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INTRODUCTION

T

Although subject to uncertainties in interpretation, chemical modification

is a proven method for defining structural-functional relationships in ehzymes.'

Innumerable examples are aVailable in which tentative conclusions based on

chémicél modification sfﬁdiés; concerning idéntiﬁies of actife site résidues
and in sbme cases even their precise catalytic funcfion, have ﬁeen substantiated
by X-ray crystallography.

The application of general (group-specific) protein reagents to Rbl--P2
carboxylase/oxygenase has not provided detailed informatlon about the active
site, probably as a consequence of the ené&mg's molecular complexity. .A number
of sulfhydryl reagents inactivate the enzyme, and suﬁétrate profection is
observed. HoweverA the data do not~distinguiéh between the potentiél role of
certain sulfhydryl groups in malntenance of tertiary and quarternary structure

b

and their potential role 1n_cataly51s. Akazawa's group has thoroughly studied
the modification of the carboxylase/oxygenase with p-chloromercuribenzoate. At
slightly alkaline pH, disruption of guarternary structure results, so there

is no doubt that modification of sulfhydryls can lead to conformational changes.

%
Abbreviations: Rbl-Pe,
3-bromo-1,4-dihydroxy-2-butanone 1,4-bisphosphate; BrAcNHEtOP, N-

D-ribulose 1,5-bisphosphate; Br-butanone-P,,

bromoacetylethanolamine phosphate; Bicine, N, Nl-bis(2ahydroxyethyl)glycine.




The shortcoming of studies concerning the reaction of the enzyme with
sulfhydryl reagents is that direct correlations betweén inactivation and
mddificatioﬁ>of specific residues were not (or could not be) demonstrated
because of the rather large number of sulfhydryls being modified. TFor example,
even tﬁough R’ﬁl-P2 protects against inactivation by [lhc]iodoacetic écid, a
comparativé analysis of fryptic peptides derived from both inactivated and
suﬁstréte—protected enzyme ;;vealed that extensive, random modification 6f
sulfﬁydryls.had occurred and clear-cut differences in the labeling pattérns .
between the twé sampleslwere not apparent3.

More recently, the lysyl reagent pyridoxal pﬁosphate énd two arginyi
reagepts,.2;3—butanedione‘and phenylglyoxal, have been used pd determine
whether the carboxylase/oxjgenase contains such essenfial reéidues. fhe

encouraging resul%sh_6 obtained with pyridoxal phosphate will be considered

later, since this reagent may be an affinity label for a binding site

"(probably fhé activé site) that accommodates phoéphéteAestefs. TheAresults7

provided by the reaction of butanedione with carboxylase/oxygenase from

barley and Pseudomonas oxalaticus were interpreted as consistent with the

presence of active-site arginyl residues. Our da.ta.8 from modification of

spinach and Rhodospirillum rubrum enzymes are best interpreted in terms of
2-3 arginyl residues/protomer 5eing essential to the stabilization of naﬁive
conformation. ?he data from the two laboratories are not necessarily
éontradictory, since enzymes from different species were used and since
equivalent arginyl residues may not’be accessible to poth reagents.

Because of the inherent disadvantages of general protein reagents due
to their lack of specificity, we have attempted to systematically develop

affinity labels for use in the characterization of the active site of Rbl—P2



'carboxylase/oxygenase. The major advantages of affinity labels in comparison
to general protein reagents are their potentially absolute specificity for the

catalytic site of a given enzyme and the mechanistic information that they

can provide (volume 4T of Methods‘in.Eniymologz>edited By W. B. Jakoby and

. M. Wilchek 1s an excellent reference source to successes éf affihity labeiing). j
The selectivity of an affinity-labeling reagent is a conéequence of its
'sﬁfuctural similérity to substrate,‘ﬁhereby resulting in the fofﬁation 6f a
'dissociable enzyme.reagent complex coﬁparabie to that of a competitive inhibitor.
Complex'fofmation results in a high, localized coﬁcentration'of reagent at

the active site, thus increasing the likelihood of modification of a reéidue
vifhin~this region as compared with modification of a like residue elsewhere

in the prokein molecule. In contfaét to ideal general protein reagenté'which,
due to their chemiéal nature, are selective for a given functional group,.
affinity labels are selecﬁive for a particulaf tyﬁe of binding site and in

many instances are reactive toward several funcfional grouPS«found in préteins.
The specificity with respect to enzyme is determined by éhe subgtratelike
features of the reagént, and the specificity with respect to the kind of

residue modified is a consequence of which reactive side chain within the

active site is in proper juxtaposition to the leaving group of the reagent.

Reagents that we have synthes{;ed as potential affinity labels for Rbl-P2

' carboxylase/oxygenase include Br—butanone4P2, BrAcNHEtOP, cis and trans-2,3-

. epoxybutane-1,4-diol 1,4-bisphosphate, N-bromoacetyldiethanolamine bisphosphate,

. 2-phosphoglycolic acid azide, and N-bromoacetylphosphoserine. The routes of

syntheses are illustrated in Figures 1-k.
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CRITERIA OF AFFINITY LABELING
At the outset;lwe emphaéize that no single experiment can prove that
Aenzymé iﬁactivation reflects an active—site—directed modification. Rathér,‘
a variety of criteria must be met before a strong argument can be madé with
respect to active-site modification. ItAshbuld also be remembered'fhat proof
of pres;nce of a givenwresidue at the active site does not prove that the
A residue plays a cafalytic rolé. In fact, unequivocal proof.of catalytic
functionality cannot be provided-b& chemical modification alone. |

Criteria that are useful in verifying affinity iabeling include:

1. COmp;eté Indctivation. If the residue subject to modification is
" absolutely essential to catalysis or substrate binding, total loss of

enzymic activity should occur.

2. Pseudo-first Order Loss of Activity. At high molar ratios of
reagent/enzyme, first order inactivation kinetics will be observed provided

that inactivation.correlates with the modification of one residue.

3. Rate Saturation. True affinity labels bind reversibly to the active
site as an obligatory step preceding inactivation (equation 1). Thus, the

rate of inactivation is pr0portidnal to- the concentration of enzyme.reagent

k) | kg
E+IZ== EI — E-I (1)
k | .
2

complex (E-I), and as the reagent concentration is increased the rate of

inactivation will approach a limiting, finite value (rate saturation). A

linear expression (equation 2) for the rate of inactivation has been derivedg’lo-

T = (TK C1/[I]) + T | (2)

Inact




is (k, + k3)/k

in which K 1

Tnact and comparable to KM in the Michaelis-Menten
expression, T is the minimal inactivation half-time, and T is ‘the observed
inactivation half-time at inhibitor concentration [I]. From plots of T vs.
1/[1], Krnact 2nd T are calculated.

' Protection by Substrate (or Competitive Imhibitor). If the presumed

affinity label binds reversibly to the active site preceding covalent

o modification, substrates should protect against inactivation'in a competifive

fashion (equation 3)9’10;,i.g,, the maximal rate of inactivation will be unaltered

= {mp
T (IKInact

/1) (1 + [sl/kg) +T | ) (3)

with a decrease in apparent affinity (increasedrKIﬁact) of reagent for enzynme.
If the KS (apparent dissociation constant for E-S) for protector (calculated

from plots of T vs. 1/{I]) is similar to its‘KM, a strong argument will have

-been made that the reagent initially binds reversibly to the active site.

5 Competiti#e'lnhibition. . Any reagent that inactivates an enzyme at
'a rate which is slow in éomparison to the time necessary for enzyme assays,
can be tested as a classical competitive inhibitor. If competitive inhibition

is observed and the X proves to be equal to K calculated from inactivation

I

kinetics, the enzyme-reagent complex that leads to inactivation must be the

Inact

same complex that is visualized in the direct assays for inhibition.

6. Site-Specific Modification Requires Native 3D Structure. Since

initial complexation with affinity label requires a functional substrate
binding site, disruption of tertiary structure with a protein denaturant can
eliminate the specificity in modification.

T. Stoichiometry. An ideal affinity label will be specific for a single

site, and only one mole of reagent will be incorporated per mole of catalytic

subunit inactivated.



8. Interspecies Homology Around Modiried Residue. In general, active-

site structure has been conserved during evolution. Thus, comparisohs (at
the level of amino acid sequences) of the reactions of a suspected affinity
label with analogous enzymes from different species can demonstrate whether

the sité of modification represents =z species invariant feature. The validity

i of this approach requires that the enzymes compared are derived from a common

ancestral gene.

9. Pseudo Substrate. In some cases the affinity label so closely
reseﬁbies the normal‘substrate that catalytic turnovef of reagent occurs,
theréby'providing compeiling documentation of active-site modification. An
example is provided.by 3—bromopyruvate,Aén affinityAlabél for the aldolase thét

catalyzes condensgtion between pyruvate and Q;glyceraldehyde 3-phosphate.

Meloche g}_gijll demonstrated that the reagent undergdés enzyme-catalyzed

\proton exchange at C-3 as does the substrate pyruvate. The constant ratio

(irrespective‘of bromopyruvate concentration) of moles of bromopyruvate

undergoing proton exchange per mole of enzyme inactivated and the observation

" that the rates of both processes are half-saturated at identical reagent

concentration strongly suggest that catalysis and alkylation occur at the

same site.

AFFINITY LABELING STUDIES
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Affinity labeling studies on Rbl-P, carboxylase/oxygenase are complicated

2

by the existence of distinct allosteric sites that bind phospha.te,esters12
: . . + .
and by the conformational changes induced by Mg2 and 002. Since the enzyme
13,1k
b

. . . . 2+ '
exists in an inactive conformation unless both Mg and 002 are present

apparent inactivation by a chemical reagent could be caused by prevention of




the COz/Mg2+-induced activation that»normally takes place upon introduction
of the inactive conformer into the assay médium. Thus, we have compared
results obtained in the presence and absence of C02/Mg2+. Such a conparison
also provides an épproach to distinguishing the cétalytic.site from the
allosteric site, because the inactive conformer-that ekists iﬁ the absencé of
002/Mg2+ is still functional in binding of phosphate esters -

Because of the complexities juét s%ated, studies on carboxylases/
oiygenases from different species may ﬁe necessary fo confifm ﬁhat a residue
implicated as essential is indeed an active-site component. To provide an
especially striﬁgent test case for the identification of species invariant
structural features, we have chosen for comparison the enzymes fromftwo
phylogenétically distant species, spinach and Rhodospirillum‘ruﬁrum; the

latter has the structurally simplest carboxylase/oxygenase knownls.. The -

structure and properties of the R. rubrum enzyme differ dramatically. from

those of the higher plant enzymesls.

To date, the reactions of Br-butanone-P2 and BrAcNHEtOP with the spinach .

6-19

venzyme have been rather thoroughly characterizedl "7, only preliminary

experiments have been completed with the R. rubrum enzymezo. Both enzymes
21,22
a

1k

: .2k
assayed for carboxylase activity (sPectrophotometrically23 or ~ CO,-fixation )

were isolated by slight modification of published procedures nd

and for oxygenase‘activityZh. Syntheses for Br-butanone-P

have been reported25’26.

o and BrAcNHEtOP

P > B g G Tt Pt Pt S s N B N 8 Nt T8 ot S 0 Nt i

Inactivation. Under conditions frequently used to assay Rbl-P2~

cérboxylase/oxygenase (pH 8.0, room temperature), the spinach enzyme. is

2 (Figure 5). Rbl-P2 protects against inactivation,

2+ .
and C02 greatly stimulates the rate of activity loss. Mg  does not influence

inactivated by Br-butanone-P

F-5




the inactivation rate,vand we assume therefore that it does not alter the
sites of modification. . Within the limits of the assay method, inactivation
proceeds to completion. Activity is not regained upon exhaustive dialysis

of the treated enzyme, thereby suggestive of covalent modification.

Competitive Inhibition. Reagent instabilityzs:has precluded a detailed

kinetic study as would be necessary to demonstrate a rate saturation effect

for the inactivation of the carboxylase/oxygenase by Br-butanone-P However,

o
the reagent is a competitive inhibitor (with respect to Rbl—Pg)»of the

enzyme from both spinach and R. rubrum with K 's of 1.0 mM and 1.2 mM,

I

respectively (Figure 6).

Extent of Incorporation. The incorporation measured by reduction of .the

carbonyl group of the protein-bound reagent moiety with sodium [3H]borohydride

subsequent to protein derivatization with Br—butanone—P2 is shown in Table 1.
Also shown in the Table are the decreases in free sulfhydryl content that
result during treatment with the reagent. Noteworthy is thé observation that
more extensive sulfhydryl alkylation results in the presence of substrateA
(without activity loss) than in its absence. Aiso, the.number of free
sulfhydryls lost'iﬁ the presence of substrate is about the same as the total
reageﬂt incorporation. In coﬁtrast, the incorpora£ion in the inactivated
sample is clearly larger than the loss of sulfhydryls, and tﬁus modification
of residues other than cysteinyl must account for inactivation. Simple
subtraction of the amount of reagent incorpbrated into the sample protected

with Rbl—P2 from the amount incorporated during inactivation indicates that
inactivation correlates with modification of only 1.6 residues per native
molecule (eight protomeric units). This value is misleadingly low because

of the.greater degree of modification of nonessential sulfhydryl groups that

T-1




occurs in the presence of Rbl-P If, in the absence of Rbl—Pz, all residues

o
modified other than sulfhydryls contribute to the inactivation process,
loss of enzymic activity is due to derivatization of 5.8 residues (3H

incorporation minus sulfhydryl residues modified).

Kinds of Residues Modified. To determine which kind of residues other

than cysteinyl are modified by Br-butanone-P_,., total acid hydrolysates of

2’
derivatized protein that was labeled with [3H]borohydride were chromatographed

on the amino acid analyzer (Figure 7). The elution positions of tritiated
compounds were compared to those of authéntic standards prepared by the

reactions of glutathione-and Era—aéetyllysine with Br-butanone-P, followed by

2
reduction with [3H]borohydride-and finally acid hydrolysis. Most of the

radicactivity fromvthe substrate-protected sample elutes from the long column

in the same positions (36 min and 42 min) as the cysteinyl derivatives

25

prepered from glutathione In contrast, tﬁo-radioactive peaké (that emerge
ahead of lysine at 18 min and 24 min, respectively) are seen in the short
column runs on‘hydrolysates of the inactivated enzyme which are not prominent
in the protected samples. The first of these two peaks (the one at 18 min)
is coincident with the product obtained from alkylation of acetyllysine by
Br-butanone—-P225

chemically, it too represents a lysyl derivative as will be shown.

. Although the second peak has not been completely characterized

The modification of lysyl residues must account for most of the
inactivation, since this represents the major difference between inactivated
and protected samples. This conclusion is supported by results of a

differential labeling experiment (data not shown). The carboxylase/oxygenase

was first treated with Br-butanone-P 'under protective conditiqns,

2

reduced with unlabeied borohydride, and dialyzed; the enzyme was then inactivated
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by retreatment with Br-butanone-P, and reduced with [3H]borohydride.

2
Hydrolysates of this material contained the radioactive lySyl derivatives,
but the cysteinyl derivatives were virtually absent.

Rbl-P carboxylase/oxygenase from R. rubrum is also inactivated by

2
Br-butandne—Pe, énd the major difference between substrate-protected and
inactivated enzyme is again in the level of lysyl derivatization20

Purification of Peptides Unique to Inactivated Carboxylase/oxygenase‘and

JTdentity of Modified Residues. Samples of inactivated and substrate-protected

enzyme were digested with trypsin, and the digésts were chromatographed on

'a cation exchange resin (Figure 8A). One of the major radioactive peaks seen in the

digest of the inactivated enzyme is virtually absent in the digest of the

substrate-protected enzyme. This peptide represents 3.3 residues per molecule

of carboxylase. Except for this one radioactive peak, profiles from the two

digests are quite similar; thus, the residues whose modifications result in -

inactivation must be represented by this péak. The peak unique to the inactivated

P8

carboxylase/oxygenase is resolved into two radioactive peptides upon chromatography

on DEAE-cellulose (Figure 8B); the peptide eluting first is designated I and
the other II. Peptides I and II are present in a ratio of about 1:2 and thus

represent, respectivély, 1.1 and 2.2 modified residues per molecule.’ After

successive chromatography on phosphocellulose, Bio-Rad Aminex AG 1-XL, and

Sephadex G-25, peptides I and II appear pure by peptide mapping and amino acid
composition (Table 2). Hydrolysates of each peptide contain both radiocactive
derivatives that elute from the short column just ahead of lysine (Eigure:9A).

The sum of the two derivatives approximates one residue. Both derivatives

" represent lysyl residues as shown by treatment of the peptide hydrolysates with

sodium metaperiodate followed by chromatography on the amino acid analyzer

(Table 2, Figure 9B). After oxidation, the hydrolysates contain one additional
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. residue of lysine and lack both labeled derivatives. The radicactivity that
was associated with the derivatives elutes with the front.
We believe that the presence of two distinet lysyl derivatives in

seemingly pure peptides is a consequence of Br-butanoneé-P2

reacting with
lysylAresidues to form tﬁo different prbducts. Thus, peptides‘I and II-could
- be mixtures qf two peptidés with idenfical structufeé ﬁith the exception. of |
the chemiéal nature of a dérivatized lysyl residue. This hypothesis is

unproven.

Reaction of BrAcNHEtOP

B o Pt D s Tt P o b Pt P P Nt s o N Pt g P P

Kinetics of Inactivation and Demonstration of Substrate Protection.

Incubation‘of spinach Rbl-P carboxylase/dxygenase'with~BrAcNHEtOP results

2

in a parallel losg'ofAboth.activities in a pseudo-first order fashion (Figure 10). F-10

Apparent inactivation of the conformer that lacks enzymic activity (modifications
carried out in the absence of COz/Mg2 ) occurs; Mg2 alone stimulates the rate

of inactivation; CO_, alone decreases the rate of inactivation. This apparent

2

effect of 002

as the same effect is observed with sodium chloride. In combination, 002 and
Mg2+ (conditions under which the énzyme is fully activated) result in a rate of
inactivation by BrAcNHEtOP that is slightly lowér than the rate seen in the

presence of Mg2+.alone. Rbl-P, and the competitive inhibitor butane-1,4-diol 1,

2

h-bisphosphatel7 protect against inactivation.

A rate saturation is observed upon plotting the half-time of ihactivation
(t) against fhe reciprocal reagent concentration (Figure 11). From these data,
it is clear that Mé2+ increases the maximal velocity of inactivation (decréases

T from 138 min to 24 min) and that NaHCO mereiy alters the apparent affinity

3

of BrAcNHEtOP for the enzyme. Without CO the apparent dissociation constants

2,

is due to the increased ionic strength from added sodium bicarbonate,

F-11
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for the reagent:enzyme mmmlexes(Kinact)aréO.B mM and 3.0 mM in the absence

Inact” In

K increases to 2.9 mM and 11 mM without

and presence of Mg2+, respectively. Thus, Mg2+ alters both T and K

the presence of 66 mM NaHCO,, Ko o ¢

2+
and with Mg2 , respectively.

Extent of Incorporation. With [th]BrAcNHEtOP, the degree of protein
modification is determined. .The enzyme inactivated in the absence oflMg?+
" contains about 2.7 moles of reagent per mole of protomer; aAcorresponding'

sample protected by Rbl-P, contains about 0.9 mole of reagent. The presence

2
6f Mg2* in the modification reactibn~mixture reduces the level of incorporation

to about 1.k moleé of reagent per mole of protein, and the corresponding saﬁpie
prdtected.by butanediolbisphosphate contains abdut 0.5 mole of reaggnt. By

determining the level of incorporafion during the time-course of the incubétion

with reagent, a direct proportionality ié seen betweeg loss of enzymic activity

apd incérporation’(expressed as the.difference in incorpération betweén

- unprotected and protected samples) (Figure 12). Extrapolation of these data . _F-12

to complete inactivation gives values of 1.8 moles of reagent per mole of

. ‘ +
protomer in the absence of Mg2 and 1.2 moles of reagent in the presence of

2+
Mg .

Kinds of Residues Modified. The sites of reaction of [th]BrAcNHEtOP

‘are readily determined by amino acid analysis, since the reagent is an

N-substituted carb§xamidomethy1 c0m§ound.and thﬁs all derivatizeé residues

will appear in acid hydrdlysétes'as carboxymethyl.amino acids.‘ Radiocactivity

profiles from the amino acid analyzer for hydrolysates of carboxylase/oxygenase

modified in the presence and absence of Mg2+ are compared in Figure 13. 902 . F-13
vas present during all modifications so that the differences observed must

+ ‘ ;
reflect the Mg2 —induced conversion of enzymically inactive conformer to the
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active one. Cérboxymethylcysteine is the major radiocactive compound found
in'hydrolysateé~of enzyme that was modified in tﬁe.absence of Mg2+. The
corresponding substrate-protected sample contains one less residué of
carﬁoxymethylcysteine per protomer. In addition to the cysteinyl deri&ative,
carboxymethyllysine is‘found in hydrolysates of‘carboxylaéé/oxygenase after
modification in the presence of Mg2+. Butanediolbisphosphate gives slight
protection of cysteinyl residues (0.2 per protomer) but essentially complete
protection of lyéyl residues (0.9 pef protomer). Thus, inactivation correlates
wifh cysteinyl or inyl alkylation depending upon the absence or present of

&
Mg2 , respectively.

Purification of Peptides'UnigﬁeAtO'Inacti#ated Ca;bbxylgse/Oxygenase;
Tryptic digests of modified enzyme wefe subjected to ion exchange chromatography
on Bio-Rad Aminex AG 50 W—X2; Two major radioactive peptides (designated Cl
and 02, which on the basis of rédioactivity represent 0.75 and O.h6 moles of
peptide per mole of inactivé protomer, respectively) are resolved from tryptic
digests of enzyme inactivated in the absénde of Mg2+; these ééptides are
missing from digests of substrate-protected enzyme'(Figure 144). In contrast, F-1U
enzyme inactivated in the preseﬁce of Mg2+ yields a single major radioactive
tryptic peptide (designated L1, and representingA0.73 mol of peptide per mol
of inactive protomer) that is not seen in saméles protected by butanediol-
bisphosphate or the transition—state analog ca.rboxyr.ibitolbisphosphate27
(Figure 14B). To determine the type éf residue modified in the labeled peptides,
an aliquot of each peak was subjected to amino acid analysis; these identifi-
cations are indicated in the figuré. Both of the two major substrate-
proteéteg radioactive pebtides in Figure 14A (from enzyme inactivated in the

+ . . . . .
absence of‘Mg2 ) are derivatized at cysteinyl residues, while the major radio-

. . 2+ ..
active peptide in Figure 1UB (from enzyme inactivated in the presence of Mg )
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‘ -is‘derivatized at a lysyl residue. Peptides Cl, C2, and L1 were purified

to homogeneity by successive'chromatography on DEAE celluloée and phospho-
cellulose, and their amino acid compositions are given in Table 3. As
expected, h&drolysates of peptides Cl and C2 contain one radioactive Cys(Cm)
residue, and the hyd;olysate of peptide L1 céntains one radioactive Lys(e-Cm)
residue. The latfer also contains one Cys(Cm) residue; this, however, is not
radioacfive and is therefore not reagent-derived (preceding tryptic digestion,
all free -SH groups in the enzyme were Carboxymethyléted with iodoacefate).
Peptides C2 and Ll‘have identical compésitioné (with the exception of the
residue that‘bears the reagent-moiety), vhich are the same as the composition
of peptide I obtainéd from the enzyme derivatized by Brabutanone—Pz (see’
Table 2).
Sequence Determinations

Peptides I and II obtained from carboxylase/oxygenase modified by
Br--buta.none—P2 and. peptides Cl, C2, and L1 obtained frbm the enzyme modified
by BrAcNHEtOP wére sequénced by automatea Edman degradations in a Beckman
890C Seqﬁencer; The established. sequences follow (the residues illustrated

in boldface carry the reagent moiety):

IT Leu—Ser—Gly—Gly—Asp-Hls—Ile-H1s-Ser-Gly—Thr-Val Gly-Lys-Leu-
Glu-Gly-Glu-Arg T
I Tyr—Gly-Arg-Pro—Leu—Leu—Gly—Cys—Thr-Ile-Lys—Pro—Lys

~ o~

Ll‘ATyr—Gly—Arg—Pro—Leu—Leu—Gly—Cys—Thr—Ile—Lys—Pro—Lys

~ o~

C2 Tyr-Gly-Arg-Pro-Leu-Leu-Gly-Cys-Thr-Ile-Lys-Pro-Lys

Cl Trp-Ser—Pro-Glu—Leu—Ala—Ala—Ala—Cys—Glu—Val-Tfp-Lys
As anticipated from their amino acid compositions, peptides I, L1, and C2 are
derived from the same region of the polypeptide chain and differ only in the

nature and site of derivatization.




Other Potential Affinity Labels
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The cis-~ and trans-epoxybutanediolbisphosphates were synthesized in an
effort to fina a reagent with binding specificity similar to thét of Br-butanone-
Pz-but with decreased chemical reactivity sé as to minimize the modifigatioﬁ of
nonessential sulfhydryl groﬁps. Thg rationale for freparing N-bromoacetyl-

diethanolamiﬁebisphosphate was that'by extending the distance between the twb

-phosphate groups as found in Br-butanone-P, to more closely approximafe

2
Rbl—-P2 an increased affinity for the active site would result. N-Bromo-
acetylphosphoserine and phosphoglycolic acid azide represent attempts to
utilize reactive analogs of 3-phosphoglycerate and phosphoglycoléte as

affinity labels. :None of these.reacents inactive Rbl-P carboxylase/

2

oxygenase at a sufficiently rapid rate so as to merit further experimentation.

CONCLUSIONS

Despite the alkylation of nonessential sqlfhydiyls énd the incompleté
characterization of the lysyl derivatives,'inactivation of spinach Rbl—P2
carboxylase/oxygenase by Br—butanone-P 1s'clearIy a conseguence bf modifiéation
of two different lysyl regidues. Based on the st01chiometry of lysyl
- modification (the combined yield of peptides I and II is less than one mole
per mole of protomér) and the constant ratio of peptide I/peptidé II‘
_ irrespectivg of Br—butanone—P2 concentration used.to inactivate (data not
shown), we believe that within a given subunit the two lysyl residues are -
mutually exclusive with respect to modificatioﬂ and that modification of
either is suffigient for inactivation. The affinity of Br—butanone-P for
'Rbl—P2 garboxylase/oxygenase as demonstrated by the observgd competitive
inhibition and the protection afforded by Rbl—Pz'against inactivation

suggest that the two labeled lysyl residues are in the active-site region.

Other observations that indirectly support this conclusion are the unusual




lysyl residues within the large subunit as is the catalytic site
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reactivity of the lysyl residues modified (in mod=l systems the reactivity

of Br-butanone-P, toward sulfhydryls exceeds its rsactivity toward amino

2
groups by.at least lOO-fold25), the lack of reactivity of these lysyl residues

~in denatured enzyme28 (i.e., the selective modification of lysyl residues

requires a catalytically functional binding site),'the presence of these

29, and the

inactivation of R. rubrum Rbl-P_ carboxylase/oxygsnase as a consequence of

2

.. 1ysyl alkylation.

As regards the inactivation of Rbl-P

5 carboxylase/oxygenase by BrAcNHEtOP,

the lysyl'résidue susceptiole to alkylation in ths presence of C02[Mg2+ almost-
certainly occupies a position within the active-site. region. The degree of
inéctivation is d;;eotly proportional to thé<extent.of inactivation; the

lysyl residue is protected by a competitive inhibitor and the transition-state
analog against alkylatioo; and. inactivation exhibits rate satu;ation, suggésting
soecific bindiog of reagent‘as a prereqoisite to covalent roaction. Alkylafion
of a single lysyl résidue refresents a'high»degree'of specificity (each
protomer contains thirty lysines30), and, as with Br-butaoone—PQ, répresénts

an unﬁsual reactiVity in comparison to moedel compounds in. which sulfhydryl

. groups react far more rapidly than amino groups. Indirect evidence that .

BrAcNHEtOP reacts at a site for Rbl-P, is provided by the finding that the

2

 of 2.9 mM in the

reagent binds tighter to the inactive conformer (KInact

' + ' . o
absence of Mg2 ) than to the active conformer (KI‘ngct of 11 mM in the presence
of Mg2+) as was observed for substratelz’Bl.

2+
The inactivation that occurs in the absence of Mg and that correlates

with modification of two different sulfhydryl groups might be a consequence

+ R . ' . s . .
of prevention of the COZ/Mg2 -induced activation. However, this inactivation
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\

2 as: a consequence

also exhibits rate saturation and is pre&ented by Rbl-P
of proteétion agéinst modification.

Seqﬁence determinations of the tryptic peptideé.containing the essential
residues haye provén qqite informative. We find that Br—butanone—P2 and
.BrAcNHEtOP have one common site of reaction (see sequences of peptides I and
Ll). Thus, two chémically-different,:reactive phosphate esters with
demonstrated‘affinities for the carboxylase/oxygenase alkylate the saﬁe
lysyl residue. This observation, taken together with data already discussed,
provides a rather cdmpelling argument that the lysyl residue iﬁ question is A
within a binding site for phosphate esﬁers.

The sequence data also suggest that the catalytic site and the previously
proposedl2 allosteric site for Rbl—P2 aré equivalent, dverlappiﬁg, or
contiguous. The presence of the‘ailosterié site is inferred.primarily from

the knowledge that Rbl-P_ binds tenaciously to the inactive conformer and

2
. e N 2+ 12-1h o , .
inhibits activation by Mg /CO2 , . These observations, however, do not
" rule oquthe existence of only a single site with nonproductive binding to

= . In agreement with this

the inactive conformer, as suggested earlier
possibility, we find that in the absence of Mg?+ (iqactive confOrmer)
inactivation correlates with the modification of two cysteinyl residues,

oné of which is only three residues removed from the lysyl rééidue that.is
selectively modified in the presence of Mg2+ (éeé sequences of peﬁtides.

Ll and C2). Thus, it seems plausible that Mg2+ alters slightly thé‘topélogy

of a single binding site for Rbl-P, (or BrAcNHEtOP) so that in the réagent-
enzyme complex formed from inactive conformer a sulfhydryl is accessible

fo£ alkylation,'whereas in the reagent-enzyme complex formed from active‘”
conformer an €-amino group is accessible. Also gonsistent'with equivaleﬁce of ﬁhe

presumed allosteric site for Rbl-P, and the catalytic site is the fact that

2

y
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the lysyl residue accessible to both reagénts is alkylated by BrAcNHEtOP
in the presence of Mg2+ but alkylated by Br-butanone-P2 in-the absence of
Mg2+. |

The fiﬁding of ét least oné &ysteinyl residue in the region of Rbl—P2
binding may explain, in part, the previously recognized sensitivity of the
enzyme to sulfhydryl réégénts.

Studies on the inactivation of Rbl-P, carboxylase/oxygenase by pyridoxal

2
phosphate_are also consistént with the présence of lysyl residues at thg
active site. The reagent is highly selective in that inactivation corfelates
" with the modification of a small number of lysyl rééidnes (O.S-iwo/pfotomerjh-6.
Based on inhibitionlstudiesh, pyridoxal phosphate has a high affinity for
the épinach enZymé; complex formation between the R. rgbrum'enzyme and reagent
is indicated by sgturati;n kinetics of inactivation6. Thus, sevefal fypes of:.
‘Adata suggest thatapyridoxal phospﬁate is an active-site—directed reagent for
carboxylase/oxygenase. It will be of interest to learn whether the lysyl
"residue(s) modified is the same as one of those modified by.Br-bui:anQne-P2
or BrAcNHEﬁOP. | |

The amino(group of spinach carboiylase/oxygenase that is modified by

pyridoxal phosphate has been suggested as the site for binding of CO, as

2
substrateh. This suggestion was prompted by thg finding of inhibitiop (with
reépect to.Coz) of the enzyme by pyridoxal phosphate. However, yhether the
-inhibition is competitive or noncompetiti?e is unélear. When‘pyridoxal
phogphafe was tested by identical methodologies under the same conditions
with either 002 or Rbl-Pz.as the variable‘éubstrate, inhibition appeared
ndncompetitive in both cases. Furthermore, the lack of protecfion against
inactivatién afforded by saturating levels of bicarbonate seems incon-
binding.

sistent with an involvement of the target lysyl residue in 002

. Another perplexing result with the spinach enzyme is the absence of a
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rate saturation for inactivatioh despite a K_ of 1 uM for pyridoxal

I

phosphate in the inhibition experiments.

Since bicarbonate stimulates the rate of inactivation of spinach

2’
sites of modification (one of these residues is also modified by BrAcNHEtOP)

~do not appear to be involved in binding of 602 either as effector or as

carboxylase/oxygenase by Br-butanone-P the two lysyl residues that are

substrate. We belleve that 1nterpretat10ns of ex1st1ng chemical modlflcatlon
data in terms of prec1se catalytic roles of the re51dues labeled are
prenature.'
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TABLE 1

. Extent of incorporation of Br-butanone-P, into Rbl-P_2 carboxylase

2
and number of sulfhydryl groups modified

'Enzymatic

Sample . activity 3H Number df residues Number of
: : of carboxymethyl sulfhydryl groups
cysteine* . - modified.
% remaining mol reagent/
mol enzyme
"Inactivated . 1 13.8 90 8
Substrate-protected 95 A 12.2 ' 87 11

' Control 100 : 98

* : ' :
Determined by amino acid analysis after carboxymethylation of the protein sample with
iodoacetate. ‘ ’ o ‘




23

' TABLE 2

Amino acid compositions of purified peptides containing essential residues

of Rbl-P2

-

carboxylase that are modified by Br-butanone-P,

NUmbeerf fesidues ‘

Amino acid I - 1T

After periodafe oxidation
I . ' II
Derivative (18 min)* . 0;5 0.6
Derivative (2h min)* - 0.7 0.7
- Lyoinc , A 1.0 : 2.1 . 1.0
Histidine . 2.0 | 1.7
. Arginine : 12 1.0 1.0 1.0
Carboxymethylcysteine . 1.0. L ' ‘ 0.6 '
Aspartic acid ' | 1.0 : 1.1
Threonine : : 1.0 1.0
. Serine : 2.0 -
Glutamic acid _ o 2a - | 2.2
Proline ' 1.9 _ | 1.8
Glycine o ’ | 1.9 5.2 2.2 .9
Alanine A | )
Valine 2.1 ' 2.1
" Methionine '
Isoleucine** : 1.0 : 1.0 1.0 1.0
Leucine ' 2.0 2.0 . 2.0 2.0
Phenylalanine ‘ ' -
Tyrosine . 1.0 o : 0.4

Tlme referes to elution position of the derlvatlve from the short.column of the
amino acid analyszer.

$¥%
¥

The quantity of isoleucine in the sample Was arbitrarily set to.1l.0 residue.
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TABLE 3

Amino acid compositions of peptides unique to BrAcNHEtOP-inactivated

Rbl-P, carboxylase/oxygenase

Number of residues-.

~ Amino acid. :
Cl R 672 . L1
~ lysine | | 0.9 - 2.0 1.0
g-carboxymethyllysine C 1.0
Arginine 1.1 1.0
%% ' '
Tryptophan 2.2
. : . » ) ‘
Carboxymethylcysteine ] 0.9 1.0 0.9
Threonine - = - : 0.9 - 1.0
Serine : - : 0.9
Glutamic Acid 2.1
Proline N 0.9 . 1.9 : 1.9
" Glycine ‘ ‘ ' 2.0 2.2
" Alanine : » 2.9
Valine 0.9
' ®%% . KR
Isoleucine 1.0 1.0
' ®¥¥% : B
Leucine ) : 1.0 ' 2.1 2.1
Tyrosine . 0.9 1.0

Based on assays for radioactivity in the effluent from the amino acid
analyzer, this residue is labeled and therefore bears the reagent moiety
in the intact peptide. :

%%
Trp was determined from the
®¥i#

=280nm”
This amino acid was arbitrarily assigned a value of 1.0.
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FIGURE LEGENDS - , £y

~Figure 1. Synthesis of Br-butanone-Pz.
Figure 2. Syntheses of BrAcNHEtOP, bromoacetylphosphoserine, and
bromoacetyldiethanolamine bisphosphate.

Figure 3. Syntheses of cis- and trans- 2,3—epoxybutane—l?h—diol l,hfbisphosphate.

Figure 4. Synthesis of phosphoglycolic acid azide.

Figure 5. Loss of éarboxylase activity upon incubation of Rbl-P, carboxylase/
oxygenase (1 mg/ml) with Br-butanone-P, (0.1 mM) in 0.1 M Bicine/60 mM
KHCO3/1 mM EDTA (pH 8.0) (®). In other experiments, Rbl-Pp (1 mM) was added
to the buffer (A) or bicarbonate was omitted (o).

Figure 6. Llneweaver-Burk plots for the inhibition of spinach (®,0) and
R. rubrum (A,A) carboxylases by Br-butanone-Po. Prior to assay, enzyme was
incubated in 10 mM MgCl,/66 mM NaHCO3/50 mM Bicine (pH 8.0). Assays were
carried out during a 60-second interval with the 1%COp-fixation method?4 in
the absence (A,®) or presence (A,0) of 2 mM inhibitor.

Figure 7. Radioactivity in hydrolysates of carboxylase/oxygenase after

treatment, in the absence (—= ) and presence (---) of Rbl-Pp, with Br-butanone-P,
followed by reduction with sodium [3H]borohydride. Hydrolysates were
chromatographed on the amino acid analyzer, and l-min fractions of the effluents,
after their emergence from the flow cell, were collected and counted. - The
absorbance at 570 nm is not shown, but the elution positions of some amino

acids are indicated.

Figure 8. Chromatography on Bio~Rad AG 50W-X2 of tryptic digests of

. carboxylase/oxygenase after treatment with Br-butanone-P, in the absence

(—— ) and presence (---~) of Rbl-Pp (A). The major peak that is unique to the
inactivated enzyme (fractlons 50-57 in A) was chromatographed on DEAE-cellulose

(B).

Figure 9. Analyses, on the short column of the amino acid analyzer, of
hydrolysates of peptides I and II before (A) and after (B) oxidation with
sodium metaperlodate.

Figure 10.° Time-course of inactivation of RBl—PQ carboxylase/oxygenase
(10 mg/ml) by 5 mM BrAcNHEtOP in 50 mM Bicine buffer (pH 8.0) with no
additions (e), 5 mM MgCl2 (A), 66 mM NaHCO3 (o), 5 mM MgClp/66 mM NaHCO4 (A).
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Figure 11. Inactivation half-time (T) of Rbl-P, carboxylase as a function
of the reciprocal of BrAcNHEtOP concentration. The following conditions

were used: 5 mM MgClp/50 mM bicine (4); 5 mM MgCly/66 mM NaHCO3/50 mM Bicine
(4); Mg2*-free 50 mM bicine (0); Mg2*-free 66 mM NaHCO3/50 mM BlClne (8). A1l
buffers were pH 8 0.

Figure 12. Incorporatlon of [ C]BrAcNHEtOP as a function of enzymic

'activity lost in the absence (@) and presence (0) of Mget. Incorporation

is expressed as the difference in incorporation between unprotected enzyme
and protected enzyme (Rbl-Pg is the protector without Mg2+ and butanedlol-P2
the protector with Mg2+)

Figure 13. Chromatographic profiles of hydrolysates of carboxylase/oxygenase

after modification with [1%*C]BrAcNHEtOP. Chromatography was accomplished with
an amino acid analyzer without use of its ninhydrin system; 2-min fractions
were collected and counted. Profiles shown in the upper panel .are for

enzyme samples modified in the absence of Mg2* with (---) or without (—)
protector (Rbl—Pg) Profiles shown in the lower panel are for enzyme samples
modified in the presence of Mgt with (---) or W1thout (—) protector
(butanediol-P2)

Figure 1k. Chromatography on BioRad AG 50 of tryptic digests of enzyme
modified by [IYC]BrAcNHEtOP. The kind of labeled carboxymethyl amino acid
found in hydrolysates of each major radiocactive peptide 1s indicated in the
figure. (A) The enzyme was modlfled in the absence of Mg®t with (---) or
without (——) protector (1 mM Rbl-P (B) The enzyme was modified in the
presence of Mgt without protector %——-) with 20 mM butanediol-Pp (--—),

~or with 0.2 mM carboxyribitolbisphosphate (....).
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