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ABSTRACT. Resonance Raman spectra of the nitric oxide adducts of the ferrous forms of two soluble
truncations oRhizobium melilotiixL, FixL* and FixLN, are reported. At room temperature, four isotope
sensitive vibrations are observed for both ferrous FixNO and ferrous FixLN-NO. For FixL*—NO,

they are observed at 558, 525, 450, and 1675'camd are assigned teg(Fe—NO) of a six-coordinate
nitrosyl adducty(Fe—NO) of a five-coordinate nitrosyl adduai{Fe—NO) of a six-coordinate nitrosyl
adduct, and/(N—O) of a five-coordinate nitrosyl adduct, respectively. Similar frequencies are observed
for the FixXLN—NO isotope sensitive bands. On the basis of the frequencies and spectral separation of
the v(Fe—NO) andd(Fe—NO) modes, the FeN—O unit is concluded to have a bent geometry similar

to those observed for the nitrosyl adducts of ferrous hemoglobin and myoglobin. Both proteins can be
converted to predominantly five-coordinate nitrosyl adducts by lowering the temperature. In low-
temperature resonance Raman spectra of Fbtll® and FixXLN-NO, the 558 cm?! bands are significantly
decreased in intensity angFe—NO)s_. (the Fe-NO stretching vibration for the five-coordinate nitrosyl
adduct) is observed at 529 and 526 ¢nrespectively. Analysis of thes and vg vibrations for these
nitrosyl adducts also supports the presence of both five- and six-coordinate nitrosyl adducts of FixL* and
FixLN at room temperature and the conversion to predominantly five-coordinate nitrosyl adducts at low
temperatures. This temperature-dependent interconversion is reversible. The possible physiological
relevance of the thermally accessible five-coordinate state is discussed. The widffeoNO)s-. at
half-height is 1.3 times broader in FiXI-N\NNO than in FixL*=NO, suggesting that the F&N—O geometry

is more homogeneous in FixE*NO. In low-temperature spectra of FiX-NNO, a second’(N—0O)s—

band is observed, indicating that more than one conformation is attainable in the five-coordinate-FixLN
NO. This second(N—O)s—¢ is not observed for five-coordinate FixXeNO, further suggesting a more
conformationally restricted nitrosyl heme in FixL*. These variations in the vibrations involving the Fe

NO unit indicate that the kinase domain influences the heme structure. The spectral differences are
discussed in terms of the interdomain interactions that result in ligation-dependent mediation of the kinase
activity.

The soil bacteriumRhizobium melilotiestablishes a  al., 1994). Hence, the cellular response to low oxygen
symbiotic association with alfalfa, which facilitates nitrogen tension is initiated by the generation of deoxyFixL.

fixation. Here the cells respond to r(_aduced oxygen tension  The mechanism for regulation of the kinase activity of
by expression of genes needed for nitrogen fixatiuhdnd  Fix|_ is dependent on the spin state of the heme iron (Gilles-
fix genes). _The initial step in signal tra}nsductl_on responsible gonzalez et al., 1995). Kinase activity is maximized when
for expression of the regulatory geneifAandfixK occurs e jron is high-spini.e. deoxyFixL. When @ binds to the
at the sensor protein, FixL (David et al.,, 1988}. meliloti heme, the heme iron is converted to the low-spin state, and
FixL is a membrane-bound protein which has a heme- g yinase domain is inactivated. This spin state change can
containing domain and a kinase domain (Gilles-Gonzalez ety triggered by other heme ligands like GNCO, and NO.
al., 1991; Monson et al., 1992). When @ bound to the  gpizopiurbacteria generate NO as an intermediate in their
heme |r0n,_F|xL kmas_e activity is |nh|b|te_d. At low OXYgeN  (enjtrification process (Chan & Weatcroft, 1993). Hence,
concentrations, oxyFixL releases,deaving the heme in j; haq heen suggested that under certain conditions FixL may
Its der(])xy fo(rjm. '3 deoxyrllzle,hautophospdhorylc?tlon adctlwty also serve as a NO receptor (Gilles-Gonzalez et al., 1994).
is enhanced, and Fi osphate is produced in order to . )
provide phosphoryl g::c?ups Ft)o the rer)ponse regulator, FixJ An understanding of the structural and electronic features
(Lois et al., 1993). Fix3phosphate is a transcriptio’nal of the ferrous nitrosyl adduct of FixL is important from two
activator fornifA andfixk (Reyrat et al., 1993; Galinier et E?c:tsgﬁgu(vDe:éthElrgge r;mh/ﬁ;afcf);(tldigsgd;c:}%g?g?;? ri%r;?e
I il ; I " ;
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FixL's potential role as a NO sensor, characterization of the system has the sample tube suspended in a liquiddN-

ferrous nitrosyl adduct will be useful in elucidation of
potential mechanism(s) for NO sensing.

off stream. The temperature of the sample is monitored by
a thermocouple placed as close as possible to the sample

In the resonance Raman study reported here, two deletiontube without touching it. The temperature is controlled to

derivatives ofR. melilotiFixL, FixLN (heme domain only)
and FixL*(functional heme kinase) (Monson et al., 1992),

were investigated. The resonance Raman data reveal tha

ferrous FixLN-NO exists as both five- and six-coordinate
(hereafter indicated by 5-c and 6-c, respectively) nitrosyl

+1 °C with a heater placed before the sample in the boil-
off stream.

ESULTS
Anaerobic reduction of FixLN (or FixL*) with sodium

adducts at room temperature. The presence of the kinasadithionite followed by addition of nitric oxide generates a

domain in ferrous FixL*NO influences both the position
of this equilibrium and the conformational homogeneity of
the nitrosyl heme.

MATERIALS AND METHODS

A soluble truncated FixL (FixL*) and the heme-containing
domain of FixL (FixLN) of R. melilotiwere expressed from
TG1(pGG820) and TG1(pEM130), respectively (Monson et
al., 1992). Both proteins were purified as previously

FixLN (FixL*) nitrosyl adduct, with the visible spectrum
shown in the inset of Figure 1la. Parts a and b of Figure 1
contain the low- and high-frequency regions of the room-
temperature resonance Raman spectra of the FixLN and
FixL* nitrosyl adducts obtained with 406.7 nm excitation.
In the low-frequency regions of these spectra, the 676 (675)
and 754 (753) cmt bands are assigned to thr¢ and vys
modes (Abe et al., 1978; Kitagawa et al., 1978), respectively.
In the high-frequency region, the most prominent feature,

described (Monson et al., 1992). Protein purity was assayedv,, is observed at 1373 (1374) cf This is similar tov,

via SDS-PAGE and examination of the visible spectrum in
the Soret region of the spectrum. Autophosphorylation
activity of purified FixL* was confirmed by anaerobic

frequencies observed for other heme protein nitrosyl adducts
(Benko & Yu, 1983; Hu & Kincaid, 1991; Deinum et al.,
1996). The frequency af;, one of the porphyrin core size

phosphorylation assays previously described (Gilles-Gonza-marker bands, increases as the porphyrin core size (the

lez et al., 1991; Rodgers et al., 1996).
The deoxy form of both FixL* and FixLN were generated

distance between the porphyrin ring center and the pyrrole
nitrogen atom) approaches its natural size (Spaulding

under anaerobic conditions by the addition of excess of et al., 1975; Parthasarathi et al., 1987). The core sizes of
sodium dithionite. Complete reduction was determined by FiXLN—NO (v3 at 1498 cm?) and FixL*—NO (v3 at 1498

monitoring the visible spectrum of the samples. The heme
N0 derivatives were prepared by equilibration of the
deoxyFixLs with 1 atm of“N®0 (99.0%). For the isotope
experiments, FixEN'®0 adducts were prepared with
15N180 (99.4%).

Resonance Raman spectra were obtained at 20-did
°C for 70 uM protein samples prepared in 80 mM sodium

cmY) are similar at 1.99 A, and comparable to that re-
ported for ferrous nitrosyl myoglobin, 1.98 A (Benko & Yu,
1983; Hu & Kincaid, 1991). These core sizes are calculated
using empirical linear relationships that correlate crystal-
lographic core sizes with the core size marker band frequen-
cies (Parthasarathi et al., 1987). Tihg vc—c, andv, bands

in the high-frequency spectrum are assigned for FixLN

phosphate (pH 7.8) and 5% glycerol. The spectra were NO and FixL*-NO on the basis of their polarizations and

acquired from samples in a spinning 5 mm NMR tube using
the 138 backscattering geometry aridcollection. Either
the 406.7 nm or the 413.1 nm line from a Kr ion laser was

by analogy to ferrous nitrosyl hemoglobin and guanylate
cyclase (Nagai et al., 1980; Deinum et al., 1996). The
parallel and perpendicular resonance Raman spectra of

used for Raman excitation, and 20 mW of laser power was FiXLN—NO in Figure 1c reveal the depolarized heme

focused to a line (3 mm) using a cylindrical lens to minimize

photolysis artifacts and laser-induced sample degradation.

This laser power was chosen, as it did not result in

vibrations.
The low- and high-frequency regions of the resonance
Raman spectrum of deoxyFixLN obtained with 406.7 nm

measurable NO photolysis in the frozen solutions, as judgedexcitation are shown in Figure 2. These data are included

by lack of observable, (most intense peak in the spectrum)

to verify that the FiXLN-NO adducts were not contaminated

for the deoxy heme. Scattered light was passed through awith deoxyFixLN. The low-frequency region of the deoxy-

holographic notch filter and a polarization scrambler then

FixLN resonance Raman spectrum has several intense bands

f-matched to a 0.67 m single spectrograph fitted with a 110 which are assigned by analogy to their counterparts in
x 110 mm grating having a groove density of 2400 grooves/ deoxymyoglobin and cyctochroneperoxidase (Rousseau
mm. The Raman spectrum was detected using a 25 mmé& Friedman, 1988; Smulevich et al., 1996). They age

LN»-cooled CCD camera under the control of a microcom-

(792 cmY), v7 (675 cn1Y), andvs (757 cntl). Thews, vy,

puter. Spectra were calibrated against toluene and DMF.and»(Fe—His) (212 cm!) (Rodgers et al., 1996) bands in

The sample tube was spun ed. 20 Hz to minimize NO

deoxyFixLN are intense with 406.7 and 413.1 nm excitation;

photolysis and to avoid laser-induced damage to the protein.the v¢ andv(Fe—His) for deoxyFixLN are readily apparent
Absorption spectra were obtained before and after the when ferrous FiXLN-NO samples are contaminated with
resonance Raman experiments to verify that the protein haddeoxyFixLN due to photodissociation of NO. Similar low-
not been degraded by exposure to the laser beam. Resonandeequency resonance Raman results were obtained for deoxy-

Raman spectra of deoxyFixLN and deoxyFixL* were

FixL* (data not shown) (Rodgers et al., 1996). Assignment

obtained under conditions identical to those used for the of the deoxy bands in the high-frequency region can be made

FixL—NO adducts in order to identify any features due to
photoproduct in the Raman spectra.

by analogy to those observed for other ferrous heme proteins;
1354, 1470, 1557, 1602, and 1620 dnbands are assigned

Sample temperatures were achieved using a variable-to va4, vs, v2, v10, andvc=c, respectively (Choi et al., 1982;
temperature system constructed in our laboratory. This Rousseau & Friedman, 1988; Deinum et al., 1996). The
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Ficure 1. (a) Low-frequency resonance Raman spectra of (A) ferrous FX® and (B) ferrous FixLN-NO at 20°C with 406.7 nm
laser excitation. The protein concentration was®0in 80 mM sodium phosphate buffer (pH 7.8) and 5% glycerol. Assignments of the
in-plane heme vibrations were made by analogy with-N{©D and H-NO. The asterisk indicates an underlying glass band. (inset) The
electronic absorption spectrum of ferrous FixtENO. (b) High-frequency resonance Raman spectra of (A) ferrous FN® and (B)
ferrous FixXLN-NO under the same conditions described in part a. (c) High-frequency resonance Raman spectrum of ferrouSIGixLN
at 20°C with 413.1 nm laser excitation showing (A) perpendiculdy &nd (B) parallelI{) polarizations. The difference spectrum (C) is
for 5[perpendicular minus 0.157 (parallel)] ofb¢ 0.157I). The subtraction factor of 0.157 is the depolarization ratio/fofsee part b).
The peaks in the difference spectrum correspond to those modes that are more depolarized thsndifference spectrum clarifies
assignment of the depolarized bands v11, andvig as shown. Sample conditions are as described for part a.

high-frequency spectrum obtained for deoxyFixL* is similar indicate that in the absence of ligands the ferrous state of
to that of deoxyFixLN with itsv, at 1355 cmi. These data  FixLN and FixL* adopts a 5-c high-spin configuration.
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modes as FixXLN-NO. This region of the spectrum contains
three modes whose frequencies are sensitive to isotopic
substitution. The 558 cm mode shifts to 546 cmt in the
spectrum of FiXLN-5N'0. The isotopic shift and the
intensity of this band are consistent with assignment of this
mode to the FeNO stretching motion for a 6-c FixLN

NO complex p(Fe—NO)s—]. It is also similar to the Fe

NO stretching frequencies observed for other 6-c heme
NO adducts as illustrated by the compilation in Table 1. The
second band affected by isotopic substitution is revealed most
clearly in the difference spectra in Figure 3. This band shifts
from 525 to 510 cm® in the spectra of the FixLNSNO

and FixL*—'N80 isotopomers. Since this observed fre-
guency and isotopic shift are consistent with those observed
for 5-c nitrosyl heme complexes (Deinum et al., 1996; Choi
et al., 1991), the 525 cm band is assigned to the F&IO
stretching frequency of 5-c FixLNNO and FixL*—NO
adducts 7(Fe—NO)s—] (see Table 1). These data indicate
that the 6-c and 5-c forms of FiXLNNO and FixL*~NO
coexist at room temperature.

Figure 3 reveals a third isotopically sensitive band at 453
cm! for FiXLN—“N%0. This band shifts to 440 cmhin

FiGURE 2: Ambient-temperature resonance Raman spectrum of the *°N*%0 isotopomer. On the basis of this shift and the

deoxyFixLN with 406.7 nm laser excitation; power50 mW. The
protein concentration was 7@M in 80 mM sodium phosphate
buffer (pH 7.8) and 5% glycerol.
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Fe—NO UFefNO
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Raman Shift (ecm —1)

Ficure 3: Low-frequency resonance Raman spectra of the isoto-
pomeric NO adducts at 20C with 406.7 nm excitation: (A)
FixLN—14N160, (B) FixLN—5N10, (C) 5(FiXLN—*N6O minus
FixXLN—15N8Q) difference spectrum, and (D) 5(FixE2“N16O
minus FixL*—1>N'80) difference spectrum. The asterisk indicates
an underlying glass band.

Figure 3 shows the isotopically sensitive bands in the low-
frequency region of the FiXLNNO spectrum at room

frequency of the band in the natural abundance spectrum
(Hu & Kincaid, 1991b), the 453 cmt band is assigned to
the Fe-N—O bending mode J(Fe-NO)] for the 6-c
FiXLN—NO. The bending vibration for the 5-c nitrosyl
hemes is not observed for FiXLANNO or FixL*—NO.
Although thed(Fe—NO) mode has been reported for other
6-c nitrosyl heme protein complexes (Hu & Kincaid, 1991b)
(see Table 1), it has not been observed in the 5-c soluble
guanylate cyclase nitric oxide adduct (Deinum et al., 1996)
or in model complexes (Choi et al., 1991; Lipscomb et al.,
1993). Figure 3 and Table 1 show that the bending mode is
shifted to a lower frequency by 3 crhin the spectra of
FixL* —NO. The isotopic shift of/(Fe—NO)s—. measured
from the original spectra (see Figure 3) is consistent with
that determined from the difference spectrum by the method
of Laane (1981). The shifts indicated ffFe—NO)s_. and
O0(Fe—NO) are based on the maxima and minima of the
difference spectra. This was done because of the uncertainty
in determining the width and intensities of the original bands.

The 406.7 nm-excited resonance Raman spectra of FixLN
NO and FixL*=NO acquired at 20 an¢t45 °C are compared
in Figure 4. Although the relative enhancement factors for
the 5-c and 6-c nitrosyl heme complexes of FixLs are not
known, the large difference in the Raman intensities at 558
and 525 cm? suggests that the 6-c form dominates at room
temperature. This is consistent with the relative intensities
of the heme core size marker bands for the 5-c and 6-c
nitrosyl hemes shown in Figures 1b and 5, which show the
dominance of the 6-c bands at room temperature. he
(Fe—NO)s_. mode is observed at 558 ctrfor both FixLN—
NO and FixL*=NO. Although the presence of the kinase
domain of FixL does not significantly perturb the frequency
of v(Fe—NO)s—, the band width of this mode is affected.
The band widths fory(Fe—NO)s—. of FixL* —NO and
FixLN—NO are 21 and 26 cmi, respectively. These band

temperature. The difference spectra generated by subtractiorwidths were obtained by a least-squares fit of the data to a

of the spectrum of thé®N'80 adduct from that of the
respective"4N1€0 adduct of FixLN and FixL* are included
to show that FixL*NO has the same isotopically sensitive

50% Gaussian, 50% Lorentzian line shape. This combination
line shape was shown empirically to accurately model our
spectrometer function.
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Table 1: Resonance Raman Frequencies and Mode Assignments for Ferrous FixL Nitrosyl Adducts and Other Ferrous Heme Nitrosyl Adducts

adduct CN v(Fe—NO)° o(Fe—NO)° v(N—0) V3 Vg V1o temp €C) ref
FixXLN—NO 5 525 (5109 no 1676 1509 351 1646 20 this work
FixLN—NO 5 526 (513) no 1664, 1676 1509 349 1646 —45 this work
FixL* —NO 5 525 (510) no 1675 1509 351 1646 20 this work
FixL* —NO 5 529 no 1675 1509 353 1646 —45 this work
sGC-NO 5 525 (509) no 1677 (1607) 1509 344 1646 1620 1
oHbA—NO + IHP 5 nr nr 1668 1508 nr 1645 nr 2and3
Mb—NO + SDS at pH 9.2 5 no no no 1512 345 1646 RT 4
FixXLN—NO 6 558 (547, 546) 453 (440) no 1498 338 1632 20 this work
FixL* —NO 6 558 (544) 450 (437) no 1498 338 1632 20 this work
Mb—NO 6 554 (542) 449 (443) 1624 (1587) 1502 342 1638 RF0 5-7
HbA—NO 6 555 (533) 450 (443) 1622 (1592) 1500 346 1634 RF0 5-7
cytochrome
P45Qari—NO 6 554 (538) 446 (437) 1591 (1537) 1499 352 nr 0 7

2 CN, coordination number; no, not observed; nr, not repoft&dequencies observed for tHi0 isotopomers in parenthesés(Fe—1N€0).
4 Frequencies observed for theN'®0O isotopomers® Reported at room temperatufdhe numbers correspond to the following references: (1)
Deinum et al. (1996), and (2) Nagai et al. (1980), and (3) Maxwell and Caughey (1976), (4) Mackin et al. (1983), and (5) Tsubaki and Yu (1983),
(6) Benko and Yu (1983), and (7) Hu and Kincaid (19215ull width at half-maximum= 26 cnT?, determined by least-squares fit of the peak
by a combination Gaussiariorentzian (1:1) line shapé.Full width at half-maximum= 21 cnt?, determined by least-squares fit as described

above.
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Ficure 4: Low-frequency resonance Raman spectra (excitation at
406.7 nm) for (A) ferrous FiXLN-NO at 20 °C, (B) ferrous
FixXLN—NO at—45 °C, (C) ferrous FixL*~NO at 20°C, and (D)
ferrous FixL*=NO at —45 °C.

As the temperature of FiXLNNO or FixL*—NO is
lowered, the equilibria between the 5-c and 6-c forms of
FiXLN—NO and FixL*~NO shift toward the 5-c nitrosyl

by the narrowing of the’s envelope. An accurate fit of the
room-temperaturevs envelope requires two peaks. The
results of this fit are shown in Figure 4a. Thegband at
338 cmt is more intense than the at 351 cni! at room
temperature, and it is diminished in intensity significantly
at—45°C. Therefore, itis assigned to the 6-c nitrosyl adduct
which predominates at room temperature. The 351'cm
band is assigned tays-c) for both FixXLN—NO and FixL*—

NO at room temperature. Upon freezing, small shifts in
vgs-c) andv(Fe—NO)s_. are observed for both proteins. The
band widths for the low-temperatur@~e—NO)s_. bands are
12 and 14 cm! for FixL* —NO and FixLN-NO, respec-
tively.

The high-frequency region of the resonance Raman spectra
of FiXLN—NO and FixL*—NO also supports the existence
of both 5-c and 6-c nitrosyl adducts for these proteins. Figure
5 shows the high-frequency spectra of FixtNO at 20 and
—45 °C. In these spectra, the; frequency serves as an
indicator of the coordination number of the nitrosyl FixL
adducts (Spiro & Li, 1988). Thes band for FIXLN-NO at
room temperature (1498 crj is indicative of a 6-c heme.
However, this band has a shoulder at 1509 twhich
corresponds to the 5-c FiXLNNO. As the temperature is
lowered, the intensity of thes band shifts to 1509 cm.
Shifts to higher frequencies are also observed for other bands
in the 1496-1650 cnt? region of the spectrum. Theyo
band shifts from 1632 to 1645 crh similar shifts have been
observed between 6-c and 5-c nitrosyl adducts of myoglobin
and hemoglobin (Table 1). For both ferrous FixtNO
and FixL*—NO, the conversion from 6-c to 5-c upon
lowering of the temperature is completely reversible as
shown by the reappearancewgfFe—NO)s—. andvs at their

adducts. Spectroscopic evidence for this temperature effectoriginal frequencies, and by the visible spectrum at room

is shown in Figure 4. At low temperatures, bands are
observed at 526 and 529 cifor FiXLN—NO and FixL*—
NO, respectively. They are assigned t¢Fe—NO)s_.
because they exhibit isotope sensitivities similar to those of
the 525 cm?! v(Fe—NO)s_. bands observed at 2C (Table
1). As the temperature is lowered, thfFe—NO)s_. band
becomes more intense at the expense ofiffe—NO)s—¢
band, indicating that the 5-c nitrosyl adduct is the predomi-

temperature.

On the basis of(N—O) for other 6-c nitrosyl hemoprotein
adducts, thes(N—0)s_ bands for FixXLN-NO and FixL*—
NO are expected to be near 1625 énfTsubaki & Yu,
1983). Bothv(**N—1%0)s_. andv(*>N—80)s_. lie under the
more intense bands corresponding to porphyrin ring modes
(Figure 5). Because these small bands fall in a crowded
region of the spectrum, the(N—O)s_. band could not be

nant species at this temperature. Conversion to the 5-cassigned for either FiXLNNO or FixL*—NO. The details
nitrosyl adduct as the temperature is lowered is further shown of this complication are discussed below.
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Ficure 5: High-frequency resonance Raman spectra for ferrous Raman Shift (cm™1)

FixXLN—NO at (A) 20°C with 413.1 nm excitation and (B)45

°C with 406.7 nm excitation. Assignments of in-plane heme
vibrations are as in Figure 1c. Solid lines indicate shifts of porphyrin
modes to higher frequency and splitting of the NO stretching mode
upon formation of the five-coordinate nitrosyl heme at low
temperatures. Dotted lines indicate the presence; @ind v, for

the five-coordinate FixXLN-NO at room temperature. Asterisks mark
the positions of laser plasma lines.

Ficure 6: v(N—O) region of the high-frequency resonance Raman
spectra of (A) ferrous FixXLN-14N16O at 20°C with 413.1 nm
excitation, (B) ferrous FixLN-13N180 at 20°C with 413.1 nm
excitation, (C) ferrous FixLN-14N60 at —45 °C with 406.7 nm
excitation, (D) ferrous FixLN-13N180 at —45 °C with 406.7 nm
excitation, (E) ferrous FixL*1N16O at 20°C with 413.1 nm
excitation, and (F) ferrous FixL*1“N60 at —45 °C with 406.7
nm excitation. Sample conditions are as described in Figure 1a.
Asterisks mark the positions of laser plasma lines, which were

The resonance Raman spectrum of FixtMNO ob- subtracted from A and D.

tained at 20°C contains a band at 1676 cin(see Figure
6A). In the spectrum of FixXLN-**N*0, the 1676 cm' band frequency component of the-45 °C N—O stretching

is not observed (Figure 6B). If the NO stretching is  enyelope (Figure 6C) occurs at 1664 ©mand may arise
modeled by a harmonic oscillator, an isotopic shift of 75 fom population of a second FeN\—O conformation upon
cm* is predicted forv(N—O) upon substitution of*N**0 freezing of the FiXLN-NO solution. Resonance enhance-
for ¥N60. This would put the/(N—0O) band for FixLN- ment of the N-O stretching mode is greater at 413.1 nm
1SN0 at approximately 1600 cmi, which lies in the than at 406.7 nm. At room temperature, th@\—O)s_c
crowded region of the spectrum shown in Figure 5. On the pands are best observed with 413.1 nm excitation because
basis of its proximity tov(N—O) for the five-coordinate  yf the greater enhancement. Nevertheless, at low tempera-

nitrosyl heme adduct of sGC (Deinum et al., 1996) and its {res where the 5-c form of the heme dominatéli—O)s_.
absence at 1676 crhin the spectrum of the FiXLN**N**0O can be observed even with 406.7 nm excitation.

i —15N1 i i i —
gndf Fl)t(#* fi N0 a(;j_du;:tsi,:_thll_le?\lagd |sNa_s(s)|gnedv(<N The presence of the kinase domain does not dramatically
) for the five-coordinate Fix [( )5 affect thev(N—0O)s—. frequency at room temperature (Figure

cortoborated by, the resonance Ramen data obained fol2C)-, HoWever, it does staiize ihis roomtemperature
A : .
FixLN—NO at—45°C. On the basis of(Fe—NO) andvs FixL* —NO conformation toward the effects of freezing. In

frequencies in Figures 4 and 5, respectively;-46 °C, the the ~45°C FixL* O spectrum, only the one band at 1675
L] H 1 —1 7 1 1 J—
majority of the nitrosyl adducts are in their 5-c form. A cmis observed (Figure 6F) in contrast to the tw(

broad band centered around 1670 ¢érand containing two O)s-c bands observed for FixLNNO.

components is readily observed in the FixtENN'O DISCUSSION

spectrum (Figure 6C) and is absent from the FixLRN8O

spectrum (Figure 6D) because it is shifted to a lower Thermal Accessibility of the 5-c FixtNO Adducts.Nitric
frequency. Hence, this envelope is also assigneeXb- oxide is well-known as a trans-labilizing ligand in its heme
O)s—c. An accurate fit of this broad envelope requires two complexes (Scheidt & Piciulo, 1976; Scheidt & Frisse, 1975).
peaks, suggesting that at low temperatures there are at leadh a number of ferrous heme proteins, this effect is sufficient
two conformations of the NO ligand in the 5-c FixENNO. to rupture the proximal ironligand bond, yielding 5-c low-
The 1676 cm® band corresponds to the FixNNO spin ferrous nitrosyl heme complexes (Deinum et al., 1996;
conformation that dominates at room temperature. The high- Winkler et al., 1996; Nagai et al., 1980; Maxwell & Caughey,
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1976; Mackin et al., 1983). The labilizing effect of the (Stone & Marletta, 1994, Yu et al., 1994; Stone et al., 1995;
nitrosyl ligand is also evident in NO adducts of the FixL Deinum et al., 1996). Hence, the NO coordination chemistry
derivatives examined here. However, the nitrosyl FixLs are of FixL raises the intriguing possibility that it initiates signals
unique among the nitrosyl heme proteins because both 5-cin response to NO by two different, and perhaps even
and 6-c forms of the nitrosyl heme are present.ahibA parallel, mechanisms. The response initiated would depend
and sGC, FeHis bond scission is complete so that only upon whether the spin state change mechanism or the
the 5-c forms of the NO adducts are observed in the proximal bond scission mechanism were activated.
resonance Raman spectra (Deinum et al., 1996; Yu et al., The second possibility centers around the cell's require-
1994; Nagai et al., 1980). The low- and high-frequency ment for rapid response to changes in ligainel O, or NO)
regions of the resonance Raman spectra of the ferrousavailability. It has been reported that FixL is only about
FiXLN—NO and FixL*~NO reveal this 5-¢= 6-c equilib- 85% oxygenated in air with 15% remaining in the deoxy
rium in a number of ways. First, at room temperature,  state and retaining its kinase activity (Gilles-Gonzalez &
(Fe—NO) bands for both 5-c and 6-c complexes are observed.Gonzalez, 1993). Hence, it would appear that the cell has a
Second, the temperature dependence of the resonance Ramanechanism for maintaining a low level of kinase activity
spectra of the FixLN and FixL* nitrosyl adducts indicates even under atmospheric conditions. Although it is clear that
changes in the ratio of the 6-c to 5-c nitrosyl hemes with kinase activity is required for transcriptional activation, the
decreasing temperatures. Figure 4 shows that at lowlack of significant transcription in air with 15% of FixL
temperaturesv(Fe—NO)s_. becomes significantly more exhibiting kinase activity suggests that transcriptional activity
intense than the corresponding@-e—NO)s_, indicating that is not a necessary consequence of FixL’s kinase activity. At
the 5-c form is favored. The temperature dependence of thehigh oxygen pressures, the residual 15% of the FixL that
6-c:5-c ratio is also evident from variations in the relative remains in the deoxy form continues to undergo autophos-
intensities ofvzs-¢) andvss-—) Which track the temperature-  phorylation with subsequent phosphotransfer to the response
dependent shift in the equilibrium between the 6-c and 5-c regulator, FixJ. It has been shown that, even if the
nitrosyl complexes (K. R. Rodgers, unpublished results). deoxyFixL—phosphate becomes oxygenated, transfer of the
Additionally, Figure 5 shows shifts of, v1o, ¥11, andvig to phosphoryl group to FixJ proceeds unabated (Lois et al.,
higher frequencies, indicative of 5-c heme nitrosyl adducts, 1993). However, it has also been shown that oxyFixL,
as the temperature is lowered. The shifts in these core sizeespecially in its phosphorylated form, serves to catalyze the
marker bands do not arise from ferric FixeNNO or ferric hydrolysis of Fix3-phosphate (Lois et al., 1993). If most
FixL* —NO, as neitherv(F€"—NO) nor 6(Fe"—-NO) is of the FixL is in its oxygenated form, the catalytic hydrolysis
observed in the low-frequency spectra. For ferric FixtN  of FixJ—phosphate must hold the steady state concentration
NO, we have observedFe"' —NO) andd(Fe€" —NO) at 600 of the transcriptionally activated Fixjphosphate below the
and 575 cm?, respectively (data not shown), and neither of threshold required for effectiveifA andFixK transcription,
these bands is observed in the low-frequency spectra insince significant transcription is not observed under condi-
Figure 4. Third, the nitrosyl adducts of both FixL proteins tions of high oxygen tension. Nevertheless, these counterac-
can be reversibly cycled between predominantly 6-c and 5-ctive phosphorylation and dephosphorylation reactions may
forms by appropriate cycling of the temperature. Finally, serve to maintain steady state concentrations of +iend

the presence of the 5-c Fix.-ANO and FixL*~NO com-
plexes is shown by(N—O) vibrations observed at frequen-
cies characteristic of 5-c nitrosyl heme proteins (Deinum et
al., 1996; Maxwell & Caughey, 1976) and model complexes
(Choi et al., 1991).

Why Are the Rie-Coordinate Nitrosyl Heme Adducts
Thermally Accessible in FixL?While the physiological

FixJ—phosphate so that, upon lowering of intracellular O
pressure, FixL and FixJ are already present in their phos-
phorylated forms, thereby minimizing the induction period
for buildup of a sufficient Fixd-phosphate concentration for
facilitation of nifA andfixK transcription. In short, the low
oxygen affinity of FixLs (Gilles-Gonzalez et al., 1994) may
serve to maintain a non-zero steady state concentration of

relevance of the accessibility of these two coordination statesphosphorylated FixL and FixJ in order to facilitate prompt

at ambient temperature is not obvious at this juncture, we
offer two possibilities. First, it may be that, because of the
denitrification activity exhibited byR. meliloti (Chan &
Weatcroft, 1993), NO, a denitrification intermediate, is a
physiologically relevant ligand for FixL. Since NO-initiated
signaling proceeds by scission of the proximaHFés bond

in soluble guanylate cyclase (Yu et al., 1994; Stone &
Marletta, 1994; Stone et al., 1995; Deinum et al., 1996), it
is reasonable to contemplate the possibility that Hes bond
scission in a significant fraction of FixtNO molecules
provides the basis for an sGC-like NO signaling mechanism.
The 6-c form of FixX.L=NO is expected to inactivate the

nifA andfixK transcription in response to decreased oxygen

pressure. In this model, changes in intracellular oxygen

pressure actually regulate the relative rates of FixJ activation
and deactivation by modulating the steady state concentra-
tions of phosphorylated FixL and FixJ.

This model is further supported by the accessibility of 5-c
FixL—NO at near-physiological temperature. Since the
affinity of the heme for NO is very high in dioxygen-binding
heme proteins (Hb affinity for NO is 10 times its affinity
for CO) (Antonini & Brunori, 1971), the presence of even
low concentrations of NO is likely to complex most of the
protein. If the small percentage of 5-c ferrous FixtNO

kinase domain via the same spin state change mechanisnetains its kinase activity, it could be that the small population

utilized in G, sensing (Gilles-Gonzales et al., 1995), espe-

of 5-c FixXL—NO (~15%; K. R. Rodgers, submitted) serves

cially since the geometry of the NO adducts appears to mimic to maintain its baseline kinase activity, and thus, non-zero

the typically bent Fe O—O moiety. However, the fraction
of the protein in its 5-c nitrosyl form could signal the

steady state concentrations of phosphorylated FixL and FixJ,
even at saturating NO levels. Since-Hdis bond scission

presence of NO via an alternate mechanism analogous tain the low-spin 5-c NO adduct precludes translocation of

that for sGC, in which the proximal FeHis bond is cleaved

the iron into the heme plane from “pulling” on the proximal
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His residue as is likely required for loss of kinase activity, a proximal histidine ligand is replaced by a cysteine ligand
it is expected that 5-c FixtNO will be active. Since the  (Hu & Kincaid, 1991b) (see Table 1).

protein solution must be frozen to generate a significant The band width ofy(Fe—NO)—. in FixL* —NO is 5
fraction of the protein in its 5-c state, the activity of the 5-c cm™ less than that of FiXLN-NO. Similar differences in
NO adducts cannot be assayed. v(Fe—0,) band widths for oxymyoglobin (20 cm) and

Geometry of the FeN—O Unit. Both the 5-c and 6-c  OXycytochromec oxidase (12.9 f:ml) have been reported
ferrous FixL—-NO adducts exhibit(Fe-NO) frequencies ~ and attributed to a more tightly fixed ligand geometry at the
very close to those of their Mb and Hb counterparts. Insofar Pinding site in cytochrome oxidase (Hirota et al., 1994).
as these frequencies reflect the-A¢O bond energies, it ~Hence, thev(Fe-NO) band width difference between
would appear that the heme environment of FixL does not FIXLN—NO and FixL*~NO suggests that the presence of
significantly perturb the stability of the FENO bond relative ~ the kinase domain in FixL*NO supports a more specific
to those in the other oxygen-binding heme proteins. This is interaction between the FN—O unit and the distal heme
consistent with similarities between the stabilities of the POcket. We recently suggested that the heme pocket might
metFixXL—CN and met Fixl=F and their Mb analogs Pe shape-selective for bent diatomic ligands (Rodgers et al.,
(Rodgers et al., 1996; Winkler et al., 1996). 1996). The current evidence for multiple-F8—0O geom-

The 8(Fe-NO) frequencies observed for both FixeN etries suggests that shape selectivity is not an important factor
NO and FixL*~NO are similar to those observed for ferrous in ligand binding since shape seI_ectlon would also be
nitrosyl adducts of myoglobin (MBNO) and hemoglobin expected to preclude disorder in the ligand geometry. Recent
(Hb—NO) (Hu & Kincaid, 1991). The similarities in the kinetic evidence further suggests that the heme pocket is less
frequencies between bot»lélFe—NO') andd(Fe—NO) for 6-¢ sterically constrained than we had suggested, because large
FixL—NO derivatives and for hemoglobin and myoglobin ”gaf‘ds suph as imidazole bind rapidly if they are sufficientlly
are consistent with a bent F&—O unit in FixL—NO having basic (Winkler et al., 1996). However, differences in

. interactions of bound ligands with the heme pockets of
E?n;:glelgg%r 150(Deatherage & Moffat, 1979; Hu & FixLN and FixL* are evident. Differences in the steric and/

) . . ) or electrostatic properties of the distal heme pockets of FixL*
_Assignment o/ (N—O)s is based on its frequency being  and FixLN have been suggested on the basis of differences
similar to the corresponding mode in the 5-c S&00 i, the, frequencies of their respective ferrous CO adducts
adduct and on its absence in the spectrum of ‘he®0 (Rodgers et al., 1996) and by differences in the thermody-
isotopomer. The(N—O)s-c bands were observed in neither - namics and kinetics of ligand binding (Rodgers et al., 1996;
the FiXLN—NO nor the FixL*-NO spectra. These bands \yinkler et al., 1996; Gilles-Gonzalez et al., 1994).
typically show low resonance enhancements relativesfo Differences are also noted in the spectra of the 5-c ferrous
vio, and v, which are sensitive to the ratio of 6- to 5-C  njtrosyl complexes of FixLN and FixL*. Thersia 3 cnt
nitrosyl FixLs. Since even small variations in temperature jncrease in the(Fe—NO)s_ frequency for ferrous FixLx
elicit measurable change in the 6-c to 5-c population ratio NO relative to that of FixLN-NO at —45 °C. The
(K. R. Rodgers, unpublished results), the shiftsvgfvs, differences inv(Fe-NO)s—. band widths observed for
V1o, 11, andvygillustrated in Figure 5 produce large features Eix. N—NO and FixL*~NO are quite small withv(Fe—
in the difference spectra of the NO isotopomers in the region NO)s_. for FixL* —NO being 2 cm? narrower than the
of the spectrum where(*N—%0)s, v(**N—%0)s—, and  corresponding band for FixLNNO. These small spectral
v(*N—1%0)s¢ are expected (Tsubaki & Yu, 1982; Benko gifferences could arise from differences in the effects of
& Yu, 1983; Hu & Kincaid, 1991; Deinum et al., 1996). freezing on the structures of the two proteins. Hence, we

Hence, observation of th&(N—O)s-. and »(N—0)s dif- do not feel that the subtle differences in the spectra of our
ference signals is obstructed for both FixtNO and  frozen solutions support structural conclusions.

F|>§L*—NO adducts. In add|t|'on to the(Fe—NO)-based The observation of one(N—0)s_. frequency in the low-
evidence for a bent FeNO unit, the frequency of the- temperature spectrum of FixeNO indicates that the
(N—O)s—c bands is also consistent with a bent-#¢-O  presence of the kinase domain stabilizes the room-temper-
moiety, as linear M-NO adducts exhibit characteristically  atyre 5-¢ FixL*NO conformation, while others are acces-
higherv(N—O) frequencies (Hu & Kincaid, 1991a). sible in FixLN—NO. This further suggests a more specific

Effect of the Kinase Domain on the Distal Heme Pocket interaction between the bound NO ligand and the distal heme
and the Fe-N—O Unit. Comparison of the low-frequency pocket of FixL*.
resonance Raman spectra for the 6-c nitrosyl complexes of Figure 3 reveals that the frequency separation between
FixXLN and FixL* reveals that the regions of the spectra (Fe—NO) andd(Fe—NO) is 3 cn1! greater for FixL*~NO
containing the respectivg§Fe—NO) bands are comparable. than for FixLN—NO. Normal-coordinate calculations have
Although the presence of the kinase domain has been showrshown that the decrease of the-f¢—0O angle results in
to perturb the heme environment for FixL* relative to FixXLN increased frequency separation of these two modes (Hu &
(Rodgers et al., 1996), the frequencygfFe—NQO)s—. for Kincaid, 1991a). Hence, this small difference is consistent
these two proteins is insensitive to the perturbation. This is with a decreased FEN—O angle in FixL*=NO relative to
consistent with the observation thgFe—NO) for 6-c Fé — that in FiXLN—NO.
NO model compounds is rather insensitive to the electron- Finally, the room-temperature spectra in Figures 1a,b, 3,
donating and stereochemical properties of the trans baseand 4 reveal that the bands corresponding to the 5-c hemes
(Lipscomb et al., 1993). This insensitivity to the properties are more intense in the FiXE*NO spectra than their
of the proximal base has also been noted foriiee—NO) FiXLN—NO counterparts. Specifically, the, vs, v10, and
of F€'—=NO adducts of heme proteins. Only small shifts in v(Fe—NO) bands from the 5-c complexes are more intense
v(Fe—NO) are observed in ferrous heme NO adducts when in the FixL*—NO spectra. This may reflect increased
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proximal tension due to interdomain contacts between the excitation (Kamura et al., 1996). This is borne out by the
heme and kinase domains of FixL*. However, it is also minimal increase in the thermal accessibility of 5-c Fixt*
possible that the increase in the fraction of 5-¢ nitrosyl heme NO, which corresponds to only about 0.1 kcal, assuming a
is an electronic effect associated with the diminished Boltzmann distribution of states. It is possible that the
Fe—N—O angle (Hu & Kincaid, 1991b) caused by the (Fe—His) frequencies of deoxyFixLN and deoxyFixL* do
aforementioned interaction between the heme and kinasediffer but that the difference is small enough that it cannot
domains. be observed due to overlapping of th&e—His) bands with

Implications for Communication between the Heme and those of out-of-plane porphyrin vibrations known to occur
Kinase Domains.Hemoglobin is the most well-understood in this region of the spectrum (Li et al., 1990; Smulevich et
protein from the standpoint of communication of heme al., 1996). Hence, thermal accessibility of the 5-c state serves
ligation and spin state to remote regions of its structure. The as a very sensitive indicator of low-energy perturbations in
subunits of hemoglobin have been shown to have at leastthe local structure surrounding the heme in FixL.
two pathways or coordinates for propagation of ligand-
initiated conformational motion. These coordinates link SUMMARY
the distal and proximal heme pockets to the subunit inter-
face (Perutz, 1979, 1990; Friedman & Lyons, 1980; Friedman
et al., 1982; Kaminaka et al., 1990; Ackers et al., 1992;
Rodgers et al., 1992; Rodgers & Spiro, 1994; Jayaraman e
al., 1995).

The spectroscopic data presented here and that presente
previously along with kinetic and thermodynamic evidence fo
(Rodgers et al., 1996; Winkler et al., 1996; Gilles-Gonzalez
et al., 1994) are consistent with perturbation of the heme
pocket via interplay between the heme and kinase domains
of FixL*. This influence of the kinase on the heme verifies
the existence of one or more links between the domain

interface and the heme pocket. In order for the heme pocketenergy of ligand binding into conformational perturbation

conformation to be influenced by the interaction(s) between along the necessary path to affect adjustments in the kinase
the heme and kinase domains, such links must constitute 8yomain that modulate its reactivity with ATP
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