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ABSTRACT. The resonance Raman spectra of the NO-bound ferric derivatives of wild-type HbN and the
B10 Tyr— Phe mutant of HbN, a hemoglobin froMycobacterium tuberculosisvere examined with

both Soret and UV excitation. The F&l—O stretching and bending modes of the NO derivative of the
wild-type protein were tentatively assigned at 591 and 579'cnespectively. Upon B10 mutation, the
Fe—NO stretching mode was slightly enhanced and the bending mode diminished in amplitude. In addition,
the N—-O stretching mode shifted from 1914 to 1908 ¢nirhese data suggest that the B10 Tyr forms an
H-bond(s) with the heme-bound NO and causes it to bend in the wild-type protein. To further investigate
the interaction between the B10 Tyr and the heme-bound NO, we examined the UV Raman spectrum of
the B10 Tyr by subtracting the B10 mutant spectrum from the wild-type spectrum. It was found that,
upon NO binding to the ferric protein, thesyYmode of the B10 Tyr shifted from 1616 to 1622 th
confirming a direct interaction between the B10 Tyr and the heme-bound NO. Furthermore, thedé

of the other two Tyr residues at positions 16 and 72 that are remote from the heme was also affected by
NO binding, suggesting that NO binding to the distal site of the heme triggers a large-scale conformational
change that propagates through the pre-F helix loop to the E and B helices. This large-scale conformational
change triggered by NO binding may play an important role in regulating the ligand binding properties
and/or the chemical reactivity of HbN.

Nitric oxide (NO) is a free radical with multiple and lower affinity. In this work, we studied the NO adduct of
diverse biological functionsl-5). Interactions of NO with ferric HbN, one of the two hemoglobins frolelycobacterium
Fe-protoporphyrin in heme proteins are of great physiological tuberculosis(17—19). HbN is a homodimeric protein. It
importance {). The ferric heme of nitrophorin, isolated from belongs to the newly discovered truncated hemoglobin
bloodsucking insects, binds NO strongly in the salivary family, members of which are characterized by a novel two-

glands (pH~5) and releases it in host tissues (pH) to over-twoa-helical sandwich motifZ0), the absence of the
induce local vasodilation to ensure a large blood flow, taking A helix, and the presence of an extended loop substituting
advantage of the pH-dependent NO binding affinidy 7). for most of the F helix (Figure 1). Like mammalian globins,

The NO generated by nitric oxide synthase (NOS) geminately HoN binds various heme ligands reversiblg8( 19).
rebinds to the heme active site, resulting in reversible Resonance Raman studies suggest that these heme-bound
feedback inhibition for NO releasé{13). On the other  ligands are stabilized by a distal Tyr residue at the B10
hand, the binding of NO and the subsequent breakage ofposition (L8), which has been subsequently confirmed by
the proximal iron-histidine bond in the heme domain of the recent crystallographic dat0j. Biochemical and
soluble guanylate cyclase (sGC) induce allosteric structural biophysical studies suggest that the oxygen affinity of HoN
changes in the catalytic domain, activating the conversion is extremely high and its biological function may be involved

of GTP to cGMP 9, 10, 14). Despite its physiological in NO detoxification (8, 19, 21).

importance, very little is known with regard to the structural e e employed resonance Raman spectroscopy with
transition triggered by NO binding to the heme in these i Soret and UV excitation to study the structural transition
proteins, which |§ essential for'the|r functions. . induced by NO binding to the wild type and the B10 Fyr

For hemoglobin or myoglobin, the ferrous heme binds Phe mutant of the ferric derivative of HbN. Resonance
strongly to NO with a much higher affinity than CO and O Raman spectroscopy with Soret excitation has been success-
(15, 16). The ferric protein also binds NO, but with a much  fully applied in studying structural and functional relation-

ships of heme proteins for more than three deca@@gs (
T This work was supported by National Institutes of Health Grant On the contrary, UV Raman spectroscopy has not been as

HL65465 to S.-R.Y. and by Natural Sciences and Engineering Researchwidely utilized until more recently23—26), because heme
Council of Canada Grant 06P0046306 to M.G. proteins are typically highly susceptible to UV photodamage
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Ficure 1: Crystal structure of subunit B of the oxy derivative of HbN (PDB entry 1IDR). HbN is a homodimer; but the two subunits, A
and B, have slightly different structures. The insets illustrate the chemical environments of the three Tyr residues at positions 16, 33, and
72 based on subunit B.

tigate the structure of the F&NO moiety. In addition, the  tion experiments was 50M. The acquisition time was-30
structural changes induced by NO binding to the heme distal min for each spectrum. All the Raman spectra with Soret
pocket were explored by monitoring the vibrational modes excitation were calibrated with indene (Sigma). Optical
of Tyr residues at positions 16, 33, and 72 that are locatedabsorption spectra were acquired before and after spectral
in N-terminal, the distal, and the proximal side of the heme, acquisition to ensure that there is no photodamage occurring
respectively. It has been shown that the vibrational modesto the sample during the spectral acquisition.

of Tyr are very sensitive to the environment of its surround- ~ For the UV Raman measurements, the output at 244.0 nm
ings (vide infra). On the basis of the crystal structure of the from a frequency-doubled Ar ion laser (Coherent Inc) was
oxy derivative, each of the three Tyr residues forms a unique focused on a quartz spinning cell. To avoid photodamage to
and sophisticated H-bonding network with its surroundings the sample, a small metal stirring ball, controlled by an
as illustrated in Figure 1. The new data reported here external magnet, was introduced inside the solution compart-
demonstrate that the binding of NO to the heme iron triggers ment on the basis of the design reported by akal. (27).

a large-scale structural change, which may play an importantin addition, the laser power was kept below 308/, and

role in regulating the ligand binding properties and/or the for every UV Raman spectrum, three independent spectral

chemical reactivity of HbN. acquisitions, each with 10 min of accumulation with a freshly
prepared sample, were obtained and averaged. The integrity
MATERIALS AND METHODS of the samples was confirmed by WWisible absorption

RecombinanM. tuberculosisHbN was cloned, expressed, measurements following each acquisition. The scattered light
and purified to near homogeneity as described elsewtigre ( WasS collected at right angles to the incident beam and focused
19). The single-amino acid substitution mutant of HbN (810 ©n the entrance slitf@ 1 mpolychromator (Spex), where it -
Tyr — Phe) was prepared as described previously. The Was dispersed and then detected with a charge-coupled device
protein was buffered with 50 mM Tris at pH 7.5N6O (Spex). All the UV Raman spectra were calibrated with a
and SN160 were purchased from Icon (Mt. Marion, NY). mixture of cyclohexane and trichloroethylene. Sodium per-

The Raman measurements with Soret excitation were takenchlorate (0.03 M) was added to each sample solution as an

with previously described instrumentatiots( 19). Briefly internal standard for UV Raman measurements. The spectral
the output at 406.7 nm from a krypton ion laser (Spectra contributions from the solvent and glass were subtracted from

Physics) was focused to-a30 um spot (laser power of2 each UV Raman spectrum.

mW) on a rotating cell to prevent photodamage to the Sample'RESULTS

The scattered light was collected at right angles to the

incident beam and focused on the entrance slit of a 1.25 m The NO-bound ferric HbN has a typical six-coordinate
polychromator (Spex) where it was dispersed and then low-spin configuration based on the high-frequency reso-
detected with a charge-coupled device (Princeton Instru- nance Raman spectrum (1300700 cm') obtained with
ments). The protein concentration used for the Soret excita-Soret excitation at 406.7 nm (data not shown). The corre-
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Ficure 2: Raman spectra of the NO derivatives of the ferric HbN with Soret excitation at 407 ad) @nd UV excitation at 244 nm
(e—g). The spectra of the wild-type protein are spectra a and e; those of the B1& Pyre mutant are spectra b and f. THR60 —

15NI160 isotope difference spectra of spectra a, b, e, and f are shown as spectra c, d, g, and h, respectively. The inset in the left panel shows

the postulated H-bonding interaction between the heme-bound NO and B10 Tyr.

sponding low-frequency resonance Raman spectrum is showrbetween the FeNO and N-O bond strength would be

in Figure 2a. The/re—no anddre-n—o0 Mmodes were tentatively
assigned at 591 and 579 chrespectively, based on the
14N160 — 15N0 isotope difference spectrum shown in

Figure 2c, although firm assignments have to be confirmed

with additional NO isotopic substitution experiments. Similar
measurements were performed with the B10 FyrPhe
mutant (Figure 2b,d). After the mutation is introduced, the
Ore-n-0 bending mode is totally diminished in amplitude,
but thevee no Stretching frequency is almost the same as
that in the wild-type protein.

The N-O stretching modes of NO-bound ferric heme
proteins are difficult to observe with Soret excitation due to

expected otherwise, based on the following resonance
structures of the FeN—O moiety.

Fe=N=0 < F¢ —N=0""
0 ()

Similar conclusions have been drawn for the—&O
complexes of heme-containing proteins by Sgtal. (29).
Bent FE*—NO complexes have been reported for P450 and
chloroperoxidase due to steric and crowding effects imposed
by bulky substrates3Q, 31). In addition, a bent Fé—NO
complex was recently discovered in the ferric derivative of
nitrophorin @2), which was attributed to steric hindrance

(1)

their weak Raman cross section. Recently, it was reportedand protein-assisted heme ruffling3j. The disappearance

that this mode may be dramatically enhanced with UV
excitation at 244 nm28). For this, we measured the Raman
spectrum of the NO-bound ferric protein with 244 nm

of the Fe-N—O bending mode in the B10 Tyr Phe mutant
of HbN is consistent with the postulate that theRO
moiety is bent in the wild-type protein, because the bending

excitation. Figure 2e shows the UV Raman spectrum of the mode is typically enhanced for a bent structure. Taken
NO-bound wild-type protein. The broad peak centered at together, the data suggest that the B10 Tyr in the wild-type

1619 cm! was assigned to thegYvibrational mode from
the Tyr residuesifde infra). The band at 1914 cr was
assigned to the NO stretching mode based on its shift to
1879 cn! upon the!>N60 isotope substitution (Figure 2g).
Similarly, the N-O stretching mode of the B10 Tyr Phe
mutant was identified at 1908 cth It shifted to 1873 cm?
upon the!*>N0 isotope substitution (Figure 2h). The lower
frequency of the N-O stretching mode in the mutant protein

suggests that the B10 Tyr forms an H-bond(s) with the heme-

bound NO in the wild-type protein, which reduces the
electron density in ther* antibonding orbital of NO, and
consequently strengthens the-® bond. H-Bonding interac-
tions were also observed in the,,OCO, and aquo-met
derivatives of HbN 18, 19).

Despite the 6 cmt difference in the N-O stretching

protein forms an H-bond(s) with the heme-bound NO and
causes the FeN—O moiety to be bent as illustrated in the
inset in the left panel of Figure 2.

In addition to the N-O stretching mode, UV Raman
spectroscopy with 244 nm excitation also provides useful
information with regard to the vibrational modes of amino
acid residues with conjugated double bonds, including Trp,
Tyr, Phe, and His 34, 35). In general, the UV Raman
spectrum of protein molecules is dominated by the vibrational
modes from Tyr and Trp, because the Raman cross sections
of Phe and His are much weaker with 244 nm excitation.
HbN does not have any Trp residues, but it has three Tyr
residues at positions 16, 33, and 72. On the basis of the
crystal structure of the oxy derivative, they are located in
the N-terminal, the distal, and the proximal sides of the heme,

frequency with the mutation, no change was observed in therespectively. Each Tyr residue form a tight H-bonding

Fe—NO stretching frequency, suggesting that the-Ne-O

network with neighboring residues as illustrated in Figure

moiety in HbN is bent, because an inverse correlation 1.
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Ficure 3: UV Raman spectra of the ferric (aquo-met) form of wild-
type HbN (a) and the B10 Tyr> Phe mutant (b) with 244 nm

excitation. Trace c is the difference spectrum between spectra a . .
and b. Sodium perchlorate (0.03 M) was added to the protein "€mained unperturbed. On the other hand, thenvode is

solutions as an internal intensity standard for spectral subtraction. almost totally diminished in amplitude. In addition to these
Tyr modes, three additional bands at 1914, 1380, and 1132

cm ! were observed. The 1914 ciband is assigned to

HbN-NO
(va) (Y8a) the N—-O stretching mode as discussed earlier. The 1380
() 1380 1627 - cm ! band is assigned to the mode of the heme prosthetic
Vo

group @5), and the 1132 cnt band is assigned to a
vibrational mode involving motion of the vinyl group of the
heme 86). Similar modes have been identified in the
cyanide-bound ferric protein of horseradish peroxidase with
244 nm excitation35). They are also observed in horse heart
myoglobin as will be discussed below. The enhancement of
these modes in the six-coordinate low-spin ferric proteins
with 244 nm excitation suggests that the six-coordinate low-
spin heme may have an electronic transition in the 244 nm
region.

To investigate the environment of the B10 Tyr residue,
we measured the resonance Raman spectrum of the B10 Tyr
— Phe mutant. In the aquo-met form, thg,Ynode shifted
to a lower frequency at 1614 crh while the Yo, and Ys4
modes were unaffected by the mutation as shown in Figure
3b. The Ysa mode of the mutant can be deconvoluted into
two Gaussian peaks with maxima at 1610 and 1624'cm
FIGURE 4: UV Raman spectra of the NO derivative of wild-type and a width oh~20 cn1?, as illustrated in Figure 5b, which
HbN (a) and the B10 Tyr> Phe mutant (b) with 244 nm excitation. ~ were assigned to the two Tyr residues at positions 16 and
Trace c is the difference spectrum between spectra a and b. Sodiuny2, respectively, in this mutant protein. The UV resonance
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perchlorate (0.03 M) was added to the protein solutions as an
internal intensity standard for spectral subtraction.

Figures 3a and 4a show the UV Raman spectrum of the
aquo-met and NO derivatives, respectively, of the ferric HoN
in the 1006-2000 cn1? region. In the aquo-met derivative,
the vibration modes at 1617, 1209, and 1177 twere
assigned to the &, Y7, and Yoa modes of Tyr, respectively
(24). When NO bound to the ferric protein, the,ymode
shifted to 1627 cm! (Figure 4a), and the bandwidth
increased from 25 to 38 crh suggesting increased structural
flexibility or heterogeneity. Furthermore, the intensity of the
Yg9a Mmode is slightly reduced, although the peak position

Raman spectrum of the single B10 Tyr33 could be obtained
by subtracting the spectrum of the B10 Fyr Phe mutant
from that of the wild-type protein as shown in Figure 3c,
assuming that the environments of Tyrl6 and Tyr72 were
not affected by the mutation of B10 Tyr33. On the basis of
the difference spectrum, thesg¥mode of the Tyr33 residue

is centered at 1616 cm This peak can be fitted with a
Gaussian function with a center at 1616 ¢nand a width

of ~20 cnt! as shown in Figure 5c. The frequency
differences in the ¥, modes of Tyr33, Tyrl6, and Tyr72
suggest that the environment of each Tyr residue is distinct.
To confirm these assignments, thg,Ynode of the wild-
type protein is deconvoluted into three Gaussian functions
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Ficure 6: Structural differences between subunit A (a) and subunit B (b) of the homodimeric HbN (PDB entry 1IDR; only resid8&s 15
are shown). The B, E, and F helices are labeled as indicated. The three Tyr residues at positions 16, 33, and 72, along with the residues that
form H-bonds with these three residues, are presented in stick format.

by fixing the peak positions at 1610, 1616, and 1624tm increased conformational flexibility in the structural region
with a width of 20 cmit. As shown in Figure 5a, the residual near Tyrl6 and Tyr72. A direct reaction between NO and
from the fitting is negligible and the intensity ratio between the Tyr residues is excluded because the addition of NO to
the 1610 and 1624 cm peaks is almost identical to that of the phenyl ring would alter the symmetry of the molecule
the mutant protein shown in Figure 5b. The successful and thereby significantly perturb the vibrational modes of
reconstitution of the ¥, mode of the wild-type protein with  the Tyr residues.

that of the mutant protein and that of the B10 Tyr suggests

that the B10 Tyr— Phe mutation does not affect the DISCUSSION

i t of Tyrl6 and Tyr72.
environmen yrzo and 1yr To understand the Raman data in the context of the protein

On the other hand, theg¥'mode of the NO derivative  qcture, we examined the crystal structure of the oxy
slightly shifted to a higher frequency upon the B10 Ty gerivative of HbN (PDB entry 1IDR), the only crystal
Phe mutation, and the spectral width increased from 38 10 gyrcture available for HbN. HbN is a homodimer with two
51 cnr* (Figure 4a,b). The rest of the spectrum was not gpynits in slightly different conformations as illustrated in
affected by the mutation, except that the-Q stretching  Figyre 6. The B10 Tyr33 residue is buried in the distal
mode shifted from 1914 to 1908 c as a result of the  pocket. The phenolic oxygen atom of the B10 Tyr side chain
direct interaction between B10 Tyr and NO as discussed forms an H-bond with the nitrogen atom of the side chain
earlier. The ¥, mode of the mutant can be deconvoluted of GIn58 at the E11 position, which anchors the B helix to
into two Gaussian functions with the centers at 1612 and the E helix and creates a polar environment for the heme
1636 cn1* and a width of 32 cm as shown in Figure 5e. |igands, as shown in Figures 1 and 6. Resonance Raman
These two peaks were assigned to Tyrl6 and Tyr72, spectroscopic results suggest that B10 Tyr33 forms H-bonds
respectively. The ¥ mode in the difference spectrum jith various heme ligands, including CO and @ the
between the wild type and the mutant protein (Figure 4c) ferrous derivatives, and hydroxide in the ferric derivatives
can be fitted with a Gaussian function with a center at 1622 (18). The H-bonding interaction in the oxy derivative is
cmt and a width of~20 cnt* (Figure 5f). In contrast to  confirmed by the crystallographic data, in which the phenolic
the aquo-met derivative, thes¥mode of the wild-type  hydroxide of B10 Tyr33 forms H-bonds with both oxygen
protein cannot be reconstituted with the three Gaussianatoms of the heme-bound dioxygen (Figure 1). On the basis
functions extracted from spectra e and f of Figure 5. Instead, of the Raman spectra of the NO derivative shown in Figure
it was deconvoluted into three new Gaussian functions with 2. B10 Tyr33 also forms an H-bond(s) with the heme-bound
centers at 1608, 1622, and 1639 ¢nand widths of~20 NO as illustrated in the inset of Figure 2. On the other hand,
cmt. On the basis of spectra e and f of Figure 5, the 1622 Tyr16 is located at the junction of the A and B helices. It
cm! peak was assigned to B10 Tyr33, and the other two introduces a sharp turn between the A and B helices by
were assigned to Tyrl6 and Tyr72. The 1608 épeak was  accepting an H-bond from the peptide amide group of His22.
tentatively assigned to the same origin as the 1612 graak In subunit A, the phenolic hydroxide of Tyrl6 also donates
found in the mutant protein. Likewise, the 1639 ¢niFigure an H-bond to a nearby side chain group of Glu70 located at
5d) and 1636 cm* (Figure 5e) peaks were assigned to the the end of the E helix, thereby providing stabilization energy
same origin. The changes in the peak maxima of tgg Y for the B helix to dock against the E helix (Figure 6a).
modes of the three Tyr residues in the NO derivative of the Interestingly, this H-bond is not present in the B subunit
wild-type protein (Figure 5d) with respect to the aquo-met (Figure 6b). The origin of this structural heterogeneity is not
derivative (Figure 5a) suggest that NO binding to the heme clear. The H-bonding network surrounding Tyr16 in subunit
iron causes dramatic structural changes in the protein moiety.B is illustrated in Figure 1. The third Tyr residue, Tyr72, is
On the other hand, the relatively broader peaks in the located in the pre-F helix loop on the proximal side of the
spectrum of the B10 Ty+> Phe mutant of the NO derivative  heme, next to one of its two propionate groups. Its phenolic
(spectrum e vs spectrum d of Figure 5) suggest that thehydroxide forms an H-bond with the peptide backbone
protein loses its rigidity upon mutation, which results in an carbonyl group of Ala75, whose peptide amide group in turn
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(W1, Y8a) of the Yga mode of Tyr72 from 1610 to 1608 crhsuggests
1620 that the H-bond between Tyr72 and Ala75 is strengthened.
(Vyiny) (va) (W3) The most dramatic structural change occurs in the Tyrl6
wie) 127 1377 1559 region, as reflected by the 15 cfrupshift of the Y5, mode
' (1"9N1-3) of the Tyr16 residue (Figure 5a,d). The upshift in frequency
again suggests that the H-bond between Tyr16 and His22 is
stronger in the NO-bound derivative.
(Y8a) The structural changes in the Tyrl6 and Tyr72 region
1614  (b) Tyr, pH7.5 suggest that NO binding to the heme triggers a large-scale
- . conformational change, because these residues are not local
in the NO binding site. On the other hand, the change in the
environment of B10 Tyr33 reflects the differences in the
H-bonding network surrounding the heme-bound NO. Con-
formational changes induced by NO binding to the ferric
heme have been reported for nitrophor@2)( Nitrophorin
uses ferric heme to transport NO from the salivary gland of
a blood-sucking insect to the victim, which results in
vasodilation and a reduced level of blood coagulat@)nl¢
1950 2050 was shown that nitrophorin has a widely open distal pocket
in the absence of NO. Once NO binds to the heme iron, two

o flexible loops in the distal side pack around the NO and form
Ficure 7: UV Raman spectra of the NO derivative of horse heart

myoglobin (a), free Tyr in pH 7.5 buffer (b), and free Tyr in pH f"‘ hydmphoplc p.OCketSQ)' This conformational change
13.0 buffer (¢), with 244 nm excitation. introduces distortions to the heme group and causes the Fe

N—O structure to be bent. It was proposed that this unique
forms an H-bond with the propionate group of the heme. heme environment stabilizes the NO and prevents autore-
These interactions may provide part of the stabilization duction of the heme, which is very important for nitrophorin
energy for the heme to anchor to the protein moiety in the to perform its physiological functior8@). Intriguingly, the
heme pocket. Fe—NO stretching and FeN—O bending frequencies of

The Yga mode of Tyr is very sensitive to the electron nitrophorin determined by resonance Raman measurements
density on its phenolic oxygeBT). Under neutral conditions,  were identical to those of the NO derivative of HbBBJ,
the Ysa mode of Tyr in a free aqueous solution is identified despite the fact that the distal pocket of nitrophorin is
at 1614 cm? (Figure 7b). When Tyr is deprotonated, it shifts hydrophobic in contrast to the hydrophilic pocket of HbN
to 1599 cm* because of the increase in the electron density (18, 19). In contrast, horse heart myoglobin, which has a
in the phenolic oxygen (Figure 7c). On the other hand, it distal His at the E7 position that stabilizes the heme-bound
shifts to a higher frequency when the phenolic oxygen of NO, has a much more intense-Ad—0O bending mode with
Tyr forms an H-bond with a proton donor. The ferric heme a lower frequency (572 cm) and a higher FeNO stretching
of the aquo-met derivative of HbN is coordinated by a water frequency (596 cm') (39). The weakening of the FEN—O
molecule in the distal position at neutral p#8f. The Ysa bending mode in HbN with the B10 Tyr- Phe mutation
mode at 1616 cri identified in the spectrum of the aquo- suggests that B10 Tyr influences the-#¢—0O geometry,
met derivative was assigned to B10 Tyr33 as discussed earliepossibly through H-bonding interactions.
(Figure 5a). It is 2 cm! higher than that of free Tyr in In human hemoglobin, the allosteric structural transition
aqueous solution at neutral pH (Figure 7b), suggesting thatinduced by ligand binding to the heme is triggered by the
the Tyr residue is, on average, in an environment with movement of the heme iron, which is evident in the shift in
slightly positive electrostatic potential. This conclusion is the Fe-His stretching frequency from 229 to 214 chwhen
consistent with the H-bonding interaction between B10 Tyr33 the nanosecond photodissociated state relaxes to the equi-
and E11 GIn58 as discussed earlier. On the other hand, thdibrium deoxy state 40, 41). Intriguingly, the Fe-His
Y, mode at 1610 cmt was assigned to the Tyr72 residue stretching frequency of HbN is identical in the photodisso-
that donates an H-bond to the peptide=Q group of the ciated state as compared to that of the equilibrium deoxy
Ala residue at position 75 as illustrated in Figure 1. This state (manuscript being prepared for publication), suggesting
H-bond draws the proton away from Tyr72 and increases that the large-scale structural transition induced by NO
its electron density that is reflected by the downshift of the binding to HbN is not initiated by the movement of the heme
frequency of the ¥, mode. In contrast, the mode at 1624 iron. The structural transition is also not triggered by the
cm ! was assigned to the Tyrl6 residue, which accepts anformation of the H-bonds between the B10 Tyr and the heme-
H-bond from the peptide NHgroup of the His at position  bound NO, because if it was the case no structural changes
22 that causes an upshift of the frequency, based on thein the Tyrl6 and Tyr72 region would occur in the B10 Tyr
structure of the B subunit of HoN shown in Figure 1. — Phe mutant upon NO binding (spectrumrad transition

After NO binds, the ¥, mode of Tyr33 shifts from 1616 in Figure 5). The presence of the two structures in the oxy
to 1622 cm? (Figure 5a,b). The 4 cm upshift of the ¥, derivative of HbN demonstrates its structural plasticity; it
mode suggests that the H-bond(s) between Tyr33 and thealso reveals a possible mechanism for the propagation of
heme-bound NO strengthens the H-bond between Tyr33 andthe protein structural changes from the NO binding site to
GIn58, thereby decreasing the electron density in the phenolicthe rest of the molecule. As highlighted in the crystal-
oxygen of the former residue. Likewise, the slight downshift lographic structures of the two subunits of HbN shown in

(a) Mb-NO

(Y9a)
178 )

(c) Tyr, pH 13.0

T T T T T T 1
950 1050 1150 1250 1350

T T T T T T

T T T T T
1450 1550 1650 1750 1850

Raman Shift (cm)
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Figure 6, a significant structural difference occurs in the 8.
Tyr16 region, where the distance between Tyr16 and Glu70 -
increased from 2.74 A in subunit A to 5.46 A in subunit B.

subunit B is accompanied by a tighter H-bonding network
in the Tyr33 region, as indicated by a shorterf&& bond

and shorter distances among B10 Tyr, E11 GIn, and heme-
bound Q. These structural changes are also correlated with
a slight distortion of the heme and significant conformational
changes in its peripheral groups, which cause small changes ;5
in the H-bonding network in the Tyr72 region among the

3

propionate group, Ala75, and Tyr72. It is plausible that NO  16.

binding to the heme iron introduces structural changes to
the heme and its peripheral groups due to an electronic effect
like that reported for nitrophorin3@, 38, 42, 43), which
subsequently affects the H-bonding network in the Tyr72
region. The changes in this pre-F helix loop region are
transmitted to the B and E helices through the Tyrl6 region
to the distal Tyr33 region, because both Tyrl6 and Tyr33
are involved in the H-bonding networks stitching the B and
E helices together (see Figure 6). This structural transition
causes Glu70 to move away from Tyr16, thereby strengthen-
ing the H-bond between Tyrl6 and His22.

Previously, it was shown that the stabilization of dioxygen 23.
in HbN is a result of the H-bonding interactions between
B10 Tyr and the heme-bound dioxygen as illustrated in
Figure 1, based on resonance Raman and crystallographic 25
data ((8—20). Here we demonstrate that similar H-bonding  26.
interactions are present in the NO-bound ferric protein,
causing the FeN—O moiety to be bent. In addition, NO
binding to HbN triggers a novel large-scale structural
transition. It is not clear whether the conformational change
induced by NO binding in HbN plays any role in its
physiological function. However, it provides an excellent
model for understanding the ligangrotein interactions in
heme proteins. In addition, the generation of large confor-
mational changes by NO binding to heme may be a general
property of ligand-induced regulation in many other heme
proteins.

24.

27.
28.
29.
30.

w W
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