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ABSTRACT. Hemeproteins play an important role in the signaling processes mediated by nitric oxide (NO).
For example, the production of NO by nitric oxide synthase, the activation of guanylate cyclase by binding
NO, and the scavenging of NO by hemoglobin, myoglobin, and cytochmmédase all occur through
unique mechanisms of interaction between NO and hemeproteins. Unlike carbon monoxide (CO) and
oxygen (Q), which have been studied extensively, the reactions of NO with ferric and ferrous hemeproteins
are not as well characterized. In this work, NO binding to myoglobin is studied using cryogenic optical
spectroscopy and Fourier transform infrared spectroscopy (FTIR) in order to characterize the ligand-
bound and photoproduct states involved in the interaction of NO with the heme iron and the distal pocket
of the protein. For ferrous nitrosyl myoglobin (MRO), optical spectroscopy is used to show that the
ligand-bound state can be converted>t85% stable photoproduct below 10 K. The Soret peak of the
photoproduct is red-shifted by 4 nm relative to deoxy-myoglobin (Mb), similar to previous results for
carbonmonoxy- (MbCQ) and oxy-myoglobin (MBQMiller et al., 1996). MBHNO completely rebinds

by 35 K, indicating that the rebinding barrier for NO is lower than MbCO, consistent with room temperature
picosecond kinetic measurements. For ferric nitrosyl myoglobin'{NiB), we find that the photoproduct

yield at cryogenic temperatures is less than unity and dependent on the distal pocket residue. Native
Mb'"'NO has a lower photoproduct yield than the mutant,"N#64L)NO, where the distal histidine is
replaced by leucine. The rebinding rates for the native and mutant species are similar to each other and
to Mb'"NO. By using FTIR difference spectroscopy (photolyzed/unphotolyzed) of isotopically labeled
ferrous nitrosyl myoglobin (MBNO), the NO stretching frequencies in both the ligand-bound states and
photoproduct states are determined. Two ligand-bound conformational states (1607 and 1§lthdm

two photoproduct conformational states (1852 and 1857'kare observed for MINO. This is the first

direct observation of photolyzed NO in the distal pocket of myoglobin. The ligand-bound frequencies
are consistent with a bent MNO moiety, where the unpaired(NO) electron remains localized on NO,
causingv(N—O) to be~300 cnt! lower than MB'NO. Similar to MbQ, we suggest that Nof the

distal histidine is protonated, forming a hydrogen bond to the NO ligand. For natiVeN@b a single
ligand-bound conformational state with respect/(dl—O) is observed at 1927 cth This frequency
decreases$o 1904 cntt for the mutant, MB (H64L)NO, contrary to théncreaseof the carbon monoxide

(CO) stretching frequency in the isoelectronic 'NlHH64L)CO mutant versus native MbCO. For linear
Mb'"'NO, we suggest that backbonding from the unpair&@NO) electron to iron results in an increased
positive charge on the NO ligand, #F8@—NO®©". This can be facilitated by tautomerism of the distal
histidine, leaving Nof the imidazole ring unprotonated and able to accept positive charge fromthe+e
NO®©") moiety, resulting in a higher bond order (and a 23 &mhift to higher frequency) for native
Mb'"'NO versus MB'(H64L)NO, where this interaction is absent. These different interactions between
the distal histidine and the ferrous versus ferric species illustrate potential ways the protein can stabilize
the bound ligand and demonstrate the versatile nature by which NO can bind to hemeproteins.

Nitric oxide (NO) is produced by the heme-containing processes such as neurotransmission, vasodilatation, lym-
nitric oxide synthase, and plays a role in physiological phocyte proliferation, and platelet activity (Jia et al., 1996;
Moncada & Higgs, 1993; Nathan, 1992; Stamler et al., 1992).
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Saito, 1992). When-arginine binds to the distal pocket of proximal histidine modes in Mb(Chance et al., 1987;
NOS, it sterically inhibits the binding of ligands to the heme Miller & Chance, 1994, 1995). In this study, we take
iron. It also induces a less negative reduction potential for advantage of the photolabile F&O bond in MbNO and

the heme iron, leading to reduction of the heme and O generate photolyzed/unphotolyzed FTIR difference spectra
binding (Matsuoka et al., 1994). In guanylate cyclase, an at cryogenic temperatures. The advantages of this method
enzyme which catalyzes the conversion of GTP to cGMP, over other difference techniques include: (1) a single sample
NO binds to a ferrous heme iron, stimulating cleavage of is used to obtain a difference spectrum, so sample-matching
the iron-proximal histidine bond in trans (Stone & Marletta, is not necessary, (2) both the ligand-bound states and
1994). NO also binds to myoglobin, hemoglobin, cyto- photoproduct states can be obtained in a single experiment,
chromec oxidase, and cytochrome P-450, all of which can and (3) information about rebinding raté®m the photo-
affect NO transport from NOS to target sites, such as product stateso the ligand-bound states is also obtained.

guanylate cyclase (Brudwig et al., 1980; Ignarro et al., 1993;
Jia et al., 1996). EXPERIMENTAL PROCEDURES

The binding (_)f nitric oxide to ferrous mnglobin has been Preparation of Myoglobin Samples
studied extensively at room temperature in the picosecond
time regime. A recent review by Olson and Phillips (1996)  Horse skeletal muscle myoglobin (9300%, Sigma) was
illustrates that the barrier to NO binding is governed dissolved in 150 mM potassium phosphate buffer at pH 6.6
exclusively by the rate of ligand-entry into the distal pocket, (75:25 glycerol:water solvent by volume) and stirred on ice
since NO is extremely reactive with the heme iron once itis for 10 min. Samples were centrifuged for 20 min at 15000
inside the protein. Thus, steric and electronic interactions rpm at 10°C and then transferred to a nitrogen-purged
between NO and the distal pocket residues are crucial for glovebox, where the samples were thoroughly degassed. For
determining the rebinding barrier. One particularly important ferrous samples, a two-fold excess of sodium dithionite
residue is the distal histidine, which has been shown to form (Aldrich) was added to reduce the iron to the' Beate. After
a hydrogen bond to £Phillips, 1980; Phillips & Schoen-  stirring 10 min, nitric oxide ¥NO: 99 atom %, MG
born, 1981) and probably NO (Ikeda-Saito et al., 1991; Kappl Industries®NO: 97 atom %, Isotec) was bubbled through
& Hutterman, 1989; Lee et al., 1994), stabilizing the bound a degassed solution of 0.1 N NaOH, then through a degassed
ligand. Upon photolysis, it is thought that the distal histidine solution of buffer, and finally over the sample for 10 minutes.
pushes the ligand to the back of the distal pocket, inhibiting Optical spectra indicated the samples to be greater than 95%
rebinding. Mutation of the distal histidine by smaller and/ nitrosyl myoglobin, as indicated by a Soret peak at 422 nm
or apolar residues removes this barrier, resulting in rapid (Figure 1) and Q bands at 544 and 574 nm for'M® and
NO recombination (Quillin et al., 1995). by a Soret peak at 420 nm (Figure 2) and Q bands at 536

Fourier transform infrared spectroscopy is an excellent @d 564 nm for MBNO. For the mutant Mb(H64L)NO,
method for probing ligand binding and dynamics in heme- MP(H64L)CO was first prepared as described by Springer
proteins. The infrared stretching frequency of NO is @nd Sligar (1987). The Mb(HE4L)CO sample was concen-
sensitive to factors such as the oxidation state of the heme,rated t 3 ml\l/l. The CO was removed and the sample
the orientation of the NO ligand with respect to the heme, OX|d|zed°to MB'(H64L) by photolysis under Ngas for 14
and the amino acid composition of the distal pocket. N @ 10°C. NO gas was then introduced for 10 min to

Unfortunately, when NO is bound to ferrous henme@ — produce MY'(H64L)NO.
O) falls in the region of the Amide | protein band 1600 -
cmY). Because the intensity s{N—O) is very weak with FTIR Methods for Determining MbNO Substates
respect to the Amide | band, difference FTIR spectroscopy = MbNO samples (25 mM) were placed between two GaF
is necessary to determin¢N—0O). Recently, Caughey and  windows using a 0.025 mm teflon spacer and mounted into
co-workers investigated NO-binding to myoglobin and a N,-purged, low-temperature cryostat (Janis ST-4B). Samples
cytochromec oxidase using“NO/*NO FTIR difference  were cooled to 220 K. Then the cryostat was evacuated to
spectroscopy (Zhao et al., 1994). The authors identified @ <5 mTorr, and the samples were cooled to 7 K. An optical
single v(N—O) for the ligand-bound state of ferrous myo- spectrum of the unphotolyzed MbNO sample was taken
globin at 1612 cm'. However, this difference technique inside the cryostat (Figure 1) using a Hewlett Packard
can be extremely difficult because sample concentrations andHpP8452 diode array spectrometer. The sample was subse-
pathlengths must be matched in order to obtain a good quently photolyzed for 5 min with a white light source
difference spectrum. (CUDA Products, Inc., model I-150). The photolysis source
We have chosen an alternative approach for probing NO was turned off and an optical spectrum of the photolyzed
binding in hemeproteins- FTIR photolyzed/unphotolyzed ~sample was taken (Figure 1). The cryostat was then
difference spectroscopy. In many hemeproteins, the bondtransferred to a Mattson Galaxy 5000 FTIR spectrometer.
between the heme iron and diatomic ligands such as CO, The FTIR spectrometer was thoroughly purged with
O,, and NO can be broken with light. If the photolysis is nitrogen gas (blow-off from a liquid nitrogen dewar) prior
carried out at cryogenic temperatures, the photoproductto collecting data, to remove all water vapor and,G@m
intermediates can be trapped and characterized (Ansari ethe infrared beam path. The spectrometer was considered
al., 1987; Austin et al., 1975; Chance, 1993). Previously, sufficiently purged when the ratio of two “air” spectra yielded
our group has utilized this difference technique for identify- a noise spectrum with a peak-to-peak ratio<sf0* OD
ing the ligand-bound dioxygen stretching frequency in MbO units in the infrared region between 1560900 cntl.
and CoMbQ, the ligand-bound and photolyzed CO stretching Spectral interferograms (128 scans) were collected from 900
frequency in MbCO, and photolysis-sensitive heme and to 4000 cni? with 2 cn1! resolution and Fourier transformed
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Ficure 1: (a) Optical spectra of photolyzed-] and unphotolyzed photolyzed ) and unphotolyzed (- - -) Mb(H64L)NO at the
(---) Mb"NO at the specified temperature. (b) Optical spectra specified temperature. Sample details and the photolysis protocol
(bottom) and second derivatives (top) of photolyzed and unphoto- are described in Figure 1.
lyzed MP'NO at 7 K and deoxy Mb at room temperature. Samples
(2—5 mM in 75:25 glycerol:buffer solution by volume) were placed
between two Cafwindows with a pathlength of 0.025 mm.  strengths. The optical spectra of photolyzed and unphoto-

Photolysis was performed @ K with a high-intensity white light lyzed MB'NO at 7 K can be seen in Figure 1. Absorption
source for 10 min. .

peaks for ligand-bound (unphotolyzed) MO fall at 422,

544, and 574 nm. Upon photolysis at 7 K, the absorption
using FIRST software (Mattson, Inc.). After collecting the spectrum is converted to an absorption spectrum similar to
FTIR spectrum of the photolyzed sample at 7 K, the liquid that of deoxy Mb, suggesting a photoproduct yield~df.0
helium flow was reduced and spectra were collected at 10, for Mb'"NO. However, second derivative analysis shows that
15, 20, 25, and 30 K as the sample was warmed. DifferenceMb*NO is not identical to deoxy Mb; the Mb*NO spectrum
spectra were generated by dividing the photolyzed MbNO is broader and shifted to higher energy as compared to deoxy
spectrum &7 K by the partially-rebound spectra at 10, 15, Mb (Figure 1b). Upon warming, Mb*NO rebinds by 35 K
20, 25, and 30 K, respectively, and converting from transmit- whereas Mb*CO does not rebind completely untB0 K,
tance to absorbance units. Using Spectra Calc softwareindicating that the rebinding barrier for NO is lower than
(Galactic Industries), we fitted the spectra to a cubic cQ.

polynomial base line in the region from 1550 to 1650 ¢ém For MB"NO and MB' (H64L)NO, the optical spectra for

and 1800 to 2000 cm. the ligand-bound and photoproduct states can be seen in

RESULTS Figure 2. Upon photolysis, the Soret decreases in intensity
and a broad absorption band arises~890 nm. For both

Photoproduct Yields of MINO and MB'NO the native and the mutant samples, the photoproduct yield

appears to be less than unity, where the degree of photolysis

In order for photolyzed/unphotolyzed difference FTIR in the native M'NO sample is significantly less than for
spectroscopy to be useful in studyingN—0), the NO ligand the mutant species. Optical studies on ferric, five-coordinate,
must be photolyzable, i.e. the amount of stable photoproductmutant myoglobins indicate Soret absorption maxima near
produced at cryogenic temperaturdse(photoproduct yield 393 nm (Morikis et al., 1989; Quillin et al., 1993), consistent
must be large enough to obtain a reasonable differencewith these results. Upon warming, both the native and
spectrum. This quantity is20% or greater for ligands such mutant M3d'"NO completely rebind by 35 K, similar to the
as CO and NO, which have reasonably strong oscillator ferrous species.
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Ficure 3: FTIR (photolyzed/unphotolyzed) difference spectra of FIGURE 4: FTIR (photolyzed/unphotolyzed) difference spectra of
(a) ferrous MB*NO and (b) ferrous MBNO, demonstrating the (&) MB'"NO and (b) MB'(H64L)NO demonstrating the ligand-
ligand-bound conformational substates of MI®. Photolysis was ~ bound conformational substates. Sample details, the photolysis
performed &7 K with a high-intensity white light source for 10  protocol, and the method for generating difference spectra are
min. Difference spectra were generated by dividing the photolyzed described in Figure 3.

MbNO spectrum &7 K by the partially-rebound spectra at each

indicated temperature. frequency state (1945 crf) reappears faster than the lower
) frequency state (1945 crf) (Ansari et al., 1987; Chance et
Ligand-Bound States of MbNO al., 1987; Mourant et al., 1993).

The ligand-bound states of MINO and MB'(H64L)NO
can be seen in Figure 4. For both the native and mutant
sample, single ligand-bound states are observed. For wild-

Figure 3 shows the photolyzed/unphotolyzed FTIR dif-
ference spectra of MINO. The primary ligand-bound state
falls at 1613 cm' in Mb*NO (Figure 3a) and shifts to 1587 , .
cmtin Mb!NO (Figure 3b). A less-populated ligand-bound tYP€ MB'NO, »(N—O) falls at 1927 cm*. This band shifts
state is found at 1607 crhin MbYNO and shifts to 1582 0 1904 cm! for the mutant. The relative rebinding rates
e in MbNO. The band at 1582 crin the MBSNO of NO to both the ferrous and ferric ligand-bound states are
spectrum has a greater intensity than predicted from the Similar to each other, i.e., NO completely rebound in both
MbNO spectrum because it overlaps with a photolysis- cases by 30 K.
sensitive Amide Il band (Figure 3a). The isotopic shifts of
both ligand-bound states are slightly less than those predicteaP hotoproduct States of MbNO
by reduced mass calculation fSiNO — SNO, which are Two photoproduct states are observed for'MB. For
~29 cntl. This small difference can be attributed to the Mb'*NO, these modes appear at 1852 and 1857 ¢Figure
ferrous iron bonded to the NO ligand, which would decrease 5a). The photoproduct states shift to 1818 and 1824'cm
the difference in reduced masses betw&&NO and!>NO, for Mb!*NO (Figure 5b). The isotopic shifts are the same
thus decreasing the calculated shift. By qualitatively exam- as those predicted by reduced mass calculatioAft® —
ining the relative absorption intensities of each substate as a®NO, which are~33 cn1®. Unlike the ligand-bound states,
function of temperature, Berendzen and Braunstein (1990)the rebinding rates from the two photoproduct states are
have shown that relative rebinding rates for the ligand-bound significantly different from each other, where the 1852¢m
states of myoglobin can be determined. Thus, since Figuremode rebinds faster (i.e., at a lower temperature) than the
3 shows that both ligand-bound states in"™I® rebind at 1857 cnt! mode. Thus, there does not appear to be a direct
the same temperature, it also demonstrates that the rebindingorrelation between the disappearance of each individual
rates of NO to the two ligand-bound states of ferrous photoproduct state and the appearance of a corresponding
myoglobin are approximately equal. This result is in contrast ligand-bound state, suggesting interconversion of the pho-
to the ligand-bound states of horse MbCO, where the highertoproduct states before rebinding, analogous to MbCO
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a s area under the photoproduct state bands as a function of
temperature.
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0.0010
Ferrous Nitrosyl Myoglobin (MENO)

0.0005 Ligand-Bound Conformational Substates

A Absorbance

The NO molecule is well-characterized by infrared spec-
troscopy in both the free gas and metal-bound states (Cotton
& Wilkinson, 1980). It has an unpaired electron inzé
orbital, partially canceling out the effect of thebonding
0000825 80 1810 850 e00 1870 1880 electrons, yielding a bond order of 2.5. In the free gas state,
v(N—Q) is 1840 cm!. When the unpaired* electron is
lost in NO' the bond becomes stronger, increasifig—O)

b oo to 2150-2400 cmt, depending on its environment.

' Ferrous Unlike CO and @, NO is capable of binding to both
Mb NO ferrous and ferric hemes. The vibrational stretching fre-
: guency,»(N—0), is very sensitive to the oxidation state of
the iron and, hence, the structure of the-Re-O complex.
When NO binds to a ferric heme, the unpairedelectron
is able to backbond into the iron 3d orbitals, increasing the
NO bond order to>2.5. Conversely, when NO binds to a
ferrous heme, the unpaired electron remains localized on
NO, as opposed to backbonding into the already-reduced
ferrous iron. This also causes the NO ligand to bend with
respect to the heme plane, similar to Mb@vayland et al.,
S TS R — 1974) and reducing the NO bond order<t@.5. Therefore,

1800 1810 1820 1830, 1840 1850 v(N—0) is significantly lower for MBNO versus MB'NO
Wavenumber (cm™) (vida infra).
Ficure 5: FTIR (photolyzed/unphotolyzed) difference spectra of A single ¥(N—O) stretch has been assigned for IO

(a) ferrous MB*NO and (b) ferrous MBNO, demonstrating the . A )
photoproduct conformational substates of MID. Sample details, ~ USINg resonance Raman (1623 €mBenko & Yu, 1983;

the photolysis protocol, and the method for generating difference Tsubaki & Yu, 1982) and infrared (1612 ci Zhao et al.,
spectra are described in Figure 3. 1994) spectroscopies. In this study, we observe two bands
(1607 and 1613 cni) corresponding to conformational

0.0000 e

Wavenumber (cm™)

1818
1824

30K

0.0002

A Absorbance

0.0000

8 .04 .' Lig'andTIBoun; Sta'tes T . . {10 2 substates of horse MBO, where the primary(N—O) falls

§ B Photoproduct States (] §. at 1613 cm?, in agreement with the earlier infrared studies.

2 08 = Jos g For horse skeletal muscle MbCO, infrared studies have also

£ . L i identified two ligand-bound conformational substates, which

£ 06 o 406 & are easily resolved because they are separatee?Bycnt?!

_E_, = and fall into an infrared region void of protein absorption

2 04 o4 E (Miller, 1995). Since the MEINO substates are separated

g s i by only 5-6 cm'%, earlier work using*NO/*SNO difference

§ 0.2 e Z02 B spectroscopy was most likely not sensitive enough to resolve

5 a % these substates.

= 001 q00 ® For wild-type MbCO, the ligand-bound substate at 1945
T - 1 T T ' cmtis thought to have a polar interaction between the CO

T T
0 12 14 16 18 20 22 24 26 28 30 32

Temperature (K) ligand and the distal histidine. This polar interaction is

) ) . . absent when the distal histidine is replaced by leucine, and
FIGURE 6: Fraction of the total integrated area for the ligand-bound : . . _
states (data from Figure 3a) and the photoproduct states (data fronf single (_:onformatlonal substate exists at 1966 ‘cm
Figure 5a) of MBNO, as a function of temperature. Difference Conformational substates have also been suggested for
spectra were generated by dividing the photolyzed W spectrum MbO,, where differences in hydrogen bonding between the
at 7 K by thepartially-rebound spectra at each indicated temper- O, |igand and the distal histidine give rise to two different
ature. Thus, the largest differences (and greatest area; 16,or modes (Miller & Chance, 1995 Miller et al., 1996; Potter

1.0 for the ligand-bound and photoproduct states, respectively) occur .
at 30 K. This figure demonstrates a stoichiometric relationship €t @l., 1987). A hydrogen bond between the NO ligand and

between the appearance of the ligand-bound states versus théhe distal histidine has been proposed based on ENDOR
disappearance of the photoproduct states as a function of rebinding(Kappl & Hutterman, 1989) and other EPR investigations
temperature. (Ikeda-Saito et al., 1991), although the bond may be weak

(Lee etal., 1994). For MINO, we suspect that both modes
(Mourant et al., 1993). However, Figure 6 demonstrates a (1607 and 1613 cni) are due to conformations involving
stoichiometric relationship between ttegal integrated area  an interaction between the NO ligand and the distal histidine,
under the ligand-bound state bands versusdts integrated since the two substates are only separated by &.cm
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Photoproduct Conformational Substates product states of MINO are roto-isomers, where the fast-
rebinding state has the N atom oriented closer to the iron.

As can be seen from Figure 3, the ligand-bound states in ¢ giow.-rebinding isomer has the O atom closer to the iron,
Mb'"NO appear at approximately equal rates as the samplegy that the NO must “flip” before rebinding.

is warmed. However, Figure 5 demonstrates that the two . .

photoproduct states (1852 and 1857 émdisappear at Since the Ilgand-bognd states are only separatled by § cm
significantly different rates, implying that the specific ligand- we propose thab_oth I|gand-l_30und mOdeS n MINO are
bound states do not correspond to specific photoproductdue to conflguratlons_mvolv]ng an interaction between the
states. But there is a stoichiometric relationship between NO Ilgar)d and t_he d'S.ta.l .h'St"fj'ne’ urlllke MbC.O‘ Upon
the total appearanceof the ligand-bound states versus the phOtO.IyS'S’ the distal histidine “pushes” the N.O ligand into
total disappearancef the photoproduct states as a function the ﬁ'Statl FOCke.t' t‘:']he d'frte(T NOk nsoldecule ('f capable t%f
of rebinding temperature. This can be seen in Figure 6. Thezg]eiiﬁ:;o I%f:s tlrnajecEt}or;S al i Fi)socpoeS’sibl(zp?rr]]atmt%euesr(])w” €
interconversion of the photoproduct states before rebinding rebinding photoproduct state (1857 ch arises from a

has also been observed for MbCO (Mourant et al., 1993). ligand traiect hich all the NO 1o flip in the distal
Frauenfelder and co-workers showed that the barrier for '93Nd trajectory which allows the O Tip 1n the dista
pocket, so that it must flip back before rebinding. Con-

interconversion between ligand-bound states is too high atversely the trajectory for the “fast” rebinding photoproduct
cryogenic temperatures:(L80 K), but the photoproduct states state (1852 cmf) does not permit this rotation,

can interconvert even at 10 K.

A c_omk_)ination of the crystallographic structure of Mb*CO  Egrric Nitrosyl Myoglobin (MB'NO)

(Schlichting et al., 1994), the photoproduct infrared confor-

mational states (Braunstein et al., 1993; Mourant et al., 1993), Ligand-Bound Conformational Substates

and the myriad of room temperature studies of NO binding

to native and mutant myoglobins in the picosecond time Mb"NO is isoelectronic with MbCO, suggesting a linear
regime helps provide a structural understanding of the rolesFe~N—O moiety. However, resonance Raman has been
of various distal pocket residues in the NO rebinding process used to show that(Fe—NO) for Mb"NO is 595 cm*, ~90
(Carlson et al., 1994; Carver et al., 1990; Gibson et al., 1992; cm* higher tharv(Fe—CO) for MbCO (Benko & Yu, 1983).
Ikeda-Saito et al., 1993; Olson & G. N. Phillips, 1996). Since The unusually strong FeNO bond is attributed to back-
NO reacts with the heme iron very rapidly, the distal pocket bonding from the unpaired electron in th&NO) orbital.
structure plays an important role in determining the ligand- Consequently, this backbonding is expected to decrease
rebinding barrier from the distal pocket. For example, the (N—0O), as compared to(C—0). This is consistent with
substitution of bulky side chains at positions 29 and/or 68 What Caughey and co-workers observed fof'NI© (Sam-
prevents the NO ligand from escaping from the iron path et al., 1994) and with the data we present here: we
coordination sphere, resulting in rapid recombination (Carl- find »(N—0O) for Mb"NO at 1927 cm*, whereas/(C—0)

son et al., 1994). Likewise, replacing the distal histidine for Mb"CO falls between 1940 and 1965 ch(Ansari et
with small residues also contributes to faster NO recombina- al., 1987; Austin et al., 1975; Chance et al., 1987).

tion because it's thought that the distal histidine pushes the Structurally, the Fe C—0 linkage in MbCO is linear and
NO ligand away from the heme iron upon photolysis (Quillin the conformational substates in MbCO have been attributed
et al., 1995). to different distal pocket interactions with the linearly-bound

The crystal structure of the MbCO photoproduct at 20 K CO ligand, which influence the degree ofgFe~ COs-
indicates that the CO ligand resides in the center of the hemebackbonding (Hu et al., 1994; Li et al., 1994; Li & Spiro,
pocket, parallel to the heme plane (Schlichting et al., 1994). 1988; Ray et al., 1994). Since MBIO and MBCO are
It is located 3.9 A from the distal histidine, so any strong isoelectronic, it is expected that similar interactions would
interaction between CO and the distal pocket residues isexist between the NO ligand and the distal residues. For
minimal. This is supported by the relative insensitivity of wild-type Mb'""NO, a single conformational substate with
the photoproduct state frequency to distal pocket mutationsrespect toy(N—O) is observed at 1927 cth  When the
and pH (Braunstein et al., 1993; Mourant et al., 1993). Since distal histidine is replaced by leucine, the ferric ligand-bound
it is unclear whether the C or the O atom is closest to the state shifts tdower frequency (1904 cmi), contrary tov-
heme iron, the different photoproduct states are thought to (C—0) in the Mb(H64L)CO mutant. So why does an NO-
be due to different interactions of the CO ligand with the distal histidine interaction cause a 20 cnshift to higher
heme itself, which result from small rotation or translations frequency whereas a CO-distal histidine interaction results
of the free CO in the distal pocket (Lim et al., 1995). in a similar shift tolower frequency?

The photoproduct states of MHO (Figure 5) are strongly It is likely that the NO ligand is involved in a negative
analogous to those of MbCO. First, we observe two (6—) polar interaction with the distal histidine (Figure 7).
photoproduct states, where the difference in frequency When NO binds to a ferric iron, a resonance structure
between the two states may be related to different interactionsfavoring a positive NO ligand and a ferrous iron exists:
between the NO ligand and the hemeelectron system.  Fe®)—N=0¢", Tautomerism of the distal histidine occurs,
Second, the photoproduct states are separated from each othauch that the Nis unprotonated and able to accept positive
by 5-6 cnml, and are reasonably close to the free gas valuescharge from the NO ligand. Thus, the bond order of NO
(MbCO, 2143 cm?; Mb'"NO, 1840 cm?) (Cotton & would increase, increasingN—0O) as compared to Mb-
Wilkinson, 1980). Third, the photoproduct state with the (H64L)NO, where the distal hisitidine is absent (Li et al.,
lower frequency (1852 cm) rebinds faster than the higher 1994; Li & Spiro, 1988; Ray et al., 1994). A similar
frequency photoproduct state (1857 ¢ Thus similar to interaction has been suggested between aquomet myoglobin,
MbCO (Lim et al., 1995), we suggest that the two photo- Mb"OH,, and the distal histidine (La Mar et al., 1988).
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Ficure 7: Demonstration of the different polar interactions that occur between the distal histidine of ferric and ferrous myoglobin and NO,
CO, O,, and HO. Tautomerism of the distal histidine results in positive-J polar interactions between.Mnd the ligand (NO, CO, and
0O,) in ferrous hemes and negativé) polar interactions between.Mind the ligand (NO and #0) in ferric hemes.

Conformational substates involving tautomers of the distal

bination barrier. Bulky side chains at positions 29 and/or

hisitidine in MbCO have already been suggested by several68 prevent the NO ligand from escaping from the iron

groups (Jewsbury & Kitagawa, 1994, 1995, Oldfield et al.,
1991). When CO binds to myoglobin, a &—C=00")
moiety exists, favoring the distal histidine tautomer in which
the N of the distal histidine is protonated. In this case, a
positive @+) polar interaction with the distal histidine
occurs, where Ndonates a proton to the CO ligand, reducing
its bond order and decreasim{C—O0O).

Photoproduct Conformational Substates

Photolysis of NO from ferric myoglobin results in a five-
coordinate, ferric heme (Kobayashi et al., 1980). Mutant
myoglobins with apolar residues substituted for the distal
histidine are also five-coordinate in the ferric form (Morikis
et al., 1990; Quillin et al., 1993), making them good models
for ferric Mb*NO. The Soret band in these mutants falls
near~393 nm, consistent with our results. The photoproduct
yield for Mb"NO is significantly less than Mi(H64L)NO
(Figure 2), suggesting a lower barrier to rebinding for native
Mb"NO. Since NO is extremely reactive with the iron atom,
the orientation of the ligand in distal pocket “docking sites”
primarily determine the ligand rebinding barrier (Gibson et
al., 1992; Jongeward et al., 1988; Olson & G. N. Phillips,

coordination sphere, resulting in rapid recombination (Carl-
son et al., 1994). Likewise, it is thought that the distal
histidine pushes the NO ligand away from the heme iron
upon photolysis, so that replacing it with small residues also
contributes to faster NO recombination (Quillin et al., 1995).

In wild-type ferric myoglobin, there is a water molecule
in the sixth coordination position, which must be displaced
for NO to bind. Room temperature rebinding measurements
have shown that the rate determining step is the displacement
of the water bound to the ferric iron (Olson & G. N. Phillips,
1996). Itis unclear whether this water molecule remains in
the distal pocket after the ligand binds (as it does in MbO
but not in MbCO), since crystallographic data are not
available for MB'NO. If so, it will decrease the free volume
available to the NO ligand after photolysis, preventing the
NO ligand from leaving the vicinity of the heme iron,
resulting in a low recombination barrier and a low photo-
product yield. In contrast to wild-type ferric myoglobin,
resonance Raman (Morikis et al., 1990) and X-ray crystal-
lographic (Quillin et al., 1993) data indicate that ferric
myoglobin mutants which have the distal histidine replaced
by an apolar residue exclude water from the distal pocket,

1996). Picosecond kinetic data have shown than the freeresulting in a five-coordinate species. For the mutant'Mb

volume of the distal pocket greatly affects the NO recom-

(HB4L)NO, absence of water in the distal pocket may
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increase the free volume available to the photolyzed ligand, NO-binding mechanisms dictate the nitrosyl hemeprotein
allowing it to travel further from the heme iron, increasing function.
the barrier to rebinding and the photoproduct yield.
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