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Introduction

Ligand binding to metalloporphyrins and derivatives has been
extensively investigated in the last two decades.!? This results
from the importance of the heme chromophore and derivatives
thereof, in a large family of electron-transfer, oxidoreductase,
and oxygen-binding proteins and enzymes.>* Linear free-energy
relationships have been derived that correlate binding constants
with a variety of stereoelectronic parameters.>® Nevertheless,
studies on the biological macromolecules themselves and ligand
classes related to substrate anions or gaseous species have, for
the most part, been limited.”® Two exceptions are the physi-
ologically important oxygen carriers myoglobin and hemoglobin.
Both are readily available and are crystallographically character-
ized.>10 As a result, the physicochemical parameters defining
binding to these proteins and related model complexes have
been evaluated in detail.!!"!* These benchmark measurements
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provide a frame of reference for any kinetic or thermodynamic
studies pertaining to other families of heme proteins.

Elucidation of molecular mechanisms relating to enzymatic
redox catalysis is a topic of current importance that requires
evaluation and understanding of the kinetic and thermodynamic
parameters that underlie substrate binding and activation. Qur
laboratory is conducting mechanistic investigations on a family
of enzymes that catalyze the multielectron reduction of SO32~,
NO,~, and reaction intermediates to H,S and NHj, respec-
tively.!1> Such enzymes demonstrate selective binding and
activation of substrate anions and neutral species by the [Fe4S4])-
siroheme prosthetic center common to this class of enzyme. In
this paper we describe the first detailed study of ligand binding
to an enzyme carrying the siroheme chromophore.! Thermo-
dynamic parameters for ligand binding to the [FeyS4]-siroheme
prosthetic center of the dissimilatory sulfite reductase (des-
ulfoviridin) are reported. Since the optical spectrum of des-
ulfoviridin is relatively insensitive to changes in oxidation state
or coordination number, binding data have been obtained by
kinetic methods.

Experimental Methods

Materials and Methods. Buffer salts were of molecular biology
grade (Fisher or Aldrich Chemical Co). The dissimilatory sulfite
reductase (desulfoviridin) was isolated and purified from Desulfovibrio
vulgaris (Hildenborough, NCIB 8303) by standard protocols.!6

Steady-State Kinetics and Estimation of Ligand Binding Con-
stants. Procedures for carrying out steady-state kinetics experiments
on desulfoviridin have been described elsewhere.!” Kinetic data were
obtained at 298 K by monitoring the decrease in absorbance at 600
nm from the MeV** radical, which is used as an electron source during
turnover. The resulting decay profile was analyzed using software from
On-Line Instrument Systems. Michaelis—Menten parameters (kcar, Km)
were determined using commercially available software (Origin) to fit
initial velocity plots versus substrate concentration.

For inhibition studies, 150 mM hydroxylamine was used as substrate,
the enzyme concentration was fixed at 140 nM, and substrate/ligand
concentrations were varied as follows: [SO;27], 2.5—800 uM; [NO;7],
2.5—500 pM; [NH.OH], 1—-500 mM; [NH,OMe], 10—700 mM; [CN],
10-200 uM; [AsO,7], 20—400 pM; [HS™], 20—250 mM; [N;~], 20—
400 mM. Each inhibitor ligand demonstrated competitive inhibition,
and dissociation constants (K4 = 1/K, = inhibition constant, K;) were
determined by use of eq 1,'® where all the symbols have their normal
meaning."®

vo={k

cat!

[enzyme][NH,OH]}/{K,(1 + [inhibitor}/K,) +
[NH,OH]} (1)

Variable-Temperature Studies. Variable-temperature (VT) steady-
state kinetics experiments to monitor the temperature dependence of
K or K4 were carried out over a temperature range from 278 to 318
K. Enthaplic and entropic components were determined from plots
(such as that shown in Figure 1) of In Ky (=—In K,) versus 1/T and
fitting to eq 2, where all parameters are defined as normal. Typically,

AG®° = —RTIn K = AH®° — TAS® 2)

three to five temperature points were obtained for each substrate or
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Figure 1. Plot of In Kr, versus 1/7 for (A) NH;OH and (B) NH.OMe.
AH® and AS° were obtained from the slope and intercept according to
eq 2.

ligand, each point on a VT profile resulting from a complete kinetic
analysis at the temperatures selected.

Results and Discussion

Numerous workers have investigated heme—ligand binding
equilibria of Hb, Mb, and model compounds in both oxidized
and reduced states.!! More recently, investigations of model
complexes were expanded to ring-reduced derivatives (chlorins
and bacterio- and isobacteriochlorins).2%=22 While it is often
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Table 1. Thermodynamic Parameters for Substrate and Ligand
Binding to Reduced Desulfoviridin®

Kjor —-AG,° —AH;° —AS,°

ligand? Km (mM)*  (kcal mol™!) (kcal mol™!) (cal K~! mol~1)4
HSO,~ 0.06 £ 0.01 5.8+02 79+ 18 100+29

(or SOy)
NO;~ 0016 £0004 65+£02 —-22+18 -26+£7
AsQ;~ 0.9 +0.02 42+0.3 121+ 1.8 27+ 4
CN- 0.26 + 0.05 49+ 0.2 11.5+20 22+3
Ns~ 31+6 21£02 ~70=+18 —-25.6+54
HS- 21+4 23+£03 0.1+12 -73+£20
NH,OH 59 £+ 12 1.7£02 -95%16 -375+£25
NH,OMe 192 £ 40 1.0+£03 55+1.5 125+1.8

¢ Enthalpic and entropic parameters were determined from a fit to
eq 2. Free energies were calculated from equilibrium data (K4 or K,
= 1/K,) at 298 K. Each data set is an average of at least two sets of
independent experiments. > Ligands are noted in the form most likely
to bind to the reduced siroheme, taking into account the ionization
constants of each ligand and the binding center. Note that sulfite could
conceivably bind in the form of uncharged SO,. ¢ The assumption that
K4~ K for substrates is supported by several lines of argument. These
include the similarity of affinities for 7z-acceptor or g-donor substrates
and ligands. Revised values for Ks would be smaller than the K, values
quoted, while the latter are already at the limit of known binding
affinities for siroheme-bound ligands.®? Also, the resulting data plot
(Figure 2) of AH® versus AS® shows a good correlation, which would
not be expected if K, differed substantially from Kj. Other kinetic
factors that might make a significant contribution to K, would be
unlikely to show a correlation of AH° and AS® (Figure 2) that matched
those exhibited by the non-substrate ligands.  The AH and AS values
obtained from VT experiments yield a AG value that is within error of
the AG determined by kinetic studies (column 3).

assumed that stability constants can be correlated with heme—
ligand bond strengths, previous studies of ligand binding to
metalloporphyrins have demonstrated the important role of
entropy changes.®!2 The situation is compounded in studies
of ligand binding to metalloproteins since other steric or bonding
factors from neighboring protein side chains may be involved.
This fact has been reinforced many times by workers who report
no apparent correlation between AH® values and In K (or AG®).%
For example, the data in Table 1 suggest higher binding affinities
for m-acceptor ligands, while ligands that bind through o- or
st-donor (for example, N3~) mechanisms show lower affinity.
However, even for the series of high-affinity sr-acceptor ligands
(S032~, NO,~, AsO;™, CN7), there is no correlation between
In K (or AG®) and bond strength (AH®). In the case of NO;~
in particular, binding is apparently entropically driven. The
apparent dichotomy can be understood in terms of an isoequi-
librium relationship for a series of ligands that bind to a common
center. The importance of such isoequilibrium relationships in
correlating and understanding thermodynamic data for heme
proteins has been highlighted in classic work by Irvine and co-
workers on hemoglobin.!?"1* Cole et al. have also discussed
this topic in regard to systematic studies with model com-
pounds.5

Analysis of AH® and AS° Components. There can exist a
linear relationship between AH® and AS® (eq 3) for a series of

AH® = TAS® + AG® (3)

related reactions,%23 where the ligand, solvent, or both are varied
and the natures of the changes induced are similar for the range
of iron porphyrins and ligands used. The slope of the resulting
line defines an isoequilibrium temperature (7;), where enthalpy
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Figure 2. Plot of —AH° versus —AS°. The gradient yields an
isoequilibrium temperature of 330 K (correlation coefficient of 0.96).
Data was taken from Table 1.

and entropy effects cancel and no change is observed in the
free energy, but not necessarily in the AH° and AS° components.
Although this situation is encountered relatively rarely, the
correlation between AG® and AH° will be relatively poor
whenever studies are carried out at temperatures close to the
isoequilibrium temperature. Figure 2 shows the variation of
AH® and AS° for binding of the ligand anions and molecules
listed in Table 1. Most of the data lie on a fitted line with a
correlation coefficient of 0.96, and the isoequilibrium tempera-
ture of 330 K is very close to the value of 298 K used in the
determination of AG®. At this temperature the variations in
AS°® values are significant. To account for the different ligand-

Notes

binding enthalpies determined in studies with hemoglobin,
Anusiem et al. have proposed a mechanism involving distinct
hydration changes and disruption of specific hydrogen-bonding
patterns in the binding pocket for each ligand.!? Inasmuch as
the ligand anions used in our studies may exist in a variety of
protonated forms (summarized in Table 1), it is likely that
similar considerations may also hold in the case of desulfoviri-
din; however, the absence of structural data precludes a more
definitive evaluation at this time.

Comparison of the data for NH,OH and NH,OMe in Table
1 is particularly noteworthy. The methyl derivative of hydroxy-
lamine shows a similar binding constant (K, ~ 1/K, increases
by less than a factor of 4); however, binding is now controlled
by enthalpic rather than entropic terms (Figure 1). The data
suggest that the methyl group leads to more favorable interac-
tions with the low-dielectric cavity in the active site pocket,
although this is accompanied by restricted motion and a decrease
in entropy.

Conclusions. We have systematically evaluated the ther-
modynamic parameters that define substrate binding and
catalysis by the enzyme-bound siroheme chromophore. Future
studies will seek to relate the observed differences in thermo-
dynamic binding parameters for heme and siroheme with their
functional chemistry.!6
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