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ABSTRACT. Resonance Raman spectra of thg; isoform of bovine lung soluble guanylate cyclase
expressed from baculovirus have been measured. The spectra show that the ferric heme is five-coordinate
high spin whereas the ferrous heme in the absence of added exogenous ligands is a mixture of six-
coordinate low spin and five-coordinate high spin. In the-E©-derivative, the correlation between the
Fe—CO frequency (497 cm) and the C-O frequency (1959 cnt) demonstrates that the proximal ligand

in our preparation is histidine. The F&lO stretching frequency (found at 520 thand other spectral
features of the ferrous FANO-bound sGC are similar to those reported by Deinum etlalafd Yu et

al. (2). These data indicate that although large preparation-dependent differences in the occupancy of the
distal pocket exist, all the preparations have the same proximal histidine ligation and share the same
mechanism of activation by NO.

Guanylate cyclase (GC) catalyzes the transformation of Recent studies indicate that both subunitsand;, bind
GTP to cGMP, a primary signaling molecule in biological protoporphyrin IX as a prosthetic group%-17). The heme
systems §—5). The enzyme has been separated into two is presumed to be ligated to a histidine residue as its proximal
general classes, particulate (pGC) and soluble (sGC) forms.ligand just as in hemoglobin and myoglobin. However, the
In addition to the differences in location in the cells, ligand binding properties of sGC are quite distinct from other
important differences also exist in the activation mechanism heme proteins with the same axial coordination and prosthetic
within these classes. The isoforms of pGC are activated bygroup. The Qand CO affinities are very low due to very
a variety of peptidesg, 7). On the other hand, sGC is high off-rates {8). A structural study of the heme pocket
activated by small ligands that directly bind to the heme of this unique protein will be important for understanding
cofactor of the enzyme8]. At present, sGC is the only the structure and functionality of the enzyme and its relation
enzyme that has been identified which is activated by nitric to other heme proteins. It is generally believed that activation
oxide (NO). Coordination by NO to sGC can elevate the of the enzyme, brought about by NO, is due to NO
enzymatic activity up to 400-fold above the basal le&l ( coordination to the heme followed by breakage of the-iron
10). Other molecular species, called guanylate cyclase histidine bond. The structural changes initiated by this event
activating factors, including carbon monoxide (CO) and propagate through the protein bringing about the conforma-
hydroxide ion (OH), have also been observed to activate tional changes that lead to its enzymatic activizy 4, 8.

the enzyme to a certain degrekd). Differences between enzymes isolated by different groups

sGC is a heterodimer composed of two highly homologous and procedures have been clearly demonstrated. In studies
subunits: oy with a mass of-80 kDa and, with amass of  py Marletta and co-workers, the enzyme was isolated from
~70 kDa (12, 13. Four different cDNA clones encoding  povine lung by a procedure in which the heme prosthetic
sGC subunits have been obtained @ndf. in addition to  group is retained during purification. Both the ferric and
oz and f1) (5). Although theouf: isozyme is the only  the ferrous heme in this enzyme were demonstrated to be
species isolated from tissue, heterodimers with different fiye-coordinate high spin from several physical measurements
subunit combinations also show activity toward cGMP (1, 9, 18, 19. In another series of studies by Burstyn and
synthesis 14). However, sinceo, and 5, are detected  co-workers, the protein was also isolated from bovine lung
ubiquitously in tissue, theuf, complex is viewed as the  pyt in a heme-deficient form and was subsequently recon-
physiologically active form of the enzyme. The physiologi- stituted with protoporphyrin-IX. It was shown that the heme
cal role of the other subunits remains to be determined.  of the enzyme is a mixture of five-coordinate high spin and
six-coordinate low spin in this preparatiof, (17, 20. In
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sensitivity to the spin state and coordination state and protein
perturbations on then2(). Previously, the technique has
been used to characterize the structure of the heme moiety
of soluble guanylate cyclase isolated by both procedures
(1, 2. Significant differences were detected. Specifically,
in the work by Yu et al. 2), the ferrous heme was a mixture
of five- and six-coordinate conformations and no evidence
for a iron-histidine stretching mode was found (T. G. Spiro,
private communication). Furthermore, they reported the Fe
CO stretching mode at 495 crth In contrast, in the work
by Deinum et al. 1), the ferrous heme was five-coordinate,
the iron-histidine mode was located at 204 ¢émand the
Fe—CO mode at 472 cr.

In an attempt to address the differences reported in the
resonance Raman spectra, a detailed characterization of an
expressed sGC has been performed. The enzyme was
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expressed as the8; heterodimer using recombinant bacu- Raman Shift, cm'™
lovirus-transfected insect cells. Resonance Raman spectros-

copy of this enzyme reveals that the heme of the enzyme B
exists as a five-coordinate high-spin state in the ferric form, Fe?* g

but upon reduction converts to a mixture of five-coordinate
high-spin and six-coordinate low-spin configurations. CO-
and NO-bound species were also studied. The similarity in
the spectral properties of the NO-bound form of the enzyme
to that reported previously indicates that despite the clear
differences in spectral features, all the enzyme preparations
share a common activation mechanism.
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EXPERIMENTAL PROCEDURES 300 400 500 600 700 800 900

Natural abundance nitric oxide (CP grade 99.5%) and Raman Shift, cm™

carbon monoxide (CP grade 99'.5%2 were purchased fromFIGURE 1: Resonance Raman spectra of ligand free sGC. Panel A
Matheson. Isotope-labeled speciedl'®O (99.9%, 99.4%)  gepicts the spectra in the high-frequency region of the ferric and
and*3C*0 (99.5%, 99.4%) were purchased from ICON Inc. ferrous forms of the enzyme. Panel B is the low-frequency region

The enzyme was expressed using recombinant baculovirusof the spectrum of the ferrous enzyme. Spectra for the ferric and
transfected cells as described previougg)( The protein Iigggﬁtﬁ%ﬁryns were generated with 407 and 413 nm excitation,
was purified using SDSpolyacrylamide gel electrophoresis. '
Basal enzyme activity was determined to be 0.09 pmol/min/
mg. Heme reconstitution was performed under anaerobic
conditions by incubating 2 equiv of protoporphyrin-IX with
the protein for 15 min at 37C. The heme reconstituted
enzyme was purified by gel filtration to remove the excess
heme. The purified reconstituted sGC has a heme conten
of 1.6 equiv/heterodimer. The enzyme specific activity was . . . .
determined to be 22.6 pmol/min/mg. Spectral processing was performed using routines provided

: by Grams 386 (Galactic).

For all the spectroscopic measurements, the samples were
dissolved in 40 mM Bis-Tris buffer at pH 7.6 with 1.0 MM o gy 15
DTT. The sample concentration was kept at 8.0 mM. The
ferrous form of the enzyme was generated by first purging  The ferrous form of the enzyme as isolated after recon-
the sealed Raman cell with nitrogen followed by adding stitution is stable even under aerobic conditions. It is
sodium dithionite in a 5-fold excess. CO- and NO-bound oxidized to its ferric form only after prolonged exposure to
species were prepared by adding the appropriate gas to théitmospheric oxygen, as indicated by a change in the
ferrous enzyme. NO gas was passed through an agueougnaximum of the Soret transition from 415 to 390 nm. The
solution of sodium hydroxide and a water bottle to eliminate resonance Raman spectra of ferric sGC is shown in Figure
possible acid contamination. Conversion of the enzyme 1A. The mode %) at 1495 cm? is well established as a
between different states was monitored by optical absorption.coordination sensitive marker line. When it is located in

Optical absorption spectra were measured with a Shimadzuthe 1480 cm? region, it signifies that the heme is six-
UV2100U spectrophotometer. For the Raman experiments,coordinate high spin; when in the 1560505 cn1? region,
excitation at 413 nm provided by a Spectra Physics 2080 it indicates that the heme is six-coordinate low spin; and
Krypton laser was used. The scattered light was projectedwhen the line is in the 14901495 cn1! region, it indicates
onto the entrance slit of a 1.25 m polychromator (Spex) with that the heme is five-coordinate high spin. Thus, singe
a 1200 groove/mm grating. The laser line was blocked by located at 1495 cri, the data very clearly demonstrate that

a holographic notch filter in front of the slit. A spectral slit
width of 5 cm* was used. A liquid nitrogen cooled CCD
camera (Princeton Instruments) detected the dispersed light.
Calibration was performed with lines from neat toluene and
an aqueous solution of sodium ferrocyanide. All spectro-
copic measurements are performed at room temperature.
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Table 1: Comparison of the Primary Resonance Raman Lines
Reported for the Ferrous Form of Soluble Guanylate Cyelase

source Va4 V3 v3g V2 V37  Vec V10 VFe-His

this work 1359 1470/1492 1555 1582 1604 1617 1627 Y4NO
Yu et alP 1360 1468/1493 1557 1584 1604 1618 1626 9NO
Deinumetafk 1358 1471 NG 1562 1588 1626 1606 204

a All frequencies are in wavenumbers (ch P Ref 2.¢ Ref 1.9 Not
observed® Not given.

the heme is in a five-coordinate high-spin state, similar to
assignments that have been made in other heme progsns (

24). The intensity of the line is very high. This is consistent
with a five-coordinate high-spin methemoglobin fr&oaphar-

ca inaequialvis in which this mode is also very strong5).

The ferrous form of sSGC serves as the structural basis for
the basal activity of the enzyme. The difference between
this state and the NO-bound form can provide understanding
of the structural changes associated with the activation of
the enzyme. Just as for the ferric oxidation state of heme
proteins,vs serves as a coordination state marker line in the
ferrous state as well, with five-coordinate high-spin states
displaying a frequency at1470 cn! and low-spin states
having a frequency at1490 cml. Resonance Raman P : s . . :
spectra of the ferrous form of sGC in the absence of any 300 400 500 600 700 800 900
added exogenous ligand obtained with 413 nm excitation is
shown in Figure 1A. In the high-frequency region, the
spectral features show that the heme has contributions fromFIGURE 2 Low-frequency region of the resonance Raman spectra

N ; eni AL ; i h.enin  Of ferrous carbon monoxide bound sGC. Trace A: ferrous enzyme
both six-coordinate low-spin and five-coordinate high-spin coordinated by natural abundance carbonmonoX#B%0. Trace

states, indicated by two lines in the region at 1470 and  g. ferrous enzyme coordinated by isotope labeled carbonmonoxide,
1492 cm™. Similar behavior was also observed by Yu et 13C80. Trace C: difference spectra between trace A and trace B
al., who reported a doublet for; at 1468 and 1493 cm (A — B), showing the isotope effect on the.co mode. Low

(2). Other porphyrin modes of the ferrous enzyme also show exciéattion p‘?é‘/er(vl,éTW)hafldlhigh t’glr LOtatiOﬂ trate (20t(r)]0 rps) was f

S - - - - used to avoid possible photolysis. The spectra are the average o
similarity .tq their data as is summarized in T"’.‘b'e. 1. several 2 min accumulations with 413 nm excitation. The back-
Although it is clear from our data that our preparation is & ground was corrected to remove a slight fluorescence.

mixture, the intensity of the low-spin contributions are quite
large. These results are in contrast with the observationstaple 2: Comparison of the Primary Resonance Raman Lines
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by Deinum et al. 1), who observed only a single line fog Reported for the Ferrous Carbonmonoxide Adducts of Soluble

at 1471 cmi® in the resonance Raman spectra. Moreover, Guanylate Cyclase

their high-frequency spectrum is characteristic of a five- source Vs Vs V2 Vo Vreco OFec-o Vco
coordinate high-spin species, indicating a homogeneousinis work 1371 1497 1582 1627 497 574 1959
population of a five-coordinate high-spin heme in their yuetal? 1370 1499 1584 N& 495 NG NG!
ferrous form of the enzyme. Deinumetak 1371 1500 1581 1629 472 562 1987

The low-frequency region of the ferrous spectrum confirms 2 Frequencies are in wavenumbers (@n® Ref 2.¢Ref 1.9 Not
the conclusions drawn from the high-frequency region as given.®Ref 26.
may be seen in Figure 1B. The spectrum resembles that of
a low-spin heme, especially the pattern observed with the Carbon monoxide forms a stable complex with sGC.
three peaks at 344, 376, and 412¢mas well as the presence  Although a spin state mixture was observed for the ferrous
of a line at 746 cm®. These features are similar to those form, a single line fow; at 1497 cm? was observed when
observed for the low-frequency region of the CO-bound form the ferrous sample was coordinated by CO, indicating a six-
(Figure 2), except for the absence of the-f2O stretching coordinate low-spin homogeneous population (Figure 2). All
mode (497 cm?), confirming the contribution from the six-  the other modes are consistent with this assignment. These
coordinate low-spin heme in the ferrous preparation. Of results for the CO-derivative are similar to those reported
particular significance is the absence of any line in the-200 by both Yu et al. 2) and Deinum et al.1), as summarized
230 cn1? region, where the iron-histidine stretching mode in Table 2. The carbonoxygen stretching mode/o) is
(Vre-nis) is expected. Therenis mode is only observable observed in the high-frequency region at 1959 €with
for five-coordinate ferrous hemes. These results are in natural abundance CO and shifted to 1866 ¥when*C!t0O
marked contrast with those of Deinum et dl),(in which a is used (Figure 3). In a previous FT-IR study by Kim et al.
strongvee—nis Was observed at 204 cth Furthermore, their  (26), this mode was observed at a much higher frequency
spectra throughout the low-frequency region, which are (1987 cm?) for sGC.
characteristic of a five-coordinate high-spin heme, are very In the low-frequency region, two other CO isotope
different from ours, which are characteristic of a six- sensitive modes are observed at 497 and 574' ¢figure
coordinate low-spin heme. 2). These modes are shifted to 487 and 556'cwhen the
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Ficure 3: High-frequency region of the resonance Raman spectra
of the ferrous carbonmonoxide adducts of sGC. Trace A: ferrous
enzyme coordinated by natural abundance carbonmondXzi€Q.
Trace B: ferrous enzyme coordinated by isotope labeled carbon-
monoxide 13C'80. Trace C: difference spectrum (AB) showing

the assignment of ther._co mode. The experimental conditions
are the same as in Figure 2.

protein is coordinated bC'80 and are assigned as the+Fe
CO stretching %re-co) and Fe-C—0O bending §re—c-o)
modes, respectively. The co frequency is typical of a
six-coordinate low-spin CO complex with histidine proximal
ligation (27, 28. For example, this mode is observed at 507
cm-tin sperm whale myoglobir2@) and shifts to the 490
500 cnttin a variety of mutant myoglobin8(0—32). This
frequency is also very similar to that observed by Yu et al.
(2) at 495 cmi® for sGC, but significantly different from
that reported by Deinum et all)(at a much lower frequency
(472 cn1Y). The Fe-C—0 bending mode at 574 crhfalls
within the range of a series of heme proteins with histidine
proximal ligation 8, 33. This mode was observed for sGC
at 562 cm! by Deinum et al. {) but was not reported by
Yu et al. Q).
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Ficure 4: Resonance Raman spectra of the ferrous nitric-oxide-
bound sGC. The Upper Panel depicts the high-frequency region of
NO-bound ferrous sGC. The Lower Panel shows the low-frequency
spectra of the ferrous NO-bound enzyme with different isotope
labels. Trace A: sGC(P&14N®0). Trace B: sGC(F&/SN80).
Laser excitation at 413 nm was used for data accumulation. All
spectra were background corrected.

Table 3: Comparison of the Primary Resonance Raman Lines
Reported for the Ferrous Nitric Oxide Adducts of Soluble Guanylate
Cyclasé

source V4 V3 V2 V10 VreNOo OFe-N-O VNO
this work 1375 1508 1584 1645 520 NO NOd
Yu et al? 1376 1508 1585 1646 NO NO¢ NOd
Deinumetafk 1375 1509 1584 1646 525 NO 1677

a All line frequencies are in wavenumbers (cih ° Ref 2.¢ Ref 1.
4 Not observed.

Resonance Raman measurements were also made on the

Fe—NO-bound enzyme. The most important feature in the
high-frequency spectrum is the spin state marker ling,
occurring at 1508 cmt (Figure 4A), which indicates five-
coordination. This has been observed for other five-

coordinate ferrous hemes coordinated by NO as summarizeaf)1

in ref 1 and as detected by them and by Yu et 2). (All

the other spectral features in Figure 4A, including1375
cmY), v, (1584 cntl), v (1645 cnt), are identical with
those observed by both Yu et a2) (@and Deinum et al.1)
(Table 3), indicating that a similar five-coordinate NO-bound

Deinum observed the NO stretching modefo) at 1677
cm L,

In the low-frequency region, an isotope-sensitive line is
bserved at 520 cm with natural abundance NO (Figure
B). This mode shifts to 513 cm with isotope-enriched
NO (*N*80). These frequencies are similar to those reported
by Deinum et al. J).

DISCUSSION

ferrous heme is formed in each case. No isotope-sensitive The resonance Raman data of the ferrous states (ligand-
mode is detectable in the high-frequency region in our data free and CO-bound) presented here fordhe, form of sGC
due to the broad shoulder on the line at 1645 twhereas from baculovirus are very similar to the spectra from the
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enzyme reported by Yu et al2) but quite different from
those reported by Deinum et al)( On the other hand, the 540
NO forms of all three preparations are the same. In our
recombinant preparation, the heme in the ferric protein is
five-coordinate high spin whereas in the ferrous ligand-free
form it is primarily six-coordinate low spin. The CO-bound
ferrous form has frequencies for the-#€—O modes that
are similar to other heme proteins but quite distinct from
those reported by Deinum et al)( Below, we attempt to
reconcile the diverse results reported by the three different
groups.

The first question to address is what is the proximal ligand 460
in our preparation. For this determination, one normally
examines the low-frequency region of the ferrous ligand- ‘ ‘ ‘ ‘ .
free protein. The iromhistidine stretching mode appears 1000 1920 1940 1,960 1980 2,000
for such samples in the 26@30 cnt? region. However, C-O Stretching Frequency
the mode is absent for ferric forms of heme proteins and for . . I i

. . FiGUrRe 5: Correlation between:.-co andvco vibration frequencies
six-coordinate ferrous forms. We are unable to detect the j, heme proteins. The open squares represent data from samples
characteristic mode since the low-frequency region in our with proximal histidine ligation (hemoglobins, myoglobins, and
spectrum shows only modes from the six-coordinate speciesporphyrins bound with imidazole). The open circles are data from
in the ferrous form. Deinum et all), who observed a five- Frgorfiggn;/\lifgsin\j\i/ﬂﬁzollgt(eirﬁ;?)((:in;ét‘(leilrilgeatliiogii;—:eecrosie?O%Lerodn?éa
coordinate flerrous form, Fjld detect th.e IFehlstldln_e mode P450s. Thpe lines thfough the ()jlata pointgs arellea'lgi:sq)lljares fits of
at 204 cm demonstrating that their preparation has a ihose points. Data from soluble guanylate cyclase are high-lighted
histidine as the proximal ligand. for clarity. The solid square is data from this study and the solid

Examination of the FeC—0O modes in the resonance inverted triangle is for data from Denium et al) @nd Kim et al.
Raman spectrum also can reveal the identity of the proximal (26).
ligand as the’r.—co andvco modes can be affected by variety . . .
of structural factors, including proximal ligation and distal fréquencies when negatively charged residues are presént (
interactions. The identity of the proximal ligand can be 28, 39.
determined by the're_co and vco correlation curve. This The spectra of our ferric enzyme clearly demonstrate five-
well-established correlation curve is distinctly different for coordination; however, six-coordination is demonstrated in
proximal ligation by a histidine versus that of a thiolate since the ferrous case. We attribute these observations to a
the different proximal ligands affect the-orbital between nonpolar environment in the distal pocket. This environment
the iron and the carbon28, 34. The vreco and vco prevents coordination of any ligand in the ferric form. On
frequencies are observed at 497 and 1959'craspectively,  the other hand, the pocket is very open so a ligand, probably
in the present study. Those observed by Deinum etlhl. ( €X0genous, does coordinate in the ferrous oxidation state.
show a much lower frequency fm":&CO at472 cmtand a The Fe-C—0O modes, which are typlcal of open pOCket heme
much higher frequency forco at 1987 cm? in the FT-IR proteins with proximal histidine coordination, confirms the
studies 26). It has been demonstrated by Kim et &6y very open pocket in our preparation. In contrast, in the work
that theveo and vee_co fall on the correlation curve for ~ Of Denium et al. {), no significant occupation of the distal
proximal histidine ligation. This is not surprising since pocket is indicated. Thus, no ligand coordinates to the iron
Vee_ris itself has been detected in their sample. Interestingly, in the ferrous “ligand-free” form and the F€—0 modes
as shown in Figure 5 the frequenciesfige andve._co found are located at frequencies indicative of very strong interac-
in our samples fall on the same correlation curve for proteins tions with a negatively charged group.
with a histidine proximal ligand. This confirms that the =~ As described above, our data indicate that the distal
proximal ligand in the enzyme studied here is a histidine, environment in the preparation of Deinum et d)) is very
just as in the preparation used in the study of Deinum et al. different from that of our preparation [and that of Yu et al.
(1), even though noeeis mode is observed in our case. (2)]. However, the proximal bond is the same, although

In general, in ferric derivatives of heme proteins, the Whether or not it has similar strength cannot be determined
properties of the distal environment control the spin and at present. We now ask how do these differences affect
ligation states; and in the ferrous derivatives the distal functionality?
environment controls the coordination state and the vibra- Despite the differences observed in the ferrous ligand-
tional frequencies of the FEC—O modes in the CO free and CO-bound forms of the enzyme, the-R&©-bound
derivatives. When the distal site contains polar residues, state of the ferrous heme, which is the active state of the
water and hydroxide coordinate to the iron in the ferric enzyme, is very similar for all three preparations. For
oxidation state. On the other hand, when bulky residues or example, the modes in the high-frequency region are all the
a nonpolar pocket is present, the heme remains five- same within 2 cm?, and in the low-frequency region, we
coordinate. If the heme proximal ligand is histidine, the detect the FeNO mode at 520 crit whereas Deinum et
Vre-co Mode is located in the 496600 cn? region for an al. () report it at 518 cm®. We view these differences as
open pocket without any residues in van der Waals contactinsignificant and conclude that the structure of the heme in
with the CO but at higher frequencies when positively the NO-bound form of the proteins is the same. This is
charged residues are present and presumably at lowerconsistent with the biochemical assays on the three different

Fe-CO Stretching Frequency
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preparations that all show significant activation upon NO
ligation (17, 19, 22. Therefore, the three enzyme prepara-
tions most likely share the same mechanism of activation.
This should be expected since the proximal ligation is the
same in all three cases.

The identity of the sixth ligand in the ferrous form of sGC
is difficult to determine at present. However, it must be a
ligand that binds more favorably to the ferrous heme as
compared to the ferric heme since the latter is five-coordinate.
Noting that reduced cytochrome that has histidine and
methionine as axial ligands, is more stable than the oxidized
protein points to the possibility of a ligand involving sulfur
(36). However, additional experiments are needed to confirm
such ligation and to determine if the coordinating ligand is
endogenous or exogenous. This is particularly important
since the affinity of sGC toward various potential ligands
may depend critically on the properties of the distal pocket.
The importance of the distal environment in sGC in regulat-
ing ligand binding properties has been proposed based on
the unique polar effects observed in sGC by Deinum et al.
(1) and by Kim et al. 26). They suggest that the decreased
binding affinity for G, CO, and NO by the increased off-
rate characteristic of SGC is due to the steric interactions in
the distal pocket.

Finally, we must address the question of why our prepara-
tion has spectral properties more similar to those of Yu et
al. (2) rather than to those of Deinum et al)( In the
preparation used by the former, the heme was reconstituted
into the enzyme, just as in our preparation, whereas in the
preparation of the latter, the heme is retained in the isolation
procedure. Recent resonance Raman studies on sGC by
Tomita et al. 87) report spectra similar to those of Deinum
et al. (1), using the same preparation as they used. This
confirms that each of the different protocols of the isolation
yield protein with reproducibe spectral properties, and since
all the preparations are of the same molecular origin, it
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suggests that the differences in the resonance Raman spectra

may be a consequence of heme reconstitution. Efforts are
currently underway to reconstitute the enzyme under different
conditions in order to clarify the origin of the differences

and determine if one of the forms can be converted to the
other. Although the spectral differences may result from the
differences in the heme incorporation, the presence of
different isoforms resulting from the preparations cannot be
ruled out. It has been demonstrated that the soluble form
of guanylate cyclase has multiple heterodimer isoforms. Since

the protein used here was expressed from the cDNAs of each 2

of the subunits, we are confident that we are examining the
ouf1 isoform. Isolation from tissue may give a mixture of
various subunit compositions. We are currently examining
isoforms with different compositions to test this possibility.
However, it must be stressed that since the enzyme activity
and the NO activation properties of our preparation are
similar to those reported by others, the differences in the
mode of preparation apparently do not affect the functional
properties of the enzyme in a qualitative manner.
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