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An important test of our understanding of the physical interactions that drive the folding process and 

stabilixc the final suuctute is to &sign novel protein sapamas which self-asscmblc into well-dcfincd thrcc- 

dimensional structums. 1 A variety of proteins have been designed including a family of ‘minimalist’ four-helix 

bundles2 and bundles that tightly and specifically bii one3 or several4 Fe-protopotphyrin IX molecules. In a 

logical extension of this work, wc aspired to attach these proteins to Zn2+ -tctraphenyl porphyrin tcmplatcs in 

order to construct synthetic complexes suitable for studies of photo-induced electron transfer.5 

Porphyrin dcrivativcs have served as templates for TASPs’ (template-assembled synthetic prottins6) 

with aniliic hydroxylase’ and proton channel8 activity. In thcsc studies, pcptidcs wcm coupled to pmphyrin 

derivatives via amide bonds using standard amide coupling reagents. This approach rqdres either the pmsence 

of protecting groups on lysine and glutamine sidechains. or restricting the sequence to non-reactive msiducs. A 

rccontly rqxutcd mtbod circumvents SOW of thcsc synthetic limitations and involves the formation of a 

thioester bond between the pcptide and the template. 9 However, we were concerned about the hydrolytic 

stability of tltiocster linkages. and so WC have devised a novel approach to link unprotected peptides to a 

porphyrin via stable thioethcr bonds. 

(1) 

The thioetha bond is formed by a cysteine tbiol displacing the 

bromide of a,a-5, 15-(2,2’-[3.3’(pyridine-3,5-diyl)-dipropionamido] 

diphenyl):~,~lO,20-bis(o-(2-b tamido)phenyl)-porphyrinatoxinc 

(II) (1). Pbenyl substitutions at the meso positions protba the porphyrin 

ring lium oxidation, and poptido attachment to the orrho position on the 

phenyl rings provides favorable interhelical spacing. Only the B- 

positions of (1) am available as peptide attachment sites since the a 

positions are coupled to a pyridyl strap straddling the ‘upper’ porphyrin 

face The pyridyl nitrogen ligates the ~incto resulting in a porphyrin 

with a tightly bound metal ion. In addition. the strap should reduce 
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the possibility of the porphyrin aggregating. Cys-a2, the parent peptide of one of our htmt-binding four-helix 

bundles3 was used to determine the overall synthetic approach for the coupling naction. We here describe an 

optimized synthesis of the porphyrin and conditions for its covalent attachment to two copies of unprotected 

Cys-a2. The resulting assembly, aga-f,lS-pytidine smp:~,~l~bis(o-O_2-thiolleetyla~nyl 

porphyrin (2) should fold with two pairs of anti-parallel a-beliar pmjecting from one face of the tctraphenyl 

porphyrin framework. 

The strapped porphyrin was prcparcd by coupling a 

single molecule of pyridine-3.5-bis@ropionic acid) (3) to 

Zn-a$,a,~trakis-(o-amino)tetraphenyl porphyrin (4) 

using the mixed anhydride ItKJthal. The tesulting diamine 

was reacted with bromoacetic acid and dicyclohcxyl- 

cartxxliimidc providing the bis-bromoacetylated derivative 

of (1). A variety of conditions were then examined for the 

attachment of a Cys-containing test peptide repnzsentiog the 

first eleven residues of @s-a2 to (1); these conditions 

included pH in the range 7.8-9.2, temperatuns ranging 

from 21-50 ‘C, and a variety of organic solvent and 

organic/aqueous buffer solvents. pndaminant formation of 

the bis-adduct was obtained using 60:40 ethanol:50 mM 

HEPES*l buffer brought to pH 8.0 with N-methylmorphol- 

ine and stirring the reactants overnight at 45 l C under an inert atmosphem. Using these conditions, the 36 

residue helix-loop-helix CYB-CQ peptide was coupled to (l), resulting in the synthesis of the bis-adduct in 24% 

isolated yield after chromatography by HPLC. The approach described here for linking one peptide molecule 

per bromoacetyl site on a bromoacetamido template should be compatible with any mono-Cys peptid: 

sequence. 

Experimental Procedures12 

(a) Zn-a,aa,Slrtra#s(o-cunlno)tctrcrpkmprporph (4) The porphyrin (4) was synthesized essentially as 

described by Collman.13 ?he desired atmpoisomer was obtained by silica gel chromatography14 and the free 

base porphyrin was nmtalated as dutxcribcd previously. 15 (k NMR (CDC13) g 8.52 (8H.s). 7.67 (4H.d), 7.35 

(4H.t). 7.08 (4H.t). 6.26 (4H.d). UV (CHC13) 426&1& 554 nm. 

(b) pyddhu-3,5-bfs(pmpionic UC&J) (3) pyridine-3,S-dicarboxylic acid (5 g, 29.9 mmol) was stirred in 50 mL 

toluene with 10 mL thionyl chloride and heated under reflux for 1 h. Excess thionyl chloride was removed by 

distillation and the lcsulting pyridine-3.5-diacid chloride (5) was dissolved in dry TFIF (25 mL). To (5) at -78 

‘C under an inert amsphere, lithium tri-tert-butoxyaluminohydride (1 .O h4 in THFJ, 66 II&) was added slowly, 

stirred for 1 h and then quenched with a minimum armunt of H20. The resulting solid was filtered, rinsed with 

ethanol and dried in vacua to yield pyridine-3.5-dialdehyde (6) as the main product (1.5 g, 11 mmol. 37%).16 

A portion of (6) (0.945 g, 7 mmol) was placed in a 25 mL flask and malonic acid (2.92 g.. 28 mmol). pyridine 

(10 mL), and piperidine (500 pL) were added. The naction was heat& at 105 ‘C for 10 h. The solvent was 

removed by concentration in vacua and the white solid was rinsed with H20 and filtered. 1H NMR 
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spectroscopy amfkncd the compound as pytidine-3.5~his@ acid) (7) (0.875 g. 4 mmol, 57%).17 

This conqxnmd (0.5 g, 2.3 mmol) was hydrogenated in ehnol(20 mL) anti HCI (1 mL) in the prcstnce of 10% 

W/CCIOOmg)undaanH2atmosphasfor5hat50’C. Themaetionwasfiltaedandthetiltmteconcentrated 

to dryness. The solid was recrysmllizcd fmm mthanol(0.388 g, 1.7 mmol, 76%) and kkntified as (3X lH 

NMR (J&O) 6 8.43 (2H.s). 8.30 (19s). 2.98 (4H.t). 2.68 (4H.t). 

(c)~~~S~~~‘-~~S*~~~~Y~)~~~~I~~:~~ZO~O~~ pbsnlllporplrgrlr,- 
t&xincfIZ) (8) The porphyrin atrap (3) (27 mg, 120 pmol) was diaaolved in CH2a2 (12 mL) and tsiethybunine 

(52 pL) and the solution was cooled to 0 l C. Isobutyl chlorofotmate (32 a.240 pool) was added and the 

mixture was stirred 15 min. In a separate flask, (4) (55 mg, 80 Fmol) was dissolved in CH2Cl2 (25 tnL), 

trietbylamine (128 t.tL)). and din~thylaminopyridine (10 mg). The anhydride aolution was txkled dqwise to 

the solution of (4) and the mixture was stimd o.n. at 21 *cl8 The reaction mtxtum was concentrate6 tn vacua 

and (8) was purified by preparative TLC to yield 29 mg (31 pmol. 40%). 1~ NMR (CDCl3)JO 6 8.85 (8H.dd). 

8.61 (2H.m). 8.03 (2H.d). 7.84 (4H,m), 7.64 (2H.m). 7.52 (2H.t). 7.13 (2H,t). 6.97 (2H.d). 6.78 (2H.s). 5.75 

(1H.s). 3.20 (4H.br). 2.16 (2H.a). Fast atom bnmbatdment mass -try: (m/z) 925 (M+. 60). 621 (13). 
613 (100). 603 (20), 597 (55). 595 (25). UV (CH2Cl2) 432 @ -). 562,604 nm. 

(a)~a-sJS(2t*-IJJ*(~~~~~~~~n~]~nyt~:~~ZO~~~~2~~~e~~) 

phenpr)-porphlr (1) Bromoace tic acid (1.25 mg. 8.9 turrol) in 17 pL CH2Cl2 and dicyclohcxyl 

carbodiimide (1.84 mg, 8.9 ttmol) in 56 pL CH2Cl2 were added to 1.04 mg (1.12 pool) solid porphyrin (8). 

The mixture was stirred o.n. at 21 ‘C in the abscna of light in a tightly sealed conical 0.3 mL glass vial. The 

product was purifti by silica gel chromatography (1 x 15 cm column: 100 mL 4% metbanoi:%% CH2Cl2) and 

was dried under N2 to provide 0.93 mg (7 1%) of a black solid identified as (1) by electrospray mass 

spectromeuy (M+H+ 1165.16 expected, 1165.2 f 1.4 found). Analytical HPLC indicated that (1) (major peak 

eluting at 47% acetonitrile) was approximately 95% putu. 

(a)a,a-S,ZS-pgridine sbclp:~~ZO~O-bir(o~~s-~)-2~~~~Z~p~nylporpl~n(2) ReducedCys-a2 

(11 mg, 2.6 t.truol) in 150 pL of 6040 tthanol:50 mM HEPE8 (brought to pH 8.0 with N-mcthylmorpholine) 

was added to 0.5 mg (0.43 ~1) solii (1) and stined under Ar and in the absence of light o.n. at 45 l C. The 
products were purified by HPLC using a 1.2 cm x 25 cm Vydac C4 column. The monoadduct (M+H+ = 5323 * 

0.93, 16% yield) cluted at 57% butTer B (90% acetonitrilc. 10% water, O.l%TFA) whereas the biiadduct (2) 

(M+H+ = Q438 f 2.0.24% yield) eluted at 61% buffer B. 
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