

1

imaximax

m

KVKV

K

v
+++=       (1) 

 The secondary replot can be established from the follow-
ing equation:  

Y-intercept I][
11

maximax VKV
+=              (2) 

 The values including Vmax, Km and Ki, can be calculated 
from the two equations and the corresponding figures. When 
the obtained data in the secondary replot shown in Eq. (2) is 
linearly well fitted, it assumes that the inhibitor binding site 
is a single class. 

2.7. Protein Unfolding Measurement Induced by Zn
2+

  

 For the protein unfolding measurement, various concen-
trations of Zn2+ was incubated with SPAK for 2 h at 20 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Multiple alignment and neighbor-joining tree of SPAK. (A) Multiple sequence alignments of SPAK with five other homologous 
arginine kinase amino acid sequences. (B) Phylogenetic relationship of the AK amino acid sequences. MEGA4 software was used to con-
struct the neighbor-joining tree. 
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Fluorescence emission spectra were measured using a F-
4500 spectrofluorometer (Hitachi, Japan) according the pre-
vious procedures [33]. Intrinsic fluorescence was measured 
following excitation at 280 nm. The emission wavelength 
was from 300 to 400 nm. Zn2+-treated SPAK was incubated 
with 40 �M ANS for 30 min in the dark to probe the hydro-
phobic surface. The excitation and emission wavelengths for 
ANS-binding fluorescence of SPAK were 380 nm and 420-
600 nm, respectively. The Zn2+ mediated aggregation of 
SPAK was followed by the absorbance record at 400 nm. All 
above measurements were performed in the buffer (20 mM 
Tris-acetic acid, pH 8.0). 

RESULTS 

3.1. RACE and Gene Cloning of SPAK  

 The SPAK gene sequences were successfully amplified 
and submitted to GenBank under the accession number 
1799738. The SPAK cDNA comprises 1251 bp with an 1050 
bp open reading frame. The BLAST results displayed more 
than 80% similarity to AKs of Sepiella maindroni 
(AEK26855.1), Sepioteuthis lessoniana (BAA95610.1), Oc-
topus vulgaris (BAA95609.1) and Amphioctopus fangsiao 
(AEK65120.1) (Fig. 1a). Phylogenetic analysis result dis-
played that SPAK sequences closely clustered with the ho-
mologous AKs from mollusca followed by cuttlefish, octo-
pus, chiton, oyster, conch and clam (Fig. 1b). 

3.2. Homology Modeling and Molecular Dynamics Simu-
lations of SPAK 

 A SPAK structure model was created using the homol-
ogy modeling method (Fig. 2a). The template structures used 
were 1m15, 1qh4, 3jpz, 3l2f, 2k9i, 2ba3, 1p94, and 2cpg 
(PDB entry codes). The best template was 1m15 with a se-
quence identity of 55%. The radius of gyration of SPAK was 
lower than the standard value of the same size of SPAK 
(green dot in Fig. 2b). This indicates that the model was 
more tightly packed than the X-ray structures. The protein 
like scores were measured and marked on the high resolution 
X-ray structure space (Fig. 2c). The clash and Ramachandran 
related scores (WhatRama, MolRama, ProRama, and ro-
tamer) had good indicators comparable to the X-ray experi-
mental structures. From these results, the developed homol-
ogy model was shown to be a useful protein model for fur-
ther study, such as docking and simulations. 

 The DPSP server was used to predict plausible ligands 
for SPAK. DPSP identified an ADP binding site with high 
DPSP score (Fig. 3). The interacting residues are shown in 
Figure 3a as yellow spheres (residue numbers: 118 120 176 
179 181 215 218 223 227 274 278 302 304 305 306 307 
317). 

 After 10 ns simulations, protein flexibility and Zn bound 
ligand residues were sought (Fig. 4a). The Zn interacting 
residues are highlighted in red at the bottom of Fig. 4a. The 
ADP binding sites are shown marked with blue at the bottom 
of Fig. 4a. Two Zn2+ overlapped in the ADP binding sites, 
while the other five Zn2+ didn’t overlap (Fig. 4b). Thus the 
Zn2+ can interfere with SPAK, and may cause inactivity of  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Homology protein model of SPAK. (A) The developed 
homology model of SPAK. The protein structure is drawn as a car-
toon image colored red (� helix) and yellow (� sheet). (B) The ra-
dius of gyration (Rg) is indicated by total residue number. The 
SPAK structure is indicated by the green dot. The best fitting curve 
for X-ray structures is shown in blue. (C) The protein like scores of 
the SPAK homology model structure in X-ray structure space. The 
shaded grey circle represents the high 50% X-ray structure scores.  

 

SPAK at a high concentration of Zn2+. The final two struc-
tures were superimposed (Fig. 4c) and the secondary struc-
tures were aligned according to the residues (Fig. 4d). The 
backbone similarity of the two structures is 3.2 Å. The
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Figure 3. Predicted ADP binding site of SPAK. (A) SPAK protein structure with plausible ADP binding sites (shown as yellow spheres in the 
structure view and yellow circles in the heat map figure). (B) The heat map of DPSP scores. The darker red color indicates a higher affinity 
binding site. The X- and Y-axes represent pocket numbers and found ligand lists. (The color version of the figure is available in the electronic 
copy of the article). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Structural analyses of SPAK with Zn2+. (A) RMSF plot with (red line)/without (green line) Zn2+. The Zn2+ bound sites are marked 
by squares in the bottom plot (red: final structure, green: initial structure, and blue: plausible ADP binding site predicted by DPSP). (B) The 
final structure with Zn2+. ADP binding sites and Zn2+ are indicated by blue and brown spheres, respectively. (C) The final structures with 
(red) and without (blue) bound Zn2+. (D) The secondary structure schemes showing the differences between the final structures. Str1/str2 
represent with/without Zn2+, respectively. The �-helix, �-sheet and coil are indicated by red, yellow and blue patterns, respectively. (The color 
version of the figure is available in the electronic copy of the article). 
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secondary structure ratios of the two structures are very simi-
lar, and no great structural change was found although the 
first simulation was in the presence of Zn2+. In subsequent 
kinetic studies, we attempted to validate the simulation re-
sults with respect to activity modulation and conformational 
changes due to Zn2+ binding. 

3.3. SPAK Activity Inhibition by Zn
2+

 

 SPAK was mixed with different concentrations of Zn2+ 
for 2 h at 20 °C and measured the relative activity. The re-
sults showed that Zn2+ inhibited AK activity with a concen-
tration related pattern (Fig. 5). Relative SPAK activity re-
mained about 15% when the Zn2+ concentration was greater 
than 0.03 mM (Fig. 5a). Measurement of the IC50 gave a 
value of 10.6 ± 0.6 �M (n = 3). SPAK could be refolded due 
to the dilution effect in the Zn2+ absent substrate system (Fig. 
5b). The relative SPAK activity remained about 25% when 
the Zn2+ concentration was greater than 0.03 mM. The IC50 
value was 11.2 ± 0.8 �M (n = 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The activity inhibition of Zn2+ on SPAK. Different con-
centrations of Zn2+ was incubated with SPAK for 2 h in buffer (20 
mM Tris-acetic acid, pH 8.0) at 20°C, followed the relative activity 
measurement with corresponding Zn2+ concentrations (A) or with-
out Zn2+ (B). The final concentration of SPAK was 0.06 �M. Data 
are presented as average values, n=3. 

3.4. Noncompetitive Inhibition Induced by Zn
2+

 

 Double-reciprocal Lineweaver–Burk plots were used to 
determine the inhibition type and mechanisms of Zn2+. The 
results showed changes in the values of apparent Vmax. The 
inhibition induced by Zn2+ was non-competitive mode for 
arginine (Fig. 6a) and ATP (Fig. 6c). The secondary plot (Y-
intercept versus [Zn2+]) was linear (Fig. 6b and Fig. 6d), 
indicating that the SPAK inhibition site of Zn2+ was single or 

single class. The Ki values were 11.17 ± 0.87 mM for argin-
ine and 5.31 ± 0.61 mM for ATP. The dynamic constants of 
SPAK were Km = 0.36 ± 0.08 mM and Vmax = 57.81 ± 6.72 
U/mg for arginine and Km = 5.11 ± 0.75 mM and Vmax = 
46.78 ± 4.96 U/mg for ATP. The result of noncompetitive 
inhibition indicated that Zn2+ could bind SPAK, and that 
Zn2+ might reduce the enzyme activity by impacting its terti-
ary structure. To verify our supposition, the tertiary structure 
changes of SPAK incuced by Zn2+ were measured. 

3.5. Zn
2+

-Induced Tertiary Structural Change and Ag-
gregation of SPAK 

 The intrinsic and ANS-binding fluorescence measure-
ments were conducted to determine the tertiary structural 
changes of SPAK treated with different concentrations of 
Zn2+. Addition of Zn2+ at different concentrations resulted in 
a slight red-shift from 329 to 332 nm according to the maxi-
mum emission peak wavelength of intrinsic fluorescence 
(Fig. 7a). The intensity changed from about 190 A.U. to 240 
A.U., while the concentration of Zn2+ changed from 0 to 0.15 
mM, and then declined to about 200 A.U. (Fig. 7b). This 
finding indicated that the binding of Zn2+ did loosen the 
structure of SPAK and slightly induced the tertiary structural 
change. The ANS-binding fluorescence spectra measure-
ments showed that Zn2+ significantly enhanced the ANS-
binding fluorescence of the enzyme with the increase of con-
centration. The resulted indicated that the combination of 
enzyme with Zn2+ induced hydrophobic surface exposure 
(Figs. 7c and 7d). The hydrophobic disruption of SPAK 
could directly lead to protein misfolding and aggregation 
with the loss of enzymatic activity. Next, Zn2+-mediated 
SPAK aggregation was tested and the results showed that 
SPAK aggregation increased remarkably as the Zn2+ concen-
tration increased (Fig. 8).  

3.6. Screening for Protective Osmolytes on the Inactiva-
tion of SPAK 

 Osmolytes can act as folding chaperones and protect the 
enzyme activity by facilitating the correct folding of protein. 
We screened the protective agents for Zn2+ mediated inacti-
vation from five common osmolytes (glycine, proline, glyc-
erol, liquaemin and sucrose). The experiment results showed 
that glycine and proline were efficient protective agents for 
SPAK activity among these osmolytes. SPAK was mixed 
with 0.03 mM Zn2+ (an effective SPAK-inactivated concen-
tration) and the different concentrations of osmolytes, re-
spectively. The activity of SPAK was significantly restored 
by glycine and proline in a concentration dependent manner 
(Figs. 9a and 9b). At a glycine concentration of 50 mM, 86% 
of the activity was restored. Surprisingly, approximately 
100% of the enzyme activity was restored after incubation 
with 120 mM proline. However, glycerol, sucrose and li-
quaemin showed no protective function for SPAK activity in 
Zn2+ mediated inactivation (Figs. 9c to 9e). 

3.7. Effect of Glycine and Proline on the SPAK Tertiary 
Structure and Aggregation 

 The structure protective effect of glycine and proline was 
tested through the ANS-binding fluorescence of 0.02 mM 
Zn2+-treated SPAK. The two osmolytes both obviously
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Figure 6. Double-reciprocal plot in the presence of Zn2+. (A) Lineweaver-Burk plot for arginine. Zn2+ concentrations were 0 (�), 0.01 (�), 
0.015 (�) and 0.02 (�) mM, respectively. The concentration of ATP was 5 mM, and the final concentration of the enzyme was 0.12 �M. (B) 
The secondary plot for arginine. Data was derived from (A). (C) Lineweaver-Burk plot for ATP. Zn2+ concentrations were 0 (�), 0.005 (�), 
0.075 (�), 0.01 (�) and 0.02 (	) mM, respectively. The concentration of arginine was 5.7 mM, and the final concentration of the enzyme 
was 0.06 �M. (D) The secondary plot for ATP. Data was derived from (C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Fluorescence changes of SPAK induced by Zn2+. (A) Maximum peak wavelength of intrinsic fluorescence versus [Zn2+]. (B) 
Maximum intrinsic fluorescence intensity versus [Zn2+]. (C) ANS-binding fluorescence changes of SPAK. The labels 1 to 10 indicate 0, 0.01, 
0.02, 0.04, 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5 mM Zn2+. (D) Maximum ANS-fluorescence intensity changes. Data was derived from (C). The final 
concentration of SPAK was 5 �M.  
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Figure 8. SPAK aggregation induced by Zn2+. Labeled 1-6 repre-
sented 0, 0.05, 0.1, 0.2, 0.3 and 0.5 mM Zn2+, respectively. The 
final concentration of SPAK was 17 
M and the measurement was 
carried out at 20 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Osmolytes screening for SPAK reactivation. Different 
concentrations of glycine (A), proline (B), glycerol (C), sucrose (D) 
and liquaemin (E) were incubated with SPAK (inactivated by 0.03 
mM Zn2+) for 2 h at 20 °C, respectively. The relative activity was 
tested, and the final concentration of SPAK was 0.06 
M.  

 

reduced the Zn2+-induced surface hydrophobicity with the 
increase of concentrations (Fig. 10). It showed that the re-
cover of SPAK activity could depend mainly on the restora-
tion of the structure. Zn2+ induced aggregation of SPAK was 
effectively reduced by glycine or proline (Fig. 11). Either 5 
mM glycine or 100 mM proline could thoroughly prevent 
SPAK aggregation. Glycine and proline could act as folding 
chaperones by the structural protection and aggregation pre-
vention of SPAK.  

4. DISCUSSION 

 The SPAK gene sequence obtained using the RACE 
technique was first revealed in this study. On the basis of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Prevention of Zn2+-induced SPAK hydrophobic surface 
changes. The effects of glycine (A) and proline (B) were assayed by 
the ANS-fluorescence of SPAK (treated with 0.02 mM Zn2+). The 
enzyme concentration was 5 
M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Prevention of Zn2+-induced SPAK aggregation. (A) The 
protective effect of glycine. Labeled 1 to 5 represented 0, 1, 2, 4 
and 5 mM glycine, respectively. (B) The protective effect of 
proline. Labeled 1 to 6 represented 0, 50, 60, 70, 80 and 100 mM 
proline, respectively. The concentrations of SPAK and Zn2+ were 
17 
M and 0.5 mM, respectively.  

 
gene sequence results, we obtained a reasonable 3D structure 
of SPAK and carried out molecular dynamics simulation for 
SPAK with the binding of Zn2+. The overall predicted results 
implied that Zn2+ was a tight binding ligand and could di-
rectly affect the catalytic function of SPAK. The subsequent 
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kinetic experiments confirmed that Zn2+ inhibited SPAK 
with a non-competitive inhibition mode. Zn2+ generated sig-
nificant hydrophobic surface exposure and tertiary structure 
change of SPAK along with aggregation occurrence. The 
exposure of the hydrophobic groups caused by Zn2+ binding 
could directly result in misfolding of SPAK and thus modu-
lated enzyme activity.  

 We found that among the osmolytes tested, glycine and 
proline not only prevented aggregation but also restored the 
activity and tertiary structure of SPAK that were destroyed 
due to the unfolding induced by Zn2+. These results implied 
that glycine and proline may regulate the activity and func-
tion of arginine kinase on unsuitable environmental condi-
tions. The function of osmolytes in heavy metal poisoning 
preventment could be an interesting topic for marine inverte-
brates’ research.  

 Since the applied concentration of Zn2+ in this study was 
comparable to physiological Sepia pharaonis body condi-
tion, our results could be useful to elucidate the function of 
excessive Zn2+ in SPAK as a negative effecter. To illuminate 
more detail physiological functions of Zn2+ and of the osmo-
lytes in vivo for SPAK and the relationship during SPAK 
unfolding, including the Zn2+-mediated SPAK aggregation 
problem, more systematic subsequent and sequential experi-
ments should be conducted in the further studies.  

5. CONCLUSION 

 We revealed the inhibitory effects of Zn2+ on SPAK by 
using computational MD simulation integrating enzymatic 
kinetics. Our results suggest concrete in vitro evidence of the 
toxicity and negative regulation of Zn2+ for arginine kinase 
in Sepia pharaonis and also suggest a putative protective role 
of osmolytes against Zn2+. The methodological approach for 
investigate target enzyme integrating with simulations could 
be applicable for the other enzymes from various ocean in-
vertebrates. This study elucidates the mechanisms underlying 
Zn2+-related functions in cephalopods, and will help further 
clarify the stress mechanisms of cuttlefish under inhospitable 
environmental conditions. 

LIST OF ABBREVIATIONS 

SPAK = arginine kinase from Sepia pharaonis  

ANS = 1-anilinonaphthalene-8-sulfonate  

ATP = adenosine triphosphate  

MD = molecular dynamics 
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