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ABSTRACT. Peroxidases typically bind their reducing substrates weakly, Mjthalues in the millimolar
range. The binding of benzhydroxamic acid (BHA) to ferric horseradish peroxidase isoenzyme C (HRPC)
[Kg = 2.4 uM; Schonbaum, G. R. (1973) Biol. Chem 248 502-511] is a notable exception and has
provided a useful tool for probing the environment of the peroxidase aromatic-donor-binding site and the
distal heme cavity. Knowledge of the underlying thermodynamic driving forces is key to understanding
the roles of the various H-bonding and hydrophobic interactions in substrate binding. The isothermal
titration calorimetry results of this study on the binding of aromatic hydroxamic acid analogues to ferric
HRPC under nonturnover conditions (ned4 present) confirm the significance of H-bonding interactions

in the distal heme cavity in complex stabilization. For example, the binding of BHA to HRPC is
enthalpically driven at pH 7.0, with the H-bond to the distal Arg38 providing the largest contribution
(6.74 kcal/mol) to the binding energy. The overall relatively weak binding of the hydroxamic acid analogues
to HRPC is due to large entropic barriers](1.3 to—37.9 eu) around neutral pH, with the distal Arg38
acting as an “entropic gate keeper”. Dramatic enthakaytropy compensation is observed for BHA and
2-naphthohydroxamic acid binding to HRPC at pH 4.0. The enthalpic loss and entropic gain are likely
due to increased flexibility of Arg38 in the complexes at low pH and greater access by water to the active
site. Since the Soret absorption band of HRPC is a sensitive probe of the binding of hydroxamic acids
and their analogues, it was used to investigate the binding of six donor substrates over the pH range of
4—12. The negligible pH dependence of tkg values corrected for substrate ionization suggests that
enthalpy-entropy compensation is operative over a wide pH range. Examination of the thermodynamics
of binding of ring-substituted hyrazides to HRPC reveals that the binding affinities of aromatic donors
are highly sensitive to the position and nature of the ring substituent.

Selective inhibitors have the potential to reduce toxicity in the millimolar range 1). A notable exception is the
caused by the generation of reactive products by peroxidasescomparatively tight binding to horseradish peroxidase isoen-
such as hypochlorous acid production by myeloperoxidase zyme C (HRPC) of aromatic hydroxamic acids, which exhibit
(MPO)! as well as further define the activities of specific K, values in the micromolar rang&)( The HRPC complex
peroxidases in vivo. The design of a tight-binding peroxidase with benzhydroxamic acid (BHAKq = 2.4uM) (2) has been
inhibitor is complicated by the observation that the majority studied extensively, and the H-bonds made by BHA in the
of peroxidase-substrate interactions are weak, withivalues  distal heme cavity are the subject of much debate. The distal

His42 was first implicated because of NMR NOE connec-
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1 Abbreviations: ARPA. ramosugeroxidase; BHA, benzhydrox- - . G .
amic acid; BZA, benzamide; BZH, benzhydrazide; CAPS, 3-(cyclo- residues in BHA binding was confirmed from the HRPC

hexylamino)-1-propanesulfonic acid; CCP, cytochramgeroxidase; BHA crystal structure 11), which revealed that BHA is
2-HA, 2'-hydroxyacetophenone; HEPES;(2-hydroxyethyl)pipera-  involved in five H-bonds in the distal cavity of HRPC: BHA

zineN'-2-ethanesulfonic acid; HRPC, horseradish peroxidase isoenzyme .
C; INH, isonicotinic hydrazide; ITC, isothermal titration calorimetry; CO---Arg38 N’72 (2'91 A)’ BHA CO--H:0 (2'57 A)' BHA

MOPS, 3-N-morpholino)propanesulfonic acid; MPO, myeloperoxidase; NH***Pro139 CO (2.70 R), BHA OH-His42 N (2.82 A),
2-NHA, 2-naphthohydroxamic acid; N-BHy-benzylhydroxylamine; and BHA OH--H,O (3.12 A). Similar H-bonds were

NICH, nicotinic hydrazide; NMBZA,N-methylbenzamide; 2-NZH, ;
2-naphthohydrazide; PIPES, piperazNg\ -bis(2-ethanesuflonic acid); observed in the BHA complex afrthromyces ramosus

SHA, salicylhydroxamic acid; TAPS, tris(hydroxymethy)methyl]-  Pe€roxidase (ARP)I2). This is not surprising since the distal
aming propanesulfonic acid. catalytic residues are highly conserved among peroxidases
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(13). Structural data also reveal that the related compound, ITC were prepared by 24 h dialysis in 100 mM buffer at pH
salicylhydroxamic acid (SHA), binds to ARP14) and 4.0 (sodium acetate, citrate, or tartrate), pH 6.0 (sodium
myeloperoxidase (MPOJLE) in a fashion similar to that of ~ phosphate), or pH 7.0 (sodium phosphate, Tris, imidazole,
BHA in its peroxidase complexes. HEPES, PIPES, or MOPS). Substrate solutions were pre-
The contributions of specific H-bonds to proteisubstrate ~ pared in the dialysis buffers to ensure minimal background
binding affinities are unpredictabld). Also, desolvation,  from buffer mismatch. The dialyzed HRPC samples (&6
nonpolar interactions, and flexibility are crucial factors to 1.14 mM) were added to the 1.4 mL calorimeter sample
contributing to substrate binding energies that are sometimescell. Typically, 29 injections were made at8 min intervals,
overlooked since they are not as easily visualized as H-bondsand the heat of reaction per injection (microcalories per
(16). Thus, knowledge of the binding thermodynamics is key second) was determined by integration of the peak areas
to understanding the relative contributions of the various using Origin software (MicroCal). For most of the substrates
interactions in proteirsubstrate complexes. A comparison that were investigated, binding was complete within the first
of the thermodynamics of BHA binding to a series of HRPC half of the titration and the heat of dilution was determined
mutants the thermodynamics of binding of a series of BHA from the baseline following completion of the titration.
analogues to wild-type HRPC is required to deconvolve the Binding of BZA, NMBZA, 2'-HA, N-BH, INH, and NICH
binding energy into the various H-bonding and nonpolar was not complete within the first half of the titration due to
interactions identified in the HRPE€BHA complex (L1). An their weak affinity for HRPC. Therefore, heats of dilution
advantage of the latter approach is that there is no risk of of these compounds were determined by injection of the
structural changes in the protein. Examples of such inves-substrate into the buffer only. In both cases, the heat of
tigations include the thermodynamics of complex formation dilution was subtracted from the observed heat of binding
between pyridine nucleotide substrates and dihydrodipicoli- prior to data analysis. The Origin software provided the best-
nate reductasel(), and the binding of phosphonamide-, fit values of AH°, the stoichiometry of bindingnj, and the
phosphonate-, and phosphinate-containing inhibitors to ther-dissociation constankg) from plots of heat evolved per mole
molysin (18). of substrate injected versus the substrate/HRPC molar ratio
Despite extensive spectroscopic characterization, little (22). The Gibbs free energy of binding\{z° = RT In(1/
information exists about the thermodynamics of substrate Ka)] and the entropy of bindingTAS® = AH° — AG®) were

binding to heme peroxidases. Binding of BHAHK®
—13.9 kcal/mol) and benzhydrazide (BZWH° = —10.1
kcal/mol) to HRPC at pH 7.0 was investigated using a
stopped-flow calorimeterl@), and the enthalpiesAH®, in
kilocalories per mole) of hydroquinone-p.7 kcal/mol 0)]

and resorcinol 7.6 20) and —5.9 kcal/mol 21)] binding

to HRPC at pH 6.0 were estimated from Arrhenius plots
assuming constatC,. Isothermal titration calorimetry (ITC)
yields more accurate thermodynamic parameters than Ar-
rhenius plots since heats of binding are measured directly
and the assumption of constaAC, is not necessary2Q).
Thus, as a first step in the rational design of peroxidase
inhibitors, the binding of a series of BHA analogues to ferric
HRPC was investigated by ITC. The resultant thermody-

calculated from the experimental values.

Optical Titrations.Stock solutions of ferric HRPC in 100
mM sodium phosphate (pH 7.0) were diluted into the
following buffers (all 200 mM): sodium tartrate (pH 4.0),
sodium acetate (pH 5.0), sodium phosphate (pH 6.0, 7.0, 8.0,
and 12.0), TAPS (pH 9.0), and CAPS (pH 10.0). Stock
solutions (100 mM) of the substrates were prepared by
weight in DMSO and serial dilutions made into the appropri-
ate buffer. Proteinrsubstrate optical titrations were per-
formed by the successive addition of /& aliquots of
substrate at the appropriate concentration toi@d/bferric
HRPC in 3 mL quartz cuvettes. Samples were mixed with a
magnetic stirbar and allowed to equilibrate for 15 min at 25
°C before the UV-vis spectra were recorded. Titrations with

namic parameters are discussed here in terms of the H-gzH at pH 7.0 were carried out under M sealed cuvettes.

bonding and nonpolar interactions of the substrates in the
HRPC heme cavity. Binding constants determined spectro-
scopically over an extended pH range<{42) provide insight
into the effects of substrate and HRPC ionization equilibria
on substrate affinity. Since HRPC is considered an arche-
typical peroxidase23d), the findings presented here should
have broad applicability in the design of peroxidase inhibi-
tors.

MATERIALS AND METHODS

Materials.Lyophilized grade | horseradish peroxidase was
purchased from Roche Molecular Biochemicals. The sub-
strates (Figure 1) were purchased from Lancaster with the
exception of 3-OH-BZH and 4-OH-BZH, which were from
Aldrich. 2-NHA was kindly provided by G. R. Schonbaum.
All other reagents were of the highest quality available, and
all reagents were used without purification.

Isothermal Titration CalorimetryThe ITC experiments
were performed at 28C using either a MicroCal MCS or
VP ultrasensitive titration calorimeter. HRPC samples for

The observed or apparent dissociation constéis,p] were
determined from least-squares fits of eq 1:

[El+[S]

[E-S] B Kd(app)+ [S]

1)

where [E} is the total enzyme concentration, - the
concentration of bound substrate {ff = AA/A¢, whereAA

is the absorbance difference between the free enzyme (E)
and the ES complex and\e the corresponding difference

in molar absorptivity], and [S] the concentration of free
substrate ([SF [S]r — [E*S] or [S]= [S]r for [S]r > [E]T)

(24). Kyeapp) values were corrected for substrate ionization
[Ka = aKg@pp] by multiplying by o, the fraction of the un-
ionized substrate.

RESULTS

The structures of the aromatic substrates used are shown
in Figure 1 and representative calorimetric titrations at pH
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Ficure 1: Structures of the aromatic substrates used in the HRPC

binding studies. The H-bonds (hashed lines) between the substrates and

residues in the distal cavity of HRPC are based on the HRB¥A crystal structure 1) except those shown for the ShHAnd SHA
conformers, which are based on the MPESHA (15) and ARP-SHA crystal structuresld), respectively. Key hydrophobic contacts or

steric interactions (semicircles) are shown only for substrates with a naphthyl ring (2-NHA and 2-NZH) or a substituted phenyl ring, and
for the methyl group of NMBZA. Unsubstituted phenyl rings are assumed to make the same hydrophobic contacts as that of BHA in its

HRPC complex 11). Substrates: (1) benzhydroxamic acid (BHA),

hydroxyacetophenone't®A), (5) N-methylbenzamide (NMBZA), (6)

(SHA), (8) X-BZH, where X is H [benzhydrazide (BZH)], phenyl [2-

(2) benzamide (BZA)N-Benzylhydroxylamine (N-BH), (4) '2
2-naphthohydroxamic acid (2-NHA), (7a,b) salicylhydroxamic acid
naphthohydrazide (2-NZH)],atlib, meta or para OH, CHs, Cl,

NH,, or NO,, (9) isonicotinic hydrazide (INH), and (10) nicotinic hydrazide (NICH).

7.0 of HRPC with BHA and NMBZA in Figure 2. Each peak
in the binding isotherm (top panels, Figure 2) represents a
single injection of substrate, and the negative deflections from

which is typical of the curves obtained for substrates with
millimolar Kq values.
Contribution of Buffer lonization to the Obsed Enthalpy

the baseline indicate that heat was evolved. The enthalpyof Binding.The binding enthalpy measured by ITBHZ,J)
change on each injection was plotted versus the substratetontains contributions from the buffer ionization enthafpy

HRPC molar ratio (bottom panels, Figure 2), amdAH®,
Kg, AG®, andAS’ were determined from the plots. The shape
of the titration curve depends an([HRP]i/Ky) (22) and is
rectangular for higlt values ¢ 100) and flat for lowc values
(<0.1). Less accurat&y values are obtained outside the
desired range (550) of ¢ values. TheKy of 2.5uM [Table

1 (2)] for BHA is ideal for ITC, requiring a [HRP] of
~12.5-25 uM for a c of ~5—50 (note that [HRR] =

uM andc = 13 in Figure 2A). However, to attaiovalues
within the desired range for NMBZAK; = 410uM, Table
1), prohibitively high [HRP} values (2-20 mM) would be
required. The [HRR] that was used (0.21 mM; = 0.6)
resulted in a shallow titration curve for NMBZA (Figure 2B),

AHg ) according to 25)

AHg AHblnd + nH+AHBuﬁer (2)
where AHg;4 is the buffer-independent binding enthalpy
andny+ the number of protons taken up or released during
the binding process. Plots ohHZ,, versus AH ., for
BHA, SHA, and 2-NHA binding to HRPC in six buffers at
pH 7.0 are shown in Figure 3. The positimg- values reveal
the uptake of 0.2& 0.032, 0.13+ 0.034, and 0.2z 0.026
proton by the BHA, SHA, and 2-NHA complexes, respec-
tively. The AHg, 4 values of—14.4+ 0.21,—15.3+ 0.23,
and —15.0 + 0.19 kcal/mol for BHA, SHA, and 2-NHA,
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FiGure 2: Isothermal calorimetry titration of (A) 38M HRPC with 560uM BHA and (B) 0.21 mM HRPC with 3.52 mM NMBZA in

100 mM sodium phosphate buffer at pH 7.0 and°25 In the top panels, the heat released per unit time (microcalories per second) is
plotted vs time where each peak corresponds to the injection of an aliquot of substrate. In the bottom panels, the heat of reaction per
injection (kilocalories per mole of substrate) was determined by integration of the area under each peak, plotted vs [substrate]/[[HRPC], and
fit using the software provided by MicroCal.

Table 1: Dissociation Constants and Thermodynamic Data for Binding of Aromatic Hydroxamic Acid Analogues to Ferric HRPC

compd pH Kq («M) (spec? Kq (uM) (ITC)2 n° AG° (kcal/moly AH?® (kcal/mol} AS (euy
BZA 7 2700+ 50 4300+ 91 0.75+ 0.07 —-3.23 —9.52+ 0.98 —21.1
NMBZA 7 410+ 2 360+ 29 0.85+ 0.11 —4.70 —8.224+1.22 —11.8
2'-HA 7 ~2000 13000t 184 0.85£ 0 —2.57 —8.68+ 0.31 —20.5
N-BH 7 nd 190004+ 2000 0.85t 0 —-2.35 —7.40+0.14 —16.9
BHA 4 6.4+ 0.04 7.3+ 1.0 0.86+ 0.19 —7.00 —9.20 —6.71
BHA 7 2.5+ 0.01 2.5+ 0.05 0.90+ 0.003 —7.64 —14.14+ 0.07 —-21.8
SHA 7 11+ 0.1 12+ 0.4 0.90+ 0.007 —6.69 —15.5+ 0.16 —29.4
2-NHA 4 0.40+ 0.01 0.604+ 0.13 0.944+ 0.10 —8.48 —10.0 —5.10
2-NHA 7 0.15+ 0.01 0.164+ 0.04 1.0+ 0.04 —-9.27 —14.84+0.94 —-18.4

a Experiments at pH 4.0 were conducted in 100 mM tartrate, citrate, and acetate buffers, and th&, ifi€&) values are given. The pH 4.0
AH? values were corrected for buffer ionization using eq 2. The pH 6.0 andH0values are those measured in 100 mM sodium phosphate (see
the text).P Spectroscopically determinegy values from Table 2 The stoichiometry of binding determined by ITEAG® from Ky (ITC). €eu,
entropy units (calories per mole per kelvilNot determined.

'
—
[

respectively, are within experimental error of tiddHg, .
values in 100 mM sodium phosphate at pH 7-014.1 +
0.07,—15.5+ 0.07, and—14.8+ 0.9 kcal/mol). Hence, it
is assumed that in phosphate buffer at pHAHE, . (which

is abbreviated ta\AH° from this point forward) is equal to
AHp, 4 for the aromatic hydroxamic acids. The contribution

of Np+rAHp er t0 AHG, < IS also expected to be small for the

1
—
—

'
—
[\8]

sl sl e daa i dbeaay

AHC s (kcal/mol)

other substrates in Figure 1 since they do not ionize around -14
pH 7.0. R R S 3 _ - 8-
. . -15- -="
AH°® was measured in three buffers at pH 4.0 (sodium 1 %
tartrate, AHp 4o, = —0.76 kcal/mol; sodium acetate, B e o T —
AHg #ter = —0.10 kcal/mol; and sodium citrat&\Hp ., = 0 2 4 6 8 10 12

0.58 kcal/mol) 26). Plots of AHZ, . versusAH; ., (data not

obs

shown) yieldedhy+ values of 0.5 0.011 and 0.98 0.234
for BHA and 2-NHA, respectively, indicating uptake ofl FIGURE 3: Plot of AHZ, VS AHZ, e, for BHA, SHA, and 2-NHA

obs

proton by their HRPC complexes at pH 4.0. Given the range in 100 mM buffer at pH 7.0 and 2%C. The buffers used and their

of nyrAH? 4, values (from—0.43 to 0.33 kcal/mol for AHg o, Values at 25C are as follows: 1.22 kcal/mol for sodium

_ _ phosphate, 2.74 kcal/mol for PIPES, 5.02 kcal/mol for HEPES, 5.22
BHA a?d from . 0.74 t0 0.57 kcal/mol for 2-NHA), the pH kcal/mol for MOPS, 8.75 kcal/mol for imidazole, and 11.34 kcal/
4.0AH® values in Table 1£9.20 and—10.0 kcal/mol) were  mo for Tris (48). Values ofny+ andAHZ,,, were determined from

corrected for buffer ionization. fits of the data to eq 2 (see the text).

AH pusrer (kcal/mol)
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Ficure 4: (A) Absorption spectra of 2.6M ferric HRPC at pH 3.6-12.0. HRPC was equilibrated for 15 min in 100 mM buffer at pH 3.0
(-++) (sodium tartrate) and at pH 7.6-(— —) and 12.0 {-) (sodium phosphate) prior to spectral acquisition. (B) Effect of substrate binding
on the Soret absorption of 2,8\ ferric HRPC in 100 mM sodium phosphate at pH 7.0: free HRP§ é&nd HRPC in the presence of
25 mM BHA (— — —) and BZA (). (C) Effect of substrate binding on the Soret absorption ofid/bferric HRPC in 100 mM sodium
phosphate at pH 12.0: free HRPE-J and HRPC in the presence of 25 mM BHA{—), BZA (—), and NMBZA (— — —). (D) Observed

(—) and calculated spectra:{) for 2.5 uM ferric HRPC-BZA complex at pH 12.0 assuming &gapp) 0f 11.9 (eq 3) for the alkaline
transition of HRPC in the presence of 25 mM BZA. The spectrum of®/5ree ferric HRPC at pH 12.0 — —) is shown for comparison.

Thermodynamic Parameters for Binding of Aromatic which is indicative of a solvent-exposed her28)( The Soret
Hydroxamic Acid Analogues to HRPC at pH 7.0 and 4.0. shift to 416 nm at pH 12.0, in combination with the
Table 1 summarizes the binding parameters for compoundsappearance of bands at 543 and 575 nm (Figure 4A), is
1-7 in Figure 1 N-BH, 2-HA, and BZA, which lack the attributed to the alkaline transition g = 10.9) of HRPC
hydroxamic acid CO, NH, and OH groups, respectively (29), which results in OH ligation to form six-coordinate
(Figure 1), bind to HRPC £6-10*-fold less tightly than BHA low-spin Fé' (30, 31).
at pH 7.0 (Table 1). The lower affinity of HRPC for the As previously observedy, the binding of BHA to HRPC
analogues is clearly enthalpic in origin since th® values causes the Soret band to intensify and red-shift, with smaller
are more positive. In contrast, the binding of SHA, which changes occurring on binding of the other substrates such
has the potential to form one extra H-bond compared to as BZA (Figure 4B). Also, the alkaline transition of ferric
BHA, is enthalpically more favorable but entropically much HRPC is depressed to a greater extent in the presence of
less favorable than BHA binding. The enthalpic and entropic BHA than in the presence of BZA or NMBZA, as predicted
gains for 2-NHA relative to BHA binding are likely due to  from eq 3 @):
desolvation of the additional aromatic ring. Similarly, the
entropically driven tighter binding of NMBZA, compared K
to that of BZA, is partly attributed to desolvation of the P
NMBZA methyl group on complexation.

Both BHA and 2-NHA binding at pH 4.0 [which is close  where Kaapp) IS the expected pH value at the alkaline
to the K, of the distal His42 in ferric HRPC2()] is transition midpoint of HRPC in the presence of{@hdKy4
enthalpically less favorable by 4.9 and 4.8 kcal/mol, respec- the dissociation constant for the HRFSomplex at pH 7.0.
tively, than at pH 7.0 (Table 1). Nonetheless, the binding From theKg values in Tables 1 and 2, the expectdtghyp)
energies are only slightly lower at the lower pH due to the values are 15.0, 12.7, and 11.9 in the presence of 25 mM
large entropic compensatiomMAAS’, in kilocalories per BHA, NMBZA, and BZA, respectively. As predicted, the
mole) of 4.5 (BHA) and 4.0 (2-NHA). pH 12.0 spectra of the HRPBHA and HRPC-NMBZA

Optical Titrations of Substrate Binding to Ferric HRPC complexes (Figure 4C) are similar to those at pH 7.0, while
at pH 4—12. Optical titrations over an extended pH range the spectrum in the presence of 25 mM BZA can be fit by
were carried out for substrates whose binding to HRPC is a sum of the HRPEBZA pH 7.0 spectrum and the free
not spectroscopically silent. The Soret absorption of free HRPC pH 12.0 spectrum (Figure 4D). Bands appeared at
ferric HRPC did not change appreciably over 15 min at pH 543 and 575 nm in the spectra of ferric HRPC upon addition
4.0-10.0, and the spectra resemble that shown in Figure 4A of BZH under aerobic conditions at pH7 due to oxyHRPC
at pH 7.0. At pH 3.0, the Soret band broadened significantly (F€'O;) formation (S. Aitken, unpublished results). However,
and shifted to 368 nm within~10 min (data not shown), inthe absence of Pthe HRPC-BZH spectrum (not shown)

14+ 50

=10.9+ log K
d

©)

a(app)
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Ficure 5: Optical titration of 2.5uM ferric HRPC with BHA at
pH 7.0. HRPC was equilibrated for 15 min in 100 mM sodium
phosphate buffer at 25C prior to titration with BHA. The
concentration of the HRPEBHA complex was determined from
AA/Ae at 406 nm Pegos = 49 mMM~1 cm™?) for free HRPC and
the HRPC-BHA complex, and the free BHA concentration was
determined by subtracting the concentration of the HRBEA

complex from the total BHA concentration.

is similar to the HRPE BHA spectrum (Figure 4B). A stable
spectrum was not obtained for the HRPBZH complex at

pH 12.0 because of the sensitivity of the sample to trace
amounts of @in the N-purged cuvette.

A representative optical titration of HRPC with BHA at
pH 7.0 is shown in Figure 5, and the apparent dissociation
constants,Kg@ppy from the titration of HRPC with six
substrates over the pH range of 42 are summarized in
Table 2. Without exception, th&ypp)values increase slightly
(~2—7-fold) at pH 4.0, which is assigned to changes in the
protein @7), since the substrates do not ionize over the pH
range of 47 (2). In contrast, the decreased affinity of HRPC
for the hydroxamic acids at pH-7.0 (Table 2) can be
attributed to their ionization since the anions reportedly do
not bind to HRPC %). When the fraction of un-ionized
substrated,) is taken into account, the BHKy [=0u1aKaapg]
shows little variation over the pH range of-42 (Table 3).
The correctedy values for 2-NHA, calculated using the
reported K, of 7.7 (32), decrease significantly with increas-
ing pH, but not when the BHAI§, of 8.8 (2) is assumed
(Table 3), suggesting that theKp values for the two
hydroxamic acids are similar, as expected.

Free SHA exhibits K, values at 7.4 and 10.0 (Figure 6).
The former value agrees with the literatuné,of 7.43 for
the hydroxamic acid grou@®), and a K, of 10.0 is assigned
to the ring hydroxyl, which is close to the value of 9.95 for
phenol. TheKy values pu,aKa@pp] for binding of only the
neutral form (HA) of SHA to HRPC showed little variation
with pH (Table 3), but the valuesda- + ot,a)Kdgapp) fOr
both HA and HA™ binding increased significantly at alkaline
pH (Table 3), indicating that only the neutral form of SHA
binds to HRPC. The correctdi; values are lowest at high
pH (Table 3), and the increased substrate affinity is attributed

Biochemistry, Vol. 40, No. 46, 200113985
The range of values obtained AH® = AHZ ,cirae— AHRZH
= —4.00 to 3.53 kcal/mol, an@AAS = TAS psrate —
TAS,, = —4.92 to 3.01 kcal/mol with 2-OH-BZH and
4-ClI-BZH values at the extremes) reveals that the complex-
ation equilibria between HRPC and aromatic substrates are
highly sensitive to the position and nature of the ring
substituent.

DISCUSSION

H-Bonding in the Distal Heme Gi#y of Ferric HRPC.
Substrates2—4 (Figure 1) each lack one of the three
H-bonding atoms of the BHA side chaidl). In water, a
charged H-bond can contribute as much as 8.3 and 4.7 kcal/
mol, respectively, to thé\H° and AG® values of substrate
binding, while the corresponding contributions of a neutral
H-bond are 1.9-3.0 and 0.5-1.5 kcal/mol, respectivelylg,
33—36). The AAH® and AAG® of 6.7 and 5.29 kcal/mol,
respectively, for N-BH relative to BHA (Table 1) reflect the
absence of the charged H-bond, C®rg38, as well as the
neutral H-bond, CB-H,0. TheK, values for the R38G (10.4
mM) and R38L ¢ 12 mM) mutants for BHA 10) are close
in value to theKy for wild-type HRPC for N-BH (19 mM,
Table 1). ThAAAH® andAAG® values of 4.62 and 4.41 kcal/
mol, respectively, for BZA relative to BHA (Table 1) fall
within the values expected for the loss of the two neutral
H-bonds, OH--His42 and OH--H,O (11). Again, theKy
values of the H42L (2.9 mM) and H42R (6.8 mM) mutants
for BHA are very similar to they of wild-type HRPC for
BZA (4.3 mM, Table 1). TheAAH® and AAG® values of
5.4 and 5.07 kcal/mol, respectively (Table 1), for the binding
of 2'-HA relative to that of BHA are greater than expected
for the loss of a single, neutral H-bond (NHPro139).
However, 2-HA (pK, > 15) is a poorer H-bond donor than
BHA (pK, = 8.8), which will significantly weaken the O+
His42 H-bond in the 2HA complex. The effect of substrate
pK, is also seen in thdAAH® (—3.3 kcal/mol) andAAG®
(—2.24 kcal/mol) values for BHA compared to those for BZH
[PKa ~ 12 (2)] binding to HRPC at pH 6.0 (Table 4), which
confirms that a good H-bond donor is required to form a
strong H-bond to the distal His42.

The large negativAS’ values in Table 1 reveal that the
low substrate binding affinities of HRPC are entropically
derived at pH 7.0. This provides HRPC with built-in
“entropic” protection from the highly reactive, one-electron-
oxidized forms of its donors. With the notable exception of
the CO--Arg38 interaction, the absence of H-bonds between
HRPC and the side chains of the BHA analogues at pH 7.0
has little entropic consequencA¥’, BHA (—21.8 eu)>
BZA (—21.1 eu)> 2'-HA (—20.5 eu)> N-BH (—16.9)].
The AAS’ of ~5 eu for N-BH versus BHA is attributed to

to changes in HRPC other than those induced by the hemethe increased flexibility of the distal Arg38 in the N-BH

linked alkaline transition.

Effects of Ring Substituents on the Binding of Hydrazides
to HRPC at pH 6.0These studies were performed at pH
6.0 since oxyHRPC is formed under aerobic conditions at
higher pHs in the presence of hydrazides (S. Aitken,

complex (Figure 1) since the distal arginine is reported to
be highly flexible in heme peroxidases. For example, the
distal Arg48 of CCP moves-3 A to interact with heme-
bound ligands 7).

Arg38 flexibility may also be implicated in the 4-fold

unpublished results). The binding of 19 hydrazides (Figure lower affinity of HRPC for SHA versus BHA despite the
1) to ferric HRPC was investigated, and their thermodynamic enthalpic gain AAH® = —1.33 kcal/mol) from the low K,
binding parameters are summarized in Table 4. Using BZH (=7.4; Figure 6) of the SHA hydroxamate OH plus the
as the reference hydrazide, the effects of the ring substituentsadditional H-bond formed by the ring 2-OH. Figure 1 shows
on binding affinities are presented graphically in Figure 7. two possible conformers of HRPC-bound SHA. Conformer
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Table 2: pH Dependence of the Apparent Dissociation Constiagsy) (Micromolar), for Binding of Aromatic Hydroxamic Analogues to

Ferric HRPC

pH BZH2 BZAP NMBZA BHA SHA 2-NHA
4.0 362+ 5 5.44+0.1 (2.8+0.02) x 1¢° 6.440.04 18+ 0.1 0.40+ 0.01
5.0 15445 3.840.1 595+ 6 3.3+ 0.02 9.2+ 0.1 0.24+0.01
6.0 109+ 2 2.6+ 0.05 376+ 3 2.3+ 0.01 7.7+ 0.04 0.16+ 0.004
7.0 90+ 2 2.7+ 0.05 41142 2.54+0.01 11+ 0.1 0.15+0.01
8.0 85+ 2 2.8+ 0.06 400+ 2 2.84+0.01 30+ 0.1 0.22+ 0.006
9.0 83+1 2.840.04 3594 2 21+1 313+ 15 1.1+£0.1

10.0 204+ 12 (3.3+0.04) x 10° 301+1 174+ 3 (1.1+0.1) x 1C® 2.0+ 0.03

12.0 (9.2£0.4) x 1C° (2.0£0.05)x 1C° (21£0.3)x 10° 387+ 21

@ The Kqypp) Values were determined under anaerobic conditions since the HRRE complex exhibits time-dependent spectra in air (see the

text). ® Kyeapp) Values for BZA only are in millimolar.

Table 3: Dissociation Constantsg (Micromolar), Corrected for
Substrate lonization for Binding of Aromatic Hydroxamic Acids to
Ferric HRPC at pH 4122

pH BHAP SHA® SHA™ + SHA? 2-NHA® 2-NHAf
4.0 6.4 18 18 0.38 0.39
5.0 3.3 9.2 9.2 0.24 0.24
6.0 2.3 7.4 7.7 0.16 0.16
7.0 2.5 7.9 11 0.15 0.13
8.0 2.4 6.0 30 0.19 721072
9.0 8.0 7.0 285 0.42 521072
100 104 13 531 0.12 10102
12.0 1.2 0.23 1.% 1072

aKg = oKyappy Wherea is the fraction of hydroxamic acid in the
neutral form andKq(ppythe apparent dissociation constant from Table
2.5Kqy assuming a Ka of 8.8 for BHA (2). Ky assuming only the
neutral form of SHA binds to HRPC andp, = 7.4 for SHA.4Kq4
assuming both neutral and singly ionized forms of SHA bind to HRPC,
and Ka1 = 7.4 and K,z = 10.0 for SHA.® K4 assuming g, = 8.8 for
NHA (see the text)! Kq assuming . = 7.7 for NHA (see the text).
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Ficure 6: pH titration of 40 mM SHA vs 1.0 M NaOH. TheKa,

and K,z values were determined separately by fitting the data points
for the titration of each proton to the equatigr~ (a — b)/[1 +
(INaOH]/pK2)¢] + b, wherey is the pH,a is the pH as [NaOH}~

o, bis the pH as [NaOH}— 0, andc is the slope when ph pKa.

The tautomeric forms of neutral and singly ionized SHA are also
shown.

SHA;, modeled on the MPOSHA X-ray structure 15), is
unlikely due to steric repulsion between the ring 2-OH and
the carbonyl of Pro139. In conformer Sk/based on the
ARP—SHA X-ray structure 14), the 2-OH group is within
H-bonding distance of Arg38. H-Bonding to both the ring
2-OH and the hydroxamate CO should result in a more
constrained conformation for Arg38, consistent with the
AAS’ of —7.6 eu for SHA versus BHA binding (Table 1).
Desolvation of the 2-OH group is also expected to contribute
to the highly unfavorableAS® for SHA binding, but
intramolecular H-bonding in free SHAL4, 15, 38) should

offset this by attenuating the change in substrate flexibility
on complexation to HRPC.

BHA and 2-NHA bind only 3- and 4-fold less tightly to
the acid conformation of HRPC due to entreggnthalpy
compensation relative to the pH 7.0 values (Table 1). The
large positive increments inH® and AS® for both BHA
(4.9 kcal/mol and 15.9 eu, respectively) and NHA (4.8 kcal/
mol and 13.3 eu, respectively) binding at pH 4.0 versus
binding at pH 7.0 suggest weakening or loss of the
hydroxamate C@-Arg38 H-bond. This is consistent with
the results of a pH titration of the-€0 stretching vibrations
of the Fé-bound CO ligand in the HRP&CO—BHA ternary
complex, which indicated that H-bonding between the distal
Arg38 and the CO ligand was eliminated at low pBIr)
Clearly, the distal Arg38 adopts different conformations at
pH 7.0 and 4.0.

Another factor to consider is the proton uptake by the
HRPC-BHA (ny+ = 0.57) and HRPE2-NHA (ny+ = 0.98)
complexes, which was revealed by a linear least-squares fit
of the pH 4.0 thermodynamic data to eq 2 (vide supra). If
we assume that the distal His42, which has<a pf ~4 in
free ferric HRPC 27), is the site of protonation in the
complexes, then it would not accept an H-bond from BHA
or 2-NHA (Figure 1) at pH 4.0. Interestingly, &pof 4.5
was proposed for His42 in the HRPCO complex 27),
but this assignment is questionable since the HRPC(H42L)
CO complex exhibited a similartfy (39). AHg, 4ineq 2 is
composed of a term that is independent of the protonation
event AH®) and a term that describes the contribution of
protonation to the enthalpy changes):

AHtc;ind = AH* + nH+AH;ro’[ (4)
Since AHp,, = —6.28 kcal/mol for an imidazole group
(40), protonation of His42 on complexation would yield an
nutAHp, value of —3.58 kcal/mol and aAH®" of —5.62
kcal/mol for the HRPC-BHA complex at pH 4.0; the
corresponding values for 2-NHA would be6.15 kcal/mol
(Nw*AHp,) and—3.85 kcal/mol AH*'). On the other hand,
if Asp43 or one of the heme propionates is protonated,
AHping = AH®" sinceAHZ, ~ 0 kcal/mol for a carboxylate
group @0). To determineAH;,, and hence the possible
site of protonation in the HRPC complexes, an investigation
of substrate binding over a pH range with a constaHf’
is necessary2b).

The spectroscopic survey versus pH reveals that all the
substrates in Table 2 bind to HRPC less tightly at pH 4.0
than at pH 7.0. Since NMBZA, which cannot form the
OH---His48 H-bond (Figure 1), loses the most binding
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Table 4: Effects of Ring Substituents on the Thermodynamics of Aromatic Hydrazide Binding to FerricdHRPC

comd Kq (uM) (spec? Kq (uM) (ITC) nc AG° (kcal/moly AH° (kcal/mol) AS (euy
BZH 109+ 2 120+ 2 0.84+ 0.007 —5.35 —11.7+0.13 —-21.4
2-OH-BZH 439+ 45 627+ 18 0.81+ 0.05 —4.37 —15.74+1.00 —37.9
2-NHx-BZH 2960+ 260 3100+ 220 0.89+ 0 —3.42 —11.8+ 0.6 —28.1
2-Cl-BZH 2320+ 80 2050+ 38 0.85+0 —3.76 —9.99+ 0.088 —21.2
2-CHs-BZH 23004+ 50 2760+ 28 0.85+0 —3.49 —10.2+ 0.052 —22.6
2-NO,-BZH 85000+ 32000
3-OH-BZH 87+1 120+ 1 0.85+0.01 —5.35 —13.3+0.11 —26.8
3-NH,-BZH 2504+ 12 2504+ 10 0.81+ 0.06 —4.91 —12.1+1.01 —24.1
3-CI-BZH 99+ 4 267+ 14 0.82+ 0.06 —4.87 —9.78+ 0.76 —16.4
3-CHs-BZH 76+1 108+ 3 0.89+ 0.01 —5.41 —10.9+ 0.17 —18.4
3-NO,-BZH 91104+ 48
4-CHs-BZH 118+ 7 143+ 5 0.89+0 —5.24 —11.3+0.12 —20.3
4-OH-BZH 2204 22 5404+ 24 1.37+ 0.05 —4.46 —8.454+0.39 —-13.4
4-NH,-BZH 303+ 11 231+ 18 0.92+ 0.05 —4.96 —11.1+ 0.68 —20.7
4-Cl-BZH 135+ 5 297+ 9 0.85+0 —-4.81 —8.17+ 0.098 —-11.3
4-NO,-BZH 3020+ 1160
INH 1100+ 34 3360+ 35 0.85+ 0 —3.37 —8.43+ 0.061 —-17.0
NICH 4260+ 275 4620+ 154 0.85t 0 —3.18 —7.25+0.14 —13.6
2-NZH 0.9174+ 0.062 5.2+ 0.11 0.92+ 0.005 —-7.20 —-14.27+0.11 —23.7
BHA 2.3+0.01 2.7+£0.1 083+ 0.003 —7.59 —15.0+ 0.07 —24.69

a All experiments were conducted in 100 mM sodium phosphate buffer at pH 8fectroscopically determinéd; values.© The stoichiometry
of binding determined by ITC, andG° from Ky (ITC). 9 eu, entropy units (calories per mole per kelvin).

(Figure 4C), and also by BZA and NMBZA to the extent
predicted by eq 3. This supports the role of Arg38 as an
H-bond donor to the side chains of these substrates. Schon-
baum @) reported that hydroxamate anions do not bind to
HRPC, which is reflected in the increaskglapp) values for
BHA (61-fold) and 2-NHA (9-fold) between pH 8.0 and 10.0
(Table 2). SHA presents an interesting case since it has two
groups that ionize between pH 4.0 and 12.0 (Figure 6). Table
2 reveals a 28-fold increase in the SH®app) in the pH
range (6.6-9.0) that brackets itsiy at 7.4. The SHA
monoanion can exit in three tautomeric forms with the
negative charge located on the hydroxamate BQN (C),

or O (D) (Figure 6), and similar tautomers can be drawn for
BHA™ and 2-NHA™ without the ring OH group. None of
these tautomers is capable of simultaneously H-bonding to
His42, Arg38, and Pro139 as observed in the HRIBEIA
complex, which would explain the reduced affinity of HRPC
for the hydroxamate anions. Th€; values corrected for
substrate ionization show little variation over the pH range
affinity (~7-fold) at low pH, the increaselyeppvalues at ~ Of 4.0-12.0 (Table 3), which suggests that the enthalpy
pH 4.0 are attributed mainly to conformational changes in €N{ropy compensation seen at pH 7.0 and 4.0 (Table 1)
the distal Arg38 as discussed above. Unfortunately, the OP€rates over a wide pH range.

HRPC-N-BH complex is spectroscopically silent so the  Nonpolar Interactions in the Binding of Aromatic Hy-
effects of removing the hydroxamate @0g38 interaction ~ droxamic Acid Analogues to HRP@&cetohydroxamic acid
(Figure 1) cannot be readily probed as a function of pH. [Ka = 62 mM ()] binds to HRPC>10*-fold less tightly
Nevertheless, consistent with our interpretation of the low- than BHA even though both compounds are capable of the
pH substrate binding data, biophysical studies reveal thatSame polyfunctional H-bonding. Enthalpically favorable van
HRPC has a looser conformation at pH 440,(42), and in der Waals mteracnon;, entr.0p|cally favorable desolvation of
reporting on the X-ray structure, Gajhede et ad3)( the phenyl ring, and liberation of water molecules from the

speculated that extremes of pH would likely alter H-bonding aromatic-binding pocket will all contribute to the binding
in the distal cavity of HRPC. energy of BHA being larger than that of acetohydroxamic

acid. The effects of an increased level of nonpolar interac-
Upon OH- ligation to Fé' (30, 31), HRPC undergoes a tions can also be seen in the more favorable entropies of
transition from a five-coordinate high-spin to six-coordinate pinding of 2-NHA and NMBZA, relative to those of BHA
low-spin heme with a i§, of 10.9 @9). Formation of low-  and BZA, respectively (Table 1). However, the unfavorable
spin heme in alkaline HRPC is promoted by H-bond donation AAH® for NMBZA versus BZA is attributed to steric effects

kecal/mol

T L S N BELE L L L L S B L B L B B
Ficure 7: Comparison, using BZH as a reference, of the
thermodynamic parameters for binding to ferric HRPC in 100 mM
sodium phosphate at pH 6.0 of the ring-substituted aromatic
hydrazides, including INH, NICH, and 2-NZHAAH®° =
AH jpsrate ™ AHgzy > 0, TAAS = TA_%qbstrate_ TA% H >0,
and AAG® = AGZ peirae— AGRzn > 0 indicate that binding of a
given hydrazide to HRPC is enthalpicalgssfavorable, entropi-
cally more favorable, andveaker respectively, than binding of
BZH. The thermodynamic data are from Table 4.

by the Fe-bound OHligand to the distal His4230) and
stabilization of the OH ligand by Arg38 (L0). The alkaline
transition of (2.5uM) HRPC is depressed by 25 mM BHA

of the bulky methyl group that destabilize the H-bond(s) in
the distal cavity of the HRPENMBZA complex (Figure
1), and hence serve to increase the binding entropy.
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Comparison of the crystal structures of HRPC and the
HRPC-BHA complex shows that Phe68, which is located
at the opening of the distal cavity, can adopt different
conformations. It can flip away from the entrance toward
the distal pocket (open conformation), or it can flip down
and partially block the entrance (closed conformatidri) (
43). Henriksen et al. 1) suggested that 2-NHA binding
would be accommodated with Phe68 in the open conforma-
tion only, which would partly offset the entropic gain
expected from desolvation alone. Therefore, the smaller
AAS between 2-NHA and BHA (3.4 eu) compared to that
between NMBZA and BZA (9.3 eu), which only differ by a
CHjs group, is assigned in part to a more rigid aromatic-
binding pocket in the HRPE€2-NHA complex.

Effect of Ring Substituents on Hydrazide Binding to Ferric

Aitken et al.
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Ficure 8: Plot of ITC TAS vs AH° values for binding of the

aromatic hydroxamic acid analogues to HRPC. Datalfer and

8—24 from Tables 1 and 4, respectively, BZA; 2, NMBZA, 3,
2-HA; 4, N-BH; 5, BHA; 6, 2-NHA; 7, SHA; 8, BHA; 9, BZH;

HRPC.The ortho-substituted hydrazides are the weakest to 10 INH; 11, NICH; 12, 2-NZH; 13, 2-OH-BZH; 14, 3-OH-BZH;

bind to HRPC (Table 4 and Figure 7). As proposed
previously for SHA, H-bonding of the ring C2 group to
Arg38 would account for the highly unfavorates® values
(Table 4) for 2-OH-BZH ¢37.9 eu) and 2-NHBZH (—28.1
eu) versus BZH binding £21.4 eu). Steric constraint

15, 4-OH-BZH; 16, 2-CH;-BZH; 17, 3-CHs-BZH; 18, 4-CH;-BZH;
19, 2-NHx-BZH; 20, 3-NH,-BZH; 21, 4-NH,-BZH; 22, 2-CI-BZH,;
23, 3-CI-BZH; and24, 4-CI-BZH).

explained by desolvation effects. The pyridine N of free INH
and NICH will be strongly H-bonded to water, and if we

between the ring C2 substituent and the hydrazide side chaingssume that the N atoms remain non-H-bonded in the

in 2-CH;-BZH and 2-CI-BZH probably causes these sub-
strates to be nonplanar. This would likely weaken the
H-bonds formed with HRPC and contribute to their enthal-
pically less favorable binding versus BZH (Figure 7). The
role of steric or electronic repulsion in decreasing the binding
affinity of ortho-substituted substrates is supported by the
high Kq (85 mM, Table 4) of 2-N@BZH with its bulky
NO, group.

With the exception of 3-N@BZH, the meta-substituted
hydrazides posses&; values that differ from that of BZH
by a factor of only~2 or less (Table 4). For both 3-OH-
BZH and 3-NH-BZH, more negative enthalpies are largely

complexes, the observed large enthalpic losses and entropic
gains relative to BZH binding (Figure 7) are to be expected.

Tighter binding of the 2-NZH naphthyl ring in the
aromatic-binding pocket of HRPC would provide a possible
explanation for the relative magnitudes of thel° andAS’
values of 2-NHA and 2-NZH (Tables 1 and 4). Weaker
binding of the hydrazide compared to that of the hydroxamate
side chain in the distal cavity would allow optimization of
the aromatic interactions in the HRPQ-NZH complex.
This would be enthalpically favorable but entropically
unfavorable due to a further decrease in the flexibility of
Phe68 and Phel79 in the aromatic pocket.

compensated by more negative entropies (Figure 7). Such
compensation may arise from H-bonding of these polar metacONCLUSIONS

substituents with the carbonyl of Pro139 (Figure 1). Alter-
natively, they may donate H-bonds to Phe68 (Figure 1),
which is close to the meta position of the BHA ring in its
HRPC complex 11). Aromatic rings have been shown to

The linear relationshiprt = 0.6) in Figure 8 underscores
the enthalpy-entropy compensation for the binding of
aromatic hydroxamic acid analogues to HRPC. Such com-

be H-bond acceptors, forming H-bonds about half as strong pensation is commonly observed for protesmall molecule

as neutral H-bonds44). The binding of 3-CHBZH and

interactions in aqueous solutions since the release of

3-CI-BZH to HRPC shows a reduction in enthalpy versus structured water molecules (desolvation) from the interacting
BZH similar to that of the corresponding ortho-substituted surfaces results in an entropy gain that is offset by a loss in
hydrazides but increased entropy (Figure 7), reflecting enthalpy due to enthalpically weaker H-bonds in bulk water

differences in the ability of the aromatic binding site to

(45). The net result is thahH® andAS® change proportion-

accommodate certain substituents, particularly unpaired (non-ally, while AG® is less affected.

H-bonded) polar groups.
Examination of the HRPEBHA structure shows that the

phenyl rings of Phe68 and Phel79 are 3.70 and 3.93 A,

respectively, from C4 of the BHA ring (Figure 1). The
binding parameters for 4-GFBZH and 4-NH-BZH differ
only slightly from those of BZH (Figure 7). In contrast, the
binding of 4-OH-BZH and 4-CI-BZH is accompanied by
much larger (but compensatory) enthalpy and entropy

BHA, SHA, and 2-NHA binding to HRPC at neutral pH
is clearly enthalpically driven, with the charged H-bond to
Arg38 providing the largest contribution (up te7 kcall
mol). The overall low substrate affinity of HRPC around
neutral pH is due to unfavorable entropy terms (frethl.3
to —37.9 eu, Tables 1 and 4). This can be attributed to limited
desolvation f7 eu is the maximum entropy gain from the
release of a water molecule into the bulk solveti)] and

changes relative to BZH. This can be attributed to increaseddecreased flexibility of the active site residues on substrate

flexibility in the complexes due to the unpaired (non-H-
bonded) OH and CI groups.

Binding of INH, NICH, and 2-NZH to Ferric HRPOhe
thermodynamic parameters for INH and NICH are similar
to those for 3-Cl-, 4-Cl-, and 4-OH-substituted BZH (Table
4), and their magnitudes relative to BZH can also be

binding. Loss of flexibility in the distal Arg38, in particular,
is highly entropically unfavorable as reflected in the binding
entropies for BHA versus N-BH, and even more dramatically
in those for SHA and 2-OH-BZH. Thus, the distal Arg38
can be viewed as an “entropic gate keeper” providing
“entropic” protection to HRPC against the highly reactive
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forms of its oxidized donor substrates generated during the 18. Morgan, B. P., Scholtz, J. M., Ballinger, M. D., Zipkin, I. D.,
normal peroxidase cycle.

The dramatic entropic gains observed at pH 4.0 (Table 1) 19.
likely reflect greater solvent access to the active site of
HRPC. Also, the complexes are probably significantly less
rigid at low pH as reflected in the much less favorable 21,

binding enthalpies. Substrates likely have greater access to

and Bartlett, P. A. (1991). Am Chem Soc 113 297-307.

Nakatani, H., and Takahashi, K. (198Bjochemistry 25
3515-3518.

20. Paul, K. G., and Ohlsson, P. I. (1978ta Chem. Scand.,

the heme cavity of HRPC and other heme peroxidases at 22.
lower pHs, which, for example, may contribute to the rapid
inactivation of lignin peroxidase at its pH optimum of 3

(47).

From the thermodynamic data presented here, the main

obstacle to overcome in designing tight-binding peroxidase
inhibitors is the large entropic barrier around neutral pH.
Addition of a coordinating group with a high affinity for

ferric heme iron, such as an isocyanide, may help overcome

this entropic barrier. Alternatively, the design of a mecha-

nism-based inhibitor may be a more productive approach.
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