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ABSTRACT. HasAgm secreted by the Gram-negative bacteribenratia marcescerselongs to the hemophore
family. Its role is to take up heme from host heme carriers and to shulttle it to specific receptors. Heme
is linked to the HasAw protein by an unusual axial ligand pair: His32 and Tyr75. The nucleophilic
nature of the tyrosine is enhanced by the hydrogen bonding of the tyrosinate to a neighboring histidine
in the binding site: His83. We used isothermal titration microcalorimetry to examine the thermodynamics
of heme binding to Haséu and showed that binding is strongly exothermic and enthalpy drivef:=

—105.4 kdmol~! andTAS= —44.3 kdmol~%. We used displacement experiments to determine the affinity
constant of HasAw for heme K= 5.3 x 1019 M~1). This is the first time that this has been reported for

a hemophore. We also analyzed the thermodynamics of the interaction between heme and a panel of
single, double, and triple mutants of the two axial ligands His32 and Tyr75 and of His83 to assess the
implication of each of these three residues in heme binding. We demonstrated that, in contrast to His32,
His83 is essential for the binding of heme to HagAeven though it is not directly coordinated to iron,

and that the Tyr75/His83 pair plays a key role in the interaction.

Bacteria have developed a number of iron-scavenging The crystal structure of the holoprotein shows an original
mechanisms, depending on the iron sources they might+ $ fold, with an unusual arrangement of the heme-binding
encounter. Heme-containing compounds, which are wide- site (7). The o helices are all packed on one side of the
spread among vertebrate hosts, are advantageous iromolecule and thg strands on the other side. Heme is held
reservoirs for bacterial pathogens. Therefore, several Gram-by two loops at the interface between thend parts of
negative bacteria use fleme uptake system involving an the molecule and is highly exposed to solvents. The iron
extracellular heme-binding protein, HasA, also called hemo- atom is ferric and coordinated to the Nf a histidine residue,
phore by analogy to the extracellular siderophof@sHasA His32, on one side and to the;@f a tyrosine residue, Tyr75,
hemophores are secreted in iron-limiting conditions by an on the other side (Figure 1). Tyrosine, which is weakly
ABC transporter via a carboxy-terminal signal. Their func- nucleophilic, is a rare heme iron ligand. It is only present in
tion is to acquire free or hemoprotein-bound heme and to catalase), in Chlamydomonashloroplast hemoglobirfy,
deliver it to a specific outer membrane receptor, HasR in nitrite reductasel(0), and in some proteins in which the
(1, 2). HasA hemophores have been found Serratia axial coordination has been modified by protein engineering
marcescengl), Pseudomonas aeruginoéd), Pseudomonas  (11—14). Our recent NMR study showed that, in holo-
fluorescens(4), Yersinia pestig5), and Yersinia entero- HasAesy, the Tyr75 phenolate oxygen is deprotonated and
colytica(P. Delepelaire, personal communication). They form forms a hydrogen bond with the M of a neighboring
an independent family of heme-binding proteins without histidine in the binding site, His83.§). Comparison of the

homology to any other known proteins. affinities of the single, double, and triple alanine mutants of
The S. marcescengemophore, Hasdy,! is a 19 kDa His32, Tyr75, and His83 for heme by absorption spectros-
monomer that binde heme with a stoichiometry of 16}. copy suggested that His83 plays an important role in heme

ligation and acts an alternative iron ligand in the absence of
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mutant HasAy proteins were obtained from the culture
supernatants dEscherichia colistrain Pop3 (pSYC34PAM)
grown at 30°C in M9 minimal medium and purified as
described by Izadi et al6]. All proteins were checked by
SDS-PAGE and mass spectrometry. Their concentrations
were determined by using the previously determired
values: 19500 M'-cm™* for HasAsy, H83A and H83Q;
18500 Mt-cm for Y75A, Y75A-H83A, and Y75A-H83Q;
21700 Mt-cm for H32A, H32A-H83A, and H32A-H83Q;
19900 M *-cm! for H32A-Y75A, H32A-Y75A-H83A, and
H32A-Y75A-H83Q (16). The natural heme content of
HasAgsw proteins was determined from the absorbance of their
Soret band and was always less than 0.5%. When necessary,
the last C-terminal residues of wild-type HasAwere
cleaved by proteolysis with tH&. marcescensrotease PrtSM
17).

Preparation of Hemin Solution®8ovine hemin (Sigma)
was dissolved in a minimal volume of 0.1 N NaOH,
centrifuged, and diluted to the desired concentration with
50 mM sodium phosphate buffer, pH 7.3. The concentration
of the hemin solutions was measured in 0.1 N NaOH using
the €385(0.1N NaOHy) value of 58440 Ml-cm™? (18) Hemin
solutions were freshly prepared just prior to the titrations to
prevent heme aggregation.

Y137 Isothermal Titration Calorimetry Titrations were per-
formed at 25°C using a MicroCal MCS titration calorimeter
(MicroCal Inc., Northampton, MA)X9). Proteins and hemin
were suspended in 50 mM sodium phosphate, pH 7.3.
Solutions were thoroughly degassed by stirring under vacuum
before use. Due to heme adsorption, the calorimeter cell and
the microsyringe used for injections were extensively washed
after each experiment.

One of the limitations of common or direct ITC is that it
cannot be used to determine high-affinity constants. As the

Ficure 1: Panel a: Backbone structure of holo-HagAA ribbon product of the substrate molarity and tgvalue must be

diagram with helices colored in red and strands in blue is shown. between 1 and 1000L9), the low concentration required
Heme is represented in green. The last 14 residues which gave ndor high K, measurements would be associated with too little

X-ray density are not seen on the figure. Panel b: Schematic heat exchange relative to the heat effects generated by
representation of the heme-binding site of holo-HagAThe axial ~ jjytion and mixing. Thus, we measured affinity constants

ligands H32 and Y75 are shown in red. Residues linked to axial a : - .
ligand side chains (N41 and H83) by hydrogen bonds are of up to 10—10° M~* by direct titration and higher values

represented in gray. Residues linked to heme propionate groupsby displacement ITC20, 21). Values of about oM~ could
(N34, G35, and Y137) by hydrogen bonds are shown in blue. Heme be determined by both methods. Changes in enthalj{) (

is in green. Hydrogen bonds are represented by dashed linesgnd molar stoichiometrynj were measured by direct titration
Distances are given in angstroms. for all the heme-binding interactions. Changes in free energy
(AG) and entropy AS) were calculated from the classical

a Q mutagenesis as described previously)( Wild-type and

heme-binding constants of Hagf and of some of the relationshipAG = —RTIn K, = AH — TAS whereRis the
mutants were too large to be determined by classical ; : :
methods; thus we carrigd out displacement ex e);iments Togas constant andis the temperature In kelvin. For al
luat ,th le of the hvd pb d bet P His83 ) OItltratlons, the heat of diluting the ligand was measured by
_?_Va;éa € the rlo € 3 H'683y _rt(r)]genl ton D€ we_zn Itsh ‘?‘dn injecting the ligand into the buffer alone or by injecting more
yrf>, we repiaced Hiscs with a giutamine resiaue, the side ligand into the cell after saturation. The value obtained was
chain of which could be expected to form a hydrogen bond

ith the t inat q d th " fh subtracted from the heat of reaction to obtain the effective
Wi e tyrosinate, and measure e energetics of heme, .. ¢ binding.

binding. Finally, we compared the thermodynamic param- (A) Direct Titration. Experiments were carried out as

eters of the interactions between heme and Hgsand . . . L
between heme and the mutants and analyzed h roleof s Zo0s IOV TIGE s vecd 1 e 265
axial ligands and of HisB3 in heme binding. calorimeter cell containing the protein solution at8min
MATERIALS AND METHODS interv_als. The propein concen@ration was about>1®l for
the wild-type protein and the single mutants, about 50°°

Expression and Purification of the Hagf Proteins. M for the double mutants except H32A-Y75A (about 10
Single, double, and triple mutatbdsAgenes (H32A, Y75A, M), and up to 4x 10~* M for the triple mutants. The hemin
H83A, and H83Q) were constructed by in vitro site-directed concentration was between 5- and 10-fold higher but did not
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Table 1: Affinity Constants and Stoichiometries for the Binding of
Heme to Wild-Type or Mutated Hasfy in 50 mM Sodium
Phosphate Buffer, pH 7.3, at 2&2

ITC method Ka(M™Y n
WT displacement 5.3#1.6) x 10'° 1.05 ¢0.02)
H32A displacement 1.0#0.4) x 10° 1.11 @0.09)
Y75A displacement 1.3 @&0.3) x 10° 1.13 0.06)
and direct
H83A displacement 2.0 0.2) x 10® 1.03 @0.11)
and direct
H83Q displacement3.4 (£0.2) x 1¢®¢ 1.05 @0.08)
and direct
H32A-Y75A direct 5.9 £1.0)x 10* 0.44 &0.07)
H32A-H83A direct 2.341.2)x 107 0.89 (0.27)
H32A-H83Q direct 2.64£1.5)x 10’ 1.12 ¢0.13)
Y75A-H83A direct 1.840.8)x 10° 0.87 (-0.12)
Y75A-H83Q direct 3.04£1.5)x 10° 0.97 (-0.03)
H32A-Y75A-H83A direct nd nd
H32A-Y75A-H83Q direct nd nd

anis the stoichiometry for the binding of heme to Hag#proteins;
nd = not determinedK, andn values are the averages of three to six
experimentst the standard error of the mean.

exceed 5x 10* M except for the triple mutants. Indeed,
we did not observe any significant heme aggregation with
freshly prepared hemin solutions up to this concentration.
The enthalpy of bindingAH), affinity constant Kj), and
molar binding stoichiometryn) were directly obtained from
the titration curve fitted using the single-site binding model
of Origin software.

(B) Displacement TitrationHeme was displaced from a
low-affinity protein to the higher affinity protein of unknown
Ka The H32A-H83Q mutant was used as the low-affinity
protein. Heme (1 to 2 x 1075 M) was saturated with
H32A-H83Q protein (2x 10°to 4.4 x 105 M), introduced
into the calorimeter cell, and titrated with 285 injections
of 7—10uL aliquots of the high-affinity protein (1.2 104
to 3.3 x 104 M). The K, value was obtained from the
titration curve fit using the modified Sigurskjold regression
equations from the Origin softwar@X).

RESULTS

Affinity for Heme. (A) Wild-Type Hasf Previous
absorption spectroscopy data indicated that the affinity of
wild-type HasAw for heme was above 2042 Direct ITC
titration could not determine the affinity of this protein for
heme more precisely. The titration curve obtained with the
minimal concentration of Has#y that could be used in the
calorimetric cell to obtain a reliable heat emission signal,
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FiGUre 2: Typical isothermal displacement titration calorimetric
profile of the binding of heme to Hasfy in 50 mM phosphate,
pH 7.3, at 25°C. Panel a: Heat signal for the titration of holo-
H32A-H83Q by apo-Has4, after subtraction of the heat of dilution
of apo-HasAn. Twenty-eight injections of 4L of apo-HasAwm
(1.67 x 10 M) into the reaction cell containing 1.34 mL of H32A-
H83Q (4.28x 107° M), 65% saturated with heme, were performed
at 3 min intervals. Panel b: Binding isotherm derived from (a).

measure the Has#fy binding constant accurately. A typical
isothermal displacement titration of the H32A-H83Q holo
mutant by apo-Hasdy is presented in Figure 2.

We previously showed that the hemophore secretef. by
marcescendacks the last 11 residues of its C-terminal
secretion signal and is thus shorter than the recombiBant
coli HasAgy protein (L7). As demonstrated by NMR, this
region is highly flexible and unstructurated in HagAWe
checked that the affinity for heme of both proteins was
identical by measuring the affinity of the short form of
HasAsy obtained by cleavage of its C-terminal extremity
by theS. marcescengrotease PrtSm, as described by Izadi-
Pruneyre et al(17): Ky = 5.2 (£1.5) x 10" ML,

(B) Mutant ProteinsThe affinity constants of the single,
double, and triple mutants are given in Table 1. The decrease
or loss of affinity observed for all the mutants does not
correspond to major structural rearrangements of the proteins
compared to in the wild-type Hasf since the circular
dichroism spectra of the proteins are all similar (data not
presented). However, the double mutation H32A-Y75A and
the two triple mutations have an obvious destabilizing effect

107°M, was indeed too steep at the equivalence point (datasince the proteins aggregate at a concentration of100°

not shown). Thus, we used an appropriate low-affinity ligand,
the H32A-H83Q mutant, to carry out displacement experi-
ments and to measure the affinity of Hag/or heme: K,

= 5.3 (&1.6) x 101° M~ (Table 1). The H32A-H83Q holo
mutant was chosen as a heme donor for Hgsdue to its

M. Preliminary NMR studies of the other mutant proteins
in the concentration range between 0.2 and 2073 M do
not display any spectral change with time at°&

(i) Single MutantsThe affinity of the H32A mutant was
too large to be measured by direct ITC titration. Therefore,

heme-binding parameters, as determined by direct ITC (seeit was determined by the displacement method, using the

below). First, its heme-binding constant value was 2.6.5)
x 10 M~%; thus we could expect to be able to determine

same low-affinity ligand and heme donor as for HagA
the H32A-HB83Q holo mutant. The affinities of the Y75A,

binding constants of between 2 and 5 orders of magnitude H83A, and H83Q mutants were determined by both direct

larger (i.e., up to 18 M™Y. Second, its binding enthalpy
(AH = —29.2 kImol™) was sufficiently different from that
of HasAem to obtain a large heat signal following the
injection of 710 uL. The transition region of the binding
isotherm was indeed clearly defined, thus allowing us to

and displacement ITC titration.

Axial ligands His32 and Tyr75: The mutation of the two
iron axial ligands did not produce a similar effect on heme
binding. The mutation of His32 resulted in a 5-fold decrease
in affinity, whereas the mutation of Tyr75 resulted in a 400-
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Table 2: Thermodynamic Parameters for the Binding of Wild-Type or Mutated klagAHeme in 50 mM Sodium Phosphate Buffer, pH 7.3,
at 25°C?

AH (kJmol™?) AG (kJmol™?) TAS (kJmol?) n couplingAG
WT —105.4 ¢-3.8) —61.1 @0.8) —44.3 3.9) 1.05 0.02)
H32A —~72.2 ¢:3.3) —57.1 ¢1.1) —15.1 (:3.5) 1.11 ££0.09)
Y75A ~74.4 (£6.9) —46.4 (1.6) —28.0 (:7.1) 1.13 (£0.06)
H83A —62.2 (:4.2) —47.3 (:0.3) —14.9 (:4.2) 1.03 {£0.11)
H83Q —89.1 (4-6.6) —48.7 (-2.0) —40.4 (-6.9) 1.05 (0.08)
H32A-Y75A —25.8 (:3.3) —27.2 (:0.5) —1.4 (3.3) 0.44 {-0.07) 15.2 §2.2)
H32A-H83A —41.1 @7.4) —42.0 @1.3) —-0.9 (£7.5) 0.89 (-0.27) 1.3 (1.9)
H32A-H83Q —29.2 (45.6) —42.3 (:2.4) 13.1 ££6.1) 1.12 {£0.13) 2.4 (:3.4)
Y75A-H83A —35.0 @1.3) —35.7 &1.0) 0.6 ¢-1.7) 0.87 £:0.12) —-3.1&2.1)
Y75A-H83Q —54.0 (-11.7) —36.9 (:1.3) —17.0 ¢:12) 0.97 (-0.03) —2.9 (3.0

2 AH, AG, andTASvalues are the average of three to six experimexitsand AG values are giver: the standard deviation (SD) of the mean.
The errors orTASvalues were calculated as [BH) + SDXAG)]Y2 AG; is the coupling free energy between residues H32, Y75, and H83. The
errors onAG; values were calculated ag $DA(AG)]Y2

fold decrease. The length of the two axial bonds determined of hemin was observed at protein concentrations of up to 4
from the X-ray structure of holo-Hasfy was 2 A for the x 1074 M (higher concentrations could not be used because
Tyr750p—Fe bond and 2.32 A for the His32R—Fe bond, they caused protein aggregation). These data confirm our
suggesting that Tyr75 was indeed a stronger ligand thanprevious results, showing that His83 allows the heme
His32. However, such a large difference between the protein interaction to occur in the absence of both natural
affinities of the H32A and Y75A mutants for heme was axial ligands 16).
unexpected as, in Y75A, the axial residue Tyr75 may be  Heme-Binding StoichiometrJhe fit of the titration curves
replaced by the His83 residue whereas, in H32A, a water gave molar binding stoichiometries close to 1 for all of the
molecule probably coordinates to iron instead of His32. proteins except H32A-Y75A. Thus, no significant heme
Indeed, we previously showed that His83 might become an agqgregation occurred in our experimental conditions. More-
alternative iron ligand in the absence of both natural axial gyer, for some of the mutants, titrations of the protein (in
ligands His32 and Tyr751€), and we cannot exclude the  the microsyringe) with hemin (in the cell) gave similar results
possibility that this also happens when only Tyr75 is mutated. tg the titration of hemin with the protein (data not shown).
The replacement of His83 by alanine or glutamine The |oss of stoichiometry observed for H32A-Y75A €
produced a 260-fold and a 150-fold decrease in affinity, o 44) suggests that the protein was partially aggregated at
respectively. Thus, the loss of affinity induced by the the concentrations required for ITC experiments (between
mutation of His83 is much greater than that induced by the 7 4 x 10-5and 1.3x 1074 M). This hypothesis is reinforced
mutation of His32, even though His32 is an axial ligand and py the result of a preliminary differential scanning calorim-
His83 is not, and suggests that His83 plays a crucial role in etry study on the thermal stability of Hasé\proteins, which

heme binding. We previously demonstrated that His83 showed that the H32A-Y75A mutant tends to aggregate
remains protonated up to pH 9.7 in holo-HasAy and that (unpublished results).

it is the proton donor in the Tyr#5His83 hydrogen bond
whereas Tyr75 is the proton acceptor. The TyrF8s83 S ;
hydrogen bond thus stabilizes the TyrapCFe ligation by gﬁ;?rr::rtgf d?rf1 Epaeblgeén e HasAprotein interactions are
enhancing the nucleophilic character of the tyrosinate. In : ' o .
addition, it probably helps to maintain the tyrosine ring in  (A) Wild-Type Has4y. The binding of heme to wild-type
the correct orientation so that it can tightly bind iron. Thus, HasSAsu resulted in a large favorable negative change in
the differences in the strengths of the Tyr#% and His32 enthalpy AH = —105.4 (£3.8) kImol™] and in an
Fe bonds are the result of the strong interaction between theUnfavorable negative changeNS= —44.3 (£3.9) kmol™].
tyrosinate and His83. The fact that the affinity is reduced Bindingis thus strongly enthalpy-driven, which is consistent
150-fold in H83Q and 260-fold in H83A suggests that the With & polar process of interaction. In holo-Has/heme
glutamine side chain is involved in a hydrogen bond with iS highly exposed to solvent (186?Aand maintained in a
Tyr75 and that this bond stabilizes the ligation of the Stable orientation by various polar interactios22). It is
tyrosinate to iron. This bond would, however, be weaker than linked to the protein by three hydrogen bonds involving its
the His83-Tyr75 hydrogen bond in wild-type Hasf. propionate groups and by the two $em|polar bonds between
(i) Double and Triple MutantsThe affinities of the double  its ferric iron and the two axial ligands. Furthermore, a
and triple mutants were determined by direct titration. The Network of hydrogen bonds between the core of the protein
mutation of both His32 and His83 produced a-idld and residues of the binding pocket helps in its anchorage.
decrease in affinity and the mutation of both Tyr75 and Hisg83 These polar interactions thus make a major contribution to
a 10-fold decrease. There was no significant difference heme binding despite the hydrophobicity of the binding
between the effects of the H83A and H83Q mutations. The Pocket residues7] and of the protoporphyrin.
mutations of both His32 and Tyr75 had a much larger effect The negativeAS value shows that the loss of degrees of
on the affinity, with a 18-fold decrease, but the affinity freedom, associated with a decrease in entropy (unfavorable
remained significant. Conversely, no heat exchange couldchange), has a larger effect than the gain in hydrophobic
be detected for either of the triple mutants (H32A-Y75A- contacts due to the release of water molecules associated
H83A and H32A-Y75A-H83Q). Only the heat dilution signal  with an increase in entropy (favorable change).

Thermodynamics of the Interactioithe thermodynamic
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Ficure 3: Thermodynamic profiles for the binding of heme with
the wild-type or mutated Has#y in 50 mM sodium phosphate
buffer, pH 7.3, at 28C. AG is shown in blackAH in stripes, and

TAS in white. The error bars represent the errors on the values kJmol-

given in Table 2.

(B) Mutant ProteinsThe mutations did not qualitatively
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His83—Fe bond is weak as the affinity of Y75A for heme is
400-fold lower than that of Has#y. In wild-type holo-
HasAsy, the His83 imidazole ring is parallel to the heme
plane, and the Bland N nitrogens are located about 4 and
5 A from the iron atom, respectively. In hemoproteins with
a histidine as an axial ligand, the imidazole ring is totally or
almost perpendicular to the heme plane, and the-Hes
bond measures less than 2.5 A in length. His83 is therefore
not in the correct position to become an axial ligand, and its
coordination to iron requires some minor conformational
changes, the contribution of which to the heme-binding
thermodynamic parameters is impossible to evaluate.
H83A and H83Q: Both mutations induced similar changes
in free energy AAG = 13.8 and 12.4 kinol™%, respectively);
however, the contributions of enthalpy and entropy to the
decreases of affinity differed. The H83A mutation was
associated with a large increase in enthalpA = 43.2
1), consistent with the loss of the tight hydrogen bond
between His83WH and Tyr75@;, thus decreasing the
strength of the Tyr75Fe axial bond. In the case of the H83Q

affect the forces that drive the heme binding as all of the mutation, enthalpy was increased only by 16.8nd*. The
mutants showed enthalpy-driven thermodynamic interaction difference between the binding enthalpies of H83A and

profiles such as Has# (Figure 3). However, the binding

H83Q supports the hypothesis that a hydrogen bond was

enthalpies of the mutants were always less favorable thanformed between the GIn83 side chain and Tyr750 in H83Q.

for the wild-type protein:AAH = (AHmutant— AHwt) > O.

The binding entropy changes observed for H83A and H83Q

This increase in binding enthalpy was partially compensated are also consistent with the hypothesis that residues 75 and

by an increase in binding entropAAS= (ASnutant— ASwr)

83 interact with each other: the gain in compensating entropy

> 0, inducing an overall increase in free energy and thus awas high for H83A A(TAS) = 29.4 kdmol™'] and modest

loss of affinity: AAG = (AGmutant — AGwt) > 0. These

for H83Q [A(TAS = 3.9 kImol~1]. Hydrogen bonding of

results are consistent with a loss and/or a weakening of theTyr75 to GIn83 would indeed stabilize heme within the
axial bonds in the mutant proteins. The loss or the weakeningbinding pocket and reduce the degrees of freedom of H83Q
of strong polar interactions generates an unfavorable enthalpywith regard to H83A. The length of the glutamine side chain
change. However, since the anchorage of heme is less tightas compared to that of alanine may also reduce the degrees
there is a subsequent gain of degrees of freedom whichof freedom.

induces a favorable increase in binding entropy. It is likely
that modifications of the heme coordination in the different

(i) Double Mutants Like the single mutants and wild-
type HasAy, the double mutants showed enthalpy-driven

mutants cause small changes in its position within the binding thermodynamic interaction profiles of heme binding. Binding

site in comparison with the wild-type protein. These differ-

enthalpies were, however, less favorable. The increase in

ences in heme position as well as small conformational binding enthalpy AAH = AHmyan— AHwr) was larger than
changes in the loop backbone and/or residue side chains maghe corresponding increase in binding free eneryxG =
also contribute to an increase in hydrophobic contacts andAGmuant — AGwr) due to a large compensating gain in

in binding entropy.

(i) Single MutantsH32A: The His32 mutation led to the
loss of the His32 Fe axial bond and of the hydrogen bond
between the imidazole and residue Asn4l (His32N

Asn410 bond). It also resulted in a large increase in binding

entropy,AAH = 33.2 kdmol~2, but only a modest change
in free energy AAG = 4 kF¥mol™%, due to a large entropy
compensationA(TAS) = 29.2 kdmol™*. Although a water
molecule probably coordinates to iron instead of His32 in
H32A, heme is less constrained than in HggAnd binding
entropy is less unfavorable.

Y75A: The mutation of Tyr75 led to the loss of the Y75
Fe axial bond and of the hydrogen bond involving the
tyrosinate and His83 (Tyr75p-His83Nj). AAH (31
kJ-mol~1) was similar to that observed for the H32A mutant,
but entropy compensation was lowA(TAS) (16.3 kimol ™),
and thus AAG was higher (14.7 kinol™%). We have

binding entropy.

We evaluated the degree of cooperation between the pairs
of residues upon binding by the double mutant cycle method
(23—25) with the equation:

AG, = AGyy + AGy_py—p — (AGx_p + AGy_,)

where AG; is the coupling free energy\Gyxy is the free
energy of the wild-type proteil\Gx—-, andAGy-., are the
free energies of the single mutantsXA and Y — A, and
AGx—ay—a is the free energy of the double mutant. If the
effects of the two mutations are independent or addith@,
should be zero. If the effects of the two mutations are related
or nonadditive, the change in energy for the double mutants
should be different from the sum of the change in energy
for the two single mutants andG, = 0. If AG, > 0, the
coupling is unfavorable, and the presence of the first residue
hinders the binding of the second.AfG. < 0, the coupling

previously shown that His83 acts as an alternative iron ligand is favorable. Nonzero coupling free energies may be associ-
when both axial ligands (His32 and Tyr75) are mutated and ated with either a direct steric contact between the residues
that His83 probably replaces Tyr75 and coordinates to iron or a short-range steric interaction involving triangulation

in the single Y75A mutant. However, in this case, the

through a mediating molecul@®, 27).



10632 Biochemistry, Vol. 42, No. 36, 2003 Deniau et al.

H32A-Y75A: The H32A-Y75A double mutation led to  DISCUSSION
the loss of both the natural His3Ze and Tyr75 Fe axial o . L
bonds. It induced a drastic increase in binding free energy It is difficult to measure the affinity of heme-binding
(AAG = 33.9 kdmol?) and binding enthalpyAAH = 79.6 proteins for heme becaus_e the Ilgand aggregates easily.
kJ'mol-1) despite a large entropy compensatiofTAS) = Therefore, there are often discrepancies between the reported
45.7 k3mol-1. In the mutant, iron is probably coordinated heme-binding constant obtained using different measurement
to a water molecule on one side, in place of His32, and to Methods, especially for high-affinity proteins. Abso[pl)tion
His83 on the other side, in place of Tyr75. As described SPEctroscopy can be used for affinities of up t6-100° M~*,
above, His83 is not in the correct position to act as an axial depending on the |ntenS|_ty of the Soret band. Higher affinities
ligand, and conformational changes have to occur to allow ¢@nnot be measured directly. They are usually calculated
its coordination to iron. Unfortunately, it is impossible to from the ratio of the association and dissociation rate
evaluate the contribution of these changes to each of theconstants or estimated following the transfer of heme from

thermodynamic parameters. another heme-binding protein with a lower heme-binding
The coupling free energy between residues His32 and constant to the protein of interest. Robinson et al. used direct
Tyr75 was positive and thus unfavorable (15.2nkdl2) ITC to determine the heme-binding constant of cytochrome

which means that the binding of His32 to heme iron hinders Pss2 (Ka=1.1x 10°M™) (28). Here, we used displacement
the fixation of Tyr75 and vice versa. This result is consistent | TC for the first time to measure the heme-binding constant
with the fact that the side chains of His32 and Tyr75 are Of @ hemoprotein, the Hasfy hemophore. Thé, value
oriented such that the formation of one optimized axial bond determined, 5.3« 10:° M™%, is among the highest reported
(length and inclination relative to heme plane) prevents the for @ heme-binding protein. Only myoglobin, withig of
second one from being optimized. around 1_64I\/_I*1, has a higher affinity for heme than Hasf

H32A-H83A and H32A-H83Q: The free binding energies (29), WhI_Ch IS con5|ste_nt Wlth our data showmg tha} the
of H32A-H83A and H32A-H83Q were similar. However, Myoglobin does not deliver its heme to Haz/(S. L&offe,

the binding enthalpy was less favorable for H32A-H82®( unpublished results). The exact affinities of each chain of
= —29.2 kImolY) than for H32A-H83A AH = —41.1 the hemoglobin tetramer for heme are not known, but the

kJmol1), and subsequently binding entropy was more fact that HasAw can take heme from he_moglobin suggests
favorable TAS= 13.1 kdmol- andTAS= —0.9 k3mol 1, that the hemophore has_ a h|ghe_r _afflnlty than hemoglobin
respectively). This was not expected. The glutamine side (30)- Hemopexin has a similar affinity for heme as HasA
chain is longer than the alanine side chain, and Glug3 Ka= 6.8 x 10**M™* (31). The affinities for heme of other
probably forms a hydrogen bond with Tyr75. Thus, H32A- heme-binding proteins such as human serum albuBgj (
H83Q presents less degrees of freedom than H32A-H83A. Povine serum albumin3@), and high- and low-density
This suggests that the heme-binding pocket of H32A-H83A lipoproteins 81) are several orders of magnitude lower than
is reorganized to allow Tyr75 to bind iron more efficiently.  that of HasAuw.
For example, the tyrosine ring might move such that it is Al the single and double Hasf mutants except H32A-
perpendicular to the heme plane. Y75A still had a high affinity for heme withK, values
The coupling free energy between residues His32 andbetween 1& M~* and 3 x 10° M. Single mutations of
His83 is weakly positive and thus unfavorable (1.3 and 2.4 His32 and Tyr75 had a unusually low effect on heme binding,
kJ-mol-1 for H32A-H83A and H32A-H83Q, respectively). especially that of His32, which only induced a 5-fold
Although the two residues are not in direct contact, they decrease in affinity. The mutation of Tyr75 induced a 400-
communicate through the iron atom and Tyr75. As expected, fold decrease. However, as His83 becomes an axial ligand
coupling between residues His32 and His83 is less unfavor-when Tyr75 is mutated, it is more accurate to estimate the
able than coupling between residues His32 and Tyr75 ascontribution of Tyr75 to heme binding from the affinity of
His83 is not directly involved in the ligation of iron. the Y75A-H83A double mutant for heme. The Fyr75
Y75A-H83A and Y75A-H83Q: The free binding energies bond accounts for a factor of 1eegarding the equilibrium
of Y75A-H83A and Y75A-H83Q were weaker than those association constant, which is close to that estimated for axial
observed for the His32/His83 mutation. This confirms that coordination in metmyoglobir2Q). Both axial ligands make
the Tyr75/His83 pair plays a major role in heme binding. @ very uneven contribution to heme binding. Such a disparity
Both mutants had comparable free binding energies, whereadas also been observed between the two axial histidines of
Y75A-H83A had a much lower binding enthalpy and Ccytochromebs, and it has been shown that the histidine with
therefore a larger entropy compensatiohAH = 70.4  the highest affinity is part of a very flexible looB4).
kJmol-t andT(AAS) = 44.9 kImol! versusAAH = 51.4 Dynamic studies of Hasév are now in progress to determine
kJmol~* and T(AAS = 27.3 kdmol-Y. This result may whether the loop encompassing Tyr75 exhibits larger fluc-
reflect the larger steric hindrance of the glutamine side chain tuations than the loop encompassing His32.
and/or the hydrogen bonding of GIn83 with residues The crucial role of His83 in the binding of heme to
encompassed in the heme-binding pocket. HasAswm relies on the stabilization of the Tyr7%0Fe bond
The coupling free energies between residues Y75 and H83and on its ability to become an alternative ligand. The
were small and favorable, which show that these two residuestyrosinate ion is also stabilized by hydrogen bonds in other
interact directly. This result is consistent with the fact that hemoproteins. In nitrite reductase, the phenolate oxygen is
His83 favors the binding of Tyr75 to iron by enhancing the hydrogen bonded to a water molecule that is itself hydrogen
nucleophilic nature of the tyrosinate and by holding the bonded to two histidinesl(, 35). In catalase, the tyrosine
tyrosine ring in the correct orientation through hydrogen oxygen shares a proton with the positively charged side
bonds. chains from an arginineB( 36). In the alkaline ferric form
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of Chlamydomonashloroplast hemoglobin, the side chain 9.

of a lysine helps to stabilize the F© bond by inhibiting
the protonation of the tyrosinate. It is noteworthy that, like 1
His83 in HasAw, this lysine may become an axial ligand

and coordinate to the heme when the tyrosine is mutated to 11.

an alanine 9).
A large number of hydrophobic interactions stabilizing
heme in the binding pocket is usual for hemoproteins due to

the hydrophobic nature of protoporphyrin. In globins, 13

hydrophobic contacts between the protoporphyrin and apolar

residues of the binding pocket are prevalent. In myoglobin, 14.

they account for about half of the free energy, the other half
being shared between the formation of the axial bond and
specific electrostatic interactions with residues in the heme

cavity (29). In HasAsy, the formation of hydrophobic 16.

contacts is not the major factor of the henprotein
association. Axial bonds and electrostatic interactions are ;-
predominant and heme binding is strongly enthalpy-driven.
The binding of heme to apocytochrorbeg;, shows similar

features: favorable changes in binding enthalpyH (= 18.

—71.1 kdmol™) and unfavorable changes in binding entropy 19
(TAS= —23.7 kdmol™*) (28). However, the contribution

of the hydrophobic interactions is greater than for the 20.

hemophore. In cytochrom®, hydrophobic interactions are
not predominant during heme binding7j. Analysis of the 22
thermodynamic parameters of the wild-type HagAand of

the mutant proteins demonstrated that the Tyr#6 axial 23.

bond and the Tyr75His83 hydrogen bond are the most
important interactions between heme and the protein. We

previously showed that His83 controls the protonation state 25.

of Tyr750y. Moreover, unlike His32, the Tyr75/His83 pair

is conserved in the eight other known hemophores. Taken
together, these data suggest that the Tyr75/His83 pair is the 27
key factor involved in the interaction between heme and the
hemophore HasA.

6

29.
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