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We report the Stark spectra of the Soret, Q, and charge-transfer bands of deoxymyoglobin. The data show
that band Ill has charge-transfer character but that the magnitude of the charge displacement is significantly
smaller than expected or than what is observed for band | or even the Soret or Q bands. The data also show
that symmetry breaking of ireaprotoporphyrin IX in myoglobin produces a larger difference dipole moment

in the Soret transition when compared to the dimethyl ester of protoporphyrin IX. The results lend further
credence to the hypothesis that the electrostatic environment of the heme pocket in myoglobin is important
in modifying the properties of the heme transitions, and they provide a basis for quantitative analysis of the
static and time-dependent band shifts observed in response to environmental electrostatic perturbations and
ligand binding dynamics.

The electronic absorption of hemes has been investigated for
more than 100 years. Ligand and substituent effects have been 1.5
systematically assigned, and the focus in recent years has shifted 7 1.0
toward static and dynamic band shifts that characterize biological < 0.5
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function1~% The origins of these band shifts can be roughly 0.0

divided into specific chemical effects, e.g., changes in ligand _ 2.9 )
or heme substituents, and more global environmental shifts, 2 1.0 1.0
typically originating in changes in the electrostatic field around : (1)'3 (i%
the chromophore. The latter effects are Stark shifts due to the q:zzo—L R A | A 155

interaction between the change in dlpolle momeft)(and . 10000 12000 14000 16000 18000
polarizability (Aa) of the chromophore with the electrostatic 0
field of the ordered environment. To understand these electro- ENERGY(em™)
static shifts quantitatively, it is necessary to charactefize Figure 1. Absorption and Stark spectra for deoxy Mb at 77 K. The
andAa for each type of transition, and this can be achieved by Stark spectrum is shown for an applied field of 0.25 Mv/cm gnd
measuring the effect of an externally applied electric field, the 90" (normal incidence). Note the change in the horizontal scale.
Stark-effect spectrum, for each transitith. TABLE 1: Difference Dipole Moments Au and

The absorption spectra of heme and other metalloporphyrins Polarizabilities Ae. of Heme Absorption Transitions obtained
are dominated by the B (Soret) and Q absorption bands thatfrom the Stark Data on Deoxymyoglobin

22000

arise from configuration interaction (CI) of four orbitals, the transition Au (D)2 Tr Ao (A3 A
nearly deg%qgrate paifaay HOMO anq the doubly degenera_lte B (7—7") 26104 1104 25 17
eg LUMO.?1% The result of Cl is an intense Soret transition Q (m—7*) 33404 70+ 15 42
(Amax =~ 435 nm in deoxymyoglobin, Mb) and a weak Q band band | 3.5+ 0.4 1444 20 20
(Amax~ 556 nm) that gains most of its intensity through vibronic band 11l 0.9+0.2 37+ 9 55

coupling with the Soret bané: Although these bands dominate aThese values are obtained from the experimental data without
the spectra, there are other less prominent bands which are otonsidering the effect of the local field correctin.

interest. These include the four ligand-to-metal charge transfer
(CT) and d-d electronic absorption transitions (bandslV)
which have been assigned in the near-IR region of deoxy-
hemoglobin based on single-crystal absorption, CD, and MCD

; . . analysis of the Stark spectra are summarized in Table 1. The
spectroscopy? Band Ill is relatively narrow and easily resolved, Stark ‘ h lear feat for bands | and I I
and it has been shown that there are interesting correlations ark spectrum shows cléar features for bands 1 and 1, as we

between the band position and ligand rebinding kinetics at 2S for the Q and B bands; the broad negative base line offset
cryogenic temperature in MB:313 This band exhibits time- ~ Pelow about 16 000 crt may be associated with the Stark
dependent spectral shifts after MbCO photolysis, and this hasé&ffect on band II. The Stark effect for band | is larger than that
been taken to be an indicator of protein conformational changesfor band 1l given its relatively larger line width and weaker

The absorption and Stark spectra of deoxyMb are presented
in Figure 115 and the values of parameters extracted from an

in response to bond breaking and recombinatfof1314 absorption intensity, and vibronic structure is visible in the Stark
spectrum of band | but not band Ill. The absorption intensity
IEOS AletlmcastationaDl Lab:)r&ltotry-f Chemistrv. North Carofina. Stat of band IV is small; the small bands near 15 100 érare
urrent adadress: epartment o emistry, or arolina ate . .
University, Raleigh, North Carolina 27695. reproducible and probably can be attributed to the Stark effect
8 Stanford University. on band IV vibronic bands. Quantitative analysis of band IV
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was not pursued because of the uncertainty of the intensity ofin energy associated with both band shifts are nearly identical.
this band in the absorption spectrum; however, the Stark effectIf the time-dependent band shifts were the independent response
on band IV appears large relative to that of band Ill. By of these electronic transitions to the same perturbation in the
measuringAA, the change in absorption upon application of electrostatic field around the heme that accompanies MbCO
field, using polarized light as a function of the experimental photolysis, that is electrochromic bandshifts, then the time
angle y between the polarization direction and the applied dependence should be similar. However, the Stark data predicts

electric field, it is possible to obtain the molecular angle a greater sensitivity and, hence, larger magnitude of an elec-
between the transition moment agi.”® The absence of a  trochromic band shift for the Soret band than band IlI. It is

dependence oA on y for band Il shows thata is close to likely that the change in the electrostatic field that accompanies
the magic angledn ~ 55°), while for band 1{a ~ 20° (data CO photolysis is not symmetric around the heme. We can
not shown). speculate that if the largest change in the electrostatic field is

As seen in Table 1JAu| is surprisingly large for the Soret ~ @pproximately perpendicular to the heme plane, then the
and Q bands. Interestingly, the Stark effect for the Soret band Projection of this change ol for band Il could be larger
of Fe—protoporphyrin IX dimethyl ester complexed with than thatfor the Soret band. This may be testable by comparison
2-methylimidazole has a significantly smaller value/of = with electrostatic calculations or by using other direction-
1.3+ 0.2 D in a glycerol/DMSO glass (66% v/v) (data not sensitive probes of changes in electrostatic fields such as
shown)!” This result suggests that the internal field of the Mmolecular vibrationg?
protein significantly affects the electronic properties of the heme
and is con_sistent with results of_ Stark hole bur_ning e_xpe_riments Acknowledgment. This work was supported in part by the
on a variety of heme proteirt§*® Those investigations  National Institutes of Health and the NSF Chemistry Division.
con_cluded tha_t the (_)rdered environment of the protein induces s F. was supported by a Los Alamos Director’s Fellowship.
a difference dipole in the porphyrin Soret and Q ba#ids.
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. . . A. Sciencel992 256, 1796-1798.
displacement of the iron is 0.4 A from the plane of the pyrrole ; - Jack . Anfinrud | d. sci
. 223thenAu ~ 1.9 D for separation of a full charge (5) Lim, M.; Jackson, T. A.; Anfinrud, P. AProc. Natl. Acad. Sci.
nitrogens;*#*thenAu ~ 1.9 pe ge  U.S.A.1993 90, 5801-5804.
over this distance. If Slgnlflcant d0m|ng of the heme occurs, (6) Lambright, D. G.; Sriram Balasubramanian, S.; Boxer, SCk&m.
the value expected for charge displacement could be larger. Phys.1991 158, 249-260; ibid. Biochemistry1993 32, 10116-10124.
Band | is assigned as a.d— ey(7*) transition which is 242(7) Bublitz, G. U.; Boxer, S. GAnn. Re. Phys. Cheml997 48, 213~
polarized ann.g.tha-axls, Wh'le b‘?md Iis attrlbuted to the (8) Boxer, S. G.Photosynthetic reaction center spectroscopy and
&y — dy, transition which is polarized mostly in the plane of electron-transfer dynamics in applied electric fiel®oxer, S. G., Ed.;
the hemél! Band | has a substantial Stark effepAg| ~ 3.5 Academic Press: San Diego, 1993; Vol. Il, pp $¥Z20.

References and Notes

D) and a small angléa ~ 20° consistent with its assignment (9) Gouterman, MJ. Mol. Spectrosc1961, 6, 138.
as a CT band with charge displacement alongzhagis. The lgééo)n@gggerma“' M.; Wagniere, G. H.; Snyder, L.JCMol. Spectrosc.

assignment for band 11l is more problematic as it is uncharac- (11) Zerner, M.: Gouterman, M.: Kobayashi, Fheor. Chim. Actd 966
teristically narrow for a CT band. The angdlg ~ 55° for band 6, 363-400. T ’ ' '

Il is consistent with alignment oAu along thez-axis if the (12) Eaton, W. A.; Hanson, L. K.; Stephens, P. J.; Sutherland, J. C.;
transition moment is taken to make an oblique angle with respectDunn, J. B. RJ. Am. Chem. Sod.978 100, 4991-5003.
to thez-axis, as indicated by polarized single-crystal défehe (13) lizuka, T.; Yamamoto, H.; Kotani, M.; Yonetani, Biophys.

value of Au ~ 0.9 D for band Il is too large for aed transition ~ Blochim. Actal974 371, 126-139. .
(14) Ondrias, M. R.; Friedman, J. M.; Rousseau, DSktiencel983

and indicates that band Ill has CT character. Band Il is an 220, 615-617.
intrinsically weak transition that may borrow at least part of its  (15) Horse heart Mb (Sigma) was suspended in 75% v/v glycerol/sodium
intensity from vibronic mixing with the Soret band. Vibronic  phosphate buffer (pH 7.0) to a concentratiom@0 mM for experiments

mixing of band Il with the Soret band may provide an in the near-IR and-5 mM for the Q and Soret bands. Samples were purged
. . of O, by bubbling nitrogen gas and then reduced to the deoxy form by the
explanation for both the relatively largau| of the Soret band addition of approximately 1 mM sodium dithionite. Stark-effect spectra were

and the relatively smallAu| of band Il by mixing the CT obtained and analyzed as described in detail elsewHere.

character in the two manifolds. This hypothesis, although (16) WhenAu is the major contributor to the Stark spectrum for an
consistent with the original assignment of band Ill as anra isotropic sample, the Starld@) line shape is the second derivative of the
dy, CT band, indicates that band Il has a strikingly different Zgzgﬁgggﬂ‘Hﬁgﬁ%?ﬁ_em'y’ the magnitudeaX depends strongly on the
electronic character and dependence on nuclear coordinates than (17) This agrees well with the small value || for the Soret band of

has been evident from absorption spectroscopy. Fe(lll) chloride tetraphenyl porphyrin in poly(vinyl alcohol). Davidsson,

Time-dependent spectroscopic studies of band Ill and the A (ige”}l‘dflgsi/lg?%:féﬁoifiﬁdﬂch 3. Vanderkool. 3. M.: Laberge
Soret band show that both bands undergo spectral shiftsM_(Bigphys_ 11996 71, 77-85. T e g8
following photolysis of MbCO in viscous solvent3? Signifi- (19) Gafert, J.: Friedrich, J.; Parak, foc. Natl. Acad. Sci. U.S.A995

cantly boththe time dependence and magnitude of the change 92, 2116-2120.



3072 J. Phys. Chem. B, Vol. 103, No. 16, 1999 Letters

(20) Gafert, J.; Friedrich, J.; Vanderkooi, J.; Fidy,JJ.Phys. Chem. (24) Schlichting, I.; Berendzen, J.; Phillips, G. N., Jr.; Sweet, R. M.
1995 99, 5223-5227. Nature1994 371, 808-812.

(21) These hole burning studies were limited to the Q band of @n (25) Franzen, S.; Boxer, S. @. Biol. Chem.1997, 272 9655-9660.
free-base-porphyrin-substituted proteins, so the native form of the protein (26) We have recently measured the vibrational Stark effect on the CO
and the charge-transfer bands could not be evaluated. stretching frequency in wild-type and mutant Mbs (Andrews, S.; Park, E.;

(22) Geissinger, P.; Kohler, B. E.; Woehl, J. £.Phys. Chem1995 Boxer, S. G. To be published). This offers a highly sensitive local probe of
99, 16527-16529. electrostatic fields in the heme pocket.

(23) Hartmann, H.; Zinser, S.; Komninos, P.; Schneider, R. T.; Nienhaus,  (27) Bdtcher, C. J. FTheory of Electric Polarizatior2nd ed.; Elsevier
G. U,; Parak, FProc. Natl. Acad. Sci. U.S.A.996 93, 7013-7016. Scientific Publishing Co.: Amsterdam, 1973; Vol. 1.



