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Hemoprotein Models Based on a Covalent Helix- Heme- Helix Sandwich: 
2. Structural Characterization of Co"' Mimochrome I A and A Isomers 

Gabriella D'Auria, Ornella Maglio, Flavia Nastri, Angela Lombardi, Marco Mazzeo, 
Giancarlo Morelli, Livio Paolillo, Carlo Pedone, and Vincenzo Pavone* 

Abstract: Fe"' mimochrome I is the proto- 
type of a new class of hemoprotein models 
characterizcd by a covalent helix- henie- 
helix sandwich. It contains deuterohemin 
bound through two propionyl groups to 
two identical N -  and C-terminal protected 
a-helical nonapeptides, each of which 
bears a His residue (a potential axial lig- 
and of thc iron ion) in the central position. 
In order to understand better the three- 
dimensional structure of Fe"' mimo- 
chrome I and its correlation with spectral 
properties, we have characterized the fully 

diamagnetic parent compound Co"' mi- 
mochrome I by UVjvisible, CD, and 
NMR spectroscopy, coupled with confor- 
mationai energy calculations. Co"' mi- 
mochrome I is a highly water-soluble 
compound present in solution as two iso- 
mers, which slowly interconvert only at  
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very low p H  values. These isomers were 
isolated and separately characterized. 
Their UV/visible spectral properties are 
very similar, while their CD spectral prop- 
erties differ markedly in both the far UV 
and Soret regions. The isomers were iden- 
tified by 'HNMR spectroscopy as dia- 
stereomers of the A and A type. This is the 
first example of an accurate three-dimen- 
sional structure determination in solution 
of a hemoprotein mimetic that allows a 
straightforward correlation between 
structure and spectral properties. 

Introduction 

We have recently undcrtaken the design, synthesis, and struc- 
tural characterization of a novel class of hemoprotein models.[" 
The prototype Fe"' mimochrome I, namely Fe"' 3.7,12,17-tet- 
ramethylporphyrin-2,l 8-di-N,-&-(Ac-Leu1 -Ah' -Gln3 -Leu4-- 
€]is5 -Ah6-Asn7- Lys' -Leuy --NHJpropionamide, is a pep- 
tide-heme adduct containing a covalent helix- heme-helix 
sandwich. It consists of dcuterohemin bound through propionyl 
groups to two identical N -  and C-terminal protected 1-helical 
nonapeptides. Each peptide moiety bears a His residue in the 
central position, which may act as an axial ligand to the central 
iron ion. 

This work was aimed at  a better understanding of the struc- 
f ure- function relationship in hemoproteins, in which thc heme 
group reactivity is strongly affected by the polypeptide matrix. 
Studies on the effects produced by axial ligation and by the local 
heme environments on electronic and catalytic properties have 
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elucidated the role of the protein chain in defining a large variety 
of functions observed within the hemoprotein family.[', '1 These 
results have not only stimulated studies on natural hemo- 
proteins and their mutants, but have also drawn an increasing 
degree of attention to the use of model compounds, such as 
simple metalloporphyrin complexes and their derivatives, with 
the expectation that relatively simple model systems could emu- 
late in vitro many of the reactions observed in vivo (selective 
oxidation of hydrocarbons, electron transfer, uptake and stor- 
age of oxygen, e t ~ . ) . [ ~ ]  Within the wide variety of model systems 
thus far a new class of models based on synthetic 
polypeptides with well-defined tertiary structures appears to be 
capable of partially reproducing the behavior and properties of 
hemoproteins. Several successful examples of de novo design of 
small proteins have recently been reported.[* ~ ''1 

Fe"' mimochrome I was designed and synthesized to  meet the 
following requirements: a) to stabilize the peptide x-helical con- 
formation with its axis almost parallel to  the porphyrin plane; 
b) to bring histidine residues into a suitable position to coordi- 
nate axially the metal atom inserted in the porphyrin ring; c) to 
improve water solubility by introducing hydrophilic sidechains 
on the molecular surface. Mimochronie I was also characterized 
by several methods: UV/visible spectroscopy and circular 
dichroism confirmed that it takes the designed structure in wa- 
ter/2,2,2-trifluoroethanol (TFE) solution.["] Unexpectedly, 
Fe"' mimochrome I appcared to be of limited solubility in water 
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and alcohols, and therefore only a partial structural characteri- 
zation was carried out. In order better to understand the three- 
dimensional structurc of Fe"' mimochrome I and its correlation 
with UV/visiblc and CD spectral properties we have undertaken 
the characterization of the fully diamagnetic parent compound 
Co"' mimochrome I, whose structure is depicted in Figure 1. 
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bigure 1 Schematic structure of Co"' mimochrome I with ntoin numbering 

Co"' mimochrome I was synthesized and obtained as two 
isomers that were separately characterized. They are highly 
soluble in water, and have identical inolccular ion peaks by mass 
spectrometry and very similar UV/visible spectra. They show 
different CD spectra in both the far UV and the Soret regions. 
Complete identification of these isomers as the A and A 
diastereomers was ultimately achieved by 'H NMR spec- 
troscopy. 

Abstract in Italian 1 La molecola Fe"' mimochrome I rappresenta 
ilprototipo di una nuova classe di modelli di emoproteine, carat- 
terizzutu dci un 'Sandwich" covalente elica-eme-elica. Essa P 
costituita dallu deuteroemina, i cui gruppi propionici sono legati a 
due identici nonapeptidi, protetti alle estremita N- e C-terminali, 
tali da stahilizzare strutture elicoidali. Ogni catena peptidica pre- 
senta in posizione centrale un residuo di His quale legante ussiale 
per il metallo inserito nel nucleo porfirinico. Allo scopo di meglio 
chiarire la struttura tridimensionale di Fe'" mimochrome I e la 
correlazione esistente tra strutturu e proprieta spettroscopiche. P 
stata intrapresa la caratterizzuzione dell'analogo diamagnetico 
Co"' ngiinochrome I. 

In questo lavoro sono descritte le propriet2 UVlvisibili e CD del 
composto Co'" mimochrome I,  ed una dettagliata caratteriz- 
zazione strut furale in soluzione, mediante spettroscopia N M R  
iiniia u calcoli di energia conformazionale. Co'" mimochrorne I 
presenta una elevata sc~lubilitu in acquu ed h presente in soluzione 
sotto , forma di due isomeri, lentamente interconvertihili a bassi 
valori di p H .  Tali isomeri sono stati isolati e curatterizzati sepa- 
ratamentc. Essi hanno mostrato uguali spettri UV/visibili, mentre 
i Eoro spettri CD sono marcatamenre diferenti sia nella regione 
U V  che nella regione di Soret. La spettroscopia ' H N M R  ha 
permesso di caratterizzare completamente entrambi gli isomeri e 
di identificarli quali diustereomeri di tipo A e A . I risultati ripor- 
tuti nel presente lavoro rappresentano il primo esempio di una 
accurata caratterizzazione strutturale in soluzione di un mimetico 
di emoproteine; essi permettono una chiura correlazione tra strut- 
tura tridimensionale e proprietd spettrali. 

Results 

Synthesis and HPLC studies: Cobalt(i1r) was inserted into mi- 
mochrome I from Co" acetate according to thc literature 
method.["] Figure 2 shows the HPLC chromatogram of thc 
reaction mixture used in the preparation of Co"' mimochrome I.  
Two equally abundant 
peaks, A and A, were 
detected. N o  substan- 
tial changes in the 1 : 1 
ratio between the peak 
areas of the A and A 
species resulted from 
either extension of the 
reaction time or use of 
conditions that favored 
Co" --f Co"' air oxida- 
tion. The two species 
were then separated by 
preparative HPLC and 
separately analyzed. 
The FAB mass spectra 
revealed a molecular 
weight of 2625 for both 
the A and A species. It 
corresponds to the ex- 
pected value for Co"' 
mimochromeI. In or- 
der to discover whether 
A and A are very slowly 

Figure 2. HPLC chi.omatogram of the reac- 
tion mixture during the synthesis of Co"' mi- 
mochrome l. 

interconverting isomers, HPLC studies were performed by dis- 
solving both thc A and A species separately in different media. 
A and A species were found to be stable in TFE solution and 
after 48 hours neither A nor A formation, respectively, was de- 
tected. In contrast, the addition of acetic acid to an aqueous 
solution of either pure A or A species resulted in progressive 
formation of either A or A species, respectively. The A-A acid- 
catalyzed interconversion was slow; equilibrium was reached 
within four days. 

UV/Visible properties: In order to bettcr characterize both A 
and A isomers, we evaluated their spectroscopic properties in 
the UV/visible region. When a Co" salt is used, the insertion of 
cobalt into the porphyrin ring could lead to several species 
which can be idcntified by their UV/visible spectral differ- 
ences." *] Table 1 summarizes the spectral data eithcr in aqueous 
phosphate or in TFE/aqueous phosphate solutions (1 : 1 v/v) for 
both A and A isomers. The A,,, at 414 nm of the Soret band and 
the ;in,,, at 524 and 556 nm and the relative intensities of the f i  
and x bands are characteristic of an octahedral Co"' complex for 

Table 1.  UV/Visible spectral data for A and A Co"' mimochrorne I isomers In TFE: 
aqueous phosphate ( f / l ;  v:v) at  pH 7.0. 

A 112385 7299 5422 414 524 556 
4816 414 525 557 A 93911 6387 
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both thc A and A isomers.'13] No spectral changes were observed 
;it very low pH (TFE/phosphoric acid 1.43 M, 1 : 1 ratio; data not 
shown). Figure 3 shows the similarity of the UV/visible spcctra 
of the two isomers. The only differencc is the extinction coeffi- 
cient a t  the Soret maxiinum wavelength as dctermincd by Lam- 
bcrt and Beer's law, which is slightly smaller for the A isomer. 

Absorbance 4 1 

h/nm 

t i sure  3 U V  Vis spectra oI'Co"' mimochrome 1 A isonier (-) and A isomcr ( -  - -) 

CD spectra: In order to  investigate the structural differences 
between the two isomcrs, circular dichroism measurements were 
recorded in both the far UV and the Soret region. The CD 
spectra of  the A and A isomers at different TFE Concentrations 
arc reproduced in Figure 4. Plots of [H],,, and [ O ] , , ,  versus T F E  
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conccntration are also reported in Figure 4 e  and 4f  for the A 
and A isomers, respectively. Table 2 contains the typical CD 
parameters for both species. The spectrum of the A isomer in 
aqueous phosphatc exhibits a maximum a t  about 188 nm, to- 
gether with a double minimum at  222 and 202nm (see Fig- 
ure 4a). As the conccntration of TFE increases, the minimum 
absorption peak ( ~ n *  transition) shifts from 202.6 to 
204.2 nm, and thc ellipticity a t  222 nm (n--7[* transition) dc- 
creases. Moreover, thc crossover I., shifts to longer wavelengths, 
and [O]retio ([O],,,/[H],,,) increases from 0.40 to 0.51. As widely 
reported in the literature," all these spectroscopic features are 
charactcristic of a n  x-helical arrangement. However, a more 
pronounced minimum at  lower wavelength ([H],,,, < 1) has been 
proposed" 'I as a typical feature of a 3,,,-hclical distortion. Fur- 
thermore, an isodichroic point a t  199.0 nm was observed upon 
T F E  addition. This suggests that the spectral changes induced 
by T F E  reflect a two-state transition between the random coil 
and the helical conformation.["' 

Figure 4 b reprcsents the TFE CD titration pcrformed on the 
A isomcr. The CD spcctrum of the A isomer in aqueous phos- 
phate reveals the prcsence of a crossover i0 around 190 nm 
instead of a maximum of ellipticity. This is indicative of a ran- 
dom coil conformation for the peptide chains in the A iso- 
mer.[l6I Furthermore, the [0Iratiu of about 0.2 and the position of 
the n- n* transition minimum around 200 nm strongly support 
a disordcred conformation for thc A isomer in aqueous phos- 
phate. When the T F E  concentration is increased, a coil ---t helix 

0 25 50 
Volume % TFE 

Figure4. (a) and (b): Far lJV CD spectra at 
various TFE concentrations of Co"' mi- 
mochrome l A and A isomers. respectively; (c) 
and (d): CD spectra in the Soret region at \ilri- 

ous TFE concentrations of Co"' mimochrome 1 
A and A isomers, respectively. (e) and ( f ) :  plot 
of[O],, ,  (a) and [O],,,,, (m)  vs. TFE concentration 

185 200 220 240 260 360 400 440 470 0 25 50 (v v % )  for Co"' ininiochrome I A and A iso- 
llnm L l n m  Volume % TFE mers. rerpectively. 

Iablc 1 CD Parameters for A and A Co"' mimochrome 1 isomer\ in TFE'phosphaw burl'er ['I]. 

~~~ ~ ~ ~ 

A 0 -9.7 (202.6) 
A 30 - 17.1 (204.0) 
A 0 -8.9 (201.6) 
A 31) -- 14.7 (204 4) 

~~ 

-3.9 0.40 194 S 6.6 
- 8.7 0.51 197.3 25.1 
-1.6 0.17 191.7 - 
- 6.5 0.44 197.7 22.2 

~~ 

4S.Y (417.1) 
57.0 (416.6) 
14.5 (419.2) 
27.1 (417.4) 

la] Paramerers itre derived from theexperimental CD spectra recorded under thc conditions indicated in the experimental section: pH = 7 .  [b] In the U V  region [O] i s  expressed 
a s  nicaii residue ellipticity ( cmZdmol I ) .  calculated by dividing thc total molar ellipticity by the number of amino acids in the molecule; [O]r.*,zO represents the ratio of the 
cllipticit) a t  212 nin to that a t  rhe shorter wavelength minimum. i. reported in nm. [c] [O] in the Soret region is reported as tola1 molar ellipticity i reported in nm. 
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transition occurs. The [O],,,,, significantly increases from 0.1 7 to 
0.45 on addition of 10 YO TFE. This suggests a strong helix-in- 
ducing effect of the solvent on the A isomer. A more pro- 
nounced minimum at lower wavelength ([Q],,ii,< 1) has also 
been observed for the A isomer, and thus a 3,,-helical distortion 
may be present. The lack of an isodichroic point during TFE 
addition could indicate a noncooperative or a multiple-state 
random coil-helix transition." 61 

In the Soret region, the A isomer is characterized by a negative 
Cotton effect at 417.2 nm, with a molar ellipticity of 
-45.9 x lo3 "cm2dmol-' in the absence of TFE. Increasing the 
TFE concentration causes the molar ellipticity to decrease 
to - 5 7 . 0 ~  I O 3 ' c m Z d m o l ~ '  at 30% TFE concentration; at 
higher TFE concentration no further decrease of the molar ellip- 
ticity is observed. In contrast, the A isomer shows a positive 
Cotton effect at 419.2 nm, with a molar ellipticity of 
24.5 x 103.,cm2dmol-' in the absence of TFE. An increase in 
the TFE concentration leads to a slight increase in the molar 
ellipticity to 27.1 x lo3 ' cm2 dmol- ' at 30 % TFE concentra- 
tion, where a small shift to 417 nm of the maximum wavelength 
is also observed. At higher TFE concentrations a small decrease 
of the molar ellipticity is observed. 
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Figure 5 .  Monodimensional 'H NMR spectra (upper part) and 2 D  NOESY spec- 
trum (lower part) of Co"' mimochrome 1 A isomer (a) and A isomer (b) 

'HNMR analysis of the A isomer: The 'H spectrum of the Co"' 
mimochrome 1 A isomer is shown along the top of Figure 5a. 
Thcre is a single set of resonances for the deuteroporphyrin 
protons, and two sets of resonances for the peptidic part, with 
severe overlap for some of the homologous residues belong- 
ing to the two different peptide chains. His', Ah6. and Asn' 
exhibit two clearly distinct groups of resonances. The intensities 
of the deuteroporphyrin proton resonances as compared with 
those of the peptide chains are in the expected 1 :2 ratio. Reso- 
nance assignments were accomplished by 2 D experiments 
(TOCSY,["' NOESY,['*] ROESY,[19] and DQF-COSY["]) by 
means of the sequential technique for both deuteropor- 
phyrin["] and peptide protons.["' Histidine sidcchain protons 
were unequivocally assigned. The 6-CH resonances were easily 
identified on the basis of medium range NOE with thc His5 
/l/Y-CH, protons. In the TOCSY experiment the 6-CH signals at 
6 = - 0.34 and - 0.38 are correlated to c-CH imidazole protons 
at 6 = 0.20 and 0.16, respectively. These last resonances are in 
strong dipolar contact with a resonance at 6 = 9.18, which was 
assigned to the imidazole 6-NH of the two histidines. 

However, it was not possible specifically to attribute the reso- 
nances of the peptide chain linked to the propionyl groups in 
either positions 2 or 18 of the deuteroporphyrin ring. Coupling 
constant values were evaluated from 1 D spectra or from DQF- 
COSY when resonances overlapped. Table 3 reports all the 'H 
chemical shifts and 3JNHacH coupling constant values. The lower 
part of Figure 5a reports the NOESY spectrum with a mixing 
time of 250 ms. 

All deuteroporphyrin proton resonances were unambiguous- 
ly assigned, with the exception of those of the indistinguishable 
propionic groups. The assignment was easily performed follow- 

Tablc 38. Co"' mimochi-oine I A isomer 'H assignmcnts and 'JHNIrH ( H L )  [a] 

'&N,cH H' H" Hp H' Ha othera 

Leu' 3.2 7.49 

A h 2  3.6 8.06 
Gln3 [b] 7.88 

Leu4 5 .6  7.33 

His' 7.2 6 28 

Ahb 3.0 7.20 
3.0 7.17 

Asn' 6.4 7.81 
6.4 1.11 

Lys8 6.0 7.36 

Leu' 7.6 7.55 

3.42 1.40 

3 37 1.10 

1.83 
3.62 0.74 

0.41 
2.65 1.55 

1.45 
3.73 1.21 

4.49 2.71 
4.48 
4.23 1.76 

1.58 

4.39 1.68 

0.80 

3.63 2.01 

1 2 4  0 86 
0 l h  

2 40 
2 18 
1 0 4  0 6 8  

0 50 
-0 14 H" 

- 0.38 H" 

1.21 1.09 
1.35 

1.58 0.96 
0.83 

7.1 1. 6.66 6-CONH, 

0 20 11' 
9 18 0-NH 
0.16 H' 

7 23. 6 42 ;'-CONH, 

3.06 
2.71 
7.13 8-NH 
7.05. 6.33 z-CONH, 

-~~~~~ ~ ~ 

Table 3 b. Deuteroporphyrin 'H assignments. 

2,18 x,x'-CH2 4.87, 4 34 7CH, 3.81 13H 9.36 
2,18 [l,/l'-CH2 3.16 XH 9.35 1SH 10.31 
3 CH, 3.75 10H 10.28 17CH, 3.71 
5H 10.45 12CH, 3.74 20H 10.36 

[d] Bold values correspond to differentiated resonances for hoinologous residues 
belonging to different peptide chains. [b] Not measurable because resonances 
overlap. 
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ing the NOE connectivities around the ring and starting from 
the 5H proton at 5 =10.45; it is the only proton in di- 
polar contact with the two methyl groups (3-CH3 and 7-CH,). 
The undifferentiated propionic x,a'-CH, protons resonate at 
d = 4.87 and 4.34, while the four ,/j-CH, protons are centered a t  
I3 = 3.16. 

Chemical shifts of the peptide residues show a significant 
tipfield shift whcn compared with typical random coil values.[23' 
x-CH and amidic NH proton chemical shift changes are report- 
ed in bar charts in  Figure 6a.  Since this effect is shown by amidic 
NH and c(-CH as well as by sidechain protons. and particularly 
in His', it is reasonable to assume that these deviations are due 
to both the deutcroporphyrin ring current and to thc 
peptide secondary structures.'23* 2 5 - 2 h 1  

a) 

"1 L A Q L H A N K L 
0 0  

E 2 -05  
> 
6 -10 

ii -2 -l5I 0 
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* -15 
a 
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-15 L 

-2 0 -2 0 

Figure 6. Chemical shift index AiS(r-CH) and AO(NH) for Co"' miinochrome I :  
; I )  A isoincr. 2-CH Asn' and N H  Ah" and Asn' show distinct r e s o ~ ~ ~ n c c s  for the 
two peptide chain?. h) A isomer All protons show distinct resonanccs fox the two 
peptide chains. 

Indeed, the pattern of the NOE connectivities strongly sup- 
ports the presence of a quite regular structure of the peptide 
chains. A total of 292 short-range and 48 long-rangc NOE con- 
ncctivities were measured. The relative intensities of the struc- 
turally considerable NOE crosspeaks arc shown in Figure 7. A 
continuous stretch ofd,,,,+ I NOEs stronger than dZ,,, + ,  conncc- 
tivitics were monitored. Furthermore, several long-range con- 
tacts were unambiguously observed throughout the peptide se- 
quence such as relatively strong dnGo,, i, dz,N,+zr  decN, 1 3  and 
weaker dNLN,+2 NOEs. These data point to a right-handed helical 
arrangemcnt of both peptide chains. The 3JNHzcH coupling con- 
stant valucs (see Table 3) arc also in agreement with this helical 
structurc. J values slightly higher than those expccted for a helix 
were observed for His', Am', Lys*, and Leu'. This may corre- 
spond to a higher flexibility or helix distortion at  tlic C-terminal 
end of the peptide chain. 

~- 
dNi Ni+Z - 

f iguie 7 NOb connectivities observed for Co"' mimochrome 1 A isomer Solid 
h m  IndicLte unanbiguou? NOES Bar thickness IS proportionall) related to  the 
NOE intrnsitj 

From a structural point of view. the determination of the His 
sidechain orientation with respect to the pcptide backbone is of 
interest. Several NOE contacts of the histidine protons with 
Leu', A h 2 ,  and Leu4 protons were observed. Some of thesc 
contacts are unambiguous since they are caused by the c-CH 
and 6-CH protons, which give distinct resonances for each his- 
tidine residue. Unexchangeable 6-NH are also clearly visible. 
indicating that these protons are buried in the interior of the 
molccule and/or hydrogen-bonded. This further supports the 
proposition that the cobalt(m) axial ligation occurs through the 
unprotonated imidazole NE atom of the histidines. The c-CH 
and 6-CH imidazole protons experience an extremely large ring- 
current effect from the deuteroporphyrin and appear in the 
high-field region of the spcctrum. An upfield displacement of 
0.04 ppm for one of the two histidines suggests a slightly differ- 
ent position of the imidazole rings with respect to the deutero- 
porphyrin plane. 

Furthermore, 6-CH and E-CH protons in the histidines have 
different connectivities with the deuteroporphyrin protons. One 
histidine exhibits c-CH-5 H, E-CH*~-CH,, 6-CH-12-CH3. 
6-CH-13 H, and 6-CH-IS H dipolar contacts; the other his- 
tidine exhibits only E-CH-15 H and 6-CH-5 H NOEs (see Fig- 
ure 8 a ) .  Both imidazole rings presumably lie in plancs orthogo- 
nal to the dcuteroporphyrin ring, one imidazole plane 
intersecting the ring through the 15 H and 5 H protons. while the 
other imidazole plane intersects it through the 4 and 14 positions 
of the deuteroporphyrin. This is indicative of an approximately 
antiparallel alignment of the imidazole rings; their planes form 
an angle of about 150". Figure 8a also describcs the imidazole 
orientation to the deuteroporphyrin plane, taking into account 
all experimental observations. The angle p is defined as the 
torsion angle C6-Nc-Co-N21. One histidine has a p angle of 
about 45" and the other of about 165'. 

Several NOE contacts between peptide sidechains and 
deuteroporphyrin pi-otons werc measured in the NOESY spcc- 
tra. with a mixing time of 250 ms. Dipolar contacts are shown 
in particular by leucines and lysine sidechains (Figure 9 a). Be- 
cause thc resonancc overlaps between homologous residues be- 
longing to different peptide chains, it was not possible to inter- 
pret unequivocally these peptide-deuteroporphyrin NOE 
effects. Nevertheless, simple stereochemical consideration of the 
right-handed helical structure of the peptide allowed us to iden- 
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Figure X. Schematic presentation of thc NOE connectivities (arrows) between His' 
I:-CH (c) and A-CH (r'j protons and the deuteroporphyrin protons for Co"' mi- 
mochroine l A isomer (a) and A isomer (h). When viewed along the N8-Nc direc- 
tion, the imidazolc rings appear as segments which are depicted as thick continuous 
or daqhcd lines (above or below the deuteroporphyrin ring, respectively). ' h e  p 
angles (Cd-NKo-NZ1) are also shown. 

Figure 9. Schematic presentation of the N O E  connectivities (arrows) between 
Leu', Leu'. Lys'% and Leu9 sidechain protons and the dcuteroporphyrin protons for 
Co"' mimochi-ome I4 isomer (a) and A isomer (bj. Residues belonging to the same 
peptide moiety are either shown inside either a circle or  a square. The coordinated 
iinidazole rings are represented as thick continuous or dashed lines. 

tify all the connectivities between Leu', Leu4, Lys8, Leu" 
sidechains and the dcuteroporphyrin protons with absolute con- 
fidence. Figure 9 a  depicts the final interpretation. The reso- 
nances at 6 = 0.80 and 0.78 attributed to 6-methyl groups of the 
two Leu' residues showed dipolar contacts with 5 H, 7-CH3, 
3-CH3 and 15 H, 17-CH3 protons of the deuteroporphyrin. Be- 
cause of the large distance between these deuteroporphyrin pro- 
tons (5H, 7-CH3, 3-CH3 from 15H, 17-CH3), these NOE ef- 
fects were interpreted in terms of different contacts of the two 
Leu' sidechains belonging to the two different peptide chains. 
Similarly, the Leu4 &protons appear to be connected with the 
20H, 3-CH3, and 17-CH3 groups of the deuteroporphyrin ring. 
Accordingly, these connectivities are attributed to two different 
Leu4 of the two peptide chains. Leu' &methyl protons appear 
to be connected to the 12-CH3, 13H, and 7-CH3 protons. Siiioc 
these substituents are on opposite sides of the macrocycle, the 
Lcu9-deuteroporphyrin interactions are again attributed to 
residues belonging to different peptide chains. Finally, spatial 
interactions between Lys* sidechains and 27-CH3 and 3-CH3 
were observed. 

Figure 10a describes the approximate orientation of Leu', 
Leu4, His', Lys'. and Leu' sidechains facing the deuteropor- 
phyrin plane. These sidechains belong to the two different pcp- 
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a )  b) 
Figure 10. Approximate orientation of the two peptide chains with respect to  the 
deuteroporphyrin plane for Co"' miinochromel 4 isomer (a) and A isomer (bj. 
Deuteroporphyrin or peptide moieties above the plane are pictured ;I$ continuous 
lines. 

tide chains, named as A and B chains. Attribution of these 
residues to chain A or B, as shown in Figure IOa, was accom- 
plished by taking into account all available CD and N M R  infor- 
mation on the overall helical structure of the peptide chains. In 
an almost regular right-handed a-helical conformation. Leu'. 
Leu4, His', Lys', and Leu' would in fact be placcd approxi- 
mately as representcd in Figure 10a. Furtherrnorc, owing to the 
right-handedness of the a-helices, chain A must lie above the 
plane of the deuteroporphyrin as it appears in Figure IOa, and 
consequently chain B is located below this plane. The reverse 
situation could be obtained only by a reflection of the peptidic 
part in the deuteroporphyrin plane. This would give rise to the 
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impossible situation of helices of opposite handedness formed 
by u-amino acids. Finally, it was easy to  identify chain A as the 
one bound to the propionyl group in position 18 and chain B as 
bound to the propionyl group in position 2 on the basis of tlic 
relative proximity of A-chain Lys' and 18-propionyl group, and 
B-chain Lys' and 2-propionyl group. respectively. At this point 
the stereochemistry of the A isomer was fully identified; its 
configuration is depicted in Figure 1 1. 

A A 

t C2 Minorplane c2 t 
l,igure 11. Schcmntic repre~ciitations 01' the A anti A isomer conliguration 

' H  NMR analysis of the A isomer: The 'H monodimensional 
spectrum of the Co"' mimochrome I A isomer is shown in the 
upper part of Figure 5 b. There is a single set of resonances for 
the dcuteroporphyrin protons, and two sets of resonances for 
the peptidic part. The chemical shift differences between ho- 
mologous residues belonging to different peptide chains arc 
more substantial for backbone protons (a-CH and amidic NH) 
and these differences increase in going from the N -  and C-termi- 
nal residues (Leu' and Leu') toward the central residue (His'). 
The resonance differences, ranging from 0.01 to 0.09 ppm, easily 
allowed the sequential assignment for each peptide chain by 2 D  
experiments (TOCSY, DQF-COSY, ROESY, and NOESY). 
Histidine sidechain protons were unequivocally assigned. The 
d-CH resonances were easily identificd on the basis of medium- 
range NOE with the His' DB'-CH, protons. In the TOCSY 
cxperiment the 6-CH signals at 6 = - 0.32 and - 0.36 are corre- 
lated with c-CH imidazole protons at 6 = 0.18 and 0.14, respec- 
tively. These last resonances are in strong dipolar contact with 
the resonances at 6 = 9.02 and 9.06 respectively, which were 
assigned to the imidazole 6-NH of the two histidines. 

However, it was not possible specifically to attribute the reso- 
nances of the peptide chain linked to the propionyl groups in 
either 2- or 18- positions of the deuteroporphyrin ring, because 
the undistinguishable propionic cx,a'-CH, protons resonate a t  
d = 4.30 and 4.90, while the [I,/Y-CH, protons are centered at 
ci = 3.10 and 3.30. The other dcuteroporphyrin proton reso- 
nances were identified by sequential assignment starting from 
the 5 H proton at  6 = 10.48. Coupling constant values were eval- 

356 ___ (',  V< 'W VI.,.lugjirsc,/l,\~llnft twhll. D-hY4Si Wr,,n/witn 

Tahle 4n. Co"' mimochromc I A isomer 'H assignmcnts and 'J,,,m, (112) [a] 

HN H" H'' H' 116 others 

Leu' 3 7.50 3 56 1.44, 0.96 1.36 0.90. 0.82 
3.60 1.46, 1.04 

Ala' 3 7.99 3.40 1.10 
Gin' 5 7 87 3.66 2.01, 1.83 2.39, 2.18 

5 7.85 3.63 
I.eu" 6 7 3 8  3.68 0.95.0.70 1.15 0.74.0.60 

6 7.35 3.69 0.82, 0.65 1.22 0.81, 0.68 
Hi\' 7 6.55 2.75 1.46, 1.28 -0.32 Ha 

7 6.46 2.81 1.49, 1.21 -0.36 H~ 

Ala" 3 7.06 3.60 1.20 
3 6.99 3.63 

Am'  6 7.70 4 4 3  270  
6 7.77 

L.y? [b] 7.42 4.12 1.44 1.64 1 21. 0.96 

7.40 1.27, 1.01 

Leu'' jb] 7.35 4.33 1 61 1.49 0.89, 0.66 
7.36 4.35 1.60 1.45 0.83. 0.63 

7.06.6.35 0-CONH, 

0 18 H' 
9 02 h-NH 
0.14 H' 
9.06 &NH 

7 23, 6.42 ;-CONH, 
7.20. 6.41 ;.-CONH2 
2.80. 2.66 H' 
7.22 r.-NH 
2.82, 2.65 H' 
7.14 c-NH 
7.04, 6.66 K O N H ,  

T,iblc 4 h. 1)eutcroporphyrin 1 H assignments. 

2.1x a.r'-CIiz 4.90, 4.30 7CH, 3.81 13 H 9 35 
2.1 8 /jJ-CH2 3.30, 3.10 8 H  9.35 15H 10.32 
3CH, 3.77 10 H 10.2X 17CH, 3.73 
S H  10.4x 12CH, 3.15 20H 10.34 

[a] Bold values correspond to differentiated rcsonanccs for homologous residues 
bclonging to different peptidc chains. [b] Not measurable because resonances 
ovcrlap. 

uated from I D spectra or DQF-COSY when resonances were 
overlapping. Table 4 reports all the proton chemical shifts and 
3JNHzcEI coupling constant values. The bottom part of Figure 5 b 
shows the NOESY spectrum with a mixing time of 250 ms. 

As for the A isomer, the chemical shifts of the peptide residues 
show a significant upfield shift when compared with typical 
random coil values."31 a-CH and amidic NH proton chemical 
shift changes are reported on bar charts in Figure 6 b. This effect 
is shown by amidic NH and a-CH as well as by sidechain pro- 
tons. and is particularly strong for the central His' residue. 
However, the two peptide chains show slightly different devia- 
tions. This may correspond partly to a different orientation of 
the peptide chains relativc to  the deuteroporphyrin plane and 
partly to a different secondary structure of the peptide 

The pattern of NOE connectivities strongly supports the exis- 
tence of a weborganized structure of the peptide chains. even 
though there is less regularity in comparison with the A isomer. 
A total of 240 short-range and 28 long-range NOE connectivi- 
ties were measured. Both peptide chains show a very similar 
pattern of NOEs and their relative intensities are summarized in 
Figure 12. A continuous stretch of dN,N, + I NOEs was monitored 
along the entire peptide sequence, but ds,N, + and dfl,N, + I connec- 
tivities are abscnt around the His' residues. The C-terminal 
part, howcvcr, displays only a few of the connectivities ex- 
pected for a helical conformation. Thus an a-helical struc- 
ture can be inferred for the N-terminal part, while an irregular 
structure occurs at the C-terminal end. The 3JNHzcEI coupling 
constant values (see Tablc4) are also in agreement with this 
conclusion. 

cha,ns,[23. 25-261  
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Figure 12. NOE connectivities observed for Co"' miinochrome I A isomer. Solid 
bars indicate unamhiguo~is NOEs. Bar thickness is proportional to NOE intensity. 
For each row the upper and lower lines refer t o  the peptide chain linked t o  the 
propionyl group in position 18 and 2, respectively. 

NOE contacts of the histidine protons with Leu' protons were 
observed for both peptide chains, and they proved essential for 
the determination of the His' sidechain orientation with respect 
to the peptide backbonc. Co"' axial ligation occurs through the 
unprotonated imidazole NE atom of the histidines. As is the case 
for the A isomer, the c-CH and 8-CH imidazole protons appear 
in the high-field region of the spectrum because of an extremely 
large ring-current effect of the deuteroporphyrin. The imidazole 
protons belonging to the two different histidine residues d o  not 
exhibit the same chemical shift. A slight upfield displacement of 
0.04 ppm of one of the two histidines is observed. A different 
positioning of the imidazole rings with respect to the deutero- 
porphyrin plane may be responsible for this effect. 

Furthermore, the 6-CH and E-CH protons of the histidines 
have different connectivities with the deuteroporphyrin pro- 
tons. One histidine exhibits c-CH-lOH, E-CH-SH and 6- 
CH-20 H dipolar contacts, the other histidine exhibits only 
E-CH-I 5 H and 8-CH-5 H NOEs (Figure 8 b). One imidazole 
ring presumably lies in a plane which is orthogonal to the 
deuteroporphyrin plane, intersecting it through the 9 and 19 
positions of the deutcroporphyrin. The other imidazole ring is 
located on a plane which is orthogonal to the deuteroporphyrin 
plane and cuts it through the 15H and 5H protons. This is 
indicative of an angle of approximately 105" between the imida- 
zole planes. Figure 8 b describes the imidazole orientation to  the 
deuteroporphyrin plane, taking into account all the experimen- 
tal observations. The p angles are -45" and -60". 

Several NOE contacts between peptide sidechains and 
deuteroporphyrin protons were measured in the NOESY spec- 
tra (mixing time 250 ms) . Dipolar contacts are shown in partic- 
ular by leucine and lysine sidechains. Figure 9 b depicts qualita- 
tively the final interpretation. 

350-362 

Figure 10 b describes the approximate orientation of the 
Leu', Leu4, His', Lys', and Leu' sidechains facing the deutero- 
porphyrin plane. For the A isomer, chain A was identified as the 
one bound to the propionyl group in position 18, and chain B to 
the propionyl group in position 2. Furthermore, owing to the 
right-handedness of the N-terminal x-helices, chain A must lie 
below the plane of the deuteroporphyrin as  it is oriented in 
Figure 9 b, and consequently chain B is located above this plane. 
The complete stereochemistry of the A isomer is reported in 
Figure 11. 

Conformational energy calculations: The very large amount of 
information from CD spcctra, interproton NOE cffects, and 
3J coupling constants allowed us to build two approximate 
models Tor the A and A isomers with great confidence. In partic- 
ular, two regular nonapeptide helices were constructed from 
standard conformational parameters of an x-helix (41 = - 6 3 ' ,  
i = - 42')[231 for the A isomer. The two His' sidechain confor- 
mations were both initially set a t  x1 = - 60 and x 2  = 90'. 
These helices were placed on opposite sides of the deuteropor- 
phyrin plane, with their axes roughly parallcl to it. The relativc 
Orientation of the two helices was chosen to be antiparallel, with 
the Nc atom of the histidine residues pointing toward the center 
of the deuteroporphyrin ring at a distance of about 2 A, and 
with the imidazole ring planes approximately orthogonal to the 
deuteroporphyrin plane. The p angles (CG-NE-Co-N 21) were 
then set to 45" and 165" by rotation of the entire peptide moi- 
eties around the Co-Nc bond. Subsequently, a more accuratc 
positioning of the helices was achieved by means of the plentiful 
information from the NOEs between leucine, histidinc, and 
lysine sidechain protons and deuteroporphyrin protons. Final- 
ly, simple modeling of the lysine sidechain and propionyl con- 
formation was performed to bring these groups to bonding dis- 
tance. In order to account simultaneously for all the NOEs and 
to build a refined molecular structure, molecular dynamics sim- 
ulations with distance restraints were performed. These calcula- 
tions were, however, inaccurate because of the lack of an ade- 
quate force-field description in the software package for thc 
Co"' ion, and therefore all RMD calculations were run without 
thc Co"' ion. The coordination force of the Co"' ion was instead 
mimicked with distance restraints between the imidazole atoms 
and the pyrrole nitrogens. The average backbone molecular 
conformation along the trajectory of the RMD is reported in 
Table 5. The refined molecular model is shown in Figure 13 a. 

The A isomer is characterized by two peptide chains with very 
similar conformation. The 4, angles from Leu' to Lys' are 

Table 5 .  Torsion angles ( ' )  of the average conformation derived from RMD for Co"' mimochrome 1 A and A isomers: (A) is the peptide chain linked to the propionyl group 
at position 18 of the deuteroporphyrin ring; (B) is the peptide chain linked to the propionyl group at position 2 of the deuteroporphyrin ring. 

-45 -61 

- 4 1  -I6X 

Leu1 -11 -21 -66 - 69 -21  -65 -75 -38 -53  - 18 
Ala2 -67 -41 - 61 - 49 - 48 - 31 - 48 - 46 
Gln' -12 - ~ 3 1  -163 - 68 -36 -164 - 54 -45 -156 - 51 
Leu' -51 -41 -173 - 52 -41 -177 - 68 -40 -11 - 51 -43 -61 
His' -93 -24 -61 - 82 -32 -64 - I7  -19 -59 15 -38 -66 
A h h  -62 -31 ~- 61 - 26 - 63 - 41 - 46 - 55 
Asn' -62 -30 -15 - 59 -33 -18 - 62 -38 -168 - 65 

-79 -171 LysB -98 -59 -41  - 90 -40 - 4 1  13 -89 -111 76 
Leu' -88 -79 -69 -110 66 -61 -130 49 -12 - 128 69 -14Y 

-18 -170 
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Figure 13. Front and side stereo views of the average molecular structure 
obtained from RMI) siiniilatioiis for c'o"' mimochromel A isomcr (a) and A 
mxner (b) 

very close to those expected for a right-handed r-helical confor- 
n i a t i ~ n , [ ~ ~ ~  although a small distortion toward a 3,,-helical con- 
formation[27' is observed around the Ala6-Asn7 segment. All 
peptide bonds are trans and all sidechain conformations are 
staggered. An almost regular C;O,-+ HN,,, pattern of in- 
tramolecular hydrogen bonds is observed for both peptidc 
chains (scc Table 6). Weaker interactions were found: a) at the 
N-terminal acetyl protecting group, presumably because of the 
lack of a N-capping motif; b) at  Gln3-C'0 -tAsn7-NH. be- 
cause of ;I hydrogen bond involving the A m 7  sidechain; c) at 
Leu4-C'O + Lys8-NH, because of the constrained conforma- 
tional space around the Lys* residue, which must be adapted to 
achieve the His'-Co axial coordination. Furthermore, the 
H k - C ' O  group is hydrogen-bonded to both the Lys8 and Leu9 
NHs, giving rise to a type 111 8-turn inserted in a type I xRs- 
turn.["I Both His' 6-NH groups are hydrogen-bonded with the 
Leu' C'O groups. Thc molecule contains a pseudo-C, axis 
relating the two peptide chains. It passes through the posi- 

Table 6. lntrachain N - 0  distances (A) ofthe average Ytructure derived from KMD 
for Co"' miinochrome I A and A isomers: (A) peptide chain linked to the propionyl 
group at position 18 of the deuteroporphyrin ring; (8) peptide chain linked tc) the 
propionyl group at position 2 of the deuteroporphyrin ring. 0, refers to the acetyl 
co group. 

Donor Acceptor A A  A B  A B  A A  

4.4 3.8 
4.2 3.8 
3 3  3.4 
2.9 2.9 
2.9 2.9 
3.9 3.5 
3.0 2.9 
4.4 4.5 
4.0 4.0 
3.1 3.1 
3.1 3.3 

3.1 4.4 
4.4 4.6 
3.3 3.5 
3.1 2.8 
2.9 3.0 
4.0 3.4 

3.2 3.6 

3.3 3.3 

tions9 and 19 of the deuteroporphyrin ring. When superim- 
posing the C r  atoms of one chain onto the Ca atoms of the 
other, a root mean square displacement of 0.45 8, was measured 
for these atoms. 

The approximate model for the A isomer was built in a man- 
ner similar to that used for the A isomer, except for the p angles 
(CG-Nc-Co-N21), which were set to -60'' and -45'. Subse- 
quently, a more accurate positioning of the helices was achieved 
from all the information on the NOES between Leu', Leu4, and 
His' sidechain protons and the dcuteroporphyrin protons. The 
helix axes were then found to form an angle of about 105-. 
Finally. Lys8 and Leu9 conformations were substantially modi- 
fied from those of a regular helix both to orient the Leu" 
sidechain protons properly with respect to the deuteroporphyrin 
protons and to bring the Lys8 sidechain and the propionyl 
groups to bonding distance. This modeling brought a reversal of 
the helix handedness a t  the C-terminal end. As with the A iso- 
mer, the Co"' ion was not included in the calculations and the 
coordination force of the Co'" ion was mimicked with distance 
restraints between the imidazole atoms and pyrrole nitrogens. 
This model was subjccted to RMD simulation in vacuo. The 
average backbone molecular conformation along the trajectory 
of the RMD is reported in Table 5 .  The refined molecular model 
is shown in Figure 13b. 

The A isomer is characterized by two peptidc chains with very 
similar conformation. The 4 ,  $ angles are very close to those 
expected for a right-handed a-helical conformation,'231 except 
for the Lys8 and Leu' C-terminal residues. Again. all peptide 
bonds are truns and all sidechain conformations are staggered. 
and an almost regular C:O, - HN,,, pattern of intramolecular 
hydrogen bonds is observed for both peptide chains (see 
Tablc 6) except for the presence at the C-terminal end of a His5- 
C'O+Lys*-NH and the lack of a His ' -C'OtLeu9-NH hy- 
drogen bond. As was the case for the A isomer, weaker interac- 
tions were found at the N-terminal acetyl protecting group and 
at  Cln3-C'0 -Asn'-NH. Both His' 6-NH groups are hydro- 
gen-bonded with the Leu' C'O groups. The molecule contains a 
pseudo-C, axis relating the two peptide chains, which passes 
through positions 10 and 20 of the deuteroporphyrin ring. 
When superimposing the Ca atoms of one chain onto the Cr 
atoms of the other, a root mean square displacement of 0.50 A 
was measured for these atoms. 
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Discussion 

The incorporation of cobalt in the free base niimochrome I 
yields two different species in about equal amounts with the 
expected molecular mass. The identification of these species was 
rather difficult for a number of reasons; for instance, the metal 
ion may present: a) in different oxidation states; b) with differ- 
ent axial ligation; c) with different stereochemistry. The pep- 
tidic part may have undergone: a) racemization during the syn- 
thesis; b) chemical rearrangement of the amino acid side chain, 
such as asparagine=iso-asparagine interconversion; c) pep- 
tide-bond cis-trans isomerism; d) conformational transition. 
The acid-catalyzed interconversion between the two species al- 
lowed us to exclude the possibility of a racemic mixture. This 
preliminary experiment suggested possible involvement of the 
metal-ion coordination in determining the differences between 
these two species. It was reasonable to hypothesize that at very 
low pH the histidine residues might become protonated, favor- 
ing the disruption of the axial coordination. Furthermore, the 
slow kinetics of interconversion between the A and A species 
could also be indicative of a complex molecular process. The 
stability of both species to air oxidation and the UV/visible 
spectra allowed us to ascertain the absence of multiple oxidation 
states of the cobalt ion. The Co" complexes are in fact character- 
ized by a Soret band at  = 390 nm, and they show a typical 
two-banded spectrum in the 0 and ct region, in which the longer 
wavelength band has a higher intensity (p  = 518 nm, 
e =10300M-'cm-'; z = 551 nm, E = ~ I ~ O O M - ' C ~ - ' ) . ' ' ~ J  In 
contrast, octahedral Co"' porphyrins are identified by and a 
bands of approximately equal intensity (p  = 529 nm, 
E =10900M-'cm-'; 0: = 561 nm, E = 1 1 5 0 0 ~ - ' c m - ~ )  and a 
red shift of the Soret band to ~ 4 1 6  nm.['21 The spectral data are 
all in agreement with an octahedral Co"' porphyrin derivative 
for both species. The Soret bands of both the A and A isoniers 
are very sharp; the linewidth is about 15 nm. The differences in 
the extinction coefficients at  the Soret maximum can tentatively 
be attributed to different transition moments in the two isomers, 
which may derive from both the different deuteroporphyrin x 
orbitals overlapping with imidazole i~ orbitals and/or metal d 
orbitals. 

CD measurements in both the far UV and the Soret region 
partly clarified the structural differences of these two species. 
The effect of the helix-inducing solvent TFE on the CD spectra 
of the A and A species was analyzed. The A isomer is character- 
ized by a helixal conformation even at 0% TFE, whereas A is 
more randomly coiled. This is clearly indicated by the position 
and the more intense ellipticity of the maximum at the shorter 
wavelength found in the A isomer. On addition of TFE, both 
isomers reached the maximum 222 nm ellipticity at 50% TFE, 
but the values are -9281 and - 6 0 4 0 ~ - ' c m - '  for A and A 
isomers, respectively. The other important feature derived from 
this titration is the presence in the A isomer of an isodichroic 
point at 199.8 nm. This is consistent with the expccted C, sym- 
metry relating both peptide helical segments. In contrast, the A 
isomer shows independent behavior (coiltthelix transition) of 
the two helices upon TFE addition. CD measurements in the far 
UV revealed that the A and A isomers are characterized by 
different conformations of the peptidic part, but they may both 
contain a slight distortion of the cc-helical conformation toward 

a 3,,-helical structure, since [0IraIio is < 1. However, this low 
value of [HIraci,, may also be interpreted in terms of the interac- 
tions between the heme transitions and those of the peptide 
backbone amide dipoles.['", 291 

More interesting for an understanding of the differences be- 
tween the A and A isomers was the study of the CD effect in the 
Soret region. The A and A isomers display single band effects of 
opposite sign and of different intensities. Theoretical calcula- 
tions indicated that the direction of the polarization of the Soret 
components B, and By in the heme plane could be affected by the 
surrounding environment of the heme, thus resulting in a variety 
of Cotton effects of different shape and complexity.[301 Por- 
phyrin dianions and their metal-ion derivatives possess high 
symmetry elements and are expected to be devoid of optical 
activity. The presence of additional substituents on the por- 
phyrin plane, as in niimochrome I,[1a1 would only partly lower 
the symmetry of the chromophore. The free base mi- 
mochrome I, or Fe"' mimochrome I at pH = 2, in which the 
peptide chains are presumably away from the deuteroporphyrin 
planc, lacks any optical activity in the Soret region. However. 
when the peptide chains fold to allow bis(histidine) axial coordi- 
nation for both the A and A Co"' mimochrome I isomers, and 
when these chains approach the deuteroporphyrin plane at van 
der Waals contact distances, the result is optical activity in the 
Soret region. Again, this can be considered as further evidence 
that differences between the two isomers are related to different 
coordination geometries and interactions of the peptide chains 
with the Co"' deuteroporphyrin. 

Finally, a definitive answer on the structural differences be- 
tween the A and A isomer was derived from 'H NMR analysis. 
First of all, we ascertained the structural integrity of both iso- 
mers and the absence of any cis-trans peptide bond intercon- 
version. The peptide chains of the A isomer adopt an almost 
regular a-helical conformation containing 2.5 turns. A squeezed 
helical winding is observed at the C-terminal end. This partial 
distortion toward a 3 ,,-helical arrangement involves the His5- 
Lys' segment in order to accommodate the iniidazole rings and 
the lysine sidechain; this is in good agreement with the CD data 
in the far UV region, where [O],alio is about 0.5. Thc helices are 
in van der Waals contact through their sidechains with two 
different faces of the deuteroporphyrin ring. These observations 
are in agreement with the chemical shifts, which deviate signifi- 
cantly from random coil values.[231 a-CH chemical shift devia- 
tions exceed 0.4 ppm upfield, at least for the first six residucs 
(see Figure 6a). An upfield shift of 0.4ppm represents the 
higher expected shift for c(-CH protons in a helical arrangc- 
ment.IZ3. 2 5  261 The larger upfield deviations are therefore con- 
sistent with the presence of ring-current effects. Comparison of 
the experimental ring-current shifts with those calculated from 
the models will provide an independent check and/or further 
insight into the hypothetical structures, since the three-dimcn- 
sional model oC Co"' mimochrome 1 A isomer was obtained 
without recourse to ring-current effects. 

The peptide helices of the A isomer are about antiparallel and 
they are related by a pseudo-C, symmetry axis. The lack of a 
true C, axis derives from the asymmetry of the deuteropor- 
phyrin ring; this also results in a slightly different position of the 
peptide chains with respect to the deuteroporphyrin plane. In  
particular, Leu', Leu4, and Leu' of each peptide chain face 
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different atoms in the deuteroporphyrin ring. Bisaxial coordina- 
tion through the Nr: atoms of the central His5 residues was 
observed. Both His5 6-NH groups are hydrogen-bonded with 
the Leu' C'O groups. This sidechain + backbone hydrogen- 
bonding is a common feature of several he mop rote in^,[^ '' and it 
was proposed as an important structural feature in the electron- 
ic propcrties of the metal ion. Thc orientation of both imidazole 
rings was accurately determined on the basis of the NOEs be- 
tween the deuteroporphyrin protons and the imidazole rings. 
The p torsion angles. which indicate the relative orientation of 
the two imidazole rings with respect to the Co-N21 direction, 
are different; they are both positive. The p angle, as defined in 
this paper, is different from the 9, angle previously reported.[321 
In our opinion the definition of the p angle as the torsion angle 
C6-Nc-M-N21 (M is the metal ion) is more accurate, because it 
also contains information about the sign of the angle and is 
particularly uscful for asymmetric ligands. The solution struc- 
tiire derived from the NMR analysis also enabled us to ascertain 
the configuration around the Co"' ion. It is well known that for 
scveral reasons the chelatiiig agents can be schematized and 
thcir actual conformation ignorcd. Figure 11 b depicts this ap- 
proximation, in which the peptide chains have been replaced by 
two segments connecting the Nf: atoms and positions 2 and 18 
of the deuteroporphyrin ring. In this schematic presentation the 
molecule contains a C, axis as unique element of symmetry. 
Therefore, the molecule must bc chiral and the two possible 
forms arc enantiomorphs. The A isomer is defined as that ob- 
taincd when. viewcd along the Nc-M direction, the closer chain 
must be rotated clockwise to overlap the other chain. In fact. 
because of the substituents on the porphyrin ring and the chiral- 
ity of thc peptide chain, the A and A isomers of Co"' mi- 
mochroine I are diastereomcrs. 

The peptide structure of Co'" mimochrome I A isomer is such 
that leucine and lysine sidechains create a partially open hydro- 
phobic cage around the imidazole ring. This local nonpolar 
environmcnt may play an important role in determining the 
electronic properties of the metal ion inserted in the deuteropor- 
phyrin ring.'331 Position 10 of the deuteroporphyrin ring is ex- 
posed to the solvent, while all the other meso positions are 
covered by the polypcptide chains. This particular orientation 
of the sidcchains with respect to the deuteroporphyrin plane 
may have an important effect in protecting the deuteropor- 
phyrin ring from degradation during catalytic cycles, when a 
catalytically active metal is contained in the deuteroporphyrin 
ring, and when this metal does not disrupt the three-dimensional 
structure of thc peptide chains. This protective effect is in fact 
achieved by the polypeptide matrix in hemoproteins. This may 
imply that meso-unsubstituted porphyrins, when embedded in a 
wcll-defined peptide environment, may function efficiently as 
catalysts. In addition, alanines, glutamines, and asparagines 
point outward from the molccular core, and may provide sites 
whcre amino-acid substitution (with diffcrently charged 
residues) would alter the electric field around the metal center 
and thcrefore modulate the electronic, catalytic, and binding 
properties of the inetaLL31 

The peptide chains of the A isomer adopt a less regular con- 
formation. Only two complete r-helical turns are present. The 
Hiss-Lys8 segment is partially distorted toward a 3 ,,-helical 
arrangement to better accommodate the imidazole rings and the 
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lysine sidechain. This is in good agreement with the CD data in 
the far UV region, where [O],,,i, is about 0.4. The peptide 
sidechains are in van der Waals contact with two different faces 
of the deuteroporphyrin. The peptide helices are related by a 
pseudo-C, symmetry axis. Leu', Leu4, and Leu' of one peptide 
chain face different atoms of the deuteroporphyrin ring when 
compared with the same residucs of the othcr chain. Bisaxial 
coordination through the NE atoms of the central His' residues 
was determined. Both imidazole rings were positioned precisely 
according to the NOEs between the deuteroporphyrin protons 
and those of the iinidazole rings. As was the case for the A 
isorncr, the p angles relative to the imidazole rings of the two 
peptide chains exhibit different values, but unlike those in the A 
isomer, they are both negative. The solution structure derived 
from the N M R  analysis and RMD calculations in vacuo also 
enabled us to ascertain the configuration around the Co"' ion. 
Figure 11 b schematically depicts the configuration around the 
metal. The'helical structure of the peptide chains in the A isomer 
is such that Leu', Leu4, His' , and Lys' sidechains arc facing the 
deuteroporphyrin plane, while the Leu9 sidechain faces one side 
of the deuteroporphyrin plane. Leucines and lysine sidechains 
creatc a partially open hydrophobic cage around the imidazole 
ring. Position 20 of the deuteroporphyrin ring is exposed to the 
solvent. Alanines, glutamines and asparagines are instead point- 
ing outward from the molecular core. 

Conclusions 

The present paper reports the synthesis and purification of two 
stable diastereomeric forms (A and A) of Co"' mimochrome I. 
The solution three-dimensional structure of Co"' mimochrome I 
A and A isomers is the first example, to the best of our knowl- 
edge, of a well-characterized peptide-based hemoprotein model: 
the structure of the A isomer confirms the design hypothesis. 
The structures of Co'" mimochrome I A and A isomers will 
allow a quantitative interpretation of: a) the ring-current effect 
on the proton chemical shifts; b) the differences in the absorp- 
tion coefficients in the UV/visible transitions; c) the origin of 
the Soret-region induced Cotton effect. Furthermore, these 
structures can serve as template structures for the design of 
novel molccules with predetermined electronic and binding 
properties. 

Experimental Procedure 

Mimochrome 1: The free base deuteroporphyrin-bis(nonapeptide) adduct 
mimochrome I (3,7,12.17-tetramethylporphyrin-2,1X-d1-N,~-(Ac-Leu' - 

AlaZ -Gin'- Leu4-His5 - Ala' -Asn'-Lysx - Leu"NH,)propionamide was 
obtained a s  described in the previous paper.""' 

Cobalt insertion: Thc cobalt was inserted into miinochroine I according to the 
literature procedure.'"' Cobalt(n) acetate (0.015 g. 5.8 x mol) h a s  
added lo a solution ofpure inimochrome I(0.030 g. 1.17 x 10 ~' mol) in acetic 
acid;TFb 6:4 (v/'v, 60 mL).  The reaction mixture was kept under reflux for 
2 h at 50°C. The reaction was monitored by analytical HPLC (see below). 
The HPLC analysis of the reaction mixture revealed the presence of LWO 

major peaks (R, = 14.92 and 15.31 min. respectively) in nearly equal amounts 
(Figure 2) .  The retention time of the starting material mimochrome I is 
16.8 min under the same experimental conditions. Air was bubbled throush 
the reaction mixture in ordcr to investigate whether the two peaks resulted 
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from incomplete Co" + Co"' oxidation. The solvent was then removed under 
vacuum, and the two peaks, named a posteriori A (R, = 14.92 min) and A 
(R ,  = 15.33 min). were finally separated by preparative HPLC. 0.0058 g of 
pure A and 0.0060 g of pure A were obvained as TFA salts. Analytical HPLC 
confirmed the purity of both products. FAB mass spectrometry ofboth A and 
A species gave molecular ion peaks [A4 ' ] of M ,  = 2625, corresponding to that 
expected for Co"' miinocbrome I .  

HPLC procedure: Analytical revei-se-phase high-performance liquid chro- 
matography was performed on a Varian 3000 LC Star System, equipped with 
a 9065 Polychrom and a 9095 Autosampler. A Vydac C18 column 
(4.6 x 350 mm; 5 pm), eluted with a H,O/0.1 % trifluoroacctic acid (TFA) (A) 
and CH,CN:O.I Yo TFA (B) lincar gradient from 20 to X0% B over 25 min, 
a t  1 mLmin- '  flow m e .  was used in all the analyses. A Water Delta Prep 
3000 HPLC. equipped with an UV Lambda-Max Mod 481 detector, was used 
for product purification. A linear gradient from 20 to 80% of B over 40 min 
atflowrateof114mLmin~Lo~iaVydacC18column(50x250mm; 10pm) 
was employed in all purifications. 3.0 x 1 0 - 4 ~  solutions were prepared by 
dissolving the corresponding complex (0.4 nig, 1.5 x lo-'  mol) in T F E  
(0.5 mL). The solutions were kept a t  room temperature and subsequent 
HPLC injection (20 pL volume) for both species was performed at different 
intervals after dissolution (t  = 0.4,  18,453 h). Likewise, 3.0 x 1 0 - 4 ~  solutions 
in TFEIacetic acid 1 :1 (acid concentration 8 . 7 ~ )  were prepared for both A 
and A species, in order to evaluate their relative stability in acid conditions. 
Subsequent injections (20 pL) were performed at  different timcs ( t  = 0, 4, 18, 
48, and 96 h). The amount of the two species was calculated by measuring the 
HPLC peak areas. 

Sample preparation for spectroscopic characterization: Col" mimochrome 1 
stock solutions (2.0 x 10- 'M) in TFE were prepared for both A and A species. 
These solutions were then diluted to about 1.0 x 1 0 - ' ~  with differcnt 
amounts of aqueous phosphate (pH 7.0 and 1.0) and TFE. The TFElaqueous 
phosphate ratio was varied from 10% to 50% (viv); the final phosphate 
concentrat ionwas3.0~ 1 0 - 4 ~ . A  l . 0 x 1 0 ~ 5 ~ s o l i i t i o n i n 3 . 0 x 1 0 ~ 4 u p h o s -  
phate (pH 7.0) was also prepared. Final concentrations were determined 
spectrophotoinetrically at the Soret maximum wavelength with extinction 
coefficients calculated from Lambert and Beer's law. 

UV/Visihle spectroscopy: UV/Vis spectra were recorded on a Perkiii Elmer 
Lambda 7 U V  Spectrophotometcr with 1 cm path length cells. Wavclength 
scans were performed at  25 'C from 200 to  700 nm, wlth a 60 nmmin- scan 
speed. Sample concentrations in the range 1.0 x 1 K 6 -  1.0 x 10 ' Mwcre used 
for the determination of thc extinction coefficient at the Soret maximum 
wavclength. 

Circular dichroism measurements: C D  measurements were obtained at 25 'C 
by means of n Jasco J-700 dichrograph calibrated with an aqueous solution 
of recrystallized D( +)-10-camphorsulfonic acid at  290 nm.1343 Data were col- 
lected at 0.2 nm intervals, with a 5 nmmin scan speed, a 1 nm bandwidth. 
and ii 16 s response, from 260 to  185 nm in the far UV region and from 450 
to 260 nm in the Soret region; cuvette path lengths of 1 cm were used for both 
spectral regions. C D  spectra were corrected by subtraction of the background 
solvent spectrum obtained under identical experimental conditions and were 
smoothed for clarity or display. The experiments were carried out on the same 
solutions used for the UV/vis measurcmenis. CD intensities in the far UV 
region are expressed as mean residue ellipticities ( I  mi2 dmol ~ I ) ,  calculated 
by dividing the total molar ellipticities by the number of amino acids in the 
molecule; intensities in the Soret region are reported a s  total molar elliptic- 
ities. 

'HNMR spectroscopy: ' H N M R  I D and 2D spectra were acquired on a 
Varian Unity 400 spectrometer operating at 400 MHz and equipped with a 
Sparc station SUN 330. Co"' mimochronie I was used as a 1.0 x IOF'M 
solution in H,O,'CF,CD,OD 30:70 ( v p )  (pH = 4.5). Conventional pulse 
sequences were used for TOCSY, NOESY, ROESY, and DQF-COSY. All 2 D  
spectra wcre recorded in pure absorption mode with the States Habcrkorn 
method and were usually acquired with a spcctral width of 5.4 kHz, 256 f ,  

points. 4 K data points in I,. and 32 tr:insicnts for each I ,  increment. Prior 
to 2 D  Fourier transformation, the data were usually multiplied by shirted 
sine bells ~n both t, and I ,  and zero-tilled to 4 K or 8 K x 1 K data points. The 
watcr resonance was generally suppressed by continuous low-power irradia- 
tion at all times except during f 2 .  For TOCSY experiments a typical value of 

70 ms was used as mixing time. NOESY spectra were recorded with mixing 
tnnc values ranging from 120 to 400 ms. Semiquantitative informat~on on 
interproton distances for the structure determination was obtained by analyz- 
ing the 250 ms NOESY spectra that did not exhibit any spin diffusion ef- 
fects.'"' Crosspeak volumes were integrated on both sides of the diagonal 
and averaged. These volumes were converted into distance restraints by 
means of the crosspeak volume between the 8- and [T-CH, protons of Gln' 
(1.75 Aj .  DQF-COSY spectra were collected over 6500 complex points with 
112 transients for each of the 512 f ,  increments. The spcctrnl width was 
reduced to 3.8 kHz in f ,  and I ?  dimensions. The data matrix was zero-filled 
to yield a final digital resolution of 0.5 Hz and 3.7 Hz i n  the I ,  and t2 
dimcnsions, respectively. All reported proton chemical shifts are relative to 
the sodium salt of [D4]3-(trimethylsilyl)propionlc-2,2,3,3 acid (TSP) at  298 K .  

Conformational energy calculations: Restrained Molccular Dynamic simula- 
tions (RMD) were performed on a Personal Iris 4 D 3 5  GT Turbo Silicon 
Graphics workstation with the DISCOVER program v 2.9. Consistent Vu- 
lence Force Field (CVFFj,"h-3Y1 and a time step of 0.5 fs. All simulations 
were carried out in vacuo a t  300 K and the computational conditions were 
chosen to avoid boundary condition effects.r39] The equations of motion were 
solved with the leapfrog a l g ~ r i t h m . ' ~ " ~  The startiiig models were hand-built 
from standard parameters for amino acid residues supplied with the IN- 
SIGHT software and structural parameters from NMR measurc- 
ments (e.g., interproton distances from NOE values and .i./xH,cil coupling 
con5tants). The distance restraints in the R M D  calculations were classified 
according to the relative intensity of the NOES into three classes: 1.8-2.6 
(strong), 2.5-3.3 (medium), and 3.2 4.1 8, (weak). R M D s  were run on the 
free mimochrornc I base because of the lack of an implemented force field for 
the Co"' ion in the Discover package. The coordination force ot' the Co"' ion 
was approximately simulated as follows: a)  the deuteroporphyrin ring was 
forced to be flat; b j  distance restraints were introduced between the imida- 
zole atoms and pyrrole nitrogen by thc use of a force constant a s  strong iis 

that used for the interproton distances accounting for the NOE effects. The 
distances were allowed to deviate in a range of i 0 . 2  A. Refcrcnce distances 
were selected from the X-ray structure of other Co"' porphyrni complexes.'"' 
The iniidarole rings were forced to lie with their planes orthogonal to thc 
deuteroporphyrin plane. The orientation of the imidamle ring relative to the 
deuteroporphyrin plane and to the meso positions was  deduced from the 
NOE contacts with the deuteroporphyrin protons. All simulations were car- 
ried out for 50 ps in the equilibration phase. and for 250 ps without velocity 
rescaling since the temperature remained constant a t  around 300 K. 
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