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ABSTRACT. The NO adducts of leghemoglobin (Lb) are implicated in biological processes, but only the
adduct with ferrous Lb (LENO) has been characterized previously. We report the first characterization
of ferric nitrosylleghemoglobin (LBNO) and XAS experiments performed on frozen aqueous solutions
of Lb"NO and LH'NO at 10 K. The XANES and electronic spectra of the NO adducts are similar in
shape and energies to the myoglobin (Mb) analogues. The environment of the Fe atom has been refined
using multiple-scattering (MS) analyses of the XAFS data. FON®, the MS analysis resulted in an
averaged FeN(pyrrole) distance of 2.02 A, an Feé\.(imidazole) distance of 1.98 A, an Fé&lyo distance

of 1.77 A, and an FeN—O angle of 147. The Fe-Nyo distance and FeN—O angle obtained from the
analysis of LHNO are in good agreement with those determined crystallographically for [Fe(TPP)(NO)]
(TPP, tetraphenylporphyrinato), with and without 1-methylimidazole (1-Melm) as the sixth ligand, and
the MS XAFS structures reported previously for the myoglobin {M®) analogue and [Fe(TPP)(NO)].
The MS analysis of LBNO yielded an average Fe\, distance of 2.00 A, an FeN, distance of 1.89 A,

an Fe-Nyo distance of 1.68 A, and an F&—O angle of 173. These bond lengths and angles are
consistent with those determined previously for the myoglobin analogué i@ and the crystal structures

of the model complexes, [EHETPP)(NO)(OH)]™ and [Fe(OEP)(NOJ)] (OEP, octaethylporphyrinato).
The final XAFSR values were 16.1 and 18.2% for 'O and LB'NO, respectively.

Leghemoglobin (Lb) (1—4) is a small (16-17 kDa) but not to met-Mb 8). The NO adducts of Lb may have a
protein that facilitates the transport of, @ respiring N- physiological role in the control of Nfixation, since nitrate
fixing bacteria at concentrations of free, @o low to is a known physiological inhibitor of nitrogenase activity,
inactivate nitrogenase3). Although the structure of Lb is  which might be exerted through its reduction to nitri8. (
similar to that of myoglobin (Mb), Lb has a much higher In vivo, nitrite is reduced in the presence of Lb to form
affinity for O, principally because the association rate is nitrosyl Lbs (7), which inhibits their ability to bind @
10-20 times higherd). The more accessible distal cavity ~ Most solution studies of Lb have used hffrom soybean
in Lb versus Mb is also reflected in the binding of bulky (Glycine may, while most of the XRD studies have used
ligands such as propionate, butyrate, valerate, and nicotinateLb || from yellow lupin (Lupinus luteul(7—10). While these
(5, 6), which bind to met-Lb almost as freely as does acetate, proteins are distant on the phytogenetic tré® @nd differ
significantly in length (Lba has 143 residues, Lb Il has 153
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linear Fe-N—O moiety, with an Fe(I)-NO" electronic with Tris-HCI (0.01 M, pH 9.2, 5C). The pooled fractions
structure, for the Fe(lll) adduc2{—26). The XRD and were then concentrated on a YM-10 filter, and the buffer
single-scattering (SS) XAFS structural information on NO was changed to AcH/NaAc (0.01 M, pH 5.2). The Lb acetate
adducts of heme proteins is confined to XAFS analysis of solution was loaded onto an AcH/NaAc-equilibrated DE-
sperm whale MBNO (27) and to the X-ray crystal structures  52-cellulose (Whatman) column, and four bands were eluted
of horse HHNO (28), RSNO-Hb'"NO (29), lupin Lb'"NO in the following order: Lba, Lb b, Lb ¢, Lb d. Using an

(9, 10, sperm whale MbNO (30), and the NO adduct of  Amicon and a YM-10 filter, the pooled La fractions were

cyt ¢ peroxidase 1). buffer-exchanged to KHWPO/K,HPQ, (0.01 M, pH 7.0) and
The errors in bond lengths and angles in the available XRD concentrated to a volume of 1.0 mk-{0 mM).
structures are expected to be relatively larg8.Q A in bond NO Adducts.Nitrogen dioxide was removed from NO

lengths even for the highest resolution 1.7 A structures). In (C.I.G. Matheson, certifiedt 99%) by bubbling it through 1
contrast, MS XAFS analyses can determine-Eebond M NaOH (21, 26, 38. A sample of LENO in KP: (0.1 M,
lengths accurate to 0.6D.03 A (32). The use of MS XAFS pH 7.0) was prepared by reduction of met-Lb with,8#,
analysis and restrained and constrained bond angles andlissolved in 10 mM NaOH to guard against a change irf pH.
distances for heme proteins and porphyrins has beenTo ensure complete reduction to deoxy-Lb, a 10-fold excess
described in detail in the early 199@3(-35). More recently, of N&S,0, (10 mL, 1.8 M) in 10 mM NaOH was added to
MS XAFS determinations of FeN—O bond angles in non-  a sample of met-Lb (130L, ~6.8 mM) after flushing each
heme Fe complexes€), Mb"NO and MB'NO (37), and solution with Ar (20 min) 20). The deoxy-Lb solution (140
nitric oxide reductase2@) have been reported. uL, ~6.3 mM) was flushed with NO for 25 min after which
MS XAFS analyses were undertaken to (i) obtain more the color had changed from blood red to brick red,
accurate Feligand bond length and FeN—O bond angle characteristic of low-spin, six-coordinate heme prote893.(
data than those obtained from XRD of 'O (9, 10); (i) Lb"NO was obtained from met-Lb (13@., ~8.4 mM)
obtain information on the previously unreported'INO; and in KP; (0.1 M, pH 7.0) buffer by flushing with Ar (20 min)
(i) compare the resulting structures with the analogous and then NO (25 min). As soon as the met-Lb solution was

MbNO adducts 7). exposed to NO, it was kept on ice to reduce the rate of
“autoreduction”.
EXPERIMENTAL PROCEDURES Preparation of Protein Samples for XAFES sample vial

containing glycerol (40% v/v, Aldrich, 9945%) was flushed
with Ar (20 min) and then NO (10 min). Both sample and
glycerol vials were transferred to a glovebag where the LbNO
solution was syringed into the vial containing glycerol, and
the mixtures were homogenized using a vortex. Thé-Lb

General Procedureslroteins were handled using protein-
clean glassware that was soaked overnight in dilute RBS 35
(Stansens Scientific) solution followed by concentrated nitric
acid (15 M), NaH.,EDTA solution (0.1 M), and Milli-Q

water. NO (230uL, ~3.8 mM) and LB'NO (220uL, ~3.4 mM)

Protein solutions were stored at°€, or for storage of  go|tions were frozen-30 min and~1 h, respectively, after
>1 week, samples were frozen in the stable, ferric fat8) ( exposure to NO.

in screw-capped vials and stored in liquig. The absorption Lucite protein XAFS cells (14QiL, 23 x 2 x 3 mm)
ratio of thaweq and repurified La was measured to chgck with 63.5um Mylar tape windows V\}ere cleaned by ultra-
for denaturation Asoe(Aze0 = 5.4; >5.0 for met-Lb is  gonication in EtOH (1520 min), thoroughly rinsed with
considered acceptablel). AR reagents were used for i 5 ater, soaked overnight in NEDTA solution, rinsed
buffer p_reparatlons, and Milli-Q water was used to prepare thoroughly with Milli-Q water, and finally rinsed with
all solutlon's. ) deoxygenated buffer in an Ar-filled glovebag. The Lb
_Electronic spectra were recorded using a Cary SE-UV  gojutions were syringed into the XAFS cells, which were
visible-NIR spectrophotometer-€0°C, 0.5-nm resolution,  then sealed with high-vacuum silicone grease (Dow Corning)
scan rate of 900 nm/min) or a Hewlett-Packard 8452A diode g snap-frozen in a liquid #-hexane slurry (178 K).
array spectrophotometer~20 °C, 2-nm resolution) for X-ray Absorption Spectroscopy (XAS) Measurem#s
samples used for the XAFS analyses (after 1000-fold gpecira were recorded at the Stanford Synchrotron Radiation
dilution). Spectra were recorded for 'O and LH'NO Laboratory (SSRL) on the unfocused beamline813 GeV,
peri_odigally during the p_reparations to examine the extent g5 10g mA), using a Si(220) double-crystal monochromator
of ligation and after their exposure to the X-ray beam 10 yeqyned 509% at 8257 eV to reduce harmonic contamination.
monitor any degradation of the protein. Protein samples were 1o temperature was maintained at 10 K using an Oxford
concentrated using a Sorvall RC-5B refrigerated superspeednsiryments continuous-flow liquid helium CF 1208 cryostat.
centrifuge (Du Pont) and SS-34 rotor (8000 rpm;2°C) The X-ray energy was calibrated using an Fe foil (first
or a Beckman-GPKP centrifuge and SS-34 rotor (8000 rpm: jxfiection point, 7111.2 eV)40). Fluorescence spectra were
2-4°C, SSRL). collected using a Canberra 13-element Ge array detetdr (
Purification of Protein (11).Crude soybean Lk was  and were averages of multiple scans. Each scan consisted
dialyzed against a Tris buffer solution (0.1 M Tris-HCI, pH of 51 data points in the preedge region 678985 eV, 433

7.7, 0.0001 M EDTA) and then concentrated using an data points in the edge region 7088150 eV, and 288 data
Amicon concentrator and a YM-10 membrane (Millipore). points in the XAFS region 71588257 eV.

A solution of Lb (~9—11 mM) was oxidized with a 10-fold
excess of solid KFe(CN)] (Fisher, ACS reagent). 2 Appleby, C. A., personal communication, 1996.

[Fe(CNY*™ and any other small molecular weight species s The data were obtained with a more modern detector, which could
were removed using a Sephadex G-15 column preequilibratediake up to 150 000 counts’s
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FiGURE 1: Electronic absorption spectrum of '!NO (~3 uM)

for a solution in 40% aqueous glycerol (pH 7.0, 0.1 M;K&sed

in the XAFS experiment (3.4 mM) that had been diluted 1000-
fold.

Photodecomposition of Protein SamplBsiring the LY'-
NO data collection, the absorption edge shifted to lower
energy, as a function of exposure time. To reduce this
photodamage (i) two samples were used, and (ii) when the

shifts in the edge became apparent, the beam was moved to

a fresh “spot” on the sample. A total of 18 scans, consisting
of 3—7 scans from two spots on each of two samples, were
recorded.

Refinements (42)The XAFS data were analyzed using
the program XFIT 42).* The bond length, bond angle, and
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FiIGURe 2: Edge spectra of (a) horse heart'Mi© (—) as compared

with Mb"'NO (- - -) and (b) soybean L'tNO (—) as compared with

Lb"NO (- - -).

other geometrical restraints applied to the model have beentq 3 difference of 0.6 eV between the edges obtained from

reported in detail elsewher&Z, 37. A weight (w) value of

the first scans of LBNO and LB'NO. The XAFS model

8 was applied to the XAFS data relative to the restraints, \as fitted to the average of the 14 scans with edge shifts of

since this resulted in root-mean-square (rms) deviations

less than 0.24 eV. As the edge shift'INO was negligible

between refined and ideal values of geometrical parameters(ayerage shift 0.05 eV), all 22 scans were used.

close to the specified..svalues. Monte Carlo error analyses
were also performed as reported previoud,(37, 42.

RESULTS

Preparation and Electronic Spectra of LbONO Addudtse
purity of the NO adduct used in the XAFS analysis was
established from the electronic absorption spectrum of
Lb"NO (43). Attempts at preparing L'NO by autoreduction
of the LB"NO adduct did not yield spectra characteristic of
Lb"NO (prepared by reaction of deoxy-Lb with NO in the
absence of ).

MS XAFS of LbNO and LH'NO. The observed and
calculated MS XAFS, the corresponding Fourier transforms,
the residuals, the window functions used in the Fourier filter,
and the refined Fe environments for'iNO and LB'NO
are shown in Figures-35, respectively. The FeN bond
lengths and FeN—O bond angles together with the corre-
sponding values from other XAFS and XRD analyses of
ferrous and ferric nitrosyl proteins and complexes are
summarized in Table 1. For I'bO, the MS analysis gave
Fe—Np(av) as 2.02 A, FeN, as 1.98 A, FeNyo as 1.77
A, and the FeN—O angle as 147 (R = 16.1%). The

Lb'""NO has not been reported previously, but samples canFe—Ny(av) and Fe-Nyo bond lengths are in good agreement

be prepared in a manner similar to MHO (37). The
electronic absorption spectrum of ''NO (Figure 1) is
similar to that of the well-characterized MbIO (39). This,
together with the X-ray absorption edge spectrum as
compared to MBNO (see below), was used to show that
the sample of LHNO was>90% pure.

Edge Spectra and Photodamage of LoN®e XANES
spectra of LBNO and LB'NO are very similar to those of
their MbNO analogues (Figure 2). During data collection
from Lb"NO, an edge shift to lower energy of up to 0.5

with the X-ray crystal structures of [Fe(TPP)(NO)(1-Melm)]
(44), [Fe(TPP)(NO)] 45, [Fe(OEP)(NO)] 46), and
Lb"NO (9, 10 and the XAFS structure of [Fe(TPP)(NO)]
(387). However, the FeN, bond distance determined from
the MS analysis is considerably shorter than the correspond-
ing XRD distances in both [Fe(TPP)(NO)(1-Melm)] and
Lb'"NO (1.98 A, cf. 2.180(4) and 2.20(7) A).

The bond lengths and angles obtained from the MS
analysis of LB'NO are 2.00, 1.89, and 1.68 A for Fé&l,-
(av), Fe-N,, and Fe-Nyo, respectively. The FeN—O angle

eV, compared to the first scan, was observed. This comparesvas 173 (R = 18.2%). The Fe-Ny(av) and Fe-Nyo bond

4This program incorporates FEFF 6.01 for MS [Rehr, J. J., Albers,
R. C., and Zabinsky, S. . (199Bhys. Re. Lett. 69 3397-3400].

lengths are similar to those determined from the X-ray crystal
structures of [Fe(TPP)(NO)(OH* (47), [Fe(OEP)(NO)I
(47), and [Fe(OEP)(NO)L] (48).
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FIGURE 3: (a) XAFS and (b) Fourier transform amplitude of XAFS

of soybean LBNO: observed-), calculated from refined model
(- - -), residual (--), window used in Fourier filter-).
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Ficure 4: (a) XAFS and (b) Fourier transform amplitude of XAFS
of soybean LNO: observed-t), calculated from refined model
(- - -), residual (--), window used in Fourier filter-).

Precision of the XAFS-Dered ParametersA series of
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(a) Z Fe-N-O = 147°

(b) £ Fe-N-0 =173°

Ficure 5: XAFS-derived molecular structures of the active sites
of (a) LB'NO and (b) LW'NO at 10 K.

the precision of the XAFS-derived F& distances and Fe
N—O angle. Specifically, the effects on the-Hd—0O angle

of varying the restrained NO distance by+0.01 A and of
varying the Fe-N. distance over a range of approximately
0.5 A were determined. The imprecision in the ¢
distances and FeN—O angle arising out of noise in the data
was also calculated.

Effect of Varying the NO Distance on the FeN—O
Angle in LWNO and LB'NO. For the XAFS refinements,
the N—O distance was restrained to a value of 1.12 A taken
from model compounds. To account for the uncertainty in
this value, the effect on the F&\—O angle of a 0.01-A
change was determined. A variation of the restraineeCN
distance in the refinement of I'NO by +0.01 A resulted
in a variation of 2.5 in the Fe-N—O angle (Table S1).
Hence, if the uncertainty in the NO distance is 0.01 A,
then the consequent uncertainty in the-e-O angle is
approximately 1.3 For LB"NO, the variation was 72
corresponding to an uncertainty of approximately’ 3n&he
Fe—N—O angle. These esd values were used in calculating
the overall estimate of the rms error ilFe—N—0O.

Effect of Varying the FeN, Distance Because the XAFS
from the imidazole ring of the proximal histidine is expected
to be similar to that from the four rings of the heme, but
somewhat weaker, the F&\. bond distance is expected to
be the least well determined of the Fd distances. To
determine the effect of varying the +&l. bond length on
the Fe-N—O angle and FeNyoc bond distance in soybean

tests were conducted to investigate factors potentially limiting Lb"NO, a series of refinements was conducted with the
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Table 1. Comparison of Feligand Bond Lengths and Angles in 1RO and LB'NO Obtained from MS XAFS Analyses with Those
Determined from Other XAFS Analyses or X-ray Crystal Structure Data

other refinement

Fe—ligand distances (A) FeelVNa Fe;nNgE)O DebyeWaller factorsp? (A?) parameters
species method N N/OH,/S Nno N—-O A °) Np N Nno  Ono Eo(eV) S22 R(%)
Lb"NO mMsP 2.02 1.98 1.77 1.12 2.01 147 0.003 0.001 0.002 0.007 7124.7 0.870 16.1
crystaf 1.99(7)  2.20(7)  172(7) 195 203 147(4) 18.4
Mb"NO Mse® 1.99 2.05 1.76 1.12 2.00 150 0.002 0.001 0.005 0.005 7125.0 0.865 13.8
crystal  2.0% 2.18(3) 1.89(4) 1.5 2.9 112
Hb'NO crystad 1.74 1.1 145(10)
RSNOHHNO crystal‘ 2.28 1.74,1.75 1.11,1.13 123,131 18.4
Cytc crystal 2.04 1.82 125,135
peroxidase (NO)
[Fe(TPP)NO)]  crystdl 2.001(3) - 1.717(7)  1.12(1)  2.00  149.2(6) 6.1
MSK 2.00 1.73 1.12 2.00 156 0.003 0.005 0.007 7126.3 0.970 12.7
[Fe(OEP)(NO)]  crystdl 1.99-2.02 1.722(2) 2.00  144.4(2) 4.2
[Fe(OEP)(NO)]  crystdl 2.00-2.02 1.731(1) 201 142.7(1) 41
[Fe(TPP)(NO)  crystaM 2.008(4) 2.180(4) 1.743(4) 1.121(8) 2.04 142.1(6) 7.4
(1-Melm)]
1.14(1) 138(1)
Lb"NO MsP 2.00 1.89 1.68 1.12 1.98 173 0.001 0.001 0.004 0.008 7127.2 1.13 18.2
Mb'"NO Ms® 2.00 2.04 1.68 1.13 2.01 180 0.001 0.001 0.006 0.006 7128.8 0.946 14.3
P450nor-NO M8 2.00 2.26 1.66 170
P450cam-NO M8 2.00 2.26 1.76 170
[Fe(TPP)(NO)  crystal’ 1.999(6) 2.001(5) 1.652(5) 1.150 2.00 174(1) 7.9
(OH)]™
[Fe(OEP crystafts  1.994(3) - 1.644(3) 1.112(4) 1.99 176.9(3) 6.3
(NO)]
[Fe(OEP) crystal  2.00 1.99-2.04 1.63-1.67 2.00 177
(NO)LJ*

2The average FeN distance includes the four Fé\, values and FeN,, if applicable.® This work; data were collected at 301 K and were
analyzed using the TPP modell.8 A resolution 9). The DPI value %7) for the structure was calculated to be 0.14 A giving estimated errors in
the Fe-L bond lengths of at least 0.2 A The error estimate in+L bond lengths is uncertaifi.Data were refined witfRpnax= 5.1 A (Ret = 10.2
A), number of legs= 6, and no filters] 285 unique paths were examined and included in the refiner@nt’ (The sperm whale MBNO structure
was refined to 1.7 A30); DPI value= 0.14 A, therefore, there are considerable errors in both the bond lengths afiF¢hél—O bond angle.
92.8-A resolution 28). The structure of horse MO was deduced by a difference Fourier map of HONO minus met-Hb, calculated using the

refined phases of met-Hb, [Ladner, R. C., Heidner, E. J., and Perutz,

M. F. (19¥0)l. Biol. 114 385-414]; henceR was not reported. Error

in Fe—Nno bond length is estimated to be at least 0.2 A. Deatherage and Ma8aegtimate the error infFe—~N—O to be+10°. "Ref29. ' Ref
31. i Data were collected at 293 K%). K Model included thex carbons of the phenyl substituen&). ' There are two different crystal structures

(46). mData were collected at 293 Ki4). " The two bonds and angles

represent the major and minor orientations of the nitrosyl oxygen. The

occupancy factors of the oxygen atoms were 0.67(3) and 0.32(2), respectithgcan average. 105 unique paths included in the refinement.
Errors inEy andS? were 0.2 eV and 0.014, respectiveBr). P P450nor refers to the nitric oxide reductase (nor) enzyme ffasarium oxysporum
which has been designated as a cytochrome P450 system because of its similarity to this class of enzymes. P450cam cetens phtnebound
form of cytochrome P450 fror®seudomonas putid@3). 9 Ref 47. " Data were collected at 96 KData were collected at 292 KThese are the
average of several structures with/ 1-methylimidazole, pyrazole, indazole, or pyrazid@)(

Fe—N. bond fixed at distances between 1.95 and 2.30 A in

Combined Estimates of PrecisioWith the exception of

0.05-A increments. There were no significant changes in the the Fe-N, values, the errors in the Fé\ due to noise are

resulting Fe-Nyo bond distance. The changes in the
Fe—N—O bond angle ranged from4° to —2° (Figure S1).
The best refinement resulted from an-Hé. bond distance
of 2.00 A R = 15.9%). This is in good agreement with the
Fe—N. bond distance obtained in the original refinement
(1.98 A). For LH'NO, when the Fe N, bond distance was
increased from 1.80 to 2.30 A in 0.05-A increments (Table
S5), there was no significant change in the-lRgo bond
distance. The changes in the-F¢—0 bond angle ranged
from +7° to —7° (Figure S1). As in the unconstrained
refinement, the best refinement had ar-ie bond distance
of 1.90 A R = 18.6%).

Imprecision Arising from Noise in the XAFS Dalonte
Carlo calculations of error due to noise in the data yielded
respective rms errors for I'BIO and LB'NO of 0.002 and
0.003 A for Fe-N,, 0.009 and 0.012 A for FeN,, and 0.004
and 0.006 A for Fe'Nyo. The errors introduced by noise in
the data are more significant for the-FH8—0O bond angle,
for which the Monte Carlo calculations yielded rms errors
of 3.0° and 5.3 for Lb"NO and LB'NO, respectively.

small as compared t4:0.02 A, the typical systematic error
in XAFS analyses49). Consequently, a precision of 0.02
A was estimated for the FeN bond lengths.

The estimated errors in the F&l—O bond angle were
obtained by combining the uncertainty due to the-@®
restraint with that due to noise in the data. For'N©,
combining the respective values of 3dhd 1.3, this yielded
a final estimate of 3.3° For L"NO, combining 5.3 with
3.6° yielded a final estimate of 5°5If the variation arising
from changing the FeN, distance is also included, these
values become approximately &nd &, respectively. Just
as in X-ray crystallography, these calculated errors may
underestimate the true errors, although bond length data from
a NO—Fe—porphyrin complex suggests that the errors in the
Fe—Nno and Fe-N, distances are within this rang87).

5 Estimate of rms error in the FeN—O angle for LINO: error in

OFe-N—0 = 4/(1.3°)*+(3.0°)? = 3.3°. Estimate of rms error in the

Fe-N—0 angle for L'NO: error inOFe—N—0 = 4/(3.6°)*+(4.1°)?
=55,
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To examine the sensitivity of the fit to the XAFS on the (3, 7). While Lb"NO is well-characterized, "/NO has not
Fe—N—O angle, refinements were performed with a range been reported. The preparation of the latter is the same as
of tightly restrained angles between 20nd 180 (0res = that used for MBINO, and its identity has been established
1°) for Lb"NO and LBW'NO. These restraints were then by the similarity of its electronic absorption and XAS spectra
removed, and the data were re-refined (Tables S2 and S3)and XAFS with those of the well-characterized 'N¥O (37).

For LB'NO, two minima were observed; when the initial Lb"NO is more sensitive to denaturation than'MO, as
bond angle was 109 the Fe-N—O angle refined to an indicated by the greater sensitivity to autoreduction and
unlikely angle of 102 after restraints were removed. For photoreduction of the Lb adduct, and the observation that
120, the angle refined to 130after the restraints were the autoreduction of MbNO in the presence of excess NO
removed, whereas for angles of 230r higher, the Fe does not result in denaturation. Nonetheless, with care in
N—O angle refined to a value of 147TheR values for the the handling of the LBNO adduct and careful monitoring
minima where the FeN—O angle refined to a value of 102  of photodamage, good XAS data were obtained at 10 K.
or 150 are 3.5% and 2.6% higher, respectively, than where Comparisons between MbNO and LbNThe use of

the angle refined to 147 In the refinements including the  restrained and constrained refinements in the XAFS analysis
Fe—N—O restraints, the FeN bond lengths did not deviate  of heme proteins is well-establishe®B( 34. In the present
significantly from those of the best fit at 147 case, the bond lengths and bond angles of the heme group

For LB'"NO there is only one minimum (178for starting and the imidazole were restrained to remain within the
angles>130°. When the restraints were removed for initial normal variations found in model complexed2( 37, and
starting angles of 10%r 120, the analyses refined to new symmetry and other constraints were applied to further limit
minima with bond angles of 9land 122, respectively, but  the number of variables that are free to refine. This combined
with higherR values. In the refinements incorporating the with the largek range results in a well-determined fit to the
Fe—N—O restraints, the FeN bond lengths deviated by less XAFS as compared with previous work on heme proteins
than 0.02 A. (33—35). The reliability of this approach has been demon-

As afinal test, the FeN—O angle was restrained to values strated by the excellent correspondence between the MS
between 100and 180, and MS refinements were performed XAFS-derived structures3@) and the recently published
with an FT XAFS window including only the region most X-ray structures of deoxy and met-Mb atl-A resolution
sensitive to the FeN—O angle ¢2.0-2.3 A). The varia- (50, 51 and its ability to reproduce accurately the bond
tions inR values illustrate the sensitivities of the data to this lengths in the model complex, [Fe(TPP)(NOJJ7j. While
angle (Figure S2). the XAFS-derived bond angle determined for this structure

Degree of Determinancy and AlternegiMethods of Error ~ was 7 larger than that derived by X-ray crystallography,
Analysis.The number of parameters being refingd,as the discrepancy may be an artifact of the 4-fold disorder of
compared to the number of independent poihis,can be the NO group in the crystal structure. For structures of NO
calculated to give the degree of determina&ip. If this adducts of Fe-porphyrins, where there is no disorder, there
ratio is less than 1, the fit is underdetermined and a uniqueis a tilt of 6—8° of the NO group from the plane perpen-
fit is not possible, whereas a ratio above 1 gives an dicular to the porphyrin46). As the authors point out, it
overdetermined problem, which can be used to give a uniquewas evident that all previous structures of such porphyrin
fit. To ensure that the problem is overdetermined for heme complexes had a similar tilt, which was not evident in the
proteins 84), constraints and restraints are required where crystal structure of [Fe(TPP)(NO)] because of the 4-fold
the value ofN; is given by disorder, except for the large temperature factors of the NO

_ _ nitrogen @5). Such a tilt in the crystal structure of [Fe(TPP)-

Ny = 2(An(Ak)/ + [DIN = 2) + 1] (1) (NO)] would result in the XAFS-derived angle being
whereD is the number of dimensions in which the refinement identical to the XRD-derived angle. Taken together, these
takes place (2 for the planar porphyrin, imidazole, and NO establish that our model has been able to reproduce accurately
units used in the analysis), aidis the number of atoms in ~ bond lengths and angles in related systems. This gives us
the unit. The model used in these calculations together with considerable confidence in the XAFS-derived parameters for
the largek-range (16 A%) of data used in the fit resultina  Lb"NO and LB'NO.
well-overdetermined MS XAFS fitNi/p = 1.7). This is much In the calculations described here, the bonding variables
better than those reported in the literature in the early 1990sthat are free to change are the three-kgand bond lengths
(e.g., refs33—35), largely due to improvements in the and the FeN—O bond angle. If the FeN—O moiety in
sensitivity of detection of XAFS, which enables data to be MbNO and LbNO is nearly linear, MS effects are very
collected and analyzed over a larderange. important 62). Under these conditions, the XAFS amplitude

The values of\; andp can also be used to calculate errors enhancement due to the forward scattering, or “focusing”,
from the changes in tHe? values when refinements are used of the photoelectron by the intervening N atom can be as
with constrained bond lengths and angles around thelarge as a factor of 1(6@). Such MS effects are important
minimum @35). Using such analyses the errors in the bond for absorberscattererscatterer angles between 25inhd
lengths and angles are similar to those estimated above (e.g.180, as in the nitrosyl adducts of heme proteins, where MS
0.03 A in the Fe-N, bond, 7 in the Fe-N—O angle, and involving 2-, 3-, and 4-leg paths are all major contributions
smaller errors in the FeNO and Fe-N, bond lengths). for the Fe-N—O moiety 32). As a result, the MS analyses

can distinguish between bent and linear geometries. Because
DISCUSSION the NO ligand is also substantially closer to the Fe atom

Characterization and Properties of L''NO. The interest than the other ligands, the MS XAFS analyses are able to

in LbNO stems from its potential important biological roles determine the FeN—O angle in ferrous and ferric nitrosyl
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Mb and Lb, despite the large MS contributions from the heme X-ray crystallographic study of horse HbNO also deduced

group? This is reflected in the region of the second shell

an Fe-N—O bond angle of 145 10° (28), which is the

(Figures 3 and 4), where the observed and calculated FT ofsame, within experimental error, as the angle determined by

the XAFS for the two LbNO proteins are quite different.

XAFS for horse heart MINO (37) and by XRD @) and

This analysis has been outlined in detail for the MbNO XAFS for Lb"NO but much larger than those observed in

proteins 87) and will not be reiterated here. From these

the XRD of RSNO-Hb'"NO (29). It appears that in solution

results and those reported in the literature, it is clear that thethe NO adducts of all of the heme proteins adopt geometries

Fe—N—O angle is bent in ferrous LbNO, while in the ferric
nitrosyl complex, the angle is close to being linear.

The Fe-N, Fe—N., and Fe-Nyo bond lengths and

Fe—N—O angles determined from MS XAFS of horse heart

MbNO and soybean LbNO are similar (Table 1). In both
MbNO and LbNO, the FeN, and Fe-Nyo bond lengths

that are consistent with simple model complexes (Table 1),
irrespective of crowding in the heme pocket by the distal
histidine.

In the XRD structure of lupin LENO at 1.8 A resolution
(9), it was reported that “... the strong +8lno bond (1.7
A) leads to a slight lengthening of the F#lis residue bond

are the same, within the error of the analyses. However, the(2.2 A) in comparison with other liganded Lbs ...". This is

Fe—N. bond lengths in ferrous and ferric LbNO are

significantly longer than the FeN, bond length of 1.98 A

somewhat shorter than in the corresponding Mb adducts (1.98determined from our MS analysis of soybeahb"NO. It

and 1.89 A in LBNO and LB'NO, respectively; cf. 2.05
and 2.04 A for MBNO and MB'NO, respectively). The Fe

is not clear whether this difference is due to the different
method of preparation (solution for the XAFS versus crystal

N—O bond angles are not significantly different in analogous for the XRD), the packing forces, or the low precision of

LbNO and MbNO adducts, (147and 173 in Lb"NO and
Lb"NO; cf. 150 and 180 in Mb"NO and MHB'NO).

The stronger ligand fields of the Lb proteins evident from

the XRD-derived bond lengths. The DPI calculatidv)(
shows that the average uncertainty in the atomic positions
is 0.14 A, so that the XRD and XAS structures are the same

the positions of the edges (higher energies for the Lb Within the limited precision of the XRD result (Table 1).

complexes as compared to their Mb analogues) in this work

has been attributed to ruffling of the porphyrin ring in RR
studies 16, 17). As it has been previously shown that ruffling
the heme group in met-Lb has little effect on the MS XAFS
(53), no such models were used in the present analyses.
Comparisons between XAFS and Other Techniquies.
similarity in the bond angles for MINO and LBYNO
obtained from XAFS is in strong contrast with the dis-
similarity of those obtained from X-ray crystallography,
where they were determined to be 21#hd 150, respec-
tively. As discussed previouslg?), the discrepancy between
the XAFS results for MBNO and the XRD and EPR results
(OFe—=N—0 =108-11C at 77 K) 64—56) appears to arise
from different methods of preparation. While normally the

In the absence of distal steric hindrance, the six valence
electrons (metadl and ligandz*) are expected to result in a
linear F&'—N—O linkage 68). FTIR studies of hemed;
nitrite reductase59) have established that the ferric nitrosyl
complex consists of “... a linear F&N—O unit in which
substantial donation of charge from NO to®Feoccurs,
resulting in a species with considerable N€haracter ...".
The MS XAFS analyses of the MINO and LB'NO are
consistent with a linear FeN—O angle JFe-N—-O ~
180C) found in other heme proteins and the model complexes
(Table 1) and may be best described a¥N&@" adducts.
Despite this, the positions of the edges in the XAS of the
NO adducts of the two oxidation states establish that the
Fe'NO™ adducts have a somewhat greater Fe(lll) character

agreement between solution structures (NMR) and crystal than the FENO proteins.

structures of proteins is very good, this does not necessarily NO binds to the heme Fe of soluble guanylyl cyclase
apply to the crystals of MINO used in the EPR and XRD  (sGC) to form a transient six-coordinate hend@+62). In
experiments, which required two chemical transformations this complex, however, the Fédis bond is unstable, and
after diffusion of NO into preformed crystals of met-Mb. In  the breakage of this bond is involved in activation of the
such preparations, the distal histidine of met-Mb in the enzyme 63). The MS XAFS analyses of the ferric and
crystals may block the NO from binding in the preferred ferrous nitrosyl adducts of horse heart Mb and soybean Lb
angle found in model complexe44—46), and it is possible  do not indicate a weakening or breakage in this-Hes bond.
that crystal packing forces and/or incomplete reaction results Clearly, some other factors are at play in weakening this
in different bond angles, whereas the samples used for thebond in the NO adduct of sGC, which are not evident in the
XAFS measurements were prepared directly in solution. The Lb and Mb proteins (Table 1). Finally, the strong bonding
importance of packing forces in influencing the conforma- of NO in Lb"NO is consistent with its putative biological
tional changes required to move the distal histidine has beenrole in controlling nitrogen fixation.

demonstrated in XRD studies, where the angle obtained for

the binding of small molecules into crystals of hemes is CONCLUSIONS

sensitive to the packing forces within the crysta0) An The LB"NO adduct has been prepared and characterized

for the first time. Its spectral properties are similar to those
¢ The importance of these NO multiple-scattering pathways is evident of Mb'"'NO, although it is somewhat more susceptible to

by the fact that, even for an F&N—O angle of 147 in Lb"NO, the
contributions to the XAFS for the 3-leg FEN—O—Fe path is 50%
of the 3-leg paths of the iron porphyrin. For the 4-leg-f¢—~O—N—Fe

reduction and denaturation.
The differences previously deduced between theNFeO

path, this MS contribution is as large as for the 8-fold degenerate 4-leg bond angles in LBHNO, HB'NO, and MWNO are not

path in the porphyrin. Since these are among the most important MS

pathways, it is clear how the short bonds and larger angle in the Fe
NO moiety enable it to be distinguished from the porphyrin group,
even in the adducts in which the moiety is bent.

apparent in the MS XAFS analyses and may be artifacts of
the method by which these adducts were generated for the
single crystal studies. This implies that steric effects of the
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distal histidine in Mb adducts are not as important as 21.
previously suggested, when the NO adducts are prepared in
solution. The best estimates of errors in bond lengths in the

published XRD structures, e.g., the DPI (Table 37)( are

an

analyses. This, no doubt, is also a factor contributing to the 23.

order of magnitude higher than for the MS XAFS

apparent discrepancies.
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