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ABSTRACT. The 102-residue small domain of the 428-residue NAD(H)-dependent HMG-CoA reductase
of Pseudomonas mpalonii (EC 1.1.1.88) binds NAD(H) at a distinctive, non-Rossmann dinucleotide
binding fold. The three-dimensional structure reveals that Asp146 lies close t6@te @ NAD*™. To
investigate the role of this residue in determination of coenzyme specificity, Asp146 was mutated to Ala,
Gly, Ser, and Asn. The mutant enzymes were analyzed for their ability to catalyze the oxidative acylation
of mevalonate to HMG-CoA using either the natural coenzyme NADthe alternate coenzyme NADP
Mutation of Asp146 to Ala or Gly increased the specificity for NAQRxpressed as the ratio kf/Km

for NADP™ to kealKm for NAD ™, 1200-fold (enzyme D146G) and 6700-fold (enzyme D146A). Mutation

of Asp146 was accompanied by 565-fold (D146G) and 330-fold (D146A) increaggghi, for NADP+

and 2-fold (D146G) and 20-fold (D146A) decreasekddKn, for NAD*. To further improve NADP
specificity, GIn147, Leul48, Leul49, or Thr192 of enzyme D146G or D146A was replaced by lysine or
arginine, which could stabilize the-phosphate of NADP. Enzymes D146G/T192K, D146G/T192R,
D146G/L148K, D146A/L148K, and D146A/L148R exhibited 3200-, 4500-, 56 000-, 72 000-, and 83 000-
fold increases in the specificity for NADPrelative to the wild-type enzyme.

Almost all nicotinamide nucleotide-dependent oxidoreduc- (5)-HMG-CoA + 2NADPH + 2H' —
tases possess structural elements that clearly discriminate L
between NAD and NADP, coenzymes that differ structur- (R)-mevalonate- COASH+ 2NADP™ (1)
ally only with respect to the absence or presence of-a 2 By contrast, the biodegradative HMG-CoA reductase of
phosphate on the adenine ribose. NAfpically servesas  Pseudomonas nralonii (EC 1.1.1.88) utilizes NAD in the
the coenzyme for oxidation in catabolic reactions while oxidative acylation of mevalonate to HMG-CoA (reaction
NADPH serves as the coenzyme for reductive biosynthetic 2),_the first reaction of mevalonate catabolisnPimmesalonii
reactions. Different HMG-CoAreductases illustrate this  (Gill et al, 1985; Beach & Rodwell, 1989).
dichotomy. The biosynthetic HMG-CoA reductases (EC I
1.1.1.34) of eukarya (Rodwelét al, 1976; Brown & (R)-mevalonatet COASH+ 2NAD .
Rodwell, 1980) or of archaea (Cabretzal., 1986; Bischoff (9-HMG-CoA + 2NADH + 2H" (2)
& Rodwell, 1996) utilize NADPH to reduce HMG-CoA to The three-dimensional structure Bf mesalonii HMG-

mevalonate (reaction 1) for ultimate synthesis of isoprenoids ~a requctase (Lawrenaat al, 1995) reveals a dimer with

such as cholesterol. two active sites, each of which includes residues contributed
by both subunits. Each monomer has two domains, the larger
of which binds HMG-CoA and contributes residues that
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values, the suffixes NAD and NADP refer to the form of the coenzyme COMPposed of a pair of —o—f—o—f elements linked by
used. right-handed crossover connections (Figure 1, right). The
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hydrogen-bonding capability at position 146 might eliminate
steric hindrance or charge repulsion of tHgpBosphate of
NADP(H) and enhance the ability of thE. mesalonii
enzyme to use NADP(H) as coenzyme.

Guided by the three-dimensional structure and by sequence
alignments with biosynthetic HMG-CoA reductases that
utilize NADPH, we have investigated potential specificity
determinants of the unique dinucleotide binding foldRof
mevalonii HMG-CoA reductase.

EXPERIMENTAL PROCEDURES

Chemicals. Purchased reagents include DEAE-Sepharose
Ficure 1: Comparison of secondary structural elements of nucle- (Sigmay), T4 DNA ligase (Promega), a Sequenase kit (USB),
otide-binding domains. Left: nucleotide-binding domain Rf yagtriction enzymes (New England Biolabs, Promega, or
mevalonii HMG-CoA reductase. Right: a classical Rossmann Gib | land Biolab
dinucleotide-binding domain. ibco), vent DNA polymerase (Ngw Englan iola s)_,

[0-*°S]dATP (Amersham), and a Qiaex gel extraction kit
(Qiagen).

Site-Directed Mutagenesis.Mutant genes were con-
structed using the PCR-based overlap extension method of
oligonucleotide-directed mutagenesis (Mikaelian & Sergeant,
1992). Oligonucleotides were synthesized in the Purdue
University Laboratory for Macromolecular Structure and
purified either by thin-layer chromatography or by poly-
acrylamide gel electrophoresis. All mutations were verified
by DNA sequencing.

DNA SequencingThe Sanger dideoxy chain termination

Y o method (Sangegt al,, 1977) used for sequencing employed

Vi kgh“nllun a USB Sequenase kit and-f>S]JdATP. Mutant genes were

v Y subcloned into M13mp19 for generation of single-stranded

) : . ) .. template DNA.
FiGure 2: Three-dimensional structure of the nucleotide-binding . e _
domain ofP. mealonii HMG-CoA reductase. The ribbon diagram  Overexpression and Purification of Enzymes. Escherichia
was constructed using RasMol vB.6Sayle, 1995). Shown is the  coli BL21 cells harboring expression vector pHMGR (wild-
DAMG sequence (green), conserved in all HMG-CoA reductases, type or mutant) (Beach & Rodwell, 1989) were grown at 37
formed by residues 183186, Asp146, and the structure of NAD- °C, with shaking at 300 rpm, in LB medium (Sambroek

(H). al., 1989) that contained 5@g/mL ampicillin. Wild-type

approximately 30-residugl—oA—/2 structure contains a and mutant enzymes were purified through the DEAE
GxGxxG motif which starts helixaA, whose N-terminal ~ fraction as previously described (Wargal, 1990).
dipole stabilizes the pyrophosphate of NAD(H). A conserved Spectrophotometric Assay of HMG-CoA Reductase/Acti
aspartate forms a hydrogen bond with théngdroxyl of the ity. The formation of NAD(P)H that accompanied the
adenine ribose of NAD(H) and facilitates discrimination oxidation of mevalonate by HMG-CoA reductase was
between NAD(H) and NADP(H) (Rossmarmt al,, 1975). monitored at 340 nm in a Hewlett-Packard Model 8452A
The NAD(H)-binding fold of P. mesalonii HMG-CoA diode array spectrophotometer equipped with a cell holder
reductase consists of an interdigitated four-stranded, anti-maintained at 37C. Assays contained, in 150, 4 mM
parallel3-sheet with right-handed crossover helices that lie (R,S-mevalonate, 1 mM coenzyme A, from 0.02 to 10 mM
on only one side of the sheet (Figure 1, left). This NAD* or NADP*, 0.1 M KCI, and 0.1 M Tris-HClI, pH 9.0.
dinucleotide binding fold differs from a classical Rossmann Reaction mixtures containing all components except meval-
fold and from the non-Rossmann dinucleotide binding folds onate were first monitored to detect any mevalonate-
of the decarboxylating dehydrogenases (Ckeal., 1995), independent reduction of NADor NADP*t. Reactions were
6-phosphogluconate dehydrogenase (Rowktral., 1994), then initiated by adding mevalonate. One unit of HMG-
or medium-chain acyl-CoA dehydrogenase (Kim & Wu, COoA reductase activity is defined as the amount of enzyme
1988). Although thé®. mesalonii nucleotide-binding domain  that catalyzes the reduction ofidnol of NAD(P)*/min.
has no GxGxxG motif, Gly186 of the conserved DAMG Determination of Kinetic ParameterspH profiles were
sequence appears to correspond to the second glycine of theetermined in 100 mM Tris, 100 mM, RO, and 100 mM
GxGxxG motif of a Rossmann fold, for Gly186 is located glycine adjusted to the desired pH, measured a&tAvith
at the N-terminus of helixxG whose N-terminal dipole = KOH or HCIl. Kp, andVmaxat pH 9.0 (wild-type and mutant
moment stabilizes the negatively charged pyrophosphate ofenzymes) or at pH 6.0 (wild-type enzyme) were determined
NAD(H) (Figure 2). In addition, Asp146 of theE—oF loop for NAD* or NADP* from double-reciprocal plots of &/
may perform a function analogous to that of the invariant versus 1/[S]. Kcat is defined asVmax divided by the molar
aspartate of a Rossmann NAD-binding fold, forming a concentration of active sites, two per dimeke/Km, a
hydrogen bond to the'hydroxyl of the adenine ribose and measure of catalytic efficiency, was then calculated. To
discriminating between NAD(H) and NADP(H). This cor- determine whether mutations had alterég values for
respondence suggested that removal of bulk, charge, ormevalonate or coenzyme A, each mutant enzyme was
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Ficure 3: Alignment of sequences of representative HMG-CoA
reductases. The underlined residues, Asp146, Q147, L148, L149,
and T192 ofP. mealonii HMG-CoA reductase, were probed by
site-directed mutagenesis. Alignments were produced by the Pileup
program of the Wisconsin package (Deveretial, 1984). Gly186

of the conserved DAMG motif (bold) d?. mealonii HMG-CoA
reductase begins helixG, whose N-terminal dipole stabilizes the
pyrophosphate moiety of NAD

FiGure 4: Spatial relationship between theQ@QH of the adenine
ribose of NAD(H) and Aspl146, GIn147, Leul48, Leul49, and
Thr192. The figure was built using RasMol vg.§Sayle, 1995).
Distances in angstroms are measured from th@t2 of NAD(H)

to the a-carbon atoms of the mutated residues, calculated in the
unrefined structure of the NADHMG-CoA reductase complex.

assayed at concentrations 5-fold above and 5-fold below the
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Ficure 5: pH profiles for catalysis by wild-typd>. mesalonii
HMG-CoA reductase using NAD(®) or NADP* (O) as oxidant.

Using NAD or NADP' as Oxidant. For catalysis of reaction
2 by wild-type HMG-CoA reductase using NAas oxidant,
keat was 27 st andK,, for NAD* was 0.21 mM. Catalytic
efficiency with NAD*, expressed akcaqnapyKmnap)y, Was
130 000 M s7L In terms of bothk.o and K, NADPT is

an extremely poor oxidant for the wild-type enzyme.
Keaqnaopy was 0.04% okeanapy, Kmnaor) exceededmnan)

by a factor of 250, and the ratiQanaoyKmnap) €xceeded
kcat(NADP{Km(NADP) by a factor of 5.6x 1CP.

Effect of pH on CatalysisCatalysis of reaction 2 by the
wild-type enzyme was optimal at pH 9 using NADbut at
a pH below 6 using NADP (Figure 5). In addition,
KeatnaoryKmnaopy Was 23-fold higher at pH 6.0 than at pH
9.0 (Table 1). While for catalysis by the wild-type enzyme
NADP* is a better oxidant at acidic pH, replacement of the
negatively charged residue Asp146 by Ala or Gly restored
the pH profile using NADP to that of the wild-type enzyme
using NAD' (Figure 6).

Catalysis by Aspartate 146 Single Mutants Using NAD
as Oxidant. Asp146 was changed to Ala or Gly to remove
charge and reduce bulk, to Asn to remove charge, and to
Ser to reduce bulk but retain hydrogen-bonding capability.
Substitution of Gly for Asp at position 146 had minimal

concentration used in the standard assay. In no case did th@tect on eitheKeainan) OF Kmqnap). Keaiuap) remained at the

data suggest alteregl, values for these substrates.

RESULTS

Alignment of the sequences of several biosynthetic
NADPH-utilizing HMG-Co0A reductases revealed that an
alanine occupies the position that corresponds to Asp146 of
the P. mealonii enzyme (Figure 3). Alanine, unlike
aspartate, could both provide additional space at this position
in the structure and eliminate charge repulsion with the 2
phosphate of NADP(H). Since the-carbons of GIn147,
Leu148, Leu149, and Thr192 are withir-60 A of the 2-
hydroxyl of the adenine ribose of NAD(H) (Figure 4),
introduction of a positively charged residue at one of these
positions thus might stabilize thé-ghosphate of NADP(H)
and hence enhance specificity for NADP We therefore
also constructed and kinetically characterized derivatives of
mutant enzymes D146A or D146G in which Lys or Arg
replaced residues Q147, L148, L149, or T192.

Kinetic Parameters for Catalysis by the Wild-Type Enzyme
of the Oxidatie Acylation of Mealonate to HMG-CoA

wild-type value whileKmnapy increased only 2-fold. Sub-
stitution of Ala at position 146, while without major effect
on Keanap), elevatedKymnapy 14-fold.  Substitution of Asn
or Ser for Asp146 decreaséghnap) 37- and 210-fold and
increasedKmnap) 21- and 7-fold, respectively (Table 1).
Catalytic Efficiency of Aspartate 146 Single Mutants Using
NADPt as Oxidant. While mutant enzymes D146N and
D146S lacked detectable activity using NAQRubstitution
for Asp146 of the smaller, neutral amino acids Gly or Ala
profoundly increased the catalytic efficiency with NADP
and decreased the catalytic efficiency with NADMutation
of Asp146 to Gly or Ala increasektanaprfKmnaop) 565-
fold (D146G) and 330-fold (D146A) and decreasegnaoy
Kmmnapy 2- and 20-fold. Increased efficiency with NADP
was a consequence of both 38-fold (D146G) and 50-fold
(D146A) increases irkcanaop) and 14-fold (D146G) and
7-fold (D146A) decreases iKmnaop)
Coenzyme Specificity of Aspartate 146 Single Mutants.
Like catalytic efficiency, NADP specificity was also
profoundly affected by mutation of Asp146 to Ala or Gly.



11948 Biochemistry, Vol. 35, No. 37, 1996 Friesen et al.
Table 1: Kinetic Parameters of Wild-Type and Mutd&htmevalonii HMG-CoA Reductasés
Keatnap) Kmnaoy  Kmnaory  KeatnvaoyKmnap) — KeatnaopyKmnaop) KealKmnappy ~ improvement
enzyme (s Keatinaor) (572) (mM) (mM) Mts M~tsY A Km(NAD) in specificity’
wild type 27 0.012 0.21 52 130000 0.23 &810°°
wild type, pH 6 ND 0.030 ND 5.7 5.3
D146G 27 0.46 0.43 3.6 63 000 130 X102 1170
D146A 18 0.60 2.9 7.9 6 200 76 12103 6670
D146N 0.72 <10 4.4 160
D146S 0.13 <10 15 84
D146A/Q147K 0.60 <10 2.6 230
D146A/L148K 3.8 0.16 19 6.1 200 27 130103 72 200
D146A/L148R 0.33 0.14 45 13 74 11 1501072 83 300
D146A/T192K 0.077 <10 2.2 36
D146A/T192R 0.029 <10+ 2.8 10
D146G/L148K 0.42 0.11 18 47 23 2.3 1601073 55 600
D146G/L148R 0.16 <10+ 28 2.7
D146G/T192K 0.87 0.020 2.8 11 320 1.8 571073 3170
D146G/T192R 11 0.23 5.2 14 2000 16 81103 4500

aExcept where noted for the wild-type enzyme, all data were taken at pH 9. For both IMAD NADP", kea for enzymes D146A/L149K,
D146A/L149R, and D146A/Q147R was below our limits of detectisi0~* s**. ND; not determined® Improvement in specificity is the ratio
[keatnaoryKmnaom)/ [ Keatvaoy Kmnapy] for a given mutant enzyme divided bitcknaoryKmnaom)/ KeanaoyKmnapy] for the wild-type enzyme.
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Ficure 6: pH profiles for catalysis by mutant enzymes D146A
(squares) and D146G (circles) with NAD(closed symbols) or
NADP* (open symbols) as oxidant.

The ratiolgat(NADp{Km(NADp) to kcat(NAD)/Km(NAD) ,a quantitative
measure of NADP specificity, was 2.1x 1072 for enzyme
D146A and 12x 1073 for enzyme D146G, increases of
1200- and 6700-fold relative to the ratio for wild-type
enzyme of 1.8x 107 (Table 1).

Catalytic Efficiency and Coenzyme Specificity of Double
Mutant EnzymesInspection of the three-dimensional struc-
ture of P. mevalonii HMG-CoA reductase suggested that the
introduction of a positive charge at position 147, 148, 149,
or 192 might stabilize the negative charge of thplosphate
of NADP(H) and further enhance the ability of this enzyme
to use NADP as coenzyme (Figure 4). We therefore

specificity increased 11- and 13-fold, respectively, relative
to enzyme D146A. DecreaseskfnapyKmnapy of 31- and
84-fold were accompanied by decreasekifnaorKmnaop)

of only 3- and 7-fold for enzymes D146A/L148K and
D146A/L148R, respectively.

The most effective second-site mutation involved substitu-
tion of lysine, but not of arginine, for Leul48 of enzyme
D146G. The NADP specificity of enzyme D146G/L148K
increased 48-fold relative to enzyme D146G, a consequence
of a 2700-fold decrease KanapyKmnao) accompanied by
only a 57-fold decrease ifcaqnaorfKmnaor). HoOwever,
substitution of arginine decreasdd.napy 170-fold and
rendered enzyme D146G/L148R inactive with NADP
Substitution of lysine or arginine at position 147, 149, or
192 of enzyme D146A also was ineffective, yielding
enzymes with 36:620-fold decreases ikanap) that either
were inactive with NADP or had no detectable activity
using either coenzyme (Table 1).

DISCUSSION

P. mesalonii HMG-CoA reductase is highly specific for
NAD™, having a catalytic efficiency 6« 10°-fold greater
with NAD ™ than with NADP". The crystal structure of the
binary NAD":HMG-CoA reductase complex revealed that
Asp146 in thenE—alF loop of the nucleotide-binding domain
is adjacent to the'zhydroxyl of the adenine ribose of NAD
and thus may play a critical role in the determination of
coenzyme specificity. This appears to be the case, as
substitution of alanine or glycine for aspartate at position
146 both diminished catalytic efficiency with NADand
enhanced catalytic efficiency with NADP We attribute the

constructed and kinetically characterized derivatives of decrease in efficiency with NADto loss of a hydrogen bond

mutant enzymes D146A or D146G in which Lys or Arg
replaced residues GIn147, Leul48, Leul49, or Thr192.

between Asp146 and thé-Rydroxyl of NAD". Enhanced
ability to use NADP would then result both from the

Significant improvement was observed for enzymes D146G/ elimination of charge repulsion and from the increase in

T192K and D146G/T192R, where NADPspecificity in-

space to accommodate théphosphate of the unnatural

creased 3- and 4-fold relative to enzyme D146G, a result of coenzyme. Replacement of Asp146 by Gly or Ala did not

larger (200- and 32-fold) decreaseskignaoy Kmnapy than
in kcat(NADP/Km(NADP) (72- and 8-f0|d)

appear to severely affect the overall conformation of the
NAD *-binding site sincéanap) for enzymes D146G and

For second-site mutations, the greatest improvement inD146A were 100% and 67% of the wild-type value. A role

NADP* specificity resulted from mutation of position 148.
For enzymes D146A/L148K and D146A/L148R, NADP

for Asp146 in NAD" binding was nevertheless suggested
by the 2-, 7-, 14-, and 21-fold increases in fgfor NAD*
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Table 2: Comparison with Other Coenzyme Specificity Studies

improvement % wild-type
enzyme mutation(s) in specificity efficiency
NAD(H) to NADP(H)
P. mesalonii HMG-CoA reductase D146G 1170 0.10
P. mesalonii HMG-CoA reductase D146A/L148R 83300 0.01
E. colidihydrolipoamide dehydrogendse E203V/M204R/F205K/D206H/P210R NA 126
Drosophila melanogastekDH® D38N 510 75
Bacillus stearothermophilusDH¢ D53S 17 0.19
Saccharomyces censiae ADH | D223G NA 0.12
Thermus flaus malate dehydrogendse E41G/142S/P43E/Q44R/A45S/M46F/K4ATQ 520 34
rat dihydropteridine reductase D371 2.4 0.5
B. stearothermophilu§PDH" D32A/L187A/P188S NA 2.0
NADP(H) to NAD(H)
E. coliglutathione reductase A179G/A183G/V197E/R198M/K199F/H200D/R204P 17 700 3.3
Thermus thermophilusocitrate dehydrogendse R231A/Y284F 120 0.071
E. coliisocitrate dehydrogendse K334D/Y345I/V351A/Y391K/R395S/C332Y/C201lI 1390 000 35

almprovement in specificity is the ratio of the wild-type to mutant valueskef iy Kme)/[ KeatuyKmw)] where N is the natural or preferred form
of the coenzyme and U is the unnatural or less preferred form of the coenzyme. Percent wild-type efficiency is thekgatigkafu, for the
mutant enzyme t&canyKmey) for the wild-type enzyme multiplied by 108 Bocanegraet al, 1993.¢ Chenet al, 1991.9 Feeneet al, 1990¢ Fan
et al, 1991.f Nishiyamaet al, 1993.9 Grimshawet al, 1992." Clermontet al, 1993.' Scruttonet al, 1990.) Yaoi et al, 1994.X Chenet al,

1995." NA, not applicable since the value cannot be calculated since the authors stated that the wild-type enzyme was inactive with the unnatural

form of the coenzyme.

-
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[kcat'KmnaopyKea/ Kmnam)] X 103
~

Enzyme

FIGURE 7: Increases in NADP specificity that accompanied
mutation of residues 146, 148, and 192. NNDstecificities_ are
eXpreSSGd a%t(NADpr.m(N.ADp)]/[ kcat(NAD)le(NAD)] X 103, for wild-
type enzyme and the indicated mutant enzymes.

for enzymes D146G, D146S, D146A, and D146N, respec-
tively.

Depending on which nucleotide served as coenzyme,
optimal activity of the wild-type enzyme occurred at widely
differing pH values. The catalytic efficiency with the
unnatural coenzyme (NADP was far greater at pH 6 than
at pH 9, the optimal pH using NAD Enhanced activity at
acidic pH may reflect, in part, decreased charge repulsion
between the/-carboxyl of Asp146 and the'-phosphate of
NADP*. Consistent with this hypothesis is that when
Aspl46 was replaced by Ala or Gly, the pH profile using
NADPT reverted to that of wild-type enzyme and of Asp146
mutant enzymes using NAD

Neither mutant enzyme D146N nor D146S exhibited
detectable activity with NADP. The inactivity of enzyme

able hydrogen bond by the side chain of D146N or D146S.

Inspection of the binary NADHMG-CoA reductase
complex of the wild-type enzyme suggested that the intro-
duction of positive charge at positions 147, 148, 149, or 192
might further enhance the NADPspecificity of mutant
enzymes D146A or D146G. Preliminary molecular model-
ing, which assumed that substitution of Ala or Gly at position
146 did not perturb backbong 3 angles or the direction
in which side chains extend, implicated Leu148 and Thr192
as the best candidates for mutation. The side chains of
residues 148 and 192 should face thepRosphate of the
adenine ribose of NADP, whereas those of positions 147
and 149 should face away. Enhanced specificity for NADP
indeed accompanied the introduction of positive charge at
position 148 or 192 but not at position 147 or 149.
Enhancement resulted not from any further increase in
catalytic efficiency with NADP, but from up to a 2700-
fold decrease in catalytic efficiency using NAD

We postulate that the potential enhancement due to
introduction of a positive charge at residues 147, 148, 149,
or 192 was counterbalanced by damage to critical local
structural interactions that disrupt overall dinucleotide bind-
ing. Inthe wild-type enzyme, the solvent-exposed side chain
of GIn147 is part of a flexible loop and helixaF) that
appears to clamp on top of the adenine ring when NAD
binds. GIn147 makes a hydrogen bond with the backbone
carbonyl oxygen of residue 143, potentially stabilizing the
loop configuration. Leul48, which is presentif, appears
to provide a hydrophobic contact with the adenine ring of
NAD™ that may contribute to coenzyme binding. On the
opposite side of the helix, the side chain of Leu149 extends
into the hydrophobic core of the small subunit and so helps
to orient helixaF on top of the adenine ring. Thrl92 is
part of theaG helix that interacts with the pyrophosphate
of NAD" across the ring of the adenine ribose. Disruption
of any or all of these potentially critical interactions might

D146N suggests that both the charge and the bulk of Asp146alter dinucleotide binding with resulting decreases in catalytic

may discriminate against NADP In addition, the 800- and

efficiency.

1500-fold decreases in catalytic efficiency and the increased Figure 7 summarizes the NADRpecificities of the single

K for NAD* are consistent with disruption of the nucle-
otide-binding site, possibly due to formation of an unfavor-

mutant enzymes and of the most effective double mutant
enzymes ofP. mealonii HMG-CoA reductase. The most
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