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Abstract: Coordination of metal ions significantly contributes to protein structures and functions. Here we
constructed a fusion protein, consisting of a de novo designed, metal-ion-binding, trimeric coiled-coil and
a circularly permutated green fluorescent protein (cpGFP), where the fluorescent emission from cpGFP
was induced by metal ion coordination to the coiled-coil. A circularly permutated GFP, °1cpGFP%, was
constructed by connecting the original N- and C-termini of GFPyy by a GGSGG linker and cleaving it between
Asp'® and Gly*®t. The metal-ion-binding coiled-coil, 1Z-HH, was designed to have three a-helical structures,
with 12 His residues in the hydrophobic core of the coiled-coil structure. 1Z-HH exhibited an unfolded
structure, whereas it formed the trimeric coiled-coil structure in the presence of divalent metal ions, such
as Cu?*, Ni?*, or Zn?*. The fusion protein ®1cpGFP°-|Z-HH was constructed, in which ***cpGFP®°® was
inserted between the second and third a-helices of 1IZ-HH. Escherichia coli cells, expressing °1cpGFP1%-
1Z-HH, exhibited strong fluorescence when the Cu?* and Zn?* ions were present in the medium, indicating
that they passed through the cell membrane and induced the proper folding of the %1cpGFP° domain.
This strategy, in which protein function is regulated by a metal-ion-responsive coiled-coil, should be applicable
to the design of various metal-ion-responsive, nonnatural proteins that work both in vitro and in vivo.

Introduction transcription factor$.In most cases, especially for use in vivo,

The de novo design of protein function is an important goal the fqnctional domains are'mainly Iimlited to those from naturgl
in protein engineeringHowever, it still remains a significant ~ Proteins, but the introduction of designed, nonnatural protein
challenge, even with the current sophisticated computational angdomains should expand and develop the versatility of these kinds
random selection-based protein-design techniques. By contrastOf combination proteins. . .
the construction of combination proteins, which contain two or _ Préviously, we have de novo designed various types of metal-
more functional domains from natural or nonnatural proteins 'on-binding, coiled-coil peptides. They form the-helical,
and/or peptides, provides a method for the versatile design Ofmmerlc coﬂgd-con structure only in the presence of the metal
protein function. For example, the combination of fluorescent 1ONS; otherwise, they assume the random coiled struéﬁJTd_ae
proteins with ligand binding or enzymeubstrate domains deS|gn' .con'cept for the metal-lo'n-blndlr.wg coned-cpn is the
allows the creation of novel fluorescence-resonance-energy-destabilization of the hydrophobic packing by a His or Cys
transfer (FRET)-type sensor proteins, which facilitate the substitution at the hydrophobic core. The hydrophobic packing
visualization of the location of the ligands or the enzyme activity
in vivo.2 The combination of designed DNA binding domains
with transcription activation domains has yielded novel artificial
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Howes, K.; McNamara, A. R.; Lai, A.; Ullman, C.; Reynolds, L.; Moore,
M.; Isalan, M.; Berg, L.-P.; Campos, B.; Qi, H.; Spratt, S. K.; Case, C. C.;
Pabo, C. O.; Campisi, J.; Gregory, P.Byoc. Natl. Acad. Sci. U.S.2003

T Nagoya Institute of Technology.
* Kyoto Prefectural University.

(1) (a) Hill, R. B.; Raleih, D. P.; Lombardi, A.; DeGrado, W. &kcc. Chem.
Res 200Q 33, 745-754. (b) Bloom, J. D.; Meyer, M. M.; Meinhold, P.;
Otey, C. R.; MacMillan, D.; Arnold, F. HCurr. Opin. Struct. Bial2005
15, 447-452. (c) Moffet, D. A.; Hechet, M. HChem. Re. 2001, 101,
3191-3203. (d) Liu, Y.; Berry, S. M.; Pfister, T. DChem. Re. 2001,
101, 3047-3080. (e) Park, S.; Yang, X.; Saven, J.@Qurr. Opin. Struct.
Biol. 2004 14, 487-494.

(2) (a) Miyawaki, A.; Griesbeck, O.; Heim, R.; Tsien, R. Rtoc. Natl. Acad.
Sci. U.S.A1999 96, 2135-2140. (b) Allen, G. J.; Kwak, J. M.; Chu, S.
P.; Llopis, J.; Tsien, R. Y.; Harper, J. F.; Schroeder, Blant J.1999 19,
735-747. (c) Zaccolo, M.; Cesetti, C.; Benedetto, G. D. I.; Mongillo, M;
Lissandron, V.; Terrin, A.; Zamparo, Biochem. Soc. Tran2005 33,
1323-1326.

11378 = J. AM. CHEM. SOC. 2007, 129, 11378—11383

100, 11997-12002. (c) Gralund, T.; Li, X.; Magnenat, L.; Popkov, M.;
Barbas, C. F., Il1J. Biol. Chem2005 280, 3707-3714. (d) Dhanasekaran,
M.; Negi, S.; Sugiura, YAcc. Chem. Re2006 39, 45-52.

(4) (a) Signarvic, R. S.; DeGrado, W. B. Mol. Biol. 2003 334, 1-12. (b)

Ghosh, I.; Hamilton, A. D.; Regan, 0. Am. Chem. So@00Q 122 5658~
5659. (c) Yuzawa, S.; Mizuno, T.: Tanaka, CThem—Eur. J 2006 12,
7345-7352.

(5) Li, X.; Suzuki, K.; Tajima, K.; Kashiwada, A.; Hiroaki, H.; Kohda, D.;

Tanaka, TProtein Sci.200Q 9, 1327-1333.

(6) (a) Koike, M.; Wada, K.; Kiyokawa, T.; Kanaori, K.; Tajima, K.; Mizuno,

T.; Oku, J.; Tanaka, TRPept. Sci2003 2002 355-356. (b) Kiyokawa, T.;
Kanaori, K.; Tajima, K.; Koike, M.; Mizuno, T.; Oku, J.; Tanaka, T.
Pept. Res2004 63/4, 347-354. (c) Tanaka, T.; Mizuno, T.; Fukui, S.;
Hiroaki, H.; Oku, J.; Kanaori, K.; Tajima, K.; Shirakawa, M.Am. Chem.
Soc 2004 126, 12043-12048.

10.1021/ja0685102 CCC: $37.00 © 2007 American Chemical Society



Metal-ion-responsive GFP ARTICLES

is particularly crucial for the coiled-coil protein to maintain the plasmids and were cultured at 3C for 5 h in 250 mL of LBmedium
folded structuré,and thus the His or Cys mutants result in the and then at 23C for 15 h in the presence of AM IPTG. The cells
random coiled structure. The His residue has the potential to Were harvested, resuspended in 7 mL of 20 mM Tris-HCI (pH 7.5)
coordinate medium metal ions. such ag'NIC+. and zZ@+ buffer, and sonicated. The suspension was centrifuged, and the
while the Cys residue can coordinate soft metal ions, such agSupernatant fraction was separated. The supernatant was applied to a
C*, Cut, and Hg*. The formation of intermolecular-i)ridge His-Bind resin column (Novagen, 5 mL). The resin was washed with

b h . id f diff ide chai 20 mM Tris-HCI (pH 7.9) buffer (30 mL) containing 500 mM NacCl
etween the His or Cys residues from different peptide chains and 5 mM imidazole, and then with the same buffer containing 500

promotes the assembly of the peptide chains into the coiled- mpy Nacl and 60 mM imidazole (50 mL). The target protein was eluted
coil strupture. These domallns should fqnctlon as a meFaI-|pn- with the same buffer containinl M imidazole (20 mL), and each
responsive unit for the design of metal-ion-gated combination fraction was analyzed by sodium dodecyl sulfai&% polyacrylamide
proteins, with function that can be manipulated by metal ions. gel electrophoresis (SDSPAGE). The fractions containing the target

On the other hand, circular permutation is another method protein were collected, and this solution was dialyzed five times against
used to mutate the original proteins, by exchanging the position 2 L 0f 20 mM phosphate buffer (pH 7.5) at€. The concentration of
of the N- and C-termini in the folded protein scafféldhis each protein solution was determined by thgo values h a 6 M
method is utilized to judge the well-folded area of the original 9uandine hydrochloride solution, by use of thgo value (31 400

. . . M~t.cm™) of the cpGFP mutants.
protein scaffold, because the placement of flexible peptide . I )
L . . Expression and Purification of IZ-H and 1Z-HH Proteins. The

chains, instead of the connected chain, usually affects the protein

Idi i h | rcul NA fragments, withNcd andHindlIl restriction enzyme sites at each
folding and destabilizes the structure. Recently, circular per- end, encoding IZ-H and IZ-HH were inserted into the pET-32a(

mutation has been used as a tool to temporarily destabilize apjasmid vector (NovagenE. coli BL21(DE3) cells, transformed with

protein structure. The circular permutant was then refolded, andthese plasmids, were cultured at%7 for 5 h in 250 mL of LBmedium

the original protein function was restored after the introduction and then at 37C for 3 h in thepresence of 1 mM IPTG. Disruption

of another interaction that brought the new N- and C-termini of the cells and suspension of the expressed protein by the His-Bind

close together. This methodology has been used to endowresin (Novagen) were carried out by the same method described above.

several natural proteins with a switch Charaéfér_ The fractions COntaining the target protein were collected and dialyzed
Here we designed a combination protein including the de three times again® L of 20 mMTris-I—°|CI buffer_(pH 8.4) con_taining

novo designed metal-ion-responsive trimeric coiled-coil and the 150.mM NaCl and 2'5 mM Caglat 4°C. The d|a|yzeq SOIUt'O.n was

circularly permutated green fluorescent protein (cpGFP). Metal subjected to thrombin digestion, to remove the thioredoxin fusion

o] : . . protein from the IZ-H and 1Z-HH proteins. Finally, the mixtures were
coordination to the coiled-coil domain is expected to affect the g piected to reverse-phase HPLC separation, with a linear gradient of

folding and fluorescent function of the cpGFP domain. The MmeCN/H,0 containing 0.1% TFA as the eluent. The purity of the 1Z-H
metal-ion-responsive, trimeric coiled-coil was designed as a and 1z-HH proteins was confirmed by SB35% PAGE.
single peptide chain, in which the threehelices are connected Circular Dichroism Measurement. All CD measurements were
with flexible linkers and 12 His residues are located at the carried out on a Jasco J-820 spectrometet &i2 mm or 1 cnpath-
hydrophobic sites. This protein is expected to fold into the length cuvette. CD spectra of 1Z-H and 1Z-HH (0.1 on) were
trimeric coiled-coil structure only in the presence of metal ions, measured in 10 mM phosphate buffer (pH 6.8) containing 100 mM
such as Ni*, Cl2t, or Zr?*. We selected cpGFP, in which the ~ NaCl, in the presence (0.2 or 1fM) or absence of Ni', CU*", or
fluorescence emission is restored by the aid of a stable, trimericZ"*"- The mean residue le”'p“c'ty' 0], is given in units of
coiled-coil introduced at the cleaved sites for the circular degreesentimetef-decimole™. _
permutation. Then, we constructed the combination protein, Isothermal Tiration Calpnmetry Measurem.em' IT.C eXpe”mem.S

. . . . . . were carried out on a MicroCal MCS calorimeter interfaced with a
composed of the metal-ion-responsive trimeric coiled-coil and

. o ._microcomputer. All samples were in 10 mM phosphate buffer (pH 6.8)
cpGFP. We examined the fluorescence characteristics of thIScontaining 100 mM NacCl, and all solutions were thoroughly degassed

combination protein irEscherichia colicells. by use of the degassing equipment provided with the instrument. The
metal ion solution was titrated into the 1Z-HH solution. Each titration
consisted of a preliminary 2t injection followed by 23 subsequent
Taq DNA polymerase, restriction enzymes, T4 DNA ligase, and 5-uL additions, which were performed over 10-s periods at 240-s
alkaline phosphatase were purchased from Takara Shuzo, Japan. Generé#itervals. The heat for each injection was subtracted from the dilution
chemicals, isopropy$-p-thiogalactopyranoside (IPTG), bacto-tryptone, heat of the titrant, and each corrected heat was divided by the moles
agar, and yeast extract (Wako Chemicals, Japan), ampicillin (Meiji of metal ion injected. Data were analyzed with the Origin software
Seika, Japan), Agarose ME (lwai Chemicals, Japan), glycogen (Rochesupplied by MicroCal.
Diagnostics, Japan), and reagents were used without further purification.  Fluorescence Measurement of cpGFP VariantsThe fluorescence
Expression and Purification of the cpGFP Variant Proteins.The measurements were performed with a Hitachi F-4500 fluorescence
DNA fragments, withiNcd andHindlll restriction enzyme sites at each  spectrophotometer, wita 1 cmpath-length cuvette. The emission spec-
end, encoding the cpGFP mutants were inserted into the pRSET plasmidtra between 480 and 600 nm were measured, with excitation at 330
vector (Invitrogen)E. coli BL21(DES3) cell were transformed with these  nm. The measurements were performed in 20 mM sodium phosphate
(pH 7.5) at room temperature. The protein concentration wagld.1
(7) (a) Wagschal, K.; Tripet, B.; Lavigne, P.; Mant, C.; Hodges, RRi8tein Observation of Fluorescence Emission dt. coli Cells Harboring

Sci. 1999 8, 2312-2329. (b) Wagschal, K.; Tripet, B.; Hodges, R.B. .
Moi. Biol. 1999 285, 785-803. (c) Tripet, B.: Wagschal, K.; Lavigne, P.;  the'¥'cpGFP-IZ-HH Gene. E. coli BL21(DE3) cells, transformed

Materials and Methods

Mant, C. T.; Hodges, R. Sl. Mol. Biol. 200Q 300, 377-402. with the plasmid vector containing tH&'cpGFP%-1Z-HH gene, were
(8) (a) Zzhang, T.; Bertelsen, E.; Benvegnu, D.; AlberBlochemistry1993 i ;

32,12311-12318. (b) Lindqvist, Y.; Schneider, @urr. Opin. Struct. Bial cultured at 37Cfor Shin 3 mL of I._Bmedlum, and then ‘&.M lPTG.

1997, 7, 422-427. (c) Hennecke, J.; Sebbel, P.; Glockshuber].Rvol. and 500uM of CuCl,, ZnCl, or NiCl, were added. The incubation

giOIMl?(QgKZBNG tllSSz7*1t21B5-I(g())(%vé;k%rg8,_ g/l85 Nakamura, T.; Yamane,  was carried out at 28C for 15 h. TheE. coli cells were harvested,
.. Maki, K. Nat. Struct. Bial , . . ;
(9) Baird, G. S.; Zacharias, D. A.; Tsien, R. Proc. Natl. Acad. Sci. U.S.A. resuspended in 20 mM phosphate buffer (pH 7.5), and monitored for

1999 96, 11241-11246. fluorescence emission under UV irradiation.
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gabc defgabc defgabc defgabc def 25000
Neern EIEA HEQEHEA IEQEIEA XEQEXEA IEQ —~

Linker 1 20000

gfed chagfed cbagfed cbagfed cbha
o KQOKI AEHKQKH AETKQKI AEXKQKX AET

15000 |
Linker 2 gabc defgabc defgabc defgabc def il
S~ KIEA HEQKHEA IEQKIEA XEQKXEA IEQ Ciern g 10000 [
o
Linkerl: GSAGGSGGGGSGGGGSSGGG NE 5000 -
Linker2: GGSGGGGSGGGGSGGGGSSG O
for IZ-H(X=I), or IZ-HH(X=H) 8o Y
GSAG!®'cpGFP?°GSSGGG 3 000
for !°'cpGFP'?°-1Z-H or !°!cpGFP°°-1Z-HH = 5

Figure 1. Amino acid sequences of 1Z-H, 1Z-HHY'cpGFR°%|Z-H, and -10000
191cpGFP9%-|Z-HH. The positions of the coiled-coil heptad are indicated
by italicized characters above the amino acid sequences. Vertically aligned

h : . : -15000 |-

groups of three amino acids are located in the same plane, perpendicular to >

the superhelical axis of the coiled-coil structure. -20000

Results and Discussion -25000 L L L L :

200 210 220 230 240 250 260

Design of a Metal-ion-responsive, Trimeric Coiled-coil Wavelength / nm

Protein. The a-helical coiled-coil has a representative amino

; Figure 2. CD spectra of 1Z-H without metal ions( and 1Z-HH without
acid sequence of (defgahcheptad repeats and forms a metal ions @) or with CL#+ (O). Measurements were performed with protein

superhelix with 2-5 a-helices. The a- and d-positions are (5 uM) and metal ions (1QM) in 20 mM phosphate buffer (pH 6.8).
usually occupied by hydrophobic residues and form a hydro-

phobic corel® Previously, we de novo designed 1Z, [YGG- coiled-coil formation. IZ-H has a total of six His substitutions
(IEKKIEA) 4] (defgabc)t which forms the trimeric coiled-coil  at the successive a- and d-positions on one side af-thelices.
structure after the assembly of the three peptide chains. Then,On the other hand, 1Z-HH has 12 His substitutions on both sides
on the basis of 1Z, we created various types of triple-stranded of the a-helices, to increase the effect of metal ion binding on
a-helical coiled-coils, by fine-tuning the hydrophobic core the coiled-coil formation. 1Z-H is expected to incorporate one
interactions among each chain. For example, AAB- and ABC- divalent metal ion, whereas 1Z-HH should have two divalent
type heterotrimeric coiled-coif& metal-ion-responsive coiled- ~ metal ions in the hydrophobic core. The GIn mutation at the
coils?8 and pH-responsive coiled-coifswere successfully f-positions destabilized the trimeric coiled-coil structure of1Z.
designed and constructed. In the case of the metal-ion-responsivén order to further destabilize the coiled-coil formation of 1Z-H
coiled-coil, 1Z-3adH, destabilizing the hydrophobic core pack- and IZ-HH in the absence of metal ions, the GIn mutations at
ing, by replacing two sets of lle-lle-lle with His-His-His at the the f-positions were used in the design of the amino acid
d- and a-positions of the third heptad of the three peptide chains,sequences.
impaired the coiled-coil structufeOn the other hand, the metal The I1Z-H and 1Z-HH proteins were produced with t&ecoli
coordination among these His residues enabled formation of expression system. To analyze their structures, their far-Uv CD
the trimeric, parallel coiled-coil structure. Here we constructed spectra were observed (Figure 2). 1Z-H shows minima at 208
a metal-ion-responsive coiled-coil protein, by connecting three and 222 nm in the CD spectrum, indicating the formation of
antiparallelo-helices, with two or four His mutations at the d-  helical bundle structure or partially unfolded coiled-coil even
and a-positions, with two flexible linkers. To increase the effect in the absence of Ct. When we previously designed the metal-
of the metal ion and decrease that of linker portions on the ion-binding,a-helical coiled-coil peptide 1Z-3adFijt showed
coiled-coil formation, we designed the Gly-rich sequences of a clear metal-ion-dependent structural transition. Hence, con-
20 residues as the linkers. necting the three-helical peptides with the linkers strengthened
The sequences of the designed coiled-coil proteins (IZ-H and the interactions between them, which promoted folding into the
IZ-HH) are illustrated in Figure 1. In order to arrange the three coiled-coil structure, despite the hydrophobic packing destabi-
a-helices into the antiparallel orientation, both the e- and lization by the His mutations. The urea denaturation experiments
g-positions of the first coiled-coil-forming peptide are occupied revealed that IZ-H maintained the fully folded structure, even
by Glu, and those of the second one are Lys, while the e- andat a 6 Murea concentration (data not shown).
g-positions of the third one are Glu and Lys, respectively. These By contrast, in the absence of €uthe CD spectrum of 1Z-
amino acid residues are expected to form salt-bridge interactionsHH (5 «M) did not show any significant spectral peaks from
at the interface of adjacent strands after antiparallel, trimeric 200 to 260 nm but showed a minimum less than 200 nm,
indicating that it adopts a random coil structure. However,

(10) (&) Cohen, C.; Parry, D. A, [Rroteins: Struct,, Funct.,, Genet99Q 7, obvious spectral peaks at 208 and 222 nm, characteristic of an
1-15. (b) Harbury, P. B.; Zhang, T.; Kim, P. S.; Alber, Sciencel993 . .. .
262 1401-1407. (c) Lupas, ATrends Biochem. ScL996 21, 375-382. o-helical structure, were observed after the addition of 2 equiv
(11) Suzuki, K.; Hiroaki, H.; Kohda, D.; Tanaka, Protein Eng.1998 11, of divalent metal ions (l@cl\/l) such as Cu". Ni2+, or Zret+
1051-1055. i ' ! ' '
(12) (a) Kashiwada, A.; Hiroaki, H.; Kohda, D.; Nango, M.; Tanaka] TAm. The ratio of the §] values at 208 and 222 nm was 1.02,
Chem. Soc200Q 122, 212-215. (b) Kiyokawa, T.; Kanaori, K.; Tajima, indi ; H _COi it
K. Kawaguchi, M.. Mizuno- T OKU, 3 Tanaka, ThemEur. J. 2004 |nd|cat|ng the cplled coil structuré.As the subsequent addition
10, 3548-3554. of metal ions did not generate any other effects on the shape of
(13) (a) Suzuki, K.; Yamada, T.; Tanaka, Biochemistry1999 38, 1751~ ; indi ; _ ;
1756. (b) Wada, K.; Mizuno, T.; Oku, J.; Tanaka, Arotein Pept. Lett its CD spec_trum, the b'”O_““g of these m_etal ions for IZ-HH is
2003 10, 27-33. saturated with only 2 equiv of the metal ions (data not shown).

11380 J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007
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Time (min) a) D75-G76 D190-G191
D82-F83 D197-N198
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[$) i
o) ( .
@2
g.S— e
3
-1.0 - E132-D133 P211-N212
T 11 1 T 111717
€04 ] b) n 238 1 n-1
..g PepGFP™! | GFP,,(n-238) |GGSGG [ GFP,(-(n-1) |
-qc—’-'Z— 7 n =76, 83, 133, 191, 198, 212
%5 Figure 4. (@) Structure of GFP. Open and hatched rectangles indicate the
q,-4- T 11 g-strands and the one-helix, respectively. The circle indicates the
° position of the Se&F-Tyr®6-Gly®7 triad, which forms the fluorescent
\Ee_ _ chromophore. The positions cleaved for the circular permutation are
< | indicated by arrows. (b) Schematic illustration of the examined cpGFPs
2-8— i ("cpGFP-L; n = 76, 83, 133, 191, 198, and 212). The originaFHNand
C-termini were connected with a GGSGG linker.
-10

USBUBDUSBURSSUSTUIUSUSIUS
00 05 10 15 20 25 30 35 40 45

a f3-barrel structure, containin -strands and one-helix
Molar Ratio B 9 12

roure 3. lsofh - orimot o o of (Figure 4a)t® Following the proper folding of the peptide chain,

igure 3. 1sothermal titration calorimetry measurements In complex o ; : H ; H

IZ-HH with Niz+ [IZ-HH] = 15 M, [Ni2] = 0-52.5 gM, 10 mM spoer;taneous o>l<(|3d§1t|on of three successive amino acid&(Ser

phosphate (pH 6.8), 100 mM NaCl, 3C. Tyrb6, and GIy¥")6 yields the fluorescent chromophore, and then
the protein exhibits fluorescence. Due to the ease of genetically

Table 1. Ka Values of IZ-HH for Metal lons introducing the fluorescent label to various natural proteins, GFP

metal ion Ratio AH (cal mol™?) AS (cal mol~* K™ Ky (M) is currently quite popular in the cell biology field. Several
Ni2+ 1.7 —8400 3.7 130 cpGFPs were previously constructed, not only to examine the
Cw* 19 —14.300 -14 60.0 folding and stability of the protein structure or the oxidation
Zn2* 1.7 —3300 17 570

mechanism of GFP but also to construct GFP-based sensor
proteins®1’ Topell et al'*® constructed many cpGFPs of wtGFP,

In order to determine the dissociation constakig,by 1Z-HH and they reported that the divisions at the 25, 39, 50, 103, 117,
for each metal ion, we carried out titration experiments by 145 158, 174, and 229 positions still retained fluorescence,
measuring the far-UV CD spectra with a lower concentration whereas those at the 10 and 131 positions did not exhibit
of I1Z-HH (0.1 uM). However, even 2 equiv of divalent metal fluorescence.

ions (0.2u4M) still induces a fully folded structure (data not In order to construct new cpGFPs, which exhibit fluorescence
shown). Hence, we carried out the isothermal titration calorim- only when combined with the trimeric coiled-coil, we first
etry (ITC) experiments to determine the dissociation constants, selected a cpGFP that did not exhibit fluorescence as follows.
Kg, of IZ-HH and each metal ion. The exothermic energy fluxes \We prepared plasmids containing the genes of cpGFPs, divided
were observed for each titration experiment (Figure 3). Curve- at the loop regions at the 76, 83, 133, 191, 198, and 212
fitting analyses determined each thermodynamic parameterpositions of GFP, and we connected the original N- and
summarized in Table 1. The stoichiometry of metal/lZ-HH C-termini with a GGSGG linker. We named these cpGFP
complexes was evaluated to be approximately 2, indicating thatvariants”6cpGFP5, 8cpGFB?, 13%pGFP32, 19cpGFP%, 1%

two metal ions bound to one 1Z-HH. Th&s for first and second cpGFPY7 and 21pGFPL, respectively (Figure 4b)E. coli
metal binding to IZ-HH were considered to be almost identical BL21(DE3) cells were transformed with these plasmids and
from the curve-fit analyses. The order of binding affinity i¥Ni  incubated on culture plates at 3€ for 15 h. The colonies of
(130 nM), Cd* (60.0 nM), and ZA* (570 nM). This order has  E. coli cells were analyzed to determine whether they exhibited
a similar tendency as 1Z-3adH. We concluded that IZ-HH is a fluorescence under UV light. The colonies harboring the
suitable candidate as a metal-ion-responsive, trimeric coiled-
CO|| proteln’ WhICh C0u|d poss|b|y be Comblned W|th CpGFP, (15) (a) Shimomura, O.; Johnson, F. H.; SalgaJYCeII Comp Physiol1962

L . 59, 223-239. (b) Ormig M.; Cubitt, A. B.; Kallio, K.; Gross, L. A.; Tsien,
to allow the fluorescence emission to be manipulated by metal R.'Y.; Remington, S. JSciencel996 273 1392-1395.

ion coordination (16) (a) Barondeau, D. P.; Putnam, C. D.; Kassmann, C. J.; Tainer, J. A.; Getzoff,
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A-type coiled-coil forming peptide
IKAEIEA IKAEIEA AKAEIEA IKAEIEA\

B-type coiled-coil forming peptide Linker 1

/—AEIKQEI AEIKQEI AEWKQEI AEIKQEI

Linker 2
A-type coiled-coil forming peptide

TIKAEIEA IKAEIEA AKAEIEA IKAEIEA
Linker 1

nepGFPR-1-IZ-ccl GSPRRG
(n =76, 83, 133, 191, 198, 212)
191cpGFP190-12Z-cc2 GSPRRG

Linker 2
GSAGRCpGFP*1GSSG

GSAGGG91cpGFPI20GSSGGG

191cpGFP190-12z-cc3 GSPRRG GSAGGG91cpGFPI20GSSG

191cpGFP190-1Z-cc4 GSPRRG GSAG!?1cpGFP29GSSGGG

Figure 5. Structure ofl9cpGFP- AAB-type coiled-coil peptide fusion
proteins. Each protein has different linker lengths betweeA%epGFP-2°
and coiled-coil-forming peptides.

Table 2. Comparison of Linker Length with Fluorescence
Intensities of the Combination Proteins

GFP variants fluorescence intensity?
GFRy 100
191cpGFR0 <2
WlcpGFR-ccl 4
191cpGFP90-cc2 23
19lcpGFR%.cc3 7
191cpGFP9%.cc4 55

a All of the fluorescence was observed at a protein concentration of 0.1
uM. The intensity values described are compared to that of gFénd
they include 10% experimental errors.

Fluorescence Intensity

480 5(I)o 52|o 540 560 600

Wavelength / nm
Figure 6. Fluorescence spectra flcpGFP%ccl @), 1¥%cpGFP-cc2
(A), 1%%cpGFP -cc3 @), and 1¥9%cpGFP9%cc4 (x). The fluorescence
spectra were measured at a protein concentration oit®llin 20 mM
phosphate (pH 7.5), at room temperature.

580

soluble fraction. By contrast?’cpGFP°%cc2 and -cc4 were
soluble in the supernatant fraction and easily purified on a Ni
affinity column. The fluorescence intensity results for the
isolated proteins from each variant are summarized in Figure 6
and Table 2. The fluorescence intensities'8EpGFP0, 191
cpGFP°%ccl, and®cpGFP°%cc3 were less than 7% that of
GFRyy (Table 2). On the other han¥?lcpGFP°%cc2 increased
the fluorescence intensity to about a quarter that of GgFPhe
1cpGFP%cc4 variant showed even better fluorescence in-
tensity, which was more than half that of GKP Thus, the
linker length greatly affects the folding of th€cpGFP°

aforementioned cpGFP genes did not show any fluorescence domain, and better folding increased the fluorescence intensity

Therefore, we used these for further examinations.

and the amounts of the protein in the soluble fraction. These

When we combined the six cpGFPs selected above with aresults indicate that the combination with the coiled-coil protein

trimeric coiled-coil, we first used the stable AAB-type heterot-
rimeric coiled-coil to construct th®cpGFP°%IZ-cc1 mutants
(Figure 5)10 The threea-helical peptides of the AAB-type
coiled-coil have an antiparallel orientation, and the first and
seconda-helices are connected with GSPRRG (linker 1). In
the linker 2 domain, the cpGFP variants were inserted via
tetrapeptide linkers, GSAG for the N-terminal side and GSSG
for the C-terminal side of the cpGFPs. TH&cpGFP9%IZ-ccl

induced the proper folding of th&°’cpGFP moiety, and
folding ratios were proportional to the solubility and the
fluorescence intensity. TH8cpGFP°%cc4 variant was easily
detected by its fluorescence on the plate colony assay.
Metal-ion-dependent GFP Emission in Vivo.For construc-
tion of the metal-ion-responsive cpGFP, we inserféd
cpGFP® instead of the second linker of 1Z-HH, via the
optimized linkers used if%%cpGFP%%cc4, and the mutant

mutants were analyzed to determine whether they restored theiprotein was named®'cpGFP%%1Z-HH (Figure 1). We also

fluorescence after connecting with the coiled-coil protein. On
the plate assay, thg. coli colony harboring the combination
protein genes encoding'cpGFP°%|Z-cc1 showed detectable
fluorescence. However, the other five combination proteins did
not show any fluorescence. Thus, we u$¥dpGFP as the

prepared®’cpGFP9%|Z-H for comparison. This combination
protein is expected to exhibit the fluorescence, irrespective of
the absence or presence of metal ions. WEencoli cells
transformed with the plasmid containing the genes 8r
CcpGFR%IZ-H and 9%cpGFP%%|Z-HH were cultured in LB

cpGFP domain for the construction of the combination protein. medium, those containing the former gene clearly exhibited the
However, the fluorescence intensity was not strong as comparediuorescence, while those harboring the latter gene did not show
to that of GFRy (Table 2). Then, we examined the effect of any fluorescence in the absence of metal ions. However, upon
the linker length between thE€cpGFP° and the AAB-type the simultaneous addition of IPTG and €wr Zr?* ions to
coiled coil protein on the fluorescence intensity. We examined the culture medium, th&. coli cells containing*®’cpGFP--
three more sets oP'cpGFP°YAAB-type coiled-coil protein IZ-HH gene clearly showed the fluorescence emission (Figure
conjugates PlcpGFP%-cc2, -3, and -4). The linker of%- 7a), as we expected. The fluorescence was increased if"a Cu
CpGFP% -cc2 is GSAGGG for the N-terminal side and concentration-dependent manner (Figure 7b). When we de-
GSSGGG for the C-terminal side fcpGFP, Likewise,19%- creased the concentration of metal ions in the culture medium,
cpGFP®cc3 has GSAGGG and GSSG, respectively, wifite the fluorescence emissions were detecteddt15or Cu?* ion
cpGFP%%cc4 has GSAG and GSSGGG, respectively (Figure and 100uM for Zn?". On the other hand, increasing the
5). To facilitate the purification of the combination proteins by concentration of each metal ion strengthened the fluorescence
Ni affinity chromatography, a His tag sequence was incorporated emission, but it did not show saturation until 5001 of each

at the N-terminal side of the protein. Unlike the native G&P metal ion.

WIcpGFP0 and ¥lcpGFP9%ccl were mainly found in the Interestingly, the addition of Ri in the culture medium did
insoluble fraction, and small amounts were purified from the not induce detectable fluorescence. 1Z-HH has metal-ion-
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no metal
ions

Ni2+ Cu2+
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Figure 7. (@) Fluorescence emissions of suspenBedoli cells harboring
the 1%icpGFP9%1Z-HH gene. Protein expression was induced by addition
of IPTG (1uM) in the LB medium (3 mL) without metal ion (left), with
500 uM Ni?* (middle), and with 50uM Cu?* (right). (b) Copper(ll)-
dependent fluorescence emission®kcpGFP%IZ-HH in E. coli. The

fluorescence intensities at 510 nm for each'Cconcentration (0, 5, 25,
100, and 50Q:M) were normalized to that for 500M Cu?*.

coordination properties similar to those of 1Z-3adH, and we
showed that 1Z-HH bound Ri and formed the coiled-coil
structure (Figure 2). In our previous work on 1Z-3adH, we found
that its affinities for C&and N#" were 10 times higher than
that of Zr#™. The weak fluorescence é¥'cpGFP with Zn2*+

seems to reflect the binding affinity. However, the presence of

Ni2* ions in the medium did not induce the fluorescence of
cpGFP, in contrast to the case of Luon (Figure 6). Thus,
the ability to restore the fluorescence function of each metal
ion is not consistent with the affinity of each metal ion for 1Z-
3adH. A likely explanation for this might be the difference in
the membrane permeability or the metabolism of each metal
ion. The NikR protein is expressed i coli and regulates the
expression level of the i transporter protei#? Thus, the
incorporation of N&* into the cell is strictly regulated, and very
little Ni2™ passes through the cell membrane from the medium.
We presently cannot provide a detailed discussion of the
mechanism of metal ion metabolism. However, the metal-ion-
dependent fluorescent character'%tpGFP%-1Z-HH should
have potent applicability for monitoring divalent metal ions in
living organismgP by fluorescent emission.

Conclusions

Combination of the circularly permutated GFP with the de
novo designed metal-ion-binding, trimeric coiled-coil protein
successfully led to the construction of a metal-ion-responsive
GFP. The fluorescence emission was also detected when the
combination protein was expressedEn coli, indicating that
the protein worked in vivo. Thus, the protein is useful to monitor
transition metal ions. This strategy should be applicable to
endow various natural proteins with metal-ion-dependent char-
acteristics, leading to the design of metal-ion-dependent, non-
natural protein functions.
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