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Abstract: Using a newly reconfigured magnetooptical instrument, originally constructed for magnetic circular
dichroism experiments, it has been shown that the ferrous hemoprotein derivatives ferrocytockBeme)

and deoxymyoglobin§= 2) exhibit readily detectable magnetic-field-induced linear dichroism (MLD) signals

in the near-ultraviolet-to-visible region. To our knowledge, this is the first time MLD spectra have been reported
for metalloprotein samples. The results suggest that MLD exhibits selectivity toward the transition type and
chromophore spin which is complementary to that of the corresponding magnetic circular dichroism. Not
surprisingly, the band patterns detected in the two magnetooptical spectroscopies are qualitatively different.
The second-derivative dispersion associated with the ferrocytochec@preand MLD and the linear variation

in signal intensity with the square of the field observed for both non-Kramers hemoprotein derivatives studied
under nonsaturating conditions are fully in accord with theoretical predictions. These observations establish
unambiguously that an MLD effect has indeed been measured. The magnitudes of the ferrocytachrome
excited-state orbital momenta inferred from a combination of MLD and MCD measurements are substantially
lower than those previously estimated by consideration of MCD and absorption data, but are in keeping with
the available results of the most detailed theoretical calculations concerning metalloporphyrins. Since many
other paramagnetic metalloprotein derivatives and model compounds are anticipated to yield MLD spectra, a
broad range of potential applications is envisaged.

Introduction ML

It has previously been shown in the case of matrix-isolated Ea +
atomic examplés that the magnetooptical spectroscopic meth- N
ods known as magnetic circular dichroism (MCD) and magnetic .
linear dichroism (MLD) provide essentially complementary P ] 0

information relevant to the assignment of electronic transitions. Il
The complementarity stems from the differing selection rules
associated with the two techniques (as illustrated in Figure 1), hv !
resulting in the detectability oAM, = 0 transitions by MLD,

but not by MCD. While it is clear in the case of the particularly
simple example of an atom#S — P transition shown that the
energies of the magnetic sublevels can be determined by a
combination of absorption and MCD spectroscopies, in general, - 0
this will not be so. Additional factors must be taken into He0 H>0 H>0
consideration, such as the presence of zero-field splitting and -

the possibility of magnetic-field-induced mixing of molecular Absorption MCD  MLD

states. It follows that the concerted application of MCD and Figure 1. lllustration of the selection rules for MCD and MLD electric-
MLD spectroscopies to the study of metalloprotein derivatives dipole-allowed transitions using an atomic example. Following the
and model compounds can reasonably be anticipated to afforgapplication of t_hg magnetic fieldH), the excited-state levels undergo
significant additional insight into their electronic structures as & Zeeman spliting AE = xgHM,). For MCD, AM, = +1 and—1

- . correspond to the absorption of left and right circularly polarized light,
already demonstrated for atoms. In contrast to the quite extenswerespectively For MLDAM, = 0 and-+1 correspond to the absorption

*To whom correspondence should be addressed. Phone: (412) 268-0f parallel and perpendicular plane (i.e., linearly) polarized light,
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# University of Pittsburgh School of Medicine. literature concerning the MCD spectra of metalloproteins,

82(}1)3\7’2'_"’23"4-7? Rivoal, J.-C.; Grisolia, C.; Pyka, J. Chem. Phys1985 especially in the ultraviolet-to-near-infrared region of the

(2) Rivoal, J. C.; Zoueu, J.; Blanchard, X.; Nahoum, R.; Eyring, M.; spectrun® 1! there appear to be no previous reports of the MLD

Pyka, M.; Vala, M.J. Chem. Phys1994 101, 2684-2692. spectra of such systems.
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A combined cryomagnetspectrometer system suitable for concentrations were determined by room-temperature electronic absorp-
recording MLD spectra of samples prepared as frozen glassegion employing the extinction coefficientgso = 27.7 mM™ cm* 1
has been assembled from commercially available customized@ndesso = 13.8 mM™* cm™,1 respectively. _
components with minor modifications. This instrument has been  Experimental Configuration and Instrumentation . In the MLD
used to investigate the Q-band MLD spectra of ferrocytochrome €XPeriment, a beam of plane (linearly) polarized light, with its electric
¢ (S = 0) and deoxymyoglobing = 2), these particular vector alternately aligned parallel and perpendicular to the applied field,

. o . is passed through the sample. The measured signal is the difference
hemoprotein derivatives beln.g .s_elected as benchma}rk eXamp!e%etween the absorption of parallel and perpendicular polarized light:
of strong chromophores exhibiting a well-characterized transi- aa,, = A, — A.. Spectra are reported in terms of differential
tion. The ferrocytochrome spectra have been analyzed within  extinction coefficients (i.e., differential absorptivities, whexe.p =
the framework of a recently developed theory for the MLD of AAy.p/concentration/path length).
molecular system%:13 This analysis serves to firmly establish Spectra were recorded using an Aviv Associates (Lakewood, NJ)
that the MLD effect can readily be measured for some 41DS circular dichroism (CD) spectrometer in conjunction with a
metalloprotein samples and illustrates the feasibility of extracting Cryomagnetics Inc. (Oak Ridge, TN) combined superconducting magnet
information from such data. and optical cryostat. The CD spectrometer was modified to operate in

. - linear dichroism (LD) mode by insertion of an achromatic quarter-
Unlike the case for ferrocytochrome the deoxymyoglobin ave retardation plate between the photoelastic modulator and sample

MLD spectra are Stro.ngly temperature.dependent, as eXpeCtecﬁge configuration first suggested by Noérdand Davidsso#. The

for a chromophore with a paramagnetic ground state. Intrigu- cryomagnet, constructed with two perpendicular optical paths, could
ingly, the present MLD spectra differ qualitatively from the pe rotated to allow the applied magnetic field to be aligned either
MCD spectra in that they appear not to reveal the presence ofparallel or perpendicular to the optical axis of the spectrometer. The
some transitions which are predominantlydlin nature. Thus, sample was mounted on the end of a probe which could be rotated to
straightforward visual comparison of the two kinds of magneto- allow transmission of the polarized light beam through the optical path
optical spectra may prove to be an advantageous diagnosticof the cu_vettg With either o_rientation of the (_alpplied magnetic field_.
procedure in the assignment of electronic transitions. The Thus,in principle, recording MLD spectra is analogous to recording
deoxymyoglobin MLD signals are significantly more intense MCD spectra, but using linearly rather than circularly polarized light
than those exhibited by the low-spin ferric hemes we have and with a different orientation of the applied magnetic field.

. . . . Unfortunately, we find the MLD effect to be, typically;R orders of
investigated thus far. This observation suggests that MLD magnitude smaller than the corresponding MCD effect. Ideally, this

spectroscopy may be of considerable utility in the study of spoyid not be a problem as the experiment is configured and the
active-siteS > %/ centers in multicomponent metalloproteins  detection system tuned so that the two kinds of signals are measured
where additional electron-transfer sites, especially cytochromes,quite independently of each other. However, in reality, (i) instrument

are present. Finally, the current study indicates that the components are not idé&land (ii) the relative alignment of the

magnetineticeffect previously reported for the CO rebinding
rate of hemoglobif is entirely, or at least in part, atatic
magnetic linear dichroism, like that we now report.
Methodology

Sample Preparation Ferricytochrome (equine heart, type VI) and

metmyoglobin (equine skeletal muscle) were purchased from Sigma.

magnetic field and polarizing optics is inexact. As a result, distortion
of the measured MLD signals due to an underlying MCD component
is, in practice, sometimes clearly detected. Removal of both the MCD
and natural LD components from the raw spectra was achieved by
adopting the data collection protocol illustrated in Figure 2, where “a
single spectral scan” actually involves the collection of three sets of
data. It should be noted that the protocol takes advantage of the fact
that changing the applied magnetic field orientation by°l@ads to

Using all reagents as supplied by their manufacturers, ferrous derivativesMCD components obppositesign, but MLD signal components of
were prepared in the following manner. The required hemoprotein was the samesign. Hence, any MCD contribution to the detected signals

dissolved in 0.1 MN-(2-hydroxyethyl)piperaziné¥-(2-ethanesulfonate)
(Fisher) buffer at pH 7.4. Next, glycerol (Fisher) was added to 50%
(v/v) to ensure formation of a glass upon subsequent freezing. An
aliquot (40-60 uL) of the semiaqueous solution was then transferred
to a quartz cuvette (0-30.5 mm path length) and reduced with excess
sodium dithionite (EM Science). Within 1 min of reduction, the sample
was frozen by insertion into the instrument’s cryomagnet, where it was
immersed in liquid helium. Ferrocytochrongeand deoxymyoglobin

(3) Stephens, P. J.; Sutherland, J. C.; Cheng, J. C.; Eaton, W.Thdn
Excited States of Biological MoleculeBirks, J. B., Ed.; Wiley: New York,
1976; Chapter D8, pp 434442.

(4) Vickery, L. E.Methods Enzymoll978 54, 284—302.

(5) Johnson, M. K.; Robinson, A. E.; Thomson, A. J.lton—Sulfur
Proteins;Spiro, T. G., Ed.; Wiley: New York, 1982; Chapter 10, pp 367
406.

(6) Dooley, D. M.; Dawson, J. HCoord. Chem. Re 1984 60, 1—66.

(7) Dawson, J. H.; Dooley, D. M. litron Porphyrins, Part lll; Lever,
A.B. P., Gray, H. B., Eds.; Physical Bioinorganic Chemistry Series; VCH:
New York, 1989; Chapter 1, pp-3L35.

(8) Cheesman, M. R.; Greenwood, C.; Thomson, Adl. Inorg. Chem.
1991, 36, 201—255.

(9) Thomson, A. J.; Cheesman, M. R.; George, 34dthods Enzymol.
1993 226, 199-232.

(10) Solomon, E. |.; Pavel, E. G.; Loeb, K. E.; CampochiaroCGord.
Chem. Re. 1995 144, 369-460.

(11) Sutherland, J. QMethods Enzymoll995 246, 110-131.

(12) Kreglewski, M.; Vala, M.J. Chem. Phys1981, 74, 5411-5419.

(13) Bominaar, E. L.; Achim, C.; Peterson JJ.Chem. Physl998 109
942—-950.

(14) Gerstman, B.; Austin, R. H.; Hopfield, J.Bhys. Re. Lett. 1981,
47, 1636-1639.

cancels in the final summation to obtalw.p.

MLD —MCD Theory. The MLD differential absorption depends on
three factors: (i) the difference of the squared matrix elements of the
electric dipole operator components representing the transition prob-
abilities for light polarized parallel and perpendicular to the magnetic
field, H, (ii) the Boltzmann factor, and (iii) the line-shape factér,
Expansion of this product with respect to field and temperature yields,
ignoring higher order terms, the following general expression for the
orientationally (powder) averaged nonsaturating MLD of molecules in
solution??13
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wheree is the photon energy; is a product of fundamental constants,
the termsA—G are coefficientsk is the Boltzmann constant, is the
absolute temperaturgg is the Bohr magneton, arid is the applied
magnetic field. To summarize the information content of the terms in
eq 1, we first designate Zeeman interactions between sublevels which
are degenerate in zero applied field as “inner state” and all other Zeeman
interactions as “outer state” (these were previously termed “diagonal”

(15) Margoliash, E.; Frohwirt, NBiochem. J1959 71, 570-572.
(16) Antonini, E.Physiol. Re. 1965 45, 123-170.

(17) Norden, B.; Davidsson, AActa Chem. Scand972 26, 842-844.
(18) Davidsson, A Norde, B. Chem. Scr1976 9, 49-53.



5974 J. Am. Chem. Soc., Vol. 121, No. 25, 1999

X hv
Hpcrpendicular
Z
Hantiperpendicular
y
AA _ 5 5 obs AAObS
perp perp - zero
AA_. = AA® —AAD
anti anti zero

AAyip =(AA,, +AA,, ) +2

Figure 2. Experimental protocol for the measurement of cryogenic
MLD spectra. The specified orientation of the electric vecty ¢f

the plane (linearly) polarized light is with respect to the applied magnetic
field (H). The accumulation and processing of a “single spectral scan”
(AAuLp) actually involves the collection of three sets of data: (1) the
measured signal °ng) with the field applied in theperpendicular
direction with respect to the propagation direction of the incident light;
(2) the measured signahf2>) with the field applied in theanti-
perpendiculardirection; (3) the measured signak/{\ggf() with zero
applied magnetic field. Subtraction @A%>S removes natural linear
dichroism due to residual strain depolarization in the sample and
spectrometer windows. The final summation removes any MCD

components from the signal.

anti

and “off-diagonal”, respectivel§). Remembering that both electronic

ground and excited states must be considered, three of the coefficients

(A2, C1, Gp) stem from only inner-state interactions, or&)(stems
from only outer-state interactions, and the other t&y,(Fo) stem
from both.

The similarly derived expression for powder-averaged MCD under
nonsaturating conditions's?°

AAycp of Co
~ VD\l(— &) +[Bot+ 2 poauBH

€

)

In this case, theA\; andCy coefficients result from inner-state Zeeman
interactions and only th&, coefficient is dependent on outer-state

contributions. For paramagnetic samples, where temperature-dependen

terms dominate upon cooling, it follows that cryogenic MLD is more
useful for studying outer-state Zeeman interactions than cryogenic
MCD.2?

Results

Ferrocytochrome c. The near-ultraviolet-to-visible region of
the electronic spectrum of biological hemes contains two distinct
bands, the intense Soret (alternately called B;)dan the near-

UV and the weaker Q (om) in the visible. In additionp-type
andc-type hemes often contain a third well-defin@dband of

Peterson et al.
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Figure 3. Cryogenic magnetooptical spectra of ferrocytochraneH

7.4 in 20 mM 2-(N-morpholino)ethanesulfonic acid/HCI buffer, 50%
(v/v) glycerol, 1.5 mM heme concentration, 0.3 mm path length: (A)
electronic absorption spectrum at 4.2 K; the units of the ordinate axis
are arbitrary; (B) MCD spectrum at 4.2 K and 1.0 T (solid line) and
first derivative of the absorption spectrum in (A) (broken line, arbitrary
units); (C) MLD spectrum at 4.2 K and 4.0 T, average of four spectral
scans (inset: dependence of the 550 nm ferrocytochmlhieD peak
millidegrees) on the applied magnetic field). Data were collected at
.2 K sample temperature and applied magnetic fields of 3.0 T (4), 4.0
T (4),5.0T(1),and 6.0 T (1), where the values in parentheses are the
number of individual spectra averaged in each case. The solid line
represents the results of a linear regression analysis of the Riata (
0.992) which extrapolates through the origin withipthe computed
standard error.

the room-temperature spectrum, the Q band becomes partially
resolved into two components observed at about 547.5 nm
(18 265 cntt) and 551 nm (18 150 cm) upon cooling to

cryogenic temperature. This corresponds to an excited-state

intermediate energy, which has been ascribed to a vibrationalsplitting A = ~10? cm™ (see the Discussion).

overtone (denoted £;) of the fundamental o band?-22The
two lower energy features are evident in the 4.2 K visible region
absorption spectrum of ferrocytochromérigure 3A)23 Unlike

(19) Stephens, P. J. Chem. Phys197Q 52, 3489-3516.

(20) Stephens, P. Adv. Chem. Phys1976 35, 197-264.

(21) Platt, J. RJ. Chem. Phys1949 17, 484—-495.

(22) Platt, J. R. IrRadiation BiologyHollander, A., Ed.; McGraw-Hill:
New York, 1956; Vol. 3, p 17.

(23) In general, the Soret band is difficult to measure at low temperature
without severe distortion as it is invariably superimposed upon a sloping
baseline due to Rayleigh scattering from the microstructure of the frozen
glass. The scattering rapidly increases in the near-ultraviolet, and conse-
quently, even at concentrations more dilute than those employed in the
present study, samples are opaque (or nearly so) in the Soret region.
Therefore, for most practical purposes, the reliable recording of this
absorption band at cryogenic temperatures in semiaqueous glasses intended
primarily for magnetooptical measurements is precluded.



MLD Spectra of Ferrocytochrome ¢ and Deoxymyoglobin

The earliest theories that provided an interpretation for the
heme transitions and their relative intensities were independently
proposed by Platt, Simpson, and KuHi#22425These ap-
proaches concentrated on thelectrons of the porphyrin core
and treated the macrocycle as a circular free-electron wire. The
model system ha€.. symmetry as a result of discarding the
details of the peripheral structure. This idealization has the
advantage that the angular momentum about the tipgis a
good quantum number, allowing the orbital eigenfunctions to
be usefully characterized by integkl . The resulting orbital
scheme has a singlet ground statd, (= 0) and doubly
degenerate excited statéd (> 0). The electronic ground state
corresponds to a filling scheme in which 18 electrons are packed
in the closed-shell configuration @@} 1)*(£2)*(£3)*(E4)* with
zero net angular momentuth?’ The lowest excited states
correspond to promotion of one of the four electrons from the
highest filled levels to either of the lowest empty levels. In this
way, two doubly degenerate pairs of transitions are found: the
dipole-forbiddent4 — +5 (AM_ = +9) and the dipole-allowed
+4 — +5 (AM_ = £1). Hund’s rule predicts that the lower-
energy state corresponds to thil, = 49 pair2* which is in
accord with the observation of a relatively weak Q band in the
visible and a stronger B band in the near-UV. This model has
often been referred to as the Simpson model. Quite obviously,
reliable determination d¥l. is the key to testing the validity of
this and alternative theoretical models for electronic structures
of metalloporphyrins. Among the alternative models, we men-
tion the four-electron, four-orbital model formulated by Gou-
termar?’ which explicitly includes the effects of electren
electron repulsions. The four molecular orbitals considered in
this model are labeled,@and a (occupied in the ground state)
and g and & (empty in the ground state). Thigl_ states
correspond to the combinations4C= (a + iay)/+/2 and|+50
= (ex + iey)/v/22™ The Slater determinants based on the
complex orbitals provide a better description of the system than
those based on the molecular orbitals only when the orbitals a
and g differ in energy by an amount that is small compared to
the energy splittings between configurations with different
values for|M_|.27¢ The large angular momenta of the Q-band
excited states give rise to a substantial Zeeman splitting, which
leads to intense (pseud#y; term signals in the MCD spectra
of low-spin ferrous hemes such as ferrocytochram&igure

J. Am. Chem. Soc., Vol. 121, No. 2559999
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Figure 4. Cryogenic magnetooptical spectra of deoxymyoglobin, pH
7.4 in 20 mM 2-(N-morpholino)ethanesulfonic acid/HCI buffer, 50%
(v/v) glycerol, 0.87 mM heme concentration, 0.5 mm path length: (A)
electronic absorption spectrum at 4.2 K; the units of the ordinate axis
are arbitrary; (B) MCD spectrum at 4.2 K and 5.0 T; (C) MLD spectra
at 4.2 K and 7.0 T; deoxymyoglobin (solid line) afetricytochrome

¢ (broken line) (inset: dependence of the 575 nm deoxymyoglobin MLD
peak (millidegrees) on the applied magnetic field). Data were collected

3B). More importantly for present purposes, there is a readily at 4.2 K sample temperature and applied magnetic fields of 2.0 T (4),
measurable MLD signature (Figure 3C) albeit 40 times weaker 1.8 T (9), 1.6 T (9), 1.2 T (16), 1.0 T (16), 0.8 T (25), and 0.4 T (36),
(comparing peak heights at the same applied field) than the where the values in parentheses are the number of individual spectra
corresponding MCD. The MLD signal intensity depends linearly averaged in each case. The solid line represents the results of a linear
on H2 (inset in Figure 3C) in keeping with eq 1 and is regression qnglylsls of the daf£ 0.997) which extrapolates through
temperature independent (not shown) as expected for a singlef"® °119in within*/z the computed standard error.
ground state. The second-derivative (pseuélg@)term appear-
ance of the spectrum is noteworthy. While it can readily be
appreciated how the excited-state triplet example given in Figure
1 leads to a second-derivative signal, it is not immediately clear
how this might also result from transitions between a ground-
state singlet and an excited-state doublet (see the Discussion)
Deoxymyoglobin In Figure 4 the 4.2 K electronic absorption
(Figure 4A), MCD (Figure 4B), and MLD (Figure 4C) spectra
of deoxymyoglobin are compared in the range 4800 nm.
Again, the MLD signal is readily measurable, and its intensity

varies linearly withH? (inset in Figure 4C) as predicted by eq

1. In this case, however, the MLD is only 4 times weaker than
the corresponding MCD recorded under the same conditions
of applied field and temperature. To date, this is by far the
strongest MLD signal we have measured. Also, these bands are
temperature dependent (not shown), indicating that the electronic
ground state of the porphyrin moiety is strongly influenced by
the paramagnetism of the coordinated high-spin ferrous ion, as
previously indicated by MCDB: Consequently, in contrast to
the situation in ferrocytochrome, the observed spectral
envelope cannot be accounted for by the temperature-inde-
pendentA, term of eq 128 Interestingly, the e-d bandg®3°

(24) Simpson, W. TJ. Chem. Phys1949 17, 1218-1221.

(25) Kuhn, H.J. Chem. Phys1949 17, 1198-1212.

(26) Kobayashi, HJ. Chem. Phys1959 30, 1361-1362.

(27) (a) Gouterman, M. IiThe Porphyrins Physical Chemistry, Part A
Dolphin, D., Ed.; Academic Press: New York, 1978; Vol. Ill, pp165.
(b) Gouterman, MJ. Chem. Phys196Q 33, 11523-11529. (c) Gouterman,
M. J. Chem. Phys1959 30, 1139-1161.

(28) It might not be appropriate to simply attribute the band shape of
Figure 4C to the temperature-dependent terms in eq 1, since this expression
was derived to describe transitions from either singlet ground states or
degenerate manifolds under nonsaturating conditions.
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in 1E, is axial @x = gy = 0) and is formulated in terms of an

, - BY » effective spinS# = 1/, Hamiltonian,Hzee = gzusHzSz. Using
B St the convention that lower and upper case labels refer to the
E i laboratory and molecular frames, respectively, the magnetic field

: X is applied along the laboratory axis andHz is the field

component along the moleculdraxis. The magnetic moment
of the E, states isugM| = ug(gz/2).

Under D4, symmetry A = 0) there is a transition from an
19 9 orbital singlet to an orbital doubletA;y — *E,. By adopting
the three-state model, we have implicitly assumed that the initial
D,y 2h and final states are sufficiently isolated from other states
(commonly denotedK 3213 to ensure that terms originating
Figure 5. Initial and final states of the Q band und®4, (A = 0) and from Zeeman interactions with those states (i3, and Eo)
Can (A = 0) symmetry. Broken curves indicate level energies in the are virtually zero. Consequently, the only remaining termjs
presence of an increasing magnetic field. The powder average of this term is given by

Energy

between 600 and 800 nm evident in the MCD spectrum (Figure A= _y (mgz)2 3)

4B) are apparently not present in the MLD (Figure 4C). The 2P 30

intensity ratioAes74/Aeze2in the MCD spectrum is 4.3, whereas X v

the analogous ratiocNes7s/Ae760) in the MLD spectrum must ~ Wherem = DAy my'Ej0= BAyglmy|'E;LF° N

be greater than-20 for the d-d transitions to have remained Under Cz, symmetry (A = 0) there are two transitiondAg
undetected. It was predictdthat the MLD signatures of ~ — B} and!Agy — B, with energies differing byA. As the
transitions between orbital singlets in low-spin ferric hemes and ground and excited states of the transitions are orbital singlets
other paramagnetic chromophores havingan?/, ground state due to the prevailing crystal-field splitting, the orbital angular

are of lower intensity than those in systems w&tr .. To momentum is quenched in the three states of the model:
test this prediction, attempts were made to record the MLD
spectrum of ferricytochromec, and these results clearly BAg'/’tz|lAgD= OB |, 'Bi =B |u,|'BI =0 (4)

demonstrate (Figure 4C, broken line) that, if present, the MLD

signals were at least an order of magnitude weaker than thos€, general, second-order Zeeman corrections in the line-shape

of deoxymyoglobin. function expansion areot negligible and must be combined
with the field-independent transition probability and Boltzmann
Discussion factor (the latter is here equal to 1) to produce a nonZ&fo
term (see eq 4c and footnote 41 of ref 13). Here, by accounting
S =0 Q-Band Theory. In this section, eq 1 is evaluated in  for the second-order Zeeman interactions between the compo-

the framework of a three-state model for the Q [Fas#in the nents of the splitE,, we find theB; terms given in egs 5a and
case that both the initial and final states of the transition are 5p (see Appendix A),
spin singletsS= 0. The ground state of the model is the orbital

singlet'A14 in Dan Symmetry, and the final state is the orbital (mgz)z

doublet'E, (Figure 5)32 Ground and excited states are separated B /i\*xg =4+ 1 (5a)
by an energy of about 1.& 10* cm! (550 nm). Under the ° 60 A

influence of a crystal field ofC,;, symmetry,'E, is split into (mgz)z

1BX and B and the ground state is now labeld&l, (Figure B5 =~ 6_10 A (5b)

5).3% Our absorption measurements suggest the splitting energy

A in ferrocytochromec to be on the order of Zocm~! and ) o

justify the use of low-order perturbation theory to describe the Where superscripts A, X, and Y indicate the ground state and

effect of the Zeeman interaction between the two excited-state excited-state lower and upper components, respectivelyAFor

components. less than the spectral bandwidth, eqs 5a and 5b give rise to a
As the ground state is nondegenerate, all temperature-PS€UdoA; term

dependent terms in eq 1 vanisB; = Fo = Gy = 0. This leaves

Az, By, andEy as the only terms that can potentially contribute llzm gse“d‘?_gaf ")~ —[B ?ﬁxgaf "(e + AI2) —

to the Q-band MLD._The Zeeman operatefi-H = ug(L + A=Y fro. _

29)-H simplifies tougL+H because the spin is zero in both the By Gt (e = A/2) (5¢)

initial and final states of the transition. The Zeeman interaction o ) o ) o
(derivatives with respect toare indicated by primes) which is

43&3%)4(393”953/51”, V. S.; Sharonov, Y. 8pectrochim. Actd997 AS3 independent ofA and is given by the expression in eq 3
(30) Sharonov, Y. A.; Figlovsky, V. A.; Sharonova, N. A.; Mineyev, A. g L )
i _ seu ~ —
P.Biophys. Struct. Mectl983 10, 47—59. [A B0~ AL, = — /3(Mgy) (5d)

(31) Longuet-Higgins, H. C.; Rector, C. W.; Platt, J.RChem. Phys
195Q 18, 1174-1181.
(32) Of course, strictly, the biological chromophores of interest have no The minus sign in eq 5d gives rise to a second-derivative

symmetry. Here, in keeping with common practice, we assume the porphyrin ; ; ; i ;
m-orbital states can usefully be considered to be characterized dysthe spectrum in which the central feature is positive (Figure 6, top).

or Can point groups. ) (34) Sutherland, J. C.; Axelrod, D.; Klein, M. B. Chem. Phys1971,
(33) The irreducible representanoriﬁf and 1BI are more often 54, 2888-2898.

denoted'By, and'Bzy (e.g., see ref 27). The present notation was chosen  (35) Equation 3 can be derived either from eq A.1 of ref 13 by making

to emphasize théEff and lEY parentage of the singlet states and more an appropriate choice for the matrix elements arféctors or by direct

clearly associate these states with the coordinate axes of the molecular framepowder integration of thé\, term in eq 1.
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Table 1. M, Value, Gaussian Parametdr){ and Absorption
Bandwidth Calculated as a Function of Selected Values for the
MLD Crystal-Field SplittingA at a Fixed Value of MCD Peak-to-Trough
) Energy SplittingW?
B
~/ " A (cm e M, ° T (cm Yy width (crm2)e
z 0 4.9 79.2 132
g | Mep N~ 50 49 76.4 142
£ N 75 4.9 72.0 162
S~ 93f 4.9 66.2 188
- 100 5.0 62.5 197
Abs /1\ N 110 5.4 51.2 195
,/’ \,, — . .
aThe value used fow is taken from experiment, 112 cth? A <

W, see Appendix C¢ Obtained using eq C.5.Obtained using eq C.3.

e Width of absorption band at half the maximum height calculated with
Figure 6. Gaussian band shape: bottom, absorptfsrcénter, MCD the values given foA andT given in the same row.The absorption
A (—0fl9€); top, MLD A (—d%/0€?). The vertical arrows indicate band has two maxima fok greater than this value.

the amplitudesAabs, AAuco, and AAup used in eqs 1812. The ) ) )
horizontal arrow indicates the MCD peak-to-trough separatgnjsed find for the (pseudo)A terms the absorption-normalized

Energy

in eq 12. expressions
Furthermore, it can be demonstrated that the powder average AAyip _ l(gZ”BH)2 (10)
of the Eq term is zero (see Appendix B) Ayps 200 T
. . A H
[E 5% fe + A2) + E § [ fe — A2)~ 0 (6) :MCD - @”2 gZ‘IfB (11)
'‘Abs

Thus, in the_framev_vork of th_e three-state moo_lel, _the MLD of principle, the expressions in eqs 10 and 11 may be used to
the Q band is predicted to yield a second.- derivative spectrum determinegz independently from the relevant pairs of spectro-
for any value ofA smaller than the bandwidth. | 1 scopic results. However, at this juncture, a note of caution must
Un_d_erD4h symmetry A ~ 0). the MCD _Of the Alg__’ Ey be introduced. The parametefs,s and " in egs 10 and 11
transition has only a nonvanishiwy; term (first-derivative term explicitly refer to the Gaussian envelopes wharis zero. When
in eq 2) within the limits of the three-state modgl. Similarly, A —. 0, the apparent values @ and T deduced from the
under_CZh symmetry & =0 the_ MCD now consists of two absorption spectrum are systematically too small and too large,
?pfosnelly S|gnledY30 terms pertaining to the transitiod8g — respectively, as a result of band broadening due to splitting of
B, and*Aq — !B, which together yield an MCD pseud@ the excited state (see Table 1). This phenomenon appears to
term have been reportéd put its nature misinterpreted in our opinion.
Fortunately, dividing eq 10 by eq 11 and substitutihg= W/
—[A PR () ~ B § X[, f(e + AI2) + V2 yields the additional absorption-independent relationship

A—Y
B § Ve — A12) (7a) Mo _ 670 115H
Ay 20 W

12)
which is virtually independent ok and indistinguishable from
the MCD A; term obtained undeb,, symmetry, provided\
is smaller than the bandwid®.The powder averaging yields
the expression

whereW, the energy separation of the relevant MCD (pseudo)
Aj term peak and trough, is taken from the data of Figure 3B
(W= 112 cn1?). It is shown in Appendix C that eq 12 may be
used in situations wher& is either less than or comparable to
[A P8, ~ A [, = Yoy, (7b)  the bandwidth.
Ferrocytochrome ¢ While the origin of the ferrocytochrome

Thus, provided the crystal-field splitting remains smaller than € second-derivative Q-band MLD has been formally demon-
the bandwidth, both MLD and MCD spectra of the Q band retain Strated in the previous section, it remains to be understood from
their respective derivative features obtained uigmwhen the an intuitive point of view. To gain this further insight, it is useful

symmetry is lowered t&;p. to consider the interaction of individual molecules with the
The absorption band of th#A;y — !E, transition for a applied magnetic field (Figure 7). The first row of the figure
randomly oriented sample is given by shows three orientations of the applied field with respect to the
molecular frame. The three situations represent a subset of the
Ppdla= 2/3ym2f(e) @) possible orientations that occur by applying a field to a randomly

oriented ensemble of molecules. As befdfas the magnetic
. . . anisotropy axisdx = gy = 0, gz = 0) of the molecule, an&X
We approximate the normalized band sh&peby a Gaussian andY are the polarization direction&it ™= [iny(= 0, (=
function 0) of the Q band. The second row specifies the Cartesian
contributions toA; — Y Ag for each direction of the field. Note
f(e) = iy 12 exp[—((e — eo)lf)z] (9) that, in averaging the transition probability perpendicular to the
applied field, there arises a geometrical factot/phlong each
wheree, is the transition energy in the absence of a magnetic Perpendicular Cartesian componefto§ ¢0= /), whereas

field and the bandwidth at half-height is given by(th 2)V2. (36) Barth, G.; Linder, R. E.; Bunnenberg, E.; Djerassi, C.; Seamans,
Using the definitions for the amplitudes given in Figure 6, we L.; Moscowitz, A.J. Chem. Soc., Perkin Tran§974 2, 1706-1711.
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Figure 7. Schematic representation of powder-averaging the Q-band
MLD, leading to a second-derivative spectru,(term). The following
abbreviations have been useldn= X etc. Note that the intensity of
the predicted MLD signal has been amplified with respect to the
individual absorptions shown in the fourth row (see the text for further
details).

along the parallel component the factor is unity. The third row
indicates transitions and Zeeman splittings of ¥#&glevel for

the field orientations considered in the first row. The fourth
row gives the shapes, signs, and relative weights of the
contributions to the Q-band MLD, with the resulting MLD
spectrum obtained by summing the subspectra presented in th
fifth row. We notice that the subspectra cancel exactly in zero
applied field: the cancellation of linear dichroism by the

incomplete powder-averaging procedure considered in the figure

mimics the complete cancellation of linear dichroism in a
randomly oriented samplé€:3” In the presence of an applied

field, however, the compounded spectrum appears as a secondx

derivative signal due to the Zeeman splitting when the field is
applied alongZ. It should be noted that the Q band of low-spin

e

Peterson et al.

This result differs from the previous findings of others who
estimatedM, = 7.8%° and 7.9° for the same system from a
combination of room-temperature MCD and absorption data.
The former of these earlier studies assumed the band-shape
equivalence of the first derivative of the absorption and MCD
spectra. However, working at 4.2 K, it is quite clear that the
first derivative of the absorption spectrum is different from the
observed MCD (Figure 3B). The latter of the two earlier studies
relied on a multiparameter fitting procedure to both data sets,
and the analysis appears to have depended upon implicit
assumptions concerning the insignificance of spectral overlap
with the Q-1 band (see Figure 4b of ref 40), possibly leading
to overestimation of the Qo transition bandwidth. It has been
pointed out by Barth et &f that the magnitude d¥1, depends
on the identity of the axial ligands present. Therefdde may
exhibit temperature-dependent variation due to changes in axial
coordination. Clearly, this cannot explain the difference between
the current and previous results because ligand substitution in
cytochromec is well-known to be accompanied by readily
observable spectral changeswhich are not evident between
4.2 K and room temperature in the electronic spectra of
ferrocytochromec.

The combined MLD-MCD approach is a simpler (and thus
preferable) method for determining, because (i) fitting is
unnecessary, the required parameters being read directly from
the spectra, (ii) the protocol is less dependent upon any implicit
assumptions concerning the number and nature of additional
interfering transitions, (iii) the ratio of experimental parameters
taken is essentially independent of the excited-state splitting,
and (iv) the method can be applied to numerous other kinds of
Scattering samples, like solid mulls, or biological membrane
preparations. The present estimat®kfis comparable to values
determined for magnesium and zine-octaethylporphyrin
derivatives®® but as the earlier study shows that the excited-
state momenta are derivative dependent, a direct comparison is
precluded. Interestingly, the most detailed available theoretical
calculationd’ find the highest allowable angular momentum for
the Q band to be abouh5which is consistent with our current
findings and differs from the 7 predicted by the Simpson

ferrous hemes is unusually sharp compared to the absorption,qqe|24-26.31|n the context of the Gouterman model, our result
bands of other metalloprotein derivatives. This property renders or \1_ implies that, if we compare the energy splitting between

the measurement of the second-derivative MLD spectrum of

Figure 3C possible, because the term is proportional td"—2.
Using the relevant amplitude ratio obtained from the data of

Figure 3B,C, we find by application of eq 12 thdt = g,/2 =

the orbitals a and a with the energy splittings between the
configurations with different values f¢i, | in ferrocytochrome

¢, the former quantity is relatively larger than it was previously
believed to be on the basis of the vald | ~ 8. In physical

4.9+ 0.4. The compounded error margin is estimated from the terms, this means that the magnetic-field-induced ring currents
spread in the results of two independent sets of measurementsssociated with the paramagnetic excited electronic states are
and the uncertainty iV. The possible effect of large excited- less than was previously thought to be the case. It should be
state splitting A = ~10? cm™1) on the determined value &, noted that the MLD-MCD method is not restricted to cryogenic
was explicitly investigated and found to be negligible (Table temperatures, these conditions simply being chosen for con-
1). In fact, onlyM_ values corresponding th < 93 cnt ! need venience in our laboratory. Provided with the appropriate
to be considered as potential solutions, because for higher valuegimbient-temperature bore magnet and enough sample, the
of this parameter the absorption spectrum is split into separateprocedure can be carried out at room temperature, where better
bands for the individual transitions, leading to a spectrum with optical transmission characteristics prevail and noise levels are
two maxima, in disagreement with the experim&nhus, consequently lower.
within the limits of our present experimental uncertainty and ~ Deoxymyoglobin To date, adequate theory has been devel-
the confines of the theoretical model, the 4.2 K MEBICD oped to account for the MLD spectra of molecular chromophores
data show thaM, ~ 4.9 in ferrocytochrome. with singlet and doublet ground statésOngoing efforts are
aimed at developing theoretical formulations suitable for ap-
plication to systems exhibiting higher ground-state multiplici-
ties?! like deoxymyoglobin. Nevertheless, in the absence of a
detailed analysis, straightforward comparison of the spectral data
(39) Dratz, E. A. Ph.D. Thesitniversity of California, Berkeley, 1966.

(40) Sutherland, J. C.; Klein, M. B. Chem. Phys1972 57, 76—85.
(41) Bominaar, E. L.; Peterson, J. Manuscript in preparation.

(37) Norde, B. Appl. Spectrosc. Re 1978 14, 157-248.

(38) The Q-band absorption spectrum has a single maximum far
V2T and a double maximum otherwise. The equality results if one takes
the T value obtained from eq C.3 fa = 112 cnm! andA ~ 93 cnm'.,
The shoulder observed near the maximum of the Q band in Figure 3A is
due to differences in either bandwidths or amplitudes associated with the
two transitions, which are close to the limit of resolution.
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of Figure 4C with those of Figure 3C leads to some important Aaé

conclusions: (i) MLD can be observed for both diamagnetic

and paramagnetic non-Kramers hemoprotein derivatives; (ii) the

magnitude of the MLD signal obtained varies with the ground-

state spin of the specific chromophore under study, indicating

the effect to exhibit potentially advantageous selectivity; (i) g, pstitution of the ground- and excited-state functiondfor

the MLD signals of at least some-dl transitions appear to be ¢ (indicated by superscript 0), expansion khof the field-

relatively weak compared to those of transitions involving ligand gependent line shape functidn (eq A.2), and taking the

orbitals, which will likely prove diagnostically useful. orientational average. The expansionfgfin second order of
An especially noteworthy example of a system exhibiting a the field yields

weak MLD spectrum is ferricytochrome Thus far, we have

not measured any strong MLD signal associated with this or fo=f+ EB'EW |1B§ 3_f)H2 (A.2)

other systems having ground-state sgBn= 1, This is H R U3

potentially a rather important observation. A significant limita-

tion concerning the application of cryogenic MCD spectroscopy

to metalloproteins is the extreme sensitivity of this technique 1né

to S= 1/, chromophores, like low-spin ferric hemé%These MBS | 'BEM = B3 I K 0K |u, 'B5 Y

sysems are generally electron-transfer centers in large protein ume V\/& — V\/;

complexes, and their intense spectral features tend to obscure

any MCD signals arising from substrate-binding active sites. and represents the second-order energy correction arising from

Many interesting metalloprotein derivatives are known in which the Zeeman interaction betweéB, and B, the lower and

LD

O[5 1-m"BIE° — 1BA 1, MBI (o)
E=X,Y) (A1)

Whereﬁl(,Z are unit vectors along the laboratory axes by

The coefficient of the first-derivative term is given by

(A.3)

the substrate-binding hemes have ground-state $pind/,. If upper levels of the spItE, term, respectively. Then, fotg;,
MLD spectroscopy can routinely be used to extract magneto- k) = (B%,1B), Wb — WA = A > 0, and3B)|u,|'B 1 > 0,
optical signals from such centers in the presenc&ef Y, the 1A, — BX transition is shifted to a lower energy (see

chromophores, then the concerted application of MCD and MLD Eigyre 5). For 185, K) = (2B, 1BY) W -We=-A<0

. . . . ur u?’ u’/? ’
to the study o_f m_etalloprotelns will constitute an extremely 4 HBIV‘ZPBID <0, thelAg — 1BI transition is shifted to a
powerful combination. The spectra of Figure 4C firmly support higher energy. Equations 5a and 5b follow by straightforward

this suggestion. integration over Euler angles, connecting the laboratory and
Detection of a “magnetic-field-induced optical linear dichro- molecular frames, of the expression obtained from eq A.1 by

ism” at a single fixed wavelength has previously been reported replacingfy by eq A.3.

for photolyzed carbonmonoxyhemoglobin maintained below 20

K, but attributed to a magnetokinetic effect associated with Appendix B

recombination of the photolyzed ligand. In the present study, Diagonalization ofHzee + Hcr, WhereHcr is the crystal-

the data presented in Figure 4C can unambiguously be attributedig|q Hamiltonian which splits’E,, yields eigenstateg; and

to static MLD because the sample contained no photolytic ligand 2. The states foH = 0 are related to the staté8” andB)

species. In fact, ligand photolysis and recombination of ferrous o, 4 = o by unitary transformation. The expreussion E”H

hemoprotein derivatives has been shown to be readily monitoredgptained by using the exact eigenstates is

by cryogenic MCD measuremerfts?3 Following a period of

incubation at above 30 K, the lack of any time-dependent changeg A~* gAY ~ 5 [13%A |1 -y, 0P —

of signal intensity in the 4.2 K spectrum of Figure 4B establishes 0 0 L1 gz '

that photolysis/recombination of some unidentified ligand did ~ i

not occur in the current experiments. |ElAg|1X-ﬁ1|¢iD]2](f(e) + (-1 ——) (B.1)
Finally, preliminary MLD studies of samples other than 2 9e

hemoproteins have proved encouraging. Thus far, employing irst, let us consider thie) term in eq B.1. The elementary

paramagnetic metalloprotein derivatives 8D uL sample relationship

volumes in the concentration range 2.4 mM) and model

compounds, including both Kramers and non-Kramérs /) Z IBA | 1My, 0P = Z CA, | 1, -y, [, 1M *A O
systems, data have been obtained from mononuclear iron centers 12 g T2 ¢ ‘
and iron-sulfur clusters. Consequently, while the MLD experi- (B.2)

ment is significantly more troublesome to perform than MCD, implies that the dependence of the coefficientf@) on the

g]sefgeg L;r?;r:]enet 31? (rfefaialI(i)mrct;:eihna\:i,esttr:e(?n2ei(s:,e(:st')sr‘??e/:rf’,lirélsIgl\r/\l%X lgenstates is given by the unity operaii.ayilipil, for the
’ X Y . L . .
9 P Y B, B,} space. As this operator is invariant under unitary

tr;er_efo_;_e, itis t? be anticipated tfhg.t MhLD s_ptectrosdcgpy ‘l'q"i” _be transformations, it follows that the coefficient is independent
or significance to many areas ot biochemistry and DIOpNYSICS. f 1he field. As in the absence of a field (= 0) the powder-

averaged expression

DZ |BA | Lol 0P, (B.3)
i=1,2

Appendix A

The expressions foBilda in eqs 5a and 5b were derived
from the expression for the MLD differential absorptién

: is independent of the orientation of the vectgrdue to spatial
5 {gﬁﬁ%@;@%‘;‘i"gﬁ” Foote, N.; Peterson, J.; Thomson, Biathem.  jsotropy of the randomly oriented samples studied here, the
(43) Greenwood, C.; Foote, N.; Peterson, J.; ThomsoBjdchem. Soc. ~ t€rms in the square brackgts cancel in 'ghe powder average.
Trans.1985 13, 625-626. Consequently, thé(¢) term in eq B.1 arising from Zeeman
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interactions inside the spliE, term is zero for any value of
the field (see eq 6).

Peterson et al.

simplifies to the expressioh = WIv/2 given in the text. Using
egs C.1C.3, the amplitude ratio relevant to the MEDMCD

Second, the powder average of the derivative term in eq B.1 methodology (see Figure 6) can be expressed as a function of

can be shown to be zero by explicit integration over the Euler
angles, providedink[= [My[(see text following eq 3). If the
latter condition is not fulfilled, there arises a first-derivative
(pseudoB;) term in addition to theA, term, which causes the

MLD band to assume an asymmetric shape. As can be seen |29(¢; + €;)

from Figure 3C, the left minimum of the MLD band is, indeed,
slightly more depressed than the right minimum. However, the

W andA

h0O) |_A

T

ol 4

(C.4)

uncertainty in our present data precludes a quantitative analysisEquation C.4 simplifies to the factoe/R)2 in the limit A —

of this effect. We note that BB1 term is zero at the maximum
of the A, band and therefore does not affect the amplitude ratio
given in eq 12.

Appendix C

In the Discussion, we have approximated the finite differential
quotients

9(e) = [f(e — AI2) — f(e + AI2)J/A
h(e) = If (e — A/2) — (e + AI2))/A

(C.1)
(€.2)

which occur in the expressions for the MCD and MLD
pseudoA terms, by the corresponding infinitesimal differential
quotients, i.e., the first and second derivatived ¢h eq C.2
the derivative with respect te is indicated by a prime),
respectively. The Gaussian line-shape functijruéed in eqs
C.1 and C.2 depends parametricallylomAs we are dealing in
the case of ferrocytochronewith a crystal-field splitting A)

that is on the same order of magnitude as the line width, it is
necessary to establish the validity of this approximation. The
peak and trough of the MCD first-derivative-type signal in eq
C.1 are located at energies+ €1, and their separation is given
by W = 2¢;. For any value of the crystal-field splittiny < W,

it is possible to determine a value forfor which the peak-

0. By replacing this factor with the rigorous expression given
in eq C.4, we obtain in place of eq 12 the expression

AAyip 1

_1 h(0)
AAycp 012g(e * €))

gz ugH
T

(C.5)

where the quantity in magnitude signs is given by eq C.4 and
I" by eq C.3. Equation C.5 is a generalization of eq 12, valid
for any allowed value oAA. The values foM, = gz/2 listed in
Table 1 have been obtained from eq C.5 for different values of
A, using experimental values fo¥ (112 cntt) and the MLD
and MCD amplitudes occurring in the ratio at the left-hand side
of eq C.5.

In a somewhat similar manner, it can be shown that the value
for M_ obtained from the MLB-MCD protocol is virtually
independent of the instrument’s bandwidth, provided the latter
guantity does not exceed the limit above which the second-
derivative signal appears as two separate first derivatives.
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