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ABSTRACT. The heme-PAS is a specialized domain with which a broad class of signal-transducing heme
proteins detect physiological heme ligands. Such domains exhibit a wide range of ligand binding parameters,
yet they are all expected to feature ar3 heme binding fold and a predominantly hydrophobic heme
distal pocket without a distal histidine. We have compared, for the first time, the resonance Raman spectra
of several heme-PASs: the heme-binding domainBraflyrhizobium japonicuriixL, Escherichia coli

Dos, Acetobacter xylinunPDEA1, andMethanobacterium thermoautotrophicubos. In all cases, the

Vee-co andvc_o Values of the carbonmonoxy forms were consistent with coordination of the heme iron
to histidine on the proximal side and binding of the CO without electrostatic interaction with the heme
distal pocketEcDos was unusual in having predominantly hexacoordinate heme iron in the deoxy and
met forms. Despite an evident lack of CO interaction withEtB®os heme pocket, relatively low F&©,

(562 cnr!) and N-O (1576 cm?) stretching frequencies indicated that strong polar interactions with
that heme distal pocket are possible for highly bent ligands such as 0. None of the newly studied

NO adducts exhibited evidence of the-Hdis rupture and pentacoordination previously noted for
Sinorhizobium melilotFixL. A low Fe—His stretching frequency, formerly interpreted as a strained Fe

His bond, and the slow association of With S. melilotiFixL failed to correlate with the newly studied
proteins having low association rate or low equilibrium association constants for bindingWe@onclude

that although heme-PASs share some features, they represent distinct signal transduction mechanisms.

PAS' domains are structural modules characterizing a and eukaryoteslj. A subgroup of these domains, the heme-
family of sensory proteins that occur in bacteria, archaea, PASs, contain heme and function as sensors of heme ligands
(2). In every case, the coordination status of the iron atom
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after the eukaryotic proteins period, arnt, and simple-minded; heme- domain is a phosphodiesterase that linearizes a cyclic

PAS, heme-binding PAS domaifdDEAL, A. xylinumphosphodi- dinucleotide second messeng®: On the basis of the crystal

esterase AIAXPDEA1H,A. xylinumphosphodiesterase A1 heme-PAS; i ; ; i i
BjFixL. B. japonicunFixL: BjFixLH, B. japonicumFixL. heme-PAS: structures of the @sensing domain of FixL proteins, it is

Dos, direct oxygen sensoEcDos, E. coli Dos protein;EcDosH, E. clear that heme-PASs are ql.Jite Un”k? hem(_)g'ObinS or
coli Dos heme-PASMtDos, M. thermoautotrophicunDos protein; cytochromes {, 8). A striking difference is that in heme-
MtDosH, M. thermoautotrophicurbos heme-PASRnFixL, S. meliloti PASs, the heme is held between five antipareﬂksttrands

(formerly Rhizobium melilojiFixL; RnFixLH, S. melilotiFixL heme- . . . . .
PAS; RnFixLT, S. melilotitruncated FixL containing the heme-PAS on the distal side and am-helix on the proximal side. To

followed by a histidine protein kinase domain; Hb R, relaxed state of facilitate comparison of key residues and structural features
hemoglobin; Hb T, tense state of hemoglobin; SW Mb, sperm whale of heme-PASs, a nomenclature analogous to that of hemo-

myoglobin; veenis, Fe—histidine stretching modeyre-co, Fe-CO - : - . .
stretching modeve_o, C-O stretching modepre.c. o, Fe-C—O globin has been established for the amino acid residijes (

bending modeyr.-o, Fe~0 stretching modeyre-no, Fe~NO stretch- The absorption spectra of heme-PASs suggest that, even
ing mode; o, N-O stretching mode; deoxy, Feheme protein \yhen |acking an exogenous heme ligand, for example, in
without an exogenous ligand; met, "Feheme protein without an . . !
exogenous ligand. For liganded heme proteins: carbonmonosy, Fe the metand deoxy forms, there are differences in heme iron

CO; oxy, FEO,; nitrosyl, F¢NO; imidazolemet, Péimidazole. coordination @, 12). Not surprisingly, these domains display
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a broad range of parameters for binding of ligands such asporphyrin skeletal vibrations are representative of the
0O,, CO, NO, CN, and imidazoleZ, 6, 9—12). Nonetheless,  coordination and spin state of the heme. Raman bands of
a few generalizations can be made. First, on the basis ofligands coordinated to the heme iron are also detectable when
structural studies and mutagenesis, the site of heme coordithe excitation wavelength is appropriately chos28).(On
nation in heme-PASs is expected to be the conservedthe basis of many studies of heme proteins and model
histidine B3 (7, 8, 13, 14). Second, their heme-binding compounds, the electronic state of heme iron can be analyzed
pockets lack the distal histidine (histidine E7 of hemoglobin) clearly. More importantly, we can examine interactions of
commonly found in @binding heme proteins. Instead, the the bound ligand (CO, NO, Hand so on) with amino acids
only residue known to stabilize a bound ligand by hydrogen around heme, based on the Raman band positions for the
bonding is the @ arginine (5). This residue is conserved found ligand bound. This information is very important for
in all the proteins discussed in this report, excbfiDos. understanding what occurs in a sensory heme-binding domain
Third, in at least the FixL proteins, the heme-binding pockets when the ligand triggers an on or off switch. In other words,
impose essentially no steric hindrance to the entrance ofresonance Raman data can provide basic knowledge of the
ligands. This is most apparent from the rapid and tight mechanism for @recognition and for communication of,O
binding of bulky ligands such as imidazol&0{ 11). binding. Here we examine the resonance Raman spectra of
Among the heme-controlled histidine kinases, the best- the deoxy, met, oxy, nitrosyl, and carbonmonoxy forms of
studied regulatory mechanisms are the heme-PASs belongindour different heme-PASs, two of which are derived from
to the FixL proteins. The FixL proteins direct the hypoxic kinases and two from phosphodiesterases. This work estab-
expression of nitrogen-fixation genesRhizobia(2, 3, 16, lishes the features that are characteristic of this novel type
17). These proteins have extremely slow&3sociation rates ~ of heme-binding pocket and the ones that are specific to a
(kon ~ 107 uM~1 s (9). For S. meliloti deoxy-FixL given protein.
(RnFixL), the Fe-His stretching frequency is unusually low EXPERIMENTAL PROCEDURES

(209 cnY), even lower than that of T-state hemogloki8-{
20). The comparably low association rate constants for Gene Expression and Protein Purificatiddverproduction

binding of G to T-state hemoglobin have led to a notion and purification of PAS-domain proteins have previously
that a lowveenis Ccorrelates with slow @on-rates to some  been reporteds( 9, 12). Briefly, the heme-binding domains
extent @1). Study of additional proteins should help to verify were overproduced i&. colifrom gene segments encoding
whether such correlations are justified for heme-PAS pro- the corresponding PAS domains. Expression of the plasmid-
teins. The recently discoverédtDos protein is an archaeal borne genes from #ac promoter was induced by adding
histidine kinase related to the FixL proteindtDos is the isopropyl 5-p-glucopyranoside (50@M) to exponentially
first heme-PAS protein from an archaeon and so far the only growing TG1 cells. After induction for45 h at 37°C, the
thermostable heme protein for which reversiblebdihding cells were cooled to 4C and harvested. The cell pellets
has been examined. were stored at-70 °C until the protein purifications were
The AXPDEA1 andEcDos proteins are heme-controlled carried out. All subsequent protein manipulations were
phosphodiesterase8xPDEAL regulates the production of carried out at 84 °C. A “standard buffer” containing 50
a buoyant cellulose pellicle b4. xylinum an organism best ~ mM Tris-HCI (pH 8.0), 50 mM NacCl, and 5% glycerol was
known for its abundant synthesis of highly pure and augmented as indicated below. All column matrices were
microcrystalline cellulose 22). Association of @ with from Pharmacia. Cleared lysates were obtained by centrifug-
AXPDEAL (on ~ 6.5uM™1 s7%) is considerably faster than ing cells ruptured by sonication for 3 min. Proteins were
with FixL proteins and much more similar to the behavior purified from those cleared lysates by ammonium sulfate
of myoglobin @, 6). TheEcDos protein ofE. coliis similar precipitation (1.6 and 2.4 M ammonium sulfate) followed
in sequence t&\XPDEAL (12). EcDos is uniqgue among the by desalting (Sephadex G25), ion-exchange fractionation
known heme-PAS proteins in having absorption spectra that(DEAE-Sephacel, 50 to 150 mM NaCl gradient), and gel
suggest hexacoordination of the heme iron in the absencéfiltration (Superdex 75). Following purification, the proteins

of exogenous ligandsl®). Thus, in addition to a proximal
histidine expected for all heme-PASs, theDos heme distal

were stored at-70 °C in the standard buffer. Protein purity
was verified from the 250700 nm absorption (UV/Soret

pocket appears to supply a residue that functions as the sixttabsorbance ratio) of the met forms and Coomassie brilliant

axial ligand of the heme iron. This residue, probably the
unigue methionine FG8 dEcDos, is readily displaced by
0,, CO, or NO (2).

Though Q and CO binding characteristics have been

blue staining of the purified proteins after their electrophore-
sis on SDS-polyacrylamide gels (15% acrylamide gels,
Laemmli system).

Resonance Raman MeasuremeiiRaman spectra were

reported for all but thevitDos protein, structural data are obtained with the 413.1 nm line of a krypton ion laser
available for only the heme-PAS from the histidine kinases (Spectra Physics) or the 441.6 nm line of a-H&d laser
BjFixL and RnTixL. For BjFixLH, crystal structures are  (Kinmon Electronics). Raman spectra were detected by a
available for the oxy, met, cyanomet, and imidazolemet CCD camera attached to a single polychromator (Ritsu
forms, but vibrational spectroscopic data have not yet beenOyokogaku, DG-1000). The sample concentration was 50
reported for any form 4, 15). For RnFixLH, crystal uM in 50 mM potassium phosphate (pH 7.0). The sample
structures are limited to the unliganded forms (deoxy and temperature was 20C. Unless otherwise stated, for all
met), but resonance Raman data are available for unligandedneasurements, the laser power was 2 m\W and the accumula-
as well as liganded forms3(23—27). Resonance Raman tion time was 5 min. The sample solution (0.1 mL) was
spectroscopy is an excellent method for elucidating details placed in an airtight spinning cell with a rubber septum, and
of the heme structure. It is now well established that some the headspace was substituted by nitrogen with repetitions
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Table 1: Heme Iron Coordination in the Heme-PAS without an Exogenous Ligand and Raman Frequencies of Porphyrin Skeletal Modes for
Heme-PASs

Va V3 V2 V10
protein coordinatioh (cm™) (cm™) (cm™) (cm™)
oxidized (met, F&)
BjFixLH 5-cHS 1370 1493 1562 1628
AXPDEA1H 6-c LS/5-c HS 1372 15031493 1577 1640/1628
EcDosH 6-cLS 1370 1505 1576 1639
MtDosH 5-c HS/6-c LS 1372 14951505 1568 1630/1640
reduced (deoxy, F¢
BjFixLH 5-cHS 1353 1469 1555 1602
AXPDEA1H 5-c HS 1354 1469 1557 1607
EcDosH 6-cLS 1361 1493 1580 1625
MtDosH 5-cHS 1354 1469 1561 1606

aHeme iron coordination: 5-c, pentacoordinate; 6-c, hexacoordinate; HS, high-spin; LS, lok&pirmet-AXPDEA1H, 6-c LS is dominant.
¢ For met-MtDosH, 5-c HS is dominant.

of degassing and filling with pure nitrogen gas. The samples B

were reduced with sodium dithionite. The CO- and NO- 5 <

bound forms were prepared by introducing the respective 3 //\

gases into the headspace of the cell. Theb@und forms § /\ @ ©

were prepared by addition of a dithiothreitol solution (final 2

concentration of 10 mM) and then flushing the sample cell /\ ®) /\ @

with pure Q. Raman spectra were calibrated with indene e S ——

and CCl, and the spectral accuracy is withirll cn 2. 400 500 600 700 400 500 600 700
Rate Constants for Imidazole Associatidrhe rates of Wavelength (nm)

binding of imidazole were measured with an Applied A
Photophysics (Leatherhead, U.K.) SX17MV reaction ana-
lyzer with a dead time of 2 ms. All reactions hae& uM
heme-PAS in 100 mM Tris-HCI (pH 8.0) at 2&. Imidazole
concentrations ranged from 0.025 to 5.0 mM in 100 mM
Tris-HCI (pH 8.0). The apparent rate constarksd were
obtained by following the absorption versus time at 418 nm,
i.e., the wavelength of maximum difference between the
liganded and unliganded met species. Association rate
constantsK;,) were obtained from the linear region of the
plot of keps Versus ligand concentration. For every ligand
concentration, a minimum of thrég,s were averaged, each

of which fits a single exponential. Eady, was calculated
from the slope ok,ps versus concentration, for five ligand
concentrations spanning a wide range.rBNalues for these
lines were>0.99.

Intensity

RESULTS AND DISCUSSION 1300 1400 1500 1600 1700 1300 1400 1500 1600 1700
Spi d Coordinati f the H | in D d Raman shift cm™)

M me an f Eorpm?tl.og OSt (?[ eTed ron in eoéy an Ficure 1: Heme iron coordination in heme-PAS proteins. (A) The
etForms of t € Froteinsn Sorel-excited resonance kaman o panel shows the resonance Raman spectra for the reduced

spectra, the readily observable Raman bangss, andvio (deoxy, F&) forms of BjFixLH (a), A"DEA1H (b),EcDosH (c),

in the 1306-1750 cm* region are highly sensitive to the andMtDosH (d); the right panel shows spectra of the oxidized (met,

coordination structure and spin state of heme iron. The ffn"a) foH"?hS) Cg BJF|I>I<3LHh(e)7 %WDEA”‘:_ (), Ethost(t%), a“_‘gj. g

P ; 0s . Panel B shows the absorption spectra of the oxidize
res?nance Raman spectra in t_hls region fc_)r the dequ formsforms of BIFiXLH (a), APDEA1H (b),EcDosH (c), ancMtDosH
(F€") of the heme-PAS proteins and their respective met ().

forms (Fé') are shown in Figure 1A and summarized in

Table 1. The deoxy forms of thBjFixLH (a), AXPDEA1H exclusively pentacoordinate ferric heme iron. This heme iron
(b), andMtDosH (d) proteins had pentacoordinate high-spin coordination agrees with the crystal structureBg¥ixLH
ferrous heme iron, as indicated by the occurrence;ofs, andRnFixLH and with the resonance Raman data reported

andvyg in the range of 13531354, 1469, and 16621607 for RnFixLH (7, 8, 24). In contrast, predominantly hexa-
cm L, respectively. These results are similar to the previously coordinate heme iron was indicated for nk&bPosH (g) and
measured resonance Raman spectrRmfixLH and con- a mixture of hexa- and pentacoordinate heme iron for met-
sistent with the crystal structure of this heme-PAS, 4). AXPDEAL1H (f) and metMtDosH (h). Since the’; bands at

In contrast, the deoxicDosH (c)v4, vs, andvyg values of 1493 and 15031505 cn1?! are characteristic of pentacoor-
1361, 1493, and 1625 criy respectively, indicated a dinate high-spin heme iron and hexacoordinate low-spin
hexacoordinate low-spin heme iron. Among the met forms heme iron, respectively, the dominant species in met-
of the heme-PASsBjFixLH (e) was the only one with  AXPDEA1H is hexacoordinate low-spin heme and in met-
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FiIGUrRe 2: Heme pocket regions of heme-PAS proteins. Panel A shows the structure of the heme distal pockijixiky-illustrating

the stabilization of bound £by the G-2 arginine (Arg220) 15). Panel B shows a secondary structure alignment for the entire heme pocket
regions ofBjFixL, RnFixL, MtDos, AXPDEAL, andEcDos. InEcDos, a phenylalanine at positiorgd(Leu236 inBjFixL) may stabilize

the bound @ and a methionine at position FG8 (lle218BjFixL) coordinates to the heme iron on the distal side.

MtDosH is pentacoordinate high-spin heme. The optical In all cases, the resonance Raman spectra were consistent
absorption spectra are consistent with the conclusions drawnwith the fifth axial ligand of the heme iron being a neutral
from resonance Raman spectroscopy (Figure 6B9,(12). imidazole side chain (see the discussions of the -iron
For example, the absorption spectrum of reeBosH histidine stretch and CO binding below). The histidine of
(Figure 1B, c) featured andf bands in the 506600 nm coordination is expected to be the highly conserved histidine
region that are characteristic of low-spin ferric heme and a F,7, demonstrated to be the site of the heme iron attachment
sharp Soret band at418 nm. The spectrum of met- intwo different FixL proteins (His200 iB. japonicumFixL
AXPDEA1H (Figure 1B, b) had a Soret peak at 408 nm (97 and His194 inS. melilotiFixL) (7, 8). With regard to the
mM™1), being characteristic of the presence of the sixth sixth axial ligand, structural modeling based on FixL suggests
ligand, but a broad absorption band around 390 nm indicatesthat the only residues of the heme distal pocket that could
that there is a substantial amount of pentacoordinate high-potentially coordinate to the heme iron are thel @rginine
spin heme iron. The absorption spectrum of MkbosH and an FG-loop methionine (Figure 2). ThglGarginine
(Figure 1B, d), on the other hand, featured a quite symmetric occurs in all the heme-PASs in this study exciftbosH.
band at 394 nm (117 mM) and was very similar to that of ~ There is not yet any model of coordination of a guanido
BjFixLH (Figure 1B, a). Hence, only small fraction of the group to heme iron for spectroscopic comparisons. The distal
MtDosH heme iron is hexacoordinate, although this was methionine occurs iEcDosH andMtDosH at positions FG8
sensitively detected by resonance Raman spectroscopy. and FGB6, respectively. For mEEDosH, ligation of the heme
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iron to the methionine sulfur is supported by magnetic
circular dichroism and mutagenesis data (unpublished results
of M. Cheesman, N. Watmough, G. Gonzalez, and M.-A.
Gilles-Gonzalez). For meaxPDEA1H and meMtDosH, the
sixth axial ligand is not yet known.

The porphyrin ring in isolated heme is essentially flat;
however, insertion into the protein causes significant out-
of-plane distortions in the porphyrin that are believed to
modulate properties such as redox potential and ligand
affinity. These out-of-plane distortions vary widely with the
type of heme protein and the coordination of the heme. In
BjFixL, the out-of-plane distortion known as “ruffling” or
bluis reduced by 0.4 A upon changing from pentacoordinate
high-spin to hexacoordinate low-spin heme. This change in
heme shape, which has been somewhat imprecisely termed
“flattening”, has been proposed as the basis of heme-
mediated ligand sensing iBjFixL (4, 7). In the case of
EcDos, protein conformational change (in the form of
displacement of the distal residue) is intrinsically necessary
for ligand binding, and there is no need to seek an indirect,
porphyrin-driven mechanism for altering protein conforma- , , | : | , |
tion (12). It has been argued that sinEeDos is hexacoor- 200 300 400 SO0 600 700 800 900
dinate even before it binds,(the mechanism proposed for Raman shift (cm™)

FixL cannot contribute to ligand-driven conformational pgure3: Iron-histidine stretch of heme-PAS proteins. Resonance
changes irEcDos. However, it is possible that significant Raman spectra are shown in the 280 cnt? region for the deoxy
changes in porphyrin shape could be driven by the replace-forms of BjFixLH (a), A°DEA1H (b),EcDosH (c), andMitDosH
ment of the sixth ligand dEcDos, without requiring a change ~ (d)- The resonance Raman excitation was at 441.6 nm.

in coordination number. Determination of the three-
dimensional structures for active and inactive formgddos
and other heme-PASs will help to clarify their ligand-induced

Intensity

Table 2: Fe-His Stretching Frequencies and Parameters foa@
Imidazole Binding to the Heme-PAS

i [ Kd(Q2*  kon(02)  kott(Oz) kon(imidazolef

protein conforma_tlonal change;. . _ protein  re e (cm ) ('LMZ) (ﬂMrLl g,l) (f;,l)z (an,ls,l)
The Iron—Histidine StretchExcitation at 441.6 nm is often —

. . . BjFixLH 218 140 0.14 20 16
exploited to reveal the FeHis stretching frequencyfenis) AXPDEALH 212 12 6.7 77 1400
of pentacoordinate ferrous heme. Fog-linding heme EcDosH nd 13 0.0026  0.034 rid
proteins, thevee_nis values typically range from 200 to 220 MtDosH . 217 2.0 6.0 12 74
cm%. A low vee s is thought to have some correlation with ~ RTEX-HC 209 211 A o oz 28 o
diminished affinity for Q (21). Thus, the relatively low Fe SWME  220(2.11AY 086 14 12 0.052

His frequency of deOX)R.m:IXLH (209. le) could be . 2All O, binding parameters (225 °C, pH 7.0-8.5) were previously
proposed to account for its low association rate and equi- reported ¢, 9, 12). ° Imidazole on-rate constants (pH 8.0, Z5) have
librium association constants for binding. @8, 21). Our been reported for only the FixL proteins and sperm whale myoglobin
comparative study of heme-PAS proteins finds no correlation (10, 11). °Not detected The value between the parentheses is the
between theirvge 1is and Q binding parameters and no measured FeHis bond length £3). © Tamura et al. 18). fKitagawa
support for the premise that a lowe s is a general feature ~ St-2! @9, Mivatake et al. £3), and Quillin et al. §9).

of O, sensing (Figure 3 and Table 2). For example, deoxy-

AXPDEAL (b) had relatively rapid £association and high  vre-co frequencies covering many different heme proteins
0, affinity, although itSveeis (212 cntl) was as low as  (Figure 4B) @9). vc—o and vreco Of these heme proteins
that of RnFixLH (6). DeoxyBjFixLH (a) had association  ranged from 1967 to 1973 crhand from 487 to 497 cm,
rate and equilibrium association constants febdding that respectively, and these values fall on the correlation line for
were even lower than those BirFixLH, despite having a  imidazole coordination (Figure 4B), consistent with the

Vre-tis (217 cnT?) typical of myoglobins 9). DeoxyMtDosH amino acid sequence analysis (Figure 2B). This indicates that
(d) also has the same._pis (218 cnTl). As expected from  the axial ligand trans to the bound CO is a histidine residue
the hexacoordinate heme iron structure of deBxiposH in EcDos as well as in three other proteins. This has been
(), aveenis Stretching mode was absent from the resonance confirmed by mutagenesis studies on histidine 77 (unpub-
Raman spectrum. lished results of V. Delgado-Nixon and M.-A. Gilles-
Binding of CQ Because of the sensitivity of the FEO Gonzales). It is noted thatc—o and veeco of these heme

and the G-O stretching frequencies to the heme environ- proteins are perfectly normal and consistent with binding of
ment, the CO adducts of heme proteins provide a valuable CO to the heme without electrostatic interaction between the
probe of the heme pocket. The low- and high-frequency bound CO and amino acids in the distal pock&l+32).
region resonance Raman spectra for the CO complexes of Shiro and co-workers have reported that co andvc—o
BjFixLH (a), AXPDEA1H (b),EcDosH (c), anavitDosH (d) of S. melilotiFixL are sensitive to the presence of the kinase
are shown in Figure 4A and summarized in Table 3. There domain, withvee—co and vc—o being 502 and 1956 cm,

is a well-established inverse correlation between, and respectively, for theRnFixLH heme-PAS and/re-co and
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Ficure 5: Resonance Raman spectra for the NO complexes of
heme-PAS proteins with 413.1 nm excitation. Spectra oftN©

(a) and®™NO (b) complexes oBjFixLH are shown together with
their difference spectrum (c) and the difference spectra for
AXPDEA1H (d),EcDosH (e), andMtDosH (f). The right and left

A panels show the low- and high-frequency regions, respectively.

Fe-CO frequency(cm-1)

ENS
0
il

460 T T T T T T
1920 1930 1940 1950 1960 1970 1980 1990

C-0 frequency (cnrl) bond angle irRnFixLH (171°) compared to that iRnFixXLT
FiGURE 4: CO-bound heme-PAS proteins. Panel A shows 413.1 (157), found from EXAFS measurements, could account
nm excited resonance Raman spectra of the carbonmonoxy formsfor the different Raman frequencies. Our results show that
of BjFixLH (a), A°DEA1H (b),EcDosH (c), andMtDosH (d).  the Fe-CO and C-O stretches of the isolatdjFixL heme-
The right and left panels show the low- and high-frequency regions pas and the completBjFixL enzyme are identical and are

of the spectra, respectively. Labeled peaks are assigendig.the : RerFi
andvc-o modes based on the results usk@ isotope-substituted closer to the values obtained for t IXLT enzyme than

CO complexes. Panel B shows the inverse correlation between thethose of the isolatecdRnFixLH heme-PAS (Table 3).
vee-co andve_o frequencies. The filled circles are the heme-PAS Compared to carbonmonojFixLH, the Fe-C—0O bending
proteins. The empty circles correspond to a variety of heme proteinsfrequency of AXPDEA1H was higher, and thereco
with proximal histidine axial ligands. The triangles are for different frequency was lower. These results indicate that the Fe

cytochrome P450s that have cysteine as a proximal ligand. The ~_ . : .
data except for those for the heme-PAS proteins were taken fromC Obondanglesincreaseinthe following ordéxPDEALH

ref 29 < BjFixLH < Rn¥ixLH.
Binding of NO The low- and high-frequency region
Table 3: Resonance Raman Modes foy OO, and NO Bound to resonance Raman spectra for the NO complexes of ferrous
Ferrous Heme-PAS BjFixLH (a—c), AXPDEA1H (d),EcDosH (e), andMitDosH
Vreo  VFe-NO VN-0  Vrecd/Vc-0 OFe-c-0 (f) are shown in Figure 5 and summarized in Table 3. All of
protein  (cm™) (cm™)  (cm™) (cm™)  (cm™) the NO adducts had FENO stretching frequencies between
BjFixLH 569 568 1634 497/1967 574 560 and 569 cmt and no additional isotope shift pattern in
BjFixL 571  nd nc 496/1969 571 the 516-520 cnt? region, clearly indicating hexacoordina-
AXPDEAIH 567 560 1637 493/1973 581 tion of the heme iron and showing no sign of pentacoordi-
EcDosH 562 563 1632,1576 487/1969 575 .
MtDosH 573 567 1639 494/1972 570 nation. In contrast, EPR spectra of the ferrous NO adduct of
RnFixLH2 571 525,558 1676 498/1962 576 RnFixLT showed a classic three-line nitrosyl heme signature
RnFixLT® 571 525,558 1676 502/1956 572 at g = 2.0 consistent with as much as 50% of the signal
SW Mb 570 560 1613 512/1944 577

arising from pentacoordinate nitrosyl hem#0,( 18, 27).

@ Tamura et al. 18), Miyatake et al. 23), and Lukat-Rodgers and  These differences may be explained by the unusually weak
Rodge_rs 25). P Tomita et al. 83), Tsubaki et al. 40), and Van Wart Fe—His bond of deoxyRnFixLT and by temperature-
and Zimmer 41). ° Not detected. dependent variations in the penta- and hexacoordinate

nitrosyl heme equilibrium for NQRnFixLT adducts 27, 34).
ve-o being 498 and 1962 cmh, respectively, for the  Electrostatic interactions of the bound NO with neighboring
RnFixLT kinase @3). They noted that a changed+F€—0O amino acid side chains would be expected to influence
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FiGure 6: O,-bound heme-PAS proteins. The resonance Raman
spectra of 1%0,]BjFixLH (a) and [80,]BjFixLH (b) are followed
by their 160, — 180, difference spectrum (c) (a b) and thetfO,
— 180, difference spectra for the oxy forms éPDEA1H (d),
EcDosH (e), andvitDosH (f). The resonance Raman excitation was
at 413.1 nm.

but notvee-no (34). As such, thery—o frequencies, ranging
between 1634 and 1638 ctnfor BjFixL (c), AxPDEA1H
(d), andMtDosH (f), are consistent with binding of NO in a
hydrophobic cavity and without significant polar interactions.
These results are also consistent with theo behavior.
Interestingly, we foundecDosH (e) to have two conforma-
tions for its N-O stretch, with the frequency of one of them
being remarkably low (1576 cm). Such a lowwy_o
frequency is characteristic of the NO having a negative
charge and being stabilized by strong hydrogen bondidy (

A highly bent structure of the bound F& —O group would
explain why NO, but not CO, engages in strong polar
interactions with thé&ecDosH heme pocket. Such a bent+e
N—O structure has been reported for NO bound to ferrous
BjFixLH (15). Since the binding geometry of,@ assumed

to be similar to that of NO, @bound toEcDosH would be
expected to benefit from similar stabilizing interactions like
NO. Candidates for stabilizing polar interactions in Huos
distal pocket include the guanidinium side chain of arginine
Gs2 (Arg220 inBjFixL) and the edge of the benzene ring of
phenylalanine B4 (Leu236 inBjFixL) (Figure 2). Phenyl-

alanine edges have been shown to stabilize polar ligands in

several natural and mutant myoglobins, including elephant
myoglobin @9, 35).

Influence of the Heme Pocket Structure on Binding £f O
Figure 6 shows the resonance Raman spectra for the O
adducts of the heme-PAS. The relatively high o stretching
frequency (573 cmt) of MtDosH (f) is consistent with the
5—70-fold higher Q affinity of this protein (Figure 6 and
Table 2). The quite lowre o value (562 cm?) of oxy-
EcDosH (e) could be due to a steric effect on the bound O
(36—38). Heme-PAS proteins typically have extremely

Biochemistry, Vol. 41, No. 15, 2002825

accessible, sterically unhindered heme pockets, as evidenced
by their veeco frequencies and their rapid binding of
imidazole (Tables 2 and 3EcDos is the exception to this
trend, showing no detectable tendency to bind imidazole. It
is possible that the combination of a natural substitution of
a phenylalanine at positiongél (Leu236 inBjFixL), together
with a coordinating methionine at position FG8 (l1e218 in
BjFixL), leads to crowding of the heme distal pocket.
Alternatively, the quite lowve.—o frequency could be due
to electrostatic interactions of the bound With the edge
of the unique phenylalanine gél of EcDos (Figure 2). A
200—2000-fold lower off-rate constant for binding of,O
compared to those of the other heme-PASs, also suggests
the EcDosH heme pocket features additional stabilizing
interactions with @ (Table 2).

Concluding RemarksThe heme-PAS proteins represent
a large class of sensory hemes, occurring in quite different
organisms and regulating different enzymatic activities as
part of their function in signal transduction. Given the
relatively small sampling of heme-PAS proteins and the
already significant range of heme coordination and ligand
binding properties, this class of signal-transducing proteins
is likely to be at least as diverse as the hemoglobins. Very
few trends apply to the entire family of heme-PAS proteins.
Therefore, it is important not to try to infer the behavior for
one member, even another FixL protein, from observations
of S. melilotiFixL. A surprising finding from this compara-
tive resonance Raman study is the ranger-efyis frequencies
for these proteins, which is quite broad (26817 cnr?) and
not indicative of heme reactivity or even+klis bond length
(Table 2). Another unexpected finding is that, compared to
most of the heme-PAS distal pockets, which are hydrophobic
and unhindered, théecDos heme pocket is relatively
complex. This heme pocket features at least one additional
barrier to ligand binding in its endogenous sixth axial ligand
and provides at least one additional stabilizing interaction
with bound Q or NO.
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