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Aromatic Substrate Specificity of Horseradish Peroxidase C Studied by a Combined
Fluorescence Line Narrowing/Energy Minimization Approach: The Effect of
Localized Side-Chain Reorganization
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ABSTRACT. Horseradish peroxidase C binds a wide variety of small H-donor compounds such as
benzohydroxamic acid (BHA) and 2-naphthohydroxamic acid (NHA). In this work, we use the Mg(ll)-
mesoporphyrin prosthetic group derivative as a spectroscopic probe of the active site and of the interaction
with the substrates. We report on high-resolution fluorescence line-narrowed spectra which show that the
effects of substrate binding on the electronic transitions are similar for both substrates and present data
on the normal vibrational modes that are active in the vibronic spectra. Analysis of the vibrational
frequencies shows that the Mg(ll) ion is 5-coordinate in all cases, thus ruling out a solvent water as sixth
ligand. The frequency shifts observed as a result of substrate binding are also indicative of a more rigid
prosthetic group upon substrate binding. We present models for MgMP-HRP and its complexes with
both substrates and compare the resulting structures on the basis of a modeling approach combining energy
minimization to finite difference PoisserBoltzmann calculations which partitions the various relative
protein contributions to substrate binding. We show that the electrostatic potential of the prosthetic group
is modified by the binding event. Analysis of the unbound and bound energy-minimized structures shows
that the enzyme modulates substrate binding by subtle charge reorganization in the vicinity of the catalytic
site and that this rearrangement is not attributable to significant secondary structure conformational changes
but to side-chain reorganization.

Horseradish peroxidase (HRPEC 11.1.7) is an oxi- capacity to interact with the active site residues of HRPC,
doreductase which catalyzes in plant roots the oxidation of thus confirming earlier reports proposing that aromatic
a remarkably wide variety of aromatic compounds Dk donors bind the enzyme mainly through hydrophobic and
(1). Recently, several structures have become available forH-bonding interactions7—9).
isoenzyme C: that of native HRPC at 2.15 A resolutig) ( In this work, we compare the binding of BHA to that of
as well as the structures of HRPC complexed to BRBA (' another similar aromatic donor so as to investigate the details
to ferulic acid and to a ternary cyanide complex at a 2.0 A f the aromatic substrate specificity of HRPC and the protein
resolution §). BHA is not considered a typical HRPC  matrix features which control tand by extension
substrate, first of all because it has no known physiological prosthetic group properties. The other substrate selected was
role, although some analogues are reported to be i”VO|V6d2-naphthohydroxamic acid (NHA), which also binds HRPC
?n (_Braminae defense mechanisrdy, @nd second, because strongly, Kp of 0.2 uM (10), and the binding of which we
it binds more stronglyKq = 2.4 uM) to HRPC than other  recently investigated on a fluorescent HRPC derivative by
aromatic substrates which usually ha$s in the millimolar FLN, and also by pressure tuning and Stark effect hole
range 6, 7). The available X-ray structures are not indicative burning spectroscopy (SHBLY, 12). The structure of the
of any major structural rearrangements as a result of substratgy,g substrates is shown in Figure 1. In previous studies, we
binding, i.e., there is no evidence of (_:Iearl_y distinct structur- gpowed that binding NHA increases the Q(0,0) splitting of
ally “closed” and “open” conformations in the substrate- the optical spectra while the isothermal compressibility did
bound and .unbound states: pairwise superposition of thepgt significantly change. Subsequent Stark effect SHB
structures yields an overall-carbon rmsd smaller than 0.4 experiments12) were clearly indicative of different pocket
A. The X-ray results ) therefore suggest that what makes fields being experienced at the optical center as a result of
BHA an atypical reducing substrate is that it has a particular NyA binding. The hole splittings resulting from the ap-
plication of an electric field, and sensitive to charge effects
* To whom correspondence should be addressed. Phone: (36-1) 2664n the vicinity of the prosthetic group, had markedly different
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1 Abbreviations: BHA, benzohydroxamic acid; EM, energy mini-

mization; FDPB, Finite Difference Poisson Boltzmann method; FLN, ~ These results accordingly prompted us to probe the
fluorescence line narrowing; HRPC, horseradish peroxidase isoenzymeelectrostatic environment of the binding site for the NHA

C; MgMP, Mg(Il) mesoporphyrin; MgMP-HRP, Mg(ll) mesoporphyrin ;
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FiGurRe 1: Substrates used in the present study: benzohydroxamic 250 300 350 400 450 500 550 600 650
acid (top); 2-naphthohydroxamic acid (bottom). nm

; i« FIGURE2: Absorption spectrum of MgMP-HRP after liophylization
Poissor-Boltzmann (FDPB) approach. The advantage of this of the main baﬁ d fragtion iy Azsg = 9) pooled af?eg’ e
metho_d is that it treats the _Cha_Fgeharge mterf_;lctlons chromatography in 50 mM ammonium acetate, pH 5. Soret (B) at
explicitely and also accounts implicitely for atomic polar- 414 nm, Q at 548.0 nm and Q(0,0) at 576.5 nih= 298 K. The
izability and charge reorientation, which are included in the FLN spectra were acquired by tuning the excitation in the Q(0,0)
dielectric constant 15). In the minimization study, we  region.

selected a no cutoff energy minimization approach to locate N )
structurally realistic local minima, a procedure which has Width of exciting laser light and are broadened by the homog-

been extensively used to investigate structdftmction eneous line broadening effects (excited-state lifetime, dephas-
relations in biomolecular assembliess( 17), followed by ing, temperature broadening, spectral diffusion). The resulting
FDPB calculations to generate and compare the electrostatidine shape at cryogenic temperatures then consists of a sharp
molecular surfaces of the respective optical centers. zero phonon line (ZPL) and a broader phonon wing (PW).

For the experimental FLN measurements, we used theIn the case of optical centers embedded in proteins, coupling
same fluorescent analogue of the native enzyme as in theof the vibronic transitions to phonon modes of the matrix is
previous studies as a reporter of the local protein environ- @lso expectedX?, 23). The fact that the IDF site symmetries
ment, i.e., magnesium mesoporphyrin HRPC (MgMP-HRP), are not significantly different has the result that, selectively
since heme fluorescence is quenched in the native specie§Xciting a given ZPL transition in the IDF yields emission
by the C|Ose proximity Of porphyriw* and iron d_orbita's_ Spectra that Only dlffel'. by the pOSItIOI’] of the 0-0 transition
Interest in this porphyrin derivative is also that it has been Without affecting the vibrational features.
the object of reports concerning its cytotoxic activity in the  The electronic properties of the porphyrin macrocy2l (
presence of light18). are based on the well-known four-orbital model which

We have previously used high resolution laser spectros- describes the transitions observed in the visible region as
copy extensively to obtain resolved spectra of porphyrin occurring between the two highest occupied molecular
centers embedded in protein matrixes either by spectral holeorbitals (a, and a,) to the two degenerate lowest unoccupied
burning (SHB) or by FLN and have recently reviewed these MOs (g) (25). Under idealized., symmetry, the gorbitals
techniques as applied to the study of proteit®<(21). The are strictly degenerate, whileaand a, are not. The g
technique is effective at cryogenic temperatures because therbitals are subject to strong configuration interaction with
optical centers then behave like impurity hosts in an the result that twor — 7* transitions are observed in the
amorphous glassy matrix. The protein is frozen in a variety visible: the intense (allowed) Soret or B(0,0) transition, in
of conformational states that lead to a continuous distribution which the transition dipoles add up, and the much weaker
of slightly perturbed electronic transition energies in the Q(0,0) transition, in which the transition dipoles nearly cancel
optical center. This effect is seen as inhomogeneous broad-out. A third weak band, Q at higher energy than the Q(0,0),
ening in the spectra, the extent of which can be experimen-is assigned to transitions terminating in higher vibrational
tally determined by FLN. The inhomogeneous distribution levels and mixing with B(0,0) (Figure 2). The Q(0,0)
function (IDF) is the true inhomogeneous (0,0) band shape transition of HRPC is of special interest to us, we discuss
at low temperature. A typical FLN spectrum is obtained by its Q.-y splitting in a recent repor2g). In the experiments
narrow line width laser excitation within the inhomogeneous reported in this work, the @egion of the split 6-0 band
absorption band, which then yields line-narrowed emission was selected for excitation to complement the previous FLN
spectra of the selected population through narrow slit-width results obtained under Q(0,1) excitatidri), We also wished
detection. The spectral lines of these line-narrowed emissionto elucidate whether the binding of a 6th ligand could be
spectra still contain some inhomogeneity due to the spectralconsidered as a possible contributing factor in the previously
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observed @, splitting and in the spectral differences used for MgMP in ethanoksp; = 3 x 1 M~ cm™, and
between NHA-bound and unbound enzyri& (12, 26). The for MgMP-HRP in 20 mM KPi, pH 7.0¢414 = 108 mM™
X-ray structure of the uncomplexed native enzyme clearly cm™. For the FLN experiments;-400 uM samples were
shows that a water molecule is not close enough for bond prepared in 50% glycerol/buffer, which ensures good optical
formation (3.2 A), but since this distance shortens to 2.6 A quality at cryogenic temperatures. The buffer used was 50
in the substrate-bound structure, it could very well be mM ammonium acetate, pH 5.1. BHA and NHA solutions
indicative of a 6th ligand as proposed by RR studi2zg (  were prepared in distilled water and in 20% methanol/water
28) or of possible interaction between the water and the (v/v), respectively. A small excess of substrate was added
porphyrin electron cloud3). Elucidation of the coordination  to the enzyme for the FLN experiments.
number of M@" is also of interest in this class of metal- Spectroscopy: Fluorescence Line Narrowihgw-tem-
loporphyrins, as the metal has been reported to easily bindperature absorption spectra were acquired with a Jobin-Yvon
to solvent polar impurities29). We show in this work that ~ monochromator THR 1000 with holographic grating (Jobin-
this question can be answered by FLN. We complement theYvon, Longjumeau, France) at a resolution of 2 ém
previous NHA binding studies with FLN results on the Broadband excitation spectra were acquired on a FS900CD
binding of BHA and use electrostatic calculations to inves- luminometer (Edinburgh Analytical Instruments, U.K.)
tigate protein matrix fields in the vicinity of the binding site. equipped with a Xenon lamp. FLN spectra were recorded
The computational results strengthen previously reported using a Coherent 899-01 ring dye laser pumped by an Innova
Stark effect interpretations on the MgMP-HRP complex with 307 Ar ion laser (Coherent Laser Products, Palo Alto, CA)
NHA and explain the similarity in the effect of the two using Rhodamine 590 (Exciton Laser Dyes, Dayton, OH).
substratesi(2). Energy minimization results show that in both  The output power was attenuated at the sample-t6 &\W/
cases, side-chain local reorganization and relaxation fine-cn? with neutral density filters. In our most recent SHB
tune the charge redistribution of the protein matrix so as to studies on these derivative2fj, we established that efficient
allow aromatic substrate steering. SHB in the NHA-bound species requires a power density of
at least 5 mW/crhand a burntime exceeding 13 min when
MATERIALS AND METHODS exciting in the 0-0 region. We also reported that SHB was
Derivatization of MgMP-HRP and Sample Preparation. much less efficient in the absence of NHA. We therefore
In this work, we used a derivative of the native enzyme, recorded successive FLN spectra at the same excitation
MgMP-HRP. The insertion of a mesoporphyrin, instead of wavelength to verify that SHB did not significantly affect
a protoporphyrin, has been shown to have no effect on thethe emission spectra during the acquisition time interval.
enzyme activity or the formation of the catalytic intermedi- ~ The spectral width of the laser line was 0.5 ©m
ates, i.e., compounds |, Il, and 1BQ) and we have recently  Excitation spectra were recorded by a motor driving the
reported that our modified MgMP derivatization procedure tuning element of the laser. Emission was recorded &t 90
also has little effect on the substrate-binding properties of and directed to the THR1000 monochromator (linear disper-
the enzyme 12), we accordingly fully describe it here. sion: 0.8 nm/mm, 1200 grooves/mm). The detector was a
Horseradish peroxidase isoenzyme C was isolated andcooled GaAs R943-02 PMT (Hamamatsu Photonics K. K.,
purified from horseradish. The heme was removed from the Japan). Samples were cooled+d0K using a closed cycle
enzyme using the acid methyl ketone meth&d)( The M22 refrigerating unit (Cryophysics SA, Geneva, Switzer-
enzyme was then reconstituted with incorporation of the land). In this type of experiment, the resonant 0-0O emission
disodium salt of Mg(ll) Mesoporphyrin IX (Porphyrin  cannot be recorded due to interference from the exciting laser
Products, Logan UT). In a typical procedure, some 30 mg light and short lifetime of the excited state. Emission spectra
of apoHRP were dissolved in 10 mL of 100 mM Tris/HCI were accordingly recordee20 cn1! from excitation using
buffer, pH 8.2. The mesoporphyrin solution was prepared a 200um-slit-width, which corresponds to a resolution of 1
by dissolving some 34 mg of the salt in 1 mL of ethanol cm™ at 590 nm.
(Merck, spec grade) and stirring in the dark fe2 h, Computational Methods: Generating the Modehsl|
followed by bench microcentrifugation to remove undis- energy minimization calculations were performed using
solved material. Some 9Q@L of this solution were added  version 2000 of thénsightll software package (MSI, San
to the apoprotein solution; typical concentrations wei#b Diego CA) on a Silicon Graphics R-10000 O2 workstation.
uM MgMP in 50—-60 uM apoHRPC. The incorporation = Two sets of horseradish peroxidase X-ray coordinates were
proceeded in the dark at 4C for 2 h. This solution was  obtained from the Protein Data BanBZj, respectively,
then dialyzed against two changes of 5 mM KPi, pH 7.0, pdblatj.ent for HRPC2) and pdb2atj.ent for HRPC bound
overnight. The 10 mL dialysate was then centrifuged at 5000 to BHA (3). The structures were first corrected for the
rpm for 1 h at 4 C using Centricon-10000 vials to a volume disordered and modified regions resulting from the X-ray
of 0.5 mL, to remove low molecular weight protein frag- procedure. From these coordinates, three structures were
ments, or alternatively filtered using an Amicon stirred cell generated: (i) that of MgMP-HRP by substituting in latj
with Y10000 membranes (Millipore Corp., Bedford, MA). the five-coordinate iron ligated to the porphyrin pyrrole
The concentrate was then applied to a G-75 column (Sepha-hitrogens and to His170 by magnesium; (ii) that of MgMP-
dex Superfine, Pharmacia Fine Chemicals, Uppsala, Sweden)HRP bound to BHA, again by substituting iron with
degassed after swelling, bed volume: 76 mL) equilibrated magnesium in the 2atj structure, and (iii) that of MgMP-
in 20 mM KPi, pH 7.0 and eluted at a rate of 6 mcth HRP bound to NHA by substituting NHA for BHA in the
Only the main band fractions with th#4/Azg0 ratio > 9 previous structure using the Builder module of Insightll to
were retained and lyophilized (Figure 2). The following build NHA. Atomic charges for BHA, NHA, and MgMP
extinction coefficients, determined in the laboratory, were were obtained from restricted HF calculations as described
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elsewhere 33). HRPC has two 7-coordinate calcium ions, Once all structures minimized, both BHA and NHA were
one ligated to the carbonyl or side-chain oxygens of Asp222, then extracted from their respective structures and each
Thrl71, lle228, Asp230, Thr225, with the other coordinated merged into an MgMP-HRP structure, because we wished
to Val46, Gly48, Asp50, Asp43, Ser52, and wat4l. Partial to take protein relaxation into account as a result of substrate
charges were obtained for these coordination spheres usinginding. The complexes were then reminimized so as to
models built by extracting the metals and their ligands from compare the respective energies of the systems as a result
the HRPC structure and optimizing to known model cyclic of substrate binding. Since no X-ray structure is available
peptide geometry and within the range of known Caf{() for HRPC-NHA, this substrate was inserted in several starting
bond lengths in proteins34, 35). Optimal bond distances geometries, rotating it in the heme crevice by-8tcrements
and atomic charges for the models were obtained following with vertical and horizontal translations along the heme plane
established procedure3q) from RHF/6-31G* calculations  as well. Four lowest energy structures were then compared
(37) as implemented in the GAMESS progra88) until the with unbound HRPC and the BHA-bound species. It is
changes in energy and coordinates was belovf Hartrees important to bear in mind that energy minimization is a
and 1073 Bohr or radians. classical molecular mechanics method. It uses an empirical

The structures were parametrized using the esff force field potential energy function and cannot describe quantum
as implemented iDiscover _3and incorporating the partial mechanical effects, but the calculated minimized energies
charges calculated for both substrates by an electrostaticcan be used for meaningful comparison of the relative
fitting procedure. X-ray water molecules were retained, i.e., binding of two different substrates.
150 from latj and 197 from 2atj, not counting the water  Electrostatic CalculationsThe charge distribution of the
coordinated to Ca352. Retaining these waters was requiredGlu, Asp, Arg, and Lys residues was set to be representative
because some of them participate in the H-bond network, of the experimental pH value. Missing hydrogens were added
especially the waters found in the heme crevi@e J). subject to van der Waals constraints. Electrostatic surface
Additionally, to avoid drastic structural changes during the potential maps were generated using the Grasp software
minimization procedure, the structures were solvated in a 5 package 41), which includes a PoissetBoltzmann (PB)
A layer of explicit waters (1394 molecules). This is required solver, essentially a graphical version of the finite difference
so as to include the so-called “structural water shell”, solutions to the PB equation implemented in the Delphi
consisting of some-400 H,O molecules, strongly bound to  software packaged(l—43). Briefly, the spatial variation of
the protein surface and which has been shown to stabilizethe potential® at positionr is related to the charge
the native structure3@, 17). Explicit hydrogens were added  distributionp and the position-dependent dielectric permit-
usinglInsightll, and the amino acid residues were protonated tivity ¢ as follows:
so as to be consistent with the experimental pH value. The
propionic acid side chains were also considered ionized as Ve(r)vae(r) = —4mp(r)/kT 1)
inferred from recently reported solvent-accessible surface
area calculations for the HRPC heme crevice, which yielded
66.4 A2, with about half this surface found around the
propionates 33).

_We. used a multiple-algorithm protocol for energy mi'ni.- Ve(r)ve(r) — e/czcb(r) — —4erf(r)/kT )
mization so as to relax the structures smoothly, thus avoiding
drastic deviations from the initial X-ray structures and where the linearized form of the PoisseBoltzmann equa-
consisting of an initial steepest descent minimization to tion is sufficient for most protein applications. The tekf
remove artifacts introduced by the addition of explicit is equal to 142 or &rq?l/ekTwherel is the Debye length,
hydrogens and solvent until the derivatives reached someis the ionic strength of the solution, aptis the fixed charge
10 kcal mot*A~1 with all heavy atoms tethered. This ensured density.®, ¢, k, andp are all functions of the vectar. The
a nearly quadratic potential energy surface and was followedsecond term in eq 2 describes the salt effect. Since water
by conjugate gradient minimization using a Polak-Rieie  molecules are more polarized by an electric field than the
algorithm, with the backbone atoms constrained in a first protein, the use of two dielectric constants allows for
step followed by progressive removal of the restraint until consideration of the solvation effect experienced by polar
the last 30 minimization cycles showed energy differences molecules in an aqueous solution. The derivative(of in
less than~0.01 kcal mot! with derivatives of the order of  eq 2 is nonzero only wheas(r) varies, representing the
0.0001 kcal mot*A~1. These conversion criteria were “dielectric discontinuity” region between the low dielectric
deemed appropriate to reach local minima allowing com- solute (protein) and the high dielectric solvent or “molecular
parison of the relative energies of the different structures. A surface”. TheGraspPB solver uses two 33 cubed grids, one
dielectric constant of 2 was selected with no cutoffs for both nested within the other. Electrostatic parameters were set as
van der Waals and Coulombic interactions and the stereo-follows: €inner = 2.0; €ouer= 79.0; water probe radius 1.4
chemical quality of the models was verified using the A; ionic radius= 2.0 A; salt concentratios 0.050 M. The
PROCHECK program4Q). question of the appropriate value for the internal dielectric

Ramachandran statistics were examined so as to ensureonstant used in this type of calculation has been the object
that the minimized structures were consistent with the of much debate, essentially because it serves the purpose of
allowed Ramachandran ranges and the starting HRPC X-rayaccounting for nonexplicit responses to an electric field. We
structures (Figure 3) The generated models showed goodselected to use a value of 2 which assumes that the only
overall intramolecular contacts and no residues had disal-dielectric response corresponds to electronic polarizability
lowed main torsion angles. (44). This assumption is justified since the X-ray structures

If mobile ions are present in the system, the Poisson equation
can be combined with the Boltzmann expression for ion
concentration, yielding:
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Ficure 3: Ramachandran diagrams of HRPC structures and models: the top LHS shows the plot obtained for the native HRPC X-ray
structure [pdblatj.ent2f], followed clockwise by the diagrams obtained for (i) the optimized structure of MgMP-HRP, (ii) the X-ray
structure of native HRPC bound to BHA [pdb2atj.e8)]( and (iii) the optimized structure of MgMP-HRP bound to NHA.

of the unbound and bound peroxidases are not indicative ofare observed for MgMP-HRP, MgMP-HRP/BHA, and
major conformational changes in the protein backbone. MgMP-HRP/NHA. Thus, the effect of BHA is very similar

Calculations were performed using the PARSE (parametersto that of NHA. The sharpness of the bands is also
for solvation energy) charge set5) with titratable residues  significantly increased at low temperature, with 2nd deriva-

corresponding to their respective pH charge. tive peak fitting yielding respective fwhm of 43.7, 57.8, and
56.1 cmt for the lowest energy €0,0) transitions observed
RESULTS in the spectra of the three derivatives. Previous studies on

Low-Temperature Absorptiofigure 4 shows the absorp-  the protein and on the NHA complex showed good agree-
tion spectra of MgMP-HRP (A) and of the enzyme bound Ment between these spectral width values and the width of
to BHA (B) and NHA (C) acquired at 1.5 and 10 K, the IDF determined by FLN spectral series. Data points for
respectively. The spectra display the Q-band region, observedn® IDF of the BHA-complex overlaid on the «and
between~525 and 600 nm in the 298 K-spectrum which illustrates the same for this complex. Note that the IDF is
shows Q at 541.5 nm and Q(0,0) at 576.5 nm (the latter 5|gr_1|f|cantly broader for t_he _substrate complex_es. _The (0,0)
with fwhmaesk = 13 nm, cf., Figure 2). region probed by FLN (indicated by arrows in Figure 4)

In Figure 4, the Qtransition clearly displays a spectral anges from~17 000 to~17 250 cm*.
envelope indicative of several vibrational transitions (ob-  Line-Narrowed Spectraln condensed phase and if ob-
served between 17 700 and 19 000 émAs for the Q(0,0) served at cryogenic temperatures, the PW contribution is
band, Q- splittings of the order of 92, 246, and 255 thn known to occur on the high-energy side of the ZPL in



Aromatic Substrate Specificity of Horseradish Peroxidase C

17064 17157 A
Q
16500 17000 17500 18000 18500 19000 19500
17142 B
“—> o
16500 17000 17500 18000 18500 19000 19500
17153
17405 c
Q

16500 17000 17500 18000 18500 19000 19500

wavenumber (cm™)

Ficure 4: (A, C) Absorption spectra of MgMP-HRP and MgMP-
HRP/NHA at 1.5 K in the Q-band region; (B) broadband fluores-
cence excitation spectrum of MgMP-HRPBHA, same conditions,
10 K. Arrows indicate range of excitation for FLN spectra, namely
from 17 021 to 17 245 cmi for MgMP-HRP and from 17054 to
17304 cm! for the substrate-bound enzyme. Q(0,0) splittings:
MgMP-HRP, 93 cm'; MgMP-HRP + BHA, 244 cntl; MgMP-
HRP+ NHA, 252 cnt?. Dotted line in B: best fit to experimentally
determined IDF.

absorption and on the low-energy side in emissib® 26,
46). Thus, in our experiments, by tuning the laser excitation
both to the blue and to the red of thg(QO) transition,
observed at 17 064, 17 142, and 17 153 €m MgMP-HRP,
MgMP-HRP/BHA, and MgMP-HRP/NHA, respectively (cf.,
Figure 4), we are effectively recording the)oS— S
transitions of the IDF, with either maximum or minimum
contribution from excitation through PW. Figure 5 presents
FLN spectra recorded by tuning the excitation on the low-
energy side of (§0,0) in the spectrum of MgMP-HRP, i.e.,
throughout the distribution of 0-0 origins. In the spectrum
excited at 17 030 cnt, excitation occurs with the least
simultaneous excitation of other oscillators in the inhomo-

Biochemistry, Vol. 40, No. 31, 20008231

17030

I(a.u.)

14800 15200 15600 16000 16400 16800

wavenumber (cm'1)

FiIGUrRe 5: FLN spectra of MgMP-HRP in 50 mM AmAc, pH 5.1
and 50% glycerolrecorded by tuning the laser excitation on the low
energy side of th& transition at a laser power density of-3
mWi/ce. T = 10 K, laser excitation wavelength shown on LHS of
each spectrum.

porphyrin complexesA(7). Differences are observed between
the vibrational energies of MgMP in the protein and in its
complexed forms. Figure 6 (LHS) shows FLN spectra
acquired for MgMP-HRP (A) and for MgMP-HRP bound
to BHA (B) and to NHA (C) under identical experimental
conditions. The spectra are shown plotted with excitation
energy set to zero. Some loss of resolution is observed in
the spectra of the substrate-bound enzyme (Figure 6, LHS,
panels B and C), that could be attributed to increased PW
coupling or to the occurrence of some spectral hole burning
during data acquisition. This latter effect cannot be totally
excluded, however, if it had been excessive, the lines toward
higher vibrational energies would have been more burnt. This
is not the case. Possible increased PW coupling with bound
substrates was also investigated by recording line narrowed

geneous population through their PWs. Another effect is the excitation spectra (Figure 6, RHS). In this mode of data
change in the intensity of sharp lines of ZPL transitions upon acquisition, the burning effect is expected to be minimal,

tuning the frequency of excitation. This effect is used to
determine the IDF of the 0,0 transitior2(d). The most
resolved vibronic spectrum with 17 030 chas excitation

since the experiment is performed by scanning the exciting
energy. The emission was monitored through the same

vibronic transition in all three cases with the same slit width.

energy was used to obtain vibrational frequencies for the It is seen that line narrowing is observed only in the lowest
ground electronic state. These are listed in Table 1 alongQ«(0,0) band due to the broadening effect of relaxation in
with comparative data on the symmetry of the active normal the case of excitation in higher excited-state vibrational

modes taken from polarized RR/FLN studies on magnesium

levels. The reliability of this experiment is illustrated by
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Table 1: Ground-State Vibrations Obtained under 0-0 Excitation for St'UCture, and 88.2 and 11.4% for a total of 99.6% for the

MgMP-HRP and MgMP-HRP Bound to BHA or NHA. MgMP-HRP/NHA model and 89.0 and 10.8% for a total of
Mg-HRP  Mg-HRP+ BHA Mg-HRP+ NHA Mg-porphiné 99.8% for the MgMP-HRP/BHA model (diagram not shown).

ground state Energy minimization was also attempted in vacuo, but this

82w yielded structures with much higher root-mean-square devia-
91w tions (rmsd) from the starting structures than the results
148 w 174w 189w 1854 obtained while retaining the X-ray waters and explicit
%g? w %gi w 436 237 solvation shell.

m W w e . . .
341m 354 m 350w 362 Energy Minimization: The Effect of Substrate Binding
374m 390 w 399 w 398y The effect of substrate binding is summarized in Table 2
550 m 496 w 413Byg which partitions the calculated potential energy differences
596 m into contributions from specific interactions to the binding
677 m 680 w : i . .

706 w process, i.e., nonbond interactions and the intramolecular
717w strain energies, consisting of all steric and geometric type
733m 732/ of interactions according to the form of the potential energy
;%v'c 755m 766 m 708B expression. The starting structure for the energy minimization
805 m 814 w 822 w 81{]312 pf the subst_rat_e-bound enzymes was the same in_both cases,
836 m i.e., the optimized MgMP-HRP structure into which BHA
870 w and NHA were merged in the position which they occupied
géivr;’] 922 w in the optimized structures of the complexes obtained in the
982 m 982 w 085 w 086, previous modeling and optimization steps. Table_ 2 reports
992 m 996 m 995 w 1003 on one BHA complex and on four complexes with NHA.
1059 w 10534, These are the structures of lowest energy obtained with the
ﬂgg w EM protocol. Unlike BHA, four different NHA orientations
1128w yielded energy minimized structures (NHA to NHA3). Figure
1134w 7 shows the superimposed backbones for both BHA and
1142 m 1143 m 1148 m 114By4 NHA complexes after energy minimization following sub-
1221 m 11764, strate insertion and Figure 8 plots the rmsd values obtained
1231m 1234 m 1242 m . . .
1311s 1312 m 1320 m 1328 per residue and the H-bonding pattern emerging as a result
19 . . . . .
1353 w 1342By, of substrate binding is summarized in Table 3.
1364 w 1374w 1355 FDPB Prosthetic Group Molecular SurfaceBigure 9
ﬁgg m shows a Grasp rendering of the electrostatic potentials
m 1412m 1417 m . X . )
1428 w 14844, showing the difference in calculated potentials at the
1527 m prosthetic group molecular surface resulting from the binding
1552's 1559By4 of BHA (top) and NHA (bottom). The generated potential
1564 m 1566 m 1571 m 1598, surfaces are color-coded with red indicative of a more

1612 m 1619 m 1624 m

negative surface and blue, more positive. For BHA, the
® From ref47 potential ranges betweer9 to 111 mV and for NHA, from

) ) o —40to 89 mV. In the case of MgMP-HRP without substrate
comparing the MgMP-HRP a_bso_rptlon and emission spectrapound, the potential experienced ranges fre&7 to 51 mV

(Figure 6a, LHS). The contribution, however, from thg Q  (rendering not shown). Thus, the Mg-MPHRP macrocycle

bands of unbound species in the spectra of the samples Witltee|s a more negative potential when substrate is not bound.
substrate (indicated by stars in Figure 6b and c, LHS) un-

fortunately make it impossible to determine a comparable DISCUSSION
extent of unresolved background in these cases. The major
spectral effect of substrate-binding is to induce both elec- Effect of Substrate Binding on the Normal Mod&se
tronic and vibrational lineshifts (cf., Figure 4 and Table 1). relationship between resonance fluorescence and resonance
Energy Minimization: The Minimization ProtocoDur Raman (RR) has been discussed elsew(¥8E RR studies
minimization protocol allowed us to reach local minima ©n the native enzyme have also shown that native HRPC
which were very close to the Starting structures. The heme vibrational properties are Significantly affected by the
minimized MgMP-HRP structures with and without BHA/  presence of BHAZ7). In this work, the authors showed
NHA bound were first compared to the X-ray structures of convincingly how distal heme pocket residues could affect
native HRPC and HRP& BHA. Ramachandran diagrams the catalytic mechanism and ligand binding properties of the
(cf., Figure 3) show that the derived models all have good €nzyme. Frequencies determined by FLN for an optical
sterically tolerabley andy angles. Plots statistics were as Center embedded in a condensed phase such as a protein
follows: HRPC (latj.ent): 88.5% of the residues in most matrix can be correlated to vibrational normal modes and
favored regions and 11.1% in additional allowed regions for good agreement with RR data can be reportg).
a total of 99.6%. A good model is defined as one in which ~ We discuss first the question of the coordination number
90% of its residues are found in these regions. The respectiveof the magnesiuminspection of the frequencies obtained
analysis for the other structures and models yielded 89.7 andfor all three samples (cf., Table 1) clearly shows that the
10.2% for a total of 99.9% for the MgMP-HRP model, 88.2 coordination number of the magnesium atom in our deriva-
and 11.4% for a total of 99.2% for the HRPC/BHA 2atj- tive is five. This is based on the observation of three strong
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Ficure 6: (LHS) FLN spectra of MgMP-HRP (A), bound to BHA (B) and to NHA (C) at 10 K; excitation in Q(0,0) band at a laser power
density of 2-5 mW/cn?. Spectra are plotted as shift from laser excitation, set at G.ofimset) “5th axial-ligand” low-frequency vibrations.

(RHS) Laser excitation spectra of (a) MgMP-HRP, (b) MgMP-HRP bound to BHA and, (c) MgMP-HRP bound to NHA. Stars in b and ¢
show bands due to unbound species. The MgMP-HRP excitation spectrum is overlayed with its broadband absorption spectrum (dashed
upper overlay). Conditions described in the Materials and Methods, laser power densit$ ai\®/cn?, lem = 15 748 cn1t for MgMP-

HRP and 15 822 cni for the substrate-bound derivative,= 10 K.

bands at 1527, 1552, and 1612 ¢RR studies on the axial ~ systems to €C—N and C-N—C types of vibrations409).
coordination of Mg in chlorophylls.andb have previously =~ Table 1 shows that it is sensitive to substrate binding.
assigned bands at1612-1606 cn1?l, ~1554-1551 cn1t Another characteristic vibration occurs in the@80 cn1?
(strong), and~1529-1527 cnt! to methine bridge stretch  region and is generally assigned to methine vibrations. In
modes and correlated them with five-coordinate magnesiumour spectra, it is very weak and is not influenced by substrate
(50, 51). This is also in good agreement with the structures binding. Overall, the relative intensities of the frequencies
obtained from our minimization results showing the metal listed in Table 1 are not affected by substrate binding but
coordinated to four pyrrole nitrogens and to a fifth ligand, many tend to be upshifted asresult of binding BHA and
proximal His171. Inspection of the frequencies observed in NHA with the latter frequencies generally higher than the
our spectra show that the coordination of the metal does notformer. This argues for a more restricted steric environment
increase to six upon substrate binding, as the above-of the macrocycle in the substrate-bound species.
mentioned group of bands do not shift to lower frequency, Effect of Substrate Binding on the 0-0 Spectral&opes.

i.e., to 1599-1596 cn1?, 1548-1545 cmt, and to 152% The MgMP-HRP FLN spectra presented in this work display
1518 cmrt as would be expected if the 5-coordinate Mg were the effect of the inhomogeneity of the protein matrix upon
to accept an additional axial ligand. Evidence for the 5th the vibronic transitions of the MgMP optical center, i.e., the
axial ligand (His170) comes from a group of frequencies shift of the 0-0 electronic transition energies over ranges that
observed in the~200—400 cnt?! region from excitation. are different for the substrate-bound and unbound derivatives.
Normal-mode analysis on magnesium-porphyrins has shownlin the case of the unbound MgMP-HRP, the line width of
that a group of three frequencies observed in4360 cn1?! 43.7 cm?! for the lowest energy Q(0,0) band is in good
region can be assigned to the vibrations of a fifth axial ligand agreement with the width of the previously determined
(49). They are clearly seen in our MgMP-HRP spectra (cf., inhomogeneous distribution function (IDF) of 405 cnr?
Figure 6, LHS, inset) and still recognizable in the substrate- at pH 7.0 (1). This function represents the distribution of
bound less resolved spectra. It should also be noted that0-0 transitions energies. Upon substrate binding, the Q(0,0)
propionate bending modes have been reported as active irextracted from the 10 K absorption spectra and also the IDF
this region as well for heme proteins2). The vibration in broadens to 57.8 and 56.1 cinfor BHA and NHA,

the ~750 cnt! region has been assigned in chlorophyll respectively. This could be attributed to an increased
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Table 2: Minimization Energy Summary for the Binding of BHA know that the Q-band of porphyrins will shift to higher
and NHA to MgMP-HRP (four lowest NHA energy structures out energy if the electronegativity of the central metal is

of 46 insertion geometries) increased34). Thus, any effect liable to shift electron density
= Einal away from the ring could account for the significant Q-band
(kcal mol?) (kcal mol?) AE shift observed on substrate binding (from 17 064 &rim

MgMP-HRP+ BHA unbound MgMP-I_—|RP to 17_142 and 17153@n'11_the NHA/
potential, total —12483 —12946 463 BHA-bound species, cf., Figure 4). Our potential maps show
internal strain 1754 1643 111 an increase of negative potential felt at the porphyrin as a
Cg\’,‘\?ond _1f22§’57 ﬂfffg 23?32, result of both BHA and NHA binding (Figure 9). Thus, these
electrostatic 14001 14 140 150 calculations, while being in agreement with our most recent

MgMP-HRP+ NHA Stark effect experiments in that they confirm the experi-
potential, total —12460 —12944 484 mentally observed charge rearrangement in the heme pocket
internal strain 1rr2 1643 129 yicinity following NHA binding (12), also predict an increase
nonbond —14 233 —14 587 354 . - -
vdWw —oa7 —436 189 of negative charge density at the heme which could then
electrostatic —13985 —14151 166 account for the observed shift.

MgMP-HRP+ NHA1 As for the increase in Qy splitting induced by substrate-
potential, total —12453 —12936 483 binding (11), we note that the 246 crh observed for BHA
internal strain 1765 1647 118 Lo o .
nonbond 14 218 14583 365 are similiar to the splitting previously reported for NHA (255
vdw —239 —441 202 cm i, ref 11). Previously, we suggested that this splitting

" el\l/legt}rfst;ﬂiCNHAz —13979 —14 143 164 could be attributed to a modified electric field in the heme
g - + . . .
potential, total 12462 12942 480 pocl_<et (2, 26), and t_hre] potential mag; presented_ in trlns \r/]vorlrd
internal strain 1764 1643 121 are in agreement with our proposed interpretation. It shou
nonbond —14 226 —14 586 360 be noted, however, that another possible contribution,tg Q
vdwW _ —253 —417 202 splitting could very well arise from vibronic perturbations,

Mgel\'ﬁe;fﬁétF"j‘iCNH A3 —13973 —14168 164 shown to play a significant role in a recent theoretical study
potential, total ~12 461 ~12944 483 on c-type cytochromessg). o ,
internal strain 1769 1641 128 Modeling the Effect of Substrate Bindinghe question
ndonbond —14 230 —14 585 355 now arises as to what factors could be responsible for this
vdw —240 —421 181 it iNifi
electrostatic 13990 14164 174 charge reorganization when no significant secondary structure

conformational change accompanies substrate binding? The
EM results (cf., Table 2) are indicative of almost equivalent
flexibility of the heme environment as a result of substrate internal energy contributions to the relaxation energy of the
binding, resulting in a broader distribution of transition protein as a result of substrate binding. This is in agreement
energies§3). It is also possible that the PW contribution is  with the X-ray structures reported for the native species
also increased, reflecting stronger electrphonon coupling  which show that the structural effect of binding BHA is
upon substrate binding, but experimentally, there remainslimited to a rotation of the ring of Phe68 and to a pocket
uncertainty as to the avoidance of concomitant spectral holewater molecule movig 6 A closer to the iron in the case of
burning effects, difficult to avoid when exciting in the 0-0  the substrate-bound structug 8). The binding of BHA is
region. favored over that of NHA by some20 kcalmol* which is
Another effect of substrate binding is to shift the MgMP- in qualitative agreement with the experimentally determined
HRP 0-0 origins and to increase the magnitude of thg,Q  dissociation constants, tig for the binding NHA to MgMP-
splitting as previously reported for NHALL). We observe HRP being~10-fold less than that of BHA, i.e., 4 vs 44
the same effect with BHA (cf., Figure 4). The 0-0 shift could uM, respectively {2). A surprising feature of the energy
be indicative of a modified electron density in the(e*) minimization is that different geometries of NHA insertion
orbitals, either induced by porphyrin distortions or by the in the heme pocket yield equally well minimized structures.
effect of residues reorganizing charge in the vicinity of the This points to the great flexibility of the peroxidase in
porphyrin optical center, with concomitant modification of accommodating substrate, and we suggest that this could
van der Waals or electrostatic interactions between theoccur by the modulation of aromati@romatic interactions
protein matrix and the optical center. Drastic distortions of between the rings of Phe residues located at the entrance of
the porphyrin geometry cannot be the case, as shown by thehe heme edge and the aromatic part of the incoming
porphyrin structures extracted from our EM model structures substrate. We note that the fine details of the aromatic
(Figure 10) which reproduce the insignificant structural interactions in the vicinity of the substrate do not significantly
differences between the hemes in the native HRPC and BHA-influence the extent of the electronic energy perturbation felt
bound HRPC X-ray structureg,(3). This then only leaves  at the heme: both BHA and NHA binding yield broadened
the modified electrostatic potential felt at the optical center IDFs and the magnitude of their respective {Bplitting is
as a result of binding as clearly shown by their respective also similar. The importance of aromatic interactions has
electrostatic potential maps (cf., Figure 9). They show an already been recognize8, 57). Besides Phe68, whose ring
increase of positive potential in the presence of substrate andotates to accommodate BHA in the native structure, HRPC
we propose that this effect could be responsible for the presents a unique arrangement of such residues near its
observed 0-0 spectral shifts in the FLN spectra of the catalytic site (namely Phe4l, 45, 142, 143, 179, ...). That
substrate-bound enzyme and that it is induced by chargethese rings are capable of reorienting upon substrate binding
fluctuations in neighboring amino acid residues. It is well- can be seen in our minimization results. In Figure 8, among
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Ficure 7: Superposed backbone renderings of MgMP-HRP (starting EM structure, gray trace) and of MgMP-BIRR (LHS, black
trace) and of MgMP-HRP- NHA (RHS, black trace) after energy minimization following insertion of substrate. For clarity’s sake, only
one molecule of BHA and NHA shown as a ball-and-stick rendering per superposed pair. Backbone atoms rmsd: 0.15 (BHA) and 0.18

(NHA)

14 28 68 Table 3: Heme H-Bonds in the MgMP-HRP Minimized Structures
12 with Substrate Bound
bha (dashed) donor acceptor distance (A)
1 nha (solid)
74 142 MgMP-HRP+ BHA
0.8 Arg38:HH22 heme:NA 2.15
b Ser73:HG heme:O1A 1.95
E o5 GIn176:HE21 heme:O1A 2.07
GIn176:HN heme:02A 2.07
0.4 Arg31:HE heme:O1D 2.24
Ser35:HG heme:01D 1.88
0.2 Arg31:HE hemeO2D: 1.89
Lys174:HN heme:02D 2.28
0¥ ] Arg38:HH21 BHA:01 2.07
0 50 100 150 200 250 300 BHA:HN Pro139:0 1.98
residue number C\%ZEHNE 'x\é?ﬂ':o 22'1947
Ficure 8: rmsd values per residue number for binding of BHA W94:H002 ND 224
(dashed) and NHA (solid) to MgMP-HRP. Residues with the most W715:HO2 heme:O1A 199
significant deviations are labeled by sequence numbers; boldtype: WA41:HO1 heme:O1A 211
aromatic Phe residues surrounding the heme. W52-HO1 heme-O2A 2 o5
) _ _ ) W660:HO1 heme:O1D 1.86
the side chains undergoing the greatest displacements upon MgMP-HRP+ NHA
substrate binding, we observe most of the Phe groups (bold- Arg38:HH22 heme:NA 2.35
type), which are all located near the heme or access channel, g‘;grggfﬂg Tgr';‘qee{’z‘)'iA 22-36‘1
mcludmg Ph¢221, on the proximal side of the heme, as yveII GIN176:HE21 heme:O1A 205
as the significant displacement of Arg38, a long recognized GIn176:HN heme:02A 2.00
key catalytic residue58, 59). Theoretically, the nonbond GIn176:HE21 heme:02A 2.49
energy is known to represent the major contribution to the ﬁrggiingzz ?‘eme:_%lllg 22-911
minimization of a protein structuresQ, 61). This is also 8335:HG h?emz'-ow 194
supported by our results, in agreement with other computa- Arg31:HE hemeO2D: 1.92
tional studies §2). Examination of the different protein Lys174:HN heme:02D 2.17
contributions shows a relatively high internal strain contribu- E'5425H2' NHgAi_%l 22-07
tion, i.e., some~23% of the total for BHA and~26% for V\??niesl-ﬁlz r\gnfé-om 2‘&
NHA, which is somewhat surprising in view of the insig- WA41:HO1 heme:O1A 205
nificant change in the secondary structure upon binding, but W52:HO1 heme:02A 1.89
Figure 8 provides an explanation, i.e., most of that internal W660:H11 heme:01D 1.95

strain is due to side-chain rearrangements (rather than

backbone torsions or displacements). Aside from the Pheoptimized structures for the binding of NHA. The aromatic
rearrangements, there is concomitant motion of their nearbysubstrate specificity of HRP then appears to be modulated
residues and overall, these rearrangements yield higher rmsdy subtle rearrangements of the enzyme’s own aromatic
values for the BHA-bound enzyme. The recently published residues. This is reflected in our models by the variation in
X-ray structure of HRPC bound to ferulic acid) @lso shows potentials calculated at the heme (Figure 9), which can then
that the Phe68 ring repositioning is less pronounced whenbe attributed to R-group local fluctuations and reorganizations
compared to its reorientation in the BHA-bound structure. which modify in turn the H-bond patterns in the vicinity of
As NHA, and unlike tight-binding BHA, ferulic acid does the access channel and heme pocket (cf., Table 3). Thus,
not bind the enzyme strongly and the electron density map the more negative potential of the prosthetic group in absence
is suggestive of multiple binding sites. This is paralleled in of substrate will stabilize the central positive charge of the
our energy minimizations which yield several equally macrocycle thus increasing the electron-donating ability of
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Ficure 10: Porphyrin prosthetic group extracted from the MgHRP/
BHA (LHS) and MgHRP/NHA (RHS) structures.

CONCLUSIONS

In this study, we compared the binding of two small
aromatic substrates to MgMP-HRP. Line-narrowed fluores-
cence and excitation spectra acquired for both MgMP-HRP
and the substrate-bound species yield vibrational frequencies
which are increased due to the substrate binding event and
show that the Mg ion is 5-coordinate in all samples.
Substrate-binding results in a shift of 0-0 origins and
increased Q. splitting with similar spectral characteristics
for the two substrates. Computational modeling shows a
modified electrostatic potential felt at the prosthetic group,
resulting from localized rearrangements of (mainly) aromatic

FiGurRe 9: Heme electrostatic potentials showing the difference in

calculated potentials at the heme molecular surface relating from
the binding of BHA (top) and NHA (bottom). The heme potential

surfaces are color coded: red, more negative; blue, more positive.

For BHA, the potential ranges betweer89 to 111 mV and for
NHA, from —40 to 89 mV. For the unbound enzyme (not shown),

side chains in its vicinity. These effects are distinct in the
case of BHA and NHA binding. Besides being in good
agreement with previously reported Stark effect SHB results
(12), the electrostatic modeling also contributes a methodol-
ogy to investigate binding events which are not accompanied

the potential ranges between 57-+050.8 mV. o .
by significant structural conformational changes, nor by

an incoming aromatic substrate. Our results are also in good€lectrostatic com.plementarity between protein ano_l substrate.
agreement with a previous report showing that the electro- Further work, using a recently developed dynamic electro-
static potential imposed by the protein matrix on the heme Stafic sampling approach investigates the time scale of these
active site was very different for a series of compared R-group fluctuations3g, 63).

peroxidases and strongly influenced essential peroxidase

properties 13). They are also in good agreement with our ACKNOWLEDGMENT
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