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Small-molecule analogs of the active sites of heme proteins
are under investigation in many laboratories.1-3 Covalent
attachment of ligands to the porphyrins is often desirable as it
reduces complications due to axial ligand dissociation and
scrambling in cases involving mixed axial ligation.4-9 The
preparation of ligand-linked (tailed) porphyrin systems, however,
often involves complex multistep syntheses. We have found
that trypsin-catalyzed reverse proteolysis10,11provides a simple
preparative route to a novel class of water-soluble tailed
porphyrins based on the well-characterized microperoxidase
(MP) framework.12-23 Using reverse proteolysis reactions, we
have obtained mutant microperoxidase decapeptides (MP10s)
with C-terminal histidine (H23MP10), tyrosine (Y23MP10), and
methionine (M23MP10) residues. In addition, we have inves-
tigated the electronic absorption and resonance Raman spectra
of these MP10 mutants.
Microperoxidase-9 (MP9), which is a product of trypsin-

catalyzed hydrolysis of horse-heart cytochromec (h-cyt c),
contains residues 14-22 (CAQCHTVEK) covalently attached
to the heme by cysteine thioether bonds at positions 14 and
17.12 The native His18 imidazole axial ligand remains intact
in the microperoxidase framework, while the sixth position is

occupied by an exogenous ligand.21,23 Since MP9 is a product
of tryptic hydrolysis, we reasoned that it should also readily
participate as a substrate in the reverse reaction, trypsin-
catalyzed peptide bond formation. Further, the high selectivity
of trypsin-catalyzed reactions should minimize side products
and circumvent the use of protecting groups. The use of mixed
aqueous-organic solvent systems and addition of high concen-
trations of amino acid nucleophiles shift the peptide bond
formation/hydrolysis equilibrium in favor of the peptide syn-
thesis reaction; in fact, we have found that trypsin is effective
in promoting peptide bond formation with MP9 as a substrate
in 50% aqueous dimethylformamide (DMF) solutions.24 The
product decapeptides were readily separated from the MP9
starting material by reverse-phase FPLC with acetonitrile-water
gradients. Due to the high selectivity inherent in trypsin
catalysis, only one heme-containing product was observed when
enantiomerically pure amino acid amides were employed as
nucleophiles. FPLC fractions were assayed by laser desorption
mass spectrometery, and fractions containing the desired product
were pooled. Reaction yields based on the fraction of MP9
consumed were typically 30-50%.
The electronic absorption spectrum of Fe(III) H23MP10

changes dramatically with pH (Figure 1). The green low-pH
form has an intense Soret band (λmax 394 nm) that red shifts to
406 nm and loses intensity upon titration with base, giving the
high-pH form a deep red color. In the visible region, the low-
pH form has broad, relatively weak Q-bands that gain intensity
and coalesce as the pH rises. A tight isosbestic point is present
at 494 nm, indicating clean conversion (pK 4.4) between the
two forms. The spectra indicate that the imidazole of His23
binds axially to Fe(III) at high pH, producing a low-spin heme.25

The His23 imidazole is protonated at low pH, yielding a high-
spin His-aquo heme.26 A Beer’s law plot at pH 7 is linear in
the micromolar concentration range (data not shown), suggesting
that the imidazole coordination is largely intramolecular in
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Figure 1. Dependence of the H23MP10 absorption spectrum on pH.
The inital pH 1.7 solution was titrated with concentrated NaOH. Spectra
were measured with an HP-8452A diode array spectrophotometer.
Inset: Titration curve plotting absorbance at 396 nm as a function of
pH.
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nature. Fe(III) Y23MP10 also undergoes a pH-dependent spin-
state change, and its absorption spectrum is characteristic of a
low-spin form at pH 9. Fe(III) M23MP10, however, does not
exhibit any spin-state changes other than those present in the
MP9 precursor, indicating that the thioether side chain of Met23
does not coordinate to the ferric heme center. Interestingly,
the thioether of M23MP10 apparently has little affinity for Fe-
(II); the UV-vis absorption spectrum of Fe(II) M23MP10 is
virtually identical with that of reduced MP9.
The resonance Raman spectra of the Fe(III) forms of

H23MP10 and Y23MP10 have well-resolved porphyrin marker

band regions (Figure 2). The high-frequency bands of H23MP10
(pH 7) (ν4 ) 1368 cm-1, ν2 ) 1584 cm-1, ν10 ) 1633 cm-1)
and Y23MP10 (pH 9) (ν4 ) 1368 cm-1, ν3 ) 1501 cm-1, ν2 )
1581 cm-1, ν10 ) 1634 cm-1) resemble those of pure low-spin
hemes.15,27,28 In contrast, the corresponding region of the
resonance Raman spectrum of MP8 (pH 7) features broadened
marker bands attributable to a heterogeneous mixture of heme
chromophores with high- and low-spin states.16,17 As the pH
is lowered to 2, the marker bands of Fe(III) H23MP10 undergo
shifts to positions (ν4 ) 1366 cm-1, ν3 ) 1482 cm-1, ν2 )
1567 cm-1, ν10 ) 1615 cm-1) corresponding to a pure high-
spin ferric center. Indeed, the spectrum closely resembles that
of the His-aquo form of MP8 at pH 2 (ν4 ) 1367 cm-1, ν3
)1484 cm-1, ν2 ) 1567 cm-1, ν10 ) 1617 cm-1).16,17

Addition of excess dithionite to argon-purged samples of
Fe(III) H23 and Y23MP10 in pH 7 phosphate results in bright
pink solutions of the corresponding Fe(II) forms. Resonance
Raman spectra of Fe(II) H23 and Y23MP10 exhibit shifts in
porphyrin marker frequencies consistent with the formation of
low-spin ferrous heme centers.14,15,27 The intenseν4 oxidation
state marker band shifts approximately 20 cm-1 to lower
frequency upon reduction of both Y23 and H23MP10, appearing
at 1351 cm-1, with no detectable signal from unreacted Fe(III)
species at 1368 cm-1. The position of the spin-sensitive marker
ν2 at 1586 cm-1 in H23 and Y23MP10 suggests a six-coordinate
Fe(II) in both cases.14,15 The spectrum of Fe(II) Y23MP10
exhibits several moderately intense features in the low-frequency
region that do not have counterparts in the spectrum of Fe(II)
H23MP10; these features could indicate that there is a somewhat
greater distortion of the porphyrin in Y23MP10.29

The ability of trypsin to accept a wide variety of incoming
nucleophiles should facilitate the synthesis of a wide variety of
novel heme peptides. In the X23MP10 series (X) H, Y, M),
the ligand-binding behavior provides a benchmark for evaluation
of the effects of folding on axial-ligand interactions in heme
proteins; the histidine imidazole binds both Fe(III) and Fe(II)
over a wide range of pH, tyrosine binding is seen only at high
pH, and the thioether of methionine has very little affinity for
Fe(III). In accord with observation,30 our results suggest that
histidine ligation will be favored in misfolded forms of cytc.
Although a tyrosine hydroxyl may be able to coordinate at high
pH, it is unlikely that a methionine thioether will bind to Fe-
(III) in any unfolded state of the protein.
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Figure 2. Resonance Raman spectra: (A) Fe(III) Y23MP10, pH 9
0.1 M bicarbonate buffer; (B) Fe(II) Y23MP10, pH 7; (C) Fe(II)
H23MP10, pH 7; (D) Fe(III) H23MP10, pH 2; (E) Fe(III) H23MP10,
pH 7; (F) Fe(III) MP8, pH 7; (G) Fe(III) MP8, pH 2. Dotted lines
between spectra illustrate shifts in marker bands between related forms
of MP10. pH 7 solutions were buffered with 0.1 M potassium
phosphate. pH 2 solutions were 0.01 M H2SO4. Excitation at 406 nm
was provided by an Lambda-Physik FL3002 dye laser with use of
PBBO dye pumped by an LPX 210i excimer laser operating at 10-50
Hz, approximately 1 mJ per pulse at 406 nm at the sample. The probe
light was filtered by using a diffraction grating followed by tight
focusing and passage through a 20-µm aperture to reject off-axis light.
Raman light was collected with use of a right-angle collection geometry.
Scattered light was focused on the aperture of a SPEX 750 M
monochromator equipped with a cooled CCD array detector. Typical
acquisition times were 1-5 min, with sample concentrations between
50 and 100µM. All spectra were collected at ambient temperature.
Cosmic ray artifacts have been removed from the spectra.
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