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Insulin is stored in pancreatic p-cell as hexameric form with Zn?* ions, while the hormonally active form
is monomer. The hexamer requires the coordination of Zn®* ions to the HisB10. In order to reveal the
mechanism of the hexamerization of insulin, we investigated the Zn?* free insulin at pD6.6 and pD9

by neutron crystallographic analyses. HisB10 is doubly protonated not only at pD6.6 but also at pD9, indi-
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cating an abnormal pKj of this histidine. It is suggested that HisB10 acts on a strong cation capture and
contributes to the high stability of the hexameric form in pancreas.

© 2008 Published by Elsevier Inc.

Insulin is an animal hormone for glucose metabolism, com-
posed of two chains, A (21 residues) and B (30 residues), linked
by two disulphide bridges. In a solution of metal-ion-free, insulin
exists as a mixture of monomer, dimer, tetramer, hexamer and
higher aggregates depending on its concentration [1]. The hexamer
is the stored form in pancreatic p-cell while the hormonally active
form is the monomer. Zn?* ion promotes the hexamerization of
insulin in pancreas, and the other divalent cations such as Ni%*,
Co?*, Cd?* and Cu?* also have the same effect to the hexamerization
in solution [2].

In the presence of Zn?* ion, porcine insulin was crystallized as
the hexamer in a rhombohedral crystal [3], while the dimeric form
could be obtained without Zn?* ions [4]. The hexamer, arranged as
three dimers, has two Zn?" ions. Both of the Zn?* ions are located at
the center of the threefold symmetry related dimers, and coordi-
nate to three HisB10, respectively. HisB10 has been considered to
be an important residue to bind metals for the hexamerization
[5]. Human insulin mutant, in which this residue was substituted
for Asp, lacked the ability to form hexamer themselves [6] and in-
creased hormonally activity as the monomer [7]. In general, histi-
dine has an imidazole side chain that has a relatively neutral pK,.
However, the pK, value of amino acid side chain involved in pro-
tein molecule sometimes shifts according to the electrostatic envi-
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ronment. Unfortunately, since it is very hard to determine the
hydrogen atoms in protein molecules using X-rays alone, a discus-
sion of protonation can only be speculated so far. In contrast, it is
well known that neutron analysis provides an experimental meth-
od of directly locating hydrogen atoms [8-12]. In the present
study, we investigated the dimeric porcine insulin by neutron crys-
tallographic analysis at pD6.6 [13] and pD9, respectively. Our re-
sult clearly showed that HisB10 kept the doubly protonated state
even in the alkaline condition, indicating that HisB10 would be a
strong binding site for cation.

Materials and methods

Crystals of porcine insulin were grown in D,0 solutions in order
to avoid high backgrounds due to the incoherent neutron scatter-
ing from H atoms. Insulin was dissolved in D,O with 0.5 M NH3
0.2 ml and after added 0.8 ml D,0. Total concentration of protein
and NH;3 were 20 mg/ml and 0.1 M, respectively. The protein solu-
tion was filtered through 0.22 pm Millipore-filter. A crystal was
obtained by dialysis method using a 1000 pl micro-dialysis cham-
ber with dialysis membrane attached to the bottom. Insulin solu-
tion (500 pl) was put into a chamber. The outer solution were
placed in a vessel containing 2.5 ml dialysis solution containing
0.2 M Na;HPO4 and 0.01 M Na3EDTA at pD9 and placed in an incu-
bator at 298 K [14]. Three weeks after, a large single crystal grew to
the size of 4.0 x 4.0 x 1.3 mm°.
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Table 1
Statistics of data collection and refinement at pD9

Data collection

Space group 12,3

Cell dimensions (A) a=b=c=79.04
Beam port/radiation 1G, JRR-3
Wave length (A) 2.9
Diffractometer BIX-3
Temperature (K) 293
Exposure time (min/frame) 55

Total frames 311
Maximum resolution (A) 23
Observed reflections (80-2.7 A) 19,312
Unique reflections (80-2.7 A) 3,747
Redundancy 5.2 (3.9)
Completeness (%) 98.9 (98.1)
Runerge (%) 14.5 (29.0)
Structural refinement

Resolution (A) 20-2.5
Rwork (%) 22.2

Reree (%) 26.0
Number of D atoms 75
Number of water molecules 34

PDB ID 2ZPP

Values in parentheses are for the outer shell (2.38-2.30 A).

The neutron diffraction experiment was carried out at room
temperature with monochromatic neutron beam (/= 2.9 A) using
the BIX-3 diffractometer at port 1G-B in the reactor hall, JRR-3, at
Japan Atomic Energy Agency in Japan [15]. The data collection pro-
tocol employed the step-scan method (Aw =0.3°) with 55 min
exposure per frame. The crystal was rotated through 93.3° and a
total of 311 frames were collected. The HKL software package,
DENZO and SCALEPACK [16] were used for data processing and
scaling. The observed data were collected 2.3 A resolution range.
A total of 3747 independent reflections were obtained with an
overall Rmerge Of 14.5% from 19,312 observed reflections. The com-
pleteness of the data set was 98.9% in the 80-2.3 A resolution
range and 98.1% for the outermost resolution shell (2.38-2.30 A).
Structure refinement was carried out using the program of CNS
[17] and Xtalview [18], which were modified for neutron analysis.
The X-ray structure of porcine insulin at pH 9.0 (PDB ID:1B2G) was
used for initial model [19]. The resolution for structure refinement
and map calculation were 2.5 and 2.3 A, respectively. Deuterium
atoms bonded to nitrogen and oxygen atoms were not included
in the initial model. They were identified by using 2|F,|—|F.| and

|Fo|—|Fc| Fourier maps. Water molecules (D,0) were estimated by
higher peaks than 2.5¢ level in |F,|—|F,| Fourier map. In this anal-
ysis the final R-factor and Rge. were 22.2% and 26.0%, respectively.
The statistics of data collection and refinement were summarized
in Table 1.

Results and discussions

In the present crystal, two insulin moieties are related by a two-
fold crystallographic symmetry, therefore one insulin molecule ex-
ists in an asymmetric unit [4]. Crystal structures of pD6.6 and pD9
were found to be almost same. The overall root-mean-square-dif-
ferences of non-hydrogen atoms and all atoms between pD6.6
[13] and pD9 are 0.67 and 1.04 A%, respectively. The protonation
states of the amino acid residues (ex. carboxyl and amino groups
etc.) are same as expected except disordered residues and histidine
side chains.

Porcine insulin has two histidines (HisB5 and HisB10) in the B
chain. As for HisB5, both of N (N®) and Nt (N®) atom of imidazole
ring are protonated at pD6.6 and only the N; atom was protonated
at pD9 (Fig. 1). This fact indicates that the pK, value of HisB5 has
the range between pD6.6 and pD9. That is plausible because of
the pK, value (=6.5) of a simple histidine moiety. However, HisB10
was confirmed to be double protonation of both N; and Nt atoms
at both pDs. Fig. 2(a) shows that HisB10 is doubly protonated and
positively charged even at alkaline pH. There are two possible rea-
sons of this double protonation state; a hydrogen bonding network
and an electrostatic potential. In HisB10, two D-atoms of the imid-
azole ring are anchored with water molecules and amino acids
around there by hydrogen bonds. At both pD6.6 and pD9, the N.-
D group was hydrogen bonded to a carbonyl group of main chain
of TyrA14 (dD-O were 2.3 and 2.1 A for pD9 and pD6.6, respec-
tively.), while the N-D group interacted with a carbonyl group
of HisB5 mediated by a water molecule. Moreover, HisB10 is lo-
cated on the surface of insulin and near a negative electrostatic po-
tential. GluB13 was about 7 A away from HisB10 and the carboxyl
group of this residue was deprotonated, indicating negatively
charged states of this functional group. In order to investigate elec-
trostatic effect for HisB10, molecular surfaces and electrostatic grid
potentials were calculated by GRASP2 [20]. HisB10 was not on a
negative potential surface however, the negative potential derived
from GluB13 was in the vicinity of the imidazole ring of HisB10. On
the other hand, there was no negative potential near HisB5, which
has a normal pKj value. In the previous X-ray study, it was reported

Fig. 1. 2|F,|—|F| neutron density maps (contoured at 1.5¢) around HisB5 at pD9 (a) and pD6.6 (b).
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Fig. 2. 2|F,|—|F| neutron density maps around HisB10 at pD9 (a) and pD6.6 (b). The double protonation states are confirmed at N; and N atoms at both pDs.
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Fig. 3. Structural transition of HisB10 between Zn?* included insulin (stored form)
and divalent cation free insulin (dimeric form).

that GluB13 affected a structural change of insulin by pH shift, sup-
porting our hypothesis in the present neutron study [20]. These
hydrogen bonds and electrostatic potentials seem to stabilize the
double protonation state of HisB10.

The abnormal pK, value of HisB10 indicates the high affinity for
positive ions. This property would be effective to the polymeriza-
tion of insulin depending on various cations. Our hypothesis of
the mechanism of the structural transition of insulin was summa-
rized in Fig. 3. In the presence of Zn?* ions, symmetry—related
three N; atoms of HisB10 are coordinated to one Zn?* ion (Fig. 3)
[3]. On the other hand, the present neutron analysis revealed the
N, atom of HisB10 in dimeric insulin was covalently bonded to a
hydrogen atom (Fig. 3). In other words, HisB10 captured D* atom
instead of the divalent metal cation in the absence of Zn?* ion. This
structure would be the active form of insulin at biological pH. This
mechanism would be achieved by the cation capturing of HisB10,
therefore, HisB10 is essential for polymerization of insulin in
organisms.

Conclusion

In the present neutron diffraction study of insulin, we found
the abnormal pK, value of HisB10. The imidazole ring of HisB10
was doubly protonated at both of pD6.6 and pD9. HisB10 is the
binding site for Zn?* ion in the hexameric form, which is stored
in pancreas, and it has been thought that HisB10 was essential
for the hexamerization promoted by the divalent metal cations.
The abnormally high pK, of histidine indicates that the HisB10
molecules and its surroundings have very high affinity with

cations and HisB10 can bond to the various kinds of cation
depending on the environment. It can be concluded that HisB10
acts on a strong cation capture and contributes to the trigger of
polymerization of insulin.

Acknowledgments

This work was supported in part by Grant-in-Aid for Science Re-
search from the Ministry of Education, Culture, Sports, Science and
Technology of Japan (Tokutei-Ryouiki No. 18031005 to NN, Kiban-
kenkyu B No0.17350080 to NN, No.187930 to TC and Research-
Grant Human Frontier Science Program to NN), the REIMEI Re-
search Resources of JAEA to YM and Hyogo Science and Technology
to YM.

References

[1] T. Blundell, G. Dodson, D. Hodgkin, D. Mercola, Insulin: the structure in the
crystal and its reflection in chemistry and biology, Adv. Protein Chem. 26
(1972) 279-402.

[2] C.P. Hill, Z. Dauter, E.J. Dodson, G.G. Dodson, M.F. Dunn, X-ray structure of
an unusual Ca?* site and the roles of Zn?** and Ca?* in the assembly,
stability, and storage of the insulin hexamer, Biochemistry 30 (1991) 917-
924.

[3] J.M. Adams, L.T. Blundell, G.G. Dodson, M. Vijayan, N.E. Baker, M.M. Harding,
C.D. Hodgkin, B. Rimmer, S. Sheat, Structure of rhombohedral zinc insulin
crystals, Nature 224 (1969) 491-495.

[4] EJ. Dodson, G.G. Dodson, A. Lewitova, M. Sabesan, Zinc-free cubic pig insulin:
crystallization and structure determination, J. Mol. Biol. 125 (1978)
387-396.

[5] L.T. Blundell, E.J. Cutfield, M.S. Cutfield, J.E. Dodson, G.G. Dodson, C.D. Hodgkin,
A.D. Mercola, M. Vijayan, Atomic positions in 2-zinc insulin crystals, Nature
231 (1972) 506-511.

[6] J. Brange, J. Ribel, ]J.F. Hansen, G. Dodson, M.T. Hansen, S. Havelund, S.G.
Melberg, F. Norris, K. Norris, L. Snel, A.R. Sorensen, H.O. Voight, Monomeric
insulins obtained by protein engineering and their medical implications,
Nature 333 (1988) 679-682.

[7] G.P. Schwartz, G.T. Burke, P.G. Katsoyannis, A superactive insulin [B10-Asprtic
acid] insulin (human), Proc. Natl. Acad. Sci. USA 84 (1987) 6408-6411.

[8] J.R. Helliwell, Neutron laue diffraction does it faster, Nat. Struct. Biol. 4 (1997)
874-876.

[9] N. Niimura, Neutrons expand the field of structural biology, Curr. Opin. Struct.
Biol. 9 (2003) 602-608.

[10] L Tsyba, R. Bau, Neutron diffraction studies on proteins, Chemtracts 15 (2002)
233-257.

[11] B.P. Schoenborn, P. Langan, Protein crystallography with spallation neutrons, J.
Synchrotron Radiat. 11 (2004) 80-82.

[12] N. Niimura, S. Arai, K. Kurihara, T. Chatake, I. Tanaka, R. Bau, Recent results on
hydrogen and hydration in biology studied by neutron macromolecular
crystallography, Cell. Mol. Life Sci. 63 (2006) 285-300.

[13] T. Ishikawa, T. Chatake, Y. Ohnishi, I. Tanaka, K. Kurihara, R. Kuroki, N. Niimura,
A neutron crystallographic analysis of a cubic porcine insulin at pD6.6, Chem.
Phys. 345/2-3 (2008) 152-158.

[14] M. Maeda, T. Chatake, I. Tanaka, A. Ostermann, N. Niimura, Crystallization of a
large single crystal of cubic insulin for neutron protein crystallography, J.
Synchrotron Radiat. 11 (2004) 41-44.

[15] L. Tanaka, K. Kurihara, T. Chatake, N. Niimura, A high-performance neutron
diffractometer for biological crystallography (BIX-3), J. Appl. Crystallogr. 35
(2002) 34-40.



T. Ishikawa et al. /Biochemical and Biophysical Research Communications 376 (2008) 32-35 35

[16] Z. Otwinowski, W. Minor, Processing of X-ray diffraction data collected in
oscillation mode, Methods Enzymol. 276 (1997) 307-326.

[17] T.A. Brunger, D.P. Adams, M.G. Clore, LW. DelLano, P. Gros, W.R. Grosse-
Kunstleve, J. Jiang, ]J. Kuszewski, M. Nilges, S.N. Pannu, J.R. Read, M.L. Rice, T.
Simonson, L.G. Warren, Crystallography & NMR system: a new software suite
for macromolecular structure determination, Acta Crystallogr. D54 (1998)
905-921.

[18] D.E. McRee, XtalView/Xfit-A versatile program for manipulating atomic
coordinates and electron density, Struct. J. Biol. 125 (1999) 156-165.

[19] D. Petrey, B. Honig, GRASP2: visualization, surface properties, and
electrostatics of macromolecular structures and sequences, Methods
Enzymol. 374 (2003) 492-509.

[20] J. Diao, Crystallographic titration of cubic insulin crystals: pH affects GluB13
switching and sulfate binding, Acta Crystallogr. D59 (2003) 670-676.



	An abnormal ppKKa value of internal histidine of the insulin molecule revealed by neutron crystallographic analysis
	Materials and Methodsmethods
	Results and Discussionsdiscussions
	Conclusion
	AckowledmentsAcknowledgments
	References


