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HbN is a homodimeric hemoglobin froiycobacterium tuberculosithat belongs to the newly discovered
truncated hemoglobin family. The intersubunit communication mechanism in HbN was investigated by ligand
replacement experiments, in which the heme-bound CO in the fully CO-saturated dimer was gradually replaced
with oxygen, and vice versa. A mixed-ligand species, in which one subunit binds a CO molecule and the
other subunit binds an oxygen molecule, was formed under relatively low CO concentrations. The CO-bound
subunit in the mixed-ligand species was found in the open conformation, in contrast to an equilibrium mixture
of open and closed conformations in the fully CO-saturated derivative. On the other hands-boerd

subunit stays in the closed conformation regardless of the saturation level of CO. These observations suggest
that the formation of the H-bonds between the B10 tyrosine and the heme-bound dioxygen in one subunit of
the dimer forces its neighboring CO-bound subunit to adopt an open conformation. The new data reported
here not only reveal a novel intersubunit communication mechanism but also provide the first experimental
evidence for an intermediate ligation state that is critical for a ligand-linked allosteric structural transition.

Introduction ranging from the monomeric hemoglobins of bacteria to the
144 subunits of gigantic annelid extracellular hemogldiim

Hemoglobins are widely distributed among prokaryotes, ich h lobin. livand bindi he h .
unicellular eukaryotes, plants and anima&They are consid- tetrameric human hemoglobin, ligand binding to the heme iron
induces structural changes in the proximal irdmstidine bond

ered as the paradigm for understanding the molecular mecha-, ; e . .

nisms underlying allosteric transitions in proteffist® In the in one subunit, which is transmitted to the other subunits through

animal kingdom, it is well-known that hemoglobin serves as & allosteric structural transition involving a cascade of
X 14,3334 — . .

an oxygen carrier that delivers oxygen to local tissues through events. In the homodimeric hemoglobin from the arcid

the vascular system. The hemoglobin found in the perienteric _cIam,Scapharca inaequaluis, the intersubunit contact region

fluid of the worm Ascaris suumon the other hand, is a NO- 'S formed t_)y the two_her_ne-_carryin_g E and F hglices, and the
dependent deoxygenal#®It uses endogenously produced NO intersubunit communication is mediated by localized structural
to detoxify oxygen, which is poisonous to the fully anaerobic changes near the heme pockets without substantial quaternary
mitochondrial oxidation pathway in thAscaris worm. For structural rearrangemerits®**°In both mechanisms, the allo-

leghemoglobin found in root nodules of legumes, a similar role steric transition is triggered by movement of the heme iron into

has been proposed for keeping the symbiotic nitrogen-fixing Lhe p?j(phyr|n Elane lIJpgn Ilfgand b|nd|rg. In conttrr]ast, n the
bacterium anaerobic and protecting the nitrogen-fixing enzyme omodimeric _hemoglobin Irom Sea lamprey, there 1S no
system from oxidatiof2! In addition to the deoxygenase significant structural rearrangement on the proximal side in
activity, it is well accepted that leghemoglobin also facilitates respoTlse to ugang blnd;]rf@'.lthwas”propqsed onhthe_ bas!s OL
oxygen diffusion to terminal oxidases of the symbiotic bacter- crystallographic data that the allosteric mechanism in the
ia.#21.22The flavohemoglobins fron. coli or yeast detoxify !ampr_ey hemoglobin is solely gontrol_leq by d'St‘?l interactions
NO through an oxygen-dependent NO dioxygenation reaction mvolvmg the movement of g distal histidine res.ldue.
or an oxygen-independent NO reduction reaction, thereby TNhe wide array of newly discovered hemoglobins adds a new
protecting the cells against nitrosative stress under aerobic ortWist to the scope of allosteric transition mechanisrh¥Based
anaerobic conditions, respectivély?” Recently, a new hemo- ~ On Séquence alignments, two groups of hemoglobins have been
globin-like dehaloperoxidase was found in a marine worm, identified in unicellular organisms. The first group consists of
Amphitrite ornate which is capable of dehalogenasing bro- flavohemoglobins from bacteria and fungi, which have a
mophenols produced by other worms. It adds a new dimension N€moglobin domain with a classical three-over-thoekelical
to the catalytic functions of hemoglobiR&2° sandwich motif and a flavin-containing reductase domain that
The diversity of the functional properties of hemoglobins S either _covalentl_y or noncovalently associated with the
relies on small variations in the amino acid residues lining the heémoglobin domain. The second group, termed truncated
heme pocket because they all share the same prosthetidqemoglobln, is characterized by a novel two-over-twhelical
group239-32 On the other hand, the ligand binding linked sandwich motif, the absence of the A and D helices, and the

allosteric structural transition of hemoglobins relies on the Presence of an extended loop substituting for most of the F
assemblage of the subunits into oligome?d%16 The quater-  helix**** Among these hemoglobins, a homodimeric truncated

nary assemblage of hemoglobin subunits is remarkably diverse,n€moglobin, HbN, fronMycobacterium tuberculosiss espe-
cially interesting243 Spectroscopic and biochemical studies
* E-mail address: syeh@aecom.yu.edu. suggest that the primary role of HbN is to protect the bacilli
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against NO produced by the host macrophage during lat@nty. 226
The proximal ligand to the heme in HbN is histidine, the | j
universally conserved proximal ligand among the super family
of hemoglobins. The distal residues at the E7 and B10 positions,
which stabilize heme-bound ligands in other hemoglobins, are
leucine and tyrosine, respectively. Resonance Raman spectro
scopy along with mutagenesis studies revealed that the heme
bound oxygen is stabilized through H-bonding interactions with /
the distal B10 tyrosiné? This proposal was later confirmed by

crystallographic studie®. On the other hand, the CO-bound \./\/\LUV ©

Deoxy + CO

(a)

535
500

\/ (b) \/ (e)

protein was found to have two conformations with characteristic
Raman bandsvEe-co) at 500 and 535 cni.#2 They were
assigned to an open and a closed conformation, respectively.
In the closed conformation, the heme-bound CO forms a H-bond |
with the B10 tyrosine. This H-bond is absent in the alternative {(— —_——
open conformation. In this work, the twee-co bands were 200 300 400 500 600 ?100 800 900 200 300 400 500 600 79:) 800 900
used as structural marker lines to examine the ligand-linked Raman Shift cm”) Raman Shift(cm”)

. - o ; ; Figure 1. The low-frequency Raman spectra-@) of the ferrous forms
intersubunit communication mechanism in HoN. of HbN at pH 7.5 in the presence of increasing amounts of CO and the

net Raman spectra<{@) of the ferrous carbon monoxide derivative of
Experimental Procedures HbN obtained by subtracting out the spectral contribution of the ferrous
deoxy species (trace a) from the traces b, ¢, and d, respectively.

\ (d) \/ (@

rrs

RecombinanMycobacterium tuberculosidbN was cloned,
expressed, and purified to near homogeneity as describedconformation. It also demonstrates the plasticity of the structure
elsewherd3 The prOtein was buffered with 50 mM Tris buffer of the CO derivative with respect to the oxy derivative.
at pH 7.5. The Raman measurements with Soret excitation were
made with previously described instrumentatié®riefly, the
output at 406.7 nm from a krypton ion laser (Spectra Physics)
was focused to @30 um spot (laser power 2 mW) on a c
rotating cell to prevent photodamage to the sample. The scatteredOli

light was collected at right angles to the incident beam and The decrease in the 226 ciband, the iror-histidine stretching

focused on the entrance slit of a 1.25 m polychromator (Spex) mode of the deoxy protein, and the concomitant increase in the

where it was dispersed and then detected by a charge-coupleqmensities of the 500 and 535 ctbands associated with the
device (Princeton Instruments). The protein concentration was CO derivative reflect the coordination of CO to the deoxy

50 uM. The acquisition time was about 30 min for each protein. To extract the pure spectrum of the CO derivative built

?gle ?;r;)mngfaIZ%nggp tii) %egtrgcryaeﬁefslfga;?g thl)tgfc:PeerrEUp during the titration, the spectral contribution from the deoxy
gma). ©p bsorp P a species (Figure 1a) was subtracted from each spectrum shown
after spectral acquisition to ensure that there is no photodamage " _. b-d Th i h R
occurring to the sample during the spectral acquisition In Figure 1 - The resulting spectra are snown in Flggrele

’ g, respectively. The data show that the intensity ratio of the

500/535 cm! bands is invariant with respect to the degree of
saturation with CO. It indicates that the open and closed
conformations are in the same thermodynamic equilibrium
regardless of the saturation level of CO.

CO Titration of the Deoxy-HbN. To evaluate the effect of
CO binding to one subunit of the dimer on the conformation of
the neighboring subunit, the deoxy derivative was titrated with
O. Figure la-d shows the resonance Raman spectra of the
mer in the presence of an increasing concentration of CO.

Results

The Fe-O; stretching frequency of the oxy derivative of HbN
was identified at 560 crt with resonance Raman spectroscopy,

a lower frequency than that of mammalian globin&70 cnt?), Ligand Replacement Experiments. To investigate the
due to the presence of two H-bonds between the B10 tyrosineintersubunit communication in dimeric HbN, ligand replacement
and both oxygen atoms of the heme-bound dioxyefhe experiments were performed, in which the heme-bound CO in

presence of the H-bonding interaction was confirmed by the the CO derivative was replaced with &tepwise. It was found
crystallographic dafd and by the observations that mutation that the increase in the spectral contribution from the oxy
of the B10 tyrosine to a phenylalanine causes the-Gge derivative is associated with a decrease in the intensities of the
stretching mode to shift to 570 crhand the oxygen dissociation 500 and 535 cm* bands (for raw data see Figure 1 in the
rate to increase by 150-fofd.Whereas the oxy derivative of ~ Supporting Information). To obtain the pure spectrum of the
HbN displayed only one FeO, stretching mode, two FeCO CO derivative in the mixture, the spectral contribution from the
stretching modes, at 500 and 535 ¢mwere identified in the oxy derivative was subtracted from each raw spectrum. The
fully saturated CO derivativé They were assigned to an open resulting net spectra are shown in Figure-Bawith increasing

and a closed conformation, respectively. The intensity ratio of O, concentration. The data show that the relative intensity of
these two modes is independent of pH, protein concentrationthe 500 cm! band increases as the concentration of O
(from 5 to 50 uM), and incident laser power. Mutagenesis increases. In addition, in the presence of relatively high
studies show that the vibrational mode at 535 ¢émisappears concentrations of oxygen, only the open conformation was
upon the B10 tyrosine to phenylalanine mutation, confirming observed (Figure 2d). To interpret these resonance Raman data,
that in the closed conformation the B10 tyrosine forms a H-bond the sequential changes to the heme ligation states during the
with the heme-bound C@.0On the other hand, this H-bonding  ligand replacement experiments are illustrated in the right panel
interaction is absent in the open conformation. The presence ofof Figure 2. As shown in the cartoon, the dominating CO species
the two conformations in the CO derivative suggests that the under high oxygen concentrations is associated withrtixed-
H-bond between the heme-bound CO and the B10 tyrosine isligand dimer,in which one heme binds an,@olecule and the

not strong enough to lock the conformation in the closed other binds a CO molecule. On the basis of this analysis, the
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Figure 2. In the left panel, the net Raman spectra @ of the ferrous Figure 3. In the left panel, the net Raman spectra@ of the ferrous

carbon monoxide derivative of HbN at pH 7.5 obtained by subtracting carbon monoxide derivative of HoN at pH 7.5 obtained by subtracting
out the spectral contribution of the oxy derivative in the ligand out the spectral contribution of the oxy derivative in the ligand
replacement experiment in which the CO in the carbon monoxide replacement experiment in which the i@ the oxy derivative is replaced
derivative is replaced by £stepwise as increasing amounts ofdde by CO stepwise as increasing amounts of CO are added to the solution
added to the solution from trace a to trace d. The twe€® stretching from trace a to trace d and, in the right panel, a pictorial illustration of
modes at 500 and 535 crh are assigned as open and closed the ligand replacement experiment betweera@d CO. The fully CO-
conformations, respectively, and in the right panel, a pictorial illustration saturated derivative is in a thermal equilibrium state between an open
of the ligand replacement experiment betweena@d CO. The fully and a closed conformation as indicated by the dotted rectangular box.
CO-saturated derivative is in a thermal equilibrium state between an A mixed-ligand dimein which one heme binds an oxygen molecule
open and a closed conformation as indicated by the dotted rectangularand the other binds a CO molecule was identified in the presence of
box. A mixed-ligand dimerin which one heme binds an oxygen low and medium concentrations of,OThe structure of the CO-
molecule and the other binds a CO molecule was identified in the coordinated subunit in the mixed-ligand dimer is locked in an open
presence of low and medium concentrations ef The structure of conformation as indicated by the transformation from the dotted
the CO-coordinated subunit in the mixed-ligand dimer is locked in an rectangular box to a triangular box.
open conformation as indicated by the transformation from the dotted
rectangular box to a triangular box. TABLE 1: The Frequencies of the Iron—CO (Fe—CO),

C-0, and Iron—0, (Fe—0,) Stretching Modes of Various

resonances Raman data indicate that the CO derivative in thed€moglobins with a Tyrosine Residue at the B10 Positich

mixed-ligand dimer prefers the open structure. proteins type  vreco vc-o  Vreo2 fefs
To test the model presented in Figure 2, the heme-boynd O M. tuberculosisHbN  wild type 500, 535 1960, 1916 560 42
in the fully saturated oxy derivative was resubstituted with CO. Chiamvd b B_llg Y—F i%zl 55;% ?321 5
Figure 3a-d shows the net spectra of the CO derivative ~"amYaemonash i ?ﬂi o1 g
extracte_d from the raw data (for raw data see Figure 2 in the E. coliHmp wild type 494, 535 1960, 1907 46
Supporting Information) by subtracting out the spectral contri- barley Hb wild type 493,534 1960, 1924 53
bution from the oxy derivative. The corresponding sequential PafamﬁClunHéJb W!:g type 33% 1357_); ggi 2421 o
iy At ; ; ynechocysti wild type ,
changes to the heme ligation states during the ligand replacementfperm whale Mb wild type 507 1947 569 56

experiments are illustrated in the right panel of Figure 3. Again,
the 500 cm? band is dominant under relatively high oxygen 2 Those of sperm whale myoglobin are listed as references.
concentrations, when the mixed-ligand dimer is highly popu-

lated. It confirms that the CO derivative in the mixed-ligand Specific stereo-orientation of the side chain group of the B10
dimer prefers the open structure. In both ligand replacement tyrosine with respect to the heme-bound ligands and the
experiments shown in Figures 2 and 3, the-Bg stretching preferential linear structure of the F€—O moiety with respect
frequency stays invariant at 560 chregardless of the saturation ~ t0 the bent structure of the F©—0 moiety, the presence of a

level of CO, demonstrating that:@rms a hydrogen bond with ~ stabilization between the heme-boungladd the B10 tyrosine
the B10 tyrosine independent of the ligation state of the does not necessarily indicate the existence of a similar stabiliza-

neighboring subunit in the dimer. tion of the heme-bound CO by the B10 tyrosine. For instance,
the CO may be stabilized by the B10 tyrosine in Hi& coli
Hmp, and barley Hb, but not in HbGZhlamydomonasib,
ParameciumHb, andSynechocystikib.

The stabilization of heme-bound,®y a tyrosine residue at The presence of two conformations in the CO derivative
the B10 position through H-bonding interactions has also been demonstrates that the distal pocket of HbN is flexible and it
observed in several hemoglobins other than HbN as listed in can fluctuate between an open and a closed conformation.
Table 1. All of the wild-type proteins shown in Table 1, except Similar dual structures have been observed in the CO derivatives
sperm whale myoglobin, exhibit a low F€®, stretching of the hemoglobin fronAscaris suunand the flavohemoglobin
frequency. This has been attributed to the presence of H-bond-from E. coli.*64” One common feature in these hemoglobins,
(s) between the B10 tyrosine and the heme-bouxnd.ike HbN, including HbN, is that they are all implicated in performing
the mutation of the B10 tyrosine to leucine in tilamy- NO/O, chemistry physiologically. It is plausible that the flexible
domonasiemoglobin causes an upshift of the-H&, stretching distal pocket in these hemoglobins is tailored to perform oxygen
frequency, reflecting the loss of the H-bond(s). Due to the chemistry, instead of a conventional role in oxygen delivery.

Discussion
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Stepwise titration of the deoxy derivative of HbN with CO

showed that the ratio between the open and the closed & g o N -,

conformation is invariant regardless of the saturation level of { ¥ vie e ;ﬁ'?’fﬁa Ay
CO. It is conceivable that CO binding is highly cooperative HZ?J"‘“’ i P
and the dimeric protein is always fully saturated with CO with @ ' ) \ 5 >y Q\i“n\ :
one subunit in the open conformation and the other in the closed =, '\, E70 ., W2 70 > 7

conformation regardless of the CO concentration. The preference
of the open structure for the CO derivative in the mixed-ligand
dimer, on the other hand, may be interpreted by the preferential
displacement of the CO in the closed conformation with O
during the ligand exchange reactions. However, this scenario
is ruled out because the presence of the strong H-bonding
interaction between the B10 tyrosine and the CO in the closed
conformation makes it unlikely that QOcould preferentially
replace the CO in the closed conformation. Instead, the data
suggest that ©replaces the CO in the subunit with open
conformation and the formation of the new H-bonds between
the heme-bound dioxygen and the B10 tyrosine in this subunit
forces its neighboring CO-bound subunit to adopt an open
conformation. A possible molecular mechanism underlying the
intersubunit communication is discussed below.

Molecular Mechanism for the Intersubunit Communica-

Subunit B
tion. In the previous resonance Raman studies, it was shownFigure 4. The crystal structure of HbN (PDB code: 1IDR) illustrating

Subunit A

that the proximal Fe His bond in the deoxy derivative of HoN
is significantly stronger than that of mammalian globins on the
basis of a higher FeHis stretching frequency (226 vs 216
cm1).42 The high Fe-His stretching frequency of HbN is

the intersubunit interactions. For clarity, only residues &5 are shown.

The B, D, and E helices are labeled as green, and the pre-F helical
loop and the F helix are labeled as cyan. HbN is a head-to-tail dimer
with the interface stabilized through two H-bonds between the pre-F
helix loop in the B subunit and the Arg-35 in the A subunit. In addition,

consistent with an unstrained proximal histidine. The unstrained the two subunits have slightly different structures as highlighted by
proximal histidine in HbN suggests that the intersubunit the dotted circles and illustrated in Figure 5. Phe-62 is labeled in a
communication observed in the mixed-ligand species is not Rgg'gg:q'?;ictﬁel‘ogeh& (fhrgo_g:gztse_"itztrg‘t‘gfﬁ:i‘i}e‘lf:,gg’lr;“nat,i%”na'

H : H H | ubuni . | 1u | VI -
mediated by the conformational c_hanges on the proxw_nal SIQE ments of the E70 structural region in the A and B subunits. The H-bonds
of the heme as that observed in human hemoglobin. This ;¢ represented by dotted lines.
proposal is further confirmed by nanosecond flash photolysis
experiments showing that the proximal irehistidine stretching the crystal structure that the H-bonding network between the
frequency of the nanosecond photoproduct of the CO derivative g1 Tyr-33, the E11 GIn-58, and the heme-bound dioxygen is
of HbN is identical to that of the equilibrium ligand-free form slightly different in the subunit A as compared to that in the
(to be published). subunit B, as reflected by the longer+@. bond, the longer

To understand the intersubunit communication mechanism H-pbond between the B10 Tyr-33 and the heme-boupda®d

in the context of the protein structure, the crystal structure of that between the B10 Tyr-33 and the E11 GIn-58 in the subunit
the oxy derivative of HoN (PDB code: 1IDR), the only crystal A, It is conceivable that the H-bonding network in one subunit
structure available for this proteffiwas examined. According  induces an allosteric structural transition that causes the weaken-
to the crystal structure, HbN forms a head-to-tail dimer, as ing of the H-bonding network in the counterregion in the other
shown in Figure 4, which is stabilized by the H-bonding subunit. The structural transition is manifested in four structural
interactions between the pre-F helix loop in the subunit B and features in the subunit A that are absent in the subunit B: (1)
the Arg-35 at the B12 position in the subunit A. As further the H-bonds between the B7 Glu-30 and the E8 Lys-55 (see
illustrated in Figure 5, the heme-bound dioxygen is stabilized Figure 5) due to the change in the side chain conformation of
by H-bonding interactions with the Tyr-33 at the B10 position, the Lys-55 residue; (2) the H-bond between the Tyr-16 and the
which in turn forms a H-bond with the GIn-58 at the E11 Glu-70 (see the inserts in Figure 4), which are located at the
position. The Arg-53 at the E6 position, located approximately end of the B and E helices, respectively, as a result of a large
one helical turn away from the E11 (GIn 58) residue, forms a scale movement of the side chain group of the Glu-70 residue;
H-bond with a heme propionate group. This heme propionate (3) the H-bond between the side chain group of Thr-49 in the
group also forms a H-bond with the backbone amine group of linker region between the B and E helices and a heme propionate
the Ala-75 residue, located in the pre-F helix loop. The carbonyl group (Figures 4 and 5) as a result of the movement of both
group of the Ala-75 in turn forms a H-bond with the tyrosine- the Thr-49 side chain group and the propionate group; (4) an
72 residue. More importantly, this pre-F helix loop containing increase conformational freedom in the side chain group of the
residues 7275 in the subunit B forms two H-bonds with the  Phe-62 at the E15 position (Figure 4), as indicated by the two
Arg-35 at position B12 in the subunit A, which is only a half alternative conformations observed in the subunit A that are
helical turn away from the B10 Tyr-33 residue. It is plausible not present in the subunit B.
that the intersubunit communication in the mixed-ligand species  Taken together, these data suggest that the H-bonding
observed during the ligand replacement experiments is mediatedhetwork, mediated by the B and E helices and the pre-F helix
by these sophisticated H-bonding networks linking the distal |oop, provides a direct route for the communication between

ligand binding sites together in the novel head-to-tail dimer.

Although the Fe-O, stretching frequency found in the oxy
derivative indicates only one conformatitit is evident from

the two heme groups in HbN. It is plausible that in the mixed-
ligand species the £and CO molecules bind to the B and A
subunits, respectively. The strong hydrogen bonds between the
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Y72-T73-G74-A75

Subunit B

Subunit A

Figure 5. The structure of HbN (PDB code: 1IDR) illustrating a possible route for the intersubunit-hleemee communication as discussed in
the text. The H-bonds are represented by dotted lines.

B10 Tyr-33 and the heme-bound, ®ring both the B and E a
helices closer to the heme iron because the B10 Tyr-33 is " (3]
stitched to the E11 GIn-58 through a strong H-bond. The
movement of the B and E helices toward the heme iron in the
B subunit is transmitted to the subunit interface through the E6
Arg-53, the heme propionate group, and the pre-F helix loop
region (Figure 5). Itis further passed onto the subunit interface,
which is secured by H-bonds between the pre-F helix loop
region and the B12 Arg-35 residue, and finally to the-B
helices in the neighboring CO-bound subunit A. As a result,
the B and E helices pack more tightly as reflected by the new
H-bonds in the Lys-55 structural region (see subunit A in Figure
5) and the Glu-70 region (see subunit A in Figure 4). In addition,
it brings the linker region between the B and E helices closer
to the heme propionate group, as reflected by the new H-bond
in the Thr-49 structural regions. These structural changes create
an enlarged space between theBhelices and the heme plane
as reflected by the increased conformational freedom of the Phe-
62 residue and, more importantly, an open conformation for
the Fe-CO moiety. Because of the plasticity of the dimeric
structure, a similar intersubunit communication mechanism can _ .

Figure 6. In the three-state model, the ferrous deoxy species fluctuates

be applied to the mixed-ligand dimer with boungd&nd CO in between an open and a closed conformation, although only the open

the subunits A and B, respectively, in which the structural gcture is shown here (panel a). When one of the two subunits binds
transition is transmitted from the subunit A to subunit B. Based zn oxygen molecule, the distal B10 tyrosine (labeled as Y) forms two

on these long-range interactions, the following two possible H-bonds with the heme-bound dioxygen causing the distal pocket to
ligand binding linked communication mechanisms are proposed. close down. This allosteric structural transition is transmitted to the

neighboring subunit and forces it to adopt an open conformation (panel
A. Three-State Model. n the three-state model, the deoxy_ b). If the second subunit binds another oxygen molecule, an additional
derivative fluctuates between an open and a closed conformationgtrctral transition occurs, and as a result, both subunits adopt a closed
(Figure 6a). When one subunit of the dimer adopts the open conformation (panel c). On the other hand, if the second subunit binds
conformation, a ligand can coordinate to the heme. If it binds a CO molecule, it forms a mixed-ligand dimer (panel d). In the mixed-
an @ molecule, the strong hydrogen bonding betweeraad ligand dimer, the CO-bound subunit preserves the open conformation
the B10 tyrosine forces its distal heme pocket to close. The because the H-bond between the CO and the B10 tyrosine is not strong

. enough to lock the structure in the closed conformation. The distinct
enclosure of the heme pocket around the bouadh@oduces quaternary structure of each subunit in the various ligation states of

topological changes in this subunit, which subsequently force e HbN dimer is schematically illustrated by a square-shaped or a
the neighboring deoxy subunit to adopt an open conformation circular-shaped subunit, representing the open and closed conformation,
(Figure 6b) through an allosteric structural transition. If the respectively.

second member of the dimer binds aa @olecule, the new
strong hydrogen bonding betweern, @nd the B10 tyrosine  hand, if the second member of the dimer binds a CO molecule
causes its distal heme pocket to close (Figure 6c). On the otherinstead of @, it forms the mixed-ligand dimer (Figure 6d).
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Figure 7. In the two-state model, the B10 tyrosine can be in either
the A or B positions in the deoxy species (panel a). The B10 tyrosine
forms H-bonds with the heme-bound dioxygen molecule only when it
is in the A position. On the contrary, it forms a H-bond with the heme-
bound CO only when it is in the B position. Binding an oxygen

molecule to the first subunit introduces an allosteric structural transition

J. Phys. Chem. B, Vol. 108, No. 4, 2004483

allosteric structural transition. The structural change in the
second subunit forces the B10 tyrosine to be in the A position
(Figure 7Db). If the second subunit of the dimer binds another
O, molecule, a single FeO; stretching mode is present at 560
cm™! because both subunits are in the A conformation (Figure
7c). If the second subunit binds a CO molecule, it forms the
mixed-ligand dimer with only one FeCO stretching mode at
500 cnt?! that is associated with the A conformation (Figure
7d).

Since the mixed-ligand species resembles the intermediate
ligation state during the oxygenation of the dimeric HbN, the
data provide the first experimental evidence for an intermediate
ligation state that is critical for a ligand-linked allosteric
structural transition. There are several protocols one could use
to differentiate the three-state mechanism from the two-state
mechanism. A straightforward approach is first to trap the fully
oxygenated protein in a solid matrix (e.g., a-sgely*8-30 and
then to purge off the heme-bound @ith an inert gas (e.g.,

N2) while the conformation of the protein is held in the oxy
state (Figure 6¢ or 7c). If the protein is subsequently subjected
to CO, a single band at 535 crhis expected for the two-state
model (Figure 6) whereas a single band at 500 timexpected

for the three-state model (Figure 7).

Three decades ago, Perutz proposed that the allosteric
structural transition in human hemoglobin is initiated by a
structural movement along the irethistidine bond on the

that causes both the B10 tyrosine residues to be locked in the A positionProximal side of the heme in response to ligand coordindtion.
(panel b). If the second subunit binds another oxygen molecule, the This model has served as the foundation for our understanding

B10 tyrosine, which is in position A, forms two H-bonds with the about the allosteric mechanism of hemoglobins since then,
oxygen molecule (panel c). On the contrary, if the second subunit binds although several new allosteric transition mechanisms have been
a CO molecule, the H-bond between the B10 tyrosine and the heme'proposed for other hemoglobins in recent years. The data
bound CO cannot be established because the B10 tyrosine is locked inpresented here for HbN reveal a novel intersubunit communica-
position A (panel d). The distinct quaternary structure of each subunit [ - o L ;
in the various ligation states of the HbN dimer is schematically 1ON Mechanism that is triggered by the H-bonding interaction
illustrated by a square-shaped or a circular-shaped subunit. between the B10 tyrosine and heme-bound ligand. The ligand-
induced conformational change provides a mechanism by which
this fascinating family of proteins regulates its ligand-binding
properties, as well as its physiological functions.

Owing to the intrinsic difference in the hydrogen bonding
capability and the binding geometry of CO (linear) and O
(bent), the stabilizing interactions between the bound CO and
the B10 tyrosine in the second subunit are too weak to lock the  Acknowledgment. | thank Dr. Denis L. Rousseau for many
second subunit in the closed conformation. Consequently, it is helpful discussions and Dr. Michel Guertin for providing the
energetically more favorable for the CO-bound subunit to adopt protein sample. This work was supported by the National
an open conformation such that the interfacial stabilization Institute of Health Research Grant HL65465.
energy between the two subunits can be maintained (Figure 6d).

A Two-State Model. The two-state model is analogous to Supporting Information Available: The raw Raman spectra
that proposed for human hemoglobin by Monod, Wyman, and of HbN obtained in the ligand replacement experiments. This
Changeux, although the molecular rearrangements underlyingmaterial is available free of charge via the Internet at http://

the conformational transition may be of a very different nattire.

In this model, the B10 tyrosine can be in either the A position
or the B position (Figure 7). When the B10 tyrosine is in the A
position, it favors the hydrogen-bonding interaction with the
heme-bound @ which has a bent structure, but not with the
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