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INTRODUCTION

Ribulose -1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39)
is ragarded as the "key catalyst in the primary synthetic process
that fuels all Tiving systems" (E11is 1979). In addition it is
thought to be the most abundant protein in nature since it constitutes
up to 65% of the total soluble protein in leaf extracts. The enzyme
consists of eight small (S) subunits (molecular weights of 12,000 -
14,000 daltons) and eight large (L) subunits (molecular weights of 50,000-
55,000 daltons). It is apparently a branch point enzyme which
catalyzes the CDZ fixation reaction of the Calvin Cycle and the first
reaction process in photorespiration which are illustrated below.

Carboxylase Reaction of the Calvin Cycle

C0, + D-ribulose -1,5-bisphosphate (RuBP) + H,0 "9** 2 (3-phospho-
glyceric acid, 3-PGA)

Oxygenase Reaction of Photorespiration
Mg++
-

0, + RuBP 3-PGA + 2-phosphoglycolate

2
Ribulose -1,5-bisphosphate carboxylase/oxygenase (RuBPcase)

is a highly regulated enzyme. It has been found that PGA formation

from RuBP occurs only when the enzyme has been exposed to Mg++ and

Co The Km values reported for RuBP with spinach RuBPcase ranges

4

2.
from1l x 100" mM to 7 x lO-4 mM which suggests a strong affinity
for substrate (Weissbach et al., 1956; Paulsen and Lane, 1966;
Kieras and Haselkorn, 1968; Sugiyama et al., 1968a; Bassham et al.,
1968). Furthermore, RuBPcase appears to have a low affinity for

bicarbonate since the Km values for HCO3 range from 1.1 x 10-2 mM



to 5.6 x 1073 mM (Weissbach et al, 1956; Racker, 1957; Paulsen and
Lane, 1966; Kieras and Hasselkorn, 1968; Sugiyama et al., 1968b;
Bassham et al. 1968). However, CO2 is the real substrate, not HCOB
(Cooper et al., 1969) and Km (COZ) is much smaller after converting Km
(HCOQ) to Km (COz). This results because at pH optimum (7.8 for the
spinach enzyme) and CO2 ¥ H20 2 H'ECG3 ya HCO% + H+ equilibria 1lie far
to the right. Indeed, at pH 7.8 less than 2% of the total bicarbonate
concentration is C0,. The currently accepted value of Km (COZ) for
the purified spinach enzyme is 20 uM (Badger and Anderson, 1974).

During investigations leading to the nature of the RuBP binding
site it was discovered that both phosphate and sulfate anions had
inhibitory effects on RuBPcase. Further investigations on the types
of inhibition patterns demonstrated by these two anions with RuBP
lead to discrepencies. Trown (1965) presented data which indicated
that phosphate and sulfate were noncompetitive inhibitors while
Paulsen and Lane (1966) suggested that the two anions were competitive
with respect to RuBP. Further investigation of Paulsen's and Lane's
data indicated a spread in the extrapolated Km values for RuBP
(0f 0.9 x 10 - 1.4 x 10'4), where depending on how the extrapolated
lines were drawn, conclusions on the type of inhibition could be
questionable as to being either competitive or noncompetitive with
respect to RuBP (Kawashima and Wildman, 1970).

In regard to the chemical composition of RuBPcase 90 SH groups/
mo1é of wheat or spinach RuBPcase have been detected (Sugivama
et al., 1967; Sugivama: et al., 1968c)which translates to slightly
over 11 SH groups per LS pair. In spinach beet RuBPcase the molar
ratio of cysteine with respect to the total amino acids suggested that

5

a protein of 5.15 x 10” daltons would have 84 SH groups (Ridley, 1967).



This lead to the question of whether these SH groups were
associated with the catalytic site of RuBPcase.

By spectrophotometric analysis it was discovered that 5,5'
dithiobis (2-nitrobenzoic acid), DTNB, reacted very quickly with 4 SH
groups whereas the reaction of DTNB to an additional 6-7 SH groups was
much slower and the enzyme became completely inactivated (Trown,
1964). In addition, only two of the 4 SH groups involved in the
fast reaction were found to react with DTNB after the enzyme was first
exposed to RuBP. As a result it was concluded that RuBP altered
the reactivity of two sulfhydryl groups, suggesting that these
sulfhydryl groups were in the active site and may have a catalytic
role.

Further investigation by Akazawa's laboratory (Sugiyama, et al.,
1968a) discovered that p-chloromercuribenzoic acid (PCMB), which is a
strong inhibitor of 3-PGA formation, reacted with ten SH groups per
mole of enzyme causing no loss in catalytic activity. Complete
inhibition was observed only after it reacted with 30 SH groups. Using
jodoacetoamide (IAA), another inhibitor of 3-PGA formation, they
discovered that 30-40 SH groups/mole of RuBPcase could be alkylated
but that loss of activity occurred after only 8-10 SH groups had
reacted (Sugiyama, et al., 1968a). It was estimated that rapid reaction
occurred with 7-8 SH groups compared to a much slower reaction
of IAA to the remaining 30 or so SH groups. When the enzyme was
exposed to RUBP before IAA the RuBP was found to mask 5 fast reacting
SH groups which was larger than that reported by Trown and Rabin using
TBNB. In addition, the presence of C02 and Mg++ seemed to abolish

RuBP protection against akylation and raised the fast reacting SH groups



from 7-8 to 13-14 in the presence of these effectors. Tryptic
digestion of RuBPcase subjected to akylation in the presence or
absence of RuBP gave random distribution of alkylated cysteine
sulfhydryl groups throughout the peptides and also with those which
were protected by RuBP. It should also be mentioned that RuBP

when bound to RuBPcase retards degradation of the protein by—
proteb]ytic enzymes, urea and sodium dodecyl sulfate, SDS, (Sugiyama,
et al., 1968d). Therefore, Akazawa's group concluded that specific
sulfhydryl groups were not involved in the binding of RuBP but instead
functioned to lock the enzyme in a specific configuration. When
exposed to Mg++ and CO2 this configuration was altered.

It has been shown that carbamyl phosphate and hexose mono- and
diphosphates will protect spinach RuBPcase sulfhydryl groups from IAA
akylation (Argyroudi - Akoyunoglou et al., 1967). In addition these
substances are not competitive with RuBP for the catalytic site and
do not inhibit the enzymatic reaction (Argyroudi - Akoyunoglou et al.,
1967; Sugiyama et al., 1968a). It should be noted that carbamyl
phosphate was discovered to mask two of the four or five sulfhydryls
found to be protected by RuBP against IAA akylation without inhibiting
enzymatic activity. This is not in agreement with Trown's conclusions
that two sulfhydryl groups are intergrated with the catalytic
site for RuBP. All of the above chemical modification data suggest
that conformational changes can be easily induced in spinach RuBPcase.

3-PGA, the end product of the carboxylase reaction, has been
discovered to be a competitive inhibitor for the binding of HCO§
and noncompetitive with respect to the RuBP binding site (Paulsen

and Lane, 1966). It has been found that the presence



of Mg++ or HCO3 will slightly protect the enzyme from proteolytic
degradation as well as urea and SDS denaturation. If all three are
present the protection against denaturation is greater but there is not
any protection against IAA akylation (Rabin et a?., 1964). As a
result it can be concluded that the sulfhydryl groups do not

directly participate in Mg++ and HCO% binding.

It has been reported (Akoyunoglou et al., 1967; Argyroudi -
Akoyunoglou 1967) that HCO& can bind directly to spinach RuBPcase
thus forming a stable enzyme CO2 - complex. It also has been found
that just before RuBP carboxylation a Mg++ and CD2 complex forms
with the enzyme (Pon et al., 1963). If RuBPcase is incubated in the
presence of substrate (RuBP) followed by exposure to Mg++ and HCUi
then there is no effect on the catalytic activity of the enzyme. If
RuBP pretreatmént is extended, the enzyme becomes inactivated.
Pretreatment with Mg++ alone at 0° produced some activation. However,
pretreatment with both Mg++ and HCOE was found to give substantial
activation (Pon et al., 1963). It is known that CO, and Mg++ are
absolutely required to activate the enzyme (Lorimrer et al., 1976)
and that activation occurs at a lysine residue separate from the
active site (Lorimer and Miziorko, 1980).

The binding of RuBP to the enzyme has been discovered to give
rise to a difference spectra that consists of positive peaks at 268
and 288 nm together with a negative peak at 298nm (Rabin et al.,
1964; Racusen et al., 1964). The difference spectra did not change
upon HCO& addition but disappeared upon the addition of Mg++ (where
the negative peak disappeared more quickly than the two positive

peaks). This disappearance of the negative peak during Mg++ addition



was concluded to be related to the cleavage and disappearance of
RuBP and C02 (where the carboxylation step was the rate limiting

step). Furthermore the disappearance of both positive peaks were
concluded to possibly signify conformational changes which might arise
from the dissociation of Mg++ thus having the enzyme return to Tts
native conformation to start the catalytic process over again.

RuBPcase from Nicotiana tabacum Teaves was found to undergo

a profound change in solubility when exposed to RuBP (Kwok et al.,
1971). Sedimentation velocity experiments suggested that there was
no gross change in quaternary structure (arrangement of two types: of
subunits with respect to one another) since the difference between the
sedimentation coefficients of RuBPcase and RuBP-treated RuBPcase was
found to be less than 1%.

Difference spectrophotometry was also used by Kwok (1974) to
investigate conformational change of RuBPcase on RuBP binding.
The difference spectra were recorded for variocus ratios of RuBP:
RuBPcase (2:1; 4:1; 8:1; 12:1) where equivalent amounts of RuBPcase
alone were used as a reference. A negative absorbance difference at
296 nm was observed and interpreted as changes in the environment
of buried tryptophyl and tyrosyl residues which became oriented
towards the outside. As a result the change in solubility due to
exposure to RuBP was related to a change in the tertiary structure
(folding within the subunits) rather than a change in the quaternary
structure of the enzyme.

It was the purpose of this thesis to investigate the effects of
bicarbonate inhibition with respect to comfrey RuBPcase and.compare
it to other anions such as nitrate and chloride to see if a separate

binding site did exist. Nitrate could have in vivo effects with



RuBPcase activity because it is known that nitrate and nitrite are
transported across the chloroplast membrane (Rudolf et al., 1980).
Also differential spectroscopy at various chloride concentrations was
to be used to determine the nature of this anion site, if present
_and to see if a conformational change occurred upon anion binding.
To further investigate any possible conformational changes upon anion
binding, CD analyses were to be obtained on the enzyme exposed to
various amounts of bicarbonate. It should be mentioned that CD
spectra were also obtained concerning urea denaturation with respect
to changes in the secondary structure of RuBPcase. Furthermore, Km
data for RuBP were calculated at zero (extrapolated) chloride
concentrations and Tow nitrate levels (which were shown not to have
inhibitory effects on the enzyme). In addition the homogeneity of
RuBPcase at each step of the purification scheme was investigated by

SDS polyacrylamide gel electrophoresis.



EXPERIMENTAL

Isolation and Purification of Ribulose

-1,5-bisphosphate carboxylase/oxysenase (RuBPcase)

RuBPcase was isolated from freshly cut garden-or greenhouse-grown
comfrey leaves by the procedure of Simpson (1980). Briefly summarized
the procedure consisted of homogenization on ice in the presence of
insoluble polyvinylpolypyrrolidone (PVYP) in a 50 mM Tris, 50 mM
NaHC03, 10 mM MgC12, 1 mM EDTA, 5 mM Na25206, .1 mM phenylmethylsul-
fonylflouride at pH=7.5 (TBMESP) buffer system. This was followed by
filtration through miracloth, stirring for 30 minutes with additional
PVP, and centrifugation at 10,000 x g for 5 minutes at 4°¢ in order to
obtain the crude extract. The crude extract was brought to 40% saturation
with ammonium sulfate followed by centrifugation at 13,000 x g for 20
minutes (40% pellets). The 40% peliets were dissolved in a minimum of
TBMESP buffer and allowed to stand at room temperature for 15 minutes
followed by centrifugation at 10,000 x g for 10 minutes. The redissolved
40% peliets were applied to .2-.8M linear sucrose density gradients
and centrifuged in a SW-27 swinging bucket rotor on a Spinco L3-50
ultracentrifuge at 27,000 rpm for 20 hours. The sucrose gradients were
collected in 1 ml fractions and the peak tubes located by A280 measurements.
The peak tubes with the highest specific aétivity were pooled and the
enzyme was stored in 1.5 mi cryotubes under nitrogen atmosphere at -70°¢C.
Activity measurements for RuBPcase were those of Paulsen and Lane
(1966) as modified by Simpson and Mueller (in preparation). Protein

1%

determinations were made using the Ecm = 17 determined at 280 nm by

Bolden and Mueller (unpublished results).



Ion Exchange Column Chromatography

A1l sucrose gradient preparations were further purified before
use by jon exchange chromatography on G-25 DEAE Sephadex as described
by Simpson (1980). The equilibration buffer which was used for the
column depended on the type of buffer system needed for the particular
experiment to be performed, but in all cases RuBPcase was eluted
by making the buffer 0.2M in NaCl.

SDS Polyacrylamide Slab - Gel Electrophoresis

SDS slab gels were run on the crude extract 40% supernatant,
40% pellet, sucrose gradient and ion exchange preparations of the
purified enzyme. The standards consisted of a mixture of BSA,
lysozyme and chymotrypsinogen A obtained individually from the Sigma
Chemical Company. The equilibration buffer used for the DEAE column
was 50mM Tris, 1mM NaHCO,, 10mMgCl,, .1lmM EDTA at pH 7.5 (TB'ME). The
polyacrylamide gel consisted of a 15% acrylamide and 2% N,N'-methylene
bis acrylamide running gel with a 30% acrylamide and 0.8% N,N'-
methylene bisacrylamide stocking gel. The polymerizing buffers were
Tris chloride at pH - 8.9 and Tris chloride at pH - 6.7 for running
and stocking gels, respectively. The protein solution was heated in
an SDS, B-mercaptoethanol buffer (5 u1/50 ul of protein) for 5 minutes
at 100°C. The electrophoresis was carried out at 2.5 milliamps with a
Bio Rad Model 500 power supply in a cold room for 5% hours. The
electrophoresis buffer consisted of 9.9 mM Tris, 76.6 mM glycine and
10% SDS. The gel was stained overnight in 0.25% Coomassie blue, 25%
ethanol and 10% glacial acetic acid while slowly stirring. This was
followed by destaining for 10 hours in 25% ethanol and 10% glacial

acetic acid where the destaining solution was changed three times. The
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electrophoresis unit consisted of a slab gel electrophoresis cell
which was constructed by the Machine Shop at Kansas State University.

Ki Determination for Chloride Inhibition of RuBPcase

The buffer used for the chloride Ki determination was 50 mM
Tris, 20 mM NaH14€03, 10 mM MgC'i2 and .1 mM EDTA in 2 mM dithio-
erythritol (DTE) at pH = 7.5. A pooled reaction mixture was prepared
for each set of five reaction times which contained appropriate
quantities of buffer, enzyme, inhibitor and RuBP for eight assays
(five times, one heated blank, one unheated blank and one "extra").
Each assay consisted of a 540 ul aliquot withdrawn and quenched
between 10 and 50 seconds after initiation of the reaction with RuBP.
Therefore, each pool contained 8 x 540 = 4320 pl prepared in the
following manner. To a predetermined volume of buffer, a volume
of enzyme in TB'ME plus 0.2M NaCl was added to give a total of
160 ug of protein (typically between 80 and 160 p1). In turn,

a volume of 2 M NaCl in the reaction buffer described above was added
to give chloride ion concentrations between 68 and 392 mM. éon-
sequently, the volume of buffer was 4320 ul minus the sum of the
volumes of enzyme, 2 M NaCl and RuBP (to be added later). The
volumes of buffer and stock NaCl solutions are listed for each pool
in Table I, Appendix A.

This pooled reaction mixture was incubated in a sealed vial for
45 minutes to activate the enzyme and to achieve isotopic equilibrium.
After incubation, the appropriate amount of RuBP in TME buffer, pi 7.5,
was injected to give the nmoles of RuBP per 540 ul listed in Table I,
Appendix A, which are corrected for the percent purity listed by the

manufacturer. Immediately after addition of the RuBP solution, the
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mixture was swirlled rapidly and 540 ul aliquots were quenched at

10 second intervals by_injection into 0.2 ml of glacial acetic acid
in a 7 ml scintillation vial. The exact quenching times are given in
Table II, Appendix A. A1l volumes were measured with P-20, P-200

and P-1000 Pipetman adjustable micropipets and all experiments were
done at room temperature in a fume hood, except that the stock RuBP
solutions were held on ice until use. The above procedures were
repeated for the next highest inhibitor level using the same RuBP
concentration until all five inhibitor concentrations had been
measured. The entire procedure was repeated at the next highest

RuBP concentration until all the 5 x 5 x 5, substrate x chloride x
time experiments were completed. Finally, the quenched mixtures were
evaporated to dryness overnight at 85%-90°C in a specially designed
aluminum block set on a hot plate in an exhaust hood. This was
followed by the addition of 0.5 ml of deionized water and 6.5 ml

of liquid Scintillation cocktail (8g PPO, .2g POPOP, 1 liter Triton
X-100 and 2 liters of toluene). A1l samples were counted on a
Beckman Liquid Scintillation spectrometer using a 14C isoset with a

gain ‘'setting of 2.5. The cpm obtained represented the amount of 14

Oy
incorporated into acid stable products (3-PGA) under each set of
experimental conditions. In combination with the cpm obtained for
the heated (background) and unheated (full counts) it is possible

to convert these to specific activities.

Ki Determination for Nitrate Inhibition of RuBPcase

The procedure used for the determination of the Ki for nitrate

inhibition with RuBPcase was the same as that described for chloride

inhibition except 10 mM Tris was substituted for the 50 mM Tris to
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reduce the background chloride level. The amounts of buffer, 4M
NaNO3 stock solution, and substrate which were added to the pooled
reaction mixtures together with the various quenching times are

listed in Table II1%%

, Appendix A. Also a standard (containing

1.0176 m1 of buffer, 18 ul of radioactive bicarbonate and 40 pg of
enzyme per pool) was run before each successive substrate concentration
in order to test for changes in enzymatic activity during the 6-8

hours required to complete the experiment.

Effect of Bicarbonate on Chloride Inhibition
Enzymatic activities at various levels of chloride ion were
investigated as a function of bicarbonate concentration. RuBPcase
activity was assayed at 49 uM RuBP using 20 pg of enzyme and varying
concentrations of.bicarbonate and chloride ions in a total of

1

540 ul per assay. A constant amount of NaH 4CO was added regardless

3
of the total concentration of bicarbonate investigated. Four
concentrations of bicarbonate were selected (1, 10, 20 and 40 mM)
and the activities compared at chloride ion levels ranging from 31.6
(no added chloride) to 463 mM. The assays were quenched 50 seconds
after the addition of substrate. Heated and unheated control
samples containing all ingredients except RuBP were run in parallel

with the samples to allow quantitation of the data.

Km Determination for RuBP

The procedure was essentially that described for the Ki
determination of nitrate inhibition with RuBPcase. The amounts of
buffer, 1 M NaNO3 stock solution, nmoles of substrate and quenching
times are Tisted in Table Iv¥*°%(Appendix A). In addition, a km
value for RuBP was determined using reaction velocities extrapolated

to zero chloride concentrations.
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pH Dependence of Bicarbonate Inhibition on RuBPcase

The buffers which were used consisted of 10 mM Tris, 10 mM
MgCl,, 2 mM DTE and .1 mM EDTA at the various pH values and cold bicarbonate
concentrations which are listed in Table V (Appendix A). To pooled
samples containing the listed amounts of buffér and hot bicarbonate,
20 ug of enzyme per assay were added followed by incubation for 45 minutes.
It should be noted that the ratio of radiocactive bicarbonate to cold
bicarbonate was made the same for all solutions. After the 45
minutes incubation period the solution was made 0.7 mM in RuBP (saturating)
and reacted for 60 seconds followed by quenching of 540 ul of final pool
reaction mixture with 200 uL of glacial acetic acid. The quenched
mixtures were then dryed and counted as described above.

Circular Dichrosim (CD) Measurements

A11 CD spectra were measured on a Cary 60 spectropolarimeter
using a Model 6001 CD attachment and a .5 cm cell. The ellipticities
were given in units of deg - cm2/d - mol. These calculations were
obtained by using a mean molecular weight of 100 for the amino acid
residues. The concentration of RuBPcase used was estimated
at 0.64 mg/ml by A280 measurements of the protein solution after

1%

urea denaturation using an Elcm

= 17 at 280 nm. After transporting
the purified enzyme solutions to the laboratory of Dr. John Cann,
University of Colorado Medical, Denver,Colorado, for CD analysis some
of the protein precipitated in the cell and the exact concentrations
at which the spectra were obtained are not known. It should be noted
that the actual concentration obtained at the end of the experiments
was probably less than .64:mg/mi Tndicatéd above since the addition of

urea redissolved the sample and since denaturation usually increases

protein extinction coefficients.
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RESULTS

SDS Polyacrylamide Slab - Gel Electrophoresis

SDS polyacrylamide slab gels were run in series on the crude
extract 40% supernatant, 40% pellet, sucrose gradient and ion exchange
preparations in order to determine the homogeneity of RuBPcase at each
step of the purification scheme (Figure 1 @ . The crude extract
{track 1) showed the Targe and small subunits of RuBPcase and six
additional bands as indicated by the arrowheads. Three of the bands
appeared above that of the large subunit (90.0, 76.9 and 68.2 K
daltons) and three below (46.4, 39.7 and 36.9 K daltons). In track 2
the TCA precipitated supernatant from the 40% ammonium sulfate
precipitation also showed six extra bands. At Teast four of these
bands (74.2, 65.2, 44.4 and 34.4 K daltons) appeared to correspond
to those in track 1 and possibly a fifth (83.7 K dalton), but this is
less certain even considering the curvature of the gel. One new band
is apparent at 57.0 K and the band at 35.7 K in the crude extract is
missing. The 40% pellet shown in track 3 displayed one extra protein
which banded at 38.8 K daltons and probably corresponded to the 39.7 K
band seen in track 1 but missing in track 2. The pooled fractions
from the sucrose density gradient are shown in track 5. Again only
one non-RuBPcase band was seen which migrated as a 60.8 K protein
which did not seem to correspond to either the 65.2 or 57.0 K
protein band seen in the 40% supernatant. No efforts have been made
td identify the extraneous proteins at this time. The pooled RuBPcase
fractions from DEAE cellulose chromatography (track 6) showed no
extraneous bands and indicated a homogenous preparation.

In addition the molecular weights for both large and small
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subunits of RuBPcase were determined from a series of standards
(track 4) consisting of BSA (MW = 66,700) chymotrypinogen A (MW =
25,000) and lysozyme (MW = 14,300). The molecular weight values were
obtained from a plot of Rf vs log MW for each standard (Figure lb).
From this plot the molecular weight values were determined to be

50,000 daltons and 12,700 daltons for the large and small subunits,

respectively.

Km Determination for RuBP

The activity vs time data obtained together with their Teast
squares analyses are presented in Table VI(a‘h) (Appendix B). Some
additional low concentration nitrate data were included since no
effects on initial velocity could be detected up to 20 mM inhibitor.
The nitrate concentrations which were utilized in the Km determinations
were O mM, 1.25 mM, 2.5 mM, 3.75 mM, 6.25 mM, 10 mM and 20 mM. A Km
was also determined using the extrapolated values (Y-intercepts) at

(a,béc) (Appendix B) and from

zero chioride concentrations Table VII
the zero nitrate data of the nitrate Ki measurements. Initial
velocities were determined from linear regression analyses of the cpm
vs time data for each set of experiments. Overall the correlation
coefficients (CC) indicated that the velocities were quite linear
with time.

Sample Lineweaver - Burk plots using the initial velocities as
obtained above are shown for the data at zero mM nitrate and zero mM
chloride in Figure ZKﬁ&b) and all the Km values are 1isted in Table l(a’b&c)
The Km values for RuBP ranged from a high of 133 uM (obtained from
the initial velocities at zero chloride) down to a low of 21 uM (in the

presence of 2.5 mM nitrate). The average of all listed Km values was

56 M, while the average of those in zero or low nitrate (32 mM chloride
from buffer salts) alone averaged 46 uM,



Figure 1 2
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SDS Polyacrylamide Gel Electrophoresis (track 1:

crude extract, track 2: 40% supernatant, track 3:
40% pellet, track 4: from top to bottom, BSA,
chymotrypsinogen A, lysozyme, track 5: pooled
sucrose gradient fractions; track 6: pooled DEAE
column chromatography fractions). .

The gels were electrophoresed at 4°C in 9.9 mM
Tris, 76.6 mM glycine and 10% SDS at 2.5milliamps.
The gel consisted of 15% acrylamide and and 2%
N,N'-methylene bis acrylamide running gel with a 30%
acrylamide and .8% N,N'-methylene bis acrylamide
stacking gel. Each track was loaded with 4-6 ug
of protein obtained as described in the experimental
section except track 4 which was loaded with 6 ug
of each standard protein. The arrowheads indicate
protein bands which were visible on the original gel
but which did not reproduce well on the photograph.

L refers to large subunit and S to small.
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Log MW vs Rf for Molecular Weight Determinations of

the Large and Small Subunits for RuBPcase

An average Rf value of .19 was obtained for the
large subunit (utilizing tracks 1-3 and 5 and 6 of

(a),)

Figure 1 where the average Rf value for the small
subunit was .60 (which was determined by using tracks
2, 3, 5, and 6 of Figure l(a)). From these Rf values
and by the use of Figure l(b) log Mw values of 4.7
and 4.1 were obtained for the large and small

subunits respectively.



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH DIAGRAMS
THAT ARE CROOKED
COMPARED TO THE
REST OF THE
INFORMATION ON
THE PAGE.

THIS IS AS
RECEIVED FROM
CUSTOMER.



19

mw Bo7




20

Sample Lineweaver - Burk Plot for Km Determination

of RuBP

The 1/S axis intercepts were -.0075 and -.0333
for chloride (© ) and nitrate (A ) inhibition lines
respectively. These corresponded to Km values of
133 1M (chloride) and 30 uM (nitrate). The lines
are from Tinear regression of the data shown in

table VIt and vi1{e) of Appendix B.

Note: For the nitrate line there was an extra point
(1/Vi = 0.31(cpm/sec)'1; 1/S = O.34@M)"1) which was
not shown to allow a 1arger'sca1e for the remaining

data.
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Figure th). Blown Up Sample Lineweaver - Burk Plot for Km

Determination of RuBP

)

Shown in Figure 2(-b : O, from zero chloride data;A,

from zero nitrate data.
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TABLE I

Km of RuBP
NO% ,
(mM) zZero 1.25 2.50 3.75 6.25
Km {uM) 30 120 21 36 37

NO3
(mM? zero 10 20 Zero
Km (uM) 40 46 43 40
2l

Cl- Zero
(mm) (extrapolsted)
Km (M) 133
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The Effect of Bicarbonate Inhibition on RuBPcase

as a Function of pH

The effect of bicarbonate inhibition on RuBPcase was studied
by measuring the enzymatic activity of bicarbonate concentrations at
fixed (saturating) levels of RuBP (Table II). Other data from our
laboratory has shown 20 mM to be saturating with respect to 20 pg of
RuBPcase. The higher bicarbonate data reveal that as the concentration
is increased above 30 mM the activity of RuBPcase decreases for two
of the three pH values investigated and at all pH values above 40 mM.

Determination of Inhibition of RuBPcase

Activity by Anions

Anion inhibition of RuBPcase activity was determined from initial
velocities measured in a substrate vs inhibitor vs time (5 x 5 x 5)
set of experiments. The individual sets of raw data (cpm vs time)
were analyzed by a two parameter Tinear regression fit. A three-
parameter power curve fit was also tried but did not yield significantly
improved initial velocities based on standard deviations. The data are
listed in Table VIII(a'l) in Appendix B. Computed initial velocities for
each substrate and anion concentration were displayed as Lineweaver-
Burk plots for analysis (Segel 1975). The same data were analyzed
by a computer program based on Cleland's procedure (Cleland 1975).
The results for this analysis are summarized in Table IX(a&b)
(Appendix B).

It should be noted that the enzymatic activity was checked
periodically (at the beginning of each successive substrate concentration)

innorder to ascertain the changes in enzymatic activity over the course

of the entire experiment, about 8 hrs., (Table III).



26

TABLE II

The Effect of Bicarbonate Inhibtition on RuBPcase

as a Function of pH,

pH
- pH = 7.5 pH = 7.8 pH = 8.1
HCO3 Conc.
20 mM 1516.20 cpm | 1196.95 cpm | 1271.7 cpm
30 mM 1150.80 cpm | 1369.80 cpm | 1081.05 cpm
40 mM 1366.35 cpm | 1104.65 cpm | 1091.40 cpm
50 mM 1180.15 cpm | 1035.30 cpm 918.75 cpm
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TABLE TIII

Enzyme Activity at the Start of Each Successive

Substrate Concentration Set

Substrate* Activity
1st 1558 cpm
2nd 1526 cpm
3rd 1257 cpm
4th 1270 cpm
5th 1030 cpm

* The sequence of experiments started with the lowest substrate
concentration and ran through all the nitrate concentrations
(1st set). This procedure was repeated for the next highest
substrate concentration until all five substrate sets were
completed. This required about 8 hrs. Therefore, about.l.ﬁ hrs

elapsed between substrate sets.
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Inhibition by Chloride
3(a&b)

In Figure the lowest line corresponds to the initial
velocities at zero chloride concentrations which were obtained by
constructing a plot of Vi vs chloride concentration followed by
extrapolating the linear regression line to zero chloride concen-

(C)).

tration (Figure 3 The data for Vi vs chloride concentrations
together with their least squares analyses are listed in Table X
(Appendix B). The reciprocal plot for each fixed chloride concen-
tration (Figure 3(a&b))’ utilizing the two-parameter fit, clearly
demonstrates that as the inhibitor concentration (chloride) increases
so does the slope of each inhibition curve together with the 1/Vi

axis intercept, 1/V;g§. A pattern of generally decreasing x-intercepts
(-1/K;pp) and increasing 1/Vi intercepts with increasing chloride
(excluding the highest chloride concentration) was suggestive of

mixed competitive, noncompetitive inhibition (Segel 1975). Computer
analysis by Cleland's method for competitive and noncompetitive
inhibition patterns gave variance values of 16.70 and 17.25 respectively.
Therefore, by comparison it was concluded initially that chloride
inhibition of RuBPcase might be mixed.

The replot (slope of reciprocal plot vs chloride concentration)
shown in Figure B(d) was found to be virtually linear up to 279 mM
chloride but to curve upward sharply at 392 mM. The calculated Ki
value (based on the linear portion of data) was 285 mM which can be
compared to the 139 mM and 157 mM values for nomcompetitive and com-
petitive inhibition patterns, respectively, obtained by Cleland's

method. It should be noted that neither the linear portion nor the

upward curvature (concave) nature of the replot data are compatible to
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That expected for straightforward mixed inhibition. To the contrary,

the concave nature of the replot curve is traditionally taken as an
indication of multiple binding sites. The abrupt upward curvature
above 300 mM, however, suggests that other factors, such as conformational

changes, may be accompanying chloride inhibition.



Figure

sla),

30

Plot of 1/V4 (cpmisec)'1 vs 1/RuBP, (M’B'l for

Chloride Inhibition

The experiments were performed as described in the
text. The lines were determined from Tinear regression
analyses of the data:® , zero (extrapolated) chloride,

0 68; A 92; O 167; @ 279 and A 392 mM chloride.
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Figure 3(b). Blown Up Plot of 1/W, (.C[Dm/sen:)"1 vs 1/RuBP, (pM)"1

vs 1/RuBP, (uM)™! for Chloride Inhibition shown in
(a)

Figure 3*77,
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Figure 3(C).

34

Vi, (cpm/sec) vs Chloride (mM).

The values obtained for Vi, (cpm/sec) at zero
chloride from extrapolation of the Tinear regression
lines (Table VII(a)) were 5.462, 9.615, 20.81, 41.87
and 72.82 for substrate concentrations of 2.966 uM
@, 5.936 M (@), 11.86 uM (A), 24.73 yM (@), and
49.45 uM (O), respectively,which corresponded to
chloride ion concentrations of 67.66 mM, 92.00 mM,

167 mM, 279 mM and 392 mM.



35

)

&

<80

L=}

70

L
=
<

(9@s/wda)’A

10

300
(C17),mm

100



Figure

39,

36

Replot for Chloride Inhibition

Slope from 1/Vivs 1/RuBP (Figure 3(a)) are plotted
against chloride concentration. The line was cal-
culated from linear regression analysis of the points

through 279 mM chloride ion.
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(Segel 1975).

Inhibition by Nitrate

The Lineweaver - Burk plot for nitrate inhibition (Figure 4(a&b))
which utilized the two-parameter fit of cpm vs time appeared to be
similar to that observed for chloride with the exception that the
same concentration of nitrate gave-greater inhibition. It should be
noted that at 400 mM nitrate concentrations there were no measurable
velocities (Table VIII(j) Appendix B). The variance values obtained
by Cleland's method were 1.80 and 1.56 for competitive and noncom-
petitive inhibition patterns respectively. Thus, the inhibition pattern
for nitrate also appeared to be mixed.

The replot for nitrate inhibition (Figure 4(C)) also was found to
be essentially linear up to 100 mM nitrate and then curve rapidly
upwards to 200 mM nitrate. The Ki which was determinéd from the
replot was 47 mM where those by Cleland's method for competitive and
noncompetitive inhibitors were 21 mM and 46 mM, respectiv§1y. Again,
the concave curvature of the replot data is not consistent with
normal mixed inhibition patterns and the abruptness of the curvature
seems to suggest factors other than multiple sites changing the activity.

Effects of Bicarbonate on Chloride Inhibition

The effects of increasing bicarbonate ion concentrations on the
degree of inhibition by chloride ion are given in Table IV. In
each case the percent of control was calculated from the cpm obtained
for a given concentration of bicarbonate in 31.6 mM chloride (no
added NaCl) taken as 100%. The data showed that increasing (HCO&)
at a fixed concentration of chloride ion decreased the inhibition by

chloride (increased % of control). This indicated that Hcogrreversed
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the inhibition provided by chloride possibly by competing directly for

the same anion binding site.



Figure

4,

40

Plot of 1/V4 (_‘cpm/sec}'lr vs 1/RuBP, (pM)-l for

Nitrate Inhibition

The experiments were performed as described in
the text. The lines were determined from linear
regression analyses of the data: @ , zero, O 50,

A 100, O 200 mM nitrate.
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Figure 480, Blown Up Plot of 1/vi(cpm/sec)™} vs 1/RuBP (ui)”!

for Nitrate Inhibition

Shown in Figure 4(-b] @ from zero chloride, & from
zero nitrate, (31.6 mM C17) @ from 50 mM nitrate
and O from 100 mM nitrate. '
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Figure 4!, Replot for Nitrate Inhibition

Slope from 1/Vivs 1/RuBP (Figure 437} plotted
against nitrate concentration. The calculated Ki

was based on the linear portion up to 100 mM nitrate.
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TABLE IV

Percentage Inhibition of RuBPcase Activity

as a Function of Chloride and Bicarbonate

Concentrations at Saturating Levels of RuBP.

Chloride
mM
Bicarbonate 110 160 210
mM
’Tl 38 56 nd.
10 28 37 53
20 n.d. n.d. 19
40 n.d. 20 n.d.

n.d. = not determined
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Preliminary CD Spectra of RuBPcase

The Chen reference spectra (Chen 1972) and poly-L-lysine
reference spectra for pure a-helix, B-sheet and random coil in the

)

far UV region are shown in Figures 5(a&b , respectively. The

comparisons of the experimental far UV CD spectrum of RuBPcase with
the best fit calculated (computer program of Dr. John R. Cann) ffom
the Chen and po]y;L-1ysine fqr UV CD reference spectra are given in

(C&d). In the region 206-218 nm (Figure 5(6)) the experimental

Figure 5
CD curve for RuBPcase has a more negative ellipticity than that of the
theoretical Chen CD spectral fit, while in the region 218-250 nm

the experimental CD curve has a more positive ellipticity. The
experimental CD spectrum of RuBPcase (Figure S(d)) seems to match
better with that of the theoretically determined poly-L-lysine curve
except in the 212 nm - 219 nm and 230 nm - 250 nm regions. The
calculated % a-helix, B-sheet and random coil for RuBPcase employing
both methods of ana]ysislare listed in Table V.

Figure 5(e) demonstrates the near UV CD spectra of RuBPcase
which was due to the aromatic amino acid residues present in the
enzyme. From this spectrum as many as nine distinct CD bands were
observed between 256 nm - 268 nm and 278 nm - 294 nm.

The far UV CD spectra Af RuBPcase was also measured in the
absence and presence of NaHCO3 (10 mM and 50 mM) in order to determine
if conformational changes occurred in the enzyme with increasing
bicarbonate concentrations (Figure S(f)). It appeared that as the
concentration of bicarbonate was increased conformational changes may

have occurred which reduced the amount of a-helix as evidenced by the

decreased ellipticities in the 206 - 234 nm region.
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The far UV CD spectra of RuBPcase in the absence and presence
of urea (2M, 5M, 6M) was also measured (Figure 5(9)). From Figure 5(9)
it was observed that as the urea concentration was increased the
ellipticities became more positive in the 214 - 246 nm regions.
This figure demonstrates the destruction of secondary structure that
occurs in RuBPcase upon urea denaturation. At 6 M urea there was

virtually no secondary structure remaining.
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TABLE v
% a-Helix, B-Sheet and Random Coil as Determined by Chen

Reference and Poly-L-Lysine Reference Spectra

Chen Theoretically Poly-L-Lysine Theoretically
Calculated Calculated
Alpha 40% Alpha 17%
Beta 38% Beta 97%
Random coil 22% Random coil 26%
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)

Figure 5(a . Chen Reference (1) Spectra for Pure a-Helix,

8-Sheet and Random Coil.
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Figure 5(0), Poly-L-Lysine Reference (1) Spectra for Pure

a-Helix, B-Sheet and Random Coil.
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Figure 57, Theoretical Chen far UV CD Spectral Fit and

Experimental Far UV CD Curve for RuBPcase

a....Theoretical curve

b....Experimental curve
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Figure S(d). Theoretical Poly-L-Lysine Far UV CD Spectral Fit and

Experimental for UV CD Curve for RuBPcase

a....Theoretical curve

b....Experimental curve
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Figure 5(e)' The Near UV CD Spectra (nm) of RuBPcase
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5(f),

Figure The Far UY CD Spectra of RuBPcase in the Presence

| and Absence of Bicarbonate

Bicarbonate concentrations are shown as:(a) zero mM,

(b) 10 mM and (c) 50 mM.
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Figure 5(9). The Far UY CD Spectra of RuBPcase in the Presence

and Absence of Urea

Urea concentrations are shown as:(a} Zero,

(b)2 M, (c} 5 M, (d) &M,
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CONCLUSIONS

SDS polyacrylamide electrophoresis data on the crude extract of
RuBPcase from comfrey revealed six discernible protein bands in
addition to the large and small subunits of RuBPcase. Five of
these extraneous bands remained in the 40% ammonium sulfate super-
natant and only one co-precipitated with the 40% pellet. Since the
one extra band in the pellet was readily separated from RuBPcase in
the sucrose density gradient step, it was not necessary to make an
ammonium sulfate cut prior to application of the redissolved pellet
to the gradient. The comfrey enzyme appears to be unique among the
higher plant enzymes in this regard. Density gradient centrifugation
alone, however, did not appear to yield a truly homogeneous preparation
since another band was apparent in the pooled fractions. Its molecular
weight (60.8 K daltons) does not match very well any of those seen
at the earlier stages of purification. Its molecular weight is,
however, close to that of one large and one small subunit together
and could possibly represent some residual quarternary structure
stabilized against dissociation with SDS by sucrose. If this were
the case, the enzyme would be homogeneous after density gradient
centrifugation. Very heavily loaded gels, however, show a band
running a little ahead of the large subunit which is removed by DEAE
in cellulose chromatography. In any event the DEAE step was used
routinely and does yield a homogeneous product as judged by 3DS
polyaerylamide gel techniques.

The molecular weights of both large and small subunits of
RuBPcase were determined by SDS PAGE techniques. The molecular

weights were calculated to be 50,000 daltons and 12,700 daltons for
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large and small subunits respectively. These values were found to
be in excellent agreement with the 50,000 and 12,000 dalton values
obtained by Simpson (1980) on a different preparation and using
disc gel techniques.

The Km values for RuBP from all determinations ranged from 21
uM to 133 uM with an average value of 56 uM, whereas the average
of the Km values for RuBP from the low nitrate data alone averaged
46 uM. The value obtained by Simpson (1980) was listed as 250 uM
determined on the enzyme from the pooled sucrose fractions. These
differences in Km values could be due to the different states of
purity of the enzyme.

Inhibition patterns for RuBPcase with chloride and nitrate
determined from Lineweaver-Burk plots were suggestive of mixed
competitive and noncompetitive inhibition. Computer analysis by
Cleland's method for competitive and noncompetitive inhibition
patterns gave very similar variance values for chloride and for nitrate
inhibition, respectively. The replots for both chloride and nitrate
were found to be essentially linear at low concentrations and to
curve upward strongly at high concentrations thus forming concave
curves instead of the convex curves which should be obtained from
normal mixed inhibition patterns. Traditionally upward curvature
is taken as an indication of multiple binding sites. The Ki value
obtained for chloride and nitrate from the linear portion of the
replot curve were calculated to be 285 mM and 47 mM, respectively.
The Ki values obtained from Cleland's method for noncompetitive and
competitive inhibition patterns for chloride were 139 mM and 157 mM,

while those for nitrate were 21 mM and 46 mM, respectively. Therefore,
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the inhibition patterns for both nitrate and chloride were found

to be similar but nitrate was the more potent inhibitor. It should
be noted that ionic strength experiments reported by Simpson (1980)
revealed that specific activity dropped sigmoidally with increasing
NaCl concentration. It is possible that these replot curves which
were obtained for chloride and nitrate could also be suggesting a
sigmoidal effect. As a result it was concluded that since chloride
and nitrate demonstrated similar types of i-hibition patterns, which
did not seem to follow straightforward kinetics, that some type of
conformational change ﬁight be occurring within the enzyme which
caused a decrease in its activity.

The data for bicarbonate inhibition as a function of pH clearly
showed that there was a decrease in activity as bicarbonate concen-
trations were increased above saturation levels. It is believed
that since bicarbonate and nitrate are both trigeonal planar mono-
valent anions, bicarbonate inhibition could possible occur at the
same site as that of nitrate and in turn chloride. The fact that
chloride and bicarbonate ions are competitive was shown by the ability
of bicarbonate to overcome the inhibition of chloride, although
it was in itself a more potent inhibitor. As a result it was concluded
that chloride, nitrate and bicarbonate were binding to an anion site
which altered enzymatic activity substantially.

To determine if this loss of activity was due to a conformational
change in the enzyme upon anion binding Bolden (unpublished) performed
divverential UV spectroscopy on RuBPcase in 267, 367, and 667 mM
NaCl (Figure 6). Bolden discovered that there was clearly a

change in AA at the 280 nm region as salt concentration was increased.
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This suggests the binding of chloride occurs at a specific anion

site involving one or more tyrosine residues. Another study utilized
CD spectra of RuBPcase in the presence and absence of bicarbonate
anion. Comparisons of the experimental far UV CD spectra of RuBPcase
with the reference spectra Chen and from poly-L-lysine demonstrate
that the poly-L-lysine computations gave a better fit (Figure
S(C&d)). The far UV CD spectra of RuBPcase in the absence and presence
of bicarbonate (Figure Sf) shows that as the bicarbonate concentration
was increased the ellipticities became less negative which implies

a loss of secondary structure. As a result the CD spectra support

the hypothesis of a conformational change upon binding of an

anion to a specific site. At least part of the AAZBU observed upon
anion binding may also reflect this conformational change.

The near UV CD spectra of RuBPcase (Figure Se) gave distinct
CD bands between 256 nm - 268 nm and 278 nm - 294 nm. It might be
valuable to repeat the spectrum together with varying bicarbonate
concentrations in order to observe specific conformational changes
involving tertiary structure of the enzyme with respect to aromatic
amino acid residues.

The far UV CD spectra of urea denaturation with respect to
RuBPcase (Figure Sf) showed that as urea concentrations were increased
the secondary structure of RuBPcase decreased. This was demonstrated
by more positive ellipticity values with increasing urea concentration.
It also should be noted that all CD work was just preliminary and

should be repeated on at least one other preparation.
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Figure 6. Differential UV Spectroscopy on RuBPcase in the

Presence of NaCl,

A baseline containing 267 mM NaCl was used to
determine AA at 367 mM and 667 mM NaCl.
a....667 mM NaCl
b....367 mM NaCl
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Quenching Times for Chloride Inhibition Study
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TABLE IT

Sample Time Seconds
A (67.56mM) 17 27 37 47 57
B 9 19 29 39 49
C 10 20 30 40 50
D 10 20 30 40 50
E 11 21 31 41 51
F (92 mM) 13 23 33 43 53
G 10 16 30 40 50
H 11 21 31 41 51
1 8 18 28 38 48
J 11 21 31 41 51
K (167 mM) 15 25 35 45 55
L 12 22 32 42 52
M 10 20 30 40 50
N 10 20 30 40 50
0 10 20 30 40 50
P (279 mM) 12 22 32 42 52
4] 13 23 33 43 53
R 11 21 31 41 51
S 10 20 30 40 50
T 10 20 30 40 50
U (392 mM) 10 20 30 40 50
v 11 21 31 41 §1
W 10 20 30 40 50
X 10 20 30 40 50
| 10 20 30 40 50
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Quenching times for Nitrate Inhibition Study
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TABLE 111¢P)

Sample Time (Seconds)
A (0 mM NO3) 6 16 26 36 46
B 5 15 25 35 45
£ 5 15 25 35 45
D 6 16 26 36 46
E 5 15 25 . 35 45
F (50 mM NO@) 6 16 26 36 46
G 5 15 25 35 45
H 5 15 25 35 45
1 5 15 25 35 45
J 5 15 25 35 45
K (100 mM NQ% 6 16 26 36 46
L 5 15 25 35 45
M 5 15 25 35 45
N 5 15 25 35 45
0 5 15 25 35 45
P (200mM NOE) 5 15 25 35 45
Q 5 15 75 35 45
R 5 i3 25 35 45
S 5 15 25 35 45
T 5 15 25 35 45
U (400mM _ NO3) 5 15 25 35 45
y 6 16 26 36 46
W 5 15 25 35 45
X < 15 25 35 45
Y 5 15 25 35 45
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Quenching Times for Ribulose-1,5-Bisphosphate Km Study
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TagLe 1v(P)

Sample Time Seconds
A (0 mM NO3) 11 21 31 41 51
B 11 21 31 41 51
¢ 18 28 38 48
D 17 27 37 47
E 17 27 37 47
F (1.25 mM NOJ 10 20 30 40 50
G 11 21 31 41 51
H 8 18 28 38 43
I 8 18 28 38 48
J 17 27 37 47
K (2.50mM NO3)! 19 29 39 49
L 10 20 30 40 50
M 7 17 27 37 47
N 7 17 27 37 47
0 : 17 27 37 47
P (3.75mM NO3) 19 29 39 49
0 10 20 30 40 50
R 7 17 27 37 47
S 7 17 27 37 47
T 8 18 28 33 48
U (6.25mM NOS) 8 18 28 38 48
v 10 20 30 40 50
W 6 16 26 36 46
X 7 17 27 37 a7
Y 7 17 27 37 47




Quenching Times for Ribulose-1,5-Bisphosphate Km Study
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TasLe 1v(c)

Sample Time Seconds
A (0 mM NO3) 7 17 27 37 47
B 7 17 27 37 47
C 6 16 26 36 46
D 6 16 26 36 46
E 5 15 25 35 45
F (10 mM NO3 5 18 25 35 45
G b 16 26 36 46
H 5 15 25 35 45
I 5 15 25 35 45
J 5 15 25 35 45
K (20 mM NO3) 5 15 25 35 45
L 6 16 26 36 46
M 4 14 24 34 a4
N 5 15 25 35 45
0 5 15 25 35 45




1'8 =HAd 40 8°/ = Hd “G*/ = Hd 3e Spew a4am SUOLIN|OS ||V :910Nx

80

1°886 Gy S 0s
87966 . 9¢ 17 ov
GG00°T LZ £ 0€
9°ET0°T 8T W Z 0z
(38y 3 082 WuX ¥103 Ww T’ () (W) (Wur)
(“120)4 Ww QT sta] pu 01) uoL3ed3U3U0Y uolLjesjusduo) uoLleaquadug)
(Lood 03 pappy) 4344ng 2jeuoquedty ploj g1euoqgaedtyg 104 djeuogaedlqg |eiol

9580dgNny U0 uOL}LqLyu] 3jeuOgqUeRILyg 40 Sduspuadag Hd

A 378YL




APPENDIX B



82

9666 8666 " 1066 61L6° 11/6° 22
505°2- 8y 0T- GT°¥5- 61°06- rAAL S g X
[2°18 6091 218 9" L2F 0G°8L€ JUT A
2 A GE°GT €97°6 ove’s 622°¢€ ado|g 1

wdo 9°9191 Ly wdd> €088 b | wdd €°TH6 8y wdd §°62L 1§ wdd €°1€G 16

wdd p°6/21 L€ wdd> /Gg/ (€ | wdd 17206 8¢ wd> 2°089 47 wd> ¢°825 187

wdd €°y56 1z wdd /695 12 wdd> 68/ 82 wdd 8459 1€ wdd> £°1/% 1€

wdd> £°¢19 LT | wdd Z oz L1 | wdd §°8/9 81 wdd> ¢°409 12 wdd -GGy 12

wdd 6" y2€ L wdd> 9-0/2 L wdd> 08 8 wdd 850§ 1 wdd G-90¢ 11

(dgnd ) (295) (dany) (935) (damy) (99s) | (dany) (99S) | (dany) (995)
WG 6 awL| W L p2 auiL | Wl 6711 auLy | Wv6°S aw ] Wl 2672 auL )
91RAJLU 0uU3Z (e)

(PwLy sA wdd) 4gny 4o uyy 404 elEQ

IA 318Vl



83

8866 1166 G566 ° 8166° 1266° 29
L81°¢- 0£0°6- 19° Gy~ Ly 88- 27951~ U A
6966 VA 1°£8Y G 08% 890 Ul X
£0°0¢ 26° 51 6501 IEV°S ¥09°2 ado(§

wdd> 677641 Ly |wdd 27416 8t wdd Z°6/6 8Y wdd 26/ 1§ wdd> /°2eg 0S

wdd 9-0gzT Le  |wdd G gg/ 8¢ wdd 8668 8¢ wdd g° 40/ |87 wd> 0°116 )7

wdd /°G06 Lz |wdd 0°685 82 wdd 6°¢6/ 82 wdd ¢°8G9 £ wdd z° 26y 0€

wdd> z°€/G LT |udd £°Q0p 81 wdd> /°zg9 81 wdd 1°909 %4 wdd §°19¢ 0w

wdd 1-°6z¢ L wdd 462 8 wdd T°g/G 8 wdd -9z T wdd ¢°/2¢ 01

(dany) (095) (dany) (995) (dany) (99S) | (dany) (23s) | (dany) (995)
WG 6p aut | W £ %2 auL | Wi 61T awLl | Wilp6™g awLl | Wil/6°2 sy |
(a)

31RUILN W 62T

psnuijuo) IA 349vL




84

S1RATLN WW G2

penuliuo) 1A 379yl

G666 " L166° 0266 8166 28€6° 22
9%9°¢- 08E°6- vEe b~ 9116/~ 1/°/8- U] A
1°601 1°19T G 2Ly £°6SY b ovE Jul X
£6°62 81°L1 99°0T 508°§ 6v6°¢€ ado|s
wdd 8° 6051 Ly v L16 Ly wdd /° 456 Ly wdd ¢y 05 |wdd /£°€25 6V
wd2> €-0€21 L |wdd /-Ggg N L€ wdd> 6°106 LS wdd 6°689 oy |wdd ¢ g6h 6€
wd> 6°616 Lz |wdd 9°/z9 2 wdd €15/ Lz wdd 6° /49 0 |wdd 0°ggy 62
ud> €965 (T |wdd g ppy A wdd 149 L1 wdd 9°6gg 02 |wdd 0 Ghp ww
udd z°2og L wdd 0°6/2 , L wdd> 1°266 L wdd> 8 €£0g 0T |udd p-ggy 6

(dany) (935) (dany) (08s) (dany) (935) | (dany) (99S) | (dany) (295)

W G "6 awL| W £ 42 awlL | Wt 6°TT auLl | Wiy6's awL Wl /672 auL |

(2)




85

SJRUILN W G/L°€

penuLijuoj IA 3749v1

6666 2666 v66° L666° 1286° 29
16G°€- 16€ 8- 19°8p- 09°€8- G LIT- Ul X
€01 6°L91 v E€8Y 699 6°26€ Jul A
21°62 00°0¢ G¥6°6 G8G°6 1 e "€ ado|s

| wdd G G671 8y wd 99901 LY wdd 6°0€6 Ly wdd *yy/ 0§ wdd 1°Gy§ 34
uru 9-221 8¢ wd> 9-£G6 LE wdd /-4/8 L€ wdd £°€69 oF wdd §°8¢g 6€ N
.wmu £°€T6 82 wd> 0 /€L 12 wdd 19/ Lz wdd g-€g9 0¢ wdd 0°68% mw‘
wdd> z-¢z9 81 wdd> 8-£29 81 wdd 88/ LT wdd 47976 0z wdd 009y mw ...... |
wdd zZ-6ee 8 wdd g°¢0¢ L wdd € 6pg L wdd 9-g2g 01 wdd 1°/1¢ 6
(dany) (295) (dany) (995) (dany) (99s) | (dany) (99S) | (damy) (225)
W G 6 aut | W L2 BlIL | Wl 61T awLy | Wilp6'g smLl | Wl/6°2 auwL|
) (p)



86

BY66° 6166 9966 1186 8066~ 48
TAVARE 90" 6~ 162y~ LTLTT- £°691- JuI X
¥ L9€E 0°£61 289y €86 L"E0Y T A
Te1°¢ 08°12 06°0T 5€2°Y LEY°2 adoLs
wdd /- 649 Ly wdd 19511 LY wdd 0556 9y  |wdd 47869 0§ |wdd €609 8%
wdo G°/€§ LE wdd> 58207 LE wdo g-g/8 9¢  |wdd> /699 ov |wdd 051§ mm=
wdd - 8ey L2 wdd 816/ L2 wdd> /°9p/ 9z  |wdd £°1$9 0c  |wdd 8-G/¥ 82
wdd> g°0ge L1 wdd> €85 L1 wdd> 1°pG9 91  [uwdd 816G 02 {wdd G Gpp 81
wdd ¢ pye L wd> 9°gz¢ L wdd> 9°gzg 9  [wdd 9°ges 01 |wdo z'8T¥ 8
(dany) (995) (dany) (095) (dgny) (995) | (dany) (99s) | (dany) (285)
Wl g 6b awL| Wt £ 92 | Wt 611 auty | Wily6°s am) | Wil6°2 oL |
. (2)

91RATLIN WW GZ2°9

panuLijuoly A 3I78vi




87

9966° £186° 2966° ov66* 8v66" 29
GR/"L L0°02- vy 18- 10°¢€.- ATAR X
G'6£2 0°€€E € 5H¢ 8°¢£6¢ ¥ L9€ Uy A
LL°0€ 65791 86°0T 98"y 1€1°¢ ado|s
wdd 8°8991 Gh wdd Z-py11 9f wdd G*/£Q 0s wdd> - /85 LY wdo £°614 LY
wdd T°£/21 GE wd> /+gog 9¢ wdd> 9°6hs o wdd z-pgg LE wd> -8/ /£
wd2> 6°€66 G2 wdd /65, 9¢ wdd 6°059 0¢ wdd Q*g/y L2 wdd G £Gh 12
I
wdd> 27699 1 wdd /-919 91 wdd §°12¢ 02 wdd> 9°9py L1 wds> p-gzy A
wad fepey G wds> o-gey 9 wdd G°gge 01 wdd> G-98¢ L wd> 2-48¢ /
(dany) (295) (dany) (295) (dany) (995) | (dany) (99s) | (dany) (0@s)
Wl G 6t duwy | Wt £"%2 Bt | Wi 6 1T auL ) Wl v6°5 awLy Wl 26°2 awt |

91BULLN 0437

panuLjuo)y 1A IVl

(4)



88

6/66°

5066 2966° 86£6° 12L6° 29
2€2" L- 16°¢T- 6°961- vy 65~ 2°€01- Jul X .
6812 8112 w.mqm G"95€ 6°25¢ L A
92°0¢ 8602 €V 1 866°G 02v°¢ .mmowm
wdd 0°€091 )7 wdd °8G2T G wdd 2°61¢ S wdd> 6629 o wdd> /26t 117
wdd 1621 GE wdd> ¥ 4201 13 wdd £°/1¢y GE wdd ¢-18g 9¢ wdd> Z-69% GE
wdd> 1296 G2 wdd> 698/ P4 wdo ¢ y/¢ 5¢ wdd G°509 92 wd> 2° /vt G2
wdd> 9:0/g G1 wdd y°6/5 Gl wdd> Z°$9¢ Gl wdd /*GG% 91 wdd> g°z6¢ mw
Emo 2" 0S¥ S wdd 1-zey g wdd 9-gG¢ g wdd 4°16€ 9 wdd> 6°69¢ g
(dany) (995) (dany) (295) (dgny) (93s) | (dany) (93s) | (ddny) (295)
Wl G 6¥ aurL | W £ p2 awt| WL 61T awLl | Wlpe'sg auLl | Wi/6°2 aul |
()

9IBATLN Wt 0T

panuLijuo) 1A 34Vl




89

1966 £596° 1/68° 1926° ¥166° 2D
vv1°6- ¥8s°b- 9 pIE- 8811~ 1°/69- 10} '
9°/92 0°€zt 8°65¢ 1°%9¢ 6°95€ I A
92°62 £8°9¢ IET°1 9.9 021§° ado|g
wdd 992971 G wdd §°8GH1 S wdd 1°10% 12 wdd 2265 9y wdo 1-7/¢ St
wdd €-2621 GE wdd 8496 i;;mm wdd 0% 123 wdd> 2-1/§ 9¢ wd> g-9/¢ Ge
wdd €°686 G2 wdd> 252/ 52 wdd €8¢ 2 wd2> /-89y 92 wdd G- 1/¢ 62
wd> g-¢£89 GT wdd € Zv 61 wdd> 1°8g¢ vl wdd 0°g59¢ 91 wdd 9-99¢ -WH
wdd 2 gy S wdd 1-8/¢ G wdd /- G9¢ v udd m.th 9 wdd 9°96¢ g
(dgny) (295) {dany) (995) (dany) (99s) | (dany) (99s) | (dany) (985)
WS 6t awt | A 74 awL | N6 TT auLl | Wlv6°§ swLl | Wl/6°2 aw |
(u)

93RUILN W 0Z

psnuijuo) IA 3T9vL




90

suoLjenoled uL pasn jou

-

) 230N

1516 9866° | L686° £5L6° 6566 £986° £866° L£66° 2

1€20°- | £120°-| 0s20"-|  z920°- (£20°- | €440°-|  €800°- | 82€0°- | uI X

9020 107 | 6220° 10£0° £620° 92€0° 1600° £820° I

5€68° L928" | 1516 §219° 2008° 6889 2960°T | 0298 adols

2re0” 0€€0° | S2€0° £860° £Y€0° pEE0” £€€0° 800" | 2020° 25b " 6%
€LE0" £Lv0" | €090° 6510 0050 2850° 8290° 2590° | wOVO" 92L b2
(ve927) | (Le£57) | 1160 8160° 9001" 6£60° P60 £501° | £v80° £98°11

6E12° 991" | 902" 19€2° 16/1° £2L1" 481" 8061 | 891" 9€6°S

T€0E” 262" | v61E” €01V 0662 2£52" Ot8E " 60g” | T1Lge 996°2
£on wu 0z | Eon wuot| on wuo | EoN wu 5z-9| Son 1w o-e|Eon wu gz | Son wu gzeT | Eon wu ()
. S/T 91eJ15qng

1- (95 /ydo) /T
(LA/T sA S/T) (1)

91RUAILN 404 ejeq uy

psnuLjuo) IA 379vL




91

186" - 8266 - 9%66 " - 92L6° - 9186 - 22
27906 0°€SY 8 GGy 6°G1§ 9" b6 Jug X

28°2L [8° Tt 18702 §19°6 29Y°G Jul A

8Ey 1~ ¥26°0 LSO - 981" 0- 0110°- ado|s

66°€T €€z°! 805 "€ 91L°1 166 26¢

¥8" € G6°€1 v10°L GIE"S €192 6.2

8625 ¥8°52 6€ €1 259°9 129°¢ £91

0€ 9§ 91"€¢ 0°L1 vLE"L SLL'Y 26

81729 v1°L€ 89" L1 19%°8 75" b 9669

G "6t €L°¥2 9811 9€6°§ 9962 (W)

o
31e4359ng

-3

UOLJRAJUSDUO) JPLUO|Y) 0437 03 pajejodedix] (29s/wdd)

ITA 3149YL

L

A

(e)




92

TABLE VII Continued

(b) Initial Vi at Zero Chloride
Su ﬁ% ate | 1.838 3.678 7.350 15..32 30.64
L, Vi 5.462 9.615 20.81 41.87 72.82
(c) 1/S vs 1/Vi for Chloride
Substrate 1/Vi (cpm/Sec)-1
(M) i Zero mM C1~
2.966 .3371 .1831
5.936 . 1685 .1040
11.863 .08430 .04054
24.726 .04044 .02398
49,452 .02022 .01373
Slope .5469
Y Int .0019
X Int -.0035
cC .9959
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TABLE IX
Cleland Computer Fit for Competitive Noncompetitive
and Uncompetitive Inhibition Patterns

Chloride Inhibition
(a) ’

Inhibition | Variance | Ki (mM)
Competitive 16.70 157.3
Noncompetitive 17.28 139.1
Uncompetitive 755.8 ---

Nitrate Inhibition

(b)

Inhibition Variance Ki (mM)

Competitive 1.796 20.70

Noncompetitive 1.560 45.90
| Uncompetitive 3.413 -




106

ACKNOWLEDGEMENTS

A special and most sincere thanks to Dr. Delbert D. Mueller
for his honesty, advice and understanding during the course of
this study and in preparation of this manuscript.

I would also like to thank Dr. R. Kenneth Burkhard and Dr.
Gerald R. Reeck for their most valuable advice concerning this
project.

A special thanks to Thomas D. Bolden and Sorkaro Kotake
whose assistance, suggestions and valuable friendships proved to
be major contributions towards this thesis.

In addition I would like to thank Dr. Larry C. Davis together
with Sorkaro Kotake for computer fits of Cleland's data and
Tammy Arnold for many hard and involved hours in typing this

thesis.



EVIDENCE FOR A CONFORMATIONALLY SENSITIVE ANION BINDING
SITE ON RIBULOSE -1,5-BISPHOSPHATE CARBOXYLASE/OXYGENASE
ISOLATED FROM COMPHREY

by

ROBERT F. BONSALL

B.A., Hartwick College, 1978

AN ABSTRACT OF A THESIS

submitted in partial fulfillment of the

requirements for the degree

MASTER OF SCIENCE

Graduate Biochemistry Group

KANSAS STATE UNIVERSITY

Manhattan, Kansas

1981



Ribulose -1,5-bisphosphate carboxylase/oxygenase (RuBPcase)
was isolated from freshly cut garden or greenhouse grown comphrey leaves.
The isolation procedure was essentially that developed by Simpson
(1980) and involved homogenization on ice in TBMESP buffer {50 mM
Tris, 50 mM Nchog, 10 mM MgCl,, .1 mM EDTA, 5 mM Na,S,06, .1 mM
PMSF at pH = 7.5), filtration, stirring for 30 minutes in poly-
vinylpyrrolidone and centrifugation at 10,000 x g for 5 minutes to
yield the crude extract. The crude extract was ammonium sulfate
precipitated followed by centrifugation at 13,000 xg for 20 minutes
(40% pellets). The 40% pellets were redissolved in a minimum TBMESP
buffer and then applied to a linear sucrose gradient. Sucrose
gradients were collected in 1 ml fractions where peak tubes were
Tocated by AZSO measurements. The isolated enzyme was stored in 1.5
ml cryotubes under nitrogen atmosﬁhere at -70°C. Before use all
sucrose gradient preparations were further purified by ion exchange
chromatography on G-25 DEAE Sephadex.

SDS polyacrylamide slab-gel electrophoresis was performed in
series on the crude extract, 40% supermatant, 40% pellet, sucrose
gradient and ion exchange preparations of the purified enzyme. The
data demonstrated that the crude extract contained six protein
bands together with the large and small subunits of RuBPcase. It
was found that five of these bands remained in the 40% ammonium
sulfate supernatant with one that co-precipitated with the 40% peilet.
The sucrose density gradient preparation wasn't completely homogeneous
since another band (60.8 K dalton) was apparent in the pocled
fractions. This band did not seem to match very well with any of

the bands observed at the earlier stages of the purification. It



was believed to represent some residual quaternary structure which
was stabalized against dissociation with SDS by sucrose. The DEAE
preparation was found to yield a homogeneous product. In addition
the molecular weights of both large and small subunits of RuBPcase
were determined by SD$S PAGE and calculated to be 49,992 and 12,657
daltons respectively.

The Km for RuBP was determined at zero (extrapolated) chloride
concentrations and low nitrate levels (which were shown not to have
inhibitory effects on the enzyme). The values from all determinations
ranged from 21 uM to 133 uM with an average value of 56 uM. The
average Km values from the nitrate data alone averaged 46 uM.

Inhibition patterns for RuBPcase with chloride and nitrate
determined from both Lineweaver - Burk plots and by Cleland's
method suggested mixed competitive and noncompetitive inhibition.
The replots for both chloride and nitrate were linear at low concen-
trations and curved upward at high concentrations thus forming
concave curves instead of convex curves for normal mixed inhibition.
It was concluded that since chloride and nitrate demonstrated similar
types if inhibition patterns, which didn't seem to follow normal
straight forward kenetics, that some type of conformational change
might be occurring within the enzyme which caused a decrease inrits
activity.

Data was also obtained for bicarbonate inhibition as a function
of pH which clearly demonstrated a decrease in RuBPcase activity as
bicarbonate concentrations were increased above saturating levels.
Furthermore, it was discovered that chloride and bicarbonate ions

were at least partially competitive since increasing the bicarbonate



concentration overcame the inhibition of chloride. Since bicarbonate
and nitrate are both trigonal planar monovalent anions of similar
size bicarbonate inhibition probably occurred at the same anion

site as that of nitrate and chloride which in turn altered the
enzymatic activity substantially.

In order to demonstrate a specific binding site and to probe the
nature of this site differential UV spectroscopy at various NaCl
concentrations was performed by T. D. Bolden of our laboratory.

The difference spectra showed a large change in A A in the 280 nm
region as salt concentration was increased. This suggested that the
binding of chloride was occurring at a specific anion site which
involved one or more tyrosine residues.

To investigate any possible conformational change upon anion
binding, far UV CD spectra were acquired on RuBPcase in the absence
and presence of various bicarbonate concentrations. These spectra
showed that as the bicarbonate concentration was increased the el-
lipticities became less negative which implied a Toss of secondary
structure. Therefore, the CD spectra supported the hypothesis of
a conformational change induced by binding of an anion to a specific
site. In addition, near UV CD spectra for RuBPcase was found to give
several distinct bands between 256 - 268 nm and 278 - 294 nm.

The far UV CD spectra of urea denaturation of RuBPcase revealed that
as urea concentrations were increased the secondary structure of

RuBPcase decreased and virtually disappeared at 5 - 6 M urea.



