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ABSTRACT. FeNO vibrational frequencies were investigated for a series of myoglobin mutants using isotope-
edited resonance Raman spectrd®fNO adducts, which reveal the FeNO and NO stretching modes.
The latter give rise to doublet bands, as a result of Fermi resonances with coincident porphyrin vibrations;
these doublets were analyzed by curve-fitting to obtaimti® frequencies. Variations inNO among

the mutants correlate with the reporte@O variations for the CO adducts of the same mutants. The
correlation has a slope near unity, indicating equal sensitivity of the NO and CO bonds to polar influences
in the heme pocket. A few mutants deviate from the correlation, indicating that distal interactions differ
for the NO and CO adducts, probably because of the differing distal residue geometries. In contrast to the
strong and consistemEeC#CO correlation found for the CO adducts;eN correlates only weakly with

vNO, and the slope of the correlation depends on which residue is being mutated. This variability is
suggested to arise from steric interactions, which change the FeNO angle and therefore alteiN@e Fe
and N—O bond orders. This effect is modeled with Density Functional Theory (DFT) and is rationalized
on the basis of a valence isomer bonding model. The FeNO unit, which is naturally bent, is a more
sensitive reporter of steric interactions than the FeCO unit, which is naturally linear. An important additional
factor is the strength of the bond to the proximal ligand, which modulates the valence isomer equilibrium.
The FeNO unit is bent more strongly in MbNO than in protein-free heM® complexes because of a
combination of a strengthened proximal bond and distal interactions.

The discovery that the simple diatomic molecule N® A useful technique to monitor these differences is reso-
a key biological messenger, whose level controls many nance Raman spectroscom).(Resonance with the heme
physiological responses, has focused attention on the hemer—s* electronic transitions enhances vibrational modes of
proteins involved in NO production (NO synthases), or the porphyrin ring, and also metdigand modes, if the
message transduction (soluble guanylyl cyclases), or in NOligands are coupled electronically with the porphyrin
transport and oxidation (hemoglobin, myoglobin, nitrophorin) system £0). This coupling is present for the diatomic ligands
(1—8). The heme prosthetic group is chemically identical in CO, NO, and @ because their empty* orbitals share Fe
all these proteins, so that variations in the NO reactivity must d, electrons with the porphyrin* orbitals. As a result, Fe
arise from different endogenous ligands to the heme Fe and/x0 stretching and %O stretching modes of the bound XO
or from different steric and electronic interactions of the |igands are detectable in RR spectra of heme proteins' and
bound NO with protein residues. their assignments can be established using isotopically
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Ficure 1: Structural diagram of the Mb binding pocket, showing
the mutated distal residue45).

(Mb) have established that wide variations/DO andvFeC

can be understood on the basis of changes in the electrostati
potential associated with polar residues in the vicinity of the
bound CO 5).

Bonding to Fe[ll] is simpler for CO than for NO or D
which have antibonding electrons in theit orbitals and
which are therefore bent rather than linebé)( Despite this
added complexity, we have found that back-bonding changes
influence the FeXO and X—O stretching frequencies in a
straightforward manner for 5-coordinate NO anga@ducts
of Fe[ll] porphyrins (7). However, the nature of proximal
and distal residue interactions has not been analyzed
systematically. In this study, we turn to the Mb site mutants
(Figure 1) that have proved especially useful in the analysis
of CO adducts12, 15a—c, 18) and examine trends itNO
andvFeN. These modes have been assigned and discusse,
for several Mb mutants by Tomita et alL9) using'>N and
180 isotope substitution, following earlier studies of cyto-
chrome P450 NO adducts by Hu and KincaD) Our

results are consistent with these studies and extend to a Iarge?]

range of distal influences in the heme binding pocket, pro-
viding a broader view of the factors determining the vibra-
tional frequencies. We find that the electrostatic field deter-
minesvNO, just as it determinesCO in the CO adducts.
However, the behavior ofFeX is quite different for CO
and NO adducts. WhereaBeC is simply anticorrelated with
vCO, the correlation betweereN andyNO varies in slope,
depending on the position of the distal residue being mutated.
We propose that steric forces that alter the FeNO geometry
are responsible for this complex behavior and provide
suggestive support for this view from trial DFT calculations.

EXPERIMENTAL PROCEDURES

Site-Directed MutagenesisMutations in recombinant
sperm whale, human, and pig myoglobin gene were intro-
duced using either oligonucleotide-directed or cassette mu-
tagenesis methods as described previougli—@4). The
purification of expressed recombinant myoglobins was
achieved by a combination of gel-filtration and ionic-
exchange column chromatograpt®6{27).
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Preparation of NO Adduct®urified metmyoglobin mutant

solutions (20Q:M) in 0.1 M sodium phosphate/1 mM EDTA

(pH 7.0) buffer were flushed with argon in a septum-sealed
NMR tube. The addition of a minimal concentration of an

anaerobic solution of aqueous, buffered sodium dithionite
converted the metMb to the deoxy form. NO gas was
produced by reaction of sodium nitrite (MBNO,, Na'*NO,)

with sodium ascorbate in an aqueous solution and was
transferred to the samples via a gastight syringe to generate
the Fe[lllNO adducts, whose formation was monitored by
the shift of the deoxy heme Soret band to ca. 420 nm in the

absorption spectrum.
For studies of 5-coordinate adducts, the pH was lowered

to 4.0 with degassed acetic acid. Dissociation of the histidine

ligand 28) was confirmed via the blue shift in the heme
Soret band to ca. 400 nm.
Resonance Raman Spectroscdpgsonance Raman spec-

tra were obtained with 406.7 or 413.1 nm excitation from a

Krt laser (Coherent Innova 100-K3) in a backscattering
sample geometry. To minimize photolysis, the laser power

was kept low {50 mW) and was focused with a cylindrical

lens onto the spinning sample. The scattered light was

gollected and focused onto a Spex 1877 triple spectrograph

equipped with a cooled, intensified diode array detector
(Princeton Instruments). Spectra were calibrated with toluene,
indene, acetone, dimethyl formamide, and carbon tetra-
chloride. The spectra were processed with Labcalc software
(Galactic Industries Corp.). The complex bands inithk
region were resolved by curvefitting, with 50% Gaussian/
50% Lorentzian band shapes and fixed bandwidths (10
cm™).

RESULTS

Spectral AnalysisRR spectra of MbNO are dominated
by porphyrin modes, but theFeN andvNO bands can be
detected by isotope editing (Figure 2), at ca. 550 and ca.
éGlO cnrt (19, 20, 29, 30). In favorable cases, the F&l—O

ending vibration can also be detected, at ca. 450'¢®,

20). These mode designations are approximations since the
Fe—NO stretching and FeN—O bending coordinates are
ixed with each other, and also with porphyrin modes, but
he Fe-N coordinate is the major contributor to the ca. 550
cm ! mode, which shifts distinctively, by ca. 15 chqupon
I5NO substitution 20).

The NO stretching band falls in a spectral region crowded
with porphyrin bands but is revealed in tA8NO—15NO
difference spectrum. The difference spectrum is noisy,
because the NO signal is weak, but the positive and negative
MNO and®™NO bands are evident. However, the band appears
as a doublet fot*NO but as a singlet fo®NO. This behavior
has also been observed by Tomita et 89)(who attributed
it to a Fermi resonance interaction with a porphyrin vibration
at the same frequency. This interaction mixes the two modes,
separating their frequencies and sharing their intensities.

A doublet structure is seen in most of our isotopic
difference spectra (Figure 3), although sometimes it occurs
for the “NO band and sometimes for thf&O band. As the
band positions shift, sometimes one and sometimes another
of the isotope signals comes into Fermi resonance with one
of the several porphyrin modes in the spectral region. Similar
effects have been seen, and extensively analyzed by Kincaid
and co-workers, for hemeO, adducts 81).
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5-coordinate NO adducts of heme proteins (Figure 5). The
vNO values are between 1662 and 1672 &nmn agreement
with Tomita et al. 19). These adducts are readily prepared
by lowering the solution pH to 4.0, where the proximal
histidine is displaced via protonatio28). In addition, the
H93Y mutant of Mb is 5-coordinate at neutral pH because
the proximal His93 is replaced by a weaker Tyr ligand.
vNO/vCO Correlation.Previous vibrational studies of the
CO adducts of mutant Mb4.2, 32—34) allow us to compare
the effects of the same distal pocket perturbations on NO
and CO (Table 2). The result (Figure 6) is an excellent
correlation betweemNO andvCO. The variations inCO
are associated with changes ipsdk back-bonding that result
from alterations in the distal pocket polarit§3). For the
Mb mutants, the computed electrostatic potential of the
binding pocket {5a—c) satisfactorily accounts for these
variations. The principal determinants of this potential are
polar residues in contact with the bound ligand. For wild-
type Mb (middle of the correlation in Figure 6), the distal
histidine, His64, provides positive polarity, increasing back-
bonding, and depressingCO, relative to mutants in which
His64 is replaced by a hydrophobic residue (upper end of
the correlation). In the V68N mutant (bottom of the cor-

v(Fe-NO)
552

“NO - "NO

45 500 550 600 650 700 1350 ' 1450 1550 ' 1650 ' 1750 relation), the positive polarity of His64 is augmented by the
Raman Shift [cm-1] Raman Shift [em-1] introduced asparagine side chain at the adjacent position 68
FIGURE 2: RR spectra (413.1 nm excitation) fiNO andSNO (see Figure 1). Together these distal pocket variants span a
adducts of WT Mb and the difference bands f¢Fe—NO) and vCO range of 60 cmt.
V(N-0). It is apparent that the polarity influences are essentially

) o the same fowNO as forvCO. The slope of theNO/¥CO
Because of these Fermi resonances, determining the NOgqre|ation is 0.89, establishing tha8O andvNO are almost
frequencies is not straightforward. To estimate the unper- eqajly sensitive to back-bonding changes resulting from
turbed N-O stretching frequencies, we curve-fit the differ-  gistal polarity influences. There are a few deviant points on
ence spectra (Figure 3), using one or two components for e ,NOA/CO correlation for which reasonable structural
each vNO band, and averaged the doublet frequencies. explanations can be advanced.

Because of the low signal/noise ratio, the fitting had to be  The H64V/T68T double mutant has an anomalously high
constrained. We did this by applying the physically reason- ,, c_), as a result of a negative polar interaction, which
able assumptions that the bandwidth be constant (10-cm  giminishes back-bonding36). The structural basis for this
was chosen from the width of the bands without Fermi gffact is the orientation of the introduced Thr 68 residue,
resonance) and that the frequency separation between thg hich is H-bonded to the backbone carbonyl oxygen of His
averagedNO and®NO frequencies be close to the value g4 and presents a lone pair to the bound CO. This localized
calculated for an isolated NO oscillator, 30 CiThe spectra  inieraction is unlikely to be maintained for bound NO
cgmputed from the fitted bands are shown as dotted lines inpecause the FeNO unit is bent with the O atom pointing away
Figure 3. from residue 68 (Figure 1), whereas the FeCO unit is upright.
The results (Table 1) show a range of frequencies, from Consistent with loss of this interactioriNO (1631 cn1?) is
1601 to 1638 cm'. Because of the band fitting procedure, at the normal all-hydrophobic value exhibited by other
the uncertainty of theeNO values is estimated to he4 mutants in the upper cluster of the correlation. On the other
cmt. However, as will be seen, the frequencies are very hand, the F46V and F46L mutants exhibit all-hydrophobic
well-correlated with the CO stretching frequencies of the CO values forvCO but somewhat depressed values #dO.
adducts of these same Mb variants (Figure 6), lending The His 64 side chain swings away from the bound CO in
confidence in the methodology. TheFeN frequencies  F46V because the buttressing effect of the adjacent Phe 46
(Figure 4, Table 1), which are not subject to the Fermi side chain is losti2, 36). The CO is left in a hydrophobic
resonance complication, range from 547 to 570 €rithe environment. We infer that bound NO retains a hydrogen
genetic background, sw sperm whale, = human, and p  bonding interaction with His 64 in the F46V, and possibly
= pig, is indicated for all the mutants. Where comparisons in the F46L mutant, probably as a result of the more polar
are possible for the same distal pocket in different back- nature of the FeNO complex. However, this interaction is
grounds, the vibrational frequencies are essentially the sameyeakened relative to the wild-type protein (highéO).
(Table 1). vFeNQvNO Correlation.WhenvFeNO is plotted against
Although variable, these frequencies are characteristic of YNO, a straight line of negative slope is obtained for protein-
6-coordinate NO heme adducts, indicating that the proximal free 5-coordinate adducts (Figure 7), as described previously
histidine ligand is intact 49, 30). For 5-coordinate NO  (17). This behavior is diagnostic of back-bonding since
adductsyNO is distinctly higher, ca. 1665 criy while vFeN enhanced back-donation from Rad NO z* orbitals weaken
is distinctly lower, ca. 520 crt (17). We examined several the NO bond while strengthening the RO bond. The
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Ficure 3: 1514\O difference RR spectra in thdN—0O) region for MbNO mutants involving (A) H64, (B) V68, and (C) F46/L29 (413.1

nm excitation). The genetic background is indicated by the subscript= sperm whale, k= human, and p= pig). The dotted line is the
result of curve fitting with 50% Gaussian/50% Lorentzian, using 10'chandwidths.

Table 1: Vibrational Frequencies and Isotope Shifts (®nfor 6-Coordinate Fe[ll]NO Recombinant Myoglobin

v(*N-0), v(*N-0), v(*N-0), v(*N-0),

proteirt curvefit avg curvefit avg ANOP v(Fe—NO) ANOP
human WT 1620/1604 1612 1586 1586 27 552 5
pig WT 1612 1612 1589 1589 23 551 3
sperm whale WT 1614 1614 1590 1590 24 550 11
H64Q, 1625/1613 1619 1589 1589 30 555 3
H64G* 1636/1629 1633 1613 1602 31 554 5
H64A, 1631 1631 1607/1589 1598 33 555 4
H64V, 1634 1634 1613/1587 1600 34 557 8
H64l, 1640/1636 1638 1620/1609 1615 24 558 10
H64L.° 1635 1635 1614 1614 21 563 10
V68Fsy 1611/1598 1605 1585/1564 1575 30 570 b15
V68S, 1614 1614 1588 1588 26 547 11
V68N, 1595 1595 1566 1566 29 551 10
V68G, 1620 1620 1588 1588 32 549 20
V68A, 1623/1611 1617 1589 1589 28 551 b15
V68Tye 1632 1632 1602 1602 30 548 6
V68T/H64V, 1631 1631 1615/1591 1603 28 553 b13
FA6Wsy, 1618 1618 1588 1588 30 552 4
F46Lsy, 1621/1616 1619 1595/1583 1589 30 550 5
FA46Vsy 1623 1623 1590 1590 33 552 9
FA46As 1636 1636 1615/1591 1603 33 551 5
F46l,, 1640/1629 1635 1611/1590 1601 34 548 4
L29Ws,° 1622/1608 1615 1586 1586 29 559 10
L29Fsw 1609/1592 1601 1583/1561 1572 29 551 3
L29F/H64Q, 1626/1602 1614 1593/1581 1587 27 558 11

a Subscripts indicate the genetic background of the mutant proteiashtiman, p= pig, and sw= sperm whale® The values of the isotope

shift are not precisely determined because of the broad bandwidth efflee NO) band, as well as overlap with porphyrin modeAlso reported
by Tomita et al. 19).

slope of the correlation;-0.40, is the same as for 5-coor- largervNO values. The bottom of this fan is the negative
dinate adducts of CQO3{). The low-pH, 5-coordinate form  correlation line obtained from the 5-coordinate NO adducts,
of MbNO falls in the middle of this line. while the top of the fan is a line on which the three Leu29
However, the NO correlation differs markedly from the mutants fall. Although some of the scatter in the data may
CO correlation when the 6-coordinate adducts are consideredreflect uncertainties stemming from the Fermi resonances
In the case of COyFeC andvCO remain negatively of vCO, as discussed above, it is evident that the mutants
correlated, but the line is displaced and its slope is increased,are not distributed randomly within the fan since replace-
owing to the electronic effects of the trans ligai@)( When ments at a given distal position fall approximately on lines
the data for the 6-coordinate NO mutants are examined,with different slopes. Thus, there is a relationship between
however, substantial and seemingly irregular deviations from the slope of theeFeN#NO correlation and the geometric
the 5-coordinate line are observed, in the direction of higher position of the residue replacements.
vFeN and/orvNO frequencies (Figure 7). TheFeN~NO What would alter these slopes from the expected negative
plot for the mutants describes a fan that diverges toward value seen for the 5-coordinate adducts? Since this negative
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Ficure 4: RR spectra (413.1 nm excitation) in théFe—NO) 1610 4
region for the indicated MbNO mutants.
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Ficure 6: v(N—O)W(C—0) correlation for the indicated Mb
WTy/ pH 4.0 mutants. Data taken from Table 2. Outliers are marked with open

diamonds-see text for explanation.

Table 2: Vibrational Frequencies (cf) for NO and CG Adducts
of Mb Mutants

Horse Mb/ pH 4.0
proteirp v(Fe-NO) »(N—-0O) »(Fe—CO) »(C—-0)
human WT 552 1612 508 1941
pig WT 551 1612 490 1944
H93Y,/ pH 7.0 sperm whale WT 550 1614 580 1945
H64Q, 5565 1619 507 1945
H64G, 554 1633 492 1965
H64A, 555 1631 490 1966
H64V;, 557 1634 488 1967
[ ; , T ; ; : ; ‘ H64l, 558 1638 490 1968
1400 1450 1500 1550 160? 1650 1700 1750 1800 H64Lh 563 1635 490 1965
Raman Shift [em-1] V68Fsw 570 1605 n.d. 1940
Ficure 5: 114NO difference bands (413.1 nm excitationpgRN— V68S, 547 1614 n.d. 1949
O) for 5-coordinate NO-heme protein adducts: horseradish per- V68N, 551 1595 526 1922
oxidase at pH 3.0 (phosphate-HCI buffer), three Mb variants (the V68G, 549 1620 n.d. 1939
sperm whale L291 mutant and wild-type human and horse Mbs) at V68Ax 551 1617 n.d. 1943
pH 4.0 (phosphateacetic acid buffer), and the H93Y Minutant V68T 548 1632 493 1961
at pH 7.0 (phosphate buffer). H64V/V68T, 553 1631 478 1984
FABWsy 552 1618 n.d. 1947
FABLsw 550 1619 n.d. 1962
slope is a signature of back-bonding, we infer that the deviant F46Vsy 552 1623 489 1962
behavior shown by the mutants reflects an additional source F46Asw 551 1636 ”-g- 1963
of variability peculiar to NO. The likeliest source involves Egg\'j\"; gég %gfg E'd' igig
changes in the FeNO geometry as a result of steric and |_29|:SVSVW 551 1601 525 1932
electronic interactions with the protein. L29F/H64Qu 558 1614 513 1942
DFT Estimation of the Sensitty to FeNO GeometryTo aCO data taken from refg2, 15, and33—35. P Subscripts as in Table

gauge the possible effects of geometry alteration, we turned1i. ¢n.d.: not determined.
to model calculations on the complex (NO)Fe(P)(ImH) (P
= porphine and ImH= imidazole) using DFT. DFT is  However, the FeNO angle was accurately calculated and
known to give a good account of geometries and vibrational changed very little upon adding the ImH, consistent with
frequencies for metalloporphyrin8&, 39) and was applied  experiment 40).

to (NO)Fe(P) 17). When the ImH ligand was added to the Consequently, DFT is likely to provide a qualitatively
5-coordinate model, DFT was found to miss the pronounced correct account of the consequences of altering the FeNO
trans-labilizing effect of the NO1(). The computation  angle, even if the quantitation is uncertain. To gauge this
produced a normal FelmH bond length, and appreciable effect, we applied the same methodology as described in ref
lengthening of the FeNO bond, contrary to experiment. 17, constraining the FeNO angles to values which are 10




Raman Spectroscopy of Nitrosyl Myoglobin Mutants

600 G, 129070) -
590 ]
580 | 6o HONO)
57 ]
560 ]

o W E 6-c, VGB(ND)

viFe-NO) in em 1

6, FA6(NO)

540 A

530 4

5.c, MBINO, pH 4
| S-c, Fe(PXNO)
\ L]
520 - Y\
\\ =
510 . . ' . .
1505 1615 1635 1655 1675 1695
V(N-0) in cm!

Ficure 7: v(Fe—NO)/(N—O) correlations. The points for 5-
coordinate NO adducts are from rEf except MbNO (pH 4) ),
which is from ref20, while the points for the Mb mutants are from

Table 2. Dotted lines connect mutations at the indicated positions:

L29 (a), H64 (+), V68 (@), and F46 ©). The dashed line is the
suggested back-bonding correlation for the 6-coordinate MbNO
adducts in the absence of distal steric or polar influences.

Table 3: DFT Calculated Energies (kcal/mol), Vibrational
Frequencies (crf), and Structural Parameters (A) for an
Fe(P)(Im)(NO) Adduct under Distortion

Fe—NO Angle
parameters 13126 141.6 151.6
Fe—-NO (A) 1.810 1.786 1.780
N-0 (A) 1.204 1.201 1.120
v(Fe—-NO) 499 541 540
»(N—0) 1614 1687 1718
energy (kcal/mol) 1.18 0 0.94

larger and smaller than the calculated equilibrium angle,

141.6. All other structural parameters were allowed to
optimize in response to the angle constraints.

The results are given in Table 3. As might be expected,

the bending potential is soft. Opening the angle by ddsts
0.94 kcal/mol, while closing it 10 costs 1.18 kcal/mol.

Biochemistry, Vol. 42, No. 17, 20031901
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Ficure 8: DFT computed/(Fe—NO) andv(N—O) frequencies for
the equilibrium angle, 141%6and for£10° changes in angle. The
solid line is drawn through the equilibrium data point with a slope
of —0.40, the back-bonding slope for 5-coordinate No adducts.

opening the angle increases the effective mass of the
oscillator @0).

The calculated frequencies are plotted in Figure 8, and a
line with the experimental back-bonding slope for 5-coor-
dinate NO adducts is drawn through the 141(Gatural
angle) point. We see that external influences that widen the
FeNO angle are expected to incread¢O from the value
expected on the basis of back-bonding alone, with little
change ivFeN, while closing the angle decreases bat®©
andvFeN.

DISCUSSION

The present results reveal similarities and also striking
differences in the pattern of vibrational frequencies for-NO
heme adducts vis a vis their Ceme counterparts. To
understand these patterns, we refer to the valence isomer

However, the effects on the calculated frequencies are large ponding model 17) illustrated in Figure 9. For both CO and

and they are asymmetrical. The mode label€@N has
contributions from FeN—O bending and from porphyrin
coordinates, as noted above, but—é stretching is the
largest contributor (over 65% of the potential energy)],
and the'®N isotope shift is as observed in the RR spectra.
Closing the angle by XOproduces large reductions in both
vNO (=74 cml) andvFeN (=41 cn?t), whereas opening
the angle by 1®increasesyNO substantially {30 cn1?)

but leavesvFeN essentially unaltered—Q@ cnt). The

NO, the bonding is dominated by electron back-donation
from the filled d, orbitals on Fe to the ligand* orbitals.
The #* orbitals are empty for CO, and back-bonding is
maximized by the upright geometry of isomer I. However,
NO has an electron in itst* orbitals, which creates an
antibonding interaction and induces FeNO bending. The
bending reduces the overlap in one plane (shown as xz in
Figure 9); the relief of the antibonding interaction is paid
for by the loss in back-bonding. However, back-bonding is

electronic contribution to these shifts can be seen in the undiminished in the xy plane and is actually strengthened,
calculated bond distance changes (Table 3). Closing the angleelative to CO, by the lower* orbital energy of NO than

by 1¢° lengthens the NO bond by 0.0031 A and the-Fe
NO bond by 0.024 A, while opening the angle by Brinks
the NO bond by 0.0015 A and the F8/0O bond by 0.006
A. The vNO shifts scale roughly with the NO distance
changes; theeNO downshift for—10° is about twice the
upshift for+10°. Correspondingly, theFeN upshift at-10°
should be about one-fourth the downshift-at0°, but the

of CO (because of the higher effective nuclear charge on N
than on C). These offsetting factors, loss of back-bonding
in the bending plane and increased back-bonding in the
perpendicular plane, leave NO with about the same extent
of back-bonding as CO, as reflected in similar slopes for
thevFeXiXO correlations of 5-coordinate adducis’) and

also in the near-unity slope of theNO/¥CO correlation

small expected upshift is canceled by a kinematic effect since (Figure 6) of the Mb mutant adducts in this study.
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? 3). A weakened FeNO bond would increase the slope of
-ﬁ o’ - the vFFeN~NO back-bonding line because the sensitivity of
Nl o NS vFeX to changes in Fe-XO back-bonding increases when
Ny 4 J’ the Fe-X distance increased 7).
Fe <, "__'?'cd.-" This consideration leads us to a hypothesis about the
& o meaning of the fan-shaped-eN//NO plot (Figure 7) for
! v’ L the 6-coordinate Mb mutant adducts. We propose that the
I I back-bonding reference point for the 6-coordinate protein
adducts is not the wild-type protein but rather one of the
mutants in which the distal histidine is replaced by a sterically
-f”’ 4 , neutral hydrophobic residue (e.g., H64L or H64l). These
Ngll» v Ny mutants express the back-bonding influence of the proximal
} ’ e c!_ . Fe—His bond without additional polar or steric influences.
Fe M~ s ; The appropriate back-bonding line might then be something
dy ’ like the dashed line in Figure 7, with a larger slope than the
L s - 5-coordinate line. The points for the remaining mutants and
FIGURE 9: Valence isomer bonding model for herdO adducts. for wild-type protein would then be below the back-bonding
See Discussion in text. line appropriate for the proximal FeHis bond of Mb. These
i ) deviations are in the direction suggested by the model DFT
In protein-free adducts, the FeNO angle is ca.*1@#a— calculation for FeNO angles less than the equilibrium value;
43). This value can be viewed as resulting from the valence hey could result from steric crowding by distal residues and
isomer equilibrium (Figure 7) between a T2ee[lI}(NO~) from adjustments in the FeNO angle that optimize polar
unit with a N=O double bond (isomer Il) and a linear jneractions. The fan then represents deviations that depend
Fe[l](NO™) unit with a N=O triple bond (isomer 1) 17). on the exact position of the distal residue being substituted.

(Two structures are not observed in the RR spectra, implying The deviations converge toward the wild-type protein,

that equilibration is rapid on the vibrational time scale; the yresumably because it has the smallest FeNO angle as a result
term resonance could be applied instead, except that theys sieric and polar interaction with His64.

nuclei are significantly displaced between the two resonance
forms.) The transition between isomer Il and | requires
transfer of a pair of electrons from NQo the Fe[lll]; one

of these electrons fills the vacancy in thg drbital, while

One may ask why similar influences are not manifested
for the CO adducts of the Mb mutants, even thougtO
andvNO show similar sensitivity to polar influences. The
the other enters the/dorbital, thereby repelliing the trans reason is that modest displacements from the electronically

ligand, L. This is the origin of the strong trans effect exerted p.refer_red 180 FeCC_) angle do not materially affect the
by NO (41-43). vibrational frequencies3g). In contrast, small changes in

the FeNO angle produce large changes in vibrational
0 frequencies (Table 3) because of the electronic effects of

angle. In protein-free 6-coordinate NO adducts, the reportedt_he. vale_nce _isomer equilibrium, especially when this equi-
decrease in the FeNO angle is smail°, whereas the £Fe I|br|u_m is dls_placed towarq smaller ang_les by en_fc_)rced
distance is long~2.3 A (41—43). Thus, the I=Fe bond is proxlmal ligation. The b_ondlng becomes highly sensitive to
insufficiently strong to shift the equilibrium very far toward ~ Stéric as well as polar influences.
isomer 1. However, the situation may be differentin aheme It would be helpful to have vibrational data on protein-
protein where the interaction with the proximal ligand is free 6-coordinate N©heme adducts, to calibrate the pos-
enforced by the polypeptide structure. This view is strongly tulated constraining effect of the protein. Lipscomb et al.
supported by the surprisingly acute FeNO angle,°112 (49) reported RR bands for some 6-coordinated (NO)Fel[ll]-
determined by X-ray crystallography on MbN@4j, a value (OEP)L adducts, but the citee~eN frequencies are close
consistent with earlier single-crystal EPR measuremdifis ( to those of 5-coordinate adducts, as pointed out by Tomita
46) (although a frozen solution multiple-scattering EXAFS et al. (19), who were unable to obtain 6-coordinate spectra
study indicates a much shallower angle, LgLY)). The extra because of the lability of the trans ligand. We also tried to
bending is attributable to the combination of H-bonding from obtain spectra in the presence of a large excess of various
the distal histidine44) and strengthened proximal bonding; imidazole ligands but without seeing any change in the
the Fe-His bond is reported to be as short as that of the CO 5-coordinate signals. It is possible that the Raman laser drives
adduct @4). In contrast, the NO adduct of lupin leghemo- off the weakly bound trans ligand since infrared spectra have
globin (48), which has a 145bond angle, does not have a been reported for (NO)Fe[ll](protoporphyrit{methyl-
close interaction with the distal histidine, and its—is imidazole) withvNO in the 6-coordinate rangeé@, 51).
bond is reported to be longer than that of the CO adduct. Interestingly, the value in aprotic solvents, 161618 cm?,
(However, there is some question about the absolute bondis distinctly lower than the-1635 cm? value exhibited by
length, which is given as 2.22 A, essentially the same as the hydrophobic pocket Mb mutants. We suggest that this
that of MbNO, 2.18 A)) difference is a reflection of the altered back-bonding slope
The 112 angle implies a shift of the valence equilibrium resulting from the strengthened proximal ligand bond in the
entirely to isomer Il, and the FENO bond should be  protein. (Without a value forFeN, we are unable to test
correspondingly weakened; the DFT computations predict this interpretation by locating the 6-coordinate model com-
lengthening of this bond with decreasing FeNO angle (Table pound in the back-bonding plot.)

Binding of L to 5-coordinate N©&heme is expected to
shift the equilibrium toward isomer Il, decreasing the FeN
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CONCLUSIONS

The analysis of metalligand vibrational frequencies is
more complex for FeNO than FeCO in heme proteins. The
additional complexity stems from the extra antibonding
electron on NO, which bends the FeNO unit and poises the
structure between two isomeric forms, with differing bond
orders. The vibrational frequencies are sensitive both to
electronic polarization, which tunes the degree of back-
bonding, and to the strength of the bond to the trans axial
ligand, which alters the valence isomer equilibrium and
therefore the FeENO angle. As a result of this equilibrium,
the FeNO angle is also sensitive to steric and polar forces.
Consequently, a plot afFeXi”XO shows much more scatter
for NO than CO. Within the scatter, some trends emerge
that point to the importance of the heme pocket geometry in
determining the frequencies. Thus, the data contain poten-
tially valuable structural information. However, extracting
this information will require improvements both in compu-
tational capabilities and in the available database. Encourag-
ingly, the vNO values correlate very well withCO for a
common set of proteins, reflecting similar sensitivity to the
electrostatic potential. It is likely that deviations from this
correlation reflect altered distal interactions for NO relative
to CO.
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