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with the phenyl spacer in these molecules does not lead to
anomalously strong D—A coupling. However, a detailed evaluation
of donor-spacer—acceptor coupling must await more detailed
studies. We note that analogous studies by Beyerle!? of phenyl
linked D-A compounds suggest coupling occurs primarily through
the o framework. However, the compounds studied by Beyerle
are significantly more flexible than those presented here.

Finally, we note that the diporphyrin model reacts many times
faster (ca. 10%) than a similar protein—protein system at similar
AG (e.g., Zncyt ¢/Felll cyt bs R = 8 A, kppoy = 108571).16  This
result minimally suggests that the protein matrix does not ac-
celerate the electron-transfer rate.
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Heme proteins involved in redox reactions, such as cytochrome
P-450,° function only by single electron transfers in each step and
require an electron transport system to work with the usual bio-
logical electron donor, e.g., NADPH, which acts as a two-electron
donor. From the viewpoint of practical applications alteration
of the heme proteins, allowing them to react directly with two-
electron donors without the intervention of the electron-transport
system, would be a most challenging target in the protein engi-
neering field.

Hemoglobin is known to catalyze a wide variety of mono-
oxygenase reactions* in a typical P-450-like electron-transport
system consisting of NADPH, O,, and NADPH-cytochrome
P-450 reductase (EC 1.6.2.4), a major flavoprotein in the mi-
crosomal electron-transport system.> Therefore, we started with
hemoglobin as a representative heme protein and undertook to
replace the reductase in the electron-transport system by an
isoalloxazine (flavin) moiety covalently attached to hemoglobin
in the vicinity of the heme. We report here that the resulting
molecular conjugate, flavohemoglobin (FI-Hb%*), served as a
hydroxylase for aniline without requiring the P-450 reductase.

One free cysteine residue titratable with 5,5’-dithiobis(2-
nitrobenzoic acid) (DTNB) exists in the 8-chain of hemoglobin,
i.e., two exposed cysteine residues in the whole hemogiobin
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(5) Estabrook, R. W. In Methods in Enzymology, Fleischer, S., Packer,
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| 2 3 4
1/ {Aniline] (102) (M7

Figure 1. Double-reciprocal plots of the rate of para-hydroxylation
against aniline concentration at various concentrations of NADPH. The
reaction mixtures (1 mL) consisted of 1 uM FI-Hb** (4 uM with respect
to heme), 20 mM potassium phosphate, pH 7.5, aniline, and NADPH
at 0.15 (0), 0.188 (m), 0.25 (A), 0.375 (@), and 0.75 mM (Q). The
reactions were allowed to proceed for 15 min at 37 °C and then termi-
nated by addition of ice-cold 20% trichloroacetic acid. Product p-
aminophenol was determined according to the phenol-indophenol method
of Mieyal et al.** Since substrate inhibition was significant at higher
concentrations of aniline (>20 mM),* the kinetic measurements were
carried out at concentrations less than 3 times the value of K. The
dashed line in the figure represents the predicted dependence of the rate
at an infinite concentration of NADPH.

molecule.® The cysteine (8-93) is located adjacent to the histidine
(8-92) which is coordinated to the heme iron. A flavin reagent
designed to modify this thiol residue under mild conditions was
derived from the parent 7-cyanoisoalloxazine (Scheme I), which
is more reactive toward NADPH than flavin coenzymes.’

Hemoglobin A was prepared from normal human erythrocytes®
and converted to carbon monoxyhemoglobin (COHb?*). COHb?*
(0.05 mM) was modified by treatment with 0.5 mM of 5in 0.01
M potassium phosphate, pH 7.0 at 25 °C for 30 min. The major
product, FI-COHb?*, was isolated by ion-exchange chromatog-
raphy on CM-Sepharose.® FI-COHb?* was then subjected to
hydrophobic interaction HPLC analysis'® using a TSK Phenyl-
5PW column,'' and the homogeneity (>96% purity) of the
modified protein was confirmed. The absorption difference at
280 nm between FI-COHb** and COHb?** (Aeyg, = 95000)
corresponded to the absorbance of 1.9 equiv of the flavin, based
on e,y = 51000 of N-3-alkyl-7-cyanoisoalloxazine. Together with
the observed decrease in the free thiol content from 2.1 equiv in
COHb?* t0 0.1 equiv in FI.COHb?*, these data are consistent with
the conclusion that two flavin moieties were introduced into the
COHbB?* molecule. Ferric flavohemoglobin (F1-Hb3*) was sub-
sequently prepared by the oxidation of 0. mM Fl-COHb?* with
4 mM potassium ferricyanide at 25 °C for 1 h and isolated by
gel filtration on Sephadex G-25.%
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on a reverse linear gradient of 1-0 M (NH,),SO,.
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“(a) rerr-Butyl bromoacetate, K,CO;, DMF, 4 h (93%); (b) HCOOH, 12 h (90%); (c) N,N*disuccinimidyl carbonate, pyridine, CH,CN,
4 h (87%); (d) o-(CsHN)SSCH,CH,NH;*CI", (C;H;);N, CHCl,, CH;CN, 3 h (94%).

Table I. Aniline Hydroxylase Activity of Hemoglobin-Catalyst
Systems?

FI-Hb** Hb** + reductase  Hb*™*
K2, mM 5.3 (5.5) 5.3 5.6
keai?PP, min! 0.169 (0.262)% 0.127 0.022
rel kg "PP/K 2P 100 (149)¢ 75 12

4 Experiments were performed as described in Figure 1, except that
the reaction mixture contained 0.375 mM NADPH and one of the
hemoglobin systems. ®Limiting K, keap» 2nd kept/ Ko

Aniline hydroxylase activity of FI-Hb** was examined (Figure
1), varying the aniline concentration at several fixed concentrations
of NADPH.'? The rate of hydroxylation of aniline was found
to be dependent on the concentrations of both aniline and NADPH
in a manner typical of the kinetics of two-substrate enzyme re-
actions. Thus, double-reciprocal plots of the rates for various
concentrations of NADPH gave straight lines intersecting at a
single point, clearly demonstrating that NADPH, as well as aniline,
behaves as a substrate. Replots of the intercept and the slope of
each line against the reciprocals of the NADPH concentrations
gave the following values of &, and K, for aniline and NADPH:
ey = 0.262 min~!, K (aniline) = 5.5 mM, and K (NADPH) =
0.22 mM, respectively. Microsomal cytochrome P-450 has been
reported to carry out aniline hydroxylation*-'? with k,, values
ranging from 0.22 to 0.65 min™'. The rate of the hydroxylase
activity of FI-Hb*, therefore, is comparable to that of microsomal
cytochrome P-450.

The activity of FI-Hb** was compared to that of ferric hem-
oglobin, Hb3*, which was assayed in the presence and absence
of 0.6 unit of NADPH-cytochrome P-450 reductase!® (Table I).
The apparent K, values (K2PP) for aniline observed in the three
hemoglobin-catalyst systems with 0.375 mM NADPH were almost
identical. In contrast the apparent k., (k.*"?) of Hb** was
markedly increased by reconstitution with the P-450 reductase,
confirming results reported previously.* Nevertheless, the kPP
of Hb** in the reconstituted system was found to be still smaller
than that of FI-Hb3*. This result demonstrates that the flavin
introduced in FI-Hb%* can substitute for the reductase. The
electron transfer between neighboring prosthetic groups in Fl-Hb**
seems to proceed even more efficiently than that in the combined
Hb3* and reductase system. It is conceivable that FI-Hb** acts

(12) Preliminary product analysis by HPLC showed that p-aminophenol
is the dominant product over the ortho isomer (p/o > 4) in the hydroxylation
of aniline and that the aminophenol is susceptible to further oxidation to
benzoquinoimine in the reaction mixture. The procedure of Mieyal et al.*
employed for the kinetic assay is specific for para-hydroxylation products
including p-benzoquinoimine.

(13) Lu, A. Y. H.; Jacobson, M.; Levin, W.; West, S. B.; Kuntzman, R.
Arch. Biochem. Biophys. 1972, 153, 294~297,

(14) The reductase concentration of 0.6 unit/mL was sufficient to give a
rate greater than 85% of the maximal rate under the conditions employed, i.e.,
the reaction mixture was essentially saturated with the reductase.
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in a fashion analogous to cytochrome P-450, and a detailed study
of the mechanism of action of FI-Hb** is proceeding.
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Cross-relaxation rates measured with two-dimensional (2D)
NOE spectroscopy (NOESY) have become one of the most im-
portant tools for the determination of molecular conformation in
solution. However, in medium-size molecules cross-peak intensities
often are close to zero, when the correlation time . approaches
the inverse of the Larmor frequency of the protons.! Then
cross-relaxation in the rotating frame, measured in the CAM-
ELSPIN experiment,?? can be used because molecular reorien-
tation rates are fast compared to the effective Larmor frequency
in the rotating frame (only positive NOE's).? As has been shown
before,* under conditions used for the rotating frame cross-re-
laxation experiment, also magnetization transfer between scalar
coupled spins occurs (equivalent to isotropic mixing in the total
correlation spectroscopy (TOCSY) experiment?), leading to so-
called J cross-peaks. In this paper we demonstrate a method to
suppress the coherent magnetization transfer through scalar
coupling in rotating frame experiments, leaving more or less pure
NOE cross-peaks in the spectrum.®

* Universitat Frankfurt.

! Eidgendssiche Technische Hochschule.
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