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ABSTRACT: Tissue-specific isozymes of pyruvate kinase are particularly attractive systems to elucidate
the molecular mechanism(s) of conferring allostery. The muscle- and kidney-type isozymes are coded
by the same gene. As a consequence of alternative message RNA splicing, the two primary sequences
differ by a small number of residues. However, they exhibit very different regulatory behavior. In an
effort to identify the roles of specific residues in conferring allostery, the gene encoding rabbit kidney-
type pyruvate kinase was cloned and expressé&ahnerichia coli The primary structure of recombinant
rabbit kidney-type pyruvate kinase (rRKPK) and recombinant rabbit muscle-type pyruvate kinase (rRMPK)
differ at 22 positions, which are located in a region that forms important intersubunit contacts in the
RMPK structure. Velocity sedimentation and analytical gel chromatographic studies show that rRKPK
undergoes reversible dimer tetramer assembly with an equilibrium constant of28 mL/mg. This

subunit assembly process provides the opportunity to elucidate the role of this dimer interface in transmission
of signal upon binding of substrates and allosteric effectors. The assembly to tetrameric rRKPK is favored
by the binding of phosphoenolpyruvate (PEP), one of the two substrates, or fructose 1,6-bisphosphate
(FBP), an activator. In contrast, the equilibrium is shifted toward dimeric rRKPK upon binding of adenosine
diphosphate (ADP), the other substrate,-@henylalanine (Phe), the inhibitor. These observations provide
significant new insights to the molecular mechanism of allosteric regulation in the pyruvate kinase system.
First, all substrates and effectors communicate through this particular -ddimeer interface. Second,

the thermodynamic signatures of these communications are qualitatively different for the two substrates
and between the activator, FBP, and inhibitor, Phe.

One central feature in allosteric regulation is sisite any allosteric system that undergoes subunit assembly has a
interaction between various effector binding sités ). An distinct advantage as a subject of investigation of pathway
obvious implication of sitesite interaction is the presence of communication since one may monitor with precision the
of long-range communication via various structural elements effects of ligand binding on the energetics of subunit
of the protein and interfacial interactions between subunits, assembly. A judicious application of this approach can
as essentially all allosteric systems are multisubunit proteins. ultimately lead to an establishment of the ground rules of
An elucidation of the molecular mechanism of allosteric allosteric regulation.
regulation will have to address the issues of long-range Mammalian pyruvate kinase (PK)a key regulatory
communication by defining the pathways of communication. glycolytic enzyme, exhibits some properties to establish it
A powerful approach is to define the thermodynamic as an ideal subject of investigation to elucidate the molecular
signature of communication associated with each specific mechanism of allosteric regulation.
effector. Thus, there is no better approach to probe inter- (A) In vertebrates, PK is expressed in isozymic forms in
subunit communication than to monitor the effects of ligands a tissue-specific manned), The muscle-type PK is the
on the energetics of subunit assembly. However, in those major isozyme in cardiac muscle and brain and is the only
allosteric systems that consist of stable complexes of isozyme found in adult skeletal muscle. The kidney-type
multisubunits, it is virtually impossible to identify the
pathway of communication via specific intersubunit interface ! Abbreviations: PK, pyruvate kinase; RMPK, rabbit muscle pyru-
since rarely are there probes strategically placed among thevate kinase; RKPK, rabbit kidney pyruvate kinase; MWC, Monod
different intersubunit interfaces to report the changes in theseYQ’%‘T"g;%?j;fg_‘gf'thi%gl’aggﬁ?;Zfalf‘gp‘fhp"‘ﬂgsrgﬁggﬁgl'pgf’dvgﬁfpﬁ]ag'
interfaces in response to the binding of effectors. In contrast, | -phenylalanine; FBP, fructose 1,6-bisphosphate; buffer A, 20 mM Tris,

100 mM KClI, 15% (v/v) glycerol, 1 mM dithiothreitol, 0.2 mM fructose
1,6-bisphosphate, 0.1 mM ethylenediaminetetraacetic acid, and 0.1 mM
T Supported by Grants H-0013 and H-1238 from the Robert A. Welch phenylmethanesulfonyl fluoride, pH 7.9; buffer B, 5 mM KE mM
Foundation and NIH Grants RR08961 and GM45579. ethylenediaminetetraacetic acid, 1 mM dithiothreitol, 0.2 mM fructose
*The nucleotide sequence(s) reported in this paper has beenl,6-bisphosphate, 5 mM MgSQand 100 mM KClI, pH 7.5; buffer C,
submitted to the GenBank/EMBL Data Bank under Accession Number same as buffer B at pH 6.0 without KCI; TKM buffer, 50 mM Tris, 72

AF032389. mM KCI, and 7.2 mM MgSQ, pH 7.5; TK buffer, 50 mM Tris, 72
* To whom correspondence should be addressed. mM KCI, and 2 mM ethylenediaminetetraacetic acid, pH 7.5; TKMD
§Present address: Department of Microbiology, University of buffer, 50 mM Tris, 72 mM KCI, 7.2 mM MgS@ and 0.2 mM
Groningen, Kerklaan 30, 9751 NN Haren, The Netherlands. dithiothreitol, pH 7.5.
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Active sites from Ehrlich ascites tumor cell¥ and human kidneyg).
These results suggest that this isozyme undergoes self-
association which is affected by FBP, an allosteric activator.
The kidney isozyme therefore has the potential to provide
information about the effect of ligands on the energetics of
intersubunit interactions.

Recently, RMPK was cloned and expresseBs$cherichia
coli (9), making this study of RKPK possible. RKPK was
cloned and expressed & coli. The purified recombinant
RKPK allows for extensive kinetic and physical character-
ization, which was difficult using authentic RKPK with
respect to purification yield and purity. Structural and
functional properties of recombinant RKPK were character-
ized, and the effects of ligands on the subunit interaction
are described.

EXPERIMENTAL PROCEDURES

Materials. Pyruvate kinase from rabbit muscle, lactate
dehydrogenase, disodium salt of ADP, phosphoenolpyruvate,
Tris base, and Tris-HCI were purchased from Boehringer
Mannheim. Trypsin, reduced nicotinamide adenine dinucle-
otide (NADH), L-phenylalanine (Phe), potassium chloride,

A-als sodium chloride, and phenylmethanesulfonyl fluoride (PMSF)
Ficure 1: Structure of the tetrameric RMPK. The heliboop— were all obtained from Sigma Biochemicals. Mono- and
helix regions that are different between the muscle and kidney dibasic potassium phosphate were purchased from Fisher.
isozymes are located along t}&axjs. This subunit interface is  355.dATP was purchased from Amersham Life Science.
ggﬁ:gﬂﬂidcﬁ‘g%}i’nfgg E;lel_gfstg’ﬁ eStIt(;SAX.The structure Is generateo'Oligohucleotides were purchased from Genosys Biotech-

nologies, Inc.

PK is widely distributed throughout the body and is the major ~ RNA Extraction and cDNA Synthesiafter homogeniza-
isozyme derived from kidney and leukocytes. Each isozymic tion using a Tekmar tissuemizer, the rabbit kidney tissue was
form exhibits distinct kinetic properties to accommodate the extracted by the combined disruptive and protective proper-
various metabolic requirements demanded by the differentties of guanidine thiocyanate agftimercaptoethanollQ).
tissues. In the absence of inhibitor, the muscle and kidney- Extraction of mMRNA was performed using the PolyATract
type PKs exhibit hyperbolic and sigmoidal steady-state mMRNA isolation system from Promega. cDNA was syn-
kinetic behavior, respectively, and are regulated by a hostthesized using random hexamer primers and avian myelo-
of allosteric inhibitors and activatord)( The physiological blastosis virus reverse transcriptase from tharpli Finder
rationale for the different isozymes is that the kidney-type RACE kit (Clontech).
isozyme is evolved to permit gluconeogenesis, during which  Cloning and DNA SequencingThe gene encoding the
PK activity should be decreased. The muscle-type isozymerabbit kidney PK was amplified by the polymerase chain
is less sensitive to allosteric effectors, which reflects the reaction according to the manufacturer’s instructions, using
predominance of glycolysis over gluconeogenesis in muscle.a DNA thermal cycler (Perkin-Elmer Cetus), except that 2.5
Hence, studying the same regulatory enzyme from different units of Pfu DNA polymerase (Stratagene) was used. The
tissues is most likely to provide information for relating a sample was subjected to a “hot start” PCR step at®4or
change in regulatory pattern to a change in protein structure3 min, followed by a temperature-step cycle of 92 (1
that confers the special regulatory features to the enzyme.min), 70°C (30 s), and 78C (105 s) for a total of 30 cycles,

(B) The muscle and kidney-type isozymes of rat PK are followed by a 7 min extension at 72C after the final cycle.
produced from the same gene by alternative RNA splicing A set of primers was designed, based on the coding
(5). The alternative splicing results in a primary sequence sequences of the recombinant RMPK (rRMPR), pearing
difference of 22 amino acids, which are located in a region both the N-terminal (P1, 'SCTAAGAATTCATGTC-
that forms important intersubunit contacts as shown in Figure GAAGTCCCACAGTGA-3) and the C-terminal (P2,'5
1 (6). It was proposed that these differences in sequenceTTCCAATGC ATCGGTGGCACACTACAG-3 coding re-
may determine the characteristic allosteric properties of eachgions of the gene flanked tcdRl andNsi sites, respectively.
isozyme b, 6). The relatively small number of differences These primers were used to generate a 1.7 kb PCR fragment
in sequence enhances the chance of identifying the role ofcontaining the entire open reading frame, which was isolated
each amino acid difference in conferring changes in allosteric by agarose gel electrophoresis (1.0%) and gel extraction
behavior. (Qiagen). The isolated PCR-amplified fragment was digested

(C) Preliminary studies on tissue-derived rabbit kidney with EcaRl andNsil and subcloned into the multiple cloning
PK (RKPK) in this lab, employing analytical ultracentrifu- site of pKK223-3 (Pharmacia), which was cut wittdRl
gation, indicated that RKPK undergoes subunit disassemblyand Pst followed by dephosphorylation. Recombinant
in contrast to RMPK, which is a stable tetramer under all plasmids (pRK-PK) were introduced ink coli IM105 by
native conditions. Several reports describe the effect of FBP electroporation (Gene Pulser, Bio-Rad), in a 0.1 cm cuvette
on the molecular weight of the kidney-type isozyme derived at 1.8 kV.
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DNA sequencing of double-stranded DNA was performed 12 h incubation at 37C was then performed. The sample
by the dideoxynucleotide chain-termination methdd)( was subsequently reduced by 5 mM DTT for 0.5 h, after
using Sequenase version 2.0 (U.S. Biochemical Corp). which time the reaction was quenched by adding 1 mL of a
Oligonucleotides were synthesized to fit the strategy for 0.1% (v/v) trifluoroacetic acid (TFA)/KD. One hundred and
sequencing as describe@),( The region containing the twenty five picomoles of the tryptic digests were used for
difference in sequence between rRMPK and rRKPK was fragment identification on reversed-phase high-performance
sequenced completely from both directions. liquid chromatography/electrospray mass spectrometry (RP-

Overexpression of RKPK. E. calM105 cells containing  HPLC/ES-MS).
the plasmid pRK-PK were grown overnight in M9 minimal RP-HPLC/ES-MS was performed using a Rainin HPLC
medium containing 10@g/mL ampicillin and were inocu-  system interfaced to a quadrupole mass spectrometer equipped
lated 1/100 (v/v) into NZCYM medium containing 10/ with a nebulization-assisted electrospray probe (VG Platform,
mL ampicillin (12). Culture was grown at 37C until the Fisons Instruments, Altrincham, U.K.). No ultraviolet detec-
optical density at 600 nm reached 6.X.0, at which point tor was employed. Data were acquired and processed with
expression was induced by the addition of IPTG to a final a Microsoft Windows-based software system (VG MassLynx,
concentration of 6Qug/mL. After 12 h of induction, the Fisons Instruments, Altrincham, U.K.). Lens voltages,
cells were harvested by centrifugation at 6000 rpm for 20 resolution settings, calibration method, and instrument con-
min in a Sorvall RC-5C centrifuge using a GS-3 rotor. figuration were as previously describegby.

Protein Purification and Preparation.All purification The RP-HPLC conditions involved gradient elution using
steps were performed at AC except the SP-Sepharose two mobile phases: (A) 0.1% (v/v) TFA4D and (B) 0.1%
chromatography, which was performed at room temperature.(v/v) TFA/acetonitrile. The run involved a 10-min isocratic
The cells were resuspended in 10 volumes of buffer A and period at 1% B followed by a linear 1%/min gradient
disrupted with a Piranha Press (Tesla Inc.) set at 9000 psi.between 1 and 51% solvent B. The mass spectrometer
An equal volume of buffer A was added to the cell scanned over a range of 25000 in mass-to-chargen(z)
suspension and centrifuged fbh at 10 000 rpm in the GSA  ratio at 10 s/scan with a peak step widthhg Da. The
rotor of a Sorvall RC-5C. A 10% (v/v) poly(ethylenimine) source temperature was set at 2D
(pH 7.9) solution was added to the supernatant, with stirring, Enzyme Kinetics.The enzymatic activity of rRKPK was
to a final concentration of 0.35%. After being stirred for 5 determined by the lactate dehydrogenase-coupled enzyme
min, the mixture was centrifuged for 15 min at 6000 rpm in assay {4). The reaction occurs in a solution consisting of
a GSA rotor. Solid ammonium sulfate was added to the 50 mM Tris base, 72 mM KCI, 7.2 mM MgS00.3 mM
supernatant in small portions with stirring to 45% saturation. NADH, 10 ug/mL lactate dehydrogenase, and varying
Stirring was continued for 30 min and the precipitated amount of Phe and FBP as indicated. The final concentration
proteins were removed by centrifugation at 8000 rpm in a of ADP or PEP in the assay mixture was fixed at 4 or 2
GSA rotor for 45 min. The supernatant was brought up to mM, respectively, while the concentration of the other
70% ammonium sulfate saturation with stirring and spun as substrate was varied. After the pH of the assay mix was
above. The two chromatographic steps were performed onadjusted to 7.5 at 23C, LDH that was equilibrated with
a FPLC system (Pharmacia Biotech Inc.) employing columns TKM buffer was added and the assay mix was finally brought
made for this system. The pellet was dissolved in up to 5 to the desired volume. The reaction was started by the
mL of buffer B and applied to a HiLoad 16/60 (1.6 cx addition of 0.12ug of PK in 3uL of TKMD to 1 mL of
60 cm) Superdex 200 column. Fractions, typically containing assay solution that had been equilibrated at°€3 The
more than 95% of the total activity, were pooled and dialyzed decrease in absorption at 340 nm was followed as a function
against buffer C. The dialyzed sample was applied to a 1 of time with a Hitachi U-2000 spectrophotometer to obtain
mL HiTrap SP-Sepharose (0.4 csn 2.5 cm) column and v, the observed steady-state kinetic velocity. All data sets
the nonadsorbed proteins were removed by washing thewere fitted to the modified version of Hill equatiot5)
column with 25 column volumes of buffer C. The rRKPK

was eluted with a 30 mL linear salt gradient from 0 to 1 M V. ST
NaCl. The eluted rRKPK was collected, precipitated with V= @
70% ammonium sulfate, and stored at@. Kapp T [S]

Recombinant RKPK was desalted before all experiments
by filtration using a Superdex-200 AG column on a FPLC whereVna is the maximal velocity of each data set, [S] is
system. The ammonium sulfate precipitate was concentratecthe concentration of the variable substrateis the Hill
by centrifugation at 14 000 rpm in an Eppendorf tabletop coefficient, andKsy, is a complex steady-state kinetic
centrifuge for 5 min and the pellet was resuspended in up to equilibrium constant that is equivalent kg, in the Michae-
300 uL of the appropriate buffer before being loaded onto lis—Menten equation wheme = 1.
the filtration column. The protein concentration was deter- SDS-Polyacrylamide Gel ElectrophoresisSDS-10%
mined by absorbance at 280 nm, using an absorptivity of polyacrylamide gel electrophoresis was performed according
0.54 mL/(mgcm) (13). to the method of LaemmlilE), followed by staining with
Identification of Trypsin Fragments of rRKPK and rRMPK Coomassie Blue. The markers used for molecular mass
Using High-Performance Liquid Chromatography/Electro- determination were phosphorylabe(97 400 Da), bovine
spray Mass Spectrometnfor the tryptic digest, 10QL of serum albumin (66 200 Da); ovalbumin (45 000 Da), and
0.6 mg/mL PK in 100 mM ammonium bicarbonate was carbonic anhydrase (31 000 Da).
mixed with 100uL of 4 M urea in 100 mM ammonium Analytical Gel ChromatographyFor the analytical gel
bicarbonate. At an enzyme/substrate ratio of 1:20 (w/w), a chromatography experiments a Superdex-200 HR 10/30
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1 TCGAAGTCCC ACAGTGAAGC CGGGTCTGCC TTCATCCAGA CGCAGCAGCT GCACGCAGCC

S K S H S E A GSA F I QT QOQL HA A 20
61  ATGGCGGACA CATTCCTGGA GCACATGTGC CGGCTGGACA TCGACTCCGC GCCCATCACG

M ADT FLE HMC RLDTI DSa P I T 40
121  GCCCGCAACA CGGGCATCAT CTGTACCATC GGCCCTGCCT CCCGATCGGT GGAGACGCTG

ARNT GI I CTTI GPAS RSV ETTL 60
181  AAGGAGATGA TCAAGTCTGG GATGAACGTG GCGCGCATGA ACTTCTCCCA CGGAACTCAC

K EMI K S G M NV ARMN F SE GTH 80
241  GAGTACCATG CGGAGACCAT CAAGAACGTG CGCACAGCCA CGGAAAGCTT TGCCTCAGAC

EYHA ETI KNV RTAT ESF A S D 100
301  CCCATCCTCT ACCGGCCCGT CGCGGTGGCT CTGGACACTA AGGGACCCGA GATCCGAACG

P I LY RPVY AVA LDTZ K GPE IR T 120
361  GGGCTCATCA AGGGCAGCGG CACGGCGGAG GTGGAGCTGA AGAAGGGAGC CACGCTCAAG

G LIRK GSG TAE VETLEK EKEGA T L K 140
421  ATCACGCTGG ACAACGCCTA CATGGAGAAG TGCGACGAGA ACATCCTGTG GCTGGACTAC

I T LD NAY M ETXK CDZFEN I L W L DY 160
481  AAGAACATTT GCAAGGTGGT GGACGTGGGC AGCAAGGTCT ACGTGGACGA CGGCCTCATC

KN I C KVVY DVG S§KUVY VDD G L I 180
541  TCCCTGCAGG TGAAGCAGAA AGGTCCTGAC TTCCTGGTGA CGGAGGTGGA GAACGGTGGC

S LQV K QXK GPD FLVT EVE NG G 200
601  TTCTTGGGCA GCAAGAAGGG CGTGAACCTC CCCGGGGCTG CGGTGGACCT GCCTGCCGTG

F LGS KEKEG VNIL PGAA VDL P AV 22
661  TCCGAGAAGG ACATCCAGGA TCTGAAGTTC GGCGTGGAGC AGGACGTGGA CATGGTGTTT

S E KD I QD L KF GV E QO DV D MV F 240
721  GCCTCTTTCA TCCGCAAGGC GGCTGACGTC CATGAGGTCA GGAAGATCCT GGGAGAGAAA

A_S F I R KA A DV BEVR EKEITL GE K 260
781  GGGAAGAACA TCAAGATCAT CAGCAAAATT GAGAACCACG AGGGGGTGCG CAGGTTTGAT

G KR N I K I I S K I ENZEBE GV R R F D 280
841  GAGATCCTGG AGGCCAGCGA CGGGATCATG GTGGCTCGTG GTGATCTTGG CATTGAGATT

E I LE ASD GIM VARG DILG I E I 300
901  CCTGCAGAGA AGGTCTTCCT TGCCCAGRAG ATGATAATTG GGCGATGCAA CCGTGCTGGG

P AERK VFL AQK M ITIG RCN RAG 320
961  AAGCCTGTCA TCTGTGCCAC GCAGATGCTG GAGAGCATGA TCAAGAAGCC CCGCCCCACC

K PVI CAT QML ESMTI KKP RP T 340
1021 CGCGCCGAGG GCAGTGACGT GGCCAACGCG GTCCTGGATG GAGCCGACTG CATCATGCTG

R AEG SDV ANA A VLDG ADC I ML 360
1081 TCTGGAGAGA CGGCCAAGGG CGACTACCCG CTGGAGGCCG TCCGCATGCA GCACCTGATT

S GET AKG DYP LEAV RMOQ B L I 380
1141 GCCCGTGAGG CAGAGGCTGC CATCTACCAC TTGCAATTAT TTGAGGAGCT CCGCCGCCTG

A REA EAA I YBHB L QULTF EETL RRTL 400
1201 GCGCCCATTA CCAGCGACCC CACAGAAGCC GCCGCCGTGG GCGCCGTGGA GGCCTCCTTC

A RLlLZIT § PP T EA AAYG AVE A S E 420
1261 AAGTGCTGCA GTGGGGCCAT AATCGTGCTG ACCARGTCTG GCAGGTCTGC TCACCAAGTG

K ¢C ¢ § ¢AL I VL TESG RSA H QO V 440
1321 GCCCGGTACC GCCCGCGCGC CCCCATCATT GCCGTGACAC GGAACCACCA GACCGCCCGC

ARY®R PRA PITI AV TR NEBEO T ATR 460
1381 CAGGCCCACC TGTACCGTGG GATCTTCCCG GTGGTGTGTA AGGATCCGGT CCAGGAGGCC

Q AEBEL YRG I FP VVCEK DPV QE A 480
1441 TGGGCTGAGG ATGTCGACCT CCGGGTGAAC TTGGCCATGA ATGTCGGCAA GGCCCGCGGT

WAED VDL RVN LAMN VGEK ARG 500
1501 TTCTTCAAGA AGGGAGATGT GGTCATTGTG CTCACCGGAT GGCGCCCTGG CTCTGGCTTC

F F K K_G DV V I V L T GW RPG S G F 520
1561 ACCARCACCA TGCGCGTGGT GCCCGTGCCG TGA

T XN T M R V V P V P SIC?

Ficure 2: Nucleotide and deduced amino acid sequence of RKPK. The predicted amino acid sequence is shown by the single-letter code
under the nucleotide sequence, and numbers are indicated on the right for the amino acids and on the left for the nucleotides. Bases and
amino acids diverging from the sequence of RMPX dre doubly underlined. Peptide fragments not verified by mass spectrometry are
singly underlined.
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Table 1: Purification of RKPK fronk. coli (1L)

total protein (mg) total activity (units) recovery (%) specific activity (units/mg)
cell-free extract after centrifugation 208 683 100 3.3
after 0.3% poly(ethylenimine) precipitation 39 440 64 11.3
45-70% (NH,),SO, pellet 22 488 71 22.2
superdex200HL chromatography 10.2 362 53 53.3
SP-Sepharose chromatography 1.2 217 32 180.8
Superdex200HR chromatography 0.8 180 26 225.0

column and FPLC (Pharmacia, Uppsala, Sweden) were The nucleotide sequence of rRKPK is identical to the
employed. The column was equilibrated with TKMD at nucleotide sequence of rRMPHR)(except for short sequences
room temperature, with or without a ligand, and 100 within the 1146-1294 region. This region corresponds well
rRKPK samples were loaded onto the column. Fractions with the location of the alternative exons observed in rat
(0.5 mL) were collected and PK activity was measured using PK isozymes %), which code for amino acids 380135.
the method described above. The following proteins were  Overexpression and Purification of RKPKOnly theE.
used for column calibration: catalase (240 000 Da), aldolasecoli that contained pRK-PK showed an IPTG-inducible
(158 000 Da), and albumin (66 200 Da) (calibration proteins protein as indicated by a band observed by SP3GE.
Il for gel chromatography, Combithek, Boehringer Mann- This IPTG-inducible band has a slightly lower electrophoretic
heim GmbH). mobility than authentic RMPK isolated directly from rabbit
Circular Dichroism. CD spectra of rRKPK and rRMPK  muscle, which is characteristic for kidney PK7j.
were measured with an Aviv 62 DS circular dichroism  Purification of rRKPK fromE. coli was performed by a
spectropolarimeter. Solutions of 0.6 and 0.13 mg/mL were procedure that is identical to that for rRMPK, except that
measured in a fused quartz cuvette with a path length of 0.10.2 mM FBP and 1 mM DTT were included in the buffers.
cm. The 0.04 mg/mL samples were measured in a fusedin the absence of a reducing agent the activity of rRKPK
quartz cuvette with a path length of 1 cm. Each spectrum disappears within hours. The addition of FBP during KPK
was recorded with a 0.5 nm incrementahs interval from purification has been reported8. The purified recombi-
260 to 190 nm. For each sample three repetitive scans werenant RKPK was about 95% homogeneous according to a
obtained and averaged. densitometric analysis of the SBPolyacrylamide gel. The
Velocity SedimentationVelocity sedimentation experi-  results of a typical purification processrfa L of culture
ments were performed in a Beckman Optima XL-A analytical are summarized in Table 1.
ultracentrifuge (Palo Alto, CA) equipped with absorption Recombinant RKPK activity is not as stable as that of
optics. The experiments were carried out at 30 000 rpm atrRMPK. Therefore, it is essential to carry through the
23°C with an An-60Ti rotor, and data were collected at 230 purification method promptly. Generally, the sample should
or 280 nm in the continuous mode with a radial step size of be in buffer C within 10 h after cell disruption. The rRKPK,
0.003 cm, at 8 min intervals. Weight-average sedimentation stored in ammonium sulfate, is desalted by a filtration column
coefficients were obtained by employing the Beckman data (see Materials and Methods). This step serves two purposes.

analysis software. First, buffer exchange is fast and complete. Second, purity
of the rRKPK sample is further improved (Table 1).
RESULTS Peptide Mapping of rRKPK and rRMPKPeptide map-

Cloning and Nucleotide Sequencing of rRKPKhe rat ping employing RP-HPLC/ES-MS is an accurate and effec-
muscle and kidney-type PK isozymes are produced from the tive method to verify primary sequences. A 125 pmol aliquot
same gene by alternative RNA splicing)( Since the of a tryptic dlggst of.rRKPK or rRMPK was separated by
alternative exon is not located at the ends of the PK coding RP-HPLC, on-line with a ES-MS analyzing over the range
sequence, a set of primers was designed according to theof 250—_2000m/z. Eac_h separated fragment produces a series
coding sequence of the rabbit muscle PK. These primersOf multiple-charged ions on a mass-to-chargeZ| ratio
were used to amplify a DNA fragment by PCR, resulting in sca[g. Qn this scale, Fhe positions of the muIUpIe-chqrged
a 1.7 kilobase pair fragment that has the size and restrictionP0sitive ions from a single fragment of molecular weight
pattern expected for RKPK. M are given by

Since the cloned RKPK gene is a result of a PCR
amplification, alterations in the sequence might have been mz= (M, + nH)/n (2)
introduced. If indeed this were the case, variation in DNA
sequences from different clones would be expected. How-whereH is the mass of the proton andis a series of
ever, identical nucleotide sequence was observed from twoconsecutive integersl®). Data were acquired, processed,
clones and is summarized in Figure 2. Hence, it may be and analyzed with the MassLynx software. The software
concluded that in this case PCR amplification did not result assigned a peptide code to each tryptic fragment starting from
in any alteration in the sequence. The open reading framethe N-terminus and assuming that the tryptic digestion was
of 1593 bp runs from the ATG start codon to a TGA stop complete. Both rRKPK and rRMPK have the same number
codon, with a deduced protein sequence of 530 amino acids.of tryptic fragments. As listed in column 1, Table 2, a total
The nucleotide sequence also revealed that HoeRl of 63 fragments are expected. The corresponding residue
restriction site flanking the RMPK gene was cloned into the numbers are listed in column 2, Table 2. On the basis of
EcdRl site of pKK223-3 next to the putative ShinBalgarno the sequence similarity and difference between rRKPK and
sequence with the correct orientation. rRMPK, the peptide fragments expected in each isozyme are



2954 Biochemistry, Vol. 37, No. 9, 1998 Friesen et al.
Table 2: Identification of Tryptic Fragments of RKPK and RMPK with RP HPLC/ES MS

peptide expected theoretical charged
code residues K/M? found K/Mm? Rt (min) K/M2 mass (a\) observed mass SDF K/M2d species KIM
T21 186-187 +/+ —/— o 274.32 —/— —/—
T50 433-435 +/—- +/—- 24.72F 318.33 318.4% 0.00~ 1/—
T32 263-265 +/+ —I+ —18.27 373.45 —/373.76+ 0.00 =1
T9 89-91 +/+ +/+ 19.18/19.07 387.44 387.620.00/388.33+ 0.00 11
T40 316-318 +/+ +/- 39.26+ 391.45 390.8H 0.00~ 1/—
T33 266-269 +/+ +/+ 22.42/22.63 459.59 459.580.00/460.05+ 0.00 11
T18 162-165 +/+ +/+ 25.33/25.69 476.60 476.46 0.00/476.96+ 0.00 11
T15 136-140 +/+ +/+ 21.68/21.95 488.58 488.680.00/488.89+ 0.00 11
T60 500-503 +/+ +/+ 40.38/40.26 497.59 497.72 0.00/498.05+ 0.00 11
T63 526-530 +/+ +/+ 35.81/36.01 509.65 509.7D0.00/510.03+ 0.00 11
T6 62-65 +/+ +/+ 27.06/27.48 519.66 520.14 0.44/520.69+ 0.56 1,2/1,2
T12 120-124 +/+ +/+ 32.35/32.69 530.67 530.800.10/531.12+ 0.12 1,2/1,2
T30 256-260 +/+ +/+ 31.23/31.50 558.68 558.24 0.80/559.14+ 0.29 1,2/1,2
T11 115-119 +/+ +/+ 26.35/26.71 570.65 570.86 0.08/570.53+ 0.41 1,2/1,2
T39 311315 +/+ +/+ 34.89/35.15 588.77 588.92 0.44/589.8 1 0.0* 1,2/1
T52 443-446 +/+ +/+ 22.62/22.97 590.68 591.080.62/591.2°A 0.59 1,2/1,2
T5 56-61 +/+ +/+ 29.0/29.29 675.78 675.84 0.26/676.72t 0.77 1,2/1,2
T19 166-172 +/+ ++ 25.84/26.20 702.81 702.7460.20/703.9Gt 0.86 1,2/1,2
T38 305-310 +/+ +/+ 35.70/35.49 704.87 705.74 0.00%/705.04+ 0.00 11
T54 455-460 +/+ +/+ 41.80/41.44 725.76 724.440.28/724.95+ 0.00 1,2/1
T25 224-229 +/+ +/+ 32.25/32.52 730.82 730.380.31/730.82+ 0.00 1,2/1
T7 66—72 +/+ +/+ 27.77/27.82 733.85 733.42 0.10/734.06+ 0.30 1,2/1,2
T42 336-341 +/+ +/+ 20.14/20.54 753.90 754.47 0.76/754.7H 0.80 1,2,3/1,2
T51 436-442 +/+ +/+ 20.85/21.20 767.84 767.380.27/768+ 1.06* 1,2,3/1,2
T55 461-466 +/+ +/+ 30.31/30.48 786.89 788.120.50/787.86+ 0.00* 1,2,3/1
T53 447454 +/+ ++ 39.67/38.39 840.03 840.180.47/840.5G+ 0.56 1,2/1,2,3
T56 467474 +/+ +/—- 49.94+ 862.10 862.25- 0.68+ 1,2/
T45 376-382 +/+ +/- 34.99+ 868.07 867.81 0.51+ 1,2,3+
T48 393-399 —I+ -+ —/43.91 877.01 —/876.66+ 0.00 -1
T28 247254 +/+ +/+ 26.35/26.84 895.97 896.22 0.56/896.42+ 2.10* 1,2/1,2
T58 489-497 +/+ +/+ 39.16/38.81 945.15 945.0 0.56/945.04- 0.46 1,2/1,2
T34 2706-277 +/+ +/+ 25.33/25.69 953.02 952.600.32/953.2G+ 0.72 1,2/1,2
T13 125-134 +/+ +/+ 32.96/33.11 990.08 990.16 0.44/990.15+ 0.55 1,2/1,2
T44 367375 +/+ +/+ 35.81/41.10 1019.12 1019.@90.32/1019.19+ 0.64* 1,2/1,2
T46 383-391 —I+ —/+ —132.69 1061.19 —/1062.00+ 0.00 -2
T49 422-432 +/— +/—- 46.88+ 1107.40 1108.2% 1.69*/— 1,21
T37 294-304 +/+ +/+ 26.35/26.71 1141.29 1141.560.00/1141.89+ 0.00 2/2
T3 32-42 +/+ +/+ 41.60/41.02 1171.32 1171.280.52/1171.3% 0.94 1,2,3,4/1,2
T16 141150 +/+ +/+ 41.91/41.27 1197.38 1196.860.35/1197.57 0.00 1,2/2
T4 43-55 +/+ +/—- 4424} 1302.52 1302.02 0.23~ 1.2/
T17 151161 +/+ -+ —/43.48 1411.60 —/1411.06+ 0.16 —/1,2
T50 422-435 —I+ —I+ —/55.36 1416.71 —/1415.13+ 0.00 -2
T20 173-185 +/+ +/+ 52.18/50.62 1448.68 1448.560.07/1448.47 0.33 1,2/1,2
T24 207223 +/+ +/+ 48.21/46.89 1636.87 1636.600.07/1636.3H 0.24 1,2/1,2
T57 475-488 +/+ +/—- 39.06+ 1642.74 1641.96- 0.69+ 2,34
T36 279-293 +/+ +/—- 52.58f 1665.89 1665.72 0.60~ 1,2,3+
T41 319-335 +/+ +/— 62.71+ 1820.27 1819.2% 0.34+ 2,3
T26 230-245 +/+ —I+ —/51.48 1860.12 —/1860.70+ 0.21 —/2,3
T22 188-205 +/+ +/+ 59.35/56.81 1866.06 1866.600.59/1865.97 0.00 2,32
T8 73-88 +/+ +/+ 37.12/37.11 1902.08 1900.560.00%/1901.08+ 0.00* 4/4
T46 383-398 +/— +/—- 4577+ 1932.16 1932.26 0.00*/— 2/—
T48 400-421 +/— +/— 56.04+ 2145.40 2145.1% 0.44f 2,3~
T62 505-525 +/+ —I— —/-= 2263.61 —/- —/—
T49 400-421 —/+ —/+ —/43.14 2303.58 —/2301.82+ 0.07 —/2,3
T43 342-366 +/+ +/—= 60.98~ 2437.69 2437.3% 0.32+ 2,3~
T10 92-114 +/+ +/+ 50.54/48.84 2465.79 2464.560.00%/2463.84+ 0.00* 3/3
T2 3-31 +/+ +/—- 56.04/ 3218.60 3217.1% 0.00 3+

aK and M represent rRKPK and rRMPK fragments, respectivélyand — represent found or expected and not found or expected, respectively.
b Average mass based on nucleotide sequence of rRKPK (Figure 2) and/or rR}|P&spectively ¢ Observed masses as determined by automated
matching, of expected mass spectral fragment ions with observed ions, by the MassLynx software with parameters set to default values. Standard
deviation was calculated only for peptides with more than one observed spe8jgectral fragment ions not matched by the MassLynx software
but matched by manual evolution on the basis of peak abundance, retention time, and/or the presence of multiply-charged species are indicated by

an asterisk.

listed in column 3. Fragments T46, T48, T49, and T50 are The undetected fragments are those wnitta ratios of less
expected to be different while the rest of them are expectedthan 250, the lower limit of range set for this ES-MS analysis.
to be observed in samples from both isozymes. The softwareThe software matched the expected ion masses, including
converted the deduced amino acid sequences into expectethe multiple-charged species, to the observed masses as listed
ion masses as listed in column 6. Column 4 lists the 54 in column 7. Matching was performed by employing default
fragments that were experimentally observed in each samplesettings for the targeting parameters. This resulted in the
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verification of 78% and 56%, within the mass range 0.20 :
analyzed, of the amino acid sequence of rRKPK and rRMPK,
respectively. Multiple-charged ions in combination with RP- 015 i
HPLC unresolved tryptic fragments, incomplete proteolysis, ’
cation adduction and sample heterogeneity can result in =
complex electrospray spectra, which hampers the verification é 0.10
of some peptides. It is common to observe a peak corre- >
sponding to an expected tryptic peptide that appears to yield 0.05
only a doubly charged ion because the triply charged species
is weak or falls on or near a low mass background peak
(20). These phenomena could explain the detection of a 0.00
smaller than expected number of charged species (column 10
8, Table 2). 0-20 5
Fragments not automatically detected by MassLynx were
often identifiable by manual evaluation of the chromato- 0.15 L < .
grams. Using thenVz search feature of the BiolLynx
component of the MassLynx software, th#z values for £ L >
the predicted fragments were entered by hand to generate & 010
single-ion chromatograms. The presence of co-eluting, > .
multiply charged peaks, predicted for a given fragment, as 0.05 k
well as relative peak area within a series being similar to
those obtained for the same proteolytic fragment identified
in the other digest, were used as the criteria for manual 0.00 o ; ; é ; 1'0 "

assignment of peaks. For example, fragment T51 was
identified in TRKPK by the MassLynx software but not in Ficure 3: Kinetic characterization of rRKPK: PK activity as a
t.he rRMPK sample. However, peaks of S_Im”ar retention function of PEP concentration in the absenagnd presengm()
time on the HPLC column were observed in both rRMPK ot 1 mMm Phe, in the presence of 2 mM Pi@(and in the presence
and rRKPK, as shown in column 5. In the mass spectrometerof 2 mM Phe and 1&M FBP (O). The lines through the data sets
results, the abundance of the singly and doubly charged peaksre the result of nonlinear fitting to eq 1. The kinetic parameters
was similar to the ones observed for the same charged specie&sulting from the fittings are shown in Table 3.

in rRKPK. Thus, the combination of retention time, — ,
abundances and the number of charged species aided in th&able 3: Kinetic Parameters of RKPK as a Function of Effectors
. e . . and PEP as the Variable Substrate

identification of this fragment in rRMPK. In summary,

IPEP1 (mM)

within the mass range analyzed, inclusion of the manually Keat Kapp (MM) n
verified fragments results in a verification of 90 and 68% of RKPK 200£2 0.156+0.005 2.1+ 0.2
the amino acid sequences from rRKPK and rRMPK, RKPK+1mMPhe 1954 1.67+0.006  2.2+02

. - : RKPK £ 2 mM Phe 19209  3.03+0.2 2.3+ 0.2
respectively. The primary sequence differences between pupk+ 5 mM Phe+  191+3 0078+ 0005 1.5t01

rRKPK and rRMPK were verified by this method since the 10uM FBP
expected peptides T46, T48, T49, and T50 for both isozymes

were verified. average sedimentation coefficients of rRKPK were deter-
Based on the deduced amino acids, the average moleculamined within the protein concentration range of 0.62585
weight of rRKPK is 57 774. ES MS analysis of undigested mg/mL at pH 7.5 and 23C in TKMD buffer. The weight-
rRKPK resulted in a molecular weight of 57 78227, which  average sedimentation coefficient is a function of the protein
confirms the deduced amino acid sequence of rRKPK.  concentration as depicted in Figure 4. At higher protein
Kinetic Characterization of rRKPK Steady-state kinetics  concentration the weight-average sedimentation coefficient
of rRKPK as a function of effectors, with PEP as a variable converges to a value similar to that obtained for the tetrameric
substrate, are shown in Figure 3. Parameters derived froerMPK (9) Extrap0|ation of a doub|e_reciproca| p|ot of the
these steady-state kinetics are summarized in Table 3. Inaverage sedimentation coefficient vs concentration to infinite
the absence of Phe, a plot of the velocity versus substrateconcentration yielded a value of 10.50 S for the largest
concentration was sigmoidal, which indicates a cooperativity aggregating species. It is more difficult to define the smallest
between the PEP binding sites. In the presence of theaggregating species since the absorption optics of the
inhibitor Phe, the curve for velocity vs substrate is shifted analytical ultracentrifuge places a limit of approximately 25
to the right with a concomitant increaselp, This shift  ,g/mL. Therefore, the highest associating unit is determined
is more pronounced with increasing Phe concentration, asto be a tetramer, but the smallest associating unit can either
shown in Figure 3B. The effects of Phe could be reversed be a monomer or a dimer. For an associating System’ the
by the addition of 1:M FBP, resulting in a Hill coefficient  \eight-average sedimentation coefficient is a function of
andKappvalue smaller than those in the absence of effectors. protein concentration as indicated by
TheKappfor ADP, while the concentration of PEP was fixed
at 10 mM, was 0.22t 0.015 mM. These kinetic behaviors S= ZS°(1 —g0) KiCli/XKiCli (3)
are similar to those reported for kidney PX 1.
Sedimentation Velocity.The quaternary structure of whereSe is the sedimentation coefficient of tlikh species
rRKPK was monitored by sedimentation velocity. Weight- extrapolated to infinite dilutiong; is the respective hydro-
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Table 4: Least-Squares Fitting of Weight-Average Sedimentation Velocity Data to Different Modes of Association

model mode of association nd Soow Ky (ML/mg)y—1 SSR
I 4M-T 4 4.16, 10.50 99.8%- 6.92 1.10
1] 2D-T 2 6.61, 10.50 27.6% 2.96 2.32
i 4M-2D-T 2,4 4.16, 6.61, 10.50 4.54 4.48, 4806+ 88.22 1.35

a Stoichiometry.? The sum of the squares of residuals.

" reactions § = 3) the reaction boundary should resolve into
two peaks. The appearance of bimodality in the higher-order
polymerization reaction is a function of the association
constants and the total macromolecular concentration in the
plateau region.

Comparing a simulated sedimentation pattern with an
experimental sedimentation pattern can be diagnostic for
! supporting a model describing a self-association equilibrium,
5 particularly when the presence of bimodality is not so
obvious 82). Sedimentation velocity profiles were simulated
on the basis of a method developed by C83) @nd adopted

x10"

S2D,w

(=]
T

0 0.5 1 1.5 2
3 05 " . in this laboratory 25, 3. The simulated profiles describe
2 .8[2 EH . < . : . ] a derivative of a sedimentation boundary at a fixed sedi-
* 0 0.5 1 15 > mentation time and solute concentration, employing the fitted

association constant and values$§,, for the respective

. . . o models in Table 4.
FiGure 4: Weight-average sedimentation coefficiengo(,) of

rRKPK as a function of total protein concentration in TKMD buffer Model I fits the o, vs C (_iata n Flgl.”e 4toa monomer-
at 23°C. The lines are |east_squares f|tt|ng to the expenmental tertramer mode Of association. The SImU|ated Sedlmentathn

data according to the models described in Table 4: model)) (  profiles for two different protein loading concentrations are
model Il (---), and model Il (-). Residuals are plotted as the shown in Figure 5A. Since the stoichiometry of polymer
observed values minus the calculated values according to model ltgrmation is 4 6 = 4), bimodality shown in the simulated
(©), model Il ), and model 11l ). data in Figure 5A is consistent with the Gilbert theory.
Model Il fits the S Vs C data in Figure 4 to a dimer
tetramer mode of association for two different protein loading
Adair association constant between monomer andragyic concentrations (Figure 5B). The simulated sedimentation
species present in solutiorK; is equal to unity, by definition.  patterns exhibit single sedimenting peaks as predicted by the

The sedimentation data were analyzed using a nonlinearGilbert theory for a macromolecular dimerizatiom £ 2).
least-squares curve-fitting procedure previously adopted in Simulation based on model 1ll resulted in sedimentation
this laboratory 22—25). The fitting procedure requires an  patterns similar to those from model | (not shown).

input on the values fo§°, which is related by Derivatives of experimental sedimentation patterns, at the
protein loading concentrations and sedimentation times used
So — SlO(i)2/3

in the simulations, are plotted in Figure 5C. It is evident

that the experimental data resemble Figure 5B the best.
where S° is the sedimentation coefficient of the smallest Therefore, it can be concluded that the mode of association
unit undergoing self-assembly. The calculated values areis most likely dimer to tetramer with an equilibrium constant
S =416 S,S, = 6.61 S, andS, = 10.5 S, assuming  of 28 £ 3 mL/mg.
spherical symmetry for all specie?g, 27). Every reasonable Analytical Gel ChromatographyAnalytical gel chroma-
model was tested. These models include a variety of two- tography was used to monitor changes in molecular size of
state models and sequential polymerization. The results ofthe multiple forms of rRKPK, under different conditions.
the least-squares fittings are summarized in Table 4. AsThe elution profile of rRKPK is dependent on protein
shown in Figure 4, the experimental data fit equally well to concentration in contrast to rRMPK, as shown in Figure 6A.
the different models. Hence, the mode of association could The shape of the elution profile reflects the presence of the
not be defined using this approach alone. Each data pointmacromolecular species in equilibrium. Under these condi-
in Figure 4 corresponds to the weight-average sedimentationtions rRMPK is a stable tetramer; therefore, the shape of
coefficient of a reacting system in rapid dynamic equilibrium, the elution profile represents the elution of a single macro-
which is accurately described by the velocity of the square molecular species. At a concentration of 6.45 mg/mL
root of the second moment of the sedimenting bound28y (  rRKPK, the elution profile is identical to that of rRMPK
Extracting only the weight-average sedimentation coefficient with respect to the shape and the elution volume. This
of the primary data can result in the loss of valuable indicates that the highest associating unit is a tetramer, a
information. The shape of the sedimenting boundary can conclusion consistent with that of the sedimentation data.
be very diagnostic for detecting the mode of association The elution profile of a 165-fold diluted sample is much
according to the Gilbert theor9—31). The Gilbert theory broader in shape and it has a significantly higher elution
predicts a single sedimenting peak for macromolecular volume, as shown in Figure 6A. At an even lower rRKPK
dimerization i = 2), and for higher order polymerization concentration of 4«g/mL, the width of the elution profile is

Concentration (mg/mL)

dynamic nonideality coefficientC = X K;C{, andkK; is the
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Ficure 5: Simulated sedimentation velocity patterns of rRKPK at Elutionvolume (ml)

0.17 mg/mL (---, sedimentation time of 9359 s) and 0.34 mg/mL FiGURE 6: Effects of ligands on the elution profile of rRKPK. (A)
(—, sedimentation time of 9203 s). A sharp initial boundary was rRKPK at 6.45 mg/mL @), 38.7ug/mL (¥), and 3.9ug/mL (v);
set at 6.1 cm. The ordinate is the concentration gradient in rRMPK at 11.7ug/mL (O). (B) rRKPK (18.7 ug/mL) in the
milligrams per milliliter per centimeter, and the abscissa is the radial presence of 2 mM Phev) or 1 mM FBP @®); rRMPK in the
position in centimeters from the center of rotation. Simulation to absence of effectors (---). (C) rRKPK (3&/mL) in the absence
model | of Table 4 is shown in panel A and to model Il of Table of effectors §) or in the presence of 8 mM PER’) or in the

4 is shown in panel B. Panel C represents the experimental presence of 2 mM ADP®). The lines through the data are drawn
derivatives of sedimentation patterns at 0.¥J &nd 0.34 mg/mL to indicate the trend of the data.

(v) rRKPK, after sedimentation times of 9359 and 9203 s,

respectively. T T T T T T
40

narrower and similar to that of rRMPK, implying that at this
protein concentration this elution profile represents the
presence of a unigque species instead of a mixture of
interacting species. According to the column calibration the
smallest associating form is a dimer. These results indicate
that rRKPK undergoes self-association and that the mode
of association is dimer to tetramer.

The effects of Phe and FBP, allosteric inhibitor and
activator, respectively, on the self-association of rRKPK are 60
shown in Figure 6B. Phe shifts the equilibrium toward the . : N N . \

20

-20

-40

Observed elipticity (millidegrees)

dimer and FBP has the opposite effect. In the presence of 190 200 210 220 230 240 250 260
PEP the equilibrium is shifted to the tetramer. Interestingly, wavelength (nm)

the presence of the other substrate, ADP, has the oppositg;gure 7: CD spectra in the far-UV region of rRKPK and rRMPK

effect and shifts the equilibrium toward the dimer, as shown as a function of protein concentration: Recombinant RKPK at 0.04

in Figure 6C. mg/mL (v), 0.13 mg/mL @), and 0.6 mg/mL @) and recombinant
Circular Dichroism. The secondary structure of rRKPK ~RMPKat 0.04 mg/mL ¥), 0.13 mg/mL (), and 0.6 mg/mL ©).

as a function of protein concentrations was monitored by

CD and the results are shown in Figure 7. From the experiments it is apparent that rRKPK undergoes self-

analytical gel chromatography and sedimentation velocity association whereas rRMPK is a stable tetramer. At a protein
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concentration of 0.6 mg/mL both isozymes are tetrameric the difference in sequence remains obscure. It could be the
and the CD data indicate no difference in secondary structure.result of a difference in genetic pool.
As the protein concentration is decreased to 0.13 and 0.04 The primary structures of the two isozymes differ in 22
mg/mL, the distribution toward dimeric species of rRKPK positions localized in a helixloop—helix motif of the C
is increasingly favored by the chemical equilibrium, whereas domain that constitutes a major intersubunit contact. This
rRMPK remains a tetramer. The CD spectra of rRKPK at small local sequence difference is responsible for the
the lower protein concentrations are indistinguishable from distinctly different kinetic properties of these two isozymes
that of rRMPK, indicating that there is no detectable change of PK. To analyze the importance of these 22 residues on
in the secondary structure of rRKPK upon dissociating to a the allosteric mechanism, the amino acids at the correspond-
dimer and the structure is not different from that of rRMPK ing 22 positions of the other allosteric PK isozymes were
at the same concentrations. compared with that in the nonallosteric muscle PK isozyme
(35). Eighteen of the total 19 sequence differences between
DISCUSSION the allosteric rat erythrocyte and liver PK isozymes and the
The pair of kidney and muscle PK isozymes provides an nonallosteric rabbit muscle PK are at the same positions as
excellent opportunity to elucidate the molecular mechanism the sequence differences between rabbit muscle and kidney
in conferring allostery in an enzyme because of the differ- PKisozymes. These observations suggest that the sequence
ences in kinetic and structural properties associated with thesedifferences at the intersubunit contact regions play important
isozymes. The muscle isozyme exhibits nonallosteric kinetic roles in mediating the allosteric properties and that the
behavior while the kidney isozyme demonstrates a full structural elements involved are similar for all isozymes.
spectrum of allosteric properties under the same experimental The demonstration of the propensity of rRKPK to undergo
conditions. The successful cloning and overexpression of reversible subunit assembly and disassembly is an important
both isozymes places this enzyme system in a favorableobservation. One can take advantage of the thermodynamic
position for identifying the roles of the 22 amino acid linkage between ligand binding and subunit assembly to
differences in altering the regulatory behavior of PK. The probe the pathways of intersubunit communication. Sedi-
propensity of kidney PK to undergo subunit assembly and mentation velocity does not provide enough data to establish
disassembly enables one to monitor the interfacial com- unequivocally the mode of association. Since the assembly
munications induced by the binding of effectors and sub- to tetramer is highly favored, the UV absorption optics of
strates. It is now feasible to address questions: Do all the analytical ultracentrifuge do not enable one to obtain data
effectors and substrates communicate through this particularat sufficiently low protein concentration to establish the
subunit interface? What is the thermodynamic signature identity of the smallest assembly PK species. Nevertheless,
associated with binding of each specific ligand? analytical gel chromatography provides the needed informa-
Since a difference in only 22 amino acids can apparently tion to establish that at protein concentrations approaching
exert a significant change in the allosteric behavior and the that in enzyme assay solutions rRKPK exists as a dimer with
ultimate goal of this work is to elucidate the roles played by no indication of further dissociation into monomers under
these amino acids in conferring allostery, it is imperative these experimental conditions. Thus, the chromatographic
that the primary sequences of rRKPK and rRMPK be results in addition to the comparison of simulated and
determined and verified by multiple approaches. In addition experimental sedimentation patterns establishes the mode of
to DNA sequencing, the primary sequences of these isozymedPK association as dimes= tetramer with an equilibrium
were verified by peptide mapping in combination with mass constant of 28 3 mL/mg. In all the quantitative analysis
spectrometry. This method resulted in the verification of of data, it was assumed that the system was in rapid
90% and 68% of the rRKPK and rRMPK sequences, reversible equilibrium. The validity of this assumption is
respectively. All peptide fragments of the intersubunit supported by the observation that the valueSatt a fixed
region, containing sequence differences between rRKPK andconcentration of protein is not a function of angular velocity.
rRMPK, were verified. As a result of the high sequence The CD data indicate that no detectable change in secondary
homology between rRKPK and rRMPK the tryptic digests structure is associated with a change in quaternary structure.
share many identical peptide fragments. Since these two Having defined the mode of association, it is important to
isozymes are the product of the same gene by alternativetake advantage of this physical property to probe the pathway
RNA splicing, common fragments verified in one isozyme of intersubunit communication. The assembly to tetrameric
can be used as a verification of that fragment in the other rRKPK is favored by the binding of PEP, one of the two
isozyme. On the basis of this assumption, 96% of the substrates, or FBP, an activator. In contrast, binding of ADP,
sequences from rRKPK and rRMPK are verified, because the other substrate, shifts the equilibrium toward dimeric
only peptide fragments T21 and T62 were not found in either rRKPK. A similar situation is observed for Phe, the
sample of digestion. Verification of peptide fragments T26 inhibitor. These semiquantitative observations provide sig-
and T48 by mass spectrometry has additional significance.nificant new insights into the molecular mechanism of
It confirms the sequence reported by Cheng et®].which allosteric regulation in the PK system. First, all substrates
was different from that reporte®4). On the basis of the  and effectors communicate through this particular dimer
reported differences in sequences, the expected differenceslimer interface. Second, the thermodynamic signatures of
in mass for those fragments are 13 and 16. The high these communications are qualitatively different even for the
accuracy of ES-MS analysis is expected to distinguish thosetwo substrates, with ADP weakening and PEP strengthening
differences in mass in these fragments. The ES-MS analysisthe interaction along this dimer interface. Activator, FBP,
of undigested rRKPK provides additional conformation of and allosteric inhibitor, Phe, exhibit the same pattern of
the deduced primary sequence of rRKPK. The source of opposing effects on the energetics of dimerization.
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Although, as a result of a series of indepth studies, it was formation of the tetrameric form of rRKPK. These results
shown that the allosteric mechanism of RMPK can be best indicate that the tetrameric form of rRKPK is more stable
described by a MWC model, in which the R- and T-states and the stabilizing effects of DTT, high protein concentration,
have differential affinity for different ligands, no information and FBP are the consequences of shifting the dirtetramer
is available to indicate the specific intersubunit interfaces equilibrium in favor of the tetramer, which is the quaternary
through which the ligands elicit their effect3q, 37. This structure of the stable rRMPK.
study shows that these ligands, be they substrate or allosteric Results of this study establish rRKPK as an ideal system
effector, communicate through, at least, this subunit interface.to define the linkages among subunit assembly, ligand
Furthermore, although these ligands have different binding binding, conformational change, and catalytic efficiency.
sites probably located in different parts of the subunit, these Consequently, this laboratory is defining these linkages in a
sites are all linked to this interface. It is not surprising that similar fashion as in the human hemoglobin syst&&) (o
the thermodynamic signature for FBP is different from that probe the ground rules of allosteric regulation in PK.
of Phe because they have opposite functions and effects on
the kinetic properties of PK. It is to be expected that their ACKNOWLEDGMENT
messages are different as reflected by the opposite effects
on the energetics of dimedimer interaction. However, it
is most surprising to observe that the thermodynamic
signatures of the two substrates are not only quantitatively
but qualitatively different. Yet, if one considers the steady-
state'kinetic b_ehavior of thgse two substrates, results of theseseFERENCES
physical studies may provide a means to probe the mecha-
nism that leads to the steady-state kinetic behavior. Both 1. g/:glnoldi f38 Vﬁ/rénan, J., and Changeux, J. D. (1965)ol.
RMPK? and RKPK exhibit substrate antagonism phenom- ' (i .
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