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ABSTRACT: FixL is a multiple-domain bacterial 8sensing protein that modulates the activity of its kinase
domain in response to £xoncentration. The kinase activity is coupled, via phosphoryl transfer, to
transcriptional activation by a response-regulating protein, FixJ. Heme ligation resulting in a transition
from high to low spin inhibits the kinase through an, as yet, ill-defined mechanism. This report presents
spectroscopic, kinetic, and thermodynamic data on various complexes of two deletion derivatives of
Rhizobium melilotiFixL, FixXLN (the heme domain) and a functional heme kinase, FixL*. Resonance
Raman characterization of metFixLN and metFixL* indicates that the heme core is smaller than that
observed in metmyoglobin and is indicative of a five-coordinate high-spin heme in metFixLs. Resonance
Raman spectra of FixtCO adducts reveal that the FE=O unit and/or its electrostatic environment in
FixL* —CO is distorted relative to that in FixXLNCO. The'H NMR spectra of the met forms further
support the model of an asymmetric perturbation of the heme pocket structure associated with the presence
of the kinase domain in FixL*. Observation of equivalent-fmidazole stretching vibrations for
deoxyFixLN and deoxyFixL* (212 cmt) indicates that the source of this perturbation in the heme pocket
of FixL* does not lie on the proximal side of the heme. The equivalentiféazole stretching frequencies

for deoxyFixLN and FixL* indicate that the presence of the kinase domain does not alter the relative
strength of the proximal Feimidazole bond and that the proximal imidazole ligand is weakly H-bonded,
probably to a backbone carbonyl group. Kinetic and thermodynamic data for the reactions of cyanide
and fluoride ions with FixL are consistent with shape selectivity due to steric and/or an anisotropic
electrostatic field in the distal heme pocket being responsible for the unique reactivities (or lack thereof)
of FixL with ligands,i.e.,, O,, CO, CN-, F~, N3~, and SCN. While the rate constants for binding of

CN~ to metFixLN and metFixL* are an order of magnitude slower than that for metMb, the stabilities of
these complexes and metMIEN are nearly the same. NeithegNnor SCN- binds to the heme with
measurable affinity. Since other ferric heme proteins form stable adducts with these ligands, the inability
of FixL to form analogous complexes suggests that the ligand selectivity of this protein is rooted in
insurmountable activation barriers to the binding of ligands containing more than two atoms and for
ligands whose lowest-energy coordination geometries are linear. This allows the natligdr@ to
compete kinetically with other naturally occurring ligands that form stable complexes with unencumbered
hemes. Moreover, the rate constant for binding of QN the functional hemekinase (metFixL*) is
smaller than its metFixLN counterpart and the stability of metFixCN is measurably lower than that

of metFixLN—CN. This indicates that the contacts between the heme and kinase domains of FixL*
impose more stringent geometric constraints on ligand binding than FixXLN. The kinase is thus implicated
in a possible mechanism for phosphate-dependent feedback control over ligand affinity of the heme.

FixL is a cytoplasmic membrane-bound-€ensing protein ~ autophosphorylation activity of its kinase domain; the deoxy
that binds Q reversibly (Gilles-Gonzalez et al., 1991). It form of FixL is phosphorylated by ATP. The phosphorylated
occurs in nitrogen-fixingRhizobiur bacteria that enter into  deoxyFixL provides a phosphoryl group to FixJ. In its
symbiosis with legumes. FixL, a protein histidine kinase, phosphorylated form, FixJ is a transcriptional activator for
and FixJ, a response regulator, constitute the two-componenthe nifA andfixk genes (Reyrat et al., 1993). This sequence
signal transduction system that modulates the levelif of events is illustrated in Figure 1. The deactivation of the
and fixK transcription in response to changes in cellular FixL kinase domain occurs when deoxyFixL binds oxygen.
oxygen tension (David et al., 1988; Ditta et al., 1987). The OxyFixL is unable to activate FixJ. Hence, the FixL/FixJ
protein products of these genes, in turn, promote transcriptionsystem constitutes an oxygen-sensitive switch for control

of all other genes necessary for nitrogen fixation in legume over production of the nitrogen fixation system in these
root nodules (Batut et al., 1989; Earl et al., 1987). FixL pacteria.

responds to low oxygen concentrations with increased The spin state of the heme iron in FixL has been shown

to control the activity of the kinase domain (Gilles-Gonzalez
T This research was supported by the NDSU Chemistry Department, et al., 1995). In its oxy state, a low-spin form for the protein,
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Ficure 1: Schematic illustration of the signaling pathway through
which the FixL/FixJ two-component system activates transcription
of nifA and fixKk. The membrane has been omitted from the
phosphoFixL for clarity.

mechanism(s) involved in the transmission of the iron spin

Rodgers et al.

domain on the heme environment. Interdomain interactions
are manifested in perturbation of the heme pocket structure
that result in changes in the kinetic and thermodynamic
parameters for ligand binding. Resonance Raman signatures
of FixL—CO and metFixL are presented and are consistent
with steric crowding of the distal heme pocket that is
modulated through interactions between the heme and kinase
domains.

EXPERIMENTAL PROCEDURES

Expression and Purification.A soluble truncated FixL
(FixL*) and the heme-containing domain of FixL (FixLN)
of Rhizobium melilotivere overproduced iBscherichia coli
from single plasmid constructs (pGG820 and pEM130)
(Monson et al., 1992) kindly provided by Professor Donald
Helinski. Both proteins were purified using published
procedures (Monson et al., 1992). Protein purity was assayed
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

and ligation states in the heme domain to the kinase domainPnosphorylation assays in which 4 FixL* in 20 uL of

are not understood.

The heme in FixL does not have any known catalytic
function, nor does it store or transport oxygen. Although
the function of FixL is fundamentally different from that of
the hemoglobins (Hb), some of its chemical and spectro-
scopic characteristics are strikingly similar to those of Hb
(Gilles-Gonzales et al., 1991). Similarity of the UVisible
spectra of deoxy- and oxyFixL to those of the deoxy and
oxy forms of myoglobin (Mb) and Hb and a recent site-

100 mM Tris/HCI, pH 7.8, 5% glycerol, and 50 mM KCI
was reduced by addition of a stock solution of sodium
dithionite followed by the addition of a stock MnZATP
solution to yield a final concentration of 0.4 mM Mngl
0.4 mM ATP, and Ci of [y-32P]JATP. After 5 min, the
reactions were stopped and analyzed via SPSGE and
autoradiography according to published procedures (Gilles-
Gonzalez et al., 1991).

K4 Determinations and Kinetics ExperimentSor protein

directed mutagenesis study provide compelling evidence thatreactions with cyanide and fluoride, both FixL* and FixLN

the proximal heme ligand in FixL is the imidazole side chain
of a histidine residue (His 194) (Monson et al., 1995).
FixL represents a unique opportunity to exploit the well-

were allowed to oxidize to their met forms at room
temperature prior to use. Dissociation constants for met-
FixL* —CN and metFixLN-CN were determined by anaero-

characterized heme chromophore to initiate and investigatebic titration of the respective proteins with stock, degassed

the transduction of a cellular signal from fisst step. The

cyanide solutions. Each titration point was monitored at 397

initial phase of this study has been to characterize the hemeor 424 nm to ensure that the reaction mixture was at
pocket by its spectroscopic signatures and its chemistry with equilibrium prior to the addition of the next aliquot of cyanide

small ligands. In order to avoid the inhomogeneity problems

solution. One to two hours was typically allowed for the

often associated with the study of membrane-bound proteins,reaction to reach equilibrium. If the titration was not done

two soluble deletion derivatives of FixL have been examined.
The first is a soluble functional hem&inase designated
FixL*. This derivative contains the heme and kinase
domains (residues 12505, MW ~42 800) (Monson et al.,

under anaerobic conditions, the cyanide concentration changed
during the course of the equilibration time. Initially the
changes in cyanide concentrations were noted for cyanide
titrations of FixL* in 200 mM Tris/HCI, pH 7.8, and 5%

1992) without the membrane anchor. The second containsglycerol. Similar behavior was also noted for the myoglobin

only the heme domain (residues 2260, MW ~16 100)
(Monson et al., 1992) and is designated FixLN.

Herein we present kinetic, thermodynamic, and spectro-
scopic data on the reaction of FixL with small ligands. These

cyanide titration under the same conditions. To determine
if oxygen was involved in the cyanide degradation, stock

solutions of sodium cyanide were prepared both aerobically
and anaerobically. These stock solutions were then used in

data are interpreted and analyzed in terms of the uniqueCyanide titrations of myoglobin as a test of the cyanide

reactivity of the FixL heme, which they reveal. For example,
the affinity of metFixL for CN is similar to that for metMb

(horse). However, the rate constants for Cinding and

dissociation are roughly an order of magnitude slower for
metFixL than for metMb. This suggests that the nature of
the heme environment is quite different from those of the
well-characterized heme proteins. Differences in the NMR

concentration integrity.

For kinetic measurements of CNvinding to metFixL*
and metFixLN, protein concentrations werd uM and the
absorbance change at 423 or 397 nm was monitored with a
spectrophotometer upon initiation of the reaction by addition
of a stock cyanide solution. The reactions were carried out
in a thermostatically controlled cell with stirring. Reaction

and resonance Raman (RR) spectroscopic sighatures otonditions were varied to consider the effect of the presence

metFixL and metMb are correlated with the kinetic differ-
ences to formulate a structuréunction model for the heme

pocket of FixL. Comparison of these data for FixLN and
FixL* provides insight into the influence of the kinase

of Mn2*, KCI, and glycerol on the rates of cyanide binding.
All the cyanide reactions were carried out under anaerobic
conditions. All kinetic runs were done in triplicate at 22
°C. Measurement of the rate constant for cyanide binding
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to myoglobin under conditions analogous to those used for
our FixL cyanide binding studies were done in order to
compare our FixL behavior to that we observed for myo-
globin and for comparison to the myoglobin literature values.
The on rates for fluoride binding to the FixL proteins were
measured in a manner analogous to the FixL cyanide &
measurements with absorbance changes monitored at 40¢ _
or 397 nm. Stock NaF solutions were prepared in 500 mM = - 10
sodium phosphate, pH 7.8, and used immediately. In order =
to study the Fixl—fluoride dissociation rate, a concentrated
stock solution of the protein was treated with a 1000-fold
excess of NaF. This protein fluoride mixture was then
diluted into a UV-visible spectrophotometer cell containing
100 mM sodium phosphate, pH 7.8, at 2Z. The
disappearance of the FixL-Nluoride Soret was observed

at 408 nm.
itrati i il * wi ; ; Ficure 2: UV circular dichroism spectrum of 2/M oxyFixLN
Titrations of FixLN and FixL* with azide and thiocyanate in 10 mM phosphate buffer, pH 7.8. The table contains the

were attempted. These attempts were monitored via thecgicylated secondary structure composition for FixLN. Corre-
UV —visible absorptlon spectrum. Sodium azide was intro- sponding values for myoglobin are given in parentheses.
duced up to a 6000-fold excess over thgM protein. A
13 000-fold excess of sodium thiocyanate ove\® protein
was employed.
Circular Dichroism Experiments A scanning CD spec-
trometer was used to obtain a CD spectrum ofi@7FixLN
in 20 mM sodium phosphate, pH 7.8, in a 1-cm path length
cell. The method of Sreerama and Woody (Sreerama et al.,
1993) was used to estimate the secondary structure composi-
tion of FixLN on the basis of the CD data. The same results
were obtained regardless of the initial guesses for secondary
structure composition, which suggests that these results
represent the closest approach to a global minimum attainable
with the algorithm of Sreerama and Woody.
Nuclear Magnetic Resonance Spectroscopyoton NMR e e Ra,if;; ghi}:?cm-n)lsgs oo
spectra of metFixLN and metFixL* were obtained at 270 or Ficure 3: Resonance Raman spectrum ofi® metFixLN. The
400 MHz using standard presaturation of the HDO signal spectrum was acquired with 413.1-nm excitation and 20-mW laser
from solvent water. Samples were concentrated and ex-power at the sample using a line focus. Band assignments are made
changed into 90 mM potassium phosphate, pD 7.8, and 10%by analogy with metMb and ferric CCP (Smulevich et al., 1996).

lvcerol in DO. Spectra were acguired at 18. Solution conditions are 100 mM Tris, pH 7.8, and ambient
9y D P N temperature. The 1470-cthband is from ferrous heme generated

Resonance Raman Spectroscopesonance Raman Spec-  y photoreduction in the laser beam. The frequencies/fand
tra were acquired from samples in a spinning 5-mm NMR 15 0f aguometMb are given in parentheses. See text for discussion.
tube using the 135backscattering geometry aifil collec-
tion. Either the 406.7- or the 413.1-nm line from a Kr ion spin UV-visible spectra are very similar to those of Mb
laser was used for Raman excitation, and the laser beam wagAntonini & Brunori, 1971) (Monson et al., 1992), the
focused to a line using a cylindrical lens to minimize circular dichroism (CD) spectrum of FixLN was obtained
photolysis artifacts and laser-induced sample degradation.in order to compare its secondary structure to that of Mb.
Scattered light was passed through a holographic notch filter FixLN exhibits no significant sequence homology (Gilles-
and a polarization scrambler and tHematched to 2 0.67-m  Gonzalez et al., 1994) with any structurally characterized
single spectrograph fitted with a 116 110-mm grating  proteins. Figure 2 shows the CD spectrum of oxyFixLN in
having a groove density of 2400 grooves/mm. The Raman 10 mM phosphate buffer at pH 7.8 and the results of the
spectrum was detected using a 25-mm liquigddoled CCD  calculation to estimate its secondary structure composition.
camera under the control of a microcomputer. Protein These results reveal that the secondary structure of the FixL
concentrations in samples used for collection of resonanceheme domain is measurably different from that of Mb [78.0%
Raman data fell in the range of#1—0.2 mM. DeoxyFixLs  q-helix, 10.0% turn, 12.0% disordered (Sreerama & Woody,
were generated under anaerobic conditions by addition of 1993)] and of the subunits of tetrameric Hb.
an aliquot of stock sodium dithionite solution. The corre-
sponding hemeCO derivatives were prepared by addition
of 1 atm CO to the tubes containing the deoxyFixLs.

Vit 1625

V,,: 1581 \—VZ: 1562

Raman Intensity
V,:1493 (Mb:1483)

Vgt 1522 (Mb:1511)

V;: 1470 (Fe')

High-Frequency Resonance Raman Spectroscofye
heme pocket structure and heme geometry of metFixLs have
been probed by Soret-excited resonance Raman spectroscopy.
RESULTS Figure 3 shows the spectrum of metFixLN in the region of

the spectrum containing vibrational modes whose frequencies

Circular Dichroism SpectroscopySince the molecular  are sensitive to the heme core size. These data show a
weight of FixLN is similar to that of Mb (Antonini & marked increases in the frequencies of isolated core-size
Brunori, 1971) (Monson et al., 1992) and since the low- marker bands, consistent with a metFixL heme core that is
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Table 1: Raman Vibrational Mode Compositions and Frequencies
for metFixLN and metMb

Raman band frequency

vibrational Raman vibrational for metFixLN®  band frequency

modé  mode compositich (cm™) for metMb! (cm™?)
V3 28%v(CoCresd 1493 1483
28% V(C/jC/;)
12%1(CyN)
V3g 62%v(CsCp) 1522 1511
14%(C4Cy)°

a Assignments made by analogy with those for metMb and ferric
CCP (Smulevich et al., 1996). Compositions from the in-plane NiOEP
force field (Li et al., 1990)¢Spectra acquired using 413.1-nm
excitation.d Hu and Spiro (submitted for publicatiorf)C, is the carbon
directly attached to the Lcarbon of a pyrrole ring.

- Fe-Im stretch

deoxyFixL*

212 cm™t

e
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FIGURE 4: Resonance Raman spectra ofi80 deoxyFixL* (top)
and FixLN (bottom) obtained with 406.7-nm excitation and 40-

390 440

mW laser power at the sample. Band assignments are made by

analogy with NiOEP (Li et al., 1990) and CCP (Smulevich et al.,
1996). Solution conditions are 100 mM Tris, pH 7:82 mM
dithionite, and ambient temperature.

Table 2: Fe-His Stretching Frequencies in Five-Coordinate
High-Spin Ferrous Heme Proteins

protein VEe—tis (CMTY) reference
sGC 204 Deinum et al. (1996)
T-stateaHbA 207 Nagai and Kitagawa (1980)
FixLN 212 this work
FixL* 212 this work
R-stateaHbA 218 Nagai and Kitagawa (1980)
Mb 220 Kitagawa et al. (1979)
T-stateSHbA 220 Nagai and Kitagawa (1980)
R-state3HbA 224 Nagai and Kitagawa (1980)
HRP 244 Teraoka and Kitagawa (1981)

smaller than that of aguometMb. Table 1 shows the mode

compositions along with their frequencies in metFixLN and
aquometMb. The analogous spectrum of metFixL* is
virtually identical and is not shown.

Low-Frequency Resonance Raman Spectroscéjmure

Rodgers et al.
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FiGURe 5: v, region of the 406.7-nm excited resonance Raman
spectra of FiXLN-CO and FixL*~CO showing the 2.7-cmi
downshift and slight broadening due to interaction between the
kinase and heme domains in FixL*. lllustrations show the preferred
geometry of the FeC=0 unit and how kinase-induced asymmetry
in the heme pocket might perturbbackbonding between the heme

and CO.
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FiGUrRe 6: (Top) 'H NMR spectrum (400 MHz) of 20QuM

metFixLN, 50 mM phosphate, pD 7.8,= 22 °C. (Middle) H
NMR (400 MHz) spectrum of 5@M metFixL*, 50 mM phosphate,

pD 7.8, T = 22°C. (Bottom)!H NMR (270 MHz) spectrum of
500 uM metMb, 50 mM phosphate, pD 7.8, = 22 °C. Ferric

Mb spectrum is presented for comparison showing heme methyl
assignments (LaMar et al., 1980). FixL heme methyl assignments
are made on the basis of relative intensities, since each methyl
contains three protons.

provide useful insight into the distal heme environments in
heme proteins. The most intense band in Soret-excited RR
spectra of porphyrin complexes is labelegdand involves
primarily pyrrole N-C, and pyrrole G—C;s stretching and

4 contains the Soret-excited RR spectra of deoxyFixLN and Ca—Cmesobending (Li et al., 1990). Figure 5 shows for

deoxyFixL*. The band at 212 cm is assigned to the Fe
His stretching vibration by analogy with a host of other heme
proteins having proximal imidazole ligands (Spiro, 1983).
Figure 4 shows that the frequencies of the-Fis stretching
bands for deoxyFixLN and deoxyFixL* are indistinguishable.
Table 2 shows where the.nis frequencies for deoxyFixLs
fall relative to the analogous vibration for a number of heme
proteins.

Resonance Raman Spectroscopy of FixO® and Fixl* —
CO. Resonance Raman spectra of her@® adducts can

the low-spin F&—CO adducts of FixLN and FixL*. Note
thatv, for FixL* —CO is shifted to lower frequency (down-
shifted) 2.7 cm?! from that of the FixLN-CO complex.
Careful inspection of Figure 5 reveals that the bandwidth of
v4 for FixL* —CO is slightly greater than that for FixL-N
CO.

IH NMR Spectroscopy of metFixLN and metFixLThe
IH NMR spectra of the five-coordinate high-spin forms of
metFixLN and metFixL* are shown in Figure 6. The general
features of these spectra are typical of high-spin Fe(lll) hemes
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Table 3: Rate and Stability Constants for Henfduoride Complexes

protein Kor2? (M~157Y) Kot? (S71) K4 (M) AG® 2 (kcakmol™?)
metFixLN—Fe 5.61+ 0.47 (4.14+ 0.06) x 1072 (7.38+ 0.63)x 1073 —2.87
metMb—F 0.53 9.4x 1078 1.78x 1072 —2.35
ferric HRP—Fo (1.8+0.2) x 10° (454 0.7) x 1C? (25+0.6)x 101 —0.81

aT = 22°C, pH 7.8, 100 mM phosphatéMeasured under pseudo-first-order conditionGalculated fromks, andke. ¢ Calculated fromKa.
€ This work; reported uncertainties were obtained by propagation of the uncertainties in slopes of the I6gidIat85,T = 22 °C (Blank et al.,
1961).9 HRP = horseradish peroxidas&,= 25 °C, pH 7.5 (Dunford & Alberty, 1967).

Table 4. Rate and Stability Constants for Hen@yanide Complexes

protein Kor®® (M~1-57%) Koft (S71) K (M) AG° ¢ (kcakmol™?)
metFixLN—CN¢e 325+23 4.74x 1074f (1.48+0.11)x 10°° —6.52
metFixLN—CN®9 325+16
metFixL*—CN¢ 221+2.2 3.98x 1074f (1.80+ 0.03)x 1075 —6.40
metMb—CN 2694 15 4.8x 10°3F 1.78x 105" —6.41
ferric HRP—CNf (7.2+ 0.4) x 10 (2.940.3)x 101" (3.5+0.1) x 10°°

aMeasured under pseudo-first-order conditioh.= 22 °C, pH 7.8, 100 mM Tris¢ Calculated fronKg. ¢ This work; reported uncertainties
were obtained by propagation of the uncertainties in slopes of the log petgcerol present! Calculated fronKg andkon. 9 Buffer was 50 mM
KCI, 0.20 mM MnCk, and 5.5% glycerol? Blank et al. (1961)! T = 25 °C, pH 8.11 (Ellis & Dunford, 1968).

(Ho, 1992; La Mar et al., 1980) and the heme methyl proton

assignments indicated on the spectra were made by analogy

with the spectra of the peroxidases (Lukat et al., 1989) and
myoglobin (La Mar et al., 1980). The spectra of these two
FixL deletion derivatives are similar except for the breadth
of the resonance centered afl00 ppm in the metFixL*
spectrum. Although all of the resonances in the metFixL*
spectrum are broadened relative to their analogs in the
metFixLN spectrum because of the increased molecular
weight (and longer correlation time;) of metFixL* (42.8
kDa) over that of FixLN (16.1 kDa), the most downfield-
shifted resonance in the metFixL* spectrum is approximately
2.5 times as broad as the other three (Figure 6). This
metFixL* spectrum was obtained from a very dilute solution
(~50 uM) due to limited protein solubility. Consequently,
the signal to noise ratio is somewhat small and data
processing is difficult. The extensive baseline correction

7.0x104 —

u]

6.0x10% 4

5.0x10% 4

4.0x10* 4

metFixL* + CN”

o/[CN]

4
3.0x10 metFixLN + CN”
2.0x10*

1.0x10* 4

0.0 4

——
0.7

FiGure 7: Scatchard plots for titration of 1.2M metFixLN
(squares) and metFixL* (circles) with CN20 mM Tris, pH 7.8,
22 °C. These plots indicate that both proteins bind 1.80-y

necessary to present the spectrum distorts the intensities tantercept/slope= 55 323/55 366) CN ion/heme.

such an extent that the integrated peak intensities have little

Table 4 lists the dissociation constants for metFixtN

or no meaning. The spectra have been processed a numbeéN, metFixL*~CN, metMb-CN, and HRP-CN. The CN

of times and the relative intensities of the most downfield-
shifted peaks are not reproducible. However, regardless of
the apparent intensities, the line width of the 100-ppm heme
methyl resonance is always greater than the other three.

Ligand Binding to metFixLs.The dissociation constants
have been measured for metFixtICN and metFixL*CN
by spectrophotometric titration and for metFixt¥ by
determination of the association and dissociation rate con-
stants. Thermodynamics and kinetic parameters for the
reaction between metFixLN and fre listed in Table 3 with
the corresponding data for metMiF and HRP-F (fluoride
complex of ferric horseradish peroxidase). These results
show that metFixLN has slightly higher affinity forRhan
metMb [Kd(meth—F) = 2-4Kd(metFixLN—F)]- Although the stabili-
ties of these adducts differ only slightly, metFixLN’s rate
constant for F association is an order of magnitude (10.6
times) larger and that for dissociation is nearly twice (4.4
times) as large as that for metM-. TheKq for HRP-F is
over 30 times that for the metFixL adduct. In addition to
its relatively low stability, the association and dissociation
rate constants for HRPF are much larger than those for
the Q-binding proteins.

binding experiments were rather arduous due to long
equilibration times after each CNaddition of the spectro-
photometric titrations. When these experiments were carried
out under aerobic conditions, the resulting binding curves
had a sigmoidal shape reminiscent of those for cooperative
hemoglobins. However, when oxygen was excluded from
the experiment, the CNbinding curves for FixLN and FixL*
were hyperbolic and yielded linear Scatchard plots. Figure
7 shows representative Scatchard plots for the anaerobic
titration of both FixL derivatives with CN The Scatchard
plots indicate that CNbinds noncooperatively with 1 ligand
bound/metFixLN or metFixL* molecule.

It was necessary to carry out all CNitrations under
anaerobic conditions to avoid the slow oxidative degradation
of CN-, the rate of which is competitive with coordination
of cyanide to the heme iron at the low CNoncentrations
of early titration points. While neither the mechanism(s) nor
the rate constant(s) for oxidative degradation of the"CN
solutions is known, the degradation was verified in aerobic
CN~ solutions. Stock CN solutions (2 mM) left open to
air for 12 h would no longer convert metMb to MICN.
This cyanide ion degradation was also observed in the
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FiGUre 8: Representative first-order plots for the binding of CN
to metFixLN and metMb under pseudo-first-order conditions.
Solution conditions were 1,0M protein, 80uM CN—, 22°C, 100
mM Tris, pH 7.8, 5.5% (v/v) glycerol. Rate constants obtained
from these data are listed in Table 3.
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presence of proteins. If either metMEN or metFixL—
CN was allowed to sit under aerobic conditions overnight,
the UV—visible spectrum of the protein showed that the
protein was a mixture of met and meEN forms. After 48
h, the protein had completely reverted to the met form.

Since these proteincyanide titrations revealed slow
binding of CN™ to metFixLs, the association rate constants
were determined for metFixLNCN and metFixL*CN
under pseudo-first-order conditions. Even though kae
values of the metFixtCN adducts and metMbCN are
comparable, the association rate constants for the-FGIN
complexes are significantly smaller that those for metMb
and cyanide ion (Table 4). Figure 8 shows this striking
difference in association rates for metMBN and met-
FixLN—CN.

The dissociation rate constant for metFxCN is an order
of magnitude smaller than they for metMb—CN. Possible
contributors to this diminishekl« are (a) an energy barrier
to solvation of the dissociated anionic CNigand in the
hydrophobic distal heme pocket of FixL and (b) a trans effect
of the more protonated imidazole in FixL (Table 2).

A slight but reproducible decrease in the stability of
metFixL*—CN relative to that of metFiXLN-CN is ob-

Rodgers et al.

may be lined or partially lined by this typically hydrophobic
secondary structure. A hydrophobic heme pocket would
preclude stabilizing hydrogen-bonding interactions between
heme ligands and H-bond donors such as those known to
occur in Hb, Mb, and the heme peroxidases [Nakamoto
(1980) and references therein]. This is consistent with the
diminished Q affinity reported for FixL and its various
deletion derivatives (Gilles-Gonzalez et al., 1994).

The high core-size marker band frequencies for metFixL
relative to aquometMb (Figure 3) indicate that the porphyrin
core is less distorted (more planar) in metFixL than in
aquometMb. This indicates that the iron atom is further out
of the heme plane in metFixL than in the six-coordinate
aquometMb (Stryer et al., 1964). Not all of the core-size
marker bands (Parthasarathi et al., 1987) conform to this
simple model, probably due to differences in the extent of
heme doming between the two proteins. The extent of
doming in metFixL is probably greater than that in metMb
since metFixL is five-coordinate and metMb is six-
coordinate. Heme doming is expected to contribute nega-
tively to these frequencies as it distorts the planarity of the
heme, thus reducing the skeletal bond strengths, and causes
mixing of the in- and out-of-plane vibrational coordinates
(Hoard et al., 1973; Spiro et al., 1979; Parthasarathi et al.,
1987; Spiro, 1983). Hence, heme core constriction and
doming may have opposing effects on the frequencies of
some core-size marker bands. The small porphyrin core size
of metFixL is consistent with a five-coordinate metFixL
heme in which the iron atom is significantly displaced from
the mean porphyrin plane. This is consistent with the earlier
suggestion that, based on the blue-shifted Soret maximum
of metFixL Amax = 397 nm), it is five-coordinate (Gilles-
Gonzalez et al., 1994).

The five-coordinate ferric state of FixL could be the
manifestation of distal and/or proximal effects. Proximal
tension imposed by the protein might make it difficult to
bring the iron close enough to the heme plane for a water
molecule to coordinate as a sixth ligand. However, since
fluoride ion binds to the heme (Gilles-Gonzalez et al., 1995)
to generate a high-spin ferric complex (Table 3), it seems
unlikely that HO coordination to the ferric heme is precluded
by proximal protein conformational tension. Hence, it is
concluded that the structural characteristics of the heme

served. Table 4 reveals that this decrease is due to aygcket responsible for the five-coordinate ferric heme are

preferential decrease i, for CN™ binding to metFixL*.
Complexation of metFixXLN and metFixL* with the tri-

largely isolated on the distal side of the heme.
The Proximal Heme PockefThe proximal Fé—imidazole

atomic pseudqhalides, a_zide and thipcyanate ions, was(Fd'—ImH) stretching vibration #ge_imn) is typically en-
attempted. Neither the azide nor the th|0cyanate adducts thanced in Soret-excited RR Spectra of deoxy hemes (Desbois

FixL could be generated under conditions which facilitate
formation of metMb-N3 or metMb—SCN. Even in the
presence of a Fefold excess of ligand, no evidence of the
FixL—N3 or FixL—SCN complexes could be observed at
room temperature.

DISCUSSION

The Heme Esironment in FixL

The Distal Heme PocketAlthough quantitative interpre-

et al., 1981; Spiro, 1985), and theemu frequency is a
sensitive indicator of the le-ImH bond strength. As such,
the frequency of this vibration is sensitive to the extent of
any H-bonding in which the proximal imidazole may be
involved. Donation of the Nproton to a H-bonding acceptor
imparts partial anionic (imidazolate) character to the proximal
histidine, which results in a relatively strong-+kn bond.
Table 2 lists thevee_nis frequencies corresponding to fully
protonated imidazoles (top of Table 2) and those deproto-
nated by H-bond donation to backbone carbonyl groups

tation of secondary structure calculations based on CD data(middle of Table 2) and to anionic side chains (bottom of

tend to be less than straight-forward, the results on oxyFixLN

Table 2), as occurs in heme peroxidases; Asp 235 in

in Figure 2 suggest it is rather unlikely that the heme domain cyctochromec peroxidase (Poulos & Kraut, 1980; Finzel et

of FixL consists of predominantiy-helical tertiary structure.
The presence of sonfesheet indicates that the heme pocket

al., 1984). Theveeimn frequency of 212 cmt in deoxy-
FixLN and deoxyFixL* falls near the low-frequency end of
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the range characteristic of imidazoles that are H-bonded tospectrum (Figure 6) could be due to unresolved peaks in the
weak acceptors such as backbone carbonyl groups (BoltonFixL* spectrum corresponding to protons that are not within
etal., 1970; Ladner et al., 1977). Furthermore, the fact thatthe paramagnetic influence of the heme in metFixLN.
Vre-imi OCCUrS at the same frequency for both proteins However, the similarity in the Soret-excited RR spectra of
suggests that (a) any interactions between the heme andnetFixLN and metFixL* suggest that these protons are
kinase domains have no measurable effect on the H-bondingunlikely to be covalently attached to the heme, which would
status of the proximal imidazole in deoxyFixL and (b) any require aca 95-ppm downfield dipolar shift of these protons.
kinase-based influence on the kinetics or thermodynamics This is an impossible set of circumstances, as the protons
of ligand binding (see below) by the heme most likely arises would have to be nearly in the plane of the porphyrin and
from adjustment(s) of the distal heme pocket structure. very close to the heme iron to experience a dipolar shift of

this sign and magnitude (La Mar & Walker, 1979). It is,
Response of the Heme Pocket to Interdomain Interactions therefore, proposed that the width and slight downfield shift
of the 100-ppm methyl resonance seen in Figure 6 reflects
multiple conformations of the protein near the affected
methyl group due to the hem&inase interaction in FixL*.
%Such an asymmetric perturbation of the heme pocket in
FixL* is consistent with the differences betweenfrequen-
cies and line widths in the RR spectra of Fixbl€O and
FixL* —CO in Figure 5.

Resonance Raman Spectra of Fixt®O and Fixl* —CO.
Insight into the effects of interdomain interactions between
the heme and kinase domains on the distal heme pocket ar
provided by Soret-excited RR spectroscopy of the FixLN
and FixL*—CO adducts. The, vibrational Raman band
can be described as the symmetric pyrrole distortion consist-
ing primarily of pyrrole G—N and pyrrole G—Cg stretching
and G—Cresobending (Li et al., 1990). This band is often Ligand Binding to FixLN and FixL*
referred to as the porphyri-electron density marker
because it has been shown to reflect the extent of porphyrin  Fluoride Binding to metFixLN.The Kq4 for metFixLN—F
7* population (Spiro & Strekas, 1974; Kitagawa et al., 1975; (Table 3) are smaller than those for the respective Mb and
Spiro & Burke, 1976). In complexes of ferrous hemes with  HRP adducts and the rates of metFixE formation are
a acidic ligands such as CO and N@,shifts to frequencies  intermediate between the two proteins. The increased rates
~15 cnt?! higher than those typical of Fe(ll) porphyrins of association relative to metMb arise from several effects.
(1350-1355 cntl). This shift to higher frequency (upshift)  First, due to the small ionic radius of the fluoride ion, its
is in response to the loss of porphyrirt electron density approach to and bond formation with the heme iron are less
through delocalization into the* orbitals of the z-acid affected by the geometric constraints responsible for the
ligand ¢z backbonding). These data are consistent with shape selectivity of the FixL heme pocket. Second, whereas
diminishedsz backbonding between the Fe(por) moiety and metMb has a water molecule bound in its distal coordination
the CO ligand and suggest that tleoverlap between CO  site, FixL does not. Hence, coordination of # the FixL
and Fe(por) has been diminished by interaction(s) betweenheme does not require predissociation of water. Finally, the
the heme and kinase domains. Similar shiftsjiior other crystal structure of metHbF contains a water molecule
heme proteins have been interpreted in terms of a geo-bridging the fluoride and the distal histidine in a H-bonding
metrically distorted FeC=0O moiety (Evangelista-Kirkup  network (Deatherage et al., 1976). Since the H-bonding
etal., 1986; Smulevich et al., 1988). In this model, overlap networks in Hb and Mb are similar, water likely occupies a
of the porphyrin and COr* orbitals is diminished by off- similar site in metMb-F. While this effect may be relatively
axis distortion (bending or tilting) of the F&C=0 unit. This smalll, the requirement for this ternary arrangement may also
would confine the antibonding electron density to the contribute to the increased association rate for metFixEN
porphyrin-basedrz* orbitals, thereby lowering porphyrin  over metMb-F. The increased dissociation rate for met-
bond orders and downshifting their stretching frequencies. FixL —F over its Mb counterpart may also be grounded in

Recent calculations suggest that the energy cost of an off-its lack of the H-bonding network that stabilizes the bound
axis distortion such as that described above is too large toF~ in the globins (Deatherage et al., 1976).
be imposed by protein conformational strain (Ray et al.,  The stability of HRP-F is considerably lower than that
1994). Experimental evidence from the same investigators of FixLN—F due to its largd.s (Dunford & Alberty, 1967).
suggests that perturbationssirbackbonding result primarily  This is consistent with the difference in charge of the
from distal electrostatic fields that are asymmetric with proximal imidazole ligands in FixL and HRP. The proton
respect to th€,, axis of the porphine core (Ray etal., 1994). of HRP is strongly H-bonded to a proximal anionic amino
Regardless of the mechanism by which the he@® acid side chain and, consequently, has considerable imida-
backbonding is perturbed, a distorted-+F&=0 moiety is zolate character (Behere et al., 1985; La Mar et al., 1982;
consistent with differences in the shape and/or electrostaticThanabal et al., 1988, Teraoka & Kitagawa, 1980). The
field in the distal heme pocket between Fixtl€O and imidazolate ligand partially neutralizes the positive charge
FixL* —CO. of the iron center which, in turn, reduces the activation energy

Figure 5 reveals that, for FixL* —CO is slightly more for the separation of charge necessary for fluoride dissocia-
broad (by 1.8 cm!) than the corresponding band in the tion.

FiXLN—CO spectrum. This may indicate multiple confor-  The formation of a six-coordinate high-spin metFixtR

mations at the periphery of the heme that arise in responsecomplex begs the question, why does the high-spin ferric
to the asymmetry in the distal pocket that downshiftsithe  heme not coordinate a water molecule? Formation of the
frequency in FixL*-CO. fluoride complex is evidence that a six-coordinate high-spin

IH NMR Spectra of metFixLN and metFixL The broad ferric heme complex is possible for FixL. Hence, it is
resonance centered near 100 ppm in the metFHL.NMR probably not reasonable to conclude that the protein exerts
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too much proximal tension holding the heme iron out of the imidazole of metFixL has less of a neutralization effect on
porphyrin plane and out of the range for bond formation with the positive charge on the heme Fe than the more strongly
distal ligands. However, the fluoride binding properties of H-bonded (and anionic) proximal imidazole of Mb. There-
metFixL are consistent with electrostatic and/or steric fore, metFixL—CN is expected to have a larger electrostatic
constraint serving to discriminate against polyatomic ligands barrier to separation of the anionic CNigand from the

based on shape and size. trivalent Fe atom than metMbCN. Furthermore, RR and
Cyanide Binding to metFixLN and metFixL The ther- UV —visible evidence for a five-coordinate ferric heme
modynamic stabilities of metFiXLNCN and metFixL* suggests that the additional energy barrier to metFigN

CN are comparable to that of metMICN (see Table 4).  dissociation may be due in part to the lack of available water
These results differ slightly from the stabilities of metFixL ~ to solvate the CN anion in the hydrophobic heme pocket.
CN derivatives determined for the soluble metFixL from  The FixL heme environment presents kinetic (activation)
Bradyrhizibium japonicuniBjFixL) and for a heme domain  barriers to both CN coordination and dissociation that are
deletion derivative oR. meliloti FixL, RmFixLH (Gilles- not found in the reaction of CNwith aguometMb. Dis-
Gonzalez et al., 1995). These proteins are reported to reactplacement of a water ligand is unnecessary since metFixL
half-saturation at 350 and 38V CN~, respectively. Based is five-coordinate. In light of the rapid association between
on theKgs in Table 4, half-saturation occurs at 1@ for F~ and FixL, the slow association rate with Cié probably
metFixL* and 14.8M for metFixLN. These half-saturating due to factors (steric and/or electrostatic) which slow down
CN~ concentrations are not directly comparable, becausethe approach of CNto the heme iron.
CN~ binding to the mdjFixL and meRnFixLH derivatives, It is useful to compare and contrast the rate constants for
has been reported to be cooperative with a Hill coefficient fluoride and cyanide binding to and dissociation from
of 1.7 (Gilles-Gonzalez et al., 1995). Although the sequencesmetFixLN. Theky, for F~ is 5.8 times that for CN, which
of these two FixLs are highly homologous, natBg-ixL is is attributed to the small ionic radius of the fluoride ion and
a soluble protein. Hence, these apparent discrepancies majyts ability to circumvent the steric constraints of the heme
arise from differences in primary and possibly secondary and pocket. The greatly increased dissociation rate of met-
tertiary structures of these FixLs from different organisms. FixLN—F over the CN adduct is explained in terms of spin
On the other hand, if the rate constants for association of state of the Fe(lll) center. Fluoride ion, being a weak-field
CN~ with meBjFixL are similar to those reported herein ligand, forms a high-spin complex with the ferric heme. Since
for meRnTFixL derivatives (Table 4), the 10-min equilibra- high-spin iron(lll) is of considerably larger covalent radius
tion times reported for mBjFixL and meRnFixLH would than low-spin iron(lll) (average HS FN = 2.069 A,
only be sufficient for large excesses of CNver heme. average LS FeN = 1.986 A) (Scheidt & Gouterman, 1983),
Either competitive CN degradation by @at low [CN] or the energy cost of expanding the rigid porphine core makes
insufficient equilibration time would result in apparent it difficult to force the high-spin iron(lll) into the heme plane.
cooperativity. Hill coefficients up to 2.5 have been observed Hence, it is reasonable to assume that the iron atom in
and reported for the CNbinding curves of metMb (Scheler metFixL—F is displaced considerably to the proximal side
& Jung, 1958). This may be due to the same oxidative CN of the heme. This distance is 0.3 A in metHB, only 0.1
degradation observed in this study. It seems unlikely that a A closer than in aquometHb (Deatherage, et al., 1976). The
heme protein containing a single heme would bind"CN largek,s value for the F complex is thus a consequence of
cooperatively unless the protein exists as an oligomer or a long and weak Fe—F bond with a correspondingly low
undergoes a [CN-dependent oligomerization reaction. activation barrier to dissociation.
Although there is currently no evidence to suggest such an Lack of Reactiity with Thiocyanate and AzideThe ferric
oligomerization for FixLs, it is not inconceivable in the forms of Hb, Mb, and several heme peroxidases readily form
context of other two-component receptor proteins such asstable complexes with the SCNand/or N~ pseudohalide
the transmembrane aspartate receptor in the bacterial chemaligands (Antonini & Brunori, 1971). Hence, if these ligands
taxis system. The single-crystal X-ray structure of the ligand- were accommodated in the distal heme pocket of FixL, one
binding domain of this protein suggests that it senses would expect them to form stable adducts with the ferric
aspartate via an aspartate-dependent dimerization mechanistheme in both metFixLN and metFixL*. However, even in
(Milburn et al., 1991). the presence of 10°-fold excesses of these ligands, forma-
It is curious that the affinities of metFixLN and metFixL* tion of the adducts was not observed under ambient condi-
for CN™ are so similar to that of metMb in light of the fact tions. The inability of metFixLs to bind either of these
that the stabilities of ferrous FixtO, and FixL—CO ligands supports the idea that steric constraint(s) play an
complexes are considerably lower than those of the analogousmportant functional role in the distal heme pocket. Specif-
Mb complexes (Gilles-Gonzalez et al., 1994). The dimin- ically, it suggests that, although the formation of these
ished stabilities of these complexes has been attributedadducts is probably enthalpically favorable, the heme pocket
exclusively to a decrease in the association rate constantss sufficiently sterically encumbered to preclude binding of
(kor), as the dissociation rate constants are similar to thosethe ligand.
for Mb and Hb (Gilles-Gonzalez et al., 1994). In the case The ligand binding properties of metFixLN and metFixL*
of metFixL—CN, both the associatioand dissociation rate  raise an interesting physiological issue. The unique high-
constants are diminished roughly 10-fold relative to those spin five-coordinate state of the ferric heme in metFixL
for metMb. While CN dissociation requires separation of means that the met and deoxy forms of FixL have similar
the negative CNion from the trivalent iron center in both  heme geometries due to their equivalent coordination num-
metFixL and metMb, there must be an additional kinetic bers and high-spin states. Hence, it is reasonable to suggest
barrier to dissociation in metFixtCN. The weakly H- that they also have similar protein conformations. Since
bonded (and, consequently, less negatively charged) proximalFixLs have relatively large rate constants for autoxidation
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(Gilles-Gonzalez et al., 1994), the similarity between their
met and deoxy forms is of potential importance to the
bacterium. Should the cell find itself under conditions of
high oxygen concentration, a significant fraction of the FixL
receptors could, in principle, be oxidized to the met form.
Since metFixL contains a five-coordinate high-spin heme,
the kinase in this state of the protein wouldddive in spite
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forms reveals both linear and bent conformations of the Fe
CN moiety with its bending and stretching frequencies being
sensitive to occupation of the substrate binding site (Simianu
& Kincaid, 1995). A similar analysis comparing metFixL
CN with metFixL*—CN is ongoing in this laboratory and
will be reported elsewhere.

On the basis of the available spectroscopic and activity

of the presence of oxygen. Because the binding of anionic data, it seems clear that the purpose of the heme domain is

ligands by metFixL is quite slow (this work) on the time
scale of Q binding (Gilles-Gonzalez et al., 1994) to
deoxyFixLs, deactivation of the met form by exogenous
ligand binding would be too slow to facilitate effective
transcriptional regulation. Hence, it is difficult to see how
the cell could tolerate a significant amount of metFixL under
aerobic conditions. This suggests that, in spite of the
propensity for rapid autoxidation of deoxyFiih vitro, the
Rhizobiumbacteria must have a mechanism by which they
are able to maintain their FixL in the oxy forin vivo.

Effect of Heme Kinase Interactions on Formation Rates
and Stabilities of Ligand ComplexesThe kinetic and
thermodynamic differences between FixLN and FixL* seem
to result from influence of the kinase domain on ligand

to communicate the level of cellular oxygen tension to the
kinase. Two mechanisms can be envisioned for this com-
munication. One is analogous to that for the NO sensor,
soluble guanylyl cyclase (sGC), which modulates the cata-
Iytic conversion of guanosiné-friphosphate (GTP) to' % -
cyclic guanosine monophosphate (cGMP) as a function of
NO partial pressure (concentration) (Garber et al., 1994;
Stone et al., 1994; Hursman et al., 1995; Burstyn et al., 1995).
Initiation of this signal involves breaking of the proximal
Fe—ImH bond in response to binding of NO by the heme.
The second is more reminiscent of Hb wherein the oxygen
binding and iron spin-state conversion are conveyed to
neighboring subunits via displacement of the proximal
histidine (and, therefore, the F helix) by movement of the

approach to the heme iron and steric constraints on thelow-spin iron into the heme plane (Perutz, 1990). Recent
binding geometry inherent to the heme domain itself. The studies also reveal that distal conformational response to
observed differences between the kinetics and thermodynamheme ligation is also important in communicating the ligation
ics of CN™ binding to FixLN and FixL* are consistent with  event to neighboring subunits (Rodgers et al., 1992; Rodgers
different conformational states of these two proteins. The & Spiro, 1994; Jayaraman et al., 1995). The intersubunit
conformation of the heme-binding domain in FixL* is altered communication stems from the propagation of these local
relative to that of FixLN by virtue of the interplay between conformational adjustments to the subunit interfaces. Since
the heme and kinase domains in FixL*, which is absent in the UV—visible spectra of oxyFixLs and oxyHb are very
FixLN. Perturbation of the interactions between the heme similar and since even the NO adduct of FixL has its-Fe
and kinase domains that results in communication of changesHis bond intact at physiological temperature (Rodgers et al.,
in heme ligation and spin states to the kinase domain likely 1996), it is reasonable to conclude that the-FaH bond
relies, at least in part, on this conformational interplay in in oxyFixL is intact, making the Hb-like mechanism the most
FixL*. likely. We propose that the local conformational tension
Placement of steric bulk in the vicinity of the heme through induced by binding of @is transmitted to one or more
interactions with the kinase domain is evidenced by several interfacial contacts between the heme and kinase where one
observations. First, theH NMR spectrum of metFixL* or more changes in the nature and free energy of the contacts
shows one anomalously broadened and shifted methylare elicited. These changes may involve the making or
resonance that is clearly not broadened in the metFixLN breaking of H-bonds and/or salt bridges between the surfaces
spectrum (Figure 6). This breadth is attributed to confor- of the heme and kinase domains. Any such ligation-induced
mational heterogeneity in the vicinity of one methyl group perturbation(s) of the interdomain interface would likely
due to the presence of the kinase domain and its interaction-induce a conformational transition in the kinase, thereby
(s) with the heme domain. Second, the difference insthe inhibiting its activity.
electron density marker frequencies of metFixt80 and
metFixL*—CO leso indicateqan anisotropic perturbation of SUMMARY AND CONCLUSIONS
the heme pocket structure. Third, binding of the triatomic  The heme domain of FixL and the local heme environment
azide and thiocyanate ions to metFixL is not observed, evenare unique among heme proteins. The data presented here
in the presence of £dold molar excess of ligand. Since indicate that the heme pocket is rather hydrophobic and
both of these ligands are known to coordinate to ferric hemesfurther suggest that ligand approach and coordination
in Hb, Mb, and heme peroxidases, the lack of binding in geometry are controlled by placement of steric bulk in the
FixL is consistent with steric encumbrance of the ligand distal heme pocket. The Chbinding data (this work) along
binding site that precludes binding of these triatomic with published kinetic and thermodynamic data opadd
pseudohalide ligands. Finally, the association rate constantCO binding (Gilles-Gonzalez et al., 1994) provide compelling
of CO with a functional hemekinase, deoxBjFixL, is evidence that the interactions between the heme and kinase
smaller than that for the heme domain alone (Gilles-Gonzalezdomains diminish both the rate at which these ligands form
et al.,, 1994). This is not observed fop,Guggesting that  complexes with the heme and the thermodynamic stability
the FixL* heme pocket kinetically discriminates against of the complexes. These observations suggest two possibili-
ligands containing more than two atoms and against diatomicties, which need not be mutually exclusive. First, confor-

ligands such as CO and CNvhose lowest-energy coordina-
tion geometries are linear.
A recent and elegant RR study of the Clddducts of

mational control over the interfacial contact(s) may be
affected by ligation-induced changes on both the proximal
and distal sides of the heme. Second, a feedback mechanism

cytochrome P-450 in its substrate-bound and substrate-freeby which the kinase affects control over ligand affinity and
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binding kinetics of the heme likely exists. In order for this Jayaraman, V., Rodgers, K. R., Mukerji, I., & Spiro, T. G. (1995)

process to have some physiological relevance, the ligan
binding properties of FixL* would have to be sensitive to a

d Science 2691843-1848.

Kitagawa, T., lizuka, T., Saito, M., & Kyogoku, Y. (197&hem
Lett, 849.

kinase-associated parameter such as the state of kinas&itagawa, T., Nagai, K., & Tsubaki, M. (1979EBS Lett 104,

phosphorylation or the presence of bound ATP or ADP. The

effects of these kinase-associated parameters are currently

under investigation in our laboratory.
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