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Moorella thermoacetica pyrophosphatase (mtCBS-PPase) contains a pair of CBS domains
that strongly bind adenine nucleotides, thereby regulating enzyme activity. Eight residues
associated with the CBS domains of mtCBS-PPase were screened to explore for possible
associations with regulation of enzyme activity. The majority of substitutions (V99A, R168A,
Y169A, Y169F, Y188A, and H189A) enhanced the catalytic activity of mtCBS-PPase, two
substitutions (R170A and R187G) decreased activity, and one (K100G) had no effect. AMP-
binding affinity was markedly decreased in the V99A, R168A, Y169A, and ¢levated in the
R187G and H189A mutant proteins. Remarkably, the RI68A and Y'169A substitutions
changed the effect of AMP from inhibition to activation. The stoichiometry of AMP binding
increased from one to two AMP molecules per CBS domain pair in the Y169F, R170A,
R187G, and Y188A variants. The ADP-binding affinity decreased in three and increased in
four mutant proteins. These findings identify residues determining the strength and selectivity
of nucleotide binding, as well as the direction (inhibition or activation) of the subsequent
effect. The data suggest that mutations in human CBS domain-containing proteins can be
translated into a bacterial context. Furthermore, our data support the hypothesis that the CBS

domains act as an “internal inhibitor” of m/CBS-PPase.

Key words: inorganic pyrophosphatase, CBS domain, Moorella thermoacetica, allosteric

regulation, mutagenesis, adenine nucleotides.
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INTRODUCTION

In Bacilli, Clostridia, and other bacterial lineages, including several human pathogens, the
intracellular PP; level is controlled by family II pyrophosphatases (PPases) (EC 3.6.1.1) that
convert PP; to P; [1,2]. Approximately one-quarter (67) of known family II PPase sequences,
mostly from Clostridia and sulphate-reducing J-proteobacteria, contain a large insert (~100-
125 residues) composed of two CBS domains that form a Bateman fold [3]. This structure,
originally identified in cystathionine-f-synthase [3], binds regulatory adenine nucleotides and
S-adenosyl methionine and is present in a variety of proteins [4,5]. We recently expressed the
CBS domain-containing PPase of Moorella thermoacetica (mtCBS-PPase) for the first time,
and analysed enzyme regulation by kinetic and binding measurements [6,7]. The enzyme
binds adenine nucleotides in the submicromolar range, is activated by ATP, and inhibited by
AMP and ADP [6]. Stopped-flow kinetic measurements using a fluorescent AMP analogue
revealed that nucleotide binding to m?CBS-PPase occurs in three steps with relaxation times
from 0.01 to 100 s, implying conformational changes in the complex [7]. Nucleotide binding
was modulated by the substrate (PP;), which additionally induced enzyme conversion to a
more active form within a timescale of minutes [7]. Recently, we expressed the CBS domain
containing PPase of Clostridium perfringens (cpCBS-PPase) and determined the structure of
the regulatory region comprising two CBS domains [8].

According to the Pfam database [9], CBS domains have been identified in nearly 30,000
protein sequences from all kingdoms of life. In addition to the role played by CBS domains in
cystathionine-f-synthase [3], such domains are implicated in the control of intracellular
trafficking by the chloride channel, CLC-5 [10]; gating of the osmoregulatory transporter,
OpuA [11,12]; protein phosphorylation by AMP-dependent protein kinase [4]; Mg®" transfer
by the transporter, MgtE [13]; plant vacuolar nitrate transport by the transporter, AtCLCa

[14]; and adenylate nucleotide synthesis (IMP dehydrogenase) [15]. Single mutations in the
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CBS domains of these proteins are linked to a variety of human hereditary disorders,
including homocystinuria, Wolff-Parkinson-White syndrome, retinitis pigmentosa, and
Bartter syndrome [4,5]. However, little is known about the mechanism underlying the
transduction of regulatory inhibition or activation signals from CBS domains to the substrate-
binding regions of these proteins. Most crystal structures of CBS domains have been obtained
for small proteins of unknown function containing only CBS domains, or separate regulatory
regions of multi-domain proteins, which reveal no significant changes upon binding of
nucleotides. Although the crystal structures of several complex proteins containing regulatory
CBS domains are available [16—18], pairs of structures for activated/inhibited or nucleotide-
bound/nucleotide-free forms have not been solved for any protein to date. Large structural
differences in CBS domains have been observed in only two instances, dependent on the
bound nucleotide: with the MJ0100 protein of unknown function from Methanocaldococcus
jannaschii [19] and the regulatory part of cpCBS-PPase [8]. The cpCBS-PPase structures
display marked conformational changes upon binding of activator (diadenosine
tetraphosphate) compared to inhibitor (AMP) to the regulatory CBS domains, indicating that
CBS-PPase is a promising model in which to explore the mechanism of regulation of CBS
proteins.

Here, we report the effects of point mutations in the CBS domains of m?CBS-PPase on
interactions with adenine nucleotides, with a view to identifying residues that determine the
strength and selectivity of nucleotide binding as well as the direction of the effect (inhibition
or activation). Additionally, we characterize the effects of substitutions on the substrate- and
nucleotide-induced activity transitions observed in previous studies [7]. Residues were
selected for substitution based on approximate correspondence with physiologically
disruptive mutations in other CBS domains and the X-ray structure of homologous cpCBS-

PPase.
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EXPERIMENTAL PROCEDURES

Reagents

Restriction enzymes and T4 DNA ligase were obtained from Fermentas (Lithuania) and Pfu
Turbo DNA polymerase from Stratagene (USA). Oligonucleotides were purchased from
MWG Biotech (Germany). AMP, ADP and ATP were from Fluka (Switzerland). [ *C]AMP
was acquired from Moravek Biochemicals and Radiochemicals (USA). All other reagents and

kits were obtained from Sigma (USA).

Site-directed mutagenesis, protein expression, and purification

Mutagenesis of the mtCBS-PPase gene was performed in pBluescript SK (Stratagene, USA)
with a QuikChange kit (Stratagene). Primer sequences used are shown in Supplementary
Table S1. Variant genes were cloned for expression into the pET36b+ plasmid (Novagen,
USA) using Ndel and Xhol restriction sites. Gene integrity and presence of the desired point
mutations were confirmed via DNA sequencing. Expression and purification of mutant
proteins was performed as described for wild-type mtCBS-PPase [6]. Protein concentrations
were determined from absorbance at 280 nm (¢ = 22,920 M! cm'l, calculated using ProtParam
[20]). Protein expression level and purity of the final preparation were analysed on 8-25%

SDS-PAGE gels using the Phast system (GE Healthcare, USA).

Activity measurements

Unless otherwise stated, activity measurements were performed at 25°C in 25—40 ml of 100
mM Mops/KOH buffer (pH 7.2), including 0.1 mM CoCl,, 5 mM MgCl, and 0.16 mM PP;.
PP; hydrolysis was initiated by adding an aliquot (5-200 pl) of diluted enzyme solution to

obtain 0.005-5 pg/ml final enzyme concentration. P; formation was monitored for 20-25 min
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using a semi-automatic P; analyser [21]. Stock nucleotide solutions used in kinetic

measurements were prepared immediately before use, and kept on ice.

Membrane filtration

[""C]AMP binding to mtCBS-PPase was determined with a filtration method [7] using
Multiscreen 96-well opaque filtration plates with an IP membrane (Millipore Corp., USA).
The membrane was washed with 20% ethanol using buffer supplemented with 1 mM
unlabelled AMP, and twice with buffer without AMP. Next, 50 pl of 10 uM m¢CBS-PPase
solution was added and incubated for 10 min. Finally, 4C-labeled AMP (200-5,000 cpm, 100
ul) was added, the complete mixture incubated for 10 min, and the wells emptied using a
vacuum pump (time to empty about 1 s). Wells were washed twice with 0.1 mL of buffer, 0.2
mL of Ultima Gold XR scintillant added, and the radioactivity adsorbed on the membrane
was determined with a Chameleon V multimode microplate reader (Hidex Ltd, Turku,
Finland). Bovine serum albumin was added instead of enzyme to estimate non-specific

['*C]JAMP binding.

Data analyses

All non-linear least-squares fittings were performed with the program Scientist (MicroMath,
USA). Dependence of activity (4) on nucleotide concentration ([L]) at a fixed substrate
concentration was fitted to eqn 1, where 4.1 and A represent activities with and without

bound nucleotide, respectively, and K 4 1s the apparent nucleotide binding constant:

A=A, (A, - A)A+[LVK,,,) (1)

L,app

Time-courses of PP; hydrolysis were fit to eqns 2 and 3 [7], where A, A and Ajim,
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represent velocities at time zero, ¢, and infinity, respectively, [E]y is the total enzyme
concentration, and K, is the Michaelis constant. Equation 3 assumes that activity increases
with a first-order rate constant, £, to a constant level due to enzyme transition to a more active
form during substrate conversion, and decreases upon substrate depletion. Ay, Ajim and &
values were treated as adjustable parameters. The K, value, initially set at 10 pM at the initial
round of calculation, was subsequently estimated from the calculated dependences of 4y, on

[S]o, and the calculation cycle repeated with the refined K;,, value until the results converged.

d[P]/dt = A[E], (2)

A=Ay + (A = A)A=e A+ K, /{S1) {1+ K, (ST, ~[P])}

Jim (3)
RESULTS

Selection and production of enzyme variants

Eight residues were selected for substitution in the two CBS domains of mfCBS-PPase, based
on (a) the positions of disease-causing mutations in CBS proteins (Figure 1A and
Supplementary Table S2), () the identity of the ligands binding to nucleotides in cpCBS-
PPase (Figure 1B), and, (¢) the residue conservation profiles of CBS-PPases and other CBS
proteins (Figure 1A). Residues corresponding to Lys100, Tyr169, and Argl70 are nucleotide
ligands in the cpCBS-PPase structure (Lys, Tyr, and Ser, respectively) (Figure 1) and are well
conserved (61%, 69%, and 87%, respectively) in 67 putative CBS-PPase sequences.
Furthermore, residues at positions 168—170 form part of the RYRN sequence corresponding
to the RYSN loop of cpCBS-PPase, which undergoes the most significant conformational

change when the activator- and inhibitor-bound forms of cpCBS-PPase are compared [8].

Residues 187—-189 are part of a conserved CBS domain motif. Finally, Val99 is located at the
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same relative position in the second CBS domain of mfCBS-PPase compared to Y169 of the
first domain (Figure 1).

Keeping in mind that replacement of disease-causing residues yields varying effects in
different proteins (Figure 1A and Supplementary Table S2), Ala is commonly used as a
substituting residue, to eliminate any effect of polar side-chain groups. In addition, Tyr169
was conservatively replaced with Phe. Two Arg residues were mutated to Gly, because such
substitutions are known to affect the function of pig AMP-dependent protein kinase y3 linked
to CBS domains [22]. For substitution of R168, the choice between Ala and Gly was made on
the basis of protein solubility, as the R168G variant showed a tendency to aggregate during
purification. Expression levels for all m/CBS-PPase variants (~ 10% of total cell protein) were
similar to that for wild-type enzyme, and variants were casily separated from other proteins,
including E. coli PPase. The final preparations were at least 90 % pure as estimated by SDS-

PAGE analysis (Supplementary Figure S1).

Catalytic activity

Earlier studies on mtCBS-PPase revealed ~2-fold activation by substrate, with a half-time of
approximately 40 s, during PP; hydrolysis [7]. This effect was preserved in all variants
studied, except for the Y169A and R170A proteins (Figure 2). Accordingly, steady-state rate
was attained after several minutes of reaction. The corresponding activity (A4jim) Was
physiologically more relevant than was initial activity in estimation of the catalytic constants
(kcat1im values) and Michaelis constants (K, values) for variant enzymes. Based on the effect
of mutations on ke 1im, the variant enzymes were divided into three groups (Table 1): (1) those
displaying Acat1im Values similar to that of the wild-type enzyme (K100G), (2) more active
enzymes (V99A, R168A, Y169A, Y169F, Y188A, and HI89A), and (3) less active enzymes

(R170A and R187G). The effects of mutation on K, were smaller, and in most instances, did
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not exceed the error of determination.

Nucleotide inhibition

The effects of substitutions on activity regulation by AMP and ADP were significant (Figure
3). Substrate (PP;) concentration was fixed at 160 uM for these measurements, ensuring at
least 85% saturation of enzyme active sites, based on the K, values listed in Table 1. Thus the
observed effects of nucleotides on activity mainly reflect an influence 011 kcat jim.

Remarkably, AMP inhibited wild-type and the majority of variant enzymes, but activated
the R168A and Y169A mutants (Figure 3, Table 1). Activation was particularly marked (2.8-
fold) for the R168A protein. In keeping with these observations, the maximal degree of
inhibition, characterized by the residual activity of an enzyme-AMP complex, was increased
in the Y188A and H189A variants compared with wild-type enzyme (Table 1). The AMP-
binding affinity, estimated using K ,pp, Was not significantly affected in the Y169F and
R170A mutants; somewhat decreased in the K100G and Y 188A substituents; markedly less in
R168A, Y169A, and, particularly, V99A; and significantly elevated in the R187G and H189A
mutant proteins.

The effects of ADP were more uniform in that all variants were inhibited by more than 5-
fold (Table 1). However, the K., values showed more variation. Specifically, increases were
seen for the V99A, Y169A, and R170A variants, and falls were noted for other variants,
except for R168A and Y188A. In most instances, the effects of ADP on K ., paralleled those

of AMP.

Equilibrium AMP binding
Direct measurements of ['*CJAMP binding to mtCBS-PPase and variants thereof in the

absence of substrate were performed using the membrane filtration technique (Figure 4). In an

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20101204

10

earlier study, we presented evidence that, in wild-type mfCBS-PPase, AMP binding to a
dimeric enzyme is characterized by negative cooperativity [7]. Unfortunately, the binding
curves obtained from filtration assays showed some scatter, precluding accurate analysis of
curve form, which was subsequently approximated as a simple, two-parameter hyperbola.
Furthermore, the membrane filtration assay may underestimate the binding affinity because of
partial dissociation of the complex during the removal of unbound AMP, which occurs in
about 1 s. This may explain why the K values obtained were markedly larger than those of
K; app derived from kinetic assays. However, regardless of the actual significance of filtration-
derived K, values, a marked increase upon residue substitution, as observed with VO9A,
K100G, Y169A, Y188A, and H189A proteins (Table 1), is clearly indicative of altered (most
likely, weakened) AMP binding. Another important finding is that the stoichiometry of AMP
binding increased from 1 to 2 mol/mol monomer in the Y169F, R170A, R187G, and Y188A

variants, implying occupancy of both tandem CBS domains.

Activity transition

In the absence of substrate, wild-type m/CBS-PPase exists as a mixture of two conformations
with different activities, and is converted to the more active conformation on the time-scale of
the enzyme assay upon addition of substrate [7]. Nucleotides bound to wild-type mtCBS-
PPase slowed this transition. Similar analyses were performed for the variant enzymes. Fitting
of eqns 2 and 3 to the time-courses of PP; hydrolysis (Figure 2) yielded both a ratio of initial
to final activities (Aeur0/kcatim) (Table 2) and a rate constant for the substrate-induced
transition (k). For most variants, the kcar o/kcatim 1atio was not significantly different from that
of wild-type. The rate constant for transition in the absence of nucleotides was 1.5-3-fold less,
compared with wild-type enzyme, and nucleotide addition further decelerated the transition

(Figure 5), analogous to what was seen with wild-type PPase. Conversely, the Y169A and
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R170A variants exhibited no activity transition in the absence of nucleotides (kcat 0/kcatim = 1).
However, this transition was clearly accelerated in the presence of AMP or ADP. Another
interesting finding was that ADP accelerated transition in the Y188A variant. The lack of
effect of ADP on the ki 1im value of the VO9A variant appears to result from weak nucleotide

binding (Table 1).

DISCUSSION

CBS Domain pair as an internal inhibitor in CBS-PPase

The specific activities of two CBS-PPases characterized to date, those of M. thermoacetica
[6] and C. perfringens [8], are 2-3 orders of magnitude lower than that reported for common
family II PPases lacking CBS domains [1,2,23]. Previously, we hypothesized that CBS
domains act as “intrinsic inhibitors” in CBS-PPases [6], supported by the observation that the
activity of CBS-PPase and other CBS proteins may cither decrease or rise, depending on the
nature of the bound nucleotide. These allosteric effects are clearly mediated by
conformational changes in CBS domaiiis, and it is possible that other factors causing similar
structural changes in CBS domains also affect PPase activity. The activation effect is
particularly interesting, as it may provide relief against the “inhibition” induced by CBS
domains.

The present results provide further support for the above theory. First, five of nine
substitutions in CBS domains resulted in enhanced activity (as measured by kcat1im Values;
Table 1). Although functional improvements in proteins after artificial mutation have been
documented in the literature, function-disrupting mutations are far more common. This
observation reflects the general dogma that functions tailored by nature are difficult to

improve upon, but easy to damage. Our findings are in line with this belief if the apparent
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“improvement” in function (activation) actually results in a disruption of the auto-inhibition
mechanism underlying the regulatory activity of the CBS domains.

Second, the “internal inhibitor” mechanism is supported by reversal of the AMP effect
from inhibition to activation in the R168A and Y169A substituents. To the best of our
knowledge, no change in the direction of a nucleotide effect after amino acid substitution has
ever been previously reported for any CBS protein. The possibility of such reversal implies
high plasticity of the regulatory mechanism. Importantly, in the Y169A variant, the basal
keat1im value in the absence of nucleotides (5.0 s™') significantly exceeded that of wild-type
mtCBS-PPase (2.2 s™). The combined effect of mutation and AMP binding led to an increase
N kcat1im values by 2.8-3.5-fold in the R168A and Y169A variants, compared with the wild-
type basal value. Most constructed mutations thus widen the range of activities attainable in
the absence and presence of nucleotides, fully consistent with the “internal inhibitor”

hypothesis.

Nucleotide-binding stoichiometry

Each CBS domain of the Bateman fold contains a potential binding site for nucleotides.
However, cpCBS-PPase structures [8], most other reported structures [24-26] and those
found only in PDB (3LFR, 3FWR, 3FWS, 3FNA, 2YZQ, and 3DDJ) contain only one
nucleotide molecule per two CBS domains. However, both sites are occupied by nucleotides
in several reported protein structures [19,27-29].

Wild-type mfCBS-PPase is similar to cpCBS-PPase in that the enzyme binds only one
nucleotide per two CBS domains (Table 1). Remarkably, four substitutions in CBS2 elevated
the AMP binding stoichiometry of m/CBS-PPase to two nucleotides per CBS domain pair
(Table 1). Two of the replaced residues (Y169 and R170) correspond to cpCBS-PPase AMP

ligands, and two (R187 and Y 188) belong to a conservative CBS motif. One possible
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explanation is that mutations in CBS2 induce conformational changes in this domain,
inhibiting interactions with the CBS1-bound nucleotide and facilitating intrinsic nucleotide
binding. Interestingly, the Kj ., value was markedly decreased in the R187G variant,
indicating tighter binding. This may indicate that, at least in this variant, the K ,,, value is
referable to the CBS2-bound nucleotide. Goémez-Garcia ef al. [29] recently reported unusual
binding of AMP to the linker sequence connecting the two CBS domains in a CBS protein
from Methanocaldococcus jannaschii. However, this type of binding is unlikely in mCBS-

PPase, because the linker sequence is relatively short.

Possible roles of mutated residues in regulation

The effects of substitutions on nucleotide binding affinity are easily explainable in terms
of changes in nucleotide contact (group 1 residues), whereas effects on activity may be
attributable to closure/opening of the CBS domain interface (group 2 residues), as seen in
cpCBS-PPase structures [8]. Group 1 residues include K100, Y169 and R170. The finding
that AMP binding is weakened and ADP binding strengthened upon K100G substitution is
consistent with the theory that K100 interacts with P1 of the nucleotides [8]. Y169 stacks onto
the adenine ring in cpCBS-PPase structures [8], and alteration to Ala is thus expected to
weaken binding, leading to malpositioning of the bound nucleotide, in turn facilitating
opening of the CBS domain interface with concomitant enzyme activation. An opposite effect

was predicted and indeed confirmed for the Y169F mutant. Based on the cpCBS-PPase

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20101204

structure [8], R170 is expected to play a role in ADP P2 binding. Indeed, the K 5, values
obtained for the R170A substitution indicate that this residue is clearly important for ADP, but
not AMP, binding.

Group 2 residues, which do not interact with bound nucleotide in the cpCBS-PPase

structure [8], include R168, R187, and Y188. R168 is located at the CBS domain interface
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within the RYRN sequence. The loop adopts markedly different conformations in activated
and inhibited cpCBS-PPase, and may therefore play a central role in transmitting the
regulatory signal to catalytic domains. This hypothesis is confirmed by the finding that
mutation of both residues of this loop region reversed the effect of AMP from inhibition to
activation. The importance of R187, a highly conserved (90%) residue in CBS-PPase, is
explained by the interactions of this residue with the RYRN loop. Interestingly, the
conformations adopted by R187 in inhibited and activated cpCBS-PPase¢ structures [8] are
markedly different. Similar data were obtained for Y 188, which is displaced from the domain
interface to a hydrophobic cavity when a complex is formed with activating nucleotide. After
Y 188A substitution, the domain interface is expected to open, resulting in increased activity
of the variant enzyme.

In summary, six CBS-domain residues, including four corresponding to disease-related
residues of human proteins, are important in adenine nucleotide regulation of CBS-PPase.
Together with the previously determined structures of the inhibitor- and activator-bound
forms of the regulatory domain of cpCBS-PPase, our results significantly clarify the
mechanism underlying the regulatory effect of the CBS domain. Elucidation of the detailed
mechanism of the cooperation between regulatory and catalytic domains is the next

challenging step, and the current results will serve as a basis for this work.
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Table 2 Parameters describing activity transition in wild-type and variant
mtCBS-PPases

Values showing large deviations from wild-type enzyme are presented in bold.

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20101204

Enzyme K jim'

Keat,of Keatim”
variant No nucleotide AMP ADP

min”

WT 0.60 1.8+0.2 <0.04 <0.04
VI9A 0.55 0.81+0.13 <0.04 0.81+0.13
K100G 0.70 1.1+0.1 0.36 £ 0.11 0.43 +£0.07
R168A 0.45 1.2+0.2 0.29 + 0.04 <0.04
Y169A 1.0 <0.04 <0.1 0.92 £0.12
Y169F 0.65 0.62 +0.03 <0.04 0.19+0.02
R170A 1.0 <0.04 0.40 £0.02 0.31 £0.05
R187G 0.35 0.66 + 0.05 0.11£0.02 0.094 + 0.043
Y188A 0.35 0.76 £ 0.12 0.47 £0.02 6.5%+0.2
H189A 0.40 0.71£0.03 <0.04 <0.04

ki im values refer to >85% substrate saturation.

b Ratio of catalytic activities estimated with eqns 2 and 3 from the initial and final

rates of substrate conversion in the absence of nucleotide.
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FIGURE LEGENDS

Figure 1 Selection of residues for mutation

(A) Sequence alignment of CBS domains 1 and 2 of two characterized CBS-PPases
and CBS proteins with disease-causing mutations. Also shown are consensus
sequences of CBS-PPases (based on 67 proteins) with 30% and 85% identity.
Residue numbering is for mtCBS-PPase. Some sequences contain inserts compared
to mtCBS-PPase; the number of residues in the insert is indicated in parentheses.
Residues mutated in mtCBS-PPase are marked with asterisks, AMP-binding
residues (side-chain contacts only) in coCBS-PPase [8] are shown in italics, and
disease-associated residues are shaded in grey. The box indicates a conserved CBS
domain motif. Non-PPase CBS protein designation: hCBS, human cystathionine -
synthase; hCIC-7, human chloride channel CIC-7; hIMPDH1, human IMP
dehydrogenase 1; hAMPKy2, human AMP-activated protein kinase y2; hAMPKYy3,
human AMP-activated protein kinase y3; pigAMPKy3, pig AMP-activated protein
kinase y3. For AMPKs containing two pairs of CBS domains per subunit, CBS
domain numbers, beginning from the N-termini, are presented after protein names.
(B) Stereoview of the nucleotide-binding site of coCBS-PPase with bound AMP [8]
showing the residues that were selected for mutation in the present study. Residue
numbering is for cpCBS-PPase/mtCBS-PPase. The primed K100 belongs to the
other subunit and forms an ion pair with Pa. of AMP. S279/R170 is expected to
interact with PB-of ADP, and Y278/Y169 forms a stacking interaction with the adenine

moiety [8].

Figure 2 Time-courses of PP; hydrolysis by wild-type mtCBS-PPase (WT) and
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selected variants
The assay medium contained 160 uM PP;. The reaction was initiated by adding an
aliquot of enzyme solution pre-equilibrated at 25°C. Curve labels refer to variant

identity and final enzyme concentration in nanograms per millilitre.

Figure 3 Effects of AMP (A) and ADP (B) on the equilibrium activity of wild-type
mtCBS-PPase (WT) and selected variants

The assay medium contained 160 uM PP;. The lines show the best fit to eqn 1. The
dashed line, representing the effect of AMP on wild-type enzyme (WT), is obtained

from Jamsen et al. [7].

Figure 4 [C'*]AMP binding to wild-type mtCBS-PPase (WT) and selected
variants, determined with membrane filtration

The abscissa depicts the concentration of free unbound AMP, calculated as the
difference between total and bound AMP concentrations. The lines represent the

best fit to eqn 1 with A set to zero.

Figure 5 Effects of AMP (A) and ADP (B) on the rate constant for substrate-
induced activity transition in wild-type mtCBS-PPase (WT) and selected
variants

The assay medium contained 160 uM PP;. The lines represent the best fit to eqn 1.

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20101204

A

CBS1

mtCBS-PPase
cpCBS-PPase
CBS-PPase 30%
CBS-PPase 85%

hCBS
hclc-7
hIMPDH1
hAMPKY2 1
hAMPKY2 3
hAMPKY3 1
pPigAMPKY3 1

CBS2

mtCBS-PPase
cpCBS-PPase
CBS-PPase 30%
CBS-PPase 85%

hCBS

hclc-7
hIMPDH1
hAMPKY2 2
hAMPK72 4
hAMPKY3 2
PigAMPKy3 2

Figure 1A

70 80 90 100 110 120 130
P O I P T I [ I I

* %
VRARVKDVLDGGLLFIQPGATVRQAGIFMRQHGVKTLAVVDENRHLLGLFTVGDLARLLLEAWDTG -
VKLKVEDLEMDKIAPLAPEVSLEKMAWNIMRDENL KSIPVADGNNHLLGMLSTSNITATYMDIWDS - -

VK-QVKDLD-----~- VSP-TSLK-AW-IM-ENN-KTLPVVD-DGK-LGIIT-GDIA--YMD~~—----
------ D--=--=====-=-=----—-—-=-=-M-=-==-====-P--=---=--=--@G----c-------————---
-=-GLSAPLT-----~- VLPTITCGHTIEILREKG@.QAPVVDEAGVILGMVTLGNMLSSLLAG-KVQP
---MSTPVTC----- LRRREKVGVIVDVLS (5) HNGFPVVEH (8) LQEGLILRSQLIVLLKHKVFVE -
VR-KVKKFEQGF (6) LSPSHTVGDVLEAKMRHGFSGIPITET (6) LVGIVTSRDIDFLAEKD-HTT-
————— SKLVV-————FDTTLQVKKAFFALVBNGV!AAPLWES(4)FVGMETITDFINILHR—!IKSP
-IGTYHNIAF----- IHPDTPIIKALNIFVERRISALPVVDE (4) VDIYSKFDVINLAAEKTYNNLD
-MATSSKLVI----- FDTMLEIKKAFFALVANGVIAAPLWDS(4)FVGMLTITDFILVLHR—YYRSP
-MATSSKVLI----- FDTMLEIKKAFFALVANG&!AAPLWDS(4)FVGMLTITDFILVLHR—IIRSP
140 150 160 170 180 190 200
N N T RS, TR, AT ETTTY Moy ey [ [FPpany IRy I
* %k * % &

--PVDYVMTKDNLVAVSTDDLVEDVKVTMSETR YSNYPVIDENNK!
SIPV-YIM-KENLV~---FDDYVDDVKEVMLKTRYR~-YPVLD~--GKV
__P _______________________________ R ____________

YRQFKQIRLIDTLGRLSHILEMDHFALVVHEQIQYHSTGKSS (4)
------- MNPSP-YTVPQEASLPRVFKLFRALGIRHLVVVDNRNQ
------ MTPRIELVVAPAGVTLKEANE ILQRSKKGKLPIVNDCDEL
———————— TFKPLVNISPDASLFDAVYSLIKNKIHRLPVIDP (4) AL LKFLQLFMSDM-

———————— YFEGVVKCNKLEILETIVDRIVRAEVHRLVVVNEADSIV LQALILTPAGAK
———————— CFKPLVSISPNDSLFEAVYTLIKNRIHRLPVLDP (4) VL LKFLHIFGSLLP
-------- CFKPLVSISPNDSLFEAVYALIKNRIHRLPVLDP (4) LKFLHIFGTLL-

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

K100’

K1007
K100’

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20101204

Figure 1B

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

51 R187G (85) R170A (90)

41 WT (40)
Y169A (10)
3 N
2 4
1 4
5 min
O 4

PP; converted (uM)

Reaction time

Figure 2

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20101204

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

Relative activity

A
0.0010.01 0.1 1 10 100 1000

AMP (M)

Figure 3A

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20101204

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

Relative activity

Figure 3B

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20101204

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

2.0

y169F *

-
(&)}
1

AMP bound (mol/mol)
o

o
3

0 200 400 600 800 1000
AMP (uM)

Figure 4

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20101204

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

S

I3 1.5 +
—

o

—

o

A

L)

Q —

o~ Y

< S 1.0 -
= E

f__.D_ Xx

5

©

o 0.5 -
(7]

a)

x

o)

D

o 0.0
o 0.0010.01 0.1 1 10 100 1000
5 AMP (uM)
(7]

i

> Figure 5A
L

I

l_

l_

0

pzd

<)

)

I

l_

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 11 Nov 2010 as manuscript BJ20101204

k (min'1)

0.001 0.01 0.1 1 10 100
ADP (uM)

Figure 5B

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20101204

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2010 The Authors Journal compilation © 2010 Portland Press Limited




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


