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ABSTRACT: Infrared and optical spectra of carbonmonoxy horseradish peroxidase were monitored as a
function of pH and substrate binding. The analyses of experimental results together with semiempirical
calculations show that the C&porphyrin complex is sensitive to environmental changes. The electronic
Q(0,0) band of the porphyrin and the CO stretching mode respond to external perturbations with different
symmetry dependencies. In this way, the complex is nonisotropic, and the combined spectral analyses
constitute a valuable tool for the investigation of structure. In the absence of substrate and at pH 6.0, the
low-spin heme optical Q(0,0) absorption band is a single peak that narrows as the temperature decreases.
Under these conditions, the CO vibrational stretch frequency is at 1903 dmdition of the substrates
benzohydroxamic acid or naphthohydroxamic acid produces a sp820 cnt?! in the Q(0,0) absorption

band that is clearly evident a100 K and shifts the CO absorption to 1916 @mincreasing the pH to

9.3 also causes a split in the Q(0,0) optical band and elicits a shifd®) to a higher frequency (1936

cm1). The splitting of the Q(0,0) band and the shifts in the IR spectra are both consistent with changes
in the local electric field produced by the proximity of the electronegative carbonyl of the substrate near
the heme or the protonation and/or deprotonation of the distal histidine, although other effects are also
considered. The larger effect on the Q(0,0) band with substrate at low pH and the sk@@y) at high

pH can be rationalized by the directionality of the field and the orientation dependence of dipolar
interactions.

A question for all enzymes is how the polypeptide chain Scheme 1
modulates the activity of a prosthetic group in a specific
manner. For heme proteins, this question is especially
intriguing in view of these proteins’ diverse functions,
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prosthetic group for enzymes carrying out these roles is rather FeHRP-AH 10, “

simple, a heme. The reactions, for the most part, occur at ]

the Fe core, but to understand the specificity of the reactivity Of aromatic substrates (AH) of HRP can serve as H-donor

of Fe, one must think of the whole porphyrimetal-ligand reductants. The enzymatic scheme for the catalysis carried

complex and its modification by the polypeptide chain.  outby HRP is given in Scheme 1. Adding® to the resting
The peroxidases, one subgroup of heme proteins, reacNZyMe produces compound]J)(The resting enzyme allso

with H,0, to form H0. A well-studied member of this &N bind the aromatic substrate, AH, concomitant with a

family is horseradish peroxidase (HRP),O, serves as the _(I:_f;]aract((ajrlstlc absorp':clon l:(): hangebl_n éhe he"m € Spﬁ@?f ég(
oxidant in most of its reactions, but in contrast, a wide variety | N€ random nature of substrate binding allows the indepen-
dent study of compound I, FeHRP, and F&€HRP-AH. The
structure of F&"HRP is known §), and structures are also
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Scheme 2 shifts of the CO stretch frequency can be considered
o AH proportional to the interaction energy of the CO dipole with
the electrostatic potential produced by the environment. As
shown below, this interaction is proportional to the scalar
product of the CO dipole moment with the external elec-
. ) ) ) trostatic field, defining a preferential axis (in the direction
to Fe, a conclusion in acc_ord with earlier NMR studigs (o the CO dipole moment). On the other hand, the porphyrin
8, 9) and computer modelindl(). Q(0,0) electronic band splitting is produced by a break of
HRP can exist in various low-spin forms. Compound Il the D,, symmetry, so the macrocycle plane is the reference
can be converted into an inactive ferrous low-spin O for the analyses of these perturbations.
complex, called compound Ill. An analogous low-spin |n this paper, we inspect the electronic spectra of the heme
complex is formed when the resting enzyme is reduced in and the IR signal of CO bound to HRP as a function of pH
the presence of CO (Scheme 2]i). The CO complex can  and the binding of the aromatic substrates BHA and
bind the aromatic substrate to form a stable low-spin tertiary naphthohydroxamic acid (NHA). We show that when the
complex. The absorption spectra of low-spin metal porphyrin sypstrate is added or when pH is increased the Q(0,0) band
complexes are quite well understood. They have a distin- of CO-HRP splits and the CO vibrational frequency shifts.
guishing intense transition in the region of 4680 nm  Changes in both spectral markers are consistent with pH and

(23000-25000 cm*), called the Soret or B band and a supstrate-induced changes in the local fields near the heme.
weaker transition, Q(0,0) oo band, with an associated

vibronic band, Qv op band, in the visible region at 530 ~ MATERIALS AND METHODS

590 nm (1700619000 cm). Work by Gouterman and Water was deionized and then glass distilled. Type C HRP
others has led to the assignment of these transitions to\y55 obtained from Sigma Chemical Co. (St. Louis, MO).
excitations from @, & porphyrinz to e* g porphyrinz* Aldrich Chemical Co. (Milwaukee, WI) supplied BHA, and
orbitals, forming four one-electron excited states which mix NHA was purchased from ICN (Costa Mesa, CA). HRP was
by configuration interactionl@). Porphyrin electronic transi- purified as described previously3?) based upon the
tions in heme proteins are sensitive to the protein environ- procedure of Paul33). The CO derivative of HRP was
ment due to a high susceptibility of theelectron cloud to  yrepared as follows. Seventy microliters of a 60/40 (v/v)
perturbations by the surrounding protein. glycerol/water solution was placed in a 25 mL round-bottom
HRP is an especially intriguing protein for studying how boiling vessel that was fitted with a side valve to introduce
the heme is affected by perturbations, because its spectraa vacuum and CO and a sidearm to hold dry components.
can be changed by binding substrate or by changing pH, asSeven milligrams of HRP and 1 mg of sodium dithionite
indicated above. The Q(0,0) absorption band of Mg meso- were placed in the sidearm. The assembly was aspirated for
porphyrin which was used to replace the heme of HRP 15 min to remove air. CO was introduced into the vessel for
(resulting in a low-spin metal-bound porphyrin) shows a ~15 min at 8-10 psi, and then the vessel was closed. The
composite nature in the presence of the substrate NHA atdry components from the sidearm were then introduced to
low temperatures, and with hole burning studies, the spectralthe solution and mixed by swirling. The solution became
features can be ascertained as spectral splitlifgl@). The bright orange/red. The solution was allowed to remain in
general sensitivity of heme optical spectra to the protein the CO atmosphere for 0.5 h, at which time the vessel was
matrix is indicated by a frequently observed split in the opened. The pH values were adjusted by adding HCI or
Q(0,0) absorption band of low-spin ferrous hemes @nd ~ NaOH. The final pH values, 6.0 and 9.3, are given in the
references therein). Using computational methods, it wasfigure legends. The final protein concentration was in the
concluded that the splitting can be ascribed to protein internal 2—4 mM range.
electric fields, as well as protein-induced distortion of the  |R spectra were obtained with a Bruker IFS 66 Fourier
ring (16, 17) and additional effects from ligation and ring  transform IR instrument (Bruker, Brookline, MA) that was
substitution {8). Whether the sensitivity to the protein  configured with a Globar source, a KBr beam splitter, and a
environment of the Q(0,0) band is a general feature for other liquid nitrogen-cooled MCT detectoB4). A transmission
low-spin forms of the protein, including CO-HRP, has not cell holder with Cagwindows was used to hold the sample.
been determined. In addition to its optical spectrum, the The spacer width was 2Q@m. Spectra were an average of
carbonmonoxy form of the enzyme is of interest because it 128 interferograms recorded at a resolution of 2 &nA
can also be studied through the IR signal of the bound CO. four-point apodization function and a zero-filling factor of
Experimental differences in CO stretch frequency are 2 were used with the Opus acquisition software. The acqui-
observed in homologous proteins and single-mutant deriva-sition time for each spectrum was2 min. The baseline was
tives of proteins 19-24), consistent with the interpretation  corrected by straight line correction when the peaks were
that the CO frequency is extremely sensitive to the confor- fit to a Gaussian function using PeakFit (Jandel Scientific,
mation of the heme and local electric field2b¢-31). San Rafael, CA). A Hitachi Perkin-Elmer absorption instru-
Because of the complexity of the heme pocket in these ment was used to record the UVisible absorption spectra.
proteins, changes in experimental conditions can affect the The same transmission cell holder used for the IR measure-
CO IR frequency and the optical spectra through many ments was used to hold the sample, but the spacer width
factors. The analyses of both electronic and IR spectra reducavas 100um for the optical measurements. The thin spacer
the number of variables to be considered, since only the and the use of the cryogenic cosolvent glycerol ensured that
environmental changes consistent with both spectra shouldthe sample remained optically clear with no cracks over the
be considered. In first-order perturbation theory, the spectral entire temperature range. The temperature was regulated

Fe>*HRP N CO-Fe2+HRPg~——* CO-Fe**HRP-AH

reductant
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using an OmniPlex cryostat (APD Cryogenics, Allentown, calculated values odv are in excellent agreement, as in
PA). The spectra at high temperatures were obtained first; previous works we use a value of 4:9 107 cmY/(V~1
the temperature was reduced by %D, and then the next cm™). In the dipole approximation, the perturbation of the
spectrum was obtained. The equilibration time at each vibrational energy levels is given by the interaction of the
temperature was- 10 min. In certain experiments, absorption dipole moment of CO with the electric field. The frequency
spectra were again taken as the temperature increased. Neshift due to an external electric fiel will be given by
irreversible effects were seen. _
Electrostatic CalculationsAs the crystallographic struc- N 5 (ﬁCOE)
v =0v

ture of CO-bound horseradish peroxidase is not known, we 2)
used for our calculations the HRP structure in the presence
of benzohydroxamic acid substrate as given in the Protein
Data Bank entry 2ATJ. The CO was added to the structure
file with standard bond lengths and a bent orientation with
the Biopolymer module of the Insightll package (Biosym
Technologies, San Diego, CA) as described by Laberge et
al. (21). Because of the calculation method used in this work,

whereiico is the dipole vector along the-€D bond. Because
the interaction energy (term within parentheses) of a dipole
with the electric field produced by a set of charges must be
equal to the interaction energy of these charges with the field
produced by the dipole, eq 2 can be rewritten as

this approximate structure is accurate enough for our purpose. Sy

It should be noted that this structure was used for all three Av = — qD,(itco) (3)
calculations so that the calculated differences are due solely ltcol G

to the imposed electric potential, and not differences in

starting structures. whereq; is thei point charge andbi(iico) is the potential

The electrostatic potential produced by the CO dipole was produced by the dipole at the charge site. This form is far
calculated with the finite-difference PoisseBoltzmann more convenient for our calculations. The field of the dipole
(FDPB) method as implemented in the Delphi pack&@e-( s calculated for the proteinsolvent system within a FDPB
38). The protein solvent system was modeled as a two approach, and the contribution to the shift of each charged
dielectric system with the boundary defined by the protein residue of interest may be calculated independently. Once
molecular surface, with dielectric constants of 80 for water the potential map was obtained for the system, the spectral
and 2 for the protein. A 65 65 x 65 grid was used, and  shift of the CO stretch band was calculated to be G;:®2
the scale was chosen so the longest protein dimension wagm™ (the potential in units of kT per electric charge, as
70% of the grid length. The ionic strength of the solvent obtained from the Delphi calculations) summed over the
was taken to be 0.01 M. More details of this method can be charges of the residue or molecule (substrate) of interest.
found elsewhere2(l, 26, 39). The factor 1.22 accounts for the unit’s conversion factor,

The benzohydroxamic acid structure was minimized in the Stark tuning rate, and the dipole moment of CO.
energy, and the partial charges were calculated at a Hartree  Estimation of Optical Spectral Feature@uantum chemi-
Fock level using the Gaussian 94 program (Gaussian,cal calculations of the optical spectra used the intermediate

Pittsburgh, PA) 40). The main contributions (in units & neglect of differential overlap (INDO/s) semiempirical
with hydrogens atomic charges summed into heavy atoms)method that was parametrized for porphyrin spectroscopy
are from the hydroxamic functional group, 0.@0for C, by Zerner and co-workers4f—44). In as much that the
—0.59e for O1 (bound to C)~0.10e for N, and—0.08 e coordinates are not known, we simulated spectral features
for O2 (bound to N). in the same way as reported previouslg)( with the CO
Estimation of the CO Stretch Vibrational Frequenégs geometry discussed in the electrostatic calculations section.

the protein environment is difficult to model exactly, The results of the calculations for the Q-band splitting are
calculation of the absolute values of the vibrational frequency sensitive to the particular macrocycle conformation and CO
will present limited accuracy. On the other hand, vibrational geometry. We used this method as an indication that the
frequency shifts are more easily calculated and reliable. In observed experimental splittings are compatible with the
this work, we calculate the CO stretch frequency shift, variations in electrostatic potential at the macrocycle for the
following the procedure of Laberge et al., which combines different conditions analyzed in this work. As was done
the FDPB method and the use of an empirical Stark tuning previously (8), 59 configurations, the maximum allowed
rate to evaluate electrostatically induced shifts in CO stretch by the program, were used. The Q and B transition can be
frequency R1, 26). The empirical values obtained by very well described with this number of configurations as
Lambert @1) to calculate vibrational frequency shifts due they involve few excited states. We tested the dependence
to the vibrational Stark effect have proven to give good of our results using fewer configurations with the same
agreement with experimental results for a series of proteinsresults, indicating that the number of configurations used to

(22). evaluate these low-energy-lying transitions gives reliable
The method of calculation makes use of the concept of results.
the empirical Stark tuning rate, defined as In previous work {6—18), it was shown that the spectral
splitting of the heme group in proteins is caused by a
ov = dv,/dE 1) combined effect of symmetry-lowering factors. When a

certain protein family or a protein under different experi-
where o, is the energy difference between the= 0 and mental conditions is compared, it is extremely useful to have
v = 1 states ancE the electrostatic field module of the quantitative methods of comparing the different environments
component in the CO dipole direction. The experimental and and conformations. For example, the macrocycle conforma-
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Ficure 1: Optical absorption of CO-HRP at pH 6.0. The sample FiGure 2: Optical absorption of CO-HRP at pH 9.3. Other
contained a 60% (v/v) glycerol/water mixture and 10 mM sodium conditions are the same as described in the legend of Figure 1.
phosphate buffer. The dashed line at 17 470 tmarks the Q(0,0) Dashed lines at 17 362 and 17 562 ¢dmark the split Q(0,0) band
band position. The dark line at lower absorbance at this frequency peaks. The dark line at lower absorbance at these frequencies is
is the spectrum at 290 K, and the upper dark line is the spectrum the spectrum taken at 290 K, and the higher absorbance spectrum
at 11-13 K. The sample was stepwise cooled by°’@) and spectra ~ was at 12 K. Lighter lines are spectra taken as described in the
were taken every 10C. These spectra are shown with light lines, legend of Figure 1. The inset shows the Soret region absorbance:

as a series with the increasing absorbance at 17 470 @rourring dark line, 12 K; and light line, 290 K.
with a decrease in temperature. The inset shows the Soret region
absorbance: dark line, 13 K; and light line, 290 K. electrostatic potential at the heme site for the same CO

tional analysis of Jentzen et ab¥-48) allows the com-  Structure used for the other calculations.

parison of heme macrocycle conformations in a quantitative RESULTS

way, in terms of a normal mode decomposition. In a similar

way, we developed a program that can be used to decompose Visible Absorption Spectr&aposi et al. have determined
the electrostatic potential in a spatial region in terms of the that HRP in a glycerol/water matrix remains folded in the
irreducible representations of a particular point group. The temperature range of 363 K as indicated by the IR
electrostatic potential, as obtained for example from a FDPB spectrum of the amide’ land II' bands 82). Visible
calculation, can be expressed as a sum of contributions, eaclabsorption spectra of the CEHRP complex, given in Figure
belonging to a particular irreducible representation of the 1 at temperatures ranging from ambienttb0 K, show two
point group 48). In particular, for heme groups in proteins, bands in visible region (at 541 nm, 18 480 ¢mand 572

the electrostatic potential exerted by the rest of the protein nm, 17 480 cm?), typical of low-spin hypsoporphyrin&().

at the heme site can be decomposed into the 10 irreducibleThe Soret band maximum is at 423 nm, 23 640 &nThe
representations of th®., group. A discussion of the peak positions are the same as reported previously for this
influence of the symmetry of external perturbations to mix compound at room temperaturgl. As the temperature is
the Q, Q,, By, and B states has been given in detail, for lowered, the Q(0,0) band becomes narrower, and the absorp-
example, in the paper of Goutermai®). This method allows  tion at the peak maximum increases. The Q(0,0) band is
the automatic elimination from the electrostatic potential of centered at 572.5 nm, 17 467 chnat 20 K.

the components that introduce no changes in the spectra At alkaline pH values, HRP undergoes spectroscopic
based on group theory considerations. InEhggroup, the changes and the residue responsible for the change h&s a p
symmetric product [E*E} Aig+ Big + Bog, and therefore,  of ~8.3 (62, 53). On the basis of the pH dependence of site-
only these components can contribute to the spectral featuresnutated enzymes, this residue is identified as His42, which
of the Q-band. For distorted porphyrin rings, the selection has its K modulated by interaction with Arg3838, 54).
rules valid for a planar macrocycle may be relieved, as the The absorption spectrum of CO-HRP at high pH is docu-
distortion may change the symmetry of the molecular orbitals mented in Figure 2. At room temperature, the Q(0,0) band
(16). Because the X-ray structure is not available for the broadens relative to that of the low-pH form (compare with
protein complexes discussed in this work, we calculated the Figure 1), and the band no longer appears symmetrical. At
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Ficure 3: Optical absorption of the CO-HRMBHA complex at . . ’

pH 6.0. The BHA concentration was3 mM. Other conditions ~ FIGURE 4: Optical absorption of the CO-HRINHA complex at

are the same as described in the legend of Figure 1. Dashed linePH 6-0. The NHA concentration was3 mM. Other conditions

at 17 320 and 17 640 crimark the split Q(0,0) band peaks. The &ré the same as described in the legend of Figure 1. Dashed lines

dark line at lower absorbance at these frequencies is the spectrunfit 17 313 and 17 618 crimark the split Q(0,0) band peaks. The

taken at 290 K, and the dark line at higher absorbance is the dark line at lower absorbance at these frequencies is the spectrum

spectrum taken at 13 K. Lighter lines are spectra taken as described@ken at 290 K, and the dark line at higher absorbance is the
in the legend of Figure 1. The inset shows the Soret region spectrum taken at 13 K. Lighter lines are spectra taken as described

bsorb - dark line, 13 K: and light line, 290 K. in the legend of Figure 1. The inset shows the Soret region
absorbance. dark fine and fight fine absorbance: dark line, 13 K; and light line, 290 K.

the lowest temperatures where the spectral resolution is the

highest, it is evident that the Q(0,0) band is split. Table 1: Splitting in the Q(0,0) Band of Low-Spin Forms of HRP
Addition of the BHA substrate to the enzyme also split (cnT) ref

significantly affects the spectra under consideration. The

. . CO-HRP not detected this work
electronic spectrum for CO-HRP in the presence of BHA at  co-HRP, pH 9.3 200 this work
pH 6.0 is shown in Figure 3. As in the case for high pH CO-HRP with BHA 320 this work
values, even at room temperature it is apparent that the Q(0,0) EAO'HSF"_'VF\QS‘ NHA 382 SIQ'S work

. . _ g. -
band is broadened relative to that of the substrate-free Mg-MP-HRP with NHA 254 55

enzyme (cf. Figure 1), and as the temperature decreases, the
split in the band is plainly visible. The lower peak is at 567
nm, 17 640 cm?, and the upper peak is at 578 nm, 17 320
cmL. The splitis~320 cnT. The mean position is at 17 469
Cm—l, the same as the maximum seen for substrate-free Co_the same conditions used for the optical studies. In the
HRP within experimental error (Figure 1). In other words, Purified enzyme used in our study, a single absorption band
the binding of substrate to CO-HRP does not appreciably at 1903 cm* was seen for CO-HRP and at 1937 Tnfor
shift the spectrum but only splits the band. pH 9.3; this is shown in Figure 5A. [Other workers have
Like BHA, the substrate analogue NHA binds to HRP with reported that there are two CO absorption bands in the IR
high affinity (3). As seen in Figure 4, the optical spectra are spectra of carbonmonoxy HRB&-58). The pH is known
similar to those observed for the BHA complex (Figure 3). to affect the ratio of the two peak5§), and therefore, the
The frequency of the split;-305 cm'?, is close to that medium conditions may perhaps account for the difference
observed for the BHA complex. between our results and the literature.] Figure 5A also shows
The values for the splitting of the Q(0,0) band for the CO- the IR absorption band of CO-HRP in the presence of BHA.
HRP are summarized in Table 1, which also gives the Q(0,0) In this sample, the major absorption band is at 1916%m
band splitting for HRP in which the heme was substituted It is evident in Figure 5 that there is some protein that does
with Mg-mesoporphyrin (Mg-MP-HRP)56). not have substrate bound, since the peak observed at 1903
Infrared Absorption SpectraThe IR spectrum of CO cm! is at the same frequency as for the substrate-free
bound to the enzyme was examined for the samples undemrotein. Assuming that the CO vibrational mode extinction

apH 6.0 except where indicated. The temperature of measurement
in this work was 20 K.




3488 Biochemistry, Vol. 40, No. 12, 2001 Kaposi et al.

oY

18] v

——pH 6.0 =———BHA

---pH93

0.11 1

0.07 4

absorbance

0.03 1

-0.01 1
1895 1905 1915 1925 1945

wavenumber, cm’’

1935

Jomsv O oY

0.15 4

01

absorbance

FiGUrRE 6: Electrostatic potential calculated at the heme site. The
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toward the top: (top) the total electrostatic potential, (bottom) the
B1y component of the electrostatic potential, (left) low pH, and
(right) low pH with substrate.
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Ficure 5: (A) Infrared absorption of CO-HRP, the CO-HRP
BHA complex at pH 6.0, and CO-HRP at pH 9.3. The symbols . .
represent data points after linear baseline subtraction. Connecting® ©f the BHA carbonyl group is oriented toward the CO

lines are fitted Gaussians functions. (B) Optical spectra of the CO- bound to the heme. BHA is a weak acid with an aqueous
HRP—BHA spectra at pH 6.0 minus a contribution from CO-HRP. pKj, of 8.8; when BHA is bound to the enzyme, thi¢ would

The temperature was 20 K. likely be even higher. If it is assumed that the acids are
protonated (and therefore formally uncharged) at pH 6.0, the
calculated spectral shift obtained for the field change
produced by the presence of the substrate is 8'cm

19000 20000

Table 2: CO Frequencigs
temperature (K) frequency (cth

ref

HRP 293 1903 this work For the distal histidine residue, we considered a change
228 %ggg 53{_65 ) of —1 in the charge of the NE2 nitrogen on going from pH
this wor i H
HRP, pH 9.3 293 1036 this work _6.02t7o 9.3i In this case, the calculated spectral shif{ @©O)
293 1932 52 IS 27 cn. , _ _
20 1936 this work These results are in good agreement in both sign and
HRP with BHA 2296? 11':'?1161 trf]!is W0r||(62 magnitude with the experimental ones (see Table 2).
this wor i i i
HRP with NHA 293 1916 this work Evaluation of thhe O_ptllcal IBa}nq SphtW(; perft())rrc;]ed '
20 1916 (1919) this work ZINDO quantum chemical calculations [as described previ-

ously (18)]. The calculated splitting for the distorted CO
heme complex in the absence of a field was 60 rdsing

the field for the proteirCO complex at low pH gave a
constant is about the same for the substrate-bound and -fregalculated splitting of 80 crt. For the proteir-CO complex
forms, we can estimate that80% of the protein has BHA  at high pH, this value was 150 crh) and it became 280
bound. To make sure that the perceived splitting of the Q(0,0) cm™1 for the protein-CO-BHA complex. These calculated
band was not due to the free form, the spectrum of the freevalues are in good agreement with the trend seen in the
form was subtracted from that of the BHA-bound protein experimental results. As noted above, the starting structures
(Figure 5B). The difference spectrum clearly shows the ysed for the calculations are the same, so these splittings

apH 6.0 except where indicated.

spectral splitting in this band.

In the complexes of HRP-CO with NHA, the CO stretch
frequency in the presence of this substrate was at 1916 cm
with a second smaller peak at 1919 cdnapparent at low

represent the effect of the electric field only.

In the top panel of Figure 6, we show the total calculated
electrostatic potential at the heme molecular surface for the
experimental case of low pH and with the addition of BHA.

temperatures (not shown). Therefore, in the optical spectrumAlthough the results for these cases exhibit differences,
(Figure 4), there will also be some contribution from this suggesting that the change in experimental conditions
second form of the enzyme. Nevertheless, a clear spectraintroduces an effective change in the electrostatic potential

splitting was seen.

The frequencies of the CO stretch are given in Table 2.

Evaluation of Infrared Spectral Shift&Ve took for the

at the heme group, it is not clear from these figures how the
potential should affect the transition. In the lower part of
the figure, we show the component of the electrostatic

charged group of the substrates the same spatial coordinatepotential belonging to the irreducible representatignds

(available for BHA acid in the Protein Data Bank file), so
the calculated shift im(CO) obtained by binding either BHA

the D4y, group. In this case, it is very clear that the addition
of the substrate introduces a major difference in this

and NHA is the same. In the structure, the electronegative symmetry component of the total electrostatic potential
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(Figure 6, bottom right). The correlation between spectral \
splitting and the change in this component of the electrostatic
potential is evident. A similar comparison of all the irreduc-
ible representation components of the electrostatic potential
shows the same trend, reinforcing the idea that electrostatic
effects are sufficiently large to be the principal contributions
to the observed experimental splitting.

DISCUSSION

Both optical and IR spectroscopy have been used to
evaluate local electric fields in proteins. The effect of electric
fields on IR frequency of CO in heme proteins is documented
by comparison of proteins with site-directed mutatio?) (
homologous protein®2(, 59), and direct Stark experiments
(31). Electric fields within the protein are also known to

.

HIS 170

Ficure 7: Heme of HRP. The distal His, His42, is shown to be
) : ! bisected by the axis, defined as the axis perpendicular to the heme,
produce heme optical changek6(-18, 39). This paper is  with CO lying on this axis. The close distance of the negative
the first work in which the IR and optical spectra were both carbonyl of BHA to the heme edge can be seen. His170 is also
examined under the same conditions. Two ways were usedShown.
to perturb the spectra. The first was to change the pH, which o
changes the protonation of the distal His. The second was®lectric field. But BHA affects the CO stretch frequency only
to bind the substrate analogue BHA or NHA to the protein. Slightly, since the dipole orientation of CO does not favor
The orientation and distance of BHA are known from the an interaction with the field that the substrate produces.
crystal structure®), thereby allowing for evaluation of its In the calculation of the electric field, we used the same
effect on the two chromophores. coordinates for the heme complex for the three experimental
To summarize the experimental results, the Q(0,0) absorp-conditions, but examined solely the effect of the local field.
tion band of CO-HRP at pH 6.0 exhibits a single band, but Our results therefore indicate that the field can account for
adding substrate or increasing the pH produces a split in thethe spectral changes. This is not to say that there may not
band (Table 1). The fact that the split does not arise from be additional influences of the polypeptide chain. We first
two conformations of the protein seems clear since the IR discuss the effects on the Q(0,0) band. Rasnik et al. have
spectrum of CO shows a single frequency in the absence orexamined various effects on low-spin heme sped®8. (t
presence of the substrate (Figure 5A). The sequence of thewas shown that the spectral splitting of the heme Q(0,0) band

splitin the bands iAAQ(low pH) < AQ(high pH) < AQ(low
pH + substrate), the respective values bein@, 200, and

is caused by combined contributions from macrocycle
conformation, electrostatic field imposed by the protein

320 cn1. The binding of substrate shifts the CO frequency environment, axial ligation, and the propionic peripheral
to higher values, as does increasing the pH (Tables 1 andsubstituents, and that these effects can be approximately equal

2). In this case, the sequence for the frequenciegGO)-
(low pH) < »(CO)(low pH+ substrate)< »(CO)(high pH),
the respective values being 1903, 1916, and 1936 ciihe

in magnitude. Depending on the particular symmetry of each
of these perturbations that destroy the idBal symmetry
of the heme group, the effects may add or subtract, making

conclusion of the calculations is that an electrostatic effect the Q(0,0) band splitting highly sensitive to the whole protein
can be invoked to explain both the Q(0,0) splitting and the structure. The binding of substrate and changing the pH
CO stretch frequency shift, including their relative ordering. might also be expected to cause changes in the heme pocket
The ordering of the results can be explained by recognizing and heme conformation that would additionally influence the
that the electrostatic potential is spatially dependent. To spectra. It is instructive to compare other low-spin forms of
illustrate this, the relative positions and orientation of the HRP that are formed when porphyrins containing closed shell
heme, CO, His42, and BHA are shown in Figure 7. In the metals such as Mg or Zn are substituted for the native heme.
case of the CO stretch, the electric dipole can be expectedThe Q(0,0) absorption band of the Mg-mesoporphyrin-
to be approximately coincident with the molecular axis, i.e., substituted HRP shows splitting at low temperaturE3). (
along thez axis and perpendicular to the heme plane. The splitting trend is the same as for CO-HRP; that is to
Therefore, changing the charge along this axis, by depro-say, adding the substrate BHA increases the split in the
tonating His42, seen in Figure 7 to be nearly directly above Q(0,0) band for both MgMP-HRP and CO-HRP (Table 1).
the CO, would have a rather large effect. This result supportsIn another protein, the absorption spectra of low-spin ferrous
our previous theoretical conclusio2g 29) that the Ay cytochromeg and the Zn-substituted cytochroroeleriva-
component of the field perpendicular to the porphyrin plane tives were compared. Again, the trends in the splittings were
has the major control af(CO). In contrast, the Q(0,0) band conserved upon metal substitutidr6(17). While the Q(0,0)
splitting can be caused only by low-symmetryyBnd By band of low-spin heme complexes is sensitive to symmetry-
components of the electric field, the totally symmetrical lowering conditions, whether a split band will be experi-
components of the field being able only to shift the center mentally observed will depend on the bandwidths as well
of gravity of the Q(0,0) band. In this way, the substrate field as the splitting value. Since the details of ligation are different
has a major influence on the optical spectra, because thefor low-spin ferrous and closed shell metal complexes, it
electronegative carbonyl region of the substrate BHA is suggests that factors involving the ligand per se in these cases
oriented in a manner that would affect the electron are unlikely to be solely causing the split. This would support
distribution, mainly affecting the B component of the the argument that other effects such as the local electric field
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or the heme conformation contributes to the spectral features.high (31). Although their experimental method provides an
However, this supposition would be strengthened if the interesting way of attack, its main source of uncertainty is
structure of the complex were known, allowing for more the evaluation of the actual electric field inside the protein.
precise calculation of the spectra. Further comparisons of This limitation is also inherent in our calculation, as we
various ligated forms may help to separate the various effects.described the protein as a continuum dielectric. The essential
As for the optical spectra, the protein environment affects conclusions of our work are not affected by a particular
strongly the CO vibrational frequency in CO-bonded heme choice of the Stark tuning rate. Its exact value is still an
protein complexes(, 24, 26—29, 31, 60, 61). Any condition open problem, and further study on different systems is
that changes the electronic density of the CO bond will essential to reach definite conclusions.
produce a change in the corresponding stretching frequency To summarize, shifts of(CO) and spectral splitting of
(25, 27—30). Sterically induced bond distortions, electrostatic the Q(0,0) band of the heme absorption spectrum in CO-
fields, hydrogen bonding, and electron back-donation from HRP occur when the pH is changed and with binding of the
the heme group can contribute in this way to the observed substrate. The COporphyrin complex provides both optical
absorption frequency. The electrostatic contributions to the and IR signals for the study of local environment effects,
CO stretching frequencies, as with the perturbative approachresults that are relevant not only for the particular case
of the empirical Stark tuning rate as shown above, gave studied here but also for all CO-bound heme proteins. We
excellent agreement with the observed experimental shifts.showed that, although limited in accuracy, semiempirical
The relatively low frequency of theg(CO) band in horserad-  calculations combined with PoisseBoltzmann electrostatic
ish peroxidase with respect to myoglobin can also be calculations can give good results when combined with
interpreted as a result of the electrostatic environment of the suitably designed experiments. The spectroscopic changes
heme. Electrostatic potential differences in C and O atoms are consistent with the view that they are caused mainly by
for CO-HRP give electrostatic field values of 20, 8, and 16 electrostatic effects. The experimental observation of both

kcal/mol (or 7.1x 107, 2.8 x 107, and 5.6x 10’ V/cm) for electronic and IR spectra, combined with the various methods
the conditions of protonated histidine, unprotonated histidine, of spectral calculation, shows new possibilities for charac-
and substrate binding at neutral pH, respectively. terization of the pocket in heme proteins, since by the

We should note that the field values for CO in HRP are directionality of the interactions, they probe different parts
higher than the ones presented by Phillips et al. for a set ofof the protein. The spectroscopic changes in the heme
myoglobin proteinsZ4). The higher potential difference is  proteins can be studied in solution over a wide range of
consistent with the lower-frequency range of CO stretch band temperature and experimental conditions so they can also
in horseradish peroxidase, although direct comparison of theprovide important information about dynamical effects. The
systems should be made carefully because of the differentquantitative description of the environment and its effects
environments. Our calculations suggest strongly that elec-on the heme electronic structure, reflected in its optical
trostatic effects are of major relevance in determining the spectra, provide an important step to understanding the
observed spectral shifts for the CO stretch band, consistentmodulation of activity by the protein environment.
with the conclusion of Phillips and co-workers. In particular,
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