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The substitution of 1-methyl-L-histidine for the histidine heme ligands
in a de novo designed four-a-helix bundle scaffold results in
conversion of a six-coordinate cytochrome maquette into a self-
assembled five-coordinate mono-(1-methyl-histidine)-ligated heme
as an initial maquette for the dioxygen carrier protein myoglobin.
UV-vis, magnetic circular dichroism, and resonance Raman
spectroscopies demonstrate the presence of five-coordinate mono-
(1-methyl-histidine) ligated ferrous heme spectroscopically similar
to deoxymyoglobin. Thermodynamic analysis of the ferric and
ferrous heme dissociation constants indicates greater destabilization
of the ferric state than the ferrous state. The ferrous heme protein
reacts with carbon monoxide to form a (1-methyl-histidine)—Fe-
(IN(heme)—CO complex; however, reaction with dioxygen leads
to autoxidation and ferric heme dissociation. These results indicate
that negative protein design can be used to generate a five-
coordinate heme within a maquette scaffold.
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variety of synthetic metalloproteins as models for natural
proteins involved in biological electron transfer and cataly-
sis3

Since natural heme proteins often bind the heme moiety
via histidine N coordination withina-helical domains, the
majority of de novo heme proteins have been designed to
utilize a bis-histidine axial coordination motif withi-heli-
cal protein scaffold4.One class of these designed heme
proteins, the heme protein maquettesave shown their
utility in revealing critical aspects of heme protein electro-
chemical function relevant to natural bis-His coordinated
cytochromes$. We have initiated a program to expand the
repertoire of amino acid ligands available for heme protein
design using a maquette scafféldOur approach is to
delineate the thermodynamic and spectroscopic consequences
of ligand alterations in this self-assembly system in an effort
to use rational design to generate heme proteins with altered
coordination spheres and chemistries.

Herein, we design a water soluble and stable fatrelix

As observed for many biological cofactors, hemes serve bundle protein containing a five-coordinate ferrous heme to
a variety of roles in biological systemisThe chemical demonstrate that non-natural amino acids can be used to
properties and hence the biological functions of the heme design myoglobin mimetics. The protein scaffold was
are modulated by both the primary coordination sphere of designed to utilize 1-methyl-histidine to coordinate the

the iron as well as the surrounding protein matrix. Metal-

loprotein design efforts seek to harness the innate reactivity
of metal cofactors by the fabrication of protein environments

containing suitable metal ion coordination sphéré&on-

structive heme protein design approaches have afforded a
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heme iron. Methylation of the Nof histidine obviates this
common binding motif and necessitates binding via the N
of histidine, a binding mode previously used to design a bis-
His ligated heme proteift This coordination mode is
observed in only one natural heme protein, His-102 of the
bis-His coordinated cytochronugs,.® The designed primary
structure of each peptide ligand heldAT-H1mgl14l21]2
(NH,—CGGGEIWKL H1m EEFIKLFEERIKKL-CONH,
where H1m is 1-methyl-histidine), is related to that of the
[A7-Hiol14l21]2 bis-histidine ligated cytochrome maquette by
a single amino acid modification per helix at position 10
(His — H1m).’2The peptide ligand was prepared using solid-
phase peptide synthesis and purified to homogeneity by RP-
HPLC as described for the histidine analodti agueous
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solution, the peptide assembles as a noncovalent dimer offigure 1. (A) Comparison of the optical spectra of ferrous monoheme-

disulfide bridged die-helical peptides. The data show that
[A7-H1myol14l21)2 binds a single Fe(ll)(protoporphyrin IX)
cofactor to generate a five-coordinate ferrous heme protein.

The detailed spectroscopic analysis presented here suggests
that this self-assembled heme protein is a spectroscopic

model for the deoxy state of the dioxygen transporter
myoglobin.

The introduction of 1-methyl-histidine into the heme
protein maquette scaffold has minimal effects on the protein
secondary structure and global folding stability. The far-Uv
circular dichroism spectrum of apaf-H1lmgli4l21]2 has
minima at 208 and 222 nm with a maximum at 192 nm
illustrative of the designed helical secondary structure. The
calculated helical content, 68% helix based®n,, is similar
to the 67% observed for the histidine analogu€urther-
more, sedimentation equilibrium analytical ultracentrifugation
shows the protein folds into the designed dimeric oligomer-
ization state. Isothermal chemical denaturation studies using

[A7-H1myol14l21]2 (blue) and myoglobin (red), offset for clarity. Both
experiments were performed at 4,881 protein concentration in 20 mM
potassium phosphate, 100 mM KCI, pH 8.0.
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guanldlne hydrOChlonde asa chaotroplc agent derTlonStrateFigure 2. Comparison of the magnetic circular dichroism spectra of ferrous

[A7-H1myol14l 1], is stable in the apo-form; AGH° = 11.0
kcal/mol at 298 K ([GdrHCI]1/2 value of 1.8 M;mvalue of
1.8). Thus, the protein exists as a stable fatelix bundle,
as designed.

Fe(ll)(protoporphyrin 1X), ferrous heme, was incorporated
into the [A7-H1mygl14l21]2 peptide ligand under anaerobic
conditions using standard literature procedures and followed
by UV—vis spectroscopy Addition of ferrous heme to
protein solutions results in a shift in the optical spectrum of
the heme to 431 nme(of 97 mM™ cm™%, Soret band) and
554 nm € of 12 mM~t cm™, a/f3 bands) indicative of heme
iron coordination. As shown in Figure 1, these values are
similar to those observed for deoxymyoglob{max of 430
nm, ¢ of 125 mM* cm™?) and distinct from those observed
for the bis-histidine coordinated cytochrotge(Amax of 426
nm, € of 162 mM* cm™* with well resolvedo/f3 bands):°
Isothermal titration of heme into protein, at 28 four-o.-
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monohemeA7-H1lmgl14l21]2 (blue) and ferrous myoglobin (red). The
experiments were performed with 144 protein in 20 mM potassium
phosphate, 100 mM KCI, pH 8.0 buffer.

helix bundle concentration, evinces formation of a 1:1
heme/four helix bundle complex, ferrous-monohem&-|
H1lmol14l21]2. The Ky, value measured from a fit to the
titration data is 5uM, a value only 125-fold (2.8 kcal/mol)
weaker than that measure for the analogous bis-His madtiette.

Attempts to bind Fe(lll)protoporphyrin IX failed to show
any UV—vis evidence of H1m coordination of the heme iron.
The data suggest a lower limit for the ferric heg value
to be weaker than 100M. This estimatedKy; value is at
least 700 000-foldX 8.0 kcal/mol) weaker than the corre-
sponding bis-His site inf7-Hyol14121]2."2 The data show that
conversion of the bis-His site into a mono-H1m site
destabilizes the ferric state to a greater extent than the ferrous
state.

Further evidence for mono-(1-methyl-histidine) coordina-
tion was obtained using magnetic circular dichroism (MCD)
and resonance Raman (rR) spectroscopies. The MCD spec-
troscopy of hemes is highly sensitive to the nature of the
axial ligandst! The MCD spectrum of ferrous-monoheme-
[A7-H1myol14l21]2, shown in Figure 2 (blue trace), demon-
strates that the bound ferrous heme is five-coordinate and
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Figure 3. Resonance Raman characterization of AMiferrous mono-
heme-A7-H1lmygl14l21]2 (441.6 nm excitation). The experiment was per-
formed in 20 mM potassium phosphate, 100 mM KCI, pH 8.0 buffer.

high-spin. In addition, the spectral similarity to deoxymyo-
globin? (shown in red) is indicative of coordination by a
single imidazole ligand inA7-H1mygl 14l 21] 2.

Since iron porphyrin vibrations are coupled to metal ion

oxidation and spin states, resonance Raman is also a sensitiv!

probe of the coordination environment of the iron in the heme
chromophoré? Figure 3 shows that the porphyrin marker
bands of the ferrous heme bound 267/FH1mygl14l21]2 appear

at 1555 cmit (v,), 1469 cntt (v3), and 1356 cmt (v4) which

are values characteristic of a five-coordinate high-spin ferrous
heme!* This spectrum compares favorably with that observed
for deoxymyoglobin, 1557 cni (v2), 1472 cm? (v3), and
1355 cmt (v4).15 Hence, UV-vis, MCD, and resonance
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Figure 4. UV—vis comparison of ferrous carbonmonoxy complexes of
monoheme-A7-H1lmygl14l21]2 (blue) and myoglobin (red), offset for clarity.
Each experiment was performed at 489 protein concentration in 20
mM potassium phosphate, 100 mM KCI, pH 8.0.

to form a stable dioxygen adduct have proven unsuccessful.
Rilution of ferrous hemeA7-H1ml 14l21]2 into oxygenated
buffers leads to optical spectra consistent with autoxidation
and heme dissociation.

We have demonstrated the generation of a well-defined
five-coordinate heme protein without covalent attachment
of the heme to the peptide. By preventing the favored
coordination mode of histidine by methylation, i.e., negative
designt®we have utilized the histidine‘™No generate a five-
coordinate high-spin ferrous heme protein similar to deoxy-

Raman spectroscopies show that the predominant species ifnyoglobin. The loss of one axial ligand destabilizes the ferric

ferrous monohemeA[7-H1mol14l21]2 is five-coordinate.
Having generated a vacant coordination site on the iron,
the reactivity of the ferrous heme toward two diatomic
ligands known to coordinate to myoglobin, carbon monoxide
and dioxygen, was investigatétlExposure of the ferrous
heme-A7-H1mygl14121]2 to 1 atm of carbon monoxide results
in a shift of the optical spectrum to that characteristic of a
hexacoordinate hemeCO complex as shown in Figure®4.
The UV—vis spectrum of the carbonmonoxide complex, 419
nm (e of 164 mM™* cm™%, Soret band), 536 nme (of 14
mM~* cm™1) and 565 nm{ of 15 mM~* cm™?), is similar
to those observed for carbonmonoxy-myoglobin and previ-
ously designed ferrous-CO heme protein compléxefforts
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state to a greater extent than the ferrous state. Future studies
are directed at exploring the reactivity of this complex as
well as improving the stability of the ferric state and,
therefore, the dioxygen adduct.

Acknowledgment. This work is supported by the Na-
tional Science Foundation (CHE-02-12884 to B.R.G.), the
American Heart Association (0455900T to B.R.G.), and the
National Institutes of Health (GM 26730 to J.H.D.). J.H.A.
is a National Institutes of Health trainee (T32 GM08281).
The analytical ultracentrifuge was purchased via an NIH
Shared Instrumentation Grant (S10 RR 12848). The reso-
nance Raman instrumentation was funded by the University
of Cincinnati.

Supporting Information Available: HPLC purification, mass
spectrometry, CD spectrum, analytical ultracentrifugation solution
molecular weight determination, UWis K4 measurement, experi-
mental details of the rR and MCD measurements Af7-]
H1myol14121]2, and UV~vis data on the reaction with dioxygen. This
material is available free of charge via the Internet at http://
pubs.acs.org.

IC048502R

(16) Hecht, M. H.; Richardson, J. S.; Richardson, D. C.; Ogden, R. C.
Sciencel99Q 249 884—891.



