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ABSTRACT. Soluble guanylate cyclase (sGC) is a heterodimeric, nitric oxide (NO)-sensing hemoprotein
composed of two subunitgyl and51. NO binds to the heme cofactor in ti#d subunit, forming a
five-coordinate NO complex that activates the enzyme several hundred-fold. In this paper, the heme domain
has been localized to the N-terminal 194 residues ofsthsubunit. This fragment represents the smallest
construct of thg81 subunit that retains the ligand-binding characteristics of the native enzyme, namely,
tight affinity for NO and no observable binding obQA functional heme domain from the rd2 subunit

has been localized to the first 217 amino agi@¢1—217). These proteins are40% identical to the rat

A1 heme domain and form five-coordinate, low-spin NO complexes and six-coordinate, low-spin CO
complexes. Similar to sGC, these constructs have a weakdzestretch [208 and 207 cmh for S1(1—

194) andb2(1—217), respectively]s2(1—217) forms a CO complex that is very similar to sGC and has

a highvco stretching frequency at 1994 cfn The autoxidation rate ¢g81(1—194) was 0.073/min, while

the $2(1—217) was substantially more stable in the ferrous form with an autoxidation rate of 0.003/min
at 37°C. This paper has identified and characterized the minimum functional ligand-binding heme domain
derived from sGC, providing key details toward a comprehensive characterization.

Soluble guanylate cyclase (sG@3 a well-characterized sGC has been characterized in eukaryotes ranging from
NO sensor, containing a heme-bound, N-terminal domain Drosophilato humans, and until recently, there had been
that binds NO, regulating a C-terminal guanylate cyclase. no reports of any other NO sensors except for sGC. Notably,
sGC catalyzes the conversion of GTP to cGMP, and it is a no heme-containing NO sensors had been found in prokary-
heterodimer, composed ofl andf1 subunits. The ferrous  otes, which could be exposed to both exogenous and
heme is ligated to th@1 subunit via H105%), and when  endogenous NO3j. However, a PSI-BLAST search using
NO is bound, the activity of the enzyme is 300-fold elevated 1 (1-194) as the query sequence led to multiple hits in
over basal activityZ). sGC has evolved to selectively bind  prokaryotic genomegl(5). Two representative proteins were
NO and not Q. It does not form a stable, isolable complex  characterized, a 181 amino acid protein freftrio cholerae
with Oz, permitting NO to bind selectively to the Feheme  (vCA0720) and the heme domain from tfibermoanaero-
in an aerobic environment. This selectivity is essential for pacter tengcongensiar4 protein TtTar4H) §). VCA0720
sGC to trap nanomolar concentrations of NO in the presencejs encoded in a histidine kinase-containing operon, while
of a high competing concentration 0£LO TtTar4H is fused to a methyl-accepting chemotaxis domain.
These proteins share spectroscopic properties, sequence
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accepting chemotaxis proteiAxPDEA1H, Acetobacter xylinunphos- Previously, we had localized the heme-binding region of

phodiesterase A1 heme domain; Mb, myoglobin;#OX domain, SGC to residues-1385 of thef1 subunit ¢, 7). 51(1-385)
heme-nitric oxide/oxygen-binding domain. includes a predicted ceilcoil region and is isolated as a
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Ficure 1: Alignment of rai1(1—-194) with rat32(1—217) and thel. tengcongensid—NOX domain. The alignment was generated using
DNASTAR'’s Megalign program and the Clustal W algorithm. Conserved residues that are identical to the consensus sequence are shaded
in black. Conserved residues discussed in the text are marked with an asterisk (His105, the heme ligand, and Tyr135, Ser137, and Arg139
using the raf31 numbering).

homodimer although the associated spectral properties are=e#"—0, complex as observed for native sGC and fHe
essentially the same as those in the native enzyme. In ansubunit.

effort to determine the minimum sequence needed to retain

the unique ligand-binding properties of the heme in sGC, MATERIALS AND METHODS

we truncated and characterized several new constructs. In ~gnstruction of Expression PlasmidBCR (PfuTurbo,

this paper, we show that the N-terminal 194 residues of the Stratagene) was used to amplfg(1—194) ands2(1—217)
A1 subunit retains the unique ligand-binding properties of from B1(1—385) and the full-length rat2 clone (containing
the full-length enzyme and appears to be the smallest e aqditional N-terminal 60 amino acidd)), respectively.
functional g1 fragment. To further probe the selectivity of the upstream primers weré6GAATTCCATATGTACG-
Iigand blndlng in the sGC HNOX domain, we have GTTTTGTGAACCATGCC-3 and 3-GGAATTCCATAT-
characterized this 194 amino agid fragment representing  GTATGGATTCATCAACACCTGC-3 and the downstream
the smallest sGC heme domain and the heme domain fromyimers were SATAGTTTAGCGGCCGCTCAATCTTCAT-
the rat/2 subunit. AAAAATCCTCTTCTTTTG-3 and B-ATAGTTTAGCG-
The 52 subunit is 43% identical to r@tl(1—194) (Figure GCCGCTCAAAGGAGTGTTCCCTGGAGAGCCTC* 3or
1) and was cloned from rat and kidney cDNA librari@&s-( BL(1-194) and 32(1-217), respectively. Primers were
10). Its primary localization appears to be the kidney and obtained from Qiagen, except for the upstream primer for
liver (8). Unlike thef1 subunit, it contains an isoprenylation  $2(1—217), which was obtained from GibcoBRL. Amplified
motif at its C terminus, which could lead to membrane PCR products were cloned into pET-20b (Novagen) and
localization B). The functional relationship between th# sequenced (UC Berkeley sequencing core and Elim Biop-
and/32 subunits is not presently well-characterized. Because harmaceuticals, Inc.).
of their sequence similarity, it has been hypothesized that Protein ExpressionExpressions were performed as de-
both subunits function to sense NO, but this has not beenscribed previously 1) with the following modifications.
definitively demonstrated. Two recent papers have describedPlasmids were transformed into Tuner DE3 plysS cells
NO-stimulateds2 cyclase activity in overexpressed cells, (Novagen). Cultures were grown to an ggof 0.5-0.6 and
although the stimulation was much weaker compareuilio cooled to 27°C. IPTG (Promega) was added to 4B, and
A1 heterodimeric sGC1Q, 11). Thus, it appears that this aminolevulinic acid was added to 1 mM. Cultures were
subunit is a catalytically active NO-sensing homodimer, grown overnight for 1418 h and then harvested.
although no studies have been performed on purified protein. Protein Purification. 51(1-194) was purified in the
In this paper, we show thg#2(1—-217) is able to form a  following manner: frozen cell pellets fno 3 L of culture
five-coordinate NO complex and is unable to form a stable were thawed quickly at 37C and resuspended in 120 mL
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of buffer A [50 mM DEA at pH 8.5, 20 mM NaCl, 5 mM  oxidation, it was first reduced anaerobically using dithionite
DTT, 1 mM Pefabloc (Pentapharm), and 5% glycerol]. (~100 equiv). The dithionite was then removed using a PD10
Resuspended cells were lysed with sonication and, subse-desalting column that had been equilibrated with buffer C.
quently, with an Emulsiflex-C5 high-pressure homogenizer For consistency,52(1-217) was prepared in the same
at 20 000 psi (Avestin, Inc.). Lysed cells were centrifuged manner. The CO complexes were generated by addifig Fe
at 10000@ for 40 min. The supernatant was collected and unligated protein to a sealed Reacti-Vial (Pierce) that
reduced with~500-fold excess dithionite, which was based contained CO (Airgas). NO complexes were generated by
on a final yield of 20 mg of pure protein. (Dithionite was preparing an anaerobic solution of diethylamine NONOate
used throughout the prep to keep the protein reduced becauséCaymen) in buffer C{10 mM) in a sealed Reacti-Vial.
it oxidized over several hours and sometimes aggregatedThe headspace (1 mL) was then removed using a gastight
when oxidized. To minimize unwanted side effects of syringe and delivered to an Feunligated protein sample
dithionite in aerobic conditions, we purged all of the contained in a sealed Reacti-Vial.
chromatography buffers with nitrogen gas before use.) The Extinction Coefficient Determination anaerobic, Fe-
supernatant was applied to a 50 mL (231 cm) Toyopearl unligated, UV/vis spectrum was recorded for each protein
SuperQ 650 M (Tosohaas) anion-exchange column at 2.5sample. These samples, along with the Mb standard, were
mL/min. The column was washed with 2 column volumes prepared anaerobically as described above with the following
of buffer A at 2.5 mL/min and eluted with a linear gradient modification: bound @ was removed by ferricyanide
of NaCl from 20 to 750 mM in a total volume of 340 mL at  oxidation (~100 equiv). The ferricyanide was then removed
3.5 mL/min. Fractions were selected on the basis of the using a PD10 desalting column that had been equilibrated
intensity of the red/brown color. The eluate (50 mL) was with buffer C, and then the protein was reduced using
concentrated to 4 mL using 15 mL of 10K MWCO spin dithionite (~100 equiv). The dithionite was then removed
concentrators (Millipore) and reduced witf100-fold excess  in the same manner. For consisteng{(1—-194) andj32-
dithionite. The concentrated proteins were applied to a (1-217) were prepared in the same way. The heme
prepacked Superdex S75 HiLoad 26/60 gel-filtration column concentration was then determined for each sample by HPLC
(Pharmacia) that had been equilibrated with TEA at pH 7.5, (12) and used to determine the ¥Feaunligated extinction
50 mM NaCl, 5 mM DTT, and 5% glycerol. The flow rate coefficient. This extinction coefficient was then used to
was 1.5 mL/min. Fractions containing1(1—194) were determine the heme concentration and extinction coefficients
pooled, reduced with~100-fold excess dithionite, and for the CO and NO complexes from previously recorded UV/
applied to a POROS HQ 7.9 mL (4 10 cm, 1Qum) anion- vis spectra. HPLC was used to determine the heme concen-
exchange column (Applied Biosystems) that had been tration using a protein C4 column (250 4.6 mm, 5um,
equilibrated with buffer B (50 mM TEA at pH 7.5, 50 mM  Vydac) and a HewlettPackard Series 11 1090 HPLC with
NaCl, 5 mM DTT, and 5% glycerol). The column was a diode array detector. Each sample (25 was applied to
washed with 3 column volumes of buffer B at 10 mL/min the C4 column that had been equilibrated with 0.1%
and developed with a linear gradient of NaCl from 50 to trifluoroacetic acid (TFA). The column was developed with
500 mM in a total volume of 140 mL at the same flow rate. a linear gradient of 875% acetonitrile over 15 min followed
B1(1-194)-containing fractions were pooled and stored at by a linear gradient of 7595% acetonitrile over 5 min. The
—70°C. flow rate was 1 mL/min.

p2(1-217) was purified as described above, except for Homology ModelingHomology models 0f1(1—194) and
the following modifications: dithionite was not added before 52 (1-217) were generated using MODELLER following
each chromatographic step because it did not readily oxidizethe methods described in ré8.
and aggregate. Buffer A contained 50 mM DEA at pH 8.5 Resonance Raman Spectroscopgectra of all samples
and 25 mM NacCl, and the flow rate for loading in the first were collected using a 413.1 nm laser excitation, except for
anion-exchange step was 1.5 mL/min. The supernatant washe NO complexes, which were excited at 406.7 nm. A
applied to a 100 mL (2.% 21 cm) Toyopearl DEAE 650M  microspinning sample cell was used to minimize photoin-
anion-exchange column (Tosohaas) and washed with 3duced degradation. Raman scattering was detected with a
column volumes of buffer A. The column was developed cooled, back-illuminated CCD (LN/CCD-1100/PB, Roper
with a linear NaCl gradient from 20 to 500 mM (800 mL), Scientific) controlled by a ST-133 controller coupled to a
and the flow rate for loading, washing, and eluting was 1.2 subtractive dispersion, double spectrografid).( Raman
mL/min. The high-resolution, anion-exchange step included spectra were corrected for wavelength dependence of the
5 mM DTT. spectrometer efficiency by using a white lamp and calibrated

UV/Vis SpectroscopyAll spectra were recorded in an  with cyclohexane. The reported frequencies are accurate to
anaerobic cuvette on a Cary 3E spectrophotometer equippedt2 cmil, and the resolution of the spectra is 8 ¢mAll
with a Neslab RTE-100 temperature controller set at@0 Raman spectra were obtained by subtracting the buffer
Spectra were recorded from proteins in a solution of 50 mM background and baseline correction. The laser power at the
TEA at pH 7.5 and 50 mM NaCl (buffer C). The heme sample was 3 mW, except for the CO complexes, where a
concentration was-7 uM. Protein samples were placed into  power of 0.2 mW was used to avoid photolysis. Typical data
the anaerobic cuvette in an anaerobic glovebag (Coyj-Fe acquisition times were 30 min.
unligated protein samples were prepared in the following All protein samples were placed into the Raman cell in
manner: purified protein was made anaerobic in gh O an anaerobic glovebag. The heme concentration was 14 and
scavenged gas train with 10 cycles of alternate evacuation19uM for f1(1—-194) and32(1—217), respectively. Protein
and purging with purified argon and brought into an samples for Raman spectroscopy were prepared as described
anaerobic glovebag. Becaysg(1—194) was susceptible to  above for UV/vis spectroscopy with the following modifica-
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tions: 13CO (99% containing~10% %0, Cambridge
Isotopes) was prepared in a manner similar to #@0O
complexes®™NO complexes were made in the following
manner: A 1 mL solution of 0.5 M KNO, (Cambridge
Isotopes) ad a 1 mLsolution d 1 M KI/H ,SO, were made
anaerobic on an £scavenged gas train and delivered into
the anaerobic glovebag. The potassium nitrite solution (100
uL) was delivered to the Kl solution using a gastight syringe.
15N O-containing headspace-{ mL) was then delivered to

a protein sample contained in a sealed Reacti-Vial.

Oxidation RatesRat$1(1—194) and32(1—217) (550 and
220 uM, respectively) were brought into an anaerobic
chamber (Coy) and reduced at room temperature with sodium
dithionite (20 mM final). Both proteins were then desalted
using a PD-10 column and eluted in 50 mM triethanolamine
and 50 mM NaCl. Each protein was then added to an
anaerobic cuvette and removed from the chamber. Prior to
acquiring the first spectra, each sample was diluted 5-fold
with 50 mM triethanolamine and 50 mM NacCl that had been
fully equilibrated with room air and the cuvette was then
left open to atmospheric oxygen. ImmediatetylQ s of dead
time) after dilution with the aerobic buffer, spectra were
acquired g1, 1 scan/min for 100 ming2, 1 scan/min for
60 min, 1 scan/10 min for 17 h) at 3. Rate constants
based on double difference plotg1( A404 — A434; 32,
A390 — A432) were then calculated and fit to single
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FiGURe 2: Electronic absorption spectra 61(1—194) and32(1—
217) showing the Soret maximum armdp region. Reduced,
unligated {-); CO complex (- - -); and NO complex-€). The heme
concentration was-7 uM.

Table 1: UV-Vis Peak Positiorfsand Extinction Coefficients

‘ protein Soret p o ref
exponentials of the form(x) = A(1 — ™). Fe*-unligated
sGC 431 (111) 555 (14) 2
RESULTS B1(1-194) 431 (166) 558 (17.7) c
) ) o _ B2(1-217) 433 (155) 557 (17.1) c
Cloning Expression, and PurificatiorN-Terminal sGC Hb 430 (133) 555 (12.5) 15
A1 heme-binding region fragments were generated by sub- CO-bound
cloning specific constructs into tHescherichia coliexpres- 5(13%_ 104 gg (%gg) gﬁ %97 2‘731 (1‘7‘) 6 2
sion vector pET-20b. The shortest region that was subcloned, gzgl—zng 424 §2483 541 E18:1§ 570 517:2; g
had heme-bound, and expressed well Wwagl—194). Hb 419 (191) 540 (13.4) 569 (13.4) 15
For examplef1(1—189) was cloned, expressed, and purified, NO-bound
and relative to the longer constructs, it was poorly expressed SGC 398(79)  537(12) 572(12) 2
and unstable. Thereforg1(1-194) was the specific con- g%&:;?ég ggg 82% 553% gg:gg g;g 82:8 g
struct that was chosen for further studies. Hb 418 (130)  545(12.6) 575(13.0) 15

For the 32 H—NOX domain, we initially attempted the
expression of the full-lengti$2 subunit (0), and it was
cloned into the bacterial expression vector pET-20b. After resonance Raman spectroscopy were then used to character-
expression and purification, the results clearly showed thatze the heme environment and ligand-binding characteristics
a soluble heme-bound protein was made but appeared to bef both proteins.
truncated, as demonstrated by SEFAGE (data not shown). UV/vis Absorption SpectroscopyV/vis spectra are shown
Mass spectral analysis yielded a heme-bound, N-terminal,in Figure 2, and the data with extinction coefficients are
217 amino acid fragment, confirming that the protein was summarized in Table 1 and compared to sGZ &nd
indeed truncated (data not shown). It appears that anhemoglobin {5). Details of the individual complexes are
endogenoug. coli protease cleaved this fragment from the discussed where relevant below.
full-length protein. The 5651 base pairs of thegatsubunit Fe?*-Unligated and CO Complexe$hese twg3-subunit

aValues in nmP Values in mM* cm2, € This paper.

coding for residues-1217 were then cloned into pET-20b
and further characterized.

pL(1-194) ands2(1—217) were expressed . coliand
purified as described in the Materials and Methods. These
proteins were estimated to 3€95% pure on the basis of
Coomassie staining of samples resolved by SPBGE
(data not shown). Yields were5 and 13 mg/L of cell culture
for f1(1—194) and32(1—217), respectively32(1-217) was
isolated in the F&-unligated state (Soret maximum 431
nm). Dithionite was needed to kegfl(1—194) reduced
throughout the purification, because it was found to oxidize
readily (see the Materials and Methods). UV/vis and

constructs have spectra that are similar to one another and
to full-length sGC. The spectra of theFeunligated hemes

in bothS-subunit constructs exhibit Soret bands-@t31 nm

and a single broad/$ band at~560 nm. The addition of
CO to the anaerobically reduced proteins resulted in CO
complexes with sharp Soret bands-at24 nm, increases in
the extinction coefficient, and observahiés bands. The
shape and absorption maxima of the Soret affél bands

for both the Fé'-unligated and CO complexes are very
similar to full-length sGC %), suggesting that the reduced
proteins are five-coordinate, high-spin and the CO complexes
are six-coordinate, low-spin.
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FiGURE 3: 1(1-194) resonance Raman spectraZ‘Fenligated FIGURE 4: 2(1-217) resonance Raman spectra?‘Fenligated
in the low- (a) and high- (h) frequency regiorlSNO and!NO in the low- (a) and high- (h) frequency regiod4NO and15NO
complexes and their difference spectra in the low-dpand high- complexes and their difference spectra in the low-dpand high-

(i—k) frequency regions, respectiveR#CO and**CO complexes  (j—) frequency regions, respectiveRCO and3CO complexes
and their difference spectra in the low-Hg) and high- (land m) ~ 3nq their difference spectra in the low-{g) and high- (I and m)
frequency regions, respectively. The heme concentration was 14requency regions, respectively. The heme concentration was 19
#M. The Raman intensity was normalized to themode. The ;M. The 'Raman intensity was normalized to themode. The
asterisks indicate subtraction artifacts. asterisks indicate subtraction artifacts.

NO Comp|e>.(e$The NO complexes g§1(1-194) andQZ_-. Table 2: Heme Skeletal Vibrations and Vibrational Modes
(1—217) are similar to those of full-length sGC, exhibiting Fe*2-Unligated Proteins
broadened Soret bands at399 nm, decreases in the protein  c& v  v»  vs vs Fe-His ref
extinction coe.ff|C|e.nt, and obsgrvabke/ﬁ bands._ Thesg 1606 1562 1471 1358 204 16,17
spectra are identical to previously characterized five- z1(;3gs) 1607 1563 1474 1358 206 25
coordinate, NO complexe&) £1(1-194) 1608 1568 1476 1359 208 c

Resonance Raman Spectroscdpgman spectra are shown éﬁ%ﬁﬁ-{m 1609 1567 1477 1359 %% g

in Figures 3 and 441(1-194) and32(1-217), respectively],  mp 1607 1563 1471 1357 220 18
and the data are summarized in Tables 2, 3, and 4"(Fe HemAT-Bs nf 1558 1469 1352 225 29
unligated, CO adducts, and NO adducts, respectively) along AX°DEA1H 1607 1557 1469 1354 212 24
with comparisons to sGQ6, 17), Mb (18—23), Acetobacter Yt 1603 1577 1469 1351 231 27
xylinumPDEA1H (the heme domain é¢ixPDEA1) (24), rat aValues in cntt. ® Coordination state’ This paperd Not reported.
sGC 31(1-385) @5), FixLN (the heme domain of FixL)
(26), Alcaligenesxylosoxidans cyt €(27, 28), HemAT-Bs Table 3: Heme Skeletal Vibrations and Vibrational Mctle€O
(29), and CooA B80). Specific complexes are described Complexes
below. protein  ¢8 v ¥2 Vs ¥4 Veeco Vvc-o O° ref
Fe?t-Unligated Complexedn the high-frequency region,  scc 1629 1583 1500 1371 47287 1987 56216, 17
the heme skeletal marker bands are observed. These includgigfigig . ggl 115256 1115982 1f37$5 41’;!‘;9/321961981265864553
v4, Which is sensitive to th.e. oxidation state of the heme, _and B2(1-217) 1629 1586 1493 1372 476 1004 569
vz andv,, which are sensitive to the spin and coordination Tiraran 1620 1580 1496 1369 490 1989 567
state of the heme iror8(). The heme skeletal markers are Mb 1637 1587 1498 1372 512 1944 571
similar to the corresponding bands in histidine-ligated, five- EslganA?; Qf 157r]8r 14?}? 1323? :fg;f 11576; 58%2
coordinate, high-spin, P& heme proteins such as sGC. In Axcyt ¢ nd' 1596  nr 1368 491 1966 5727
the low-frequency spectrum, bands at 208 and 207 @re 2Values in cnt. P Coordination state? Fe-C—0O bending mode
observed foﬁl_(1—194) anq62(1_217_)’ respectively. Thes? 4 Represents the dominant frequen?:wo;[ determined! This paper..
bands are assigned to the i §tretch|ng mo_de, on the basis o Not reported” Not observed.
of previous observations that, in most histidine-ligated' Fe
heme complexes, this stretching frequency is usually between CO ComplexesThe heme skeletal markers in the high-
200 and 250 cmt (32) and that in the NO and CO adducts frequency region are similar to the corresponding bands from
this band was absent. We conclude that, when reduced, thesaistidine-ligated, six-coordinate, low-spin,Fdeme proteins
proteins contain a five-coordinate, high-spin heme. such as sGC. In the low-frequency spectrum, isotope-
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Table 4: Heme Skeletal Vibrations and Vibrational MateNO
Complexes
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Rat52(1—217) was substantially more stable in the ferrous
form with an autoxidation rate of 0.003 mihat 37°C. It
should be noted that, whil81 appears to cleanly convert

rotein c8 v v v va W VN— ref - . . .
SGCp c 161;6 1;84 13509 1375%2025 . fsma T from a five-coordinate, high-spin Fecomplex (Sorefimax
d 1 - i H - in3
B1(1-194) 5 1647 1586 1510 1376 526 1677 at 431 nm)_to a five-coordinate, high s_plnFa:_ompIex
B1(1-385) 5 1646 1585 1509 1376 526 1675 (Soret maximum at 390 nm), th82 oxidation is more
B2(1-217) 5 1646 1586 1510 1376 527 1676 complex. The high-spin, ferrous unligated (Sotgixat 432
I/Itgaf“r"' g 11255 1155882 f;‘(?f 11??7750 5553 llggg 20 nm) protein appears to oxidize to a mixture of high- and
Axcyt ¢ 5 1641 1592 1506 1373 526 16627 low-spin ferric complexes (Soretma. at 393 and 415,
Axcyt ¢ 6 1638 1596 1504 fr 579 1624 28 respectively). To support this conclusion, after oxidation with
FixLN (20°C) 6 1632 nr 1498 nr 558  f026 potassium (Fe(CN)®-, the protein first forms a high-spin
Z%-E')\l E(f\g;@ 56 1646  nr 1509  nr 556205 11(%7%2 complex (Soreflmax at 393 nm), which then converts to a
nrnrnronr ; e ani
Mb(HB4V) 6 ot nr nr 557 164022 mixture of high- and low-spin complexes (broad Sdtgix
Mb(H93G) 5 nr nr nr nr 535 167022 at 415 nm) (data not shown).
Mb(H64V/ 5 nr nr nr nr 534 168422
HI93G) DISCUSSION
CooA nr nr nr nr 523 167230
Mb H93Y 5 o nr nr nr 524 167223 The essential feature of sGC is the use of a ferrous heme

aValues in cntt, ® Coordination state® This paperd Not reported.
¢ Not observed.

sensitive bands are observed at 477 and 496'dor $1-
(1—194) and 476 cmt for f2(1—-217). These bands are
assigned to thege—co stretching mode on the basis of their
isotopic shift and their similarity to the:._co frequency for
full-length sGC (472/487 cni) and other six-coordinate,
low-spin heme proteins (Table 2). The twg_co frequencies
in full-length sGC are likely due to different F&O
conformations 25), and this may also account for the two
Vee-co frequencies ingl(1—-194). In the high-frequency

with histidyl ligation to trap low concentrations of NO in
the presence of a much higheg Gncentration. The heme

in sGC shows no measurable affinity fop,ence there is

no competition for NO against a severe concentration
gradient. The molecular basis for this remarkable ligand
discrimination against ©has not been clear until recent
findings indicated that sGC-like heme domains are present
in prokaryotes. Characterization of these proteins has pro-
vided a molecular basis for this ligand discriminati@n &,

33). Because some members of the family form a stable
complex with Q, we have named the family HNOX
(Heme—Nitric oxide/OXygen) to more fully describe the

spectrum, isotope-sensitive bands are observed at 1968 anéamily in terms of its ligand-binding properties.

1994 cm?! for $1(1-194) andf2(1-217), respectively.
These bands are assigned to thg stretching mode on the
basis of their isotopic shift and their similarity to theo
frequencies of sGC (1987 crt) and HemAT-Bs (1964 cni)
(Table 2). Similar to sGCB2(1-217) has a highvco
stretching frequency. Thereforg2(1—217) forms a CO

Prior to the discovery of the HNOX family, the strategy
to characterize the sGC heme was focused on truncations of
the 51 subunit in an effort to identify a stable heme domain
fragment. These studies had identified a 385 amino acid
fragment of the51 subunit that retained the unique ligand-
binding properties of native sGQ,(7). However, all attempts

complex that is the most similar to sGC. These complexes to crystallize this fragment failed, and we surmised that this
are six-coordinate, low-spin and are notable for their high failure was due to the tendency of this protein to form an

vco stretching frequency. C@1(1-194) is also six-
coordinate, low-spin, like sGC, but it frequency is closer
to that of proteins with lower values, like HemAT-Bs (1964
cm).

NO Complexesor f1(1—-194) and32(1-217), the high-

unnatural homodimer. On the basis of this, constructs were
designed to determine the minimum size of fefragment

that retained the native ligand-binding properties. Several
constructs were generated and characterized; the smallest was
a 194 amino acid fragment. Any construct smaller than this

frequency spectra exhibit heme skeletal marker bands that(1—189, for example) could not be isolated with a full
are similar to the corresponding bands in five-coordinate equivalent of heme and gave low yields upon purification,
NO—sGC. In the low-frequency spectra, isotope-sensitive suggesting that-190 amino acids is the minimum fragment
bands are observed at 526 and 527 tfor $1(1-194) and  for a stable heme domain.

B2(1-217), respectively. These bands are assigned to the B1(1—194) was examined further as reported here, but
Vre-No Stretching mode based on their isotopic shift and perhaps more importantly, this fragment served as a query
similarity to the veeno frequency in sGC (525 cm). sequence for genome searching that led us to th&lE&X
Isotope-sensitive bands are also observed in the high-family. In two recent papers, we have described two of these

frequency spectra [1676 and 1677 ¢nfor 52(1-217) and
B1(1-194), respectively]. On the basis of their isotopic shift
and similarity to theo frequency in sGC (1677 cr¥), these
bands are assigned to thgo stretching mode. These data
indicate that the NO complexes $1(1-194) andf2(1—
217) are five-coordinate and similar to sGC.

Oxidation RatesRat51(1—194) was found to oxidize very
quickly compared to full-length sGC, which is very stable
to oxidation (Figure 5). When averaged over three experi
ments, the autoxidation rate 61(1—194) was 0.073 min.

H—NOXs. The first protein was a 181 amino acid protein
from V. choleragVCAO0720), and the other was a 188 amino
acid heme domain fragment from tfietengcongensisar4
protein (TtTar4H) ©). The heme domain frow. cholerae

has ligand-binding properties like that of sGC; namely, the
ferrous protein does not form an, @omplex but does form
stable complexes with NO and CO. The tengcongensis
heme domain on the other hand forms a very stable ferrous

- O, complex and like the globins will also form a CO and

NO complex. We have also determined the crystal structure
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Ficure 5: Autoxidation rates off1(1-194) andf2(1—217). Shown in A are difference spectra associated with the autoxidati@h-of
(1—194), and B shows a plot of th®434 — A404 versus time and a fit (gray line) to the data from which a rate constant was derived. C
shows the difference spectra for the autoxidatiof®f1l—217), and D shows a plot af432 — A390 versus time and a fit to those data

(gray line).

of the heme domain fronT. tengcongensisvhich, as (35, 36). Negative polarity in the distal pocket can inhibit
mentioned above, provided a molecular explanation for the Fe d, — CO x* back-bonding, weakening the F€0O bond
discrimination against 9in the sGC-like proteinsg; 33). order and strengthening the-© bond order. However, a
In fact, on the basis of the structure of thetengcongensis  homology model 0f31(1-194) andf2(1-217) based on
H—NOX, we have recently convertefll(1—385) into a the structure of th@tTardH H-NOX shows no significant
protein that now forms a stable #e-O, complex 83). region of negative polarity that is close to the bound ligand.
Although thes1(1—194) construct is the smallest fragment Figure 6 shows this model when viewed from below the
that was stable enough to characterize, it is clear that it is heme and looking up into the distal pocket. Tyr140 is clearly
not as stable as sGC. The rate of oxidation t&*Fg very visible in theT. tengcongensid—NOX distal site, but there
slow in sGC and, as shown in Figure 5, occurs much more is no hydrogen-bonding donor or residue that would provide
quickly in 1(1-194). The F&-unliganded, ¥ —NO, and ~ negative polarity in either model ¢f1(1-194) or52(1-
Fe2t—CO complexes are all identical to sGC; however, once 217), suggesting that the negative polarity hypothesis may
the Fé*+-unliganded complex is exposed to air, oxidation Nnotbe correct. Are-co/veo correlation, which was generated
occurs. A F& —0, complex is not observed during oxida- from model porphyrin and hemoprotein frequencies, is shown
tion, and the molecular steps involved in the oxidation are in Figure 7. The closestco andvee-co frequencies to sGC
unknown.52(1—217) on the other hand is much more stable are from a Mb mutant (H64V/V68T), which increases
(Figure 5) and more comparable to SGC and the previously negative polarity in the distal pocke8?). The highvc—o
characterize@1(1—385) in this respec32(1-217) is 43%  and low veeco stretching frequencies observed (1
identical to thg31 subunit and shares the key spectroscopic 194) andf2(1-217), while consistent with distal pockets
properties of sGC. Specifically, the Feunligated forms of ~ containing negative polarity, would seem to be dependent
these proteins are five-coordinate, high-spin, and the COupon other factors.
complexes are six-coordinate, low-spin. $1(1-194) has highereeco and lowerveo frequencies
Moreover, similar to sGC, botf1(1-194) andp2(1— compared to sGC. For example, theo frequency is
217) form a CO complex with unusually higho and low observed at 1968 cmi compared to 1987 cm for sGC.
Vee-co Stretching frequencies. sGC has one of the highest Moreover, a broad band with two peaks of roughly equal
reportedvco stretching frequencies, and on the basis of this intensity at 477 and 496 crhwere observed for there co
observation, it was previously suggested that the distal pocketstretching frequencies. Two frequencies were also observed
of sGC has significant negative polarit§4). This is based  for sGC and for the previously characterized heme-binding
on the observation that theo and vre_co frequencies are  regionf31(1—385) 25): an intense band at 472 cfand a
inversely correlated and are sensitive to distal pocket polarity very weak shoulder at 487 crhfor sGC and an intense band
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TfTar4H

B1(1-194)

B2(1-217)

Ficure 6: Homology models of the distal pockets. Homology models ofgh@nd32 were generated using MODELLER following the
methods described in rdf3. The view in the model is from below the heme and looking up into the distal pocket. Hydrogen-bonding
donors or residues that would provide negative polarity are shown in light gray. Tyr140TitTéuelH distal site is clearly visible; however,

there is none visible in either model 81(1-194) or2(1-217).
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FIGURE 7: vre-co/vco correlation for six-coordinate CO adducts
of model porphyrins and hemoproteins. Values for the metallopor-
phyrins and hemoproteins were obtained from Kerr et al., Table 2,
complexes +15 38); Table 3 in this paper; CooA39, 40);
EcDosH @4); BjFixL (24); Heme oxygenasel(, 42); Sperm whale
(Sw) Mb (21); and Mb (H64V/V68T) 87). For sGC,51(1-385)
andp1(1-194), the numeric suffix refers to the CO conformation
with the low and highvee_co frequency (1 and 2, respectively).

at 478 cn! and a weaker shoulder at 494 chfor f1(1—
385). Although the two bands observed in sGC Adl—
385) have been attributed to different CO conformations, no
definitive results have emerged to support this hypothesis.
p2(1—217) is very similar to the heme domain of sGC in
that it is unable to form a stable Fe-O, complex but does
form a five-coordinate complex with NO. If we assume that
the ligand-binding characteristics g2(1—-217) are repre-
sentative of the full-length subunit, an assumption that is
consistent with reducefl1(1—194) being spectrally similar
to full-length sGC, then it is likely that th82 subunit also

senses NO. These results are consistent with two papers that

show NO-sensitive guanylate cyclase activity3rexpress-
ing cells. The first showed NO-stimulated activity in fi#-
expressing SF9 cell lysate®dj, and the second showed NO-
stimulated activity in rafp2-expressing COS 7 cell lysates
(11). Although the enzyme was not purified, the conclusion
was that homodimerig2 was the active protein. This would
be the first example of a sGC that contained two heme

cofactors per dimer and raises interesting questions regardlng

heme occupancy and regulation.

In summary, this paper has identified and characterized
the minimum functional ligand-binding heme domain derived
from sGC. This 194 amino acid N-terminal fragment was
then used to identify prokaryotic homologues of predicted
hemoprotein sensor domains that probably function as NO
sensors in some organisms and §&nsors in others. In
addition, the ligand-binding properties of a heme domain

derived from the52 subunit are reported. These results and
others on this broadening family of proteins are providing
key details toward a comprehensive characterization.

ACKNOWLEDGMENT

We thank Chinmay Majmudar for help with the initial
characterization 0f1(1—194) and Dr. Elizabeth Boon for
critical input.

REFERENCES

1. Zhao, Y., and Marletta, M. A. (1997) Localization of the heme
binding region of soluble guanylate cyclaggipchemistry 36
15959-15964.

. Stone, J. R., and Marletta, M. A. (1994) Soluble guanylate cyclase
from bovine lung: Activation with nitric oxide and carbon
monoxide and spectral characterization of the ferrous and ferric
statesBiochemistry 335636-5640.

. Watmough, N. J., Butland, G., Cheesman, M. R., Moir, J. W.,
Richardson, D. J., and Spiro, S. (1999) Nitric oxide in bacteria:
Synthesis and consumptioBiochim. Biophys. Acta 141#56—

474.

. lyer, L. M., Anantharaman, V., and Aravind, L. (2003) Ancient
conserved domains shared by animal soluble guanylyl cyclases
and bacterial signaling proteinBMC Genomics 6490-497.

. Pellicena, P., Karow, D. S., Boon, E. M., Marletta, M. A., and
Kuriyan, J. (2004) Crystal structure of an oxygen bindingOX
domain related to soluble guanylate cyclagesc. Natl. Acad.

Sci. U.S.A. 10112854-12859.

. Karow, D. S., Pan, D., Tran, R., Pellicena, P., Presley, A., Mathies,
R. A., and Marletta, M. A. (2004) Spectroscopic characterization
of the sGC-like heme domains frokibrio choleraeand Ther-
moanaerobacter tengcongend®ochemistry 4310203-10211.

. Zhao, Y., Schelvis, J. P., Babcock, G. T., and Marletta, M. A.
(1998) Identification of histidine 105 in th&l subunit of soluble
guanylate cyclase as the heme proximal ligaBidchemistry 37
4502-4509.

8. Yuen, P. S. T., Potter, L. R., and Garbers, D. L. (1990) A new
form of guanylyl cyclase is preferentially expressed in rat kidney,
Biochemistry 2910872-10878.

.Behrends, S., and Vehse, K. (2000) Tp2 subunit of soluble
guanylyl cyclase contains a human-specific frameshift and is
expressed in gastric carcinon@pchem. Biophys. Res. Commun.
271, 64-69.

10. Koglin, M., Vehse, K., Budaeus, L., Scholz, H., and Behrends, S.
(2001) Nitric oxide activates thg2 subunit of soluble guanylyl
cyclase in the absence of a second subuhniBiol. Chem. 276
30737-30743.

11. Gibb, B. J., Wykes, V., and Garthwaite, J. (2003) Properties of
NO-activated guanylyl cyclases expressed in céls,J. Phar-
macol. 139 1032-1040.

Brandish, P. E., Buechler, W., and Marletta, M. A. (1998)

Regeneration of the ferrous heme of soluble guanylate cyclase

from the nitric oxide complex: Acceleration by thiols and

oxyhemoglobinBiochemistry 3716898-16907.

Fiser, A., and Sali, A. (2003) Modeller: Generation and refinement

of homology-based protein structure modéiethods Enzymol.

374, 461-491.

12.

13.



16274 Biochemistry, Vol. 44, No. 49, 2005

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Pan, D., Ganim, Z., Kim, J. E., Verhoeven, M. A., Lugtenburg,
J., and Mathies, R. A. (2002) Time-resolved resonance Raman
analysis of chromophore structural changes in the formation and
decay of rhodopsin’s BSI intermediat&, Am. Chem. Sod 24,
4857—-4864.

Di lorio, E. E. (1981) Preparation of derivatives of ferrous and
ferric hemoglobin, irHemoglobingAntonini, E., Rossi-Bernardi,

L., and Chiancone, E., Eds.) pp 571, Academic Press, New
York.

Deinum, G., Stone, J. R., Babcock, G. T., and Marletta, M. A.
(1996) Binding of nitric oxide and carbon monoxide to soluble
guanylate cyclase as observed with resonance Raman spectros-
copy, Biochemistry 351540-1547.

Tomita, T., Ogura, T., Tsuyama, S., Imai, Y., and Kitigawa, T.
(1997) Effects of GTP on bound nitric oxide of soluble guanylate
cyclase probed by resonance Raman spectros&ipghemistry

36, 10155-10160.

Choi, S., Spiro, T. G., Langry, K. C., Smith, K. M., Budd, D. L.,
and La Mar, G. N. (1982) Structural correlations and vinyl
influences in resonance Raman spectra of protoheme comlexes
and proteins,J. Am. Chem. Sod 04, 4345-4351.

Tsubaki, M., and Yu, N. T. (1982) Resonance Raman investigation
of nitric oxide bonding in nitrosylhemoglobin A and -myoglo-
bin: Detection of bound NO stretching and FeNO stretching
vibrations from the hexacoordinated N@eme complexBio-
chemistry 211140-1144.

Hu, S., and Kincaid, J. R. (1991) Resonance Raman spectra of
the nitric oxide adducts of ferrous cytochrome P450cam in the
presence of various substratds,Am. Chem. Soc. 113760-
9766.

Tsubaki, M., Srivastava, R. B., and Yu, N. T. (1982) Resonance
Raman investigation of carbon monoxide bonding in (carbon
monoxy)hemoglobin and -myoglobin: Detection of ReO
stretching and FeC—O0 bending vibrations and influence of the
guaternary structure chang®iochemistry 211132-1140.

Thomas, M. R., Brown, D., Franzen, S., and Boxer, S. G. (2001)
FTIR and resonance Raman studies of nitric oxide binding to
H93G cavity mutants of myoglobirBiochemistry 4015047
15056.

Vogel, K. M., Hu, S., Spiro, T. G., Dierks, E. A., Yu, A. E., and
Burstyn, J. N. (1999) Variable forms of soluble guanylyl cy-
clase: Proteirrligand interactions and the issue of activation by
carbon monoxide). Biol. Inorg. Chem. 4804—813.

Tomita, T., Gonzalez, G., Chang, A. L., Ikeda-Saito, M., and
Gilles-Gonzalez, M. A. (2002) A comparative resonance Raman
analysis of heme-binding PAS domains: Heme iron coordination
structures of the BjFixL, AXPDEA1, EcDos, and MtDos proteins,
Biochemistry 414819-4826.

Schelvis, J. P., Zhao, Y., Marletta, M. A., and Babcock, G. T.
(1998) Resonance Raman characterization of the heme domain
of soluble guanylate cyclasBjochemistry37, 16289-16297.
Lukat-Rodgers, G. S., and Rodgers, K. R. (1997) Characterization
of ferrous FixL-nitric oxide adducts by resonance Raman spec-
troscopy,Biochemistry 364178-4187.

Andrew, C. R., Green, E. L., Lawson, D. M., and Eady, R. R.
(2001) Resonance Raman studies of cytochrehsupport the
binding of NO and CO to opposite sides of the heme: Implications
for ligand discrimination in heme-based sensBischemistry 40
4115-4122.

Andrew, C. R., George, S. J., Lawson, D. M., and Eady, R. R.
(2002) Six- to five-coordinate hemaitrosyl conversion in
cytochromec’ and its relevance to guanylate cyclaB&chemistry

41, 2353-2360.

29.

Karow et al.

Aono, S., Kato, T., Matsuki, M., Nakajima, H., Ohta, T., Uchida,
T., and Kitagawa, T. (2002) Resonance Raman and ligand binding
studies of the oxygen-sensing signal transducer protein HemAT
from Bacillus subtilis J. Biol. Chem. 27713528-13538.

30. Reynolds, M. F., Parks, R. B., Burstyn, J. N., Shelver, D.,

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Thorsteinsson, M. V., Kerby, R. L., Roberts, G. P., Vogel, K.
M., and Spiro, T. G. (2000) Electronic absorption, EPR, and
resonance Raman spectroscopy of CooA, a CO-sensing transcrip-
tion activator fromR. rubrum reveals a five-coordinate N©
heme,Biochemistry 39388—-396.

Spiro, T. G., and Li, X.-Y. (1988) Resonance Raman spectroscopy
of metalloporphyrins, inBiological Applications of Raman
SpectroscopySpiro, T. G., Ed.) pp 37, John Wiley and Sons,
New York.

Kitagawa, T. (1988) Heme protein structure and the-tastidine
stretching mode, ifBiological Applications of Raman Spectros-
copy(Spiro, T. G., Ed.) pp 9#131, John Wiley and Sons, New
York.

Boon, E. M., Huang, S. H., and Marletta, M. A. (2005) A
molecular basis for NO selectivity in soluble guanylate cyclase,
Nat. Chem. Biol. 153—-59.

Kim, S., Deinum, G., Gardner, M. T., Marletta, M. A., and
Babcock, G. T. (1996) Distal pocket polarity in the unusual ligand
binding site of soluble guanylate cyclase: Implications for control
of -NO binding,J. Am. Chem. Soc. 118769-8770.

Cameron, A. D., Smerdon, S. J., Wilkinson, A. J., Habash, J.,
Helliwell, J. R., Li, T., and Olson, J. S. (1993) Distal pocket
polarity in ligand binding to myoglobin: Deoxy and carbonmon-
oxy forms of a threonine68(E11) mutant investigated by X-ray
crystallography and infrared spectroscoggiochemistry 32
13061-13070.

Li, T., Quillin, M. L., Phillips, G. N., Jr., and Olson, J. S. (1994)
Structural determinants of the stretching frequency of CO bound
to myoglobin,Biochemistry 331433-1446.

Biram, D., Garratt, C. J., and Hester, R. E. (19913 pectroscopy

of Biological MoleculegHester, R. E., and Girling, R. B., Eds.)
pp 433-434, Royal Society of Chemistry, Cambridge, U.K.

Yu, N., and Kerr, E. A. (1988) Vibrational modes of coordinated
CO, CN, O, and NO, inBiological Applications of Raman
SpectroscopySpiro, T. G., Ed.) pp 3996, John Wiley and Sons,
New York.

Uchida, T., Ishikawa, H., Takahashi, S., Ishimori, K., Morishima,
I., Ohkubo, K., Nakajima, H., and Aono, S. (1998) Heme
environmental structure of CooA is modulated by the target DNA
binding. Evidence from resonance Raman spectroscopy and CO
rebinding kinetics,J. Biol. Chem. 27319988-19992.

Uchida, T., Ishikawa, H., Ishimori, K., Morishima, I., Nakajima,
H., Aono, S., Mizutani, Y., and Kitagawa, T. (2000) Identification
of histidine 77 as the axial heme ligand of carbonmonoxy CooA
by picosecond time-resolved resonance Raman spectroscopy,
Biochemistry 391274712752.

Takahashi, S., Ishikawa, K., Takeuchi, N., Ikeda-Saito, M.,
Yoshida, T., and Rousseau, D. L. (1995) Oxygen-bound heme
heme oxygenase complex: Evidence for a highly bent structure
of the coordinated oxyged, Am. Chem. Soc. 118002-6006.
Takahashi, S., Wang, J., Rousseau, D. L., Ishikawa, K., Yoshida,
T., Takeuchi, N., and Ikeda-Saito, M. (1994) Heme-heme oxy-
genase complex: Structure and properties of the catalytic site from
resonance Raman scatteriigjpchemistry 335531-5538.

BI051601B



