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Porphyrin-Protein Bond of Cytochrome c. 
Structure of Porphyrin c 

James T. Slama, Herman W. Smith, C. Grant Willson, and Henry Rapport* 
Contribution from the Department of Chemistry, University of California, 
Berkeley, California 94720. Received March IO, 1975 

Abstract: Porphyrin c is the porphyrinic substance obtained from acid hydrolysates of cytochrome c. This substance, isolated 
from both yeast and horse heart cytochrome c, is shown to be 2,4-di(a-S-cysteinylethyl)deuteroporphyrin IX. A series of de- 
gradative, synthetic, and NMR studies are presented which conclusively establish the a-thioether linkage of the cysteine resi- 
dues of the apoprotein to the 2- and 4-ethyl substituents of the porphyrin prosthetic group both in cytochrome c and in por- 
phyrin c. 

Cytochromes c are perhaps the most thoroughly investi- 
gated of all mitochondrial proteins, and the primary struc- 
tures of cytochromes c from a wide variety of organisms 
have been elucidated.' The cytochromes c differ from most 
other hemoproteins in their covalent bonding of the iron- 
porphyrin prosthetic group to the a p o p r ~ t e i n , ' ~ , ~ , ~  whereas 
the bonding of protein to metalloporphyrin in other hem- 
oproteins belongs to either the ligand or combined ligand- 
covalent types. l a  

An appreciation of the detailed covalent bonding between 
porphyrin and peptide in cytochromes c has accrued over a 
40-year period, beginning with the observation that acid hy- 
drolysis of horse heart cytochrome c gave a homogeneous, 
amphoteric porphyrin fraction, porphyrin c . ~  This porphy- 
rin c, upon treatment with hydrogen bromide in acetic acid, 
was converted to hematoporphyrin IX (1) which subse- 
quently5 was converted to mesoporphyrin IX (2).5 These 
observations clearly established that porphyrin c belongs to 
the porphyrin I 1 1  series. 

Subsequent  investigation^,^,' including acid hydrolysis, 
demonstrated that porphyrin c was a dicysteinyl adduct of 
protoporphyrin IX and structure 3 was advanced. That is, 
the sulfhydryl groups of the cysteine residues were deduced 
to be attached to the 2,4-ethyl substituents of the porphyrin 
via thioether bonds, thus covalently joining amino acid to 

R, 

CO,R, CO,R, 
1, R, = CHOHCH,,; RL = H 

3, R, = CH(CH,)SCH&H(NH,)CO,H; R2 = H 
4, R, = CHDCH,; 
5, Ri = CHDCH,D; & = CH:j 
7, R, = CHBrCH,,; R, = CH,, 
8, R, = CHzCH~CH,CH(NHCOCH,,)C02CH,~; R, = CH,, 
9, R, = CH(CH,)SCH,CO,CH,,; R, = CH, 

2, R, = CHZCH,; R2 = H 

= CH, 

porphyrin. However, the reservation was expressedbb that 
porphyrin c obtained by these hydrolytic methods may not 
reflect the original cytochrome thioether structure.6b 

This question of cytochrome c thioether rearrangement 
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during hydrolysis presumably was obviated by the finding 
that metal salts cleave the porphyrin C-S bond of bovine 
heart cytochrome c to yield optically active hematoporphyr- 
in derivatives.8a Although the mechanism of the cleavage is 
not known,8b-d this procedure and analogous ones9 have 
been used to support the structure assigned to cytochrome c 
reconstituted from protoporphyrinogen and bovine heart 
a p ~ p r o t e i n . ~ ~  Also, the structures of a porphyrin tetrapepti- 
de,9c prepared from protoporphyrinogen and cysteinylgly- 
cylglycylcysteine, and a porphyrin pentapeptide were as- 
signed on the basis of their mercuric sulfate cleavage prod- 
uct, hematoporphyrin.I0 An enzymatic approach1 ' to this 
structural question has employed the C-S lyase of Albizza 
lophanta, known to cleave primary S-alkyl cysteines but 
not the corresponding secondary derivatives. When the syn- 
thetic porphyrin c prepared by fusion of cysteine with 2,4- 
di(a-bromoethy1)deuteroporphyrin was used as substrate, 
cleavage did not occur.12 

The dimethyl esters of hematoporphyrin obtained from 
synthetic porphyrin c type compounds by silver salt cleav- 
age, purified commercial hematoporphyrin, and isohemato- 
porphyrin (1 1) have been ~ o m p a r e d . ~ "  Neither the reported 
chromatographic behavior nor the ultraviolet-visible spectra 
of the isomeric a- and @-hydroxyethylporphyrins can defini- 
tively distinguish the isomers. 

The structural and stereochemical integrity of the meth- 
ods employed to degrade and synthesize cytochromes c, por- 
phyrin c, and porphyrin peptides has yet to be conclusively 
demonstrated. That hydrolysis preserves the chirality of 
natural porphyrin c, a point crucial to interpretation of its 
optical properties, has not been established. The diagnostic 
value of silver or mercury salt cleavage methods remains 
untested for authenticated a- and P-linked porphyrin c type 
derivatives. That amino acid or protein chirality promotes 
asymmetric induction in metal-assisted C-S cleavage reac- 
tions persists as a viable explanation for the reported7 opti- 
cal activity of cytochrome c hematohemin ethers. It remains 
to be established if any porphyrin-cysteine adduct is a sub- 
strate for the C-S lyase of Albizza lophanta. 

Two other studies directly on cytochromes c reflect on 
this question of a- or P-thioether linkage. Elegant X-ray 
~ t u d i e s ' ~ " - ~  on the eukaryotic cytochromes c have clearly 
established the shape of the molecule. However, the X-ray 
maps are insufficient to clarify the thioether question,13e al- 
though the X-ray structures are drawn a ,  as generally ac- 
cepted. This is also true for the excellent X-ray crystallo- 
graphic studies on the different, but related, prokaryotic cy- 
tochromes c, namely cytochrome c550 of M .  denitr i f i~ansl~'  
and cytochrome c2 of Rhodospirillum rubrum. l3g 

Various cytochromes c and derived heme peptides have 
been examined by high-resolution proton magnetic reso- 
nance.I4-" In several cases, specific high-field absorptions 
are attributed to the thioether bridge methyl g r o ~ p s . ~ . l ~ ~ - ~  
Assignments are based on integration, chemical shift, and 
spin-lattice relaxation time measurements.' Such assign- 
ments, however reasonable, are still tentative. What is lack- 
ing is a demonstration that this method can distinguish an 
a-linked cytochrome from the ,+type structurp,. Although 
the accumulation of supportive data makes assignment of 
the a-linkage highly likely, critiques of the individual inves- 
tigations led us to seek methods which are completely un- 
ambiguous. 

Since sodium amalgam reductive cleavage of cytochrome 
c is reported to give mesoporphyrin (2) in a 45-55% spec- 
trophotometrically determined yield,I8 reduction in  a deu- 
terated solvent should label the mesoporphyrin at  the posi- 
tion of C-S bond cleavage. Yeast cytochrome c was pre- 
pared and purified by described methods,19 and the labile 
hydrogens were exchanged by repeated dissolution in and 

Table I. Mass Spectra of Maleimides 

% mle 
Comod 141 140 139 138 125 124 

Nil 8.36 100 3.39 2.64 35.4 
H 
6a 

D 
I 

o& 9.05 100 7.9 Nil 17.5 9.3 
H 
6b 

6c 

Maleimide from 8.8 100 6.1 Nil 17.5 10.0 
cytochrom& 

aThe data for the three synthetic compounds were obtained on an 
MS-9 spectrometer; that for the maleimide derived from cyto- 
chrome c was obtained on a CEC-21-103C instrument. 

lyophilization from D2O. The exchanged cytochrome was 
reduced with excess sodium amalgam in D20, the porphyri- 
nogen was air oxidized, and the resulting mesoporphyrin 
was converted to the dimethyl ester. 

The N M R  spectrum of the cytochrome mesoporphyrin 
exhibited a methyl doublet a t  6 2.44 but the spin multiplici- 
ty of the methylene proton was unresolved in the 4.1 region. 
Also, the mesoporphyrin, having derived from the porphyri- 
nogen, contained deuterium in the meso positions. N M R  
data alone suggested 2,4-di(a-deuterioethyl)deuteroporphy- 
rin (4) as the product but neither integral nor spin multi- 
plicity eliminated 2,4-di(a,/3-dideuterioethyl)deuteropor- 
phyrin (5). The molecular ion region in the mass spectrum 
of cytochrome c mesoporphyrin (m/e  594-600) indicated 
that the reduction and subsequent oxidation proceeded with 
incorporation of two to six deuterons. Mesoporphyrin (2) 
incorporated a maximum of four deuterons under identical 
reduction-oxidation conditions. 

The labeled cytochrome mesoporphyrin was subjected to 
chromic acid oxidationZo and the two resulting maleimides, 
3-ethyl-4-methylmaleimide ( 6 )  and hematinic acid, were 
separated. Both N M R  and mass spectral analysis of 6 indi- 
cated the incorporation of a single deuterium. The ratio of 
the 4-methyl singlet to the doublet methyl resonance of the 
3-ethyl group was 1:l; the ratio of methylene to 3-methyl 
integrals was 1:3. Also, the mass spectrum of 6 exhibited a 
molecular ion at m/e 140 (Table I ) .  However, the fragmen- 
tation pattern of the cytochrome c maleimide showed simi- 
lar intensities for both m/e 124 and 125 ions, indicating that 
the benzylic type cleavage2' resulted in  loss of both CH3 
and CHlD fragments. This observation could be interpreted 
to represent a proton-deuteron rearrangement associated 
with fragmentation. Analogous rearrangements are re- 
ported for butylthiophene" and even ethyl acetate.** In 
order to determine whether the M - 16 ion indeed arises as 
a result of such a rearrangement under electron bombard- 
ment or indicates an undetected isotopic mixture, we syn- 
thesized the specifically labeled maleimide isomers 6b,c. 

The synthesis of 6a was accomplished from ethyl ethyla- 
cetoacetate,20 and 6b,c were prepared by alkylating acetoa- 
cetic ester with the appropriately labeled deuterioethyl io- 
dides. The mass spectrum (Table I )  of 6a shows no appre- 
ciable M + 1 ion other than expected for natural abun- 
dance. The M - 15 fragment is a major ion (35.4%) and 
the M - 16,ion is very small. The mass spectra of the la- 
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Table 11. NMR of Porphyrin c and Analogs cytochrome c, the porphyrin-protein was hydrolyzed in a 
tritiated sulfuric acid medium and the isolated porphyrin c, 
purified by two countercurrent distributions (100 tubes 
each), was found to have incorporated 0.38 solvent tritium 
atoms per molecule of porphyrin c. Mesoporphyrin (2) 
treated in the same way showed incorporation of 0.69 sol- 
vent tritiums per porphyrin. 

An elimination-readdition mechanism involving the 
thioether bonds requires incorporation of two solvent pro- 
tons per porphyrin. The low incorporation level of tritium 
into porphyrin c indicated that such a mechanism was inop- 
erative. The results of the mesoporphyrin control experi- 
ment, consistent with those of the porphyrin c experiment, 
establish that the label incorporated into porphyrin c was 
the result of nonspecific electrophilic incorporation rather 
than any rearrangement or racemization mechanism. Anal- 
ogous electrophilic attack at  the porphyrin meso positions 
has been d e s ~ r i b e d . ~ ~ . ~ ~  Thus, we conclude that the porphy- 
rin-cysteine linkage in porphyrin c faithfully reflects the at- 
tachment of the heme to the cytochrome c peptide chain. 

We can also conclude from the labeling experiment that 
little or no racemization at the a position of the cysteinyl 
residues occurred during the hydrolysis. This observation is 
consistent with previous studies which showed that cysteine 
requires a disulfide linkage for rapid racemization under 
acidic conditions.28 The model compound, S-benzylcys- 
teine, was racemized only to the extent of -3% in refluxing 
20% sulfuric acid in 24 hr. 

We approached the synthesis of isoporphyrin c (10) via 

Protons of 2,4-ethyl groups, 
6 values in CDCI, (220 MHz) 

Compd D or 

2,4-Di[ or-(methosycarbonyl- 
methy1thio)ethyll deuteroporphyrin 
dimethyl ester (9) 

methy1thio)ethyll deuteroporphyrin 
dimethyl ester (16) 

2,4-Di [ P-methoxycarbonyl- 

Synthetic porphyrin c (3) 
Isoporphyrin c (10) 

Natural porphyrin c (in TFA) 
Bis(N-acety1)porphyrin c 

tetramethyl ester (8) 
Bis(N-acety1)isoporphyrin c 

tetramethyl ester (15) 

2.40 6.04 

Complex multiplet 
3.2-4.6 

2.54 6.0 
Complex multiplet 

3-5 
2.59 6.00 
2.41 5.80 

Complex multiplet 
3-4.6 

H ,C 

0 do I 
H 

b. R = CHDCH, 
c. R = CH,CH,D 

beled isomers 6b and 6c are quite similar and show compa- 
rable ion intensity at M - 16 and M - 15. Clearly a rear- 
rangement occurred and the mass spectrum of the cyto- 
chrome maleimide is consistent with NMR data. 

The results of these experiments demonstrate that the 
mesoporphyrin cleaved from cytochrome c by sodium amal- 
gam in D2O incorporated a single deuteron into each of the 
2-  and 4-ethyl substituents and, furthermore, that the deu- 
terium is exclusively in the LY position. It now was necessary 
to prove that the reductive cleavage of thioethers results in 
introduction of label a t  the original point of attachment of 
the S bond. The location of label was conclusively estab- 
lished by the above data. Was it the same as in the original 
structure? To answer this question we examined this reduc- 
tive cleavage with both porphyrin c and isoporphyrin c. 

Porphyrin c was first sought, and several published pro- 
cedures for the preparation of porphyrin c by synthe- 
s is7.9~’2~23~24 and by hydrolysis of cytochromc c736b325 were 
attempted. In our hands, all of these procedures produced 
demonstrable mixtures, and a new countercurrent distribu- 
tion purification procedure was developed for their separa- 
tion. Bis(N-acety1)porphyrin c tetramethyl ester (8) was 
prepared from 2,4-di(~~-bromoethyl)deuteroporphyrin di- 
methyl ester (7) by treatment with N-acetyl-L-cysteine 
methyl esier in refluxing chloroform. Crude synthetic por- 
phyrin c was obtained by the reported porphyrinogen proce- 
d ~ r e . ~  A modification of the sulfuric acid hydrolysis proce- 
dure’ gave the natural samples from either yeast or horse 
heart cytochrome c. 

Pure samples of both natural and synthetic porphyrin c 
were obtained by sequential countercurrent distribution be- 
tween aqueous pH 2 citrate buffer and l-butanol. The ef- 
fectiveness of this purification was demonstrated by the 
preparation of synthetic porphyrin c using [14C]cysteine of 
known specific activity. The product isolated after two se- 
quential countercurrent distributions of the crude material 
showed greater than 95% of the specific activity calculated 
for the bis(cysteine)protoporphyrin adduct. 

I n  the preparation of yeast and horse heart porphyrin c, it 
was necessary to consider the possibility of rearrangement 
during the acid hydrolysis. After removal of iron from the 

6a, R = CH,CH, 
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CO,R, CO,R, 

10, R, = CH,SCHzCH(NH,)CO,H; R? = H 
14 Rl = CH,OH; % = H 

13, R, = CHO; & = CH, 
14, Rl = CHLBr; R? = CH, 

16, R, = CHXHICO,CH,; R2 = CH, 

12, R, = CH(OCHJ2; & = CH, 

15, R, = CH,SCH,CH(NHCOCH,)COjCH,; R, CH 

elaboration of a preformed porphyrin nucleus. Initial at- 
tempts via radical thioylation or Michael-like addition to 
protoporphyrin were unsuccessful. We then turned to isohe- 
matoporphyrin [2,4-di(/3-hydroxyethyl)deuteroporphyrin 
(l l)]  as a precursor, This compound has been prepared via 
thallium trinitrate mediated oxidative rearrangement of 
p r ~ t o p o r p h y r i n . ~ ~  Following this procedure, protoporphyrin 
dimethyl ester was converted to isohematoporphyrin di- 
methyl ester via the dimethyl acetal 12 and the aldehyde 
13. Alternatively, we have found that 11 can be prepared 
directly from protoporphyrin by treatment with diborane 
followed by hydrogen peroxide. Formation of the /3,p’-di- 
bromo ester 14 proceeded smoothly,30 and when the dibro- 
moporphyrin was treated with the lithium thiolate salt of 
N-acetyl-L-cysteine methyl ester in THF, bis(N-acety1)iso- 
porphyrin c tetramethyl ester (15) was isolated in 40% 
yield. 

Spectroscopic evidence for the a linkage in porphyrin c 
has accrued from the NMR spectra of the porphyrin c iso- 

29, 1975 
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mers and various model compounds. These spectra are pre- 
sented in part in Table I1 where explicit assignments of the 
ethyl protons geminal and vicinal to the sulfur are listed. In 
each pair of isomers studied, the methyl (vicinal) protons of 
the a isomer resonate at least at 1-ppm higher field than 
any absorption which occurs in the @ isomer. The a isomers 
all exhibit a characteristic 6-proton resonance between 6 2 
and 3. This signal has been assigned, on the basis of double 
resonance experiments, to the methyl groups of 2- and 4- 
ethyl substituents. 

The N M R  spectrum of natural porphyrin c (in TFA at  
220 MHz) twice purified by countercurrent distribution is 
consistent with the a-thioether linkage as evidenced by the 
six-proton &methyl absorption at 6 2.59, as well as the two- 
proton methine absorption at 6.0. Similar signals are 
present in the N M R  of synthetic porphyrin c3I but com- 
pletely absent from the spectrum of isoporphyrin c (Figure 
1). Although the chemical shifts of the two methylene pro- 
tons of the isoporphyrin c cannot be assigned due to com- 
plexity, it is clear that these signals must occur in the region 
between 3 and 5 ppm. Similar differences between a- and 
@-linked thioethers are observed in the a- and @-bis(thiogly- 
co1ate)protoporphyrin adducts. Given the clear differences 
in the N M R  spectra of a- and @-linked isomers, it is possi- 
ble unequivocally to assign natural porphyrin c to the a se- 
ries on the basis of the N M R  data. 

Treatment of bis(N-acety1)porphyrin c tetramethyl ester 
with sodium amalgam under the conditions used to cleave 
cytochrome c gave mesoporphyrin. However, under identi- 
cal conditions the p isomer 15 gave a porphyrin mixture 
which contained no mesoporphyrin. Thus both the sodium 
amalgam and hydrolytic methods of degrading a-linked cy- 
tochromes c proceed with integrity, and the products reflect 
the structure of the a-thioether in the original cytochrome 

Experimental Section32 
Horse heart cytochrome c was obtained from Calbiochem (A 

grade, equine heart, assay 88.3%). 
Yeast Cytochrome c. Fleischmann’s pressed baker’s yeast (27.2 

kg) was extracted, purified, and analyzed essentially as d e s ~ r i b e d ’ ~  
except that a step, rather than linear, gradient was used in the final 
purification; the yield was 70-80 mg of cytochrome c/kg of yeast. 

Isolation of Natural Porphyrin c from Hydrolysis of Cytochrome 
c. Cytochrome c (3.0 g, horse heart) was dissolved in 750 ml of 
0.05 N NaOH.  To this solution was added 6.3 g of Na2S204, fol- 
lowed by the rapid addition of 96 ml of 96% w/w sulfuric acid; the 
solution was brought to a boil and boiled for 5 min and then centri- 
fuged. The clarified supernatant was added to 7.5 kg of 20% w/w 
sulfuric acid, previously deoxygenated by boiling overnight under a 
nitrogen blanket, and the solution was brought to reflux and re- 
fluxed for 27 hr all under nitrogen, followed by cooling to room 
temperature and standing overnight. Neutralization by the addi- 
tion of alkali (1.36 kg of N a O H  in 1.5 1. of HzO) to pH 3.1 was 
followed by passage through a column of carboxylic acid exchange 
resin (Biorex-70, 50-100 mesh, H+ form, 8 X 1 in.). Adsorbed 
porphyrin was washed with 500 ml of 0.1 M citrate buffer, pH 3, 
500 ml of 0.01 M citrate buffer, pH 3, and 500 ml of distilled 
water. Porphyrin was eluted wi th  30% pyridine in water, and sol- 
vent was removed by lyophilization. 

Two batches of crude porphyrin c, prepared as described above, 
were combined for further purification by countercurrent distribu- 
tion. Citrate buffer was prepared by dissolving 42 g of citric acid. 
H2O in 400 ml of 1 N NaOH,  diluting to 3 I. with distilled water, 
and adjusting the pH to 2.0 with concentrated HCI. The buffer 
was equilibrated by shaking with an equal volume of I-butanol 
overnight, and the pH of the aqueous buffer phase was 2.2-2.3 
after equilibration. 

A 100-transfer countercurrent distribution with a IO-mI lower 
phase was then performed on the material isolated from the hy- 
drolysis, using an automatic Craig-type instrument. Three frac- 
tions were observed: the first in tubes 10-22. the second in tubes 

C. 

1 I I 1  I 7 - 1  

1 
1 1  lsoporphyrin C 

Synthetic Porphyrin C I 

Natural Porphyrin C 

PPm 

Figure 1. N M R  of synthetic porphyrin c, isoporphyrin c, and natural 
porphyrin c. 

30-60, and the last in tubes 70-100. Tubes 30-60, fraction 11, 
were combined, all the material was driven into the lower phase via 
addition of cyclohexane to the butanol, the pH was adjusted to 3.5, 
and porphyrin was adsorbed on a column of Biorex-70 (H’ form). 
After washing with water, porphyrin was eluted with 30% pyri- 
dine-water and lyophilized, leaving 107 mg of crude porphyrin c. 
This was redissolved in lower phase buffer and submitted to anoth- 
er CCD purification under identical conditions, leaving 61 mg of 
porphyrin c after lyophilization. 

The powdery residue was taken up in 22 ml of 1 N HCI and fil- 
tered, the pH was adjusted to 4.0 using 10 N NaOH,  the suspen- 
sion was filtered through a millipore filter after cooling for several 
hours, and the precipitate was washed with water and dried over 
magnesium perchlorate in vacuo to leave 39.5 mg ( I  1% yield) of 
porphyrin c as a hygroscopic, amorphous powder; uv [ I  N HCI, 
A,,, nm (c  X 

Anal. Calcd for C40H4gN60&: C,  59.7; H, 6.0; N,  10.4. 
Found: C, 59.3; H, 6.3; N ,  9.8. 

Hydrolysis of yeast cytochrome c, performed in the same way, 
gave porphyrin c identical chromatographically and spectrophoto- 
metrically with that from horse heart. 

Hydrolysis in a tritiated medium was carried out exactly as de- 
scribed using l .O g of cytochrome c and adding 279 mCi of tritium, 
as T20, to the hydrolysis medium. Porphyrin c was obtained in 1 1  
mg yield. It was shown to be free of labile tritium by solution in 
30% pyridine-water, lyophilization, and counting of the lyophy- 
late, which contained no radioactivity. The specific activity of the 
sulfuric acid hydrolysis medium, per atom of hydrogen, was 1.20 
pCi/mmol; that of the porphyrin c was I250 dpm/mg or 0.457 
gCi/rnmol. Therefore, incorporation of tritium from the solvent 
into the porphyrin c was 0.457/ 1.20 = 0.38 H atom per molecule 
of porphyrin. 

Tritiation of Mesoporphyrin. Mesoporphyrin IX dimethyl ester 
was prepared by catalytic hydrogenation of protoporphyrin 1X di- 
methyl ester over PtOz and was purified by chromatography on 
alumina and rechromatographed on silica gel, followed by crystal- 
lization. A sample was examined by emission spectrographic anal- 

406 (36.0). 552 (1.60), 594 (0.58). 
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ysis and no platinum was detected (that is, less than 0.07% by 
weight was present or 0.05 mol % of the platinum-mesoporphyrin 
complex). The mesoporphyrin IX dimethyl ester (59.4 mg) was 
added to 100 g of 20% (w/w) sulfuric acid containing 5.6 mCi of 
tritiated water, the solution was refluxed under a nitrogen blanket 
for 25 hr and then cooled, 15.4 g of solid NaOH was added, and 
the precipitated porphyrin was recovered by passing the solution 
through a short Biorex 70 column, washing with 250 ml of distilled 
water, and eluting with 30% pyridine-water. 

Lyophilization left 35 mg of mesoporphyrin which was suspend- 
ed in I O  ml of 95% ethanol, 0.5 ml of 2 N KOH, and 5 ml of H20,  
and with vigorous stirring was added 1 . 1  g of K2CO3 followed by 
2.9 g of triethyloxonium fluoroborate in small portions over a peri- 
od of 30 min. After addition was complete, the suspension was 
stirred 30 min, poured into 100 ml of distilled water, and extracted 
with three 25-1111 portions of ethyl acetate. The combined ethyl ac- 
etate was washed with 25 ml of 1 N N H 4 0 H ,  two 50-1111 portions 
of water, and saturated aqueous sodium chloride. Drying over 
magnesium sulfate and evaporating gave 48 mg of residue which 
was purified on a silica gel column ( I O  g of silica gel 60, 1 X 17 
cm, eluting with CHC13-0.75% CH30H) ,  collecting the first, fast- 
moving band. Crystallization from benzene-methanol gave 29 mg 
of mesoporphyrin diethyl ester. This was washed by dissolving in 
CHC13 or ethyl acetate ( I O  ml), adding I O  ml of 1 N HCI, equili- 
brating, neutralizing the acid with 10 N NaOH,  and separating 
the phases. The process was repeated four times; then solvent was 
evaporated and the mesoporphyrin diethyl ester was crystallized. 
The washing procedure was repeated as  above two more times. The 
specific activity of the hydrolysis medium was 0.56 pCi/mg-atom 
of H;  the specific activity of the mesoporphyrin diethyl ester was 
0.385 pCi/mmol; therefore, the incorporation was 0.385/0.56 = 
0.69 H atoms per mesoporphyrin molecule. 

Optical Stability of S-Benzylcysteine. S-Benzylcysteine (1 .O g, 
[aI2O589 23.7°)33 was dissolved in 100 ml of 20% H2.904 (w/w) 
water solution, previously deoxygenated by reflux under a N2 blan- 
ket, and the solution was refluxed for 24 hr. Amino acid analysis a t  
this time revealed no new ninhydrin-positive components. The acid 
was neutralized with 48 ml of ION NaOH,  the pH was adjusted to 
6, and the precipitated amino acid was recrystallized fr,om 40 ml of 
boiling water to give 630 mg of S-benzylcysteine: [ 0 1 ] * ~ 5 8 9  21.1'. 
Using an identical procedure with that above, except that 5.6 mCi 
of 3H20  was added, the recovered S-benzylcysteine showed incor- 
poration of 0.019/0.59 or 0.034 H atom per cysteine. Thus 3.4% of 
the cysteine was racemized. 

Sodium Amalgam Reduction of Cytochrome c. Exchangeable 
protons in cytochrome c were replaced with deuterons by repeated 
(four times) solution in D2O and lyophilization. The deuterated 
cytochrome c so obtained (0.49 g, 0.039 mmol) in 99.8% deuteri- 
um oxide (25 ml) a t  55' was treated with 6% sodium amalgam (40 
g) in 5-g aliquots during 40 min, a t  which point the cytochrome 
color was discharged. Stirring was continued for 45 min, the color- 
less solution decanted, unreacted amalgam washed with water, and 
the combined aqueous solution acidified with acetic acid and ex- 
tracted with ethyl acetate. The extract was exposed to air for 12 hr 
with light exclusion, dried, and evaporated, leaving a residue which 
was esterified with 18% methanolic hydrogen chloride ( 1  50 ml) for 
4 hr, evaporated, and diluted with CH2C12. The residue from evap- 
oration of the sodium bicarbonate washed CH2C12 was chromato- 
graphed on alumina; elution with 1 :1 benzene-methylene chloride 
gave the mesoporphyrin fraction which crystallized from meth- 
ylene chloride-methanol to yield 7 mg (0.012 mmol, 30%) of 2,4- 
di( [~~-~H,lethyl)deuteroporphyrin dimethyl ester (4): mp 217', 
partially deuterated a t  the meso positions; N M R  (CDC13) b 1.83 

3.50-3.77 (m, 18, CH3), 4.20 (m, CH2CH3), 4.40 (t, J = 8 Hz, 4, 
CH2CH2C02R). 10.1 (s, 1.25, meso); mass spectrum 601 (34.9%, 

(d, J = 7 Hz, 6, CH3CH), 3.27 (t, J 8 Hz, 4, CH2CH2C02R), 

C35''CH34D604N4). 600 (87.0, C36H34D604N4). 599 (100, 
C3hH35D504N4), 597 (28.2). 596 (10.7). 

Reductive cleavage with Na-Hg was carried out in the same 
manner with porphyrin c, isoporphyrin c, and their bis(N-acetyl) 
tetramethyl esters. 

Methyl[a-*H~]ethylmaleimide from 2,4-Di([a-3H~]ethyl)deutero- 
porphyrin Dimethyl Ester (4). The deuterated mesoporphyrin di- 
methyl ester 4 ( 1  7 mg, 0.029 mmol) in 50% (v/v) sulfuric acid (2 
ml) was hydrolyzed and oxidized, and the products were purified 
by reportedz0 procedures. The crystalline methyl[a-2Hl]ethyl- 

maleimide, mp 64' (lit.20 mp 68'), was identical with authentic 
methylethylmaleimide: N M R  (CDCI,) 6 1.18 (d, J = 7 Hz, 3 ,  
CHjCH) ,  2.00 (s, 3, CH3), 2.35 (m, I ,  CHCH3); mass spectrum 
141 (8.8), 140 ( I O O ) ,  139 (6. l ) ,  125 (17.5), 124 (10.0), I12 (3.4), 
1 1 1  (6.0), 110 ( l . O ) ,  97 (12.9), 96 (4.7), 69 (19.5). 68 (28.4), 67 
(9.5). 66 (4.7), 54 (16.2), 53 (7.5). 

[ l-'Hi]Ethyl Iodide. [ 1 -2H I ]Acetaldehyde was prepared from 
2-methyl-I ,3-dithia11e~~ and the product was collected by passing a 
slow current of nitrogen through the hydrolysis reaction and into a 
-80' trap. The contents of the trap (14 ml) were distilled slowly 
into a mixture of sodium borohydride (5.0 g) in 75 ml of diglyme 
and I O  ml of water a t  0' and the resulting alcohol was isolated by 
distillation. The fraction boiling at 75-90' was treated with 2 g of 
phosphorus and 24 g of iodine to give 21.8 g (44% from 2-methyl- 
2-['H1]-1,3-dithiane) of [l-*H,]ethyI iodide: N M R  (neat) quartet 
of triplets a t  6 3.1 5 ( J q  = 8.0 Hz, J ,  = I .50 Hz), doublet of triplets 
at 1.80 ( J d  = 8.0 Hz, J t  = 1.75 Hz); mass spe t rum,  isotopic pu- 
rity greater than 98% based on (Mf - I ) / [M+ L (M+ - I ) ] ,  

Ethyl [ I-2H~]ethylacetoacetate was prepared s described for the 
n-butyl analog.35 The product was distilled th ough a IO-cm Vi- 
greux column to give 89% yield: bp 77-80° (IO Torr); N M R  
(CDC13) 6 4.19 (q, 2, J = 7.0 Hz), 3.31 (d, I ,  J = 7.0 Hz), 2.20 (s, 
3), 1.83 (m, I ) ,  1.26 (t, 3, J = 7.0 Hz), 0.94 (d, , J = 7.0 Hz). 
Methyl[l-2H~]ethylmaleimide. Methyl[ l-?Hllethylmaleic anhy- 

dride was prepared as described for the nonisotopically labeled 
compound:20 N M R  (CDC13) 6 2.50 (q, I ,  J = 8.0 Hz), 2.00 (s, 3), 
1.10 (d, 3, J = 8.0 Hz); mass spectrum m/e 141 ( I O O ) ,  126 (9), 
125 (4.4). 

This anhydride was converted to methyl[l-2H~]ethylmaleimide 
by heating with urea in the standard way:20 N M R  (CDCI,) 6 2.42 
(9, I ,  J = 8.0 Hz), 198 (s, 3), 1.10 (d, 3 ,  J = 8.0 Hz). Mass spec- 
trum m / e  124, 125 with relative abundance 9.3, 17.5 at 70 eV and 
10.8, 14.7 at 15 eV, respectively. 

[2-2Hl]Ethyl Iodide.36 2-Iodomercuriethyl benzyl ether3' (72 g, 
0.1 5 mol) was treated with 2% sodium amalgam (100 g), in 200 ml 
of D20. The resulting mixture was vigorously stirred under nitro- 
gen a t  room temperature for 20 hr, an additional 50 g of 5% amal- 
gam was added and stirring was continued for 4 hr; another 25 g of 
5% amalgam was then added and the mixture was stirred over- 
night. The mercury was removed, CH2C12 was added, and the 
aqueous phase was separated and washed with three 100-ml por- 
tions of CH2C12. The combined organic extract was dried, the sol- 
vent was evaporated, and the residue, dissolved in hexane, was fil- 
tered through a short column of alumina (neutral, activity I )  to re- 
move benzyl alcohol. Evaporation of the hexane left 5.25 g, 23% 
yield, of pure benzyl [2-'Hl]ethyl ether: N M R  (CCI4) 6 7.25 (s. 5) ,  
4.4 (s, 2). 3.4 (t ,  2, J = 7.4 Hz) ,  1.2 (2, t of t, Jti-ti = 7.4 Hz, 
J H - D  = I Hz); mass spectrum m/e 135 ( l .3 ) ,  136 (90), 137 (100). 
138 ( 1 1 ) .  

To  all of the benzyl [2-*Hl]ethyl ether prepared above in 25 ml 
of decalin was added 1 g of KaBH4. To this stirred suspension was 
added 7 g (0.025 mol) of iodine and the resulting mixture was 
heated and stirred at I IO '  while a slow nitrogen stream was swept 
over the reaction mixture into a -80' trap. After 18 hr, the liquid 
contained in the trap was washed with dilute NaHS03  and dried 
over molecular sieves to give 1.91 g (30%) of [2-2Hl]ethyl iodide; 
mass spectrum m/e 158 (2.8), 157 ( I O O ) ,  I56 (1.95), which corre- 
sponds to >98% isotopic purity. 

Methyl[2-*H~]ethylmaleimide (6c)  was prepared as described for 
the isomer: N M R  (CDC13) 6 2.40 (t ,  2, J = 8 Hz), 2.0 (s, 3 ) ,  1.20 
(2, tt, J H . H  = 8 Hz, J H  D = 1 Hzj;  mass spectrum m/e 141 (8.7), 
140 ( I O O ) ,  139 (5.8), 125 (23.3), 124 (17.3). 

Hematoporphyrin Dibromide Dimethyl Ester (7) Dihydrobrom- 
ide. Hematoporphyrin dimethyl ester (1.2 I g, 2.0 mmol) i n  1 5  ml 
of glacial acetic acid was cooled at 0' and saturated with HBr. The 
resulting solution was stripped of solvent in vacuo and the residue 
was dried overnight at 0.5 Torr over KOH. The crude dihydrobro- 
mide salt was recrystallized from methylene chloride-cyckohexane 
to give 1.275 g (70%) of purple crystals. Attempts to isolate the 
free base were not successful and invariably resulted in elimination 
to yield protoporphyrin: N M R  (CDCI,) d 11 .O (m, 3, meso), 10.03 
(s, 1 ,  meso), 6.59 (m, 2, -CHBr-), 4.35 (t. 4, J = 6.8 Hz, propio- 
nate CH2). 3.7-3.1 (m, 24, ring and ester CH3). 2.54 (d, 6 ,  J = 7.0 
Hz, -CHBrCH3). 

Bis(N-acety1)porphyrin c Tetramethyl Ester (8). To hematopor- 
phyrin dibromide dimethyl ester (7) dihydrobromide (942 mg, 1 
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Bis(N-acety1)isoporphyrin c Tetramethyl Ester (15). TO T H F  (5 
ml) cooled to -80' was added methanol (200 p l )  followed by 380 
p1 of 2.67 M butyllithium in hexane. The resulting solution was 
treated with 31 1 mg (1.76 mmol) of N-acetyl-L-cysteine methyl 
ester in 3 ml of T H F  and warmed to room temperature, 133 mg 
(0.176 mmol) of the @,F-dibromoethylporphyrin ester 14 was 
added, and the resulting solution was heated at reflux for 0.5 hr .  
The reaction mixture was cooled, diluted with water, and extracted 
with chloroform, and the chloroform extract was washed with 
water, dried, and evaporated to dryness. The residue was chroma- 
tographed on 60 g of kieselgel, developing the column with meth- 
ylene chloride and eluting the product with 20% acetone in meth- 
ylene chloride and crystallizing it from 2-propanol: yield 108 mg of 
15; N M R  (CHC13) 6 9.85 (m, 4, meso), 6.38 (m, 2, NH) ,  4.82 (m, 
4, S C H l C H < ) ,  4.6-3.0 (unresolved envelope), 1.90 (s, 6, 

Anal. Calcd for C4gH60010N,&: C, 61.0; H,  6.5; N, 8.9. Found: 
C,  61.3; H, 6.4; N, 8.6. 

Isoporphyrin c (10). A solution of 20% (w/w) sulfuric acid (2300 
ml) was degassed by boiling under N2 for 2.5 hr, 42 mg of bis(N- 
acety1)isoporphyrin c tetramethyl ester (15) was added, and the so- 
lution was refluxed for 16 hr ,  cooled to 50°, and neutralized to pH 
3 wi th  concentrated NaOH. Neutralization was conducted with 
cooling such that the temperature never exceeded 70°. The pH 3 
solution was passed through a Biorex 70 column (H+ form, 80-100 
mesh) at  40°, the column was washed with 4 1. of H20,  and the 
porphyrin was eluted with 30% pyridine-water. The bright red el- 
uate was lyophilized and the residue was purified by countercur- 
rent distribution between pH 2 citrate and I-butanol. The purple 
band at  K D  = 1 was isolated to leave 19 mg of pure material: 
N M R  (TFA) 6 4.9-3.0 (unresolved envelope), 2-3 (no  absorp- 
tion). 

2,4-Di[~-methoxycarbonylmethylthio)ethyl]deutero~rphyrin Di- 
methyl Ester (16). Protoporphyrin (0.25 g, 0.435 mmol) in thio- 
glycolic acid (6 ml) was heated for 18 hr at  95". The solution was 
diluted with ice-water, treated with sodium acetate to pH 5, and 
kept a t  4' for 12 hr. The semicrystalline precipitate (0.32 g) was 
esterified with 18 wt % methanolic hydrogen chloride, and the con- 
centrated solution was diluted with methylene chloride and washed 
with 5% sodium bicarbonate and saline solutions. Chromatography 
of the residue from evaporation of the organic phase gave, after 
methylene chloride elution from alumina and crystallization 
(CC14), 27.5 mg (0.034 mmol, 8%) of 16: N M R  (CDCI,) 6 3.18 
(m, CH2C02CH3, C H S ) ,  3.62 (m, CH3, C H 3 0 ) ,  10.1 (m, meso). 

Anal. Calcd for C ~ ~ H S O N ~ O ~ S ? :  C, 62.8; H, 6.3; N .  7.0. Found: 
C. 62.8; H,  5.9; N,  7.0. 

CH ,CON). 

mmol) dissolved in 25 ml of methylene chloride was added N-ace- 
tyl-L-cysteine methyl ester (885 mg, 5 mmol) and 10 ml of propyl- 
ene oxide. The solution was refluxed overnight, cooled, and washed 
with saturated aqueous bicarbonate and water. The organic layer 
was dried over sodium sulfate, the solvent was evaporated, and the 
residue was chromatographed on activity 111 neutral alumina (ben- 
zene-ethyl acetate, 1:l)  and the two slow moving bands were iso- 
lated. These were then each rechromatographed on kieselgel (ben- 
zene-ethyl acetate, 1: l ) .  The slowest moving band was character- 
ized as bis(N-acety1)porphyrin c tetramethyl ester (8): NMR 
(CDC13) 6 10.6 (m, 2, meso), 10.1 (m, 2, meso), 6.3 (m, 2, NH) ,  
5.8 (m, 2, SCHCH3), 5.8 (m, 2, CH3CONHCHCOOCH3), 4.3 
(m. 4, CH2CH2COOCH3), 3.9-3.0 (unresolved envelope), 2.45 (d, 
6, J = 7 Hz, SCHCH3), 1.90 (s, 6, CH3CON); mass spectrum m/e 
767,647, 558. 

Anal. Calcd for C48H60010N6S2: C, 61.0; H,  6.4; N,  8.9. Found: 
C, 61.4; H, 6.2; N,  8.6. 

2,4-Di[(a-methoxycarbonylmethylthio)ethyl]deuteroporphyrin 
Dimethyl Ester (9). To hematoporphyrin dibromide dimethyl ester 
(7) dihydrobromide (0.53 g, 0.58 mmol) dissolved in 5 ml of meth- 
ylene chloride was added 2 ml of thioglycolic acid. The solution 
was stirred in the dark at  room temperature for 22 hr, the solvent 
was evaporated, the residue was dissolved in 20 ml of water and 
neutralized to pH 4 with concentrated NHIOH, and the precipi- 
tate was removed by centrifugation. The resulting brown solid was 
dissolved in dilute ammonium hydroxide and reprecipitated at  pH 
4 with acetic acid. The precipitate was dissolved in 50 mi of 20% 
(w/w) methanolic HCI and stirred at  0' for 5 hr. The solvent was 
evaporated; the residue was dissolved in methylene chloride, 
washed with bicarbonate and water, and dried over Na2S04. Evap- 
oration of the methylene chloride left a residue which was chroma- 
tographed on activity 111, neutral alumina using 1: 1 benzene-ethyl 
acetate. The first, and major, fraction was collected and evapo- 
rated to leave a red-brown powder which slowly crystallized from 
2-propanol: 180 mg; 40% yield; N M R  (CDC13) 6 10.62 (s, I ,  
meso), 10.53 (s, 1 ,  meso), 10.20 (s, 1 ,  meso), 10.10 (s, 1 ,  meso), 
6.20 (m, 2, SCHCH,) ,  4.35 (t. 4, CH2CH2C02CH3). 3.3-3.8 (m, 

SCHCH3); the doublets at  2.44 collapse when the multiplet at  
6.20 is irradiated. 

Anal. Calcd for C42HSON40gSZ: C,  62.8; H, 6.3; N ,  7.0; S, 8.0. 
Found: C,  63.1; H,  6.0; N,  6.9; S ,  7.8. 
2,4-Di(2-hydroxyethyl)deuteroporphyrin Dimethyl Ether (Isohe- 

matoporphyrin Dimethyl Ester) (11). (a) This compound was pre- 
pared via the acetal 12 as d e ~ c r i b e d : ~ ~  mp 225-226' (lit.29 mp 
225-226'); uv (CHCI3) A,,, 498, 533, 569, 623 nm; mass spec- 
trum m/e 626 (IOO), 595 (48). 

Anal. Calcd for C36H4206N4: C,  69.0; H, 6.8; N,  8.9. Found: C, 
68.7; H,  6.8; N ,  8.8. 

(b)  To protoporphyrin dimethyl ester (590 mg, 1 mmol) dis- 
solved in  70 ml of T H F  and cooled to 15' w3s added 4 mmol of 
BrHh in T H F  all at  once. While the temperature was maintained 
at  I5', 4 ml of 6 N sodium hydroxide was added slowly, followed 
by 4 ml of 30% hydrogen peroxide. The reaction was stirred for 20 
min, acidified with excess acetic acid, poured onto solid sodium bi- 
carbonate, diluted with twice its volume of water, and extracted 
w i t h  chloroform. The chloroform extracts were combined and 
dried over sodium sulfate, and the solvent was removed in vacuo. 
The residue was chromatographed on 50 g of silica gel using hex- 
ane-acetone to give 230 mg of product as the slowest running band 
(RJ 0.25, 1: I hexane-acetone). The isohematoporphyrin dimethyl 
ester (1 1) was crystallized from pyridine-ether and was identical 
by uv, mass spectrum, TLC, and N M R  to the product prepared 
above from the acetal. The product contained no detectable hema- 
toporphyrin as shown by TLC on silica in 1:l hexane-acetone 
which completely resolves hemato- and isohematoporphyrin. 

2,4-Di(2-chloroethyl)deuteroporphyrin Dimethyl Ester. This 
compound was prepared in 83% yield from 11 as described.30 The 
bromo derivative 14 was prepared in an identical fashion using 
thionyl bromide in 69% yield: N M R  (CHCI,) (chloro and bromo 
distinguishable) 6 9.80 (s, 1,  meso), 9.50 (s, 2 ,  meso), 9.21 (s, I ,  
meso), 3.6-4.3 (m, 8, C H Z C H ~ C I ) ,  3.6-2.8 (unresolved envelope); 
uv X,,,CHC'3 623, 568, 533, 499; mass spectrum (chloro) m/e 664 
(68). 662 (100). 628 (451, 626 (32), 590 (50); mass spectrum 
(bromo) m/e 754 (9), 752 (17). 750 (8). 672 (65). 670 (50), 590 
(100). 

24, CH3, C H 3 0 ) ,  3.20 ( s ,  4, CH2C02CH3), 2.44 (d, 6, J = 6 Hz, 
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Abstract: A 100-MHz 'H  N M R  study of the relaxation and chemical shifts induced by the interaction of Eu(III) ,  Pr(III), 
Gd(lIl), and La(II1) with N-acetyl-L-3-nitrotyrosine ethyl ester has been undertaken to characterize the nitrotyrosine resi- 
due as a potential specific lanthanide metal binding site in proteins. The N M R  data, together with independent measure- 
ments of the metal-ligand stability constants, give the parameters of the dipolar interaction. These indicate a significant con- 
tribution from nonaxially symmetric terms. In addition, a nonnegligible contact shift is present for Eu( 111). 

The utility of the lanthanide shift probes as an aid in de- 
termining molecular structure and conformation in solution 
has been well documented over the last several years.',2 
Most of the work to date has involved the use of "shift re- 
agents'' [e.g., Ln(fod)3] in organic solvents. Increasingly 
more interest is being shown in using the aquo cations 
themselves, or their EDTA complexes as aqueous shift re- 
agents, for structure determination in aqueous solution. In 
particular, several molecules of biochemical interest have 
been studied including  mononucleotide^,^^^  dinucleotide^,^ 
and 

Recently the Oxford enzyme group has been investigat- 
ing the use of the lanthanide binding to a specific site on the 
protein lysozyme to determine the three-dimensional struc- 
ture of the protein in solution with minimal reference to the 
known X-ray A limitation of the extension of 
this technique to other proteins is that the protein must pos- 
sess a single specific naturally occurring binding site. Al- 
though the lanthanides are reported to bind to several pro- 
teins such as t h e r m ~ l y s i n , ~ ~  a-amylases," trypsinogen,I2 
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and ferredoxin,I3 this will obviously not be true for all pro- 
teins of interest. One way to circumvent this difficulty is the 
incorporation of a binding site into the p r ~ t e i n . ~  W e  have 
therefore investigated the chelating group nitrotyrosine 
which can be introduced with relative ease into a large 
number of proteins.I4 In many of these proteins, nitration 
occurs a t  only one tyrosine, hence generating a single bind- 
ing site for the metal ion. 

This paper reports the study of the interaction of Pr(III), 
Eu(III), and Gd(II1) with the model peptide N-acetyl-~-3- 
nitrotyrosine ethyl ester by measurement of the induced 
N M R  shifts, line widths, and spin-lattice relaxation times. 
In  addition, by potentiometric titration, the binding con- 
stants of these metals and La(III), a diamagnetic analog of 
the 4f series, have been determined. With known binding 
constants, the equilibrium composition of the samples used 
in N M R  can be calculated, and, hence, data involving a 
change in a spectral parameter as a function of the concen- 
tration of paramagnetic metal ion can be analyzed to ex- 
tract the parameters for the metal-ligand complex. Using 
the isotropic relaxation probe Gd(II1) and the known X-ray 
structure of nitrophenol, the location of the metal binding 
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