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ABSTRACT. We report the resonance Raman characterization of the heme domain of rat lung soluble
guanylate cyclase (sGC) expressedeischerichia coli Like heterodimeric sGC isolated from bovine
lung, the sGC heme domaifif(1—385)] and its heme ligand mutant HL05G(Im) contain a stoichiometric
amount of heme, which is five-coordinate, high-spin ferrous in Ifdtfi—385) and chemically reduced
H105G(Im). In the presence of NO, bofti(1-385) and H105G(Im) form a five-coordinate nitrosyl
heme complex with &(Fe—NO) value of 525 cm! and av(NO) value of 1676 cm. For the first time,

the Fe-N—O bending mode near 400 cihas been identified in a five-coordinate nitrosyl heme complex.
Both 81(1—385) and H105G(Im) form a six-coordinate, low-spin complex with CO. We find evidence
for two binding conformations of the F&CO unit. The conformation that is more prevalen{sib(1—

385) has av(Fe—CO) value of 478 cm! and ad(Fe—C—0) value of 567 cm!, whereas the dominant
conformation in HL05G(Im) is characterized by@#e—CO) value of 495 cm! and ad(Fe—C—O) value

of 572 cntl. We propose that in the dominant conformation of H105G{@P the Fe-CO unit is
hydrogen bonded to a distal residue, while this is not the cagd (f—385). Reexamination of sGC
isolated from bovine lung tissue indicates that it also has two binding conformations for CO; the more
populated form is not hydrogen-bonded. We propose that the absence of hydrogen-bond formation between
a distal residue and exogenous ligands is physiologically relevant in lowering the oxygen affinity of
heterodimeric sGC and, therefore, stabilizing the ferrous, active form of the enzyme under aerobic
conditions.

Guanylate cyclase catalyzes the conversion of &fBP  localized to the N-terminal region of thfs subunit {5, 16).
cGMP and pyrophosphate. The generated cGMP plays anNO activates sGC more than 400-fold over the basal activity,
important role in several biological processes, e.g., vasodi- while CO activates sGC only-45-fold (17). Bound heme
lation and neurotransmissiori{4). Two forms of the is required for both NO and CO activation of sGT3(19).
enzyme are known: particulate guanylate cyclase (pGC) andNO and CO binding to the sGC heme at the N-terminal
soluble guanylate cyclase (sGC). The membrane-boundregion induce a conformational change in the heme pocket
protein, pGC, is activated by ligands such as small peptide (20), which activates the enzyme presumably via conforma-
hormones, while nitric oxide (NO) regulates the activity of tional changes in the catalytic site(s) at the C-terminal region.
sGC, the only known receptor for NG<5). sGC, isolated It has been shown that a five-coordinate nitrosyl complex is
from lung tissue, is a heterodimeric hemoprotein that consistsformed upon NO coordination to the heme with concomitant
of al andp1 subunits §—10). Both theal and thefl cleavage of the bond between the heme iron and the proximal
subunits are required for enzymatic activityl(12). The histidine 1—23). In the case of CO, stimulated activity of
catalytic sites are contained within the C-terminal region of sGC is observed with the bond between the heme iron and
the two subunitsi3, 14). The heme binding region has been the proximal histidine apparently inta1, 22, 24).

Elucidation of the sGC activation mechanism depends on
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sGC isolated from tissue.

The overexpression of het- atmosphere.

Schelvis et al.

This protein is isolated as a stable five-

erodimeric sGC by using transfected baculovirus cells was coordinate, high-spin ferrous compleb&( 29). H105GA1-
reported recently, and the reconstituted heme was presen{1—385) is isolated without any heme present. If expressed

as a mixture of five-coordinate, high-spin and six-coordinate,

low-spin ferrous complexe®9, 26). The spin and coordi-

and purified in the presence of imidazole [H105G(Im)], it
then is isolated with a stoichiometric equivalent of ferric

nation state of the heme in heterodimeric sSGC as isolated isheme 29). In the case of H105G(Im), the sample was put

still a point of controversy in the literature. The results of
Rousseau and co-workerg6€) are in agreement with an

under an Ar atmosphere and subsequently reduced with a
small amount of dithionite in the presence of 1 mM

earlier study on heterodimeric sGC isolated from bovine lung imidazole. Sincg31(1—385) contains a ferrous heme, the
(23), while our groups and others have reported that CO complex was prepared by simply placing the enzyme

heterodimeric sGC from bovine lung contains only a five-
coordinate, high-spin ferrous hem22( 27, 28).

under a CO atmosphere. In the case of H105G(Im), the CO
complex was obtained by reducing the enzyme with dithio-

Recently, we reported the overexpression of a fragment nite in the presence of 1 mM imidazole, while the sample

of the 31 subunit p1(1—385)] of rat lung sGC ifEscherichia

was under a CO atmosphere. Finally, the NO complexes of

coli, which demonstrated that the heme binding region is in 1(1—385) and H105G(Im) were formed by adding NO gas

the N terminus of thgg1 subunit {5). UV-—vis spectro-
scopic studies indicate thgil(1—385) contains a five-
coordinate, high-spin ferrous heméb5|. Through site-

anaerobically into the headspace of the spinning cell. The
3C80 and'®>N'®0 isotopes were obtained from Isotech Inc.
(Miamisburg, OH). Mass spectroscopic analysis of the nitric

directed mutagenesis and spectroscopic approaches, wexide isotope showed that it consisted of a mixturé®if-0
demonstrated that the heme in sGC is coordinated to theand!*N'#0. The identification of the NO sensitive vibrations
proximal His105 in thes1 subunit 29). Mutation of His105 was not affected by this mixture. Both isotopic forms of
to glycine in1(1—385) leads to the loss of heme binding NO were purified from other nitrogen oxides by passage
to the heme domain. Heme binding to t|sd(1—385) through saturated KOH.
H105G mutant [H105G(Im)] was restored by adding imi- Resonance Raman Experimenfbhe resonance Raman
dazole to the media and purification buffers. In the ferrous spectra of ferrougs1(1—385) and H105G(Im), and the
form, the heme in H105G(Im) is also five-coordinate with respective CO complexes, were collected with 413.1 nm
imidazole as the proximal ligand. To use these truncated excitation light from a Kr laser (Coherent K-90). The
proteins as models for investigating the properties and ligandspectra of the NO complexes were obtained by excitation
dynamics of the heme pocket of heterodimeric sGC, it is with the 406.7 nm line from the same laser. Laser powers
important to characterize their spectroscopic properties were typically 5 mW at the samples, except for the CO
relative to those of heterodimeric sGC. In this paper, we complexes in which case a power sfL. mW was used to
report the resonance Raman characterizatigfl¢t—385) prevent CO photolysis. The laser light was focused on the
and H105G(Im) in the ferrous form, and of the complexes sample by a spherical lens with a focal length of 5.5 cm.
with CO and NO. The resonance Raman spectra of theseThe resonance Raman scattering was detected with a
three complexes of the two protein fragments are very similar spectrometer (Spex 1877 Triplemate) in combination with a
to those of heterodimeric sGC purified from bovine lung liquid nitrogen-cooled CCD detector (EG&G OMA 4, model
tissue. This result indicates that the heme environment in 1530-CUV-1024S). A spectral slit width of 3 crhwas
B1(1-385) closely resembles that of heterodimeric sGC. In used. Accumulation times are indicated in the figure legends.
the CO complexes ¢81(1—385) and H105G(Im), we have The samples were kept at about 40 during the experi-
observed two conformations of the FEO unit, which we ments. The resonance Raman spectra were baseline cor-
also identified in heterodimeric sGC. We believe that in rected. In the low-frequency region (below 250 ¢n the
H105G(Im)-CO the dominant binding conformation of CO rise in the baseline, which is induced by Rayleigh scattering
is hydrogen-bonded by a distal residue, while this is not the and reflected laser light, was corrected by subtracting either
case inf1(1-385)-CO and sGEC-CO. a Gaussian or a monoexponential curve. At the high-
frequency side of the spectrum, the baseline was flattened,
MATERIALS AND METHODS

if necessary, by subtraction of either a straight line or a

Sample PreparationThe construction of thg1(1—-385) second-order polynomial. The difference spectra were
fragment and of H105G(Im) from rat lung cDNA and their obtained by normalizing the absolute spectra with respect
purification procedures have been described in detail else-to heme skeletal vibrations and subsequent subtraction of
where (5, 29). The cDNAs encodin@1(1—206) andf1- the heavy isotope spectrum from the natural-abundance
(1—345) were cloned in the pET 20b plasmid uskdd — isotope spectrum. This procedure was carried out prior to
BarHI. Both 81(1—206) andf1(1—345) were expressed baseline correction of the absolute spectra. The heme
in E. coli BL21 (DE3pLys) under control of a T7 promotor.  vibrational modes were labeled according to36fand the
The cell culture conditions for expression of these two Vibrational modes in thg1(1—385) and H105G(Im) com-
smaller fragments were the same as thos@1¢il—385) as plexes were assigned on the basis of the work with
described in refl5. Both31(1—206) ands1(1—345) were heterodimeric sGC22, 27).
purified by a two-step purification procedure (ion exchange RESULTS
and gel filtration) with conditions similar to those for the
B1(1-385) purification. All Raman samples were prepared  Ferrous1(1—385) and H105G(Im).The low- and high-
in spinning cells that could be sealed with a septum. frequency resonance Raman spectrdlgfi—385) are shown
Experiments withp1(1—385) in 50 mM Hepes (pH 7.4), 100 in parts a and c of Figure 1, respectively. We used 413 nm
mM NaCl, and 5 mM DTT were carried out under an Ar excitation to collect the spectra to facilitate comparison with
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Ficure 1: Low- and high-frequency resonance Raman spectra of

the ferrous forms of31(1—-385) and H105G(Im) obtained with
413.1 nm excitation: (a and ¢) 8M 1(1-385) and (b and d)
50 uM H105G(Im). The accumulation time was 30 min for each
of the high-frequency spectra and 60 min for each of the

low-frequency spectra. See the text for further experimental

conditions.

the resonance Raman spectra of the CO and NO complexes

of f1(1—385) and H105G(Im). Also, at this wavelength the

presence of any six-coordinate, low-spin ferrous heme would
be detected, since such a complex would have an absorptior

maximum around 425 nn8(), and its Raman signal would

be enhanced relative to that of a five-coordinate, high-spin
ferrous heme. Soret excitation enhances vibrations that give

insight into heme structure32—34). The oxidation and

coordination state of the heme can be determined from the

m-electron density markew,, which reflects the oxidation

0
state of the heme iron, and the spin and coordination state

markerss, v2, andvio, which are sensitive to the core size
of the heme macrocycl&4). The high-frequency spectrum
of f1(1—385) (Figure 1c) is very similar to that of het-
erodimeric sGC isolated from bovine lung tiss2,(27).
The heme skeletal vibrations, vs, v4, andvyo are observed
at 1563, 1474, 1358, and 1607 chrespectively. The
frequencies of these vibrations indicate thit(1—385)
contains a five-coordinate, high-spin ferrous heB®.(The
low-frequency spectrum g$1(1—385) collected with 413
nm excitation (Figure la) compares very well with that
obtained with 431 nm excitatio9). The Raman intensities
of some vibrations are different for the two excitation

Table 1: Heme Skeletal Vibrations of Different Isoforms of sGC,
Myoglobin (Mb), Heme Oxygenase (HO), and Their Respective
Heme Ligand Mutants

vee Vo V2 V3 vq v(Fe—L) reference
SsGC H105G(Im) 1626 1603 1561 1471 1355 221 this work
sGCfS1(1-385) 1627 1607 1563 1474 1358 206 this work
heterodimeric 1626 1606 1562 1471 1358 204 2227
sGC
heterodimeric 1617 1627 1582 1470/ 1359 nd 23,26
sGC 1492
MbH93G(m) nf nr nr nr nr 229 g
Mb 1618 1607 1563 1471 1357 20 35
HOH25A(Im) nr nr nr nr nr22% 42
HOH25G(m) nr nr nr nr nr 220 42
HO 1620 1605 1562 1470 1354 27 56

a All frequencies are given in cm. ® Heme retained during isolation
and purification procedure8Heme reconstituted after isolation and
purification proceduresiL = imidazole.cL = histidine.f Not ob-
servedd S. Franzen, personal communicatiéiNot reported.
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Ficure 2: Low- and high-frequency resonance Raman spectra of
the NO complexes gf1(1—-385) and H105G(Im) obtained with
406.7 nm excitation: (a and gl(1—385)-1“N1O, (b and h)31-
(1—385)—1°N180, (c and i) difference spectra #fi(1—-385)-NO
(N0 — 15N180), (d and )H105G-1“N60, (e and k) H105G
15N180, and (f and I) difference spectra of HLO5EO (N0 —
15N18Q). The asterisk in parts-¢f indicates a plasma line from the
laser. The accumulation time was 30 and 60 min for the high- and
low-frequency spectra, respectively. The protein concentration was
50 uM; see the text for further experimental conditions.

low-frequency spectrum of ferrous H105G(Im) (Figure 1b)
is very similar to the spectrum of th&l(1—385) fragment

wavelengths, reflecting Raman excitation profile effects, but except for the FeHis vibration at 206 cm' that has been
the frequencies are independent of the excitation wavelength.replaced by an Felm vibration at 221 cm! (29). The

The vibration at 206 cmt has previously been assigned to
the stretching vibration involving the heme iron and the
proximal histidine, H105 in the31 subunit 29). This
vibration is observed at a slightly lower frequency, 204 §m
in heterodimeric sGC22, 27).

The high-frequency spectrum of the H105G(Im) mutant
of $1(1-385) is shown in Figure 1d. The heme skeletal
modesyy, v3, v4, andvyg are observed at 1561, 1471, 1355,
and 1603 cm?, respectively. These frequencies are slightly
lower than those foff1(1—385). From the frequencies of

frequency of this vibration compares well with those
observed for other heme proximal ligand mutants (see Table
1). Several high-frequency skeletal vibrational modes and
the Fe-ligand vibration of31(1—385) and H105G(Im) are
listed in Table 1 together with those of other proteins and
the respective heme proximal ligand mutants.

Nitrosyl Complexes q$1(1—385) and H105G(Im).The
resonance Raman spectra obtained for the nitrosyl complex
of 41(1—385) and H105G(Im) (Figure 2) are very similar
to those of native, heterodimeric SGE2(27). In the high-

the skeletal modes, we conclude that reduced H105G(Im)frequency region (Figure 29g), th#(1—385) nitrosyl com-
also contains a five-coordinate, high-spin ferrous heme. Theplex has the spectrum characteristic of a five-coordinate
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Table 2: Heme Skeletal Vibrations and Vibrational Modes Involving the NO Moiety in Different Isoforms of sGC, Myoglobin (Mb), and Mb
H93G(Im}

V10 V2 V3 vy Fe—-NO Fe-N—-O N-O reference
H105G(Im) 1646 1587 1509 1376 525 399 1675 this work
31(1—-385) 1646 1585 1509 1376 526 401 1676 this work
sGC 1646 1584 1509 1375 525 ho 1677 22,27
sGC 1645 1584 1508 1375 5920 no no 23,26
Mb H93G(Im) 1651 nt 1509 1376 525 nr nr 55
Mb 1638 1584 1501 1375 554 449 1624 36, 45

a All frequencies are given in cm. ® Heme retained during isolation and purification procedureeme reconstituted after isolation and purification
procedures? Only reported in reR6. ¢S. Franzen, personal communicatibhlot observed? Not reported.

B1(1-385)

nitrosyl heme 86). The skeletal modes,, vs, v4, andvig 9
are observed at 1585, 1509, 1376, and 1646'cmespec-
tively. Thev(NO) frequency was determined by measuring
the resonance Raman spectrum of €80 complex of
B1(1-385) (Figure 2h). One isotope sensitive vibration was
detected in the high-frequency difference spectrum at 1676
cm! (Figure 2i). We assign this vibration tg(NO).

the low-frequency spectrum @f(1-385)-NO, we detect
two isotope sensitive vibrations (Figure-2¢). We assign
the band at 526 cni to the Fe-NO stretching vibration.
The band near 401 crh most likely arises from the Fe
N—O bending mode that has not been observed before in
SGC—-NO or any other five-coordinate NEheme complex.

The results for the ferrous nitrosyl complex of H105G-
(Im) are very similar to those g81(1—385). In the high-
frequency spectrum (Figure-2j), the skeletal vibrationss, X , , , , . .
vs, V4, andvyg are observed at 1587, 1509, 1376, and 1646 2o wm w0 w0 1200 100 1600
cm™L, respectively. From these results, we conclude that Raman Shift (o) Raman Shift m”)

H105G(Im) also forms a five-coordinate complex with NO. FiGURE 3: Low- and high-frequency resonance Raman spectra of
In the isotope difference spectrum (Figure 2I), the NO the CO complexes 9‘31(1—335) and H105(132((|:T6)oobtbamed with
stretching vibre_ltion was detected at 1675 ¢émin the onv- gégﬁJg%ﬁgﬁg‘fé‘éreﬁcggpegg&ﬁlrn 35?15()1_—385)—’C(O) ({))2%:(1%0
frequency region (Figure 2¢€f), the Fe-NO stretching — 13C180), (d and h)H105G(Im)-12C160, (€) H105G(Imy-13CL0,
vibration was observed at 525 cfnand the FeN—O and (f) difference spectrum of H105G(ImCO ({2C160 — 13C18Q),
bending mode around 399 ctn The results for the nitrosyl ~ The accumulation time was 30 and 90 min for the high- and low-
complexes 0f1(1—385) and H105G(Im) compare very well frequency spectra, respectively. The protein concentration was 25

with those of heterodimeric sGC22, 27). The high- uM; see the text for further experimental conditions.

frequency skeletal vibrations and the modes involving the isotope sensitive band at 564 thio the Fe-C—0 bending
NO moiety of 51(1-385)-NO and H105GNO are listed  ppde p(Fe-C—0)]. The isotope sensitive bands at 947
in Table 2 .toget_her with those of myoglobin (Mb) and its znd 976 cmt are overtone vibrations of the twgFe—CO)
heme proximal ligand mutant Mb H93G(Im). modes. The frequencies of these overtone vibrations are less
Carbonyl Complexes @f1(1-385) and H105G(Im).The than twice their fundamental frequencies due to anharmo-
resonance Raman spectra #(1-385)-CO and ferrous nijcity of their potential energy curves. Overtone vibrations
H105G(Im)-CO are shown in Figure 3. The high-frequency of »(Fe-CO) have been observed before in other heme
spectrum of1(1—385)-CO (Figure 3g) has a, at 1372 proteins 87).
cm!; the absence of a low-frequency shoulder indicates that  |n the case of H105G(Im)CO, CO photolysis has been
no photolysis product is observed. Following the assign- minimized. The high-frequency spectrum (Figure 3h) shows
ments for the CO complex of heterodimeric sGC, we attribute a very weak shoulder around 1355 ¢hon thew, vibration
the bands at 1496 and 1582 chto thev; andv, vibrational at 1372 cm! indicative of a small amount of photolysis
modes, respectively2@). The vy vibrational mode is  product. However, the main features in the spectrum arise
expected around 1620 ch(33). Overlap with the vinyl  from the H105G(Im}CO complex, and we assign the
stretching vibrationicc) near 1629 cmt, however, hinders  vibrations at 1584 and 1499 chito thew, andv vibrational
the assignment of theyo vibration. modes, respectively2). Thevcc mode is observed at 1628
The low-frequency spectra gfl(1—-385)—2C*0 andj1- cm™1, but an unambiguous assignment of the vibration
(1—385)—3C'®0 and the difference spectrum are shown in was not possible.
parts a-c of Figure 3, respectively. Enlargements of the  The low-frequency spectra of HLO5&C*0 and H105G-
difference spectra are shown in Figure 4b. We observed **C'®0 and the difference spectrum are shown in parté d
five isotope sensitive bands. The first two bands at 478'cm  of Figure 3, respectively. An enlargement of several regions
and around 495 cni are assigned to the F€O stretching of the difference spectrum is shown in Figure 4c. We
vibration [v(Fe—CO)] that most likely arise from two identified four isotope sensitive bands. The band at 495'cm
different conformations of the FECO unit. We assign the is attributed to thes/(Fe—CO) mode. It is interesting that

1372

h) H105G(Im)
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U 50-00 of rat lung sGC is almost identical to that of the heterodimeric
H sGC isolated from bovine lung. In both cases, the protein
contains a five-coordinate, high-spin ferrous heme, and the
Fe—His stretching vibratiomf(Fe—His)] occurs at an unusu-
ally low frequency. The 2 cnt difference inv(Fe—His)
values betweef31(1-385) and heterodimeric sGC is repro-
ducible and may indicate a minor perturbation at the proximal
W side of the heme pocket caused by the absence ofithe

B1(1-385)-CO

947
976

subunit or of the C-terminal portion of th81l subunit.
Alternatively, it may be due to minor differences between
rat lung and bovine lung sGCLQ, 41). We conclude that

o & HiosGIm-CO the heme pocket has not been significantly perturbed by the
W\[\, truncation of the51 subunit and thg1(1—385) serves as a

&
&

i good model for the study of the heme pocket of het-
erodimeric sGC.

&
b
5

g The high-frequency resonance Raman spectrum of dithion-
0 e s0 1000 ite-reduced H105G(Im) is similar to that of heterodimeric
Raman Shift (cm”) sGC ands1(1—385) and characteristic of a five-coordinate,
Ficure 4: Enlargements (5 times larger, except for the 4680 high-spin ferrous heme (Figure 1d). As in the cas@bf
cm™! region) of the 12C1%0 — 13C180 difference spectra of  (1—385), no six-coordinate, low-spin ferrous heme is ob-
heterodimeric sSGECO (a, adapted from ref2), 51(1-385)-CO served. In the low-frequency resonance Raman spectrum,

(b, from Figure 3c), and H105G(ImCO (c, from Figure 3f). The o Fe-|m stretching vibration occurs at 221 cin(Figure
peak positions in the difference spectra may vary slightly from those

of the absolute spectra due to the subtraction. (1b)' Alt)houghv(:c:e—Hlis)lin heter:odir?]eric EGC ar(wjd ym-h
C o . 1-385) is significantly lower than that observed in other
this vibration coincides with one of the twe(Fe—CO : -
vibrations observed i#1(1—385)-CO. On c\?(lnos(er ins e)c- proteins, the frequency ofFe-Im) in H105G(Im) compares
tion of the difference spectrum, a seé ar@e—CO) canpbe well with that observed for the heme proximal ligand mutants
. ) ’ . of these other proteins (Table 1). The low frequency-of
gg]s_?w?_gis"}st?ﬁe(::gfvsrﬁg;ﬁeiii((:ggﬂsg%)re |?scl)2cr;]f6?)r 468 (Fe—His) in heterodimeric sGC was attributed to the lack
' . ) ' of hydrogen bonding to the His Nproton @2). The
counterpart is expected near 478 dmthe low-frequenc ; - ;
»(Fe— Cg) mode Fi)n 81(1-385)-CO (rlltigure ab). qupar){ relatively Ie}rge increase ofFe—Im) |n1H105G(Im) AVhis—im
ently, bothv(Fe—CO) vibrations are also present in H105G- ,\_Ab”;Fned_ Eé?% N oV;yF;r:;ns)e_(&g)cmn]avr\gE Comfzr?r'] éo
(Im)—CO, but their intensity ratio has changed in favor of s im

; . i 3—8 cn1?l, respectively] indicates that the lowFe—His)
the 495 cm* form. We assign the isotope sensitive band at - L — e :
572 cmi! to o(Fe-C—0). We also observed an isotope in sGC and in31(1—385) may be partially induced by strain

sensitive vibration around 980 ¢t which we assign to the from the protein. ) L .
overtone vibration of(Fe—CO), the 495 cm* mode. The The Fe-Im stretching vibration in H105G(Im) is observed

features below 400 cm in the difference spectra ¢l (1— at almost the same frequency as that in HO H25G(K8).(
385)-CO (Figure 3c) and H105G(Im)CO (Figure 3f) are In the case of HO, it was shown that the proximal residue
very reproducible, but no CO isotope sensitive vibrations introduced by mutagenesis can affect the-Fa stretching
are expected in that frequency region. The origin of these V'b[‘i‘t'on'_ In HO H25A(Im),v(Fe—Im) was observed at 225
isotope sensitive shifts remains unclear, but may reflect a M - while in H25G(Im), v(Fe~Im) was observed at 220
slight mixing of Fe-CO vibrations with heme skeletal €™ ™ This behavior was attributed to different interactions
modes. Table 3 contains a list of several high-frequency between the amino acid side chains and the imidazole ring.
skeletal vibrational modes and the vibrations involving the N the case of Mb H93G(Im), imidazole is hydrogen-bonded
CO moiety of 41(1-385)-CO and H105G(Im)CO to- to th_e S92 hydroxyl ar_1d the carboxylate of the_ heme
gether with those of MCO and Mb H93G(Im}-CO. propionate group43), which p_robably explains the higher
In Figure 5, we show the resonance Raman spectra of the"(F€~Im) frequency observed in Mb HI3G(If(44). From
CO complexes of foupl subunit fragments. The fraction these observathns, we conclude that the imidazole in
of CO complex withv(Fe—CO) at 495 cm! seems to H105G(Im) is ne|ther'strongly hydrogen—t_)onded nor expe-
increase with decreasing size of the heme domain, while it 1€NCiNg much steric hindrance in the proximal heme pocket.
is the largest in the case of HL05G(IR(O. The spectra Our results clearly show thgt1(1-385) from rat lung
of 41(1—206)-CO andp1(1—345)-CO are different from sGC cDNA overexpressed . coliis isolated with a five-
those 0f81(1—385)—-CO and H105G(Imy-CO in the region coordinate, high-spin ferrous heme. Also, H105G(Im) forms
from 300 to 450 cm®. These differences are most likely @ five-coordinate, high-spin ferrous heme on reduction.
due to a less rigid protein structure in the smaller heme EXxcitation of the samples at 413.1 nm, which would enhance
domain fragments, which may result in slightly changed Raman scattering from six-coordinate, low-spin ferrous heme

heme geometry and hemerotein interactions. over its five-coordinate, high-spin counterpart, did not reveal
any evidence of six-coordinate, low-spin heme. This is in
DISCUSSION agreement with previous results with heterodimeric sGC

Ferrous Form of f1(1—385) and H105G(Im) The
resonance Raman spectra in Figure 1 showgtét—385) 23, Franzen, personal communication.
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Table 3: Heme Skeletal Vibrations and Vibrational Modes Involving the CO Moiety in Different Isoforms of sGC, Myoglobin (Mb), and Mb
H93G(Im}

V1o V2 V3 i Fe-CO Fe-C—-O c-0 reference
H105G(Im) nd 1584 1499 1372 47805 571 nd this work
31(1—-385) nd 1582 1496 1373 478494 564 nd this work
sGC 1629 1583 1500 1371 4721487 562 1987 22,27,48
sGC 1627 1582 1497 1371 497 574 1959 23,26
Mb H93G(Im) ne nr nr nr 512 nr 1945 39
Mb 1637 1587 1498 1372 512 577 1944 38

a All frequencies are given in cm. ® Heme retained during isolation and purification procedureeme reconstituted after isolation and purification
procedures? Not determined® Not reportedf The frequency in bold indicates the dominant conformation; the frequem(ies-CO) in the
nondominant conformations were estimated from the various absolute and difference spectra with an accuracy of ablodtSL Eranzen,
personal communication.

coordinate specied(), we expect that(Fe—NO) andd(Fe—
N—O) are also strongly mixed in five-coordinate nitrosyl
complexes. Therefore, we attribute the vibration near 400
cm tin the five-coordinate NO complex ¢¥1(1—385) and

of H105G(Im) to the normal mode that has mé{&e—N—

O) character.

At first glance, it seems remarkable thdFe—NO) in the

P101-385) three isoforms of sGC is observed at the same frequency as
that of five-coordinate Mb H936NO (Table 2), as the distal
p1(1-345) pockets of sGC and Mb are thought to have different

polarities @2, 48). Earlier work has shown that both the
proximal ligand and the environment of the distal heme

1hih

B1(1-206) pocket influence the extent of the Fg ¢ ligand* back-
donation 49—51). In the case of NOy(NO) was shown to
H105G(Im) be sensitive to environmental effects near the ligand binding
: Ai— ) , site in distal pocket mutants of myoglobif2). Therefore,
200 400 600 80 1000 one would expect that(NO) andv(Fe—NO) would respond
Raman Shift (cm”) to back-donation in a manner similar to that of their CO

Ficure 5: Low-frequency resonance Raman spectra of the CO counterparts. However, this is not supported by data in the
comple>_<es_of_different heme domain fragments obtained with 413.1 |iterature. In six-coordinate nitrosyl complexes of heme
?1n1 zeggl)t_agg a(nao)lg a;;i%ggg%étgﬁ 1(1-3451-CO, (0)1- proteins,y(Fe—NO) has been reported to be in a very narrow
' range from 554 to 558 cm (45, 46). The bending mode
isolated from bovine lung, which was shown to contain a has been observed in a similar narrow range from 446 to
five-coordinate, high-spin ferrous hen2(27). Ourresults ~ 453 cnt’. The NO stretching mode, however, shows
differ from studies performed on heterodimeric sGC into Substantial variation. In the case of Hb and MNO) =
which the heme cofactor was reconstituted after isolation 1624 and 1622 cni, respectively, while in cytochrome
(23, 26). In that work, the heme cofactor in sGC is present P45Qam ¥(NO) = 1591 cni* (45). Itis known that P450s
as a mixture of five-coordinate, high-spin and six-coordinate, display a differentz-electron back-donation correlation than
low-spin ferrous heme. The cause of this difference is not Hb and Mb because of the proximal ligar&B], which is a
clear but may be due to reconstitution or heterogeneity relatedcysteine instead of a histidine. In the case of CO, however,
to different isolation procedures and enzyme tissue sourcesthis affects both/(CO) andv(Fe-CO). In the case of NO,
Nitrosyl Complex 0B1(1—385) and H105G(Im).Except the change observed#iNO) in cytochrome P45y relative
for the isotope sensitive vibration near 400 émthe to that of Mb is not coupled to a changesi(Fe—-NO). We
resonance Raman spectrgidf{1—385)-NO and H105G- propose that the extensive mixing 6fFe—N—O) andv-
NO are similar to that of heterodimeric sGGIO. This400  (Fe—NO) obscures the effect of-electron back-donation
cm Lvibration is the lowest NO sensitive vibration reported in v(Fe—NO) but thatv(NO) remains responsive to this
for heme proteins. It is about 50 cflower in frequency ~ phenomenon. Analogous t¢CO), v(NO) is expected at a
than the lowest vibration involving NO that is observed in lower frequency in Mb HI36&NO than in31(1—-385)-NO,
six-coordinate nitrosyl complexes. In those complexes, two H105G-NO, and the nitrosyl complex of heterodimeric sGC.
low-frequency isotope sensitive vibrations have been de- If this were the case, the weak NO stretching vibration will
tected, a weak band around 450 ¢nand a stronger band  be hidden under the strong skeletal vibrational modes in the
near 550 cm! (45, 46). Hu and Kincaid showed that, in  1600-1650 cn1? region. A similar circumstance may hold
six-coordinate nitrosyl complexes, the stretching and bending for heme-reconstituted sGC, sine¢NO) has not been
modes involving the NO moiety show considerable mixing observed in these preparations. The model above may also
(45). The vibration around 550 cmi has more stretching  explain the observation by Kitagawa and co-workers that
character, while that near 450 cinhas a greater bending two NO stretching vibrations are observed in heterodimeric
contribution. Since the geometry of the bound NO in five- sGC in the presence of GTP and cGMP, but only ene
coordinate nitrosyl complexes is similar to that in the six- (Fe—NO) (27).
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Carbonyl Complex 0f1(1—385) and H105G(Im).The
resonance Raman spectra of the CO complexg8l¢f—
385) and H105G(Im) are very similar to those of het-
erodimeric sGC, and are indicative of a six-coordinate, low-
spin heme (Figure 3). In the low-frequency region, there
are a few differences betweg(1—385)-CO and H105G-
(Im)—CO. The isotopic labeling of CO indicates that these
differences are due to vibrations involving the CO moiety.
In 31(1-385)-CO, we detected two FeCO stretching
vibrations: an intense one at 478 chand a weaker one
near 495 cm®. The same FeCO vibrations are present in
H105G(Im)-CO, but now the 495 crm mode is intense and
the 478 cm? vibration weak. In the CO complex of
heterodimeric sGC, only ongFe—CO) has been reported
at 472 cm?! (22, 27). The shape of this Raman band,
however, is very similar to that ii1(1-385)-CO, that is,
an intense peak with a shoulder to the high-frequency side.
Reexaminatioh of the data for the CO complex of het-
erodimeric sGC reveals that in this case there are two Fe
CO stretching vibrations as well, an intense mode at 472
cm ! and a weaker one at about 487 ¢r(Figure 4a). Since
two Fe—CO stretching vibrations are also present in het-
erodimeric sGC, we conclude that two+€0O conforma-

Domain Biochemistry, Vol. 37, No. 46, 19986295

isotope difference spectra, there may be some uncertainty
in the overtone frequencies, which precludes a more detailed
interpretation of the calculated anharmonicity values. How-
ever, the anharmonicity values are in the range of those
observed for other heme proteir&r).

Two Conformations of the CO CompleXe classify the
two conformations of the CO complex ¢fl(1—385) as
follows. Conformation | is characterized byvéFe—COQO)
of 478 cnm%, ad(Fe—C—O0) of 564 cmt, aveyer0f 947 cn1?,
and a e of 8-9 cml, while conformation Il is
characterized by a(Fe—CO) of 495 cm?, a 6(Fe—C—0)
of 572 cnml, avever Of 976-980 cml, and a gy of 10—
12 cnt!. The change from conformation | to conformation
Il in the case of H105G(Im)yCO may be induced by the
presence of imidazole in the sample. In smaller fragments
of the f1 subunit p1(1—345) andf1(1—-206)], however,
we observe equal populations of conformations | and Il in
the CO complexes (see Figure 5). In those preparations, no
imidazole was present. Therefore, we can exclude that a
direct interaction between imidazole and bound CO controls
the change from conformation | to conformation Il. We also
exclude the effect of the change in chemical properties of
the proximal ligand on the FeCO vibration, i.e., histidine

tions are present in heterodimeric sGC and that this behavioryersys imidazole. because substitution of imidazole with

is not strictly a property of thgl fragment. The FeCO
vibrations in $1(1—385)-CO and H105G(ImyCO are
detected at frequencies—@ cm! higher than those in
heterodimeric sGC. This difference may be caused by a
slightly different conformation of the heme pocket or,
alternatively, by small differences between bovine and rat
lung sGC 40, 41). We also detected(Fe—C—O0) in 1-
(1—385)-CO and H105G(Im)}CO at 564 and 572 cm,
respectively. Since a(Fe—CO) of 478 cn1! is dominant

in 41(1—385)-CO, we assign &(Fe—C—0) of 564 cn1?

to this conformation. For the same reason, we assign a
(Fe—C—0) of 572 cnt! to the dominant conformation in
H105G(Im)-CO with av(Fe—CO) of 495 cm.

The CO isotope sensitive vibrations in the 93M00 cn1*
region can be assigned to the first overtong,, of the Fe-
CO stretching vibrations. From the frequencies of the
fundamental and overtone +€O0 vibration, we can calculate
the anharmonicity of the potential energy curve of this
vibration 37). In 1(1—385), two positive bands can be
distinguished at about 947 crhand near 976 cni, while

N-methylimidazole in HLO5G changed neith¢Fe—CO) nor
the population ratios of the two conformations (J. P. M.
Schelvis, Y. Zhao, M. A. Marletta, and G. T. Babcock,
unpublished results).

Because we can eliminate a proximal ligation explanation
for rationalizing conformation | versus Il behavior, an
attractive model is one that invokes variation in the extent
to which formation of a hydrogen bond between the CO
moiety and a distal residue can occur. The frequency
difference between the two F€O stretching vibrations for
the two conformations is 17 crh  This difference is very
similar to that observed for myoglobin and its distal pocket
mutant 64). In that casey(Fe—CO) is observed at 510 and
491 cnm! in the presence and absence, respectively, of a
hydrogen bond between CO and a distal histidine. This
indicates that hydrogen bonding to the CO moiety by a distal
residue may be the difference between the two conformations
of the Fe-CO unit in 51(1—385)-CO and H105G(Imy
CO. Although imidazole is ligated at the proximal side of
the heme in H105G(Im), there is little or no strain from the

one negative peak due to the heavy isotope is detected af qiein (see above), and the same may be true in the case of

about 924 cm®. These three overtone vibrations correspond
to v(Fe—CO) at 495, 478, and 466 crh respectively. In
H105G(Im)-CO, the overtone vibration of(Fe—CO) is
observed at 980 cm, while the mode due to the heavy
isotope of CO is present at 952 citn These overtone
vibrations correspond te(Fe—CO) at 495 and 482 cn,
respectively. From the two data sets, we calculate an
anharmonicity @gye of 8—9 cm ! for the conformation with
av(Fe—CO) of 478 cm?! and a vgye of 10—12 cnr? for

the conformation with a(Fe—CQO) of 495 cm?. Since the
positions of the overtone vibrations are determined from the

3 The low-frequency resonance Raman spectra of s&C0 and
of sGC-13C!0 (Figure 2b, bottom and top, respectively, from 2&f
were normalized on the 676 ciwibration. Subsequently, the spectrum
of the heavy CO isotope was subtracted from that with natural
abundance CO.

p1(1—-206) andf1(1—345), in which deletion of additional
amino acid residues with respect #4(1-385) may have
resulted in less strain from the protein at the proximal side.
Thus, the hemeCO moiety may be more pliable in terms
of its distal pocket interactions, which allows hydrogen bond
formation between CO and a distal residue. In this model,
in heterodimeric sGC, in which the heme is retained during
the purification procedure, the F€O unit occupies mainly
conformation I, the non-hydrogen-bonded conformation. To
date, we have not been able to perform a detailed pH
dependence study ofFe—CO), since bott1(1-385) and
H105G(Im) are stable only in a small pH range, i.e., ptb7

Physiological Releance of the Hydrogen Bondlt has
been shown that NO reacts fast with oxyhemoglobin and
oxymyoglobin to form methemoglobin and metmyoglobin,
respectively §7, 58). In the case of sGC, such a reaction
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would lead to the formation of nitrate and the ferric form of
the enzyme, which has only basal activigg). Therefore,

it is important that the heme cofactor in the enzyme remains
ferrous under physiological conditions, i.e., in the presence
of oxygen. Indeed, both heterodimeric sGC #i¢g1—385)
contain a stable five-coordinate, high-spin ferrous heme under
aerobic conditions1(5, 22, 27—29). sGC has an extremely
low oxygen affinity, and both the polarity of the distal heme
pocket and the relatively weak Fé&lis bond have been
considered to lower the oxygen affinity of SGZ2( 29, 48).
However, H105G(Im) is sensitive to oxygen, and under
aerobic conditions, this protein contains a ferric he2@.(

We assume that the distal pocket of HL05G(Im) is the same
as that of$1(1—385), and the only structural differences
between these two proteins are the proximal heme ligand
and the possibility of hydrogen bond formation with exog-
enous ligands in H105G(Im). It has been shown that the
relative strength of the FeHis bond affects the oxygen
reactivity in heme proteins, although a clear trend may be
obscured by effects from the distal heme pocked).(
Therefore, it is likely that the change in proximal ligand from
histidine to imidazole induces a change in oxygen sensitivity
in H105G(Im) @9). In myoglobin, it has been shown that
the oxygen affinity increases by more than 300-fold upon
hydrogen bond formation between the distal histidine and
the bound oxygen moleculé). Therefore, we propose
that the possibility of hydrogen bond formation between a
distal residue and exogenous ligands in HL05G(Im) increases
the oxygen sensitivity of HL05G(Im) with respect to het-
erodimeric sGC and31(1-385). We conclude that in
addition to the relatively weak FeHis bond and relatively
negative polarity of the distal heme pock2®(29, 48), the
lack of hydrogen bond formation between a distal residue
and oxygen in heterodimeric sGC may significantly con-
tribute to the stability of the enzyme under physiological
conditions.
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