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ABSTRACT. Crystallographic studies @&scherichia coli Sadenosylmethionine synthetase (Al-ethionine
Sadenosyltransferase, MAT) have defined a flexible polypeptide loop that can gate access to the active
site without contacting the substrates. The influence of the length and sequence of this active site loop on
catalytic efficiency has been characterized in a mutant in whiclEtle®li MAT sequence (DRADPLEQ)

has been replaced with the distinct sequence of the corresponding region of the otherwise highly homologous
rat liver enzyme (HDLRNEEDV). Four additional mutants in which the entire DRADPLEQ sequence
was replaced by five, six, seven, or eight glycines have been studied to unveil the effects of loop length
and the influence of side chains. In all of the mutants, the maximal r&8edénosylmethionine formation

(keap is diminished by more than 200-fold whereas the rate of hydrolysis of the tripolyphosphate intermediate
is decreased by less than 3-fold. Thus, the function of the loop is localized to the first step in the overall
reaction. TheK, for methionine increases in all of the oligoglycine mutants, wherea&thealues for

ATP are not substantially different. Thegyfor the wild-type enzyme is decreased by increases in solution
microviscosity with 55% of the maximal dependence. Thus, a diffusional event is coupled to the chemical
step of AdoMet formation, which is known to be rate-limiting. The results indicate that a conformational
change, possibly loop closure, is associated with AdoMet synthesis. The data integrate a previously
discovered conformational change associated with BiR&ing to the EAdoMet complex into the reaction
sequence, reflecting a difference in protein conformation in thd&Met-PPR complex whether it is
formed from the EATP-methionine complex or from binding of exogenous PPMe temperature
dependence of thk.,: for S;adenosylmethionine formation shows that the removal of the side chains in
the glycine mutants causes the activation enthalpy of the reaction to approximately double in each case,
while the activation entropy changes from negative in the wild-type enzyme to positive in the mutants.
The favorable activation entropy in the mutant-catalyzed reactions may reflect release of water during
catalysis, while the negative activation entropy in the reaction catalyzed by the wild-type enzyme apparently
reflects reorganization of the loop. The observations point to how nature can fine-tune the activity of an
enzyme by modifying substrate and product access to the active site rather than by altering the enzyme
substrate contacts or the catalytic machinery itself.

The movement of protein segments in enzymatic catalysisbe independent of protein ligation state while in other
is a widespread phenomenon, often related to sequestrationinstances the rates are modulated by the binding of ligands
of reactive intermediates from escape into solution and the (10, 11, 16, 18, 21, 2429). The rates of these rearrange-
recruitment of groups from differing segments of a polypep- ments vary widely and have been reported on as short as
tide chain into a functional catalytic arrangemeht-29). the nanosecond time scal (L1, 14, 21, 2b The sequence
Movements may be either of large polypeptide segments, requirements for proper function of these segments, in either
such as in domain reorientation, or less grandiose as in activethe “hinges” or the central region, are as yet not well-defined,
site lids @). Rearrangements of loops that constitute active although mutagenesis studies have begun to provide insight
site lids may be rigid body reorientations around flexible into hinge constitution in some cases @f6, 7, 11, 20, 22,
hinges or local changes in the conformation of the polypep- 23, 29.
tide chain 9). In some cases, the rate of motion appears to  Crystallographic studies d&-adenosylmethionine (Ado-
Met)! synthetase (ATR:methionineS-adenosyltransferase,
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structures and is in a position to gate access to the active A
site 30—32). The functional consequences of the constitution

of this loop are the subject of the present investigations. The
AdoMet synthetic reaction is composed of two sequential
steps, AdoMet formation and the subsequent hydrolysis of
tripolyphosphate (PRJ which occurs prior to release of
AdoMet from the enzyme, as depicted belo3B{( 39.

L-methioninet+ ATP + H,0 —
[AdoMet + PPR] + H,O0 — AdoMet+ PR + P,

Our studies of the structural and mechanistic properties
of MAT are in the context of thé&scherichia colienzyme
(herein designated ECMAT), which is a tetramer of identical
383 residue subunits with 1 active equivalent site per subunit
(35). The crystal structure of ECMAT has been determined
as the ligand-free enzyme, and in the presence of the bound
products PPand R, as well as with ADP and;Rwhich arose
from enzymatic ATP hydrolysis in the crystalsjo-32).

The more recently described structure of the highly homolo-
gous rat liver isozyme (RI-MAT; 60% sequence identity to
theE. colienzyme) showed a similar protein topology, with
RMS deviation amongx-carbons of ca. 1.2 A, which was
considered insignificantly different than the difference
between the two crystallographically independent subunits
in the E. coli apoenzyme structure3§). However, the
position of the methionine analogue inhibitoR-aminocis-
3,4-butenoic acid (cis-AMB) present in the RI-MAT structure
was displaced significantly from the nucleotide binding site
of ECMAT. There is ca. 11 A between the C6f the Ficure 1: lllustrations of the flexible loop over the MAT active
nucleotide at which the AdoMet-forming reaction occurs and site. The protein surface is shown along with ADR, &d the

the position in cis-AMB where the sulfur of the methionine methionine analogue cis-AMB. One active site, located between
would be located. Tis observaton suggest that conforma: (8 34Ul 88 U1 = Ut e S0 e S 5 e
_tlonal rearre_lngements must accompany Catalys_ls’ which Sin part A, the protein su?face is transparent with the loop in blue,
in accord with pre-steady-state kinetic results with ECMAT  revealing the buried ligands and thec@ace of the two subunits
(37). A structure of MAT with all of the substrate (product) of the enzyme. In part B, the protein surface is shown as solid, and
binding sites occupied that would address this question hasonly oxygens of Pare visible. The figure was constructed by
not been reported. superposition of the protein main chain of PDB files 1fug (subunit

. . : . : A), Imxb, and 1gm4. The coordinates of the protein main chain in
The active sites Of,bOth tHE coli gnd '_'at liver MAT reSIde' the ligand-free enzyme (PDB file 1fug, subunits A and B) and the
between two subunits, with contributions from side chains |igand positions for ADP and;Rfrom PDB file 1mxb), and the
of residues from both subunits, resulting in a dimer as the methionine analogue cis-AMB (from PDB file 1gm4) were retained.
minimal catalytic entity. The side chains that contribute to

the ligand binding sites are conserved between the two Furthermore, kinetic analyses revealed two conformational

proteins. In the structures of complexes with te coli changes which occurred when all of the ligand binding sites
enzyme, the phosphate groups have the same positions iwere occupied37). Movements of a loop to gate access to
the (PR plus R) complex and the (ADP plusjPcomplex, the active site may relate to the competing need for substrate

and are located at the bottom of a deep cavity with the and product access and the sequestration therein of the PPP
adenosyl group nearer the entran8® (The only main chain  reaction intermediate.

conformational differences between the ligand-free and This active site loop contains the least conserved internal
complexed enzyme structures are in a surface loop consistingegion of sequence among otherwise highly homologous
of residues 100115 (EcCMAT numbering), of which residues MATs from eucarya and bacteria. In these MATS, the
102—-107 are disordered in all of the structures with bound variable part of the loop sequence ranges in length from 6
ligands. However, the structure of the ligand-free enzyme to 19 residues (iBacillus subtilisandThermotoga maritima
revealed the surface loop in two conformations, both of respectively), with lengths of-711 residues being the most
which blocked the active site entrance (Figure30)( This common in the sequence databases. The boundaries of the
further indicates that conformational alterations must occur loop are clear, being well-defined and consistently positioned
during the catalytic cycle to allow access and departure of in the crystal structures, and highly conserved in sequence.
ligands. A corresponding segment of RI-MAT (rat liver The variability of the MAT loop sequence contrasts with
sequence numbers 11828) was disordered in the crystal the highly conserved sequences of active site loops in many
structure 86). The presence of a dynamic loop gating active enzymes, and makes elucidation of the functional roles
substrate accessibility to the active site might contribute to particularly challenging. The present study has investigated
the slow substrate binding rates of 51M~! st (37). the contributions of diffusional steps to the catalytic rates
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and the influence of the length and sequence of this active Secondary structures were assessed from circular dichro-
site loop on enzyme function. The results confirm that the ism (CD) spectra recorded on an Aviv model 62A spec-
constitution of this loop dramatically and selectively influ- tropolarimeter. Samples (/M protein in 25 mM TrisHCI,
ences the efficiency of the enzyme in catalyzing AdoMet 25 mM KCI, pH 8.0) were placed in 1 mm path length cells;

formation. spectra were recorded from 200 to 260 nm and were
corrected for buffer contributions
EXPERIMENTAL PROCEDURES Enzyme Actiity AssaysMAT activity was determined by

Reagents were purchased from Siama unless noted the ["*C]JAdoMet cation-exchange filter binding methotl).
9 P 9 : ‘Assays were performed in the presence of various concen-
AdoMet was obtained from Research Biochemicals Inter-

national. L-[methyt*“C]Methionine was purchased from trations of ATP and.-[methy**Clmethionine in 50 mM
. - + .
DuPont-NEN. Ecoscint scintillation fluid was from National Hepes(CHs).N™ at pH 8.0 with 50 mM KCl, and 50 mM

; . . : MgCl,. The tripolyphosphatase activity was determined by
Diagnostics. TheE. coli strains used were XL1-Blue and o :
ngls(DEa). RSR15(DE3) is metK derivative of strain  Juantifying orthophosphate productiod2). Assays con-

: i [
BL21(DE3); extracts of this strain have no detectable MAT tained 50 mM Hepe$CHs),N* at pH 7.8 with 10 mM KCl
activity (38) and 10 mM MgC}.

. _ . ) . Substrate saturation data were evaluated using standard
Oligonucleotides used in mutagenesis were prepared inyineiic equations as implemented in the kinetics module of

the Fannie Ripple Biotechnology Facility at the Fox Chase Sigmaplot 2000 (SPSS Software) or the program Enzfitter
Cancer Center. The altered DNA sequence of the rat liver (gisevier Biosoft). For the overall reaction, data were fit to
loop mutant (RLL-ECMAT) was verified as CACCT- o equation:

TGATCGCAATGAGGAGGATGTG in place of the wild-
type sequence GACCGTGCCGATCCGCTGGAACAG. This v = V. JATP][methionin€)/ o1pK i methioning
mutant was constructed using the uracil enrichment method K IATP] + K P[méthionine]Jr
(39) with plasmid pTZK which has th&. coli metKgene m,methienin m.AT o

inserted between tHest and EcaRI sites of plasmid pTZ18U [ATP][methionine])
(40). The oligoglycine mutants were subsequently con-
structed using the Quikchange kit (Strategene). The wild-
type ECMAT sequence in plasmid pT7K was used to

construct the glycine-5 mutant because this pT7-6 derivative concentration43, 44. Data for PPPhydrolysis were fit o

routinely yields higher levels of protein expression than 4 i . o
pTZK (38). The glycine-5 mutant was then used as template the one-substrate Michaeti#/enten equation. Uncertainties

for construction of the glycine-6, -7, and -8 variants. The |n\l;:net|citcor[1)stan;sda:]e “St?d};?n”t]ie t?)blresrh teBalution
variable regions of the G#-EcCMAT mutants contained five . Scosity bependence of Kinetic Farame utio
to eight repeated GGC triplets in place of the wild-type microviscosities were modified by addition of sucrose.

sequence. Preliminary studies of RLL-ECMAT were de- Viscosities,;, were determined at 2% using an Ostwald
scribed previously41) viscometer 45). Viscosities are reported relative to that

. . — . measured for a solution of reaction buffer lacking viscogen,
Plasmid DNA was purified from ampicillin-resistant g 9

. ) " - 1% Relative viscosities for solutions containing 10%, 20%,
transformants using the Wizard Plus Miniprep DNA Puri- and 30% sucrose were 1.25, 1.74, and 2.70, respectively.

fication System (Promega Corp., Madison, WI). Mutants Control experiments with solutions containing Ficoll (a

were identified by automated DNA sequencing in the Fox _ 444 000 kDa polymer) at a relative viscosity of 2.5 showed
Chase core facility. Complete DNA sequences confirmed thatnO influence of macroviscosity on eith&r, or keadK
. . al al m-

only the designated mutations were present. Data were analyzed as the effect of relative viscosity?,

Enzyme Purification and Characterizatidhlasmids were o relativekea = (Kea®/Kea) and relativekealKm = (KealKm)¥/
transformed into strain RSR15(DE3) for protein isolation. (/K. values, wheré.? and Ke/Km)° are the values in
Cultures were grown in LB media containing 3@/mL  the apsence of viscogen where the viscosity%isData for
carbenecillin. Following overnight growth, protein expression  _/k were extrapolated to saturating concentrations of
was enhanced by addition of 0.1 mM isopropyl-1-thi-(  cosupstrate so that the./Kn values reflect formation of the
b-galactopyranoside for 30 min prior to harvesting. Wild- ternary EATP-methionine from a binary complex®). In

type and mutant MATs were purified by ammonium sulfate s case, the concentration dependence of the rate of product
fractionation followed by successive chromatography on formation measures the steps:

hydrophobic interaction matrix Phenyl-Sepharose HR (Phar-

macia) and Hydroxylapetite CHT-I (BioRad), and by anion L L

exchange on Aminohexyl-Sepharose (EAH-4B, Pharmacia) E"ATP + methionines= E-ATP-methionines=

(38). The enzymes were electrophoretically homogeneous. E-AdoMet-PPP < products
MATs were analyzed for oligomerization state by native

gel electrophoresis of 20M enzyme samples on-85% or

gradient gels 38). Native molecular masses were also

compared by gel filtration on Superdex-200 in 50 mM Tris

HCI, 100 mM KCI, 40 mM MgC}, 0.1 mM DTT buffer;

the protein concentration was @V, comparable to the E:-AdoMet-PPR = products

concentration used for the mutants in the kinetic studies of

the overall reaction (1@M). The complete kinetic scheme for the reaction is illustrated

+

whereVmax = kear E, Km values are the Michaelis constants
at saturating cosubstrate concentrations, Enealues are
the Michaelis constants extrapolated to zero cosubstrate

k
E-methionine+ ATP k‘:>4 E-ATP-methionine‘%
—4 -5
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Ficure 2: Kinetic scheme for MAT. Isomerized forms of complexes are indicated by the change in font for the enzyme framTBé¢o
viscosity-dependent step influencikg;is included ink,.s and is noted in the text &ss 5o in keeping with designations for other isomerization
steps. Values of kinetic constants have been previously determined for the wild-type enzykige #s8.6 x 10° M1 sl k_; =8 s}
kKip=25x 1PM1s1 k,=150st kiz=16x 1PM1st k3=15sL kiy=16x 10 ML sl ks=5s1 kis=15s1,

k-s = 0.00015 s%; kg =9 s, kg =14 5% Kigjso= 12 S, kgjso=0.04 st ; k7 =310 s, k7 =45x 10* M1 s} kig = not
determinedk.g =4 s, k g=6.5x 100 M1 s7%; ky1p, not determinedk;11 =3.4s1, k11 =25x 1PM st kip,=11x 1P M1
s1 ko12=0.44 s%; kigziso= 33 54, k1250 = 4 s71 (37). Steps in the route includings andK;o are not on the major kinetic pathway

(37). Lower limits onkysso arekysiso = 22 st andk_sjso = 14 s'%.

in Figure 2 B7). Sincek_s is ~10~* of ks, andks, as well as

(Ea — RT). The activation entropyAS;w was then ob-

all other forward rate constants, the mechanism effectively tained as AHglo — AGgm)/T.

becomes irreversible at the AdoMet formation step.
Following Adams and co-workerg®), the slope of a plot
of (Kea/Kea) VS (7/7°) is

Keat' = Ks/(Ks + Kiya)

whereksyqg is the net rate constant for steps after AdoMet
formation. A similar relationship holds fd¢./Km, where a
plot of (Kea/Km)%(KeafKm) VS (7/1°) yields

(KeafKin)" = K/ (ks + Korr)

wherek,s is the dissociation rate constant for the substrate
from the ternary EATP-methionine complex. In the cases
of methionine or ATP as varied substralgy = k-3 and

Molecular Modeling of Loop MutationsTo visualize
potential conformations of the active site loop and the effects
of mutations, models were constructed based on the available
crystal structures of ECMAT. The crystallographic coordi-
nates of the ligand-free enzyme, in which the loop is visible
in both subunits of the asymmetric dimer, were utilized (PDB
file 1fug, 3.2 A resolution). Initially the protein structure
was adapted to the AMBER force field?) as implemented
in the program MacroModel 48, 49; v. 7.0, Schrodinger
Inc., 2000]. Hydrogens were added to the polar heteroatoms
as appropriate; CH groups were treated as united atoms. The
entire protein dimer (7254 atoms) was then subjected to 500
cycles of a constrained conjugate gradient energy minimiza-
tion in which the crystallographically defined atoms were
allowed to deviate by 0.1 A from their observed positions

ks, respectively. Sincd.s represent the rate-determining without energy penalty, beyond which a restraining force of
chemical reaction of AdoMet formation, these rate constants 120 kcal/A was applied. The GB/SA continuum aqueous
would not be sensitive to viscosity in the absence of a solvation model was used in all calculations to reduce the
concomitant protein structural change. SikggK, includes tendency for formation of adventitious polar intramolecular
the substrate dissociation step, there can be a viscosityinteractions without the computational expense of including
dependence if the substrate dissociation rate is slower tharexplicit water molecules50). Cutoffs of 8 and 20 A were

or comparable to the rate of catalysis. Using the previously used for nonbonded and electrostatic interactions, respec-
published rate constants listed in the legend to Figure 2, tively. The non-hydrogen atoms in the minimized structure

estimates fork:./Km)” are~0.09 for methionine and-0.25
for the more slowly dissociating ATP.
Thermodynamics of AdoMet Synthedis. evaluate the

had an overall RMS deviation of 0.1 A from the initial
structure, and the energy gradient was reduced to 0.01 kcal/
(A-mol). This structure was used as input to further modeling.

effects of loop sequence alteration on the thermodynamic To obtain physically reasonable models of alternate loop

parameters for catalysik,,:andK, values were determined

conformations, a Monte Carlo conformational search was

in the temperature range-37 °C; care was taken to ensure  performed for residues 98116 of both loops. All other

that initial rates were measured. The solution pH did not residues containing atoms within 20 A of any loop atom were
vary by more than 0.1 pH unit over this temperature range; included as frozen shell; i.e., their steric and electrostatic
thekea for the enzyme does not vary significantly over more effects were included but their atomic positions were fixed.

than 2 pH units at 28C (35, 49. The activation energ\g,,
was calculated from an Arrhenius plot ofkaf) vs 1T (slope
= —E4/R). The free energy of activatiohG*, was calculated
asAG§10= RT[In(ksT/h) — In(kea)] whereR = 1.9872 cal/
(mol-K), kg is the Boltzmann constant, ardis Planck’s
constant. The activation enthalpyH%,, was calculated as

This truncation appears to be a reasonable approximation
since the backbone and side chain conformations of these
residues are essentially superimposable in the six available
independent crystal structures of ECMAT. Five hundred steps
of a low-mode Monte Carlo search were performgd, 62).

The simulation included 342 mobile atoms and a fixed shell
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Table 1: Loop Region Sequences of ECMAT and Mutants Table 2: Kinetic Parameters for AdoMet Synthésis
designation protein sequence Kea?  Km, ATP Ky, Met K, ATP K, Met
—1

MAT (wild type)2 101dinggvDRADPLEQagdq enzyme ) (mM) (mM)  (mM) (mM)
RLL-MAT?® HLDRNEEDV wild-type ECMAT 1.5 0.073  0.092 0.12 0.15
G8-MAT GGGGGGGG equilibrium binding 0.043  0.025 14 0.58
G7-MAT GGGGGGG RLL-ECMAT 0.0013 0.045 0.23 0.23 1.2
G6-MAT GGGGGG G8-EcMAT 0.0024 0.045 0.62 0.23 3.1
G5-MAT GGGGG G7-ECMAT 0.0043 0.069 0.49 0.41 2.9

a Five amino acid residues are shown in lower case on either side of GE6-ECMAT 0.0016 0026 030 0.26 3.0

the altered region (underlined). Residues in boldface are the MAT Slsl\/IIEXﬂAT 8'8:?78 (?2057 00i737 0.24 22
“signature sequence.” Residues ¥ID7 (INQGVD) were not visible RI-MAT 0'58 ~1. 0 '12

in the crystal structures of six enzyrligand complexes30—32). ° In
the crystal structure of the rat liver enzyme, residues-11128 aMAT activity was measured as described under Experimental
(DIAQCWHLDRNEE) were not visible 36); the underlined residues  Procedures. Assays were performed at°22in the presence in 50
are part of the region previously defined as the flexible loop, and the mM Hepes(CHz)4N* at pH 8.0 with 50 mM KCI, 50 mM MgGl K,
italicized residues correspond to tBecoli sequence starting at residue  is the concentration of substrate required for half-maximal activity at
101. TheGAGDQ signature sequence for AdoMet synthetases begins a saturating concentration of the second substrateKasithe effective

at residue 131 in the rat liver sequence. Km extrapolated to zero concentration of the second substrate. The wild-
type enzyme concentration was Qud/, and the mutant enzyme

) concentrations were 10M. P Uncertainties inkss (moles of product
of 1440 atoms. The mobile atoms were allowed to move by formed per mole of enzyme active site per second) are within 15%,

3—6 A in each Monte Carlo step, and then the structure was and uncertainties i andK, are within 30%.3 s at 37°C. “ Data
minimized. Structures with energies within 12 kcal/mol of frgﬂ“ngcggt?\;;fyg %I}{g){ ;:3;@?% ""ch‘rgtﬁéipﬁ:eeﬁcit v:)\‘;?fh(i?é
the minimum were V|s_ually examined. A similar approach_ phase n Adol\)llet f%rmation were reborted.p 9
has been used to obtain useful models of the crystallographi
cally undefined loops of the enzyme luciferad8<55). o . o

In the simulation, the steric energy of the lowest energy ~ Kinetic Consequences of the MutationBhe kinetic
wild-type loop conformer decreased by 145 kcal/mol from constants for the overall AdoMet syr)theS|s reaction, and for
the energy of the lowest energy original crystallographic the tripolyphosphate hydrolytic reaction, are listed for all the
conformation (chain A; chain B was 17 kcal/mol higher in €nzymes studied in Tables 2 and 3, respectively. Since the
steric energy). The solvation energy was 46 kcal/mol less in AdoMet-forming step is both the rate-limiting step fiek:
the modeled conformer. In an alternate approach, thein the overall reaction and is irreversible, only the PPP
positions of residues 162107 were built randomly in an  hydrolysis data report on late events in the reaction sequence.
extended conformation onto subunit A from PDB file 1mxb The results are illustrated in Figure 3. The kinetic data from
in which these residues are not resolved, and the search wa§imultaneous variation of ATP and methionine concentrations
conducted as above. Conformations were obtained with larger(25 concentration pairs) were analyzed to yieldkhealues
solvent-accessible surface areas but indistinguishable steridor the substrates (effectively the€, extrapolated to zero
energies from those found in the first approach. concentration of the second substrate) and Ke at

A model for the glycine-8 mutant was constructed by Saturating concentration of the second substrate. The ratio
removing the side chains from the DRADPLEQ sequence of K/Kr, reflects the synergistic effect of the binding of the
in one subunit (PDB file 1fug, chain A) of the minimized first substrate on the affinity of the second substrate in this
protein, followed by a Monte Carlo simulation of 500 steps random kinetic mechanism. The ability of AdoMet to
as described above for the wild-type protein. A model of Stimulate the rate of PPRydrolysis was also determined as
the glycine-5 mutant was constructed by deletion of three an additional probe of the effects of the mutations.

central glycines from loop, joining the fragmented chain,  Effects of Swapping Natural Loop SequencEse loop
followed by energy minimization and Monte Carlo simula- jn RI-MAT has a distinct sequence from that in ECMAT and
tion. is one residue longer. The variant in which the rat sequence
HLDRNEEDV replaced theE. coli sequence is denoted
RESULTS RLL-ECMAT. RLL-ECMAT has a~1150-fold decrease in
The functional significances of the variable region of the Keat for AdoMet formation with <3-fold alteration inKn,
active site loop of MAT were explored using mutants of the values. The kinetic values reported for RI-MAT have varied
E. coli MAT (EcMAT). Mutants were designed based on substantially, with recent data indicatinda; between~1%
the sequence of the well-characterized rat liver MAT (RI- and~20% of the wild-typeE. colienzyme §6, 57. Thus,
MAT), as well as with various lengths of oligo-glycine to part of the kinetic impairment arising from placing the rat
remove side chain contributions and to allow length variation loop sequence in thg. coli framework appears to reflect
without additional sequence bias or introduction of a altered functioning in the context of the glotilcoli protein
tendency toward a particular type of secondary structure (seeenvironment. The ratio oK and K, values reflects the
Table 1). Each mutant was purified to homogeneity in the synergistic effect of the cosubstrate on the saturation of the
same manner as the wild-type enzyme. All variants were enzyme by the varied substrate. The ratio of 5K, in
tetrameric, as judged by both gel filtration and native gel RLL-ECMAT is 7-fold lower than the ratio of the corre-
electrophoresis, and were indistinguishable by CD spectros-sponding constants for the wild-type enzyme, indicating a
copy, indicating maintenance of common quaternary and reduction of synergy in substrate binding. The incread¢ in
secondary structures. Thus, the functional influences of thefor methionine and the decreasekirfor ATP in the mutant
mutations apparently reflect localized alterations. suggest altered binding sites in the free enzyme, whereas
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Table 3: Kinetic Parameters for Tripolyphosphatase Activity

—AdoMet +AdoMet

enzyme Keat (571 Km (uM) Keal Km (MM~1s71) Keat (S73) Km (uM) Keal Km (MM~1s71) Ka(AdoMetf (uM)
wild type 0.06 3 20 1.2 13 92 1.7
RLL-ECMAT 0.044 14 3.3 0.78 26 30 4.1
G8-ECMAT 0.079 1.6 49 1.2 8 150 4.1
G7-ECMAT 0.044 1.5 29 0.81 15 53 9.7
G6-ECMAT 0.022 3.2 6.9 0.84 11 76 3.8
G5-ECMAT 0.0023 53 0.43 0.52 24 22 4.3
RI-MATd 0.12 23 6.0

a Tripolyphosphatase activity was measured in the presence and absence of AdoMet as described under Experimental Procedures. Uncertainties
in keat Values are within 15% anld, or K, values within 20%. The enzyme concentration wag\2in each case? Measured in the presence of
100uM AdoMet. ¢ Concentration of AdoMet producing half-maximal change in the rate hydrolysis atI0®PR. ¢ Data from Lopez-Vara et al.
(56) for the dimer at 37C. The PPPbinding is cooperative witim = 1.6 in the absence of AdoMet, and 0.8 in the presence of AdoMet.
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Ficure 3: Effects of mutations on selected catalytic properties. (A) Comparison dé:thealues for the overall MAT reaction and the

PPPR hydrolysis reaction in the absence and presence of AdoMet for the wild-type enzyme and the mutants described herein. (B) Relative
K andK, values for mutant and wild-type MATs are shown for ATP, methionine ;AR In the presence of AdoMet, and the concentration

of AdoMet required for half-maximal stimulation of the BR®drolytic rate. Data from Tables 2 and 3 are presented on a logarithmic
scale.

the Ki, values indicate comparable saturation behaviors in are similar to those reported for the native RI-MAB(
formation of the ternary ATP-methionine complex. 57); Table 3]. When AdoMet is present as an activator of
In the tripolyphosphatase reaction, the RLL-ECMAT has PPR hydrolysis, the kinetic values are similar to the wild-
akeathat is 1.5-fold reduced from wild-type ECMAT with a  type ECMAT enzyme, withk., decreased by 1.5-fold and
concomitant 5-fold increase ikn; both kinetic parameters  the K, values increased by 2-fold; corresponding data for
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»

the RI-MAT are not available for comparison. Evidently the
physical basis for AdoMet activation of the rate of PPP
hydrolysis is retained in RLL-ECMAT. Thus, the properties
of the RLL-ECMAT variant show that the loop functions
largely in the AdoMet synthesis step of the reaction rather
than in the subsequent reaction of PR{Arolysis.

Loops Containing Oligoglycinedligoglycine-containing
mutants were constructed and characterized in order to asses§”
the importance of side chains in a loop of the same length ©_
as ECMAT, and the effects of loop length with the same
sequence. The shortest length of five residues was chosere 5
based on molecular modeling estimates of the minimum x°
number of residues needed to connect the residues at the 0

® kcat
B kcat/Km methionine
A kcat/Km ATP

catIKm)ol(kcatIKm)

k

ca

extremes of the disordered region in théABP-P, complex 1.0 15 20 25 3.0
for which theo-carbons of D101 and R108 are separated L . 0
by 16 A [PDB file 1mxb 82)]. The oligoglycine mutants relative viscosity n/n

share several features that contrast with the wild-type FIGURE 4: Viscosity dependence €. and kea/Km for the wild-
ECMAT. In the overall reactionky values are reduced by type enzyme. The ratio dfea (Or kealKm) determined at viscosity
. . 7 to the corresponding value measured at the reference viscosity

200—-1000-fold. A 20-25-fold increase in th& value for 7° is plotted. Microviscosities were varied with sucrose at 0, 10,
methionine from the wild-type value was observed in all of 20, and 30% (w/v). Lines are best fits to the data and indicate
the mutants, while there was @2.5-fold increase in the  Viscosity dependencies of 0.55, 0.27, and 0.03f@rkea/Km(ATP)
correspondind value for ATP (Table 2). The methionine %Z??ig”ﬁémgﬁ?éﬂni'ﬂeT)ﬁprcwe'y' Other experimental conditions
Km values for the G#-EcCMAT are increased 3-fold from P '
the ECMAT values, apparently as a result of the loss of the contributions to enzymatic mechanisn @1, 22, 24, 29,
side chains in the loop. TH&/K,, ratios reflect a 3-10-fold 58—61). In addition to viscosity retardation of the diffusion
synergism in substrate binding; the extent of synergy does of substrate/products to and from the active site, movements
not parallel either th&, K, or ke values. The kinetic data  of protein segments may be slowed by enhanced viscosity,
for the oligoglycine mutants suggest comparable degrees ofif the extent of reorganization is of sufficient magnitu@d)(
synergism in substrate binding among the mutants, but thatThe viscosity dependence of the kinetics for the overall MAT
synergism is decreased relative to the wild-type enzyme. reaction was examined using sucrose as microviscogen, and

In the tripolyphosphatase reaction, for each mutankthe  the results are illustrated in Figure 4. Control experiments
and K, values are less than 2-fold altered from the wild- with the macroviscogen Ficoll at a relative viscosity of 2.3
type ECMAT when AdoMet is present, reinforcing the showed no alteration dé.; or KeafKnm.
observation with the RLL-ECMAT that the loop constitution There is a clear dependencelgf; on viscosity with the
predominantly modulates the AdoMet-forming step in the slope k) of 0.554 0.06. In contrast, there is no significant
overall reaction. In each case, thg: in the presence of effect of viscosity onk../Kn for methionine, which is
AdoMet is greater than thé&gy for the overall reaction,  consistent with its dissociation ratel0-fold greater than
demonstrating that an early step in the overall reaction is the catalytic rate; the measured value lkofdKn)” is 0.05+
rate-limiting. The concentration of AdoMet required for half- 0.15 for methionine (predicted value 0.09; see Experimental
maximal activation is increased by 2:5.7-fold, potentially Procedures). For ATP, which has a dissociation rate only
reflecting the same phenomena as the incre&sedd K, 3.5-fold faster than catalysisk.t/Km)” is 0.27 + 0.05, in
values for methionine. In the absence of AdoMet activation, agreement with the predicted value of 0.25.
the k.4t values for the oligoglycine mutants vary up to 30- For the wild-type enzyme, both kinetic isotope effect
fold, with less activity in mutants with shorter loops. There studies and pre-steady-state kinetic measurements have
are less than 2-fold variations i, values. In the wild-type ~ shown that the chemical step of AdoMet formation is
enzyme, thé, for PPRhydrolysis in the absence of AdoMet involved in the rate-limiting step of the reactio87, 62.
is limited by an early step in the reaction, apparently the The observation of a substantial dependencekgf on
chemical step itself7). There is also a trend for tHgx in viscosity indicates that a diffusional event, such as loop
the presence of AdoMet to decrease with loop shortening, movement, is tightly coupled to the chemical event, as was
although the magnitude of the effect is less; the intrinsic deduced for triosephosphate isomeraZe Because the
effect may be somewhat muted since the rate of productquantitative dependence of the rate of a conformational step
release is the same as the rate of the hydrolytic step in theon viscosity depends on the magnitude of the structural
presence of AdoMet, at least with the wild-type enzy3i8.( alteration, it is not possible to definitively deduce either the
The reductions in catalytic ability induced by the mutations rate or the extent of the rearrangement directly from the value
are largely attenuated in the presence of AdoMet, as seerof k... However, the knowledge that there is a conforma-
with the RLL-EcMAT variant, perhaps indicating that the tional step coupled to AdoMet formation allows deductions
decreased affinity for AdoMet reflects an increased use of about the kinetics of the step from other data (see Discus-
binding energy in attaining the higher catalytic efficiency sion). Unfortunately, in the presence of sucrose, the AdoMet
of the EAdoMet-PPR complex. determinations became unreliable at the 30-fold higher

Viscosity Dependence of the Kinetics of AdoMet Forma- concentrations of mutant proteins required for kinetic
tion. The dependence of steady-state kinetic parameters omrmeasurements, preventing comparison of the viscosity de-
solution microvisosity has been used to investigate diffusional pendencies of the mutant and wild-type enzymes.
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L e Wild Type Table 4: Thermodynamic Parameters key: in the AdoMet
o Gly-8 Synthetase Reactién
0 * T ave E AG! AH? AS:
T~ = G'¥'5 (kcal/?nol}’ (kcal/?rll(é)l)C (kcal/?ﬁ%l}’ [cal/(molI?K)]d
8 51 —_—. wild type 1442 17 14 -10
- Nx ECMAT
< ? \\% G8-EcCMAT 26+ 4 20 25 16
£ -0+ RS G7-ECMAT  37+6 20 36 53
v G6-ECMAT  28+4 20 28 22
a5 ] G5-ECMAT  32+4 21 32 36
akeat Values were determined in the temperature rang87°C;
w0032 oows  ooos o003 w003 00057 care was taken to ensure that substrate concentrations were saturating
. and that initial rates were measured. The activation endtgywas
T, 7K calculated from the slope of the Arrhenius pletE/R). AG* was
B 30 calculated fromAG* = RT [In(ksT/h) — In(kea)] Where R = 1.9872

cal/(mokK), kg is the Boltzmann constant, aids Planck’s constant.
AH* was calculated assf — RT). AS* was obtained as\H* — AG¥)/

T. b Errors inE; andAH? reflect the errors in the slope of the Arrhenius
plots. ¢ Errors in AG* reflect errors inkss values and are with=15%
(Table 2).9 AS values contain uncertainties of 15 e.u. (wild type) to
25 e.u. (mutants) due to propagation of errors and are larger for the
mutants as a result of the slower rates.

25

2.0

Methionine K, mM
&

of AS for the mutants with varying length loops. Alterna-
_ tively, in the mutants, the loop conformational distribution
il Lol a0 : might not be altered during the reaction, thus removing the
Wild Type Gly-8 Gly-7 Gly-6 Gly-5 unfavorable entropic effects from loop rearrangements that
Ficure 5: Temperature dependencekgf; (part A) and theK,, for occur during in the ree}cti_on catalyzed by the yvild-type
methionine (part B). Data are shown for the AdoMet synthesis €nzyme. TheéKy for methionine was also found to increase
reaction catalyzed by wild-type ECMAT and the G#EcMAT with temperature, the change being larger in the G#-ECMAT
mutants. The<,, for ATP increases ca. 3-fold with temperature in  yariants with smaller numbers of glycines (Figure 5B). In
each case. contrast, th&, for ATP increased 3-fold between 4 and 37

Mutational Effects on the Actation Energy of the MAT  C for each enzyme.

Reaction.The influence of the mutations on the thermody-  Modeling the Loop Mutational EffectSince portions of

namic parameters of catalysis was investigated by examina-the active site loop either are undefined in the available

tion of the temperature dependence of the MAT reaction with crystal structures or are locations that prevent substrate access

the wild-type and oligoglycine mutants. Figure 5A shows to the ac_tive site, m(_)dels were constructed_of potential
Arrhenius plots foike. The data were analyzed to yield the configurations of the wild-type loop and the glycine mutants.

ivatio} Si A conformational search for low-energy conformations of

eAI::LOpy;;nzrzr(];a‘}py’reir;)decftrs;y?n(?-rgéeoz)a?::t;ctiva%On the wild-type loop was begun with the crystallographic

310 310 . i i i H i
energy is insignificantly different among the G#ECMAT coordinates and the torsional angles in the loop region varied

ants. The catalviic i : t of th tant Its f (residues 98116 in both subunits A and B). These residues
vanants. .e ca ayug imparment of the mu gn S resu# STOM \vere chosen because they encompassed both loop regions
a ~2-fold increase in the enthalpy of activatioAH3,,

310 and two additional residues on either side. The energy of
from 14 to 25-36 kcal/mol, whereas the entropy of activation o EcMAT dimer [the minimal functional state of the

0.0 1

becomes favorable)S}, increasing from-10 cal/(motK) enzyme 40)] in the lowest energy loop conformer found
to a positive value in the range 6716 to +53 cal/(motK) was 350 kcal/mol (1% of the total energy) less than the
(as a result of the propagation of errors in calculaivg],, starting conformations, in part due to formation of 8

the values for the mutants are not Significantly different from additional hydrogen bonds among loop residues in loop A
one another, but they are distinct from the value for the wild- (yielding a total of 13) and 12 additional hydrogen bonds in
type enzyme). The negativeS;,, in the wild-type enzyme- loop B (15 total). The two loops became more compact in
catalyzed reaction indicates an increase in the order of thethe lower energy conformations, with the solvent-accessible
system (enzyme- substrates- solvent) during the reaction  surface areas for loops A and B of 1163 and 149ZtAtal
transition state. In contrast, the positive valueAs, in 26 932 & for the dimer (Figure 6A, red, black), compared
the G#-ECMAT mutants indicates that the system becomesto values of 1827 and 162124or the initial positions (Figure
lessordered in the transition state. The loop in the glycine-8 6A, loop A in gray)). The main chain conformations of the
mutant appears likely to have a wide range of energetically loops in this model were more extended than in the original
accessible conformations due to the absence of side chainsstructure, as shown in Figure 6A. Another conformation of
and a more positivAS* was unexpected given the antici- loop A, found starting from an arbitrary extended conforma-
pated ordering of the conformation during the reaction. One tion of residues 102107, had the same steric energy as that
origin of the increase in entropy could be the release of bound of the previously described loop A conformer but a much
waters from the active site if the protein assumes a closedlarger solvent-accessible surface area of 2128H#gure 6,
conformation during catalysis. A dominant contribution from green). The different conformations and comparable energies
water release could be responsible for the comparable value®f the loops imply that the minimum energy conformation
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A hydrogen bonds are present in loop B, vizg @ D107 to

its own NH, and the main chain NH of Q104 t@©f N103),
significant conformational alterations were not necessarily
expected in the G8-EcMAT simulation. However, during the
simulation of G8-EcMAT, the loop rearranged into a much
more open form with loss of all five main chain hydrogen
bonds (Figure 6B, blue). The solvent-accessible surface area
decreased by only 402Aand the steric energy decreased
by 50 kcal/mol compared to the energy of the initial energy-
minimized conformation of the G8-EcMAT. The distance
between the @ of D101 and R108 increased substantially
to 21 A. In contrast, during the G5-ECMAT simulation, two
additional main chain hydrogen bonds formed, and the
solvent-accessible surface area decreased by 33@h&
distance between theoGf D101 and R108 remained 12 A,
indicative of the overall rigidity of this smaller loop.

DISCUSSION

The function of the mobile active site loop of MAT in
catalytic function is clarified by the studies described herein.
The combined results of the viscosity dependence of kinetic
parameters and mutations are consistent with a kinetically
significant conformational change that involves the active
site loop during the AdoMet synthetic step. The global
conformations of the loop mutant enzymes appear to be
unchanged from the wild-type enzyme, as judged from the
circular dichroism spectra, and the proteins remained tet-
ramers; thus, the mutations had little effect on the overall
protein structure, as anticipated from the surface location of
the altered region. The replacement of the nafveoli loop
FiGUrRe 6: Models of alternate |00p conformations. Part A: Sequence with the rat liver MAT Sequence has a profound

o-Carbon traces for the wild-type loop with crystallographically : S
observed position (in gray) and the alternate conformations obtainedeffect on thekea for the overall reaction, with little effect on

from simulations (in green, red, and black; see text). Part B: The the AdoMet-stimulated tripolyphosphatase rate or kae
conformations modeled for the glycine-5 (in red) and glycine-8 values. This demonstrates that the loop constitution is
mutants (in blue) are compared with those of the wild-type loop selectively important in catalysis of the first step in the overall
(gretlgi)ﬁcizsxghagv?/ﬁ are f:OV‘K‘Dig efg‘ dcgisse'Aﬁ/lng gr‘g ﬁ?u”;{arg‘t‘igrigf thereaction, AdoMet formation. The viscosity dependence of
gggce-filling modelsg. T)k/{e viev’\; in part B is from the top of the Kea for the wild-type gnz_yme, which is determined by the
orientation in part A; a section through the protein is shown in rate of the EATP-methionine— E-AdoMet-PPPstep, shows
part B to reduce background clutter. that this step is coupled to a viscosity-dependent conforma-
tional change. Since steps after AdoMet formation are not
may not be any of the conformations in these models. greatly altered by the mutations, the rate constants for the
However, these models provide illustrations of potential chemical step oks and/or the associated conformational step
topologies, and show that widely different conformations are ksiso (see Figure 2 and below) have been altered in the
energetically comparable. In the crystal structures with the mutants.
loop disordered, the distance betweendhearbons of D101 The properties of the oligoglycine mutants show that the
and R108 is 16 A, suggesting an extended conformation of length of the loop is in itself not a dramatic factor in
the disordered region, whereas the separation is 12 A in thedetermining the maximal catalytic activity, with differences
crystal structure of the ligand-free enzyme; the distances arein the AdoMet synthesis kinetics of less than 6-foldkig,
10 and 14 A in the two models of loop A and 17 A in the and 3-fold in substrate synergism as the loop segment varies
model of loop B, indicating the backbone flexibility in this  from five to eight residues. Even the most radical alteration,
segment. that of the GGGGG in G5-EcMAT, which we estimated
Models of potential conformers of the glycine-8 and would be the minimum peptide that could span the active
glycine-5 mutants were also constructed based on the initialsite mouth in an open conformation, did not completely
conformation of loop A in the apoenzyme, and are illustrated inactivate the enzyme by locking the active site closed (or
in Figure 6B (which is oriented so that the view is from the open). In both triosephosphate isomerase and ribulose
top of the orientation in Figure 6A). Deletion of the side bisphosphate carboxylase/oxygenase, reducing the length of
chains reduces the solvent-accessible surface area of residughe active site loop by four to five residues resulted-it0P-
98—116 by 400 & in the initial energy-minimized model  fold decreases itk.s; and formation of aberrant reaction
of the G8-ECMAT; the solvent-accessible surface area for products, suggesting that in those enzymes loop closure is
residues 98113 in the glycine-5 model is smaller by an important in catalytic efficiency3, 10. In contrast, the
additional 100 & Since no hydrogen bonds were present tripolyphosphatase activity of ECMAT is largely unaltered
among the side chains of loop A in the crystal structure (two in the loop mutants and remains substantially faster than the
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overall reaction; therefore, PPfermed as an intermediate place residues in positions to directly interact with the
is unlikely to escape from the active site. methionine binding site; rather, they remain closer to the
The viscosity dependence of the kinetic parameters of the ATP site. Thus, the observed increaseKiandK,, values
wild-type enzyme sheds another light on the dynamics of for methionine, but not those for ATP, were unexpected. The
catalysis. The data show a dependencé.gfon viscosity, selective increases in th€ values for methionine, and the
with ke = 0.55. Thus, a viscosity-sensitive step, apparently associated decrease ka./Km, might be due either to a
a conformational change, occurs during the catalytic cycle decreased binding rate or to an increased dissociation rate.
after both substrates bind. Previous studies noted that theThe temperature dependence of iQgK, for methionine
measured rate for methionine binding to thé\EEP complex (but not thek.o/Knn for ATP) differs with loop length, and is
is ~8-fold larger than that predicted from thiea./Knm, smaller in mutants with shorter loops because the increase
suggesting a unimolecular step after bindiBg@)( However, in kear With temperature is offset by the increasekipn. The
in the absence of additional data, this step was not explicitly magnitude ofAS’ for k../Kmn becomes smaller (less positive)
included in the mechanisn37). The current results provide as the loop length decreases, and all are more positive than
independent support for a conformational change coupledthe wild-type enzyme. The variations XS for k../K, with
to AdoMet formation, the step involvinig in Figure 2. Rate loop length are consistent with a decrease in the amount of
constants for this conformational change can be estimatedwater released in an early stage of the reaction, perhaps in
from our published data. In the presence of isomerization of conjunction with methionine binding, as the loop becomes
the ternary EATP-methionine complex, which either pre- shorter. Comparison oAS* for k. for the wild-type and
cedes or coincides with the irreversible chemical step of mutant enzymes also reveals a more favorable entropy
AdoMet formation (with rate constantss o), the net rate change in the reactions catalyzed by the mutants when the
constant that determines tlke,/Km value for the path in  sequence is viewed from the-ATP-methionine complex

which methionine binds to BATP is ks: onward, but the variation among the mutant enzymes is not
experimentally significant. The finding tha&tS for ke is
Ky = K3Ks isKs/[K_3(K_5 is51 Ks) + Ks ;5K positive in the mutants and negative in the wild-type enzyme
is consistent with a significant entropic contribution from
The forward rate constarits s, must be as large dga, solvent release in the mutant-catalyzed reactions, but a
and is probably greater, as reflected in the fully expresseddominant effect from protein ordering in the wild-type
14C kinetic isotope effect. The reverse rate consting;s,, system.

must be larger thake,;, as revealed by the small amount of ~ The substrate binding rates for the wild-type ECMAT are
methionine isotope trapping. Estimating a lower limit for comparable for the free enzyme and the complexes in which

k_s,iso from the methionine dissociation rate constankof the second substrate is already bound, suggesting that a gating
14 s1, and usingks = 8kz (the difference in the observed action is not modulated on a time scale comparablk.4o
binding rate constant and that calculated from khgK.,), by the binding of the first substrat87). However, a gating

thenk;sso is calculated to be 227§ which is consistent action of the loop, such that substrate association and
with all the previous data in various publications. These lower dissociation only occur when the loop is open, could
limit values are remarkably similar to the rate constants for contribute to the relatively low substrate binding rates, and
the isomerization associated with RBRding to the ESAM the retention of the PRihtermediate within the active site.
complex [forward rate constaRti,s,= 33 %, reverse rate  In this case, the observed binding rate would be related to
constank, 12 iso= 4 S1(37)]. Thus, a conformational change the binding rate for the loop-open form that exclusively has
coupled with AdoMet formation with forward and reverse an accessible substrate site and the equilibrium between the
rate constants both ca. 10-fold larger thanis consistent open (E) and closed forms '(H.e., substrate-inaccessible
with all of the available data. On the other hand, with form) by
estimates using thie, of 1.5 st as a lower limit forks s,
thenk_s s, is calculated to be 0.95% which is inconsistent E=E+S=ES———
with previous isotope trapping results that require a dis-
sociation rate from the reactive form of the ternary complex
of at least 10 s (37). The viscosity dependence flya/Kn, E' = closed and E= open
of ATP is of the magnitude expected from the rate of
dissociation of ATP. The viscosity independencekaiKn, and Koft—from—open = (Kon/Ka)[(Kopen 1 Keiosed/Koped Where Ko
for methionine is also consistent with the previously mea- = ko,/Kq is the measured dissociation rate &@gl-from—open
sured dissociation rate. is how fast dissociation occurs when the loop is op&l).(
Changes in substrate affinity due to binding site alterations The interconversion of E and Evould have to occur with
were not anticipated since previous docking studies showedrates of at least 100 5to have eluded our various studies
that the NMR-determined conformations of bound AdoMet to date.
and AMPPNP can bind in the same positions in the loop- The data for the wild-type enzyme suggest that upon
open and loop-closed enzyme without contacting any loop formation of the EAdoMet-PPR complex, either by chemical
residues §3). The methionine analogue inhibitor in the synthesis or by PRBinding (stepk.s or k-1, in Figure 2),
crystal structure of the rat liver enzyme would not be in direct the loop is enticed to move, thus preventing rapid release of
contact with the loop residues if they are positioned similarly PPR or products from the active site. The similar values for
to the conformations in the ligand-free ECMAT structure. the rate constant&.sis, and kiiziso Suggest that these
The loop models showed numerous conformations that areisomerizations are prompted by a common source, the
comparable in energy. However, none of these conformerselectrostatic bait of the sulfonium cation which lures the loop

where
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into the active site. This could be due to favoring a closed
form of the loop that is already present in a preexisting
conformational equilibrium, or formation of a conformation
not present in the absence of AdoMet. Sincekhdor PPR-

ase in the presence of AdoMet is not altered in the mutants,
and thisk., is partly determined by product release for the
wild-type enzyme, the rate for the conformational change
&-AdoMetPR-P, — E-AdoMet-PR-P, that precedes product
releasekisiso CANNot be greatly diminished in the mutants.
However, this isomerization could be bypassed in the mutants
if the previous conformational change leading to the E
AdoMet-PPR state does not occur in the early stage of the
reaction. The altered loop in the mutants results in a less
optimally organized active site, with reduced ability to
catalyze AdoMet formation; this could result from the
influence (or lack thereof) of the loop residues on the
conformation of active site residues. The PRidrolysis
reaction occurs in the protein interior, distant from the loop,
and would be less disrupted by the mutations.

The properties of these mutants echo our previous
observations with mutations of residues within the active site;
i.e., mutations diminish the catalytic capability of the
AdoMet-forming reaction to a larger degree than the PPP
hydrolytic reaction 88, 64, 63. This property may reflect
that many different active site structures are known that
facilitate hydrolysis of polyphosphates, whereas the active
site that catalyzes AdoMet formation appears to be highly
specialized.
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