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ABSTRACT. Truncated hemoglobin O (trHbO) is one of two trHbs Mycobacterium tuberculosis
Remarkably, trHbO possesses two novel distal residues, in addition to the B10 tyrosine, that may be
important in ligand binding. These are the CD1 tyrosine and G8 tryptophan. Here we investigate the
reactions of trHbO and mutants using stopped-flow spectrometry, flash photolysis, and UV-enhanced
resonance Raman spectroscopy. A biphasic kinetic behavior is observed for combination and dissociation
of O, and CO that is controlled by the B10 and CD1 residues. The rate constants for combirdtion (
uM~1 s and dissociation€0.006 s1) of O, are among the slowest known, precluding transport or
diffusion of G, as a major function. Mutation of CD1 tyrosine to phenylalanine shows that this group
controls ligand binding, as evidenced by 25- and 77-fold increases in the combination rate constants for
O, and CO, respectively. In support of a functional role for G8 tryptophan, UV resonance Raman indicates
that they?1 dihedral angle for the indole ring increases progressively from approximately @@ least

10¢ in going sequentially from the deoxy to CO to, @erivative, demonstrating a significant
conformational change in the G8 tryptophan with ligation. Remarkably, protein modeling predicts a network
of hydrogen bonds between B10 tyrosine, CD1 tyrosine, and G8 tryptophan, with the latter residues being
within hydrogen bonding distance of the heme-bound ligand. Such a rigid hydrogen bonding network
may thus represent a considerable barrier to ligand entrance and escape. In accord with this model, we
found that changing CD1 or B10 tyrosine for phenylalanine causes only small changes in the rate of O
dissociation, suggesting that more than one hydrogen bond must be broken at a time to promote ligand
escape. Furthermore, trHBCO cannot be photodissociated under conditions where the CO derivative
of myoglobin is extensively photodissociated, indicating that CO is constrained near the heme by the
hydrogen bonding network.

Truncated hemoglobins (trHBg)onstitute a class of small a complex ligand-inclusive H-bonding network within the
O.-binding heme proteins distributed in eubacteria, cyano- distal heme pocket, and a consistent presence of an extended
bacteria, protozoa, and plants; they are a separate groughydrophobic tunnel/cavities network linking the solvent to
within the hemoglobin (Hb) superfamily. Three phylogenetic the distal heme pocke2{9).

groups (groups +lIl) are distinguished within the trHb In Mycobacterium tuberculosandMycobacterium bais,
family (1). two genesglbN and glbO, encode distantly related trHbs

Although trHbs bind Qreversibly, they differ both in their  from group | (trHbN) and group Il (trHbO), respectiveli)
ligand binding and in their structures from animal myo- The extent of amino acid identity between the two proteins
globins (Mb) and Hbs. Novelty resides in a pattern of unusual js only 18%. Studies performed witM. bovis bacillus
ligand reactivity, an unprecedented two-over-taxelical Calmette-Glen (BCG) demonstrated that trHbO is ex-
sandwich variation of the classical three-over-thudeelical pressed throughout the growth phase, but in contrast, trHoN
sandwich motif common to almost all other Mbs and Hbs, expression is greatly enhanced during the stationary phase

(6, 10), suggesting different functions. Disruption gibN

t This work was supported by Natural Sciences and Engineering IN M. bovis BCG caused a dramatic reduction in the NO-
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Grants RO1 EB00296 and P01 GM58890 (to J.M.F.). aerobic respiration to be markedly inhibited by NO compared
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bcm.ulaval.ca. function for trHbN (L1). In a recent paper, Pathania et al.
zl-aval University. . (12) showed that trHbN can also prote€scherichia coli
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resonance Raman. fractions, no physiological function has been demonstrated.
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trHbN displays high affinity for @due to a fast combina-  to account for the unusual observed-O stretching fre-
tion (25uM~1 s1) and slow dissociation (0.2°Y (6). In guency.
trHbN, a distal network of H-bonds stabilizes the ligated O  Here we investigate the reactions of ligands with trHbO
through direct interaction with the phenolic oxygen atom of and the roles of B10Tyr, CD1Tyr, and G8Trp in ligand
B10Tyr and H-bonding of this oxygen atom to E11G8).( binding. The results indicate that trHbO differs considerably
When B10Tyr is mutated to Phe, the, @issociation rate  from trHbN in ligand binding properties, and are compatible
increases 125-fold6f. In trHbN, E7Leu cannot form a  with a rigid network of H-bonds between CD1, B10, and
H-bond to the heme-bound ligand. Resonance Raman studiesi8 residues controlling ligand binding. The findings greatly
in conjunction with site-directed mutagenesis, indicated that limit the functional options for trHbO.
B10Tyr interacts strongly with the heme-bound, @nd
suggested that trHbN heme iron coordination may be EXPERIMENTAL PROCEDURES
optimized for performing @NO chemistry {4). In line with I . .
thpese observgtions, w% found that t'a/e1 s)econd—order rate Purification of Recombinant trHbCRecombinant rHbO

constant for the reaction between trHb®, and NO at 23 and mutan.ts were.punfled as prewously.descrlbm).(
°C was 745M -1 51, 20-fold greater than that for Mb, and Anaerobic ConditionsSample preparation and stopped-

; ; ; flow spectrophotometric experiments were carried out in a
that B10Tyr is necessary for the reaction of trHb®, with X )
NO (12). y y 2 glovebox (LabMaster 100, MBraun Inc.), equipped with a

We return to trHbO. Structure-based sequence alignmentcatalytiC purifier that maintained the oxygen contentat

(1) suggests that the E7 and B10 positions are Ala and Tyr, PP™- Aqueous s_olutions in equilibrium with this gas mixture
respectively. At position E11, a non-hydrogen bond donor, would be 4 nM in oxygen. )

Leu, is found. The residue at position CD1, which is Phe in  Preparation of NO-Saturated Solution®lO-saturated
trHbs from group | and group Ill and in several group Il Solutions were prepared as previously descritil). (The
trHbs, is Tyr (). Phe is invariably found at position CD1 in NO concentration in buffer was routinely determined using
animal Hbs and Mbs. Remarkably, CD1Tyr is shared by an NO electrode (World Precision Instruments, Sarasota, FL)
group Il trHbs from high-guanosine/cytosine, Gram-positive and equals 15682000uM. _

bacteria . tuberculosisMycobacterium aium, Mycobac- Preparation of trHbO Deriatives. Solutions of deoxy
terium leprae Cornybacterium diphteriagCornybacterium  trHbO were prepared by first flushing solutions of ferric

glutamicum Streptomyces coelicolorand Thermobifida ~ Protein with N, for 20 min. The protein was then reduced
fuscg, supporting a functional role for CD1Tyr. inside the glovebox with a 10-fold molar excess of sodium

In common with all trHbs from group Il and group 11,  dithionite and desalted by passage through a P6DG column
trHbO has a Trp residue at position G8. Smaller apolar eqU|I_|brated with anaerobic puffer. Worklng_concentra_tlons,
residues (Val, Leu, or lle) are found in group | trHbs. In Monitored spectrophotometrically, were achieved by diluting
Mb, G8lle is among the residues that define Xenon cavity 4 the protein solution with anaerobic buffer in gastight syringes.
(15, 16). Studies of sperm whale Mb mutants show that the ~ Solutions of trHbG-O,, trHbO-CO, and trHbG-NO
size of the side chain residue at the G8 position plays a rolewere prepared in gastight syringes sealed with a septum by
in controlling ligand diffusion between the distal heme pocket injecting solutions of the deoxy derivative into the appropri-
and the adjacent Xenon cavity 46—18). On the basis of ate volumes of solutions saturated with either(@200xM
the geminate and nongeminate kinetic patterns observed inin buffer), CO (100Q«M in buffer), or NO (1506-2000uM
Mb mutants andiscarisHb (G8Phe), it was concluded that in buffer).
large residues at the G8 position impede the escape of Optical Absorption Spectroscop@ptical absorption spec-
dissociated ligands from the distal heme pocket into Xenon tra were recorded using a Cary model 3E spectrophotometer
cavity 4 (18—20). As a result, there is an increase in the (Varian) equipped with a temperature-controlled multicell
geminate yield and a decrease in the rate of ligand dissocia-holder as previously describedQ).
tion from the heme. The presence of a large polar Trp at Determination of the Molecular Mass of trHb®he state
position G8 is likely to be important in controlling ligand of aggregation of trHbO was investigated by gel filtration
binding in group Il trHbs. Furthermore, the proximity of G8 at 23°C using the ATA FPLC protein purification system
to other key elements within the distal heme pocket, such (Amersham Pharmacia Biotech). One hundred microliters of
as the heme-bound ligand and residues B10 and CD1, raisesleoxy, Q, and met derivatives of trHbO (0.15 mg/mL) were
the prospect that G8Trp may be strongly coupled to the applied to a Superdex 75 HR 10/30 column (Amersham
H-bonding network described below that contributes to the Biosciences) equilibrated with 10 mM Tris-HCI buffer (pH
control of ligand reactivity. 7.5) containing 5«M EDTA and either 15, 75, 150, or 300

In trHbO—0,, strong polar interactions stabilize the heme- mM NaCl and eluted with the same buffers at a flow rate of
bound Q, as evidenced by a relatively low frequency of the 0.9 mL/min. Before injection, the protein samples were
Fe—0O; stretching mode (559 cm) (10). However, mu- equilibrated against the same buffers by dialysis. For the
tagenesis of B10Tyr or CD1Tyr to Phe made only very small deoxy derivative of trHbO, the elution buffer also contained
changes in the FeO, stretching mode. To explain these 1 mM sodium dithionite, and chromatography was performed
results, it was proposed that in mutants the distal heme pocketn the glovebox. A gel filtration standard (Bio-Rad), a
is rearranged so that either the B10 or CD1 residue can still lyophilized mixture of thyroglobulin (1 mg), bovin gamma
stabilize the heme-bound ligand. At that time, G8Trp was globulin (1 mg), chicken ovalbumin (1 mg), heart horse
not considered a residue that could stabilize heme-boundmyoglobin (0.5 mg), and vitamin B (0.1 mg), was used to
ligands. The presence of a H-bond between CD1Tyr and calibrate the column. The standards were dissolved in 100
the proximal oxygen atom of the heme-boungv@as shown uL of the appropriate buffers. Elution profiles were moni-
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tored at 280 and 405 nm. Exclusion and retention volumes O, difference spectrum. The reactions followed first-order
were calculated using Unicorn version 3.4 (Amersham kinetics to more than 90% completion.

Biosciences). No change in the elution volume of the cO Dissociation RateSolutions of trHbG-CO (5 uM
molecular mass standards was observed when the ionicHphCO, 10uM free CO in buffer) were mixed rapidly with

strength of the buffer was varied. a solution of Q@ (1200M in buffer), and the reaction was
The proportion of monomer was calculated using the followed at 405 and 420 nm, a maximum and a minimum
following equation 21): in the trHbO-O, minus trHbO-CO difference spectrum,
respectively. The rate was independent gfo@ncentration
M,, = M(IM] + 4[M2])/[M] + 2[M2] from 250 to 50QuM. The dissociation rates were calculated
using the equatiotco = Kopd1 + I'co/k'0,)[COJ/[O2] (22).
My is the weight-average molecular mass, ang is the Partition of M. tuberculosis trHbO between,@nd CO.

molecular mass of the monomer (14.9 kDa). [M] and [M2] A ¢ojution of trHbO-0; (7 «M heme in 50 mM potassium
are the equilibrium concentrations of the monomer and dimer, yEpEs puffer (pH 7.5) containing 50M EDTA) was

respectively. equilibrated at a total pressure of 1 atm with wet gas mixtures

Ligand Reaction Ratesapid mixing experiments Were  .,ntaining various proportions of,@nd CO. The trHb&
conducted with an Applied Photophysics (Leatherhead, U.K.) 5 gng trHbO-0, species were the only forms present, at

SX.18MV single-wavelength stopped-flow spectrophotom- , gignificant concentration. Formation of ferric Mb was not
eter equipped with a photodiode array detector. To repro- yetectaple during the measurements. After equilibration for
ducibly achieve satisfactory anaerobic conditions, the samplesq_ 40 min at each gas composition, optical spectra were
handling unit was placed inside the glovebox. Rates were acquired from 470 to 380 nm, using a modified (Aviv
computed using Olis Globalworks software (OLIS, Bogart, Associates, Lakewood, NJ) Cary model 17 recording spec-

GA). All the reaction kinetics were measured atZ3unless yohnatometer equipped with a temperature-controlled cell
specified, in 50 mM potassium phosphate buffer (pH 7.5) g \ger. Calculations were made from the sum of the changes
containing 5uM EDTA. Traces (averages of at least five ot 191 and 407 nm, wavelengths of the maximum change in
single traces) from at least three experiments were averagegy . +rHbO-CO minus trHbO-O, difference spectrum.

to obtain each observed rate constant. - . .
. ; Stopped-Flow Kinetic Analysis of the NO-Induced Oxida-
O, Combination RateSolutions of deoxy trHbO (5,0M tion of trHbO—-0,. Kinetic studies were carried out as

heme in buffer) were mixed rapidly with solutions of, O . . o
: : previously describedl{l). The kinetic traces were recorded
(50—1000uM in buffer), and the reaction was followed at at 396 nm. a maximum in the trHbO-met minus trHBO,

436 and 410 nm, a minimum and a maximum in the trHbO .
O, minus deoxy trHbO difference spectrum, respectively. difference spectrum.
Six O, concentrations were used. Geminate Recombination and Bimolecular Recombination.
CO Combination RateSolutions of deoxy trHbO (5.0M Geminate and solvent phase recombination measurements
heme in buffer) were mixed rapidly with solutions of CO Were carried out using 8 ns 532 nm pulses at 1 Hz from a
(50—-1000xM in buffer), and the reaction was followed at Nd:YAG laser (Minilite, Continuum, Santa Clara, CA) as a
418 and 437 nm, a maximum and a minimum in the trHbO  Photodissociation source and a greatly attenuated CW probe
CO minus deoxy trHbO difference spectrum, respectively. beam at 442 nm. Samples were placed in a custom-designed
Six CO concentrations were used. variable-temperature holder that allows for temperature
NO Combination RateSolutions of deoxy trHbO (5.0M tuning between-15 and 70°C.
heme in buffer) were mixed rapidly with solutions of NO UV-Enhanced Resonance Raman Spectrosddyyreso-
(50—500 «M in buffer), and the reaction was followed at nance Raman (UVRR) data were collected on samples cooled
437 nm, a minimum in the trHb©NO minus deoxy trHbO to 10 £ 4 °C to minimize photodamage. The excitation
difference spectrum. Six NO concentrations were used.  wavelength was 229 nm, and the incident laser power was
O, Dissociation RateSolutions of trHbG-O, (5 uM 1.8 mW. Four 3 min acquisitions accumulated for each
HbO,, 10 uM free O, in buffer) were mixed rapidly with a  ligation state over a frequency window of 820670 cn1?.
solution of CO (100QuM in buffer), and the reaction was  Absorption spectra were collected before and after exposure
followed at 420 and 405 nm, a maximum and a minimum to the UV laser beam. If absorption changes were noted, the
in the trHbO-CO minus trHbG-O, difference spectrum,  sequential UV resonance Raman acquisitions were examined
respectively. The dissociation rates were calculated as thefor evidence of band changes. Acquisitions that showed

reaction approached equilibrium using the equatien= changes were rejected and not included in the final UV
kobd1 + Ko, /l'co)[O2)/[CQO] (22). The rate was independent resonance Raman average spectra. Spectral data were
of CO concentration from 250 to 5QM, after mixing. truncated to a frequency window focused on the W3 band
In separate experiments, solutions of trHbO; (5 uM (~1558 cn?) for each set of spectra. The most substantial
HbO, 10uM free O, in buffer) were mixed rapidly with ligation-specific changes in the spectrum are associated with
solutions of sodium dithionite or with solutions of- this band. A detailed account of the spectrum will be

butylisocyanide £40 mM in buffer before mixing) contain-  presented in a future publication. The frequency of this
ing sodium dithionite. The reaction with sodium dithionite tryptophan band is sensitive to th& angle of the indole
alone was followed at 436 and 410 nm, a maximum and aring and as such is an excellent probe of conformational
minimum in the deoxy trHb minus trHb©O, difference changes associated with tryptophans. The software program
spectrum, respectively. Reactions in the presencen-of Grams/32 Al, version 6.00 (Galactic Industries Corp., Salem,
butylisocyanide were followed at 429 nm, a maximum in NH), was used for curve fits to the W3 band, allowing for
the ferrousn-butylisocyanide trHb adduct minus trHBO deconvolution of W3 into contributing bands.
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Computational Models and MethodBhe computational A. 30
modeling of the deoxy form, £ and CO derivatives of .
trHbO was done following a three-step method using version 25[
2000.1 of Insight Il of Accelrys Inc.23). The crystal . \
structure of subunit B of trHbNO, (PDB entry 1idr) was |
used as a template. Using the Biopolymer module, CD1Phe,
E7Leu, and G8Val were substituted with Tyr, Ala, and Trp,
respectively. The first step involved assignment of the ESFF
force field potentials and partial charges. In the second step,
a 5 A water layer was added. The systems for trH@D _
and trHbG-CO were composed of 4635 total atoms, 1990 st | /I U.\
protein atoms, 881 water molecules, and two ligand atoms. E / f W
The third step involved the computational simulation using ol . —y, \ ]
version 98 of the Discover3 module. The simulation started $o w0 a1z 1314 1S

.. . . Retention volume (ml)
by fixing the protein and allowing the water layer molecules
to relax using an energy minimization step of1500
iterations with the steepest descent and conjugated gradient
algorithms. Tha a 6 psdynamic at 300 K with a time step
of 1 fs was performed to reorient the solvent molecules.
Afterward, minimization using the conjugated gradient
algorithm was done in six stages. During minimization, the
atomic coordinates of the protein backbone atoms and heme
atoms were restrained to their initial positions using a , , , , , ,
quadratic penalty function. The penalty function force 0 50 100 150 200 250 300 350
constant was decreased from 1000 to 2 kcal At until NaCl (mM)
It was flnaI[y removed, and the systgm was mlnlmlzgd for Ficure 1: Gel filtration chromatography of trHbO. (A) Elution
100-2000 iterations at each step. Finally, the protein was profiles of trHbO-met using a Superdex 75 HR 10/30 column at
relaxed & 0 K using a minimization step performed with 23 °C with (1) 15 mM NaCl, (2) 75 mM Nacl, (3) 150 mM NacCl,

mAU at 280 nm
n

200t e

Molecular weight (kDa) &=
=

the conjugated gradient algorithm. and (4) 300 mM NaCl. (B) Apparent molecular mass of trHbO as
a function of sodium chloride concentration. The apparent molecular
RESULTS mass decreases from 20 kDa at 15 mM NaCl to 14.9 kDa at 300

. . o mM NaCl. The molecular mass of the monomer is 14.9 kDa.
State of Aggregation of trHbBefore investigating the

kinetics of ligand binding to trHbO, we examined the state generated by fitting to a single exponential deviated sys-
of aggregation of the oxy, deoxy, and ferric protein (i tematically from the observed decay (middle panel of Figure
each) by gel filtration at pH 7.5 and 2% in a buffer 2A), but the residuals from the two-exponential fitting
containing 10 mM Tris-HCI and various concentrations of (bottom panel of Figure 2A) were nearly random, implying
NaCl. As shown in Figure 1A, ferric trHbO eluted as a single that G, combination under these conditions is biphasic with
symmetrical peak in the range of £20 kDa at different ~ a major rate £80% of the total) k,n = 0.11uM~* s7%) and
salt concentrations. The apparent molecular mass of ferrica faster minority rateko, = 0.85uM~1 s71) (Table 1). A
trHbO was 20 kDa under low-salt conditions (15 mM NaCl) nearly homogeneous single rate95% of the total) follow-
and decreased with increasing ionic strength to a value closeng apparent first-order kinetics was observed in the com-
to that expected for the monomeric protein (14.9 kDa) in bination of Q with the deoxy form of the B10Tyr> Phe
300 mM NacCl (Figure 1B). Nearly identical results were mutant. The second-order rate constant for the major reaction
obtained for the oxy and deoxy protein. The symmetrical was 0.067«M~* s™%, which is close to that observed for the
shape of the elution peak obtained under the latter conditionsmajor component of the wild-type protein. The minority rate
indicated that associatierdissociation reactions at equilib- of binding (less than 5%) is faster and independent gf O
rium are very fast at 23C. This has been reported for other concentration. The time courses for the combination of O
proteins R4—26). These molecular masses were used to with the CD1Tyr— Phe mutant also indicated nearly a
calculate the corresponding monomer/dimer ratios of trHbO. homogeneous (95% of the total) rate indicating a single
While trHbO existed in a monomer/dimer ratio of 79/21 in conformation. Remarkably, the association rate constant was
15 mM NacCl, only monomer was present at 300 mM NaCl. much higher (27-fold) than that of the wild-type protein,
In 50 mM phosphate, the buffer used in the kinetic analysis, indicating that CD1Tyr participates in the modulation of O
the monomer/dimer ratio (96/4) indicates that monomer combination to trHbO.
largely dominates. O, Dissociation.A biphasic kinetic event was observed

Reactions with Ligandslt must be stressed here that for the wild-type protein upon replacement of the heme-
optical absorption and resonance Raman spectra of trHbObound Q with CO in the absence of dithionite, with the
the B10Tyr— Phe mutant, and the CD1Ty+ Phe mutant major component contributing 78% (Figure 2B). The O
indicate that these species are five-coordinate in the deoxydissociation rate constants thus obtained were very low,
state (0). No significant differences were observed in the 0.0014 and 0.00587%, indicating strong stabilization of the
reaction of ligands with either monomeric or dimeric trHbO. heme-bound @

O, Combination The time course of @combination with A single apparently homogeneous kinetic event following
wild-type deoxy trHbO is shown in Figure 2A. The curve first-order kinetics to more than 90% completion was
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FIGURE 2: O, reaction kinetics for wild-typéM. tuberculosigrHbO. (A) Time course of @combination to wild-type trHbO dissolved in

50 mM phosphate buffer at pH 7.5 and 23. The rate was determined by stopped-flow spectrophotometry/(DQ,, before mixing)

at 410 nm. (B) @ dissociation time courses. The rate was determined by stopped-flow analysis of the time course of replacement of the
heme-bound ©(10 uM free O,, before mixing) with 100Q«tM CO, before mixing, at 420 nm. Protein samples wegeVbbefore mixing.

The residuals from the single- and double-exponential fit to the time courses are presented as the bottom traces.

Table 1: Kinetic Constants for the Reactions of Deoxy trHbO with @O, and NO Compared to Those of Other Proteins

protein (E7/B10/CD1) Kon(O2) UM™15™Y)  koit(O2) (1) I'on(CO) @M ~1sY)  165(CO) (s Kon(NO) M ~1s71) ref
trHbO (A/Y/Y) 0.11 (80%) 0.0014 (78%) 0.0137 (79%) 0.0040 (60%) 0.18 (80%) this work
0.85 (20%) 0.0058 (22%) 0.180 (21%) 0.0015 (40%) 0.95 (20%)
trHbO (A/F/Y) 0.067 (95%) 0.0026 (50%) 0.013 (95%) 0.023 (56%) this work
(5% 0.0058 (50%) 59 0.0059 (44%)
trHbO (A/Y/F) 2.7 (95%) 0.0093 (75%) 1.06 (95%) 0.0064 (70%) this work
11.5 (5%) 0.0052 (25%) (5%) 0.0015 (30%)
trHbN (L/Y/F) 25 0.199 6.75 0.005 6
trHbN (L/F/F) 30 6
trGLB3 (A/Y/F) 0.2 0.3 0.014 0.001 4
C. eugameto&Q/Y/F) 0.014% 0.0022 5
C. eugametoéG/Y/F) 0.44% 5
C. eugametoQ/L/F) 0.948 5
Synechocysti€Q/Y/F) 240 0.011 90 3,29
Synechocysti€Q/L /F) 1.25 300 3
Paramecium caudatuf@/Y/F/L) 30.1 25.2 27.7 0.328 40
Nostoc commun@/H/F//L) 390 79 41 0.01 7
Ascaris(Q/Y/F) 15 0.004 17 0.018 30
myoglobin (H/L/F/L) 14 12 0.51 0.019 20 33 41
FHb (E. coli) (Q/Y/F) 38 0.44 22 (70%) 0.057 (52%) 26 (78%) 42
1.4 (30%) 0.018 (48%) 4 (22%)
FHb (E. coli) (Q/F/F) 50 34 (60%) 37 (70%) 0.12 (45%) 33 (70%) 42
3.3 (40%) 1.0 (30%) 0.01 (55%) 2.8 (30%)

2| is the rate constant for CO combination. Mutated residues are shown in bold® fgptes are independent of ligand concentration and
heterogeneous$.Data obtained at pH 9.5.

recorded when dithionite alone (1 mM) was used to trap independent rate, given by extrapolation to zero dithionite
dissociated @ Further analysis revealed that the observed concentration at th&-intercept, may measure the rate of
rates were dependent upon dithionite concentration (Figuredestruction of @ molecules by dithionite as they exit the
3B). No such effect of dithionite concentration was observed protein matrix.

for horse heart Mb (Figure 3A). The relation of the observed  To confirm the nature of the rapidly accumulated product
rate to the dithionite concentration is described by a straight of the reaction between trHbED, and dithionite, measure-
line intercepting thér-axis at a rate value 0f0.004 st at ment of the oxygen dissociation rate was repeated in the
20 °C. This relation may be interpreted as the sum of two presence of dithionite and a trapping agent for ferrous deoxy
rates, one proportional to the dithionite concentration and heme proteing;-butylisocyanideZ8). n-Butylisocyanide was
the other independent of dithionite concentration. The used at a concentration 620 mM (after mixing), ensuring
dithionite-dependent rate probably reflects direct reduction rapid formation and high occupancy of the formed isocyanide
of the heme-O, complex by dithionite Z7). The dithionite- heme complex. The spectrum of the formed product was that
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Ficure 3: Dependence of the dissociation rate of @n the
concentration of sodium dithionite. (A) The rate of @ssociation
was determined by stopped-flow spectrophotometry, by mixing
horse heart Mb O, with solutions containing increasing dithionite
concentrations. (B) The rate of,@issociation was determined by
stopped-flow methods by mixing trHbED, with solutions contain-
ing increasing dithionite concentration®)(or with solutions of
n-butylisocyanide (40 mM, before mixing) containing increasing
concentrations of sodium dithionit®). Those experiments were
performed in 50 mM HEPES buffer (pH 7.5).
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FIGURE 4: Partition of wild-typeM. tuberculosistrHbO between

0O, and CO. The partition coefficien = 0.7) is given by the
slope of the line determined by a least-squares fit. This value is
expressed in terms of gaseous pressures. A vilyexpressed in
molar terms, is related tdl by the equatioM’ = 1.34V = 0.94.

35

s 1) almost identical to that of the major rate of the wild-
type protein. CO combination with the CD1Tyr Phe
mutant displayed a single nearly homogeneous major com-
ponent (95% of total) with a rate constant 78-fold greater
than that of the major rate of the wild-type protein.

CO Dissociation.CO dissociation rate constants were
determined by the displacement of CO by. @s shown in
Table 1, the time course of wild-type trHbO was biphasic
with lof values equal to 0.0040°5(60% of the reaction)
and 0.0015 ' (40% of the reaction) (Table 1). The time
courses of CO displacement for the CD1FyrPhe mutant
were also biphasic withos values nearly equal to those
measured for the wild-type protein. In contrast, the B10Tyr
— Phe mutation resulted in 5.8- and 4.0-fold increases in
the CO dissociation rate constants, suggesting that B10Tyr
stabilizes the heme-bound CO. As observed fodiSsocia-

of authentic ferrous isocyanide trHbO. The ordinate intercept tion, both mutations have very weak effects on the relative
in the plot of dithionite concentration versus reaction rate proportion of the reactions.

(Figure 3B) was not changed by the presence nef

NO CombinationWild-type deoxy trHbO binds NO in a

butylisocyanide. These results indicate that the rapidly concentration-dependent manner requiring two exponential

accumulated, probably first, product of dithionite reduction
is ferrous, deoxy trHbO.
Displacement of @by CO in the B10Tyr— Phe mutant

terms to fit the pseudo-first-order time courses. The major
(80%) and minor (20%) binding reactions give second-order
rate constants of 0.18 and 0.8M~! s, respectively, that

showed two components of almost equal magnitude. The O are remarkably similar to the values found with. O

dissociation rate of the major component (0.0028 svas
twice that of the wild type; that of the minor component
(0.0058 s was the same as that of the wild type.
Displacement of @ in the CD1Tyr— Phe mutant was

Partition of Deoxy trHbO between Oand CO. The
partition coefficient expresses the relative affinity of the
protein for CO and @ A plot of the [HbCO]J/[HbQ] ratio
against thggCO/pO; ratio was linear over the range that was

biphasic with the two components contributing in the same examined (Figure 4). The partition coefficieM, expressed

proportion as in the wild-type protein. The major, O

in terms of partial pressure, given by the slope of this relation,

dissociation rate increased 7-fold, suggesting that CD1Tyr equals 0.7, which indicates a higher affinity fog than for

participates in the stabilization of the heme-bound IDis

CO. In contrast, the coefficient partition for trHbNi(=

noteworthy that changing B10Tyr or CD1Tyr to Phe has only 4.77) indicates a higher affinity for CO than for,O

a moderate effect on the dissociation of e rate of which

Accordingly, cellular roles played by trHb&D, are expected

remains very low. It is also interesting that both mutations to be less sensitive to CO treatment than those of trHbN.
have a weak effect on the proportion of the fast and slow Time Courses and Rate Constant for the Oxidation of

reaction rates.

CO CombinationCO binding to wild-type trHbO showed
two components exhibiting apparent rate constagisqual
to 0.014 (80%) and 0.18M~* s7* (20%). As observed for

trHbO—0O; by NQ The low combination rates measured for
O, and NO suggested that NO-induced oxidation of trHbO
O, might be very slow. The reaction of trHBaD, was thus
studied by stopped-flow spectrophotometry. Kinetic traces

0O,, combination of CO with the deoxy B10Ty+> Phe measured at 396 nm resulted in the slow appearance of an
mutant displayed a nearly homogeneous single componentaguomet form of trHbO without any evidence of intermedi-
(95% of the total) with a rate constart(= 0.013uM™* ate(s). As shown in Figure 5, trHb@D, exhibited time
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% 0.0000 Ficure 6: Kinetic pattern observed for the recombination of CO
K with trHbO in a solution at 45C. Geminate and solvent phase

-0.0005 | recombination measurements were carried out using 8 ns pulses as
’ described in Experimental Procedures. The initial QY at the starting
temperature of 3.8C was close to zero for trHbO.
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Ficure 5: Time course for the NO-induced oxidation of trHbO

O,. (A) Time course (average of six traces) measured at 396 hm

for the reaction of .M trHbO—0O, with ~0.14M NO at pH 7.5

and 23°C. (B) The residuals from the single-exponential fit to the

time courses are presented.

deoxy

courses that can be fitted to a single-exponential expression.
A plot of the pseudo-first-order rate constarks, versus
[trHbO—0;] was linear with ay-intercept of~0. The second-
order rate constant, obtained from the plots of the pseudo-
first-order rate constant&gs versus [trHbG-O;], was 0.6
uM~1 s These data show that vitro oxidation of trHbO-

O, by NO is 1200-fold slower than that of trHbND..

Photolysis Quantum Yield and Geminate Recombination.
Under conditions where samples of MBO are extensively
photodissociated using the 8 ns photolysis pulses, we find
that at 3.5°C, comparable (concentration and path length) .
samples of trHb® CO cannot be photodissociated. Increas- e : - .
ing the temperature results in the progressive appearance of o 'mw "mb e
a photoproduct population. The recombination kinetics of a avenumber (om?)

; 9 ; FiIGuRe 7: UV resonance Raman spectra of deoxy, &hd CO
photoproduct population generated at 5 are shown in derivatives of trHbO. Traces compare the 229 nm-generated W3

Figure 6. The poor signal-to-noise ratio is a direct result of pang of deoxy (A), @(B), and CO (C) trHbO in solution at10

the low yield of the nanosecond photoproduct even at this °C. The W3 band of each derivative was deconvoluted into two
elevated temperature. It can be seen that kinetics consist offomponents using the method described in Experimental Proce-
a fast sub-microsecond recombination and a second muchlures-

slower recombination extending out into a time regime of  yy-Enhanced Resonance Raman Spectrosdeigyre 7
hundreds of milliseconds. The fast phase is attributed to compares the tryptophan-associated W3 band (generated
geminate recombination. It appears to occur on a time scaleysing 229 nm excitation) for the deoxy,,Oand CO

that is on the fast end of the distribution of nanosecond to derivatives of trHbO in solution at10 °C. The W3 band is
millisecond geminate rates. The slow phase is comparableshown deconvoluted into two components. It can be seen
to the slow CO combination rates reported above. Thesethat there is a progression in going from deoxy to CO 0 O
results suggest that at low temperatures the dissociated CQn which there is an increase in the ratio of the high-frequency
is highly constrained to remain at the binding site. The high- component to the low-frequency component. This ligand-
temperature results show that for those CO molecules thatand ligation state-dependent change is much larger than the
escape from the distal heme pocket, the barrier for recom-tryptophan-associated changes reported in the UVRR spectra
bination is large, consistent with limited access to either the for either Hbs or Mbs. The results indicate that upon ligand
heme or the distal heme pocket. binding they?1 dihedral angle for the indole ring increases

Intensity
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from approximately 93to at least 100 In addition, the proximal effects, as the FeHis stretching modes of the
change in the initial (deoxy) population is greater for the O ligated and ligand-free forms are the sarté)(

derivative than for the CO derivative. Given the proximity The novel residue G8Trp is also implicated in the proposed
of the G8Trp residue to the binding site and its likely H-bond network that resists ligand binding, because UV
coupling to other ligand binding sensitive distal residues such resonance Raman spectra, reported here, indicate that the
as B10Tyr and CD1Tyr, we can confidently attribute the tryptophan indole ring undergoes ligand-specific rotation
changes to G8 and not the other Trp residue that is locatedfrom its position in deoxy trHbO to new positions in trHBO
between the E and F helices in a domain that helps sequeste®, and trHb-CO. Molecular modeling of deoxy trHbO
and water proof the heme within the reduced globin. This (Figure 8A) indicates that the CD1Tyr residue could be
result indicates that for trHbO, the heme environment within H-bonding distance of G8Trp and that both this
undergoes a conformational change upon ligand binding andresidue and CD1Tyr could be brought close to the heme iron.
that this change is greater for the [@and than for the CO  We suggest that H-bond interactions lock the heme distal

ligand. residues CD1Tyr and G8Trp into a conformation(s) that
limits ligand access to the heme distal pocket.
DISCUSSION The effects of the B10Tyr—~ Phe mutation are less

dramatic than those of mutation at position CD1. The
majority rates of combination of the B10Tyr mutant with
oxygen or CO are unchanged, but the reactions now follow
homogeneous courses. The minority, faster components are
no longer observed, suggesting that H-bonds involving the
B10Tyr stabilize the conformation or structural features that
favor faster combination rates. Furthermore, resonance
Raman spectroscopic studie$0f and protein modeling
(Figure 8A) indicate that B10Tyr could be H-bonded to the

Two trHbs, trHbO and trHbN, are expressed N
tuberculosiandM. bovis. Here we characterize recombinant
trHbO and its complexes with diatomic ligands. Kinetic
analysis indicates that binding and dissociation of ligands
are achieved quite differently in trHbO and trHbN. In trHbO,
ligand binding involves the novel heme distal residues
CD1Tyr and G8Trp. trHbO is a noninteracting dimer at low
ionic strengths and becomes largely monomeric at higher

:cg?rlseztrengths, where the reported experiments were per'CDlTyr. These findings, taken together, suggest that a
T o _ complex network of H-bonding, involving CD1Tyr, G8Trp,
O Binding. If only the majority components are consid-  and B10Tyr, controls ligand access to the heme pocket of
ered, the rate of combination of wild-type trHbO with 3 trHbO.
~220-fold lower and the dissociation rate constant is 80- A group Il trtHb, named GLB3, from the plarabidopsis
fold lower than that of trHbN. Despite this large difference 55 "heen characterized recently. GLB3 displays slow,
in the kinetic rate constants, the equilibrium consténtor homogeneous combination with,Qwith a rate ko, = 0.2
Oz,. callculated from the kinetic rate constantf, is 12 nM, uM~1s1) nearly identical to that of trHbO4. Like trHbO,
which is close to that calculated for trHbM4 = 8 nM). GLB3 has B10Tyr, G8Trp, and E7Ala, but has phenylalanine
Deoxy trHbQ Optical and resonance Raman spectra at position CD1. It is possible that, in trtHbO, CD1Tyr takes
indicate that ferrous, deoxw. tuberculosistrHbO is on the role played by B10Tyr in th&rabidopsisprotein.
pentacoordinatelQ). Accordingly, the observed slow rate | igated Forms of trHbODissociation of oxygen from
of ligand binding may not be attributed to rate-limiting  wild-type trHbO is notably slow (Table 1), with rates com-
displacement of a preexisting ligand to the heme iron atom. parable to those measured fscarisHb (ko = 0.0041 1),
The outstanding fact is that combination of wild-type trHbO  ChlamydomonagHb (ko = 0.014 s1), andSynechocystis
with O, and CO is substantially slower than that reported trHb (ks = 0.011 s?) (5, 29—32). In these cases, networks
for other trHbs §, 6, 29) (Table 1). Two rates, each very of H-bonds involving B10Tyr and E7GIn residues stabilize
slow relative to those of comparable proteins, are seen inthe heme-bound Qresulting in very small @dissociation
O, CO, and NO combination: a majority slower rate and a rates. Each of the single-amino acid substitution mutants,
minority rate that is 8-fold (), 15-fold (CO), or 5- fold ~ B10Tyr — Phe and CD1Tyr—~ Phe, increases the rate of
(NO) faster. The relative proportion of slow and fast the majority, slower component of oxygen dissociation, 2-
components is the same for the three ligands. The rates ofand 7-fold, respectively, indicating that both residues con-
both slow and fast components are nearly the same for O tribute to stabilization of the heme-bound.®lowever, these
and NO, indicating that entry of both ligands is limited by effects are small in magnitude relative to the effects of
a common steric restraint. Furthermore, the effects of the disruption of oxygen-inclusive H-bond networks in other
CD1Tyr— Phe and B10Tyr~ Phe mutations on the rates proteins, and small relative to the effects of those same
and heterogeneity of CO combination are very similar to mutations on ligand combination. For instance, mutation of
those seen for ©binding, suggesting that similar mecha- B10Tyr or E7GIn inChlamydomonasrHb increases the
nisms may govern CO and,@ombination. Recently, Visca  dissociation rate 70- and 30-fold, respectively, and mutation
et al. @) reported that CO combination #. lepraetrHbO of B10Tyr to Phe increases the rate of @ssociation 100-
is also heterogeneous with & value (0.007M~* s™1) fold in AscarisHb (5, 32). In trHbN, where Qis interacting
for the majority reaction close to the value we find fdr only with B10Tyr, mutation of B10Tyr to Phe brings a 150-
tuberculosistrHbO. fold increase in théqy rate. The still very low dissociation
The novel residue CD1Tyr is required to achieve slow rates observed in single-residue mutants of trHbO suggest
ligand combination, since the CD1Ty+ Phe mutation that more than one H-bond must be disrupted to produce a
increases the (majority) rates of reaction with &d CO large effect. In this regard, resonance Raman data implicate
25- and 77- fold, respectively. The increased rates of the CD1 tyrosine in a H-bond network, including the
combination of the CD1Tyr mutant cannot be attributed to proximal oxygen atom of the ligand @), and the predicted
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involving three residues and the bound, @ould greatly
minimize the probability that the protein would undergo
conformational changes allowing transient disruption of the
H-bond network to the heme-bound (thus permitting @

to escape. Breaking more than one H-bond at a time may be
necessary to observe a large increase in thdi§sociation

rate in trHbO.

Reduction of trHbG-O, by Dithionite. trHbO—0, is
reduced by dithionite to ferrous deoxy trHbO without prior
dissociation of the oxygenous ligand. This is an unusual
reaction for an oxygenated hemoglobin, although dithionite
reduction of other ligated hemoglobins is commonly en-
countered, for instance, in reduction of ferryl myoglobin
(aquoferric myoglobin or ferric myoglobin cyanide to ferrous
myoglobin or ferrous myoglobin cyanide, respectively). To
our knowledge, direct reduction of an oxygenated heme
protein by dithionite has been encountered heretofore only
in the instance of oxyperoxidas27). Possible sources for

02 B this anomalous behavior might include an electronic con-
figuration of the oxygenated heme and its immediate
B10Tyr environment that differs from that of most other oxy

CD1Tyr Y

hemoglobins, or an efficient electron conducting pathway
probably related to the high content of aromatic residues in
the vicinity of the heme.

CO Is Tightly Constrained in the Heme Distal PocKete
stopped-flow experiments indicate that trHbO releases heme-
bound CO slowly in comparison to Mb and other trHbs
(Table 1). In line with these observations, we found that
trHbO—CO cannot be photodissociated under conditions
where Mb-CO is extensively photodissociated. The gemi-
nate recombination process is comparable to that observed
for Mb mutants that have distal heme pocket substitutions
that greatly limit the diffusion of the dissociated ligand away
from the heme (e.g., E11Vat Phe) @3). The very low
observed nanosecond quantum yield is consistent with a
distal heme pocket environment that tightly constrains the
dissociated ligand at the iron-binding site, and implies
picosecond geminate rebinding for the CO. Geminate rebind-
ing on the picosecond time scale is highly atypical for CO
and occurs either when the iron-associated barrier is very
low as in Mb—CO at very low pH or when the dissociated
ligand cannot diffuse or recoil away from the iron, thereby
greatly increasing the probability of accessing the transition
state for rebinding34—36). The increase in the quantum
yield with increasing temperature is likely due to thermally
induced weakening of the H-bonding network responsible
for maintaining the CO near the heme. The pattern seen at
45 °C can be explained in terms of mixed populations
(transient or static) having intact and disrupted H-bonding
networks. The population with the intact network is respon-
sible for the low quantum yield. The population with the
disrupted network allows for CO diffusion away from the
iron and out of the distal heme pocket. The fast nanosecond
FIGURE 8. Schematic representation of the distal heme pocket of geminate phase is attributed to CO rebinding from within
(A) deoxy, (B) G, and (C) CO trHbO. The distal heme pocket for  the distal pocket but from a site removed from the immediate
o e et peasc™ ° vicny of he ron. Given the apidity o the nanosecond
scaffold. For additional details, see Experimental Procedures. ~ 9€Minate rebinding, access by CO from the distal heme

pocket to the binding site for this population must not be
structure for trHbG-0O, shows that residues B10, CD1, and hindered. The very slow solvent phase rebinding is suggestive
G8 can form H-bonds not only to each other but also to the of a population with restricted access either to the heme or
heme-bound © (Figure 8B). Such an H-bond network, to the distal heme pocket as is observed for Mb single
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mutants having either a Tyr or Trp at the B10 positi@#, ( findings suggest a possible redox-mediated signaling that
37). could be responsive to ligand concentrations.

The structures of carbon monoxy and oxy trHbO differin ~ The presence of the electron rich oxidizable residues
the rotation of G8Trp. The pattern of H-bonding to the two CD1Tyr and G8Trp close to the heme-boungdi€suggestive
ligands also differs. Changing B10Tyr, but not CD1Tyr, of redox activity for trHbO. For instance, substitutions of
increases the rate of CO dissociation significantly to a value CD1Phe with either Tyr or Trp in Mb have been shown to
close to that observed for Mb or the other trHbs (Table 1). promote changes in redox properti&8,(39). Furthermore,

In accordance, molecular modeling (Figure 8C) shows that direct reduction of trHbG O, to deoxy trHbO implies an

in trHbO the oxygen atom of the heme-bound CO could be unusual redox environment for trHb€D,. The observation
H-bonded to both B10Tyr and G8Trp but not CD1Tyr. that the hydrogen bonding network and the positioning of
CD1Tyr is H-bonded to G8Trp. Breaking the interaction the aromatic distal residues are both ligand- and ligation-
between B10Tyr and CO may facilitate CO escape by either dependent raises the possibility of a sensor type role in which
influencing the inner barrier controlling the formation of the the redox properties are modulated by ligand-specific ligation
actual ligane-iron bond or allowing more efficient escape at the heme.

from the distal pocket.
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