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ABSTRACT. Alignment of more than 20 deduced sequences for mevalonate diphosphate decarboxylase
(MDD) indicates that serines 34, 36, 120,121, 153, and 155 are invariant residues that map within a
proposed interdomain active site cleft. To test possible active site roles for these invariant serines, each
has been mutated to alanine. S34A exhibits limited solubility and impaired binding of the fluorescent
ATP analogue, trinitrophenyl-ATP (TNP-ATP), suggesting that Ser-34 substitution destabilizes proper
enzyme folding. All other serine mutants retain structural integrity, as indicated by their ability to bind
TNP-ATP at levels comparable to wild-type enzyme. S153A exhibits a 18-fold inflatidty fior Mg-

ATP, as indicated by competitive displacement of TNP-ATP; the enzyme also is characterized by a 35-
fold inflation in Ky, for Mg-ATP. S155A exhibits a 26-fold inflation iKm, for Mg-ATP, but competitive
displacement of TNP-ATP indicates only a 2-fold inflationKg for this substrate. S155A exhibits both

a 16-fold inflation inK, for mevalonate diphosphate and a 14-fold inflatiorKigiope) for the substrate
analogue, diphosphoglycolylproline. These observations suggest roles for Ser-153 and Ser-155 in substrate
binding. Catalytic consequences of mutating invariant serines 36, 120, 153, and 155 are m8¢ekt (
diminution inkcag. In contrast, S121A, which exhibits only modest changeKdifior Mg-ATP andK,

for mevalonate diphosphate, is characterized by4& 000-fold diminution inkeo; indicating the critical
involvement of Ser-121 in reaction catalysis. The selective involvement of the latter of two tandem serine
residues (Ser-120, Ser-121) in a conserved sequence motif suggests mechanistic similarities within the
GHMP kinase superfamily of proteins.

Mevalonate diphosphate decarboxylase (MDBIEC The potential significance of some of these residues is
4.1.1.33) catalyzes the decarboxylation reaction of meva-illustrated by our recent analysis of the contributions of
lonate diphosphate to isopentenyl diphosphate with concur-conserved Lys-18 and Asp-302 to MDD functid). (A high-
rent hydrolysis of ATP to form ADP and inorganic phos- resolution structure of unliganded MDD7)( has been
phate. The reaction (eq 1) requires divalent metal ions, e.g.reported, and while the lack of bound metabolites or

Mg?t or M2+ (1, 2). analogues limits the functional information that would
_ otherwise be available, the enzyme clearly folds like
Mevalonate-5-diphosphate ATP — members of the GHMP kinase family. A deep interdomain

Isopentenyl-5-diphosphate ADP+ P, + CO, (1) cleft associated with the catalytic site has been identified.
Six invariant MDD serine residues map within this cleft and
~ This reaction is critical to the biosynthetic pathway for have the potential to support substrate bindiBgd) or
isoprenoids and sterols. Both enzyme inhibition and dimin- catalysis {0, 11). In this report, we evaluate the significance
ished cellular levels of mevalonate diphosphate decarboxy-of these residues to MDD function and demonstrate both
lase have been demonstrated to diminish cholesterol pro-similarities and contrasts between the function of this enzyme

duction @-5). _ o ~and other members of the GHMP kinase superfamily of
The mevalonate pathway for isoprenoid biosynthesis proteins.

functions in both eukaryotes and prokaryotes. The availability
of more than 20 deduced MDD sequences from diverse EXPERIMENTAL PROCEDURES
organisms has facilitated the identification of invariant amino

acid residues. Materials. The pSKB2 plasmid containing full-length

cDNA for yeast MDD and a histidine tag upstream of the N

terminus of the enzyme was a gift from Drs. S. Burley and
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phate/pyrophosphate; DPGP, diphosphoglycolylproline; TEAB, trieth- Novagen. |SOpropYIB‘D'thi093-|aCt0pyran0$ide was pur-
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ATP (2(3)-0-(2,4,6-trinitrophenyl)adenosine’-&iphos- TNP-ATP Binding to Wild-Type and Mutant MDD Pro-
phate) is a product of Molecular Probes. Kits for DNA teins.The recombinant wild-type and mutant enzymes were
purification were products of QIAGEN Inc. NiNTA tested for structural integrity using trinitrophenyl-ATP (TNP-
agarose was purchased from QIAGEN Inc. All other ATP), a fluorescent analogue of ATP. The fluorescence
biochemical reagents were purchased from Sigma. Meva-enhancement of TNP-ATP upon binding to MDD was
lonolactone and trimethylsilyl iodide were purchased from measured in 100 mM Tris/Cl, 100 mM NaCl, 10 mM Mg(Cl
Aldrich. [2-*C]mevalonic acid lactone, used for enzymatic pH 7.0, using a PTI spectrofluorimeter. Excitation wave-
synthesis of [2“C]mevalonate 5-diphosphat&2 13) was length used in these experiments was 408 nm. Emission
purchased from Moravek Biochemicals. Diphosphogly- spectra were scanned from 500 to 600 nm. For data analysis,
colylproline was synthesized from methylproline (Aldrich) values measured at the fluorescence emission peak of 540
by the method of Vlattas et al14). nm for enzyme-bound TNP-ATP were corrected for free

Expression and Isolation of Recombinant Wild-Type and TNP-ATP fluorescence. Thus, the fluorescence enhancement
Mutant Yeast MDD ProteinsA full circle PCR method, was used in all binding analyses. In the case of all MDD
which employed a Stratagene QuikChange site-directedproteins, the emission peak was observed at 540 nm.
mutagenesis protocol, was used to generate desired mutaTitrations of MDD proteins were performed using an enzyme
tions. The following primers were used: S34A;T55C- site concentration of ZM and TNP-ATP concentrations
CCACCAATTCGGCCATATCAGTGACTTT-3 and 5- ranging from 0 to 1Q«M. The intensity of the fluorescence
AAAGTCACTGATATGGCCGAATTGGTGGGCA-3; enhancement indicated the concentration of bound TNP-ATP;
S36A, B-ACCAATTCGTCCATAGCAGTGACTTTAT- free TNP-ATP was calculated by subtraction of bound ligand
CGCA-3 and 3-TGCGATAAAGTCACTGCTATGGAC- from the total added. The titration data were subjected to
GAATTGGT-3; S120A, 3-GCAGCTGGTTTAGCTGC- Scatchard analysis using the Grafit program. Binding sto-
CTCCGCTGCTGGCTTTGC-3and 3-GCAAAGCCAG- ichiometries 1) were estimated from the calculat&ehxis
CAGCGGAGGCAGCTAAACCAGCTGC-3 S121A, 5- intercepts of the Scatchard plots, and equilibrium binding
CAGCTGGTTTAGCTTCCGCCGCTGCTGGCTTTGC-3  constants Kq) were estimated from the slopes of the lines
and B-GCAAAGCCAGCAGCGGCGGAAGCTAAACCA- fitted to the data.
GCTG-3; S153A, -AATAGCAAGAAAGGGGGCTGGT- Kinetic Characterization of Wild-Type and Mutant En-
TCAGCTTGTA-3 and 3-TACAAGCTGAACCAGCCC- zymesMeasurement of enzyme activity was typically carried
CCTTTCTTGCTATT-3; S155A, 5-AAGAAAGGGGTCTG- out in the presence of 10 mM Mgg£ht 30 °C, pH 7.0;
GTGCAGCTTGTAGATCGTT-3 and 3-AACGATCTA- product ADP formation was measured using a spectropho-
CAAGCTGCACCAGACCCCTTTCTT-3 tometric assay previously described). The initial velocity

The presence of the desired mutation and the absence ofvas determined on the basis of the rate of decrease in
any unanticipated changes in coding sequence were con-absorbance at 340 nm following addition of mevalonate
firmed by automated DNA sequencing. DNA was sequenced diphosphate to the reaction mixture. One unit of enzyme
at the Protein and Nucleic Acid Shared Facility at the activity corresponds to conversion of:inol of substrate to
Medical College of Wisconsin. The conditions for high-yield product in 1 min.
expression/purification of the yeast MDD have been previ-  When the catalytic efficiency of a mutant enzyme was low,
ously reported & and are briefly summarizedE. coli activity was measured using a radioisotope asSA). The
transformants containing the pSKB2 construct were grown radiolabeled substrate [Z€]mevalonate diphosphate re-
in 1 L of LB medium at 25°C. Protein production was quired for the assay was synthesized enzymatically from
induced by addition of 1 mM isopropyl-p-thiogalacto- [2-14C]mevalonic acid lactone as previously describ&d (
pyranoside when thég reached 1.5; bacteria were har- 13). Recombinant forms of mevalonate kinad#,(18) and
vested after 10 h of induction. The cells were suspended andphosphomevalonate kinase (T. Herdendorf and H. Miziorko,
lysed by passage through a French pressure cell at 16 00unpublished observations) were employed for this synthesis.
psi. The lysate was centrifuged at 100 §@6r 1 h, and the C18 Sep-Pak cartridges (Waters) were used for separation
supernatant was dialyzed against 10 L of 20 mM Tris/Cl of the radiolabeled product, isopententyl diphosphate, from
buffer at pH 7.4, containing 0.5 mM DTT. The dialyzed substrate. Radioactivity measurements were made using a
supernatant was loaded onto a 10 mL—-INITA agarose Beckman LS3801 scintillation counter. For estimates of the
column equilibrated with the same buffer. The column was maximum velocity ¥may and Michaelis constanK,), the
washed untilAg0 was <0.015, and MDD was eluted with a  reaction velocities at various substrate concentrations were
10-200 mM linear gradient of imidazole in 10 mM Tris/ fit to the Michaelis-Menten equation using the Grafit
Cl, 100 mM NaCl, 0.5 mM DTT, pH 7.0. The fractions program (Erithacus Software Ltd.).
containing MDD were pooled and concentrated using an The potential inhibitor diphosphoglycolylproline (1-
Amicon YM-10 filter and concentration device (Millipore).  ({[(phosphonatooxy)phosphinato]dacetyl)pyrrolidine-2-
The buffer was exchanged to 10 mM Tris/Cl, 0.5 mM DTT, carboxylate) was synthesized using the strategy briefly
pH 7.0, by repeated concentration of the protein and dilution outlined by Vlattas et al.14). Two millimoles ofL-proline
using this buffer. The concentration of the protein was methyl ester was dissolved iL M NaHCQ. Then 0.5 mL
determined spectrophotometrically using an extinction coef- of CICH,COBr was added dropwise with stirring on ice. The
ficient (e2s0nm = 55340 Mt cm™) calculated from the  reaction was allowed to continuerfd h atroom temperature.
deduced protein composition. Glycerol was added to final The reaction mixture was then acidified by dropwise addition
concentration of 20% and enzyme was frozen and stored atof 2 M HCI to pH ~3. The product, 1-(2-bromoacetyl)-
—80 °C for further use. Freezing under these conditions did pyrrolidine-2-carboxylic acid methyl ester, was extracted with
not affect the activity of the enzyme. dichloromethane and dried fo2 h by the addition of
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anhydrous MgSQ filtered thorough Whatman #1 filter 3|4 3|6 12? 1121 153 155
paper, and concentrated using a rotary evaporator. ThiSsaccharomyces sg 1B E
intermediate was purified by silica gel chromatography (2 gg:ﬁ;‘:;ggg‘l‘tfs g : g ";
x 20 cm column); elution was performed with 50:1 (€H  Haiobacterium D1 [ F
Cl,:MeOH). The purified intermediate was concentrated by Homo sapiens  SQL g Y
. h Lact. lactis SEIL LYY R-R-FNS S F
rotary evaporation and characterized by thé NMR Mus musculus  SYL[ Y
spectroscopy. A solution of this material in dry acetonitrile Rat- norvegicus  PIL &g AAGLASSALIGH
. i Staph. epiderm. NEJL AAGLASSAEEN
was added to tetrabutylammonium pyrophosphate in the samearabidopsis o1 AAGLASSAIGY

solvent. The reaction was conducted undgrziamhosphere Ficure 1: Invariant serine residues in the interdomain cleft of
for 3.5 h at room temperature. The acetonitrile was removed mevalonate diphosphate decarboxylases. Amino acid sequences of
using rotary evaporation, and the reaction product, 1- 10 eukaryotic and prokaryotic proteins were aligned using the
({[(phosphonatooxy)phosphinato]dacetyl)pyrrolidine-2- Bioedit program. Numbers appearing above the sequence alignment
carboxylic acid methyl ester, was dissolved in 10 mL of correspond to the conserved serine residueSadcharomyces
cerevisiae Sequences corresponding to the following organisms
water and loaded to the Dowex 50W column (NHorm) and accession numbers are include&hccharomyces cerisiae,
and eluted with water. This material was applied to a DEAE p32377; Streptococcus pyogenddl GAS, AAK33797; Cae-
Sephadex A25 (5x 15 cm) column, equilibrated with  norhabditis elegans NP_496967; Halobacterium sp. NRC-1,
triethylammonium bicarbonate (TEAB) buffer (pH 7.5), and E}i‘gtEg‘ggg;g%el’}g’a?uioﬁtsg;?ccﬁgﬁé%glfggiﬁgmxg
g:cuizg (\)Nlr';]hL? %;%ﬁg; sfwTeErQ?j éfggg annhc] ggmgg‘;ﬂ? CoccUS epidermisBABS6753; Arabidopsis thalianaT52625.
cylic acid spray as previously describei®), Pooled product ~ inserted into a finger Dewar filled with liquid Nat 77 K).
fractions were concentrated to dryness three times from The enzyme remained fully active after freezifthawing
acetonitrile and characterized B and 3P NMR. The cycles as confirmed by standard enzymatic assay. Additional
material was dissolved in 5 mL of water and applied to a €xperiments performed on His-tagged MDD in solution state
Dowex 50W (Li* form) column, eluted with water, and (22 °C) using a quartz flat cell confirmed the results obtained
concentrated using rotary evaporation. The methyl ester wasWith frozen samples.
hydrolyzed with 0.5 M LiOH overnight at 4C. The pH RESULTS
was then adjusted with dropwise addition of HCI to neutral-
ity. The deesterified product, diphosphoglycolylproline (1-  Mutagenic Substitution of Alcohol Side Chaiffere is
({[(phosphonatooxy)phosphinato]gacetyl)pyrrolidine-2- strong precedent for participation of alcohol functionalities
carboxylate) was lyophilized and stored-&80 °C. Observed in phosphotransferase substrate binding and/or catalysis. A
peaks and chemical shifts #i, °C, and®!P NMR spectra  potential active site role for such residues involves H-bonding
were identical to those previously reported4), The to oxygens of the ATP phosphoryl chaim, (21-23).
concentration of the diphosphoglycolylproline was deter- Elimination of side chains that function in phosphoryl chain
mined by organic phosphate analys29) orientation by hydrogen-bonding interactions can correlate
Tests of the efficacy of inhibition were conducted using with large diminutions in catalytic ratel(, 11).
the standard spectrophotometric assay in the presence of The structure of unliganded yeast MDD) (exhibits an
different concentrations of diphosphoglycolylproline. The interdomain cleft associated with Mg-ATP binding in other
slopes from double-reciprocal plots were fitted as a function enzymes in the GHMP kinase family, and it seems reasonable
of diphosphoglycolylproline concentratiofisiope) Values that serine/threonine residues that have roles in either of the
were calculated using the Grafit program (Erithacus Software two functions described above should map in the vicinity of
Ltd.). this cleft. Alignment of deduced sequences for eukaryotic
EPR Spectroscopyo test whether the His-tag influenced and prokaryotic MDD proteins (Figure 1) indicates several
the metal binding properties of the protein, the gene constructstrictly invariant residues (Ser-34, Ser-36, Ser-120, Ser-121,
was reengineered into the pET11a vector (Stratagene) usingSer-153, Ser-155) that fulfill such a criterion. On the basis
Ndd andBanH]I restriction enzymes (New England Biolabs). of the probability that one or more of these residues has an
The untagged yeast mevalonate diphosphate decarboxylasactive site function, a direct test of such function seemed
enzyme was expressed in BL21 (DHEB) coli and purified worthwhile. To support this objective, PCR-based mutagen-
as earlier reported4] to 80% purity as judged by SDS esis (Stratagene Quick Change protocol) was employed to
PAGE and the standard activity assd®)( The proteinwas  produce histidine-tagged proteins in which each of these
twice dialyzed agains8 L of 20 mM Tris/Cl, 100 mM NacCl, residues was replaced with alanine. Mutant proteins were
pH 7.2 buffer, containing 1 mM EDTA to remove adventi- expressed itk. coliand extracted and isolated using a nickel
tious metals and then dialyzed three times against the sameffinity resin as previously reporte®) The expression of
buffer without EDTA. Untagged MDD, as well as homo- S34A as well as S208 A (Ser-208 is highly conserved in
geneous His-tagged MDD was prepared in 20 mM Tris/Cl, MDD proteins) as judged from total protein lysates was
100 mM NaCl, pH 7.2, 10% glycerol. Samples (30D) comparable to wild-type MDD and the other mutants.
were titrated with small aliquots of Mh or Mn?"~substrate However, little of these proteins remained soluble after
complex and frozen in liquid N The formation of any ultracentrifugation and they were not characterized in detail.
complex of Mrif™ with ATP, mevalonate 5-diphosphate, or All other mutants were recovered in good yield in the soluble
MDD was tested by means of MINEPR spectroscopy using fraction, isolated by NiNTA agarose chromatography in
a Varian E109 Century Series spectrometer equipped with ahighly homogeneous form, and, upon SBEFSAGE, exhibited
TE102 cavity. X-band (8:99.4 GHz) EPR spectra were the same subunit molecular mass (48 kDa) that has been
recorded for each sample in a 4-mm OD quartz EPR tube observed for wild-type yeast MDD.
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Ficure 2: Fluorescence enhancement of TNP-ATP upon binding

to yeast mevalonate diphosphate decarboxylase. The lower spectrum

represents 1@M TNP-ATP recorded in 10 mM Tris/Cl, 100 mM
NaCl, 10 mM MgC}, pH 7.0. The upper spectrum represents the
fluorescence emissio fax ~ 540 nm) of a sample containing 10
uM TNP-ATP and 3.8¢M S121A after correction (subtraction)
for the amplitude of the signal (lower spectrum) measured for TNP-
ATP under the same buffer conditions; i.e., the emission from the
TNP-ATP itself was subtracted from the original uncorrected
enzyme-TNP-ATP spectrum. Excitation wavelength used in these
experiments is 408 nm.

o o o 9o
o N B o ®

[TNP-ATPIb/[TNP-ATP]f/[MDD]

04 06 08 1
[TNP-ATP]b/[MDD]
Ficure 3: Scatchard plot of the data for TNP-ATP binding to
S121A MDD protein. [TNP-ATR] and [TNP-ATP] represent the
concentration of bound and free TNP-ATP, respectively. [MDD]
indicates the subunit concentration of S121A MDD. Titration of

Krepkiy and Miziorko

Table 1: Summary of Equilibrium Binding Parameters for
Wild-Type and Mutant MDD Enzymes to Substrate Analogue
TNP-ATP and to ATP

Kd(rnp-aTP), Kamg-aTe),
enzyme uM nP uM
wild-type? 0.494 0.04 1.07+0.11 169+ 17
S36A 0.68+ 0.05 0.8+ 0.1 502+ 35
S120A 0.61+ 0.04 1.064+ 0.09 531+ 37
S121A 0.7£0.1 1.00+ 0.08 615+ 14
153A 3.4+ 0.2 0.97+ 0.07 2980+ 213
S155A 0.62+ 0.04 0.86+ 0.08 371+ 27

aKq for TNP-ATP and Mg-ATP with MDD was measured in 100
mM Tris/HCI, 100 mM NaCl, pH 7.4, in the presence of 10 mM MgCl
at 30°C. Kyrne-atry Was calculated by titration of the enzyme with
TNP-ATP. Kymg-atp) Was calculated in competitive displacement
experiments by titration of the TNP-AFRenzyme complex with Mg-
ATP. b Then values for the TNP-ATP binding to wild-type and mutant
MDD proteins were obtained from the calculatedxis intersection
points of the Scatchard plotsData for wild-type were previously
reported 6).

stoichiometry and affinity have been measured for wild-type
and the other mutant MDD proteins (S36A, S120A, S121A,
S153A, and S155A) (Table 1). Binding stoichiometries
measured for mutant enzymes are within 30% of the value
documented for wild-type enzyme. These observations
indicate that the mutants retain substantial structural integrity.
Affinity for substrate Mg-ATP was measured in competitive
displacement experiment25) where Mg-ATP is used to
displace the fluorescent TNP-ATP. The binding constants
for Mg-ATP to wild-type and several mutant MDDs are
summarized in Table 1. The dissociation constants for S36A,
S120A, S121A, and S155A with Mg-ATP are only slightly

S121A protein was performed using an enzyme site concentration(<3,6-fold) higher than for the wild-type enzyme. The

of 2 uM and TNP-ATP concentrations ranging from 0 to A4KI.

The intensity of the fluorescence enhancement indicated the

concentration of bound TNP-ATP; free TNP-ATP was calculated
by subtraction of bound ligand from the total TNP-ATP added.

biggest effect{18-fold) is observed for the S153A mutant.
For this mutant, the affinity for TNP-ATP is also diminished
(7-fold). On the basis of these data, serine-153 appears to

The titration data were subjected to Scatchard analysis using thesupport binding of Mg-ATP at the MDD active site.

Grafit program (Erithacus Sotware Ltd).

Biophysical Characterization of Wild-Type and Mutant
Mevalonate Diphosphate Decarboxylase ProteiAsfluo-
rescent ATP analogue, trinitrophenyl-ATP (TNP-ATP), has

In other biophysical characterization experiments, electron
spin resonance measurements have been performed to
evaluate binding of M# (which supports 80% of the activity
of recombinant yeast MDD measured using ¥gn the

been used to evaluate the structural integrity of various wild- standard assay) to substrate and protein. Titration of
type and mutant phosphotransferases and also proves usefuhevalonate 5-diphosphate (in 20 mM Tris-Cl, pH 7.2 with
in testing the ATP binding site in MD2d). Upon addition 100 mM NaCl, and 10% glycerol; measurements performed
of the enzyme to the TNP-ATP, the maximum emission at 77 K) with Mr?* produces a six-line spectrum typical of
increases in intensity and shifts in wavelength from 555 to Mn2*, while in the absence of mevalonate 5-diphosphate no
540 nm, indicating the binding of the analogue to the wild- substantial signal was observed for comparable levels of
type and mutant enzymes (e.g., S121A; Figure 2). The “blue cation in these buffered, glycerol-containing, frozen samples.
shift” of the emission spectra to 540 nm for each MDD Signal amplitude data, which reflect the concentration of
protein indicates a relatively hydrophobic binding site for metabolite-bound cation, are compatible with a hyperbolic
TNP-ATP. The stoichiometry for TNP-ATP binding to wild-  saturation curve and suggest stoichiometric binding of cation
type and mutant MDD proteins is obtained from thaxis to mevalonate 5-diphosphate withkg = 13.6 uM. In
intersection points of Scatchard plots of the binding data; contrast, similar titrations of His-tagged or untagged enzyme
equilibrium binding constants are calculated from the slopes with Mn?* did not suggest specific, high-affinity binding to
(Figure 3 depicts data for S121A). Mutants with alanine MDD protein in the absence of substrate. This observation
substitutions for serine residues 34, 36, 120,121, 153, andis also supported by experiments, performed at'@2in

155 were investigated. S34A did not bind the TNP-ATP with which His-tagged MDD was titrated with Mh and the
affinity of the type reported for wild-type enzyme or other signal amplitude compared with measurements made using
serine mutants. This observation, together with the limited protein-free buffered control samples. No significant?¥n
recovery of soluble protein from bacterial lysates, suggests binding to enzyme (detectable as reduced ESR peak ampli-
that S34A may not fold like wild-type protein. Similar tude) could be detected.

observations were made for the alanine mutant in which a  Kinetic Characterization of Mutant M&lonate Diphos-
highly conserved Ser-208 is replaced. Values for binding phate Decarboxylase ProteirSince S34A (also S208A) did
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Table 2: Kinetic Constants of Wild-Type and Mutant Mevalonate Diphosphate Decarborylases

Vmax. Km(D,L—MPP)y Km(Mg—ATP)y kcal/Km(D,L—MPP), kca{Krn(Mg—ATP),

enzyme units/mg uM uM Kear S°1 stuMt stuMt
wild-type 6.4+ 0.2 123+ 22 61+ 6 4.9 4% 1072 8 x 1072
S36A 4.36+ 0.13 307+ 22 65+ 2 3.35 1.1x 1072 5.15x 1072
S120A 0.80+ 0.01 267+ 12 525+ 61 0.61 2.3x 1073 1.17x 1073
S121A (1.5+0.1)x 104 95+ 12 1.15x 10 1.2x 10°®

S153A 2.19+ 0.06 944+ 53 2172+ 265 1.68 1.8x 1073 7.7x 10
S155A 0.85+ 0.08 1921+ 287 1592+ 188 0.65 3.4x 104 4.1x 10

aKinetic properties of wild-type and some of the mutant MDDs were measured in 200 mM Tris/HCI, 100 mM KCI, pH 7.0 in the presence of
10 mM MgCl at 30°C. Data for wild-type enzyme have been previously reported (6).

Table 3: Inhibition of Wild-Type and Serine MDD Mutants by
Diphosphoglycolylproline

E’ enzyme Kislopey? uM
£ wild-type 105+ 16
;’— S36A 66+ 6
= S120A 18+ 14
S153A 1576+ 93
. . S155A 1429+ 63
-0.005 0 0.005 0.01 a Kicsiope) Values were measured by plotting the slopes of the double
AMMPP], (M) reciprocal plots (Figure 4) versus the concentration of diphosphogly-

. I . . colylproline (0, 43, 87.5, 171.5, 343, 636M). The constants were
FIGURE 4: Inhibition of wild-type MDD by diphosphoglycolyl- falculated using the Grafit program (Erithacus Software Ltd.).
proline. The rate and substrate concentration data were analyze

as double reciprocal plots. The concentrations of diphosphogly- . . . .
colylproline usgd WereppM (#), 43uM (O), 87.5/4M(><§), 17f.5 M in Kmg-atp) for S153A; this effect is comparable in
uM (a), 343uM (W), 686.M (®). The concentration of the MPP  magnitude to the 18-fold inflation itymg-atr) Measured
varied from 62.5 to 200«M. The rates of the reaction were for this mutant (Table 1). Together, these results suggest
measured using the standard spectrophotometric assay. impaired interaction with Mg-ATP when the side chain of

Ser-153 is absent. In contrast, the 26-fold inflation in

70 Kmmvg-atp) Observed for S155A (Table 2) is not matched by
500 the 2-fold change if4g—atr). This raises some uncertainty
500 - concerning whether Ser-155 makes an important contribution
® 400 to binding of the Mg-ATP substrate. For S155A, the 16-
2 fold inflation in Kynwee) is approximately matched by the
@ 300 - 14-fold inflation in Kisiopey for the inhibitor diphosphogly-
200 - colylproline (Table 3) which should reflect this mutant’s
impaired ability to form a binary ElI complex with the
100 1 phosphorylated inhibitor. This correlation raises the pos-
ol r T T . sibility that the side chain of Ser-155 supports interaction
0 200 400 600 800 with the phosphoryl acceptor substrate, mevalonate diphos-

phate. The effects of the S153A mutation on mevalonate
. ) diphosphate binding are somewhat more complicated. The
Ficure 5: Calculation of theKieiope) for wild-type MDD. Kisiope) jnflation in Knyer)is less than 8-fold, while the inflation in

was measured by plotting the slopes of double reciprocal plots |, . . ) .
(Figure 4) versus the concentration of diphosphoglycolylproline Kisiope) for diphosphoglycolylproline (15-fold; Table 3) is

(0, 43, 87.5, 171.5, 343, 688M)). The constants were calculated SOMewhat larger. These changes are not as self-consistent
using the Grafit program (Erithacus Software). as effects measured for Mg-ATP, complicating evaluation

of the possibility that Ser-153 also contributes to enzyme
not persist as a soluble, stable protein, kinetic characterizationinteraction with the phosphoryl acceptd€intercept Values
has been limited to S36A, S120A, S121A, S153A, and have also been estimated for these MDD proteins from linear
S155A mutant enzymes. Comparisonkgf; and substrate  replots of intercept versus inhibitor concentration. The values
Km kinetic parameters with values measured for wild-type (wild-type, Kigntercepy = 383 = 33 uM; S153A, Kigntercept) =
recombinant His-tagged yeast MDD is provided in Table 2. 687 + 225uM; S155A, Kjintercepy = 160+ 62 uM), which
In addition, diphosphoglycolylproline has been reported to reflect formation of a nonproductive-Enevalonate 5-diphos-
inhibit animal MDD (14); this observation has been tested phatate-inhibitor complex, do not show any correlation with
(Figure 4) with the recombinant yeast enzyme. For the yeastthe Kwep) values for these enzymes.
protein, linear noncompetitive (mixed) inhibition is observed.  In contrast with the modest effects &g, observed for
Kisiope) Values (Figure 5) are reported for wild-type and most of the mutants, the 42 000-fold diminution measured
several mutant enzymes in Table 3. The low activity of for S121A seems noteworthy. This mutation produces little
S121A precluded inhibition studies with this mutant. With effect onKmmepy Kmmg—aTe) CaNNOt be accurately measured
the exception of S121A, substitutions of alanine for serine at subsaturating Mg-ATP concentrations, due to slow but
change catalytic rates by less than 1 order of magnitude.substantial ATP hydrolysis during the long incubation times
Notable changes in substrafg include a 35-fold inflation required for measuring the catalytically deficient mutant.

[diphosphoglycolylproline], {j.M)
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Ficure 6: Similarity between glycine/serine-rich loop (motif 2)
sequences in the GHMP kinase superfamily of proteins. The

Krepkiy and Miziorko

also exhibit such specificity in the magnitude of functional
contributions.

In considering roles for other functionally important
invariant serines in mevalonate diphosphate decarboxylase,
no insight from homology patterns is available. Ser-153 and
Ser-155 are situated in a turn between twbelices ) and
other GHMP kinases do not appear to contain comparable
side chains at these positions. Thus, Ser-153 and Ser-155
may make a substantial contribution to defining the specific-
ity for the MDD reaction. In the context of speculating about

consensus sequences for the members of GHMP kinase superfamilyyarticular roles for these residues, Ser-153 clearly interacts

were generated after the alignment of the eukaryotic and prokaryotic
proteins using the Bioedit program. The following sequences were

adopted to calculate consensus. MDD (mevalonate diphosphate

decarboxylase):L. lactis, A. thaliang Caenorhabditis elegans
Halobacterium H. sapiens M. musculusR. nowegicus S. cer-
evisiag Staphylococcus epidermidStreptococcuyslhermoplasma
volcanium MK (mevalonate kinase)A. thaliana H. sapiensL.
lactis, M. musculusR. noregicus S. cereisiae PMK (phospho-
mevalonate kinase)S. pyogenesS. aureusS. cereisiae, Lacto-
bacillus hebeticus H. sapiensEnterococcus faecalisGK (galac-
tokinase): A. thaliang E. faecalis E. coli, H. sapiensM. musculus
S. cereisiag Streptococcus pneumoniaelSK (homoserine ki-
nase):A. thaliang Bordetella bronchisepticé. coli, S. cereisiae,
S. epidermidis

However, interaction of S121A with Mg-ATP substrate does
not seem impaired on the basis of the measutgdalue
for Mg-ATP (Table 1), which is only 3.6-fold higher than

with Mg-ATP, based on mutagenesis effectskanand Kn,

for this substrate. In the case of homoserine kinase, the
alcohol side chain of Thr-183 (which, like MDD Ser-153 is
downstream of the serine residues in homoserine kinase’s
“motif 2”; Figure 6) has been showr27) to interact with

the g-phosphoryl of ATP.

For Ser-155, how may the interaction with mevalonate
5-diphosphate and the analogue diphosphoglycolyl proline
best be rationalized? Both acceptor substrate and inhibitor
molecules contain a diphosphate moiety. Hydrogen-bonding
interactions between the Ser-155 alcohol proton and the
substrate/inhibitor nonbridging phosphoryl oxygens could
account for the inflation iiKmvery @andKisiope) Observed with
the S155A mutant. Reexamination of the corresponding
residues in animal MDD, where a simpler inhibition pattern
may be observed (N. Voynova and H. Miziorko, unpublished

the estimate for wild-type enzyme. Together, these dataObservations), could clarify the role of Ser-155. However,
suggest a critical role for the alcohol side chain of Ser-121 any extrapolation from kinetic parameters measured under
in catalysis of the mevalonate diphosphate decarboxylasesteady-state turnover conditions to binding affinity that might

reaction.

DISCUSSION
While Ser-34 and Ser-208 are either invariant or highly

be reflected by binding constants measured in equilibrium
binding experiments on binary enzymgubstrate or enzyme
inhibitor samples is not always straightforward. Thus, the
function of Ser-155, which seems to influence enzyme
specificity, remains less obvious than roles discussed above

conserved in deduced sequences proposed to correspond tfr Ser-153 and Ser-121.
mevalonate diphosphate decarboxylases, replacement of these

residues with alanine leads to unstable proteins. Their
structural importance is clear, but it is not possible to evaluate
whether they have additional important roles in substrate
binding or catalysis. In contrast, Ser-120 and Ser-121,
residues which map in the highly conserved “motif 2" of
the GHMP kinase family Z6), are amenable to more
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