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[Fe(C5Hj)2J
1+[C4(CN)6]' . In contrast the magnetic suscepti

bility of [Fe(C5Me5)2]'+[C4(CN)6]- does not show evidence for 
ferromagnetic coupling. The susceptibility obeys the Curie-Weiss 
expression with 8 = -3.4 K and the effective moment, /neff, is 3.34 
MB35 (Figure 9). The moment vs. temperature variation is con
sistent with depopulation of the spin-orbit levels in a paramagnet 
and/or weak antiferromagnetic coupling. Similar behavior has 
also been reported for [Fe(C5H5)2]*

+ salts with diamagnetic anions, 
e.g., [I]3" (6 = -1.33 K)36 and [DDQ]" (6 = -4.23 K).4b'32 Ad
ditionally, the susceptibility is essentially field independent and 
the low-temperature susceptibility plotted as x"1 vs. T does not 
have an upturn to a constant value of x"1 as noted for ferro
magnetic [Fe(C5Me5)2] ,+ [C 4 (CN) 6 ] - and [Fe(C5Me5);,],+-
[TCNE]-.5 '28 

Conclusion 
We have shown that [Fe(C5Me5)2] ,+[C4(CN)6]- like [Fe-

(C5Me5)2] ,+[TCNE]-5 '28 possesses a 3-D ferromagnetic ground 

(32) Hendrickson D. N.; Gray, H. B. lnorg. Chem. 1971,10, 1559-1563. 
(33) Rosenblum, M.; Fish, R. W.; Bennet, C. J. Am. Chem. Soc. 1964, 

86, 5166-5170. 
(34) Duggan, D. M.; Hendrickson, D. N. Inorg. Chem. 1975,14, 955-970. 
(35) Effective movements ranging from 2.8 to 4.4 have been observed. We 

attribute this to the orientational effects since the cation has gf ~ 4.4 and 
gl = 1.35.» 

I. Introduction 
Covalent modification of amino acid side chains has proved 

useful in studies of enzymes and proteins in general.1"3 After 
many organic reagents have been developed, the promise of in
organic ones is becoming recognized. Various properties of 

(1) (a) Lundblad, R. L.; Noyes, C. M. Chemical Reagents for Protein 
Modification; CRC Press: 1984; Vols. I and II. (b) Means, G. E.; Feeney, 
R. E. Chemical Modification of Proteins; Holden-Day: 1971. 

(2) Glazer, A. N. In The Proteins, 3rd ed.; Neurath, H., Ed.; 1977; Vol. 
2, Chapter 1 and references cited therein. 

(3) Sulkowski, E. Trends Biotech. 1985, 3, 1. 

state. Both of these ferromagnetic charge-transfer complexes 
possess the same •••D*+A-D*+ A""— structural motif; however other 
similarly structured complexes exhibit different magnetic be
haviors, i.e., para- and metamagnetism. It seems clear that further 
studies are in order before we fully understand the specific 
structural/electronic features leading to a particular magnetic 
ground state in this class of compounds. This is particularly the 
case as substitution of [Fe(C5H5)2]"

+ for [Fe(CkMe5)2]*
+ although 

possessing the same electronic structure exhibits paramagnetic 
behavior. We attribute this to the latter salt belonging to a 
different structure type; however, crystals suitable for X-ray 
analysis have yet to be prepared. The structural determination 
of [Fe(C5H5)2] -+[C4(CN)6]- should expand our knowledge of 
the structure-function relationship in this class of compounds. 
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transition metals render their complexes uniquely suited for la
beling of biological macromolecules.4,5 Charge-transfer absorption 
bands are strong and sensitive to the environment; paramagnetic 
ions serve as EPR probes and NMR relaxation agents; heavy 
metals are used as tags for X-ray crystallography and electron 
microscopy; binding selectivity can be controlled by the oxidation 
state, hardness or softness, coordination number, and charge. 

(4) Barton, J. K. Comm. lnorg. Chem. 1985, 3, 321 and references cited 
therein. 

(5) Metal-Ligand Interaction in Organic Chemistry and Biochemistry; 
Pullman, B., Goldblum, N., Ed.; D. Reidel: Boston, 1977. 
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Abstract: Reactivity and selectivity of Pt(trpy)Cl+ toward proteins are studied with cytochromes c from horse and tuna as 
examples. The new transition-metal reagent is specific for histidine residues at pH 5. The reaction, facile one-step displacement 
of the Cl" ligand by imidazole, produces good yield. The binding sites, His 26 and His 33 in the horse protein and His 26 
in the tuna protein, are identified by UV-vis spectrophotometry and by peptide-mapping experiments. Model complexes with 
imidazole, histidine, histidine derivatives, and histidine-containing peptides are prepared and characterized. The covalently 
attached Pt(trpy)2+ labels allow easy separation of the protein derivatives by cation-exchange chromatography. The labels 
do not perturb the conformation and reduction potential of cytochrome c, as shown by UV-vis spectrophotometry, cyclic 
voltammetry, differential-pulse voltammetry, EPR spectroscopy, and 'H NMR spectroscopy. The selectivity of Pt(trpy)Cl+ 

is entirely opposite from that of PtCl4
2" although both of them are platinum(II)-chloro complexes. Owing to an interplay 

between the steric and electronic effects of the terpyridyl ligand, the new reagent is unreactive toward methionine (a thio ether) 
and cystine (a disulfide), which are otherwise highly nucleophilic ligands, but very reactive toward imidazole, which is otherwise 
a relatively weak ligand. Unusual and useful selectivity of preformed transition-metal complexes toward proteins evidently 
can be achieved by a judicious choice of ancillary ligands. The strong UV and visible bands, some of them unobscured by 
the protein absorption, render the Pt(trpy)2+ chromophore easy to detect and quantitate. The difference between the spectra 
of the tags bonded to His 26 and His 33 residues in the horse protein shows that the chromophore is sensitive not only to the 
nature of the binding site but also to its environment. 
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Platinum has particular advantages: it forms stable complexes, 
reacts at convenient rates, and possesses an abundant and receptive 
isotope, 195Pt, whose chemical shifts span some 15 000 ppm.6"8 

Although PtCl4
2", as well as some other heavy-atom compounds, 

has proven extremely useful in protein crystallography,9"1 ' few 
inorganic labeling reagents have been designed intentionally and 
deliberately. In this report chloro(terpyridine)platinum(II), Pt-
(trpy)Cl+, is introduced as a new reagent for covalent modification 
of proteins; this compound, shown below, had previously been used 
as an intercalator for DNA.1 2 , 1 3 

0 + 
/ N 

/Pv ' 
( ( J N — Pt — Cl o 

Selectivity toward functional groups or sites in a protein depends 
on the coordination affinity of metals toward them. In one method, 
a side chain is converted into a chelating agent and a metal ion 
introduced into it.14"20 In another, a substitution reaction is 
effected between a protein and a preformed labile metal com
plex.21"28 Our approach involves the preformed reagent, Pt-
(trpy)Cl+ , whose three main advantages, as demonstrated in this 
study, are the following. (1) It binds in a one-step displacement 
of the Cl" ligand, with a good yield. The mild conditions and 
absence of other reagents make side reactions unlikely. (2) Its 
selectivity is opposite from that of the commonly used PtCl4

2". 
(3) The direct attachment of the Pt( t rpy) 2 + chromophore to the 
protein enhances its value as a probe or a tag. Each of these three 
characteristics is influenced by the terpyridine ligand as follows. 
(1) By chelating the Pt atom it permits only substitution of Cl". 
(2) By an interplay of steric and electronic effects, it accelerates 
the substitution reaction with histidine (His) but prevents reaction 
with methionine (Met) and disulfide. (3) It introduces very strong 

(6) Hartley, F. R. The Chemistry of Platinum and Palladium; Wiley, 
1973. 

(7) Belluco, U. Organometallic and Coordination Chemistry of Platinum; 
Academic Press: 1974. 

(8) Howe-Grant, M. E.; Lippard, S. J. Metal Ions Biol. Syst. 1980, 11, 
63. 

(9) Dickerson, R. E.; Eisenberg, D.; Varnum, J.; Kopka, M. L. J. MoI. 
Biol. 1969, 45, 77. 

(10) Blundell, T. L.; Johnson, L. N. Protein Crystallography; Academic 
Press: New York, 1976; Chapter 8. 

(11) Petsko, G. A.; Phillips, D. C; Williams, R. J. P.; Wilson, I. A. J. MoI. 
Biol. 1978, 120, 345. 

(12) Lippard, S. J. Ace. Chem. Res. 1978, 11, 211. 
(13) Jennette, K. W.; Gill, J. T.; Sadownick, J. A.; Lippard, S. J. / . Am. 

Chem. Soc. 1976, 98, 6159. 
(14) Meares, C. F.; Wensel, T. G. Ace. Chem. Res. 1984, 17, 202 and 

references cited therein. 
(15) Pielak, G. J.; Urdea, M. S.; Legg, J. I. Biochemistry 1984, 23, 596. 
(16) Legg, J. I.; Igi, K.; Pielak, G. J.; Warner, B. D.; Urdea, M. S. ACS 

Symp.Ser. 1980, 119, 195. 
(17) Legg, J. I. Coord. Chem. Rev. 1978, 25, 103. 
(18) Johansen, J. T.; Livingston, D. M.; Vallee, B. L. Biochemistry 1972, 

/ / , 2574. 
(19) Sokolovsky, M.; Riordan, J. F.; Vallee, B. L. Biochem. Biophys. Res. 

Commun. 1967, 27, 20. 
(20) Benisek, W. F.; Richards, F. M. J. Biol. Chem. 1968, 243, 4267. 
(21) Werber, M. M.; Lanir, A. Isr. J. Chem. 1981, 21, 34 and references 

cited therein. 
(22) Pecoraro, V. L.; Rawlings, J.; Cleland, W. W, Biochemistry 1984, 23, 

153 and references cited therein. 
(23) Werber, M. M.; Danchin, A. Methods Enzymol. 1977, 46, 312. 
(24) Recchia, J.; Matthews, C. R.; Rhee, M.-J.; Horrocks, W. DeW. 

Biochim. Biophys. Acta 1982, 702, 105. 
(25) Nocera, D. G.; Winkler, J. R.; Yocom, K. M.; Bordignon, E.; Gray, 

H. B. / . Am. Chem. Soc. 1984, 106, 5145. 
(26) Kostic, N. M.; Margalit, R.; Che, C-M.; Gray, H. B. J. Am. Chem. 

Soc. 1983, 105, 7765. 
(27) Isied, S. S.; Kuehn, C; Worosila, G. J. Am. Chem. Soc. 1984, 106, 

1722. 
(28) Crutchley, R. J.; Ellis, W. R.; Gray, H. B. J. Am. Chem. Soc. 1985, 

107, 5002. 

absorption bands in the visible and near-UV regions. Whereas 
none of the common organic reagents seem to be specific for the 
histidine side chain,29,30 the new reagent modifies it selectively 
at pH 5, under very mild conditions. 

II. Experimental Section 
Materials and Methods. The proteins, trypsin treated with TPCK, 

amino acids, and peptides were obtained from Sigma Chemical Co. 
Horse-heart cytochrome c (of type VI) was oxidized with K3Fe(CN)6 and 
purified by chromatography on CM 52 cellulose.31 Tuna-heart cyto
chrome c (of type XI) was used as received. Chloro(2,2':6',2"ter-
pyridine)platinum(II) chloride dihydrate, [Pt(trpy)Cl]Cl-2H20, was 
purchased from Strem Chemicals.32 Compound [Co(phen)3] (ClO4J3 was 
prepared readily.33 Deuteriated chemicals were from Aldrich Chemicals. 
Ultrafiltration was performed with Amicon YM-5 membranes under 
nitrogen at 4 0C. Microanalysis was done by Galbraith Laboratories. 

The 1H NMR spectra were recorded in D2O solutions with Nicolet 
NT 300 and Bruker WM 300 spectrometers. The proteins were dialyzed 
into D2O by ultrafiltration and then lyophilized repeatedly with D2O. 
The NH resonances were removed,34-36 and resolution was enhanced,37 

by standard techniques. The 195Pt NMR spectra of 15-30 mM solutions 
of Pt(trpy)L2+ complexes were recorded with the Bruker instrument at 
64.4 MHz, using a 20-mm broad-band probe. The chemical shifts are 
expressed with respect to PtCl4

2".38,39 Absorption spectra of 10 ^M 
solutions, which obey Beer's law,32 were recorded with an IBM 9430 
UV-vis spectrophotometer, equipped with a two-grating monochromator. 
The X-band EPR spectra at 6 K were obtained with a Bruker ER 200D 
instrument. 

Peptide-mapping experiments (tryptic hydrolysis and separation of the 
resulting peptides by HPLC) followed published procedures40,41 except 
that digestion was performed at pH 7.5 for 10 h. The absorbance at 220 
nm is due to peptide bonds and that at 342 nm, to Pt(trpy)His2+ chro
mophore. The retention times of the Pt(trpy)L"+ complexes, wherein L 
is Cl", His, Im, His-Lys, Gly-His-Gly, and Ala-Pro-Gly-Asp-Arg-Ile-
Tyr-Val-His-Pro-Phe, were measured under the conditions used for the 
tryptic peptides. Although the labels are otherwise stable in solution, they 
undergo partial dissociation during incubation with trypsin. Digestion 
of the labeled cytochrome c is less efficient (yields a smaller amount of 
peptides) than that of the native protein. 

Differential-pulse, constant-potential differential-pulse, and cyclic 
voltammograms were obtained with an IBM EC 225 voltammetric ana
lyzer and a BAS cell assembly according to a published procedure.42 

Concerned that the Pt labels might be displaced from the proteins by the 
mediator, 4,4'-dipyridyl, we dialyzed the samples after the electrochem
ical measurements and proved, by the UV-vis spectra, that labels re
mained. 

The Fenske-Hall method for molecular-orbital calculations has been 
described elsewhere.43 The dimensions of the Pt(trpy)2+ fragment13 and 
of the Pt-S(CH^2

44,45 and platinum-imidazole46,47 units were taken from 

(29) Handbook of Biochemistry, 3rd ed.; CRC Press: 1976; p 203. 
(30) Petsko, G. A. Methods Enzymol. 1985, 114, 147. 
(31) Brautigan, D. L.; Ferguson-Miller, S.; Margoliash, E. Methods En

zymol. 1978, 53, 129. 
(32) A convenient synthesis: Howe-Grant, M.; Lippard, S. J. Inorg. Synth. 

1980,20, 101. 
(33) Schilt, A. A.; Taylor, R. C. J. Inorg. Nucl. Chem. 1959, 9, 211. 
(34) Markley, J. L. Ace. Chem. Res. 1975, 8, 70. 
(35) Botelho, L. H.; Gurd, F. R. N. Biochemistry 1978, 5188. 
(36) Dobson, C. M.; Moore, G. R.; Williams, R. J. P. FEBS Lett. 1975, 

51, 60. 
(37) Campbell, I. D.; Dobson, C. M.; Williams, R. J. P.; Xavier, A. V. J. 

Magn. Reson. 1973, 11, 172. 
(38) Brevard, C; Granger, P. Handbook of High Resolution Multinuclear 

NMR; John Wiley and Sons: New York, 1981. 
(39) Gummin, D. D.; Ratilla, E. M. A.; Kostic, N. M. Inorg. Chem. 1986, 

25, 2429. 
(40) Yocom, K. M.; Shelton, J. B.; Shelton, J. R.; Schroeder, W. A.; 

Worosila, G.; Isied, S. S.; Bordignon, E.; Gray, H. B. Proc. Natl. Acad. Sd. 
U.S.A. 1982, 79, 7052. 

(41) Brautigan, D. L.; Ferguson-Miller, S.; Tarr, G. E.; Margoliash, E. J. 
Biol. Chem. 1978, 253, 140. 

(42) Eddowes, M. M.; Hill, H. A. O. / . Am. Chem. Soc. 1979, 101, 4461. 
(43) Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11, 768. 
(44) Spofford, W. A.; Amma, E. L.; Senoff, C. V. Inorg. Chem. 1971, 10, 

2309. 
(45) Barnes, J. C; Hunter, G.; Lown, M. W. J. Chem. Soc, Dalton Trans. 

1977, 458. 
(46) Bales, J. R.; Mazid, M. A.; Sadler, P. J.; Aggarwal, A. A.; Kuroda, 

R.; Neidle, S.; Gilmour, D. W.; Peart, B. J.; Ramsden, C. A. J. Chem. Soc, 
Dalton Trans. 1985, 795. 

(47) Carmichael, J. W.; Chan, N.; Cordes, A. W.; Fair, C. K.; Johnson, 
D. A. Inorg. Chem. 1972, 11, 1117. 
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actual structures. The standard basis sets were used.48 

Protein Modification. Ferricytochrome c was incubated with an 
equimolar amount of [Pt(trpy)Cl]Cl, 2 m M each, a t room temperature 
in 0.1 M acetate buffer at pH 5.0 for 24 h. Procedures involving 5.0 or 
25 mg of the protein and 0.20 or 1.0 mg of the platinum complex proved 
particularly convenient although equal yields were obtained with both 
larger and smaller quantities. The reaction was terminated by ultrafil
tration into the acetate buffer at pH 5.0 and subsequently into 85 m M 
phosphate buffer at pH 7.0. The products were separated on a C M 52 
column, equilibrated with this phosphate buffer at 4 0 C . About 1 mg 
of cytochrome was applied per 1 mL of the resin bed. The horse cyto
chrome yielded, in this elution order, native protein (N) , 38%, and major 
singly-labeled (SA ) , 42%; minor singly-labeled (SB) , 2%; and doubly-la
beled (D), 7%, derivatives. The first three fractions were eluted with 85 
m M phosphate buffer, whereas derivative D required a gradient to 125 
m M buffer. The tuna cytochrome yielded two fractions, eluted in the 
same order: native (N) , 90%, and derivative SB, 7%. Incubation of either 
cytochrome with a tenfold molar excess of [Pt(trpy)Cl]Cl did not yield 
any new products. Before spectroscopic and electrochemical studies, the 
separated protein derivatives were oxidized with [Co(phen)3] (ClO4) 3, and 
this complex was removed by ultrafiltration. Treatment of any modified 
cytochrome c with 5 equiv of thiourea, SCN", or I" (designated L) re
moved the tags completely; the native protein and the corresponding 
Pt( t rpy)L"+ complex were separated by ultrafiltration. 

Survey of Amino Acids. Every amino acid containing a heteroatom 
in the side chain was incubated with [Pt(trpy)Cl]Cl at room temperature 
for several days; the concentrations of both reactants were 5 m M . The 
following amino acids caused no change in the UV-vis spectrum under 
the general conditions of protein modification: Lys, Trp, Arg, Asp, Asn, 
GIu, GIn, Pro, Thr, Ser, Tyr, and Met. With cysteine (Cys), homo
cysteine, and reduced glutathione the color changed immediately upon 
mixing, as expected.49 With histidine (His), the color change developed 
over an hour. Reaction with Arg, which occurs under different condi
tions, will be the subject of a separate publication. 

Complexes [Pt( trpy)L]2 + with Histidine and Its Homologs. A solution 
containing 15.5 mg (0.1 mmol) of free base L-histidine in 1.OmL of water 
was added dropwise to a stirred solution containing 53.2 mg (0.1 mmol) 
of [P t ( t rpy)Cl]Cl-2H 2 0 in 4.0 mL of water, and the mixture was kept 
at 50 0 C . Although the color soon changed from dark orange to pale 
yellow and the absorbance quotient (^342/^328) became constant in less 
than an hour, the heating was continued for 1 day. A concentrated 
aqueous solution containing 68.4 mg (0.2 mmol) OfNaBPh 4 was added 
dropwise to the stirred reaction mixture. After cooling, the yellow pre
cipitate was filtered off, washed with cold water, and dried overnight in 
air: yield was 82 mg or 65%. Anal. Calcd for [Pt(trpy)His](BPh4)2-
2H 2 O: C, 65.87; H, 5.13; N , 6.68. Found: C, 65.25; H, 4.91; N , 6.53. 

Ligands imidazole (Im), ./V-acetyl-L-histidine (AcHis), L-histidyl-L-
histidine (His-His) , L-histidyl-L-lysine (His-Lys), and glycyl-L-histidyl-
glycine (Gly-His-Gly) were similarly treated with [Pt(trpy)Cl]Cl. After 
the quotient ^342/^328 became constant, the complexes in solution were 
characterized by UV-vis and 1 H N M R spectroscopy. The Job's plot49 p 
showed that Gly-His-Gly and [Pt(trpy)Cl]+ react in the ratio of 1:1. The 
spectrophotometrically determined overall rate constants, kahii, for the 
reaction between 20 /*M [Pt(trpy)Cl]Cl and 0.40 m M imidazole at pH « 
values of 5.5, 7.0, and 8.6 are, respectively, 5.5 X 10"5, 8.6 X 10"5, and S 
2.7 X 10"3 s"1 at 25 0 C . -2 

Unreactivity of Thio-Ether and Disulfide Ligands. Compound [Pt- E 
(trpy)Cl]Cl was treated with DL-methionine, TV-acetyl-DL-methionine, U 
•/V-acetyl-L-methionine amide, L-methionine methyl ester hydrochloride, JL, 
S-methyl-L-cysteine, tetrapeptide Trp-Met-Asp-Phe hydrochloride, cys- A 
tine, and oxidized glutathione. First, [Pt(trpy)Cl]Cl was incubated with £• 
an equimolar amount of each potential ligand at the concentrations of g -

0.5, 1, 2, 5, 10, or 20 m M , and the mixtures were heated at 50, 60, 80, — 
90, or 100 0 C for 10 h. Next were incubations with tenfold excess of ° 
iV-acetylmethionine for several hours at 90 0 C and with 100-fold excess •§ 
of methionine for 75 days at room temperature. Finally, compound JL 
[Pt(trpy)Cl]Cl was treated with AgNO3, AgCl was removed, and an £ 
equivalent amount of the ligands was added. None of the experiments .$> 
caused significant changes in the UV-vis and 1H NMR spectra of the 3 
starting complex and of the added ligands. Cation-exchange chroma- § 
tography of the mixtures permitted virtually full (ca. 95%) recovery of « 
[Pt(trpy)Cl]Cl. & 

III. The Model Complexes and Reactions 
Complexes of Histidine and Its Derivatives. Imidazole, histidine, 

and their homologs displace the Cl" ligand from Pt(trpy)Cl+ , as 

(48) Zhu, L.; Kostic, N . M., submitted for publication. 
(49) Strothkamp, K. G.; Lippard, S. J. Proc. Natl. Acad. Sci. U.S.A. 1976, 

73, 2536. 

L. 



Histidine Labeling with Pt Chromophore J. Am. Chem. Soc, Vol. 109, No. 15, 1987 4595 

Scheme I 
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shown in Scheme I. Since all of the Pt(trpy)L2+ complexes exhibit 
virtually identical UV-vis and 1H NMR spectra (see Table I), 
all of the ligands must be bonded solely through the imidazole 
ring. Since the pyrrole-type nitrogen atom is highly basic (p#a 

= 14.5 in imidazole),50 it remains protonated in our experiments. 
Evidently, the ligating atom is the pyridine-type nitrogen, whose 
pATa value is 6.0-6.5.50 The increase of the kobsd with increasing 
pH around this value supports the conclusion. 

As Table I shows, all of the 195Pt chemical shifts fall in the 
region characteristic of Pt11N4 complexes.51 The signals appear 
about 70 ppm upfield from that of Pt(trpy)Cl+, as expected upon 
displacement of the Cl" ligand by a nitrogen donor.52 The 1H 
NMR signals were assigned on the basis of NMR titrations of 
Pt(trpy)Cl+ with the ligands and of pH titrations of formed 
complexes. These assignments agree with previous analyses of 
(terpyridine)platinum complexes13 and of the free amino acids 
and peptides.53"55 Coordination is invariably accompanied by 
a large movement downfield of the H6 signal and by slight such 
movements of the other trpy signals. Similar changes, observed 
in Pt(trpy)SR+ complexes, were attributed to the magnetic an-
isotropy of the Pt-S bond,13 and it is possible that the new Pt-N 
bond may have a similar effect. The imidazole signals move 
downfield because of the electron-attracting power of the Pt(II) 
complex.56'57 The aliphatic H atoms in the main chain, distant 
from the donor atom, are not affected significantly. 

The electronic absorption spectra, presented in Table I, are 
particularly interesting. The bands at 242 and 270 nm correspond 
to transitions in the aromatic trpy ligand. Those at 328 and 342 
nm can be attributed to metal-to-ligand charge-transfer transitions 

on account of their intensity, dependence on the fourth ligand, 
and sensitivity to the exogenous species in solution.32 Although 
all the complexes contain imidazole as the fourth ligand, their 
6342/6328 quotients differ. The main chain, attached to the imid
azole ring, evidently affects the chromophore: by direct interaction 
or by altering the solvation of the complex. The relative band 
intensities proved diagnostic of the labels differently located on 
the protein, as will be discussed below. 

Unreactivity of Methionine and Its Derivatives. Six thio ethers 
(methionine and its derivatives) and two disulfides (cystine and 
oxidized glutathione) failed to displace the Cl" ligand from Pt-
(trpy)Cl+ even under forcing conditions. Their unreactivity is 
surprising in view of the affinity of the soft, nucleophilic thio-ether 
ligands toward the soft, electrophilic Pt(II) atom,58"61 especially 
since the trpy ligand accelerates the displacement of the fourth 
ligand; for example, Pt(trpy)Cl+ is approximately 103—104 times 
more reactive than its aliphatic homolog, Pt(dien)Cl+, toward 
various small nucleophiles.62 

Whereas methionine, 5-methylcysteine, and oxidized gluta
thione are unreactive, homocysteine, cysteine, and reduced glu
tathione displace the Cl~ ligand fast.49 These thiols react rapidly 
even in the neutral and weakly acidic solutions, in which the SH 
group (pA â = 8.3) is protonated. Although the anionic thiolate 
anion is more nucleophilic than the thio ether or disulfide, the 
contrast between reactivity and inertness cannot be ascribed solely 
to the difference in nucleophilicity. We attribute the unreactivity 
of the biological thio ethers and disulfides to the bulkiness of their 
respective RSCH3 and RSSR functional groups.63 Since steric 
effects on the rate of substitution at Pt(II) are known,65 we ex
amined molecular models. The pentacoordinate Pt(trpy)Cl-
(SMe2)"

1", representing the putative intermediate or the transition 
state of the reactions that failed to occur, does not seem to be 
prohibitively crowded, but the expected product, Pt(trpy)SMe2

2+, 
seems to be. The origin of this steric hinderance was examined 
in a quantum-chemical study, which is summarized below. 

Electronic Structure and Bonding. Molecular orbital calcula
tions of Pt(trpy)SMe2

2+ were performed with Pt-S torsion angles 
of 0, 22.5, 45, 67.5, and 90°. In each case total overlap population 
between the Pt and S atoms is 0.44 to 0.47 e, corresponding to 
a normal metal-ligand bond. Regardless of the torsion angle, 
however, the contacts between a methyl group of the thio ether 
and an ortho H atom of a pyridine ring are far shorter than the 
sum of the van der Waals radii; see Scheme II. These repulsions 
between the filled C-H orbitals, a quantum-mechanical equivalent 
of steric crowding, outweigh the Pt-S attraction and cause net 
repulsion between the Pt(trpy)2"1" and the thio ether. On the 
contrary, net attraction seems to exist between the Pt(trpy)2"1" and 
Im fragments at all Pt-N torsion angles although the planar 
conformation exhibits some crowding. 

(50) Perrin, D. D. Dissociation Constants of Organic Bases in Aqueous 
Solution; Butterworth and Co. Ltd.: London, England, 1965; p 1393. 

(51) Ismail, I. M.; Sadler, P. J. Platinum, Gold, and Other Metal Che-
motherapeutic Agents; Lippard, S. J., Ed.; ACS Symposium Series 209; 
American Chemical Society: Washington, DC, 1983; pp 171-190. 

(52) Pregosin, P. S. Coord. Chem. Rev. 1982, 44, 247. 
(53) Tran, T.; Lintner, K.; Toma, F.; Fermandjian, S. Biochim. Biophys. 

Acta 1977, 492, 245. 
(54) Nakamura, A.; Jardetzky, O. Proc. Natl. Acad. Sci. U.S.A. 1967, 58, 

2212. 
(55) Kozkwski, H.; Matczak-Jon, E. Inorg. Chim. Acta 1979, 32, 143. 
(56) van Kralingen, C. G.; de Ridder, J. K.; Reedijk, J. Inorg. Chim. Acta 

1979, 36, 69. 
(57) van Kralingen, C. G.; Reedijk, 3. Inorg. Chim. Acta 1978, 30, 171. 

(58) Cattalini, L.; Martelli, M.; Kirschner, G. Inorg. Chem. 1968, 7, 1488. 
(59) Pearson, R. G.; Sobel, H.; Songstad, J. J. Am. Chem. Soc. 1968, 90, 

319. 
(60) Peloso, A. Coord. Chem. Rev. 1973, 10, 123. 
(61) Murray, S. G.; Hartley, F. R. Chem. Rev. 1981, 81, 365. 
(62) Mureinik, R. J.; Bidani, M. Inorg. Chim. Acta 1978, 29, 37. 
(63) The only thio ether reported to react with Pt(trpy)Cl+ is tetra-

hydrothiophene, a five-membered ring with relatively small bond angle and 
cone angle at the S atom.64 Since no details of this reaction were given, it 
is impossible to consider this reaction in the context of the present study. 

(64) Mureinik, R. J.; Bidani, M. Inorg. Nucl. Chem. Lett. 1977, IS, 625. 
(65) Bonivento, M.; Canovese, L.; Cattalini, L.; Marangoni, G.; Michelon, 

G.; Tobe, M. L. Inorg. Chem. 1983, 22, 802. 
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Figure 1. Electronic absorption spectra of the native (N) horse-heart 
cytochrome c and of its derivatives designated SA and D. The former is 
singly labeled with a Pt(trpy)2+ chromophore at the site marked A (His 
33), whereas the latter is doubly labeled at sites marked A (His 33) and 
B (His 26). 

Calculations of PtCl 3(SMe 2)" and PtCl3Im" complexes reveal 
an absence of steric interactions because the Cl" ligands are 
sufficiently small. The difference between trpy and Cl" will be 
invoked below to show how ancillary ligands may alter the se
lectivity of metal complexes toward proteins. 

IV. Binding Sites on the Cytochromes 
Model Complexes, Absorption Spectra, and Comparison of the 

Horse and Tuna Proteins. Of all the amino acids that contain 
heteroatoms in the side chain, only cysteine and histidine proved 
reactive toward Pt(trpy)Cl+ under the conditions of protein la
beling. Since cytochromes c from horse and tuna lack free cys
teine, the likely binding sites in these proteins are imidazole rings. 

The absorption spectra of the native (N), major singly-modified 
(SA), and doubly-modified (D) cytochromes c from horse are 
shown in Figure 1. The characteristic absorption bands of the 
Pt(trpy)Im2+ chromophore at 328 and 342 nm are clearly evident. 
In this region, fortunately, the absorbance of the protein itself is 
low. Comparison of the difference spectra in Figure 2a with the 
spectrum of an equimolar solution of Pt(trpy)(Gly-His-Gly)2+ in 
Figure 2b confirms that both sites A and B are histidine residues. 
The spectrum in Figure 2c, showing how markedly the fourth 
ligand affects the Pt(trpy)2"1" chromophore, supports the conclusion. 
The spectra confirm that the S and D derivatives contain one and 
two labels per protein molecule, respectively. The difference D-N 
is the sum of the differences SA-N and S8-N, i.e., the labels in 
the doubly-modified derivative are the same two that are found 
separately in the singly-modified derivatives. The chromophores 
at histidine residues designated A and B exhibit the same band 
positions, characteristic of the imidazole ligand, but different 
intensities: the t-uihyii quotient is 1.58 in SA and 1.15 in S6. This 
dependence of the band intensities on the ligand structure, already 
evident among the model Pt(trpy)L2+ complexes (Table I), may 
render the Pt(trpy)2"1" tag applicable as a probe of its environment 
in biomolecules. 

The horse protein contains histidine in positions 18, 26, and 
33. Binding to residue 18, an axial ligand to the heme, can be 
ruled out. The ferriheme absorption bands at 410 and 530 nm40'41 

and the one at 695 nm, which is dependent on the interactions 
between the Fe atom and the axial ligands (Met 80 and His 
18),66"68 are unperturbed by labeling. The reduction potential, 
EPR g values, and hyperfine 1H NMR shifts all retain their 
"native" values. 

Both residues His 33 and His 26 lie on the protein surface but 
in different environments.6*"72 The former belongs to a hydrophilic 

(66) Schejter, A.; George, P. Biochemistry 1964, 3, 1045. 
(67) Myer, Y. P.; MacDonald, L. H.; Verma, B. C; Pande, A. Biochem

istry 1980, 19, 199. 
(68) Makinen, M. W.; Churg, A. K. In Iron Porphyrins, Part I; Lever, A. 

B. P., Gray, H. B., Eds.; Addison-Wesley: Reading, Massachusetts, 1983; p 
141. 
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Figure 2. (a) Difference absorption spectra obtained by subtraction of 
the spectrum of the native (N) horse-heart cytochrome c from the spectra 
of the respective protein derivatives designated SA, SB, and D, which are 
tagged with Pt(trpy)2+ chromophore: singly at the sites marked A (in 
SA) or B (in SB) and doubly at both sites (D). The sites A and B are His 
residues 33 and 26, respectively, (b) Absorption spectrum of [Pt-
(trpy) (GIy-HiS-GIy)]Cl2, a complex wherein the tripeptide is coordinated 
to the Pt atom through the imidazole ring in the side chain, (c) Ab
sorption spectrum of [Pt(trpy)Cl]Cl. All the spectra were obtained with 
10 ^M solutions of the respective proteins and model complexes in 85 
mM phosphate buffer at pH 7.0. 

region and is exposed to the exterior, whereas the latter is hy
drogen-bonded in a hydrophobic pocket73 and comparatively 
unreactive.73"78 Since these two sites are unequally accessible 

(69) Dickerson, R. E.; Takano, T.; Eisenberg, D.; Kallai, O. B.; Samson, 
L.; Cooper, A.; Margoliash, E. / . Biol. Chem. 1971, 246, 1511. 

(70) Takano, T.; Kallai, O. B.; Swanson, R.; Dickerson, R. E. / . Biol. 
Chem. 1973, 248, 5234. 

(71) Swanson, R.; Trus, B. L.; Mandel, N.; Mandel, G.; Kallai, O. B.; 
Dickerson, R. E. / . Biol. Chem. 1977, 252, 759. 

(72) Takano, T.; Trus, B. L.; Mandel, N.; Mandel, G.; Kallai, O. B.; 
Swanson, R.; Dickerson, R. E. / . Biol. Chem. 1977, 252, 176. 

(73) Cohen, J. S.; Hayes, M. B. / . Biol. Chem. 1974, 249, 5472. 
(74) Horinishi, H.; Kurihara, K.; Shibata, K. Arch. Biochim. Biophys. 

196S, 111, 520. 
(75) Stellwagen, E. Biochem. Biophys. Res. Commun. 1966, 23, 29. 
(76) Ando, K.; Matsubara, H.; Okunuki, K. Biochim. Biophys. Acta 1966, 

118, 240. 
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Table II. Reduction Potentials and EPR g Values of Horse-Heart 
Cytochrome c and of Its Derivatives Labeled with Pt(trpy)2+ 

20 40 60 80 
RETENTION TIME (min) 

100 

Figure 3. Reversed-phase HPL chromatograms of tryptic digests of the 
following: (a) and (c), the native horse-heart cytochrome c; and (b) and 
(d), its derivative designated SA, which is singly labeled with Pt(trpy)2+ 

at the site marked A (His 33). Note the wavelengths at which the 
absorbances are recorded. The small doublet at 18 min in the chroma
tograms (b) and (d) is due to the partial dissociation of the label from 
the major site and subsequent attachment to the minor one in the course 
of digestion. 

to external reagents, the major one (A) can tentatively be identified 
as His 33 and the minor one (B), as His 26. The difference 
between the C342Ze32S quotients for the respective Pt(trpy)2+ 

chromophores probably reflects the difference between the site 
environments. 

This assignment is confirmed by the experiments with tuna 
cytochrome c, which contains His 26 but lacks His 33 and has 
tryptophan, an amino acid unreactive toward Pt(trpy)Cl+, in its 
place. Since the tuna protein does not yield the major derivative, 
corresponding to SA, the site A in the horse protein clearly is His 
33. The minor derivative, the only one obtained, closely resembles 
the SB derivative of the horse protein by the tM2/im quotient and 
by its elution behavior on the CM 52 column. The minor site B 
in both cytochromes must then be His 26. 

The two sites (in D) are tagged with a greater yield, 7%, than 
the minor site (in SB) alone, 2%, because the derivative D may 
be formed from either of the derivatives SA or SB. Since tagging 
of His 33 (in SA) perhaps causes a minor conformational change 
in the protein segment containing His 26 (see section V), sub
sequent tagging of His 26 to form D may be enhanced by coop-
erativity. 

Elution Behavior. The order of elution from the cation ex
changer confirms the assignment of the binding sites. As the 
number of the cationic Pt(trpy)2+ tags increases from none (in 

(77) Harbury, H. A. In Hemes and Hemoproteins; Chance, B., Estabrook, 
R., Yonetani, T., Eds.; Academic Press: New York, 1966; p 391. 

(78) Ando, K.; Matsubara, H.; Okunuki, K. Biochim. Biophys. Acta 1966, 
118, 256. 

£ ° , in mV vs. NHE" 
EPR4 

gx 
Sy 
gz 

native 

256 ± 3 

1.3 
2.24 
3.00 

His 33 

255 ± 7 

1.3 
2.22 
3.04 

labeled at 

His 26 

245 ± 6 

1.2 
2.27 
3.03 

His 33 
and His 26 

247 ± 6 

1.3 
2.27 
3.00 

"Differential-pulse voltammetry at 0.1-0.4 mM solutions of the re
spective proteins, also 10 mM in 4,4-dipyridyl and 100 mM in NaClO4, 
in 85 mM phosphate buffer at pH 7.0 and 25 0C. 'Measured with 
0.1-1.0 mM solutions of the respective proteins in 85 mM phosphate 
buffer at pH 7.0 and 6 K. 

N) to one (in SA and SB) to two (in D), the protein derivatives 
become more retained. Although SA and SB have the same overall 
charge, they separate completely on a short column because of 
their different charge distributions.31,79 The positive "patches" 
on the protein surface that are known to interact with the CM 
52 resin31'79'80 are remote from His 33, but one of them lies close 
to His 26. This is why the derivative SB, labeled at His 26, is 
retained more than SA, labeled at His 33. 

Peptide Mapping. The undecapeptide T7, which contains His 
33,40 is eluted after 70 min from the "native" digest (see Figure 
3a). Retardation to 75 min of the corresponding peptide from 
the SA digest (see Figure 3a,b,d) can be attributed to the presence 
of a Pt label in the derivative. The model undecapeptide Thr-
Gly-Pro-Asn-Leu-His-Gly-Leu-Phe-Gly-Arg, which is similar to 
T7 by composition and hydrophobicity, becomes similarly retarded 
upon labeling. The difference is small (several minutes) because 
only one out of eleven residues is modified. Finally, the absorption 
spectrum of peptide T7 from the derivative SA shows a Pt-
(trpy)His2+ chromophore. Clearly, His 33 is the major binding 
site in the horse cytochrome c. 

The dipeptide T6, which contains His 26, is His-Lys.40 It is 
eluted at 2 min from the "native" digest but at 18 min from the 
SB digest. In this case the retardation is great, because one out 
of two residues is modified. A similar difference exists between 
the authentic dipeptide His-Lys, which elutes at 2.3 min, and its 
labeled derivative, which exhibits a doublet of peaks at 18.3 and 
20.5 min.81 The general agreement between the retention times 
confirms His 26 as the minor binding site in the cytochrome c. 
The two binding sites are shown in Figure 4. 

Selectivity in Binding. Compound Pt(trpy)Cl+ reacts with 
proteins under mild conditions—in equimolar ratio at room tem
perature. Its specificity (at pH 5) toward histidine was confirmed 
by thorough studies of model reactions with amino acids, their 
derivatives, and peptides. This specificity remains even when a 
thiol group is present. Although cytochrome c from baker's yeast 
contains reactive Cys 102, this protein and the homologous one 
from Candida krusei are labeled exclusively at histidine residues.82 

Substitution reactivity of Pt(trpy)Cl+ is opposite from that of 
another platinum(II)-chloro complex, the common PtCl4

2". 
Whereas the latter is highly reactive toward methionine and barely 
so toward histidine,8'9,11 the former proved totally unreactive toward 
methionine and very reactive toward histidine. The reversal can 
be attributed to the properties of the terpyridine ligand. By its 
steric demands, it prevents binding to the thio ether, which is 
otherwise highly reactive toward Pt(II) complexes. By its elec
tronic properties, however, it facilitates the displacement of Cl" 
even by imidazole, which is otherwise comparatively unreactive. 

(79) Brautigan, D. L.; Ferguson-Miller, S. /. Biol. Chem. 1978, 253, 130. 
(80) Moore, G. R.; Eley, C. G. S.; Williams, G. Adv. Inorg. Bioinorg. 

Mech. 1984, 3, 1. 
(81) This doubling is characteristic of the Pt(trpy)L complexes with small 

ligands. We observed it with imidazole, histidine, and dipeptide His-Lys but 
not with longer peptides. The component at 20.5 min may be delayed by some 
nonspecific interaction between the Pt(trpy) unit and the reversed-phase 
chromatographic column. 

(82) Brothers, H. M., II; Kostic, N. M., submitted for publication. 
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Figure 4. Amino-acid residues in cytochrome c whose side chains react with Pt(trpy)Cl+ at pH 5.0. In horse-heart protein, shown here, both positions 
26 and 33 are occupied by histidine residues. Their respective imidazole side chains are shown in black: that of His 26 to the right and that of His 
33 in the back right. In this picture, based on ref 69, the heme plane is viewed obliquely from the left side, that of the Met 80 axial ligand to iron. 
Copyright 1972: Dickerson, R. E.; Geis, I. Sci. Am. 1972, 226", 62. 

The specificity of transition-metal reagents toward biomolecules 
evidently can be controlled by the judicious choice of ancillary 
ligands. 

V. Structural and Redox Properties of the Modified Proteins 
Various physical methods were applied to determine whether 

labeling with the novel reagent alters the properties of cytochrome 
c. The absorption spectra indicate that the electronic structure 
of the heme is not noticeably perturbed. The electrochemical data 
in Table II show no significant change of the reduction potentials 
either. The redox processes are quasi-reversible, with CV peak 
separations of 75 mV. The peak current in each case increases 
linearly with the square root of the scan rate, an indication of a 
diffusion-controlled one-electron process.42 The EPR g values, 
presented in Table II, agree with those for the native cytochrome 
c83,84 

(83) (a) Salmeen, I.; Palmer, G. J. Chem. Phys. 1968, 48, 2049. (b) 
Morton, R. A.; Bohan, T. L. Can. J. Biochem. 1971, 49, 328. 

The proton NMR spectrurq of the paramagnetic ferriheme 
depends markedly on the interactions between the iron atom and 
its axial ligands and between the heme periphery and the neigh
boring amino-acid residues.85"94 Particularly sensitive to these 

(84) Brautigan, D. L.; Feinberg, B. A.; Hoffman, B. M.; Margoliash, E.; 
Peisach, J.; Blumberg, W. E. J. Biol. Chem. 1977, 252, 574. 

(85) Saterlee, J. D. Annu. Rep. NMR Spectrosc. 1986, 17, 79. 
(86) Toi, H.; La Mar, G. N.; Margalit, R.; Che, C-M.; Gray, H. B. J. Am. 

Chem. Soc. 1984, /0(5,6213. 
(87) La Mar, G. N. In Biological Applications of Magnetic Resonance; 

Shulman, R. G., Ed.; Academic: New York, 1979; p 305. 
(88) Wiithrich, K. Struct. Bonding (Berlin) 1970, 8, 53. 
(89) Williams, G.; Clayden, N. J.; Moore, G. R.; Williams, R. J. P. J. MoI. 

Biol. 1985, 183, 447. 
(90) Wuthrich, K. NMR In Biological Research: Peptides and Proteins; 

Elsevier North Holland: Netherlands, 1976. 
(91) McDonald, C. C; Phillips, W. D. Biochemistry 1973, 12, 3170. 
(92) Moore, G. R.; Williams, G. Biochim. Biophys. Acta 1984, 788, 147. 
(93) Gupta, R. K.; Redfield, A. G. Science (Washington, DC) 1970, 169, 

1204. 



Histidine Labeling with Pt Chromophore 

Table HI. The Hyperfine-Shifted 1H NMR Signals of Horse-Heart 
Cytochrome c and of Its Derivative Labeled with Pt(trpy)2+ at His 
33° 

- C H -
I I 

H3C 

1 
H 3 C - ^ 

8 . 
H 3 C - ^ 

x / S 3 , 
XCH CH3 I 

y~~u
y N - / 

ACH2 CH2 

C"2 CH2 
I I 
COOH COOH 

chmcl shift,' 
ppm 

native 

35.73 
32.69 
24.2 

19.22 
14.64 
12.81 
11.47 
9.89 
6.81 

-2.53 
-2.82 
-4.48 
-6.39 

-24.70 
-28.1 

labeled assignment 

35.73 CH3 no. 8 
33.03 CH3 no. 3 
24.2 S-CW-CH3 in II; or CH no. 

2 and CH no. 4 of His 18 
18.71 /3CH2 of propionate i 
14.46 0CH 2ofHis 18 
12.81 unassigned 
11.71 /3CH2 of propionate : 
9.89 CH3 no. 5 
6.81 CH3 no. 1 

-2.53 S-CH-CiZ3 in II 
-2.82 S-CH-CW3 in I 
-4.48 meso CH of heme 
-6.39 meso CH of heme 

-24.70 CH3 of Met 80 
-28.1 7CH2 of Met 80 

in IV 

in IV 

/3CH2 
I 

C-NH 
Ii ,\ 

HC4 ?CH 

I 

1 
H j C - S -

pertrbtn,' 
ppm 

O 
+0.34 

O 

-0.51 
-0.18 

0 
+0.24 

0 
0 
0 
0 
0 
0 
0 
0 

Y 
CH, 

CH2 

- C H -

ref 

88, 91-94 
88, 91-94 
91-92 

91-94 
92 
92 
92 
91-94 
91-94 
91-94 
91-94 
94 
94 
88,93 
94 

0 Measured with 2-4 mM solutions of the respective proteins in 85 
mM phosphate buffer at pH 7.0 and 21 0C. 'With respect to DSS as 
an internal standard. For accuracy in control experiments, the labeled 
protein, SA, was spiked with the native protein. c Defined as 6labele(i -
Onfltivft" 

interactions are the hyperfine 1H shifts.41 As Table III shows, 
labeling leaves them virtually unperturbed. Only the shifts of the 
CH3 group at the pyrrole ring II and of the /S-CH2 group in the 
propionate chain at the ring IV are altered by more than ±0.25 
ppm.89 The ring II is connected with the protein through Cys 17; 
attachment of a Pt(trpy)2+ label to His 33 perhaps causes a slight 

(94) Redfield, A. G.; Gupta, R. K. CoW Spring Harbor Symp. Quant. 
Biol. 1971, 36, 405. 
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movement in the polypeptide backbone, which may be transmitted 
to the pyrrole ring II. This hypothesis of the correlated motions 
of the backbone and the heme is borne out by comparisons between 
the structures of ferro- and ferricytochrome c.95,96 Crystallo-
graphic studies revealed that the change in the oxidation state 
is accompanied by the movement not only of the heme but also 
of the polypeptide chain between residues 17 (the Cys link) and 
33 (the labeled His in the horse protein), exactly the segment 
implicated in our hypothesis. The slight perturbation of the /S-CH2 

group may be due to a direct electrostatic attraction between the 
propionate and the Pt(trpy)2"1" label. An indirect interaction, too, 
is conceivable: labeling of His 33 perhaps causes a slight 
movement of the proximate Tyr 48, which is hydrogen-bonded 
to the propionate chain at the ring IV.95 

VI. Advantages of the New Labeling Reagent 
Complex Pt(trpy)Cl+ is well suited for tagging biological 

macromolecules on account of its reactivity, selectivity, stability, 
and spectroscopic properties. Owing to an interplay between the 
steric and electronic effects of the ancillary terpyridyl ligand, the 
selectivity of Pt(trpy)Cl+ is entirely opposite from that of the 
common reagent, PtCl4

2-. Stability of the Pt(trpy)2+ tags permits 
storage, dialysis, and even cation-exchange chromatography of 
the modified proteins. The tags can be removed, however, and 
the native protein restored easily, by treatment with highly nu-
cleophilic ligands. 

Perhaps the greatest advantage of the new reagent lies in the 
strong absorption bands of the Pt(trpy)L"+ chromophore, char
acterized by the extinction coefficients of 13 000-30000 M"1 cm"1, 
which permit easy detection and quantitation. The charge-transfer 
bands in the region of 320-350 nm, unobscured by the protein 
absorption, are sensitive not only to the nature of the binding site 
but also to its environment. Findings with cytochrome c indicate 
that even multiple labeling does not perturb protein properties. 
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