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ABSTRACT. MyristoylCoA:proteinN-myristoyltransferase is a member of the superfamily of GCN5-related
N-acetyltransferases and catalyzes the covalent attachment of myristate to the N-terminal Gly residue of
proteins with diverse function§accharomyces cerisiae Nmtlp is a monomeric protein with an ordered

bi-bi reaction mechanism: myristoylCoA is bound prior to peptide substrate; after catalysis, CoA is released
followed by myristoylpeptide. Analysis of the X-ray structure of Nmtlp with bound substrate analogues
indicates that the active site contains an oxyanion hole and a catalytic base and that catalysis proceeds
through the nucleophilic additierelimination mechanism. To determine the rate-limiting step in the enzyme
reaction, pre-steady-state kinetic analyses were performed using a new, sensitive nonradioactive assay
that detects CoA. Multiple turnover quenched flow studies disclosed that a step after the chemical
transformation limits the overall rate of the reaction. Multiple and single turnover analyses revealed that
the rate for the chemical transformation step is 18.8.6 s'* while the slower steady-state phase is 0.10

+ 0.01 s. Stopped flow kinetic studies of substrate acquisition indicated that binding of myristoylCoA

to the apo-enzyme occurs through at least a two-step process, with a fast phase rate bP\21 s1

and a slow phase rate of 232 s! (defined at 5°C). Binding of an octapeptide substrate, representing

the N-terminal sequence of a known yeast N-myristoylprotein (Cnb1p), to a binary complex composed of
Nmtlp and a nonhydrolyzable myristoylCoA analog8€Z-oxo)pentadecylCoA) has a second-order rate
constant of 2.4 0.3 x 10° M~! s1 and a dissociation rate of 26 15 s! (defined at 10°C). These

results are interpreted in light of the X-ray structures of this enzyme.

Protein N-myristoylation refers to the cotranslational, or expelled, resulting in exposure or sequestration of the acyl
covalent modification of eukaryotic and viral proteins with chain (e.g., ref$—8). Reversible S-palmitoylation of some
a rare l4-carbon saturated fatty acid, myristate. N-myris- N-myristoylproteins containing an N-terminal GhCys
toylproteins have diverse functions and intracellular locations. represents another type of switch that operates in several
Many N-myristoylproteins, including protein kinases, kinase heterotrimeric G protein-subunits, and appears to function
substrates, and protein phosphatases, are involved in signads a signal for caveolar localization of some Src family
transduction cascades that affect a variety of cellular activitiestyrosine kinases (reviewed in réj.
(reviewed in refsl and2). Myristate, which is attached via The essential contributions of N-myristoylproteins to
an amide bond to the N-terminal Gly of these proteins, eukaryotic cellular functions have been established by genetic
promotes weak interactions with cellular membranes and/or studies. Protein N-myristoylation is catalyzed by enzyme
other proteins that can be reversed at low thermodynamic myristoylCoA:protein N-myristoyltransferase (Nnt).oss-
cost (I, 3). Typically, N-myristoylproteins use an additional  of-function mutations oNMT have revealed that this enzyme
source of affinity to control their affiliation with protein is essential for the survival oBaccharomyces cerisiae
partners or membranes. Some use so-called myristoyl-(10—-13) as well asCandida albicansand Cryptococcus
electrostatic switches: i.e., the hydrophobic interactions neoformans(the two principal causes of systemic fungal
provided by myristate are supplemented by electrostatic infections in humans)14—16).
interactions between positively charged protein side chains  NMT genes have been recovered and the primary structures
and negatively charged membrane phospholipid headgroupsf their protein products have been reported for these three
(4, 5). Other N-myristoylproteins use myristoyl-conforma- organisms, plusiistoplasma capsulaturfi?7), Plasmodium
tional switches that are “thrown” when a ligand is acquired falciparum(18), Arabidopsis thaliang19), Caenorhabditis
elegang(20), Drosophilamelanogaster2l), Mus musculus
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cession number AL0022103o0s taurus(AF232826 and Typically, acyl transfer reactions occur through the nu-
AF223384) andCandida glabratgf AF073886Y). S. cereisiae cleophilic addition-elimination mechanism. Applying this
Nmtlp was the first to be purified to homogeneis) and mechanism to Nmt, catalytic transfer of a myristoyl moiety
has been characterized extensively. This 455-residue monofrom CoA to a glycine amine would involve polarization of
meric enzyme has no known cofactor requirements. Nmtlpthe thioester carbonyl to make the carbon attractive for
is highly selective for myristoylCoA in vitro and in vivo  nucleophilic attack and deprotonation of the glycine am-
(11, 24—26). Gly is invariably present at position 1, and Ser monium to generate a nucleophilic amine. The structure of
and Lys typically present at positions 5 and 6, respectively, the ternary Nmtlp complex supports this mechani8). (
of yeast N-myristoylproteins. Empirically derived rules for Polarization of the carbonyl and transition state stabilization
peptide recognition, based on an analysis @00 synthetic are apparently achieved by an oxyanion hole formed by
peptides, have been used to scan the yeast genome for Nmibackbone amide groups of Phel70 and Leul71, while the
substrates. The results suggest that the genome ence@f@les  carboxylate of the C-terminal Leu455 residue appears to be
N-myristoylproteins £1% of all yeast proteins; refs and involved in generation of the nucleophilic amine.
12). In vitro studies of yeast, fungal, and human Nmts have  With these structural findings in mind, we have now
disclosed some divergence in their peptide specificB@s( performed a series of pre-steady-state kinetic analyses to
30). These differences have been exploited to develop define the rate of the chemical transformation step and to
species-selective Nmt inhibitors that are fungicida, €8). determine whether this, or another step, is rate-limiting for
Steady-state kinetic studies 8f cereisiag, C. albicans the Nmtlp reaction.
and H. sapiensNmts indicate that they have a sequential
mechanism: the apo-enzyme binds myristoylCoA to form a MATERIALS AND METHODS
NmtlpmyristoylCoA binary complex that is competent to
bind peptide substrate; after the ternary NmyristoylCoA:
peptide complex forms, catalytic transfer of myristate from

Materials. Enzymes were purchased from Boehringer
Mannheim, with the exception adfeuconostoc mesenteroides
. . ) glucose-6 phosphate dehydrogenase, which was obtained
CoA to the glycine amine occurs; COA is then released, ¢om calbiochem. All other biochemical reagents were from
followed by myristoylpeptide30—32). Sigma.

Isothermal titration calorimetric and structural studies of  pyyification of S. cereisiae Nmt1pNmtlp was expressed
S. cereisiaeandC. albicansNmts have provided additional  j, Escherichia coli49) and purified to apparent homogene-
support for the ordered reaction mechanism. Calorimetry jty free of thioesterase activity, using methods described in
disclosed that apo-Nmt binds myristoylCoA but not peptide g previous publicatior8d). The concentration of the purified
and that the binary NmttmyristoylCoA complex is able  enzyme in storage buffer [50 mM HEPES (pH 7.5), 15 mM

to bind peptide substrate83, 34). The structures of two  EDTA]was defined $0) (molar extinction coefficient 63 163
Nmts have been solved using X-ray crystallography. The -1 ¢t at 280 nm).

albicansapo-enzyme structure has been refined to 2.45-A
resolution (ref35; protein data bank (PDB) accession number
INMT). The structure ofS. cereisiae Nmtlp with a
nonhydrolyzable myristoylCoA derivative, 2-pxgpenta-
decylCoA, and a dipeptide inhibitor has been refined to 2.9-A
resolution (ref36; PDB accession number 2NMT). The Nmt
fold consists of a large saddle-shagkdheet that is flanked
on both of its faces by several helices. This fold places Nmt
in the superfamily of GCN5-relatetl-acetyltransferases
(GNAT,; ref 37) that includes histondN-acetyltransferase

Pre-Steady-State Nmtlp Assaye@iew. This new assay
is based on measurement of CoA, the first product released
by Nmtlp. The assay includes the following steps: (a)
reaction initiation; (b) quenching of the reaction with
perchloric acid; (c) conversion of CoA to NAT{see Scheme
1in Figure 1, panel A), followed by (d) amplification NAD
with the associated production of lactone, (e) nonenzymatic
conversion of lactone to 6-phosphogluconate (6-PG), (f)
enzymatic conversion of 6-PG (with addition of NADR
) , to ribulose-5-phosphate and NADPH, and finally measure-
(38_44),' aminoglycosideN-acetyltransferasetb, 46), and ment of NADPH fluorescence (see Scheme 2 in Figure 1,
serotoninN-acetyltransferasely, 48). panel A). The general principles underlying the use of

The Nmt fold has pseudo-2-fold symmetry: its N-terminal pyridine nucleotide-based enzymatic cycling to achieve
half forms the myristoylCoA binding site, while its C-  analytic sensitivity have been described extensively by Lowry
terminal half forms most of the peptide binding site. Each and co-workers, and applied to a wide variety of biological
of the symmetry related halves of Nmt is topologically systems (reviewed in reg1).
equivalent to the monomer core structure of the GNAT  gpecific Details To perform the assay, 48 samples
superfamily members. A comparison of the structure§ of  \yere assembled, one containing-8ZuM of purified Nmt1p
albicans apo-Nmt and theS. cereisiae Nmtlp temary  and the other +30 uM of an octapeptide substrate and
complex indicates that the enzyme undergoes several conmyristoylCoA. Both samples contained 10 mM Tris-HCI (pH
formational changes upon myristoylCoA binding, resulting g 1), 5" mM MgC}, 0.5 mM DTT, and 0.1 mM EDTA.
in final assembly of a peptide binding site (186, see  Following a 10-min pre-equilibration at 24C, the two
Discussion). samples were mixed using a Rapid Quenched-Flow apparatus
(KinTek Corporation, Austin, TX). The reaction was quenched

2 Recent entries in GenBank from 9 other species have homology 8t Various times after initiation (10 ms to 60 s) by adding
to these Nmts:Strongyloides stercorali$BE580365),Glycine max 0.2 mL of 0.15 M perchloric acid. A sample without peptide

Lycopersicon esculentunfAW036027), Pleuronectes americanus .
(AW013694),Gossypium hirsuturl726036), Danio renio(Al629225), The quenched samples were centrifuged at 186002

and Sus scrofgC94756). min at room temperature to pellet precipitated protein. A
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A schemel product depending upon the length of the incubation. To
CoA ses detect CoA in the range of 0.69 uM, the cycling reagent
Succinate —— > SuccinylCoA | contained 40k g/mL glutamate dehydrogenase (EC 1.4.1.2;
GTP GDP ——————— > GTP .

LDH 0.12 Uug), and 80ug/mL Leuconostoc mesenteroides
e Zf;;ate E;t,:fe glucose-6-phosphate dehydrogenase (EC 1.1.1.49; Ag).U/
Ht Over the course of a 60-min incubation at°&3 the cycling

reaction will produce a 10000-fold amplification of NAD
according to Scheme 2 in Figure 1, panel A. To detect CoA

Scheme |l

+
Glmamate‘\GDH/’ e Epﬁ oo in the range +3 uM, we reduced the concentration of each
PAN % of the two enzymes in the cycling reagent by 50% so that a
oaKG+NH3  naoH 6PG (Jactone)  ribulose 5-phosphate 5000-fold amplification would be achieved.
GPGD\ehydrogenase The validity of the assay was assessed by performing a
/ series of control experiments. Omitting either the myristoyl-
NADP*  NADPH CoA or the octapeptide substrates failed to produce detectable

product and provided a reference blank. When the perchloric
acid quenching solution was added together with Nmt1p prior
to addition of substrates, no product was detected even after
a 1-h incubation, establishing the completeness of the quench.
CoA (0.2-0.5uM) was added directly to quench solution,
CoA (@), equivalent amounts and all subsequent steps in the detection scheme were
of NAD* (0), and 6PG (e) .. . .
performed. The results indicated that the perchloric acid had
o o5 1 15 2 25 3 no effect on the stability of CoA. Finally, addition of
[CoA] M myristoylCoA to the quench solution did not produce
FicURE 1: Detecting CoA, the first product released by Nmt, using detectable hydrolysis to CoA.
pyridine nucleotide-based enzymatic cycling to achieve analytic  The linearity of the detection scheme over the range of
sensitivity. (A) Cycling schemes. Scheme 1 yields NABom 0.05-3 uM CoA was established by performing reactions

CoA; Scheme 2, amplification of NAD See text for further details. . e s :
SCS, succinylCoA synthetase: PEP. phosphoenolpyruvate; PK,!" the absence of Nmtlp. Additional validation was obtained

pyruvate kinase; LDH, lactate dehydrogenasiG, o-ketoglut- Py omitting all steps prior to cycling (i.e., Scheme 2) and
arate; G6P, glucose 6-phosphate; 6PG, 6-phosphogluconate; GDHthen adding NAD or 6PG at levels that are equivalent to
glutamate dehydrogenase; G6PDH, glucose 6-phosphate dehydrowhat would have been produced at this stage of the assay
genase. (B) Evidence for the linearity of the detection scheme. by 0.05-3 uM CoA.

Reaction mixtures lacking Nmtlp were assembled. Defined amounts
of COA standards, or equivalent amounts of NABr 6PG, were The amount of CoA produced was calculated as follows.

added at the appropriate assay step in the schemes described iNADPH produced from the final step of Scheme 2 was
panel A. The reactions were followed to completion. The data detected fluorometrically (excitatiorn 360 nm; emissior

illustrate that for the range of CoA produced during the course of 460 nm). The results were referenced to a series of external
the pre-steady-state analyses, the cycling procedure (and finaloonirol reactions where Nmtlp was omitted and defined
conversion of 6PG to NADPH) yields products in amounts that - ) .
are linearly related to the input concentration of substrates. f"‘mounts of CoA were added prior to performing the reac_tlons
in Schemes 1 and 2. All assays were performed in duplicate.
0.1-mL aliquot was then removed and neutralized with 10 The amount of CoA produced was plotted versus time and
ulL of a solution containing 1.03 N KOH, 0.55 M Tris-HCI  fit to eq 1.
(pH 8.1), and 2.2«M S(2-oxo)pentadecyl-CoA, a potent
competitive inhibitor of Nmtlp i = 5 nM; ref 34). The [COA]l = A1 — e_"*’t) + kd ()
inhibitor was included to ensure that there would be no
residual Nmtlp activity during the subsequent steps of the where A is the amplitude of the single exponential (burst
CoA detection assay. phase)k, is the burst rate, ank is the steady-state rate.
Twenty five microliters of CoA reagent was then added [For single turnover experiments, the second term of eq 1
[CoA reagent= 250 mM Tris-succinate (pH 7.7), 25 mM was omitted. The kinetic parametefs k,, and kss were
MgCl,, 2.5 mM DTT, 0.5 mM EDTA, 0.5 mM phospho- calculated using nonlinear least-squares analysis (program
enolpyruvate, 5a«M GTP, 10uM NADH, 30 ug/mL beef Scientist; Micromath, Salt Lake City, UT)].
heart lactate dehydrogenase (EC 1.1.1.27; specific activity Equilibrium Fluorescence Measurements of the Binding
= 0.6 Ujug), 600ug/mL rabbit muscle pyruvate kinase (EC of MyristoylCoA to NmtlpThe dissociation constant of
2.7.1.40; 0.2 Uig), and 50ug/mL pig heart succinylCoA  Nmtlp for myristoylCoA was determined as follows. A
synthetase (EC 6.2.1.4; 0.01 gd)]. The solution was  solution was prepared containing 100 or 200 nM Nmtlp, 20
incubated at 24°C for 20 min, and the reaction was mM HEPES (pH 7.5), 50 mM NacCl, and varying amounts
terminated by addition of 1&L of 2N HCI (to destroy of myristoylCoA (5-300 nM). Following pre-equilibration

NADPH Fluorescence

enzymatic activity and to eliminate excess NADH). Al- at 20°C for 5 min, the time course of fluorescence change
aliquot was removed and transferred to 0.1 mL of pyridine was recorded using a stirred 3-mL cuvette and a PTI Photon
nucleotide cycling reagent [cycling reagert 50 mM Technology fluorimeter [excitatiosr 295 nm (2 nm slit);

imidazole-HCI (pH 7.0), 7.5 mMo-ketoglutarate, 5 mM  emission= 330 nM (5 nm slit)]. Corrections for the inner
glucose-6-phosphate, 25 mM ammonium acetate, 0.02%filter effect were unnecessary because the optical densities
bovine serum albumin (fraction V from Sigma), and 0.1 mM at 295 nm for all solutions were well below 0.05 absorbance
ADP]. Our Nmtlp reactions produced 0-68 uM of CoA units 62). The extent of tryptophan fluorescence quenching,
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Qobs Was plotted as a function of the total substrate 10
concentrationQops Was calculated from eq 2. A .
osl ¢
Qobs = I(Finit = Fopgl/Finit (2)

where Fini; is the initial fluorescence before addition of 3 o6

myristoyCoA at the specific Nmtlp concentration, d@hygs <

is the fluorescence intensity measured at specific myristoyl- 2 04 Kp =135 5.1 sec”!

CoA concentrations. The titration data were fit to a one site kss =0.10 £0.02 sec™

binding scheme using Scientist. 0.2 A=088+005uM
Stopped Flow Analysis of the Rate of Binding of Substrates b

to NmtlpReaction rate measurements were performed using Ry A P S T

a stopped flow apparatus from Applied Photophysics (Surrey, 0 2 4 6 8 10

United Kingdom) operating in the fluorescence mode time (sec)

(excitation= 295 nm; emission monitored at305 nm). The S

binding reaction was performed in the same buffer as that B §

used for the equilibrium fluorescence measurements. When 3 087

assaying the binding of myristoylCoA, thioesterase-free apo- 3 061

Nmtlp (100-300 nM) was reacted with myristoylCoA % 04l .

(0.3-8 uM) at 5, 10, and 20°C. When monitoring the g

binding of an octapeptide substrate, a binary complex of % 0.27

Nmtlp and S(2-oxo)pentadecylCoA was pre-formed by 2 0 : : : : ,

incubating Nmtlp (200 nM) and 2-{oxo)pentacylCoA (2 Y 02 04 06 08 1

uM) for 5 min at 10°C, followed by addition of GAAPSKIV- [Nmt1p] (uM)

NH; (12.5-200 uM). FIGURE 2: Multiple turnover pre-steady-state kinetic analysis of

Fluorescence (Fl) was plotted versus time and fit either Nmtlp. (A) A representative quenched flow study performed at
to a single or a double exponential with a floating end point 24°C: [Nmtlp]= 0.54M; [myristoylCoA] = 20uM; [GAAPSKIV-
according to eq 3 NH;] = 20uM. CoA product formation is plotted as a function of

) reaction time. The data were fit using eq 1 described in the text.
ko, burst rateA, burst amplitudekss steady-state rate. (B) Linear
Fl = Ae—klt + |3e"<2t +C 3) relationship between the burst amplitude and the concentration of
Nmtlp used in pre-steady-state assays. Both substrates were at 20
Rates k. andk,), amplitudes A and B), and the endpoint uM. Mean valuest SE are plotted (two independent experiments,

(C) were estimated using nonlinear least-squares analysiseach performed in duplicate).

(Scientist). toylCoA analogue, have been defined by isothermal titration
calorimetry (15 nM and 4M, respectively; ref83 and34).
RESULTS The concentration of each of these substrates in the pre-

steady-state assay was M. Under these conditions, in

The Rate-Limiting Step in the Nmt Reaction Occurs after the absence of any preincubation of myristoylCoA with
the Chemical TransformatioWVe conducted transient state apoNmtlp, a burst in product (CoA) formation would
kinetic analyses to examine whether the chemical transfor-indicate that a step after catalysis (chemical transformation)
mation step is the rate-limiting step in the Nmtlp reaction is at least partially rate-limiting in the Nmtlp reaction.
(53). To do so, we developed a new, rapid, nonradioactive Initial pre-steady-state experiments employed QN
assay of Nmt activity that has great sensitivity. The assay is Nmtlp and 20uM each of myristoylCoA and the Cnblp
based on measurement of CoA, the first product released byoctapeptide. The reaction (performed at’24 was initiated
the enzyme. Sensitivity is achieved through pyridine-nucleo- by addition of both substrates and stopped 40 ms to 60 s
tide-based amplification using Schemes 1 and 2 shown inlater with perchloric acid, using a quenched flow apparatus.
Figure 1, panel A, and the protocol described in Materials The time course of CoA production was biphasic. There was
and Methods. Control experiments confirmed that the assaya fast burst phase of 13.% 5.1 s! (95% confidence
is Nmtlp-dependent (see Materials and Methods) and thatinterval), followed by a slower steady-state phase of @10
detection of CoA is linear in the range of product formed 0.02 s (Figure 2). To establish that the burst amplitude
under the conditions of the pre-steady-state assay (e.g., Figurevas proportional to the Nmtlp concentration, the pre-steady-
1, panel B). Moreover, when a limiting amount of myris- state analyses were repeated using 0.3 angiMNmtlp
toylCoA is added to the reaction, the amount of CoA released (each experiment in duplicate). Figure 2, panel B, shows the
is equivalent to the input level of the acylCoA (see below). linearity of the burst amplitude as a function of [Nmtlp].

Pre-steady-state analyses were performed at saturatingrhe mean valuedf SE) of the burst phase, calculated from
levels of myristoylCoA and GAAPSKIV-NH an octapeptide  these experiments using different Nmtlp concentrations, is
substrate derived from the N-terminus of Cnblp. Cnblp is 13.8+ 0.6 s'!, while the slower steady-state phase is 140-
a yeast N-myristoylprotein homologous to the regulatory fold slower (0.10+ 0.01 s%).

component of the mammalian €#&almodulin-dependent Since the substrate concentrations exceeded the concentra-
phosphoprotein phosphatase calcineurinoB)(The Ky of tion of Nmtlp in the pre-steady-state experiments shown in
myristoylCoA for apo-Nmtlp, and of GAAPSKIV-NiHor Figure 2, multiple turnovers were allowed. Determination

a binary complex of Nmtlp and a nonhydrolyzable myris- of the burst phase rate in multiple turnover pre-steady-state
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Ficure 3: Single turnover pre-steady-state kinetic analysis. A °'58000‘ T '0‘04' t Koloa' T '0'12' T '0'16‘ C '0'20
representative quenched flow study conducted &t@4[Nmtlp] ) ) ) ’ ) ’
= 1 uM; [myristoylCoA] = 0.8uM; [GAAPSKIV-NH ] = 15uM. time (sec)

Data were fit as described in Materials and Methods. Two
independent experiments yielded an average value of 2463
s 1 for the rate.

Ficure 5: Stopped flow kinetic study of the rate of binding of
myristoylCoA to apo-Nmtlp. Analysis conducted atG using
200 nM thioesterase-free apo-Nmtlp, aneM myristoylCoA. Data

2.57 were fit to a double exponentidt;, fast phasek,, slow phase.
g 2 . . o .
el performed to investigate the kinetics of myristoylCoA
< binding to apo-Nmtlp. Previous studies had shown that
S binding of myristoylCoA to apo-Nmtlp results in a readily
05 kea= 012 £ 0,006 secj‘1 detectable quenching of the enzyme’s intrinsic tryptophan
fluorescence 31). Stopped flow analyses were performed

0 at 50 mM NacCl, which stabilizes the intrinsic tryptophan
0 10 20 30 :
time (min) fluorescence of the apo-enzyme throughout the time course
FIGURE 4: Steady-state kinetic analysis of Nmtlp. Assays were of the experiment. Titration of apo-NmtLp with increasing
performed at 24C using 10 nM Nmtlp and 20M substrates. concentrations of myristoylCoA _y|elds lig of 2.6 + 1.4
nM (data not shown). At 20C, using 100 or 200 nM apo-

experiments can, in theory, be confounded by a number of NMtLp and at least a 5-fold molar excess of myristoylCoA
factors (e.g., product inhibition, problems with accurate (to ensure pseudo-flrsj[-order condltlons)zthe time course of
determination of rate constants from biphasic time course fluorescence quenching fOIIO‘l’VEd a single exponential,
data). Therefore, we analyzed the burst rate using singledescribed by arate of 1% 14 s (n = 4) (data not shown).
turnover experiments. These experiments were performed by NiS raté was independent of myristoylCoA concentration
first preincubating apo-Nmtlp (M) with myristoylCoA, (0.5-8 uM).
at a concentration of acylCoA that was less than the The amplitudeA) of the single-exponential describing the
concentration of enzyme (i.e., 0:8\1). The reaction was time course of the fluorescence quenching did not extrapolate
then initiated by addition of saturating amounts of the back to the fluorescence of the apo-enzyme, which implies
octapeptide substrate (18V). The single turnover results that another process leading to fluorescence quenching was
(Figure 3) revealed a rate of 124 4.3 st (n = 2 occurring during the 1.5-ms period between sample mixing
experiments), a value that is in good agreement with the burstand when the instrument begins to collect data (i.e., a rate
rate defined from the multiple turnover transient kinetic greater than 60078 cannot be determined). To characterize
analysis. Since the single turnover experiment was performedthis fast process, we performed the stopped-flow experiments
after preincubating apoNmt1p with myristoylCoA, while the at 10 and 5C. At 5 °C and at the lowest concentration of
multiple-turnover pre-steady-state experiments were per- MyristoylCoA tested (kM), we observed a time course of
formed without preincubation, the similarities in the calcu- binding that was fitted best to a double exponential, with a
lated rate of the first turnover suggests that the rate of fast phase rate of 318 43 s™* and a slow phase rate of 23
myristoylCoA binding is not the limiting step in the enzyme = 2 s * (Figure 5). The sum of the amplitudes of these fast
reaction (see next section). and slow phases extrapolate to the fluorescence of the apo-
We also evaluated the accuracy of the slower steady-stateeNZyme. It was not possible to accurately determine the rate
phase calculated from the pre-steady-state experiments show®f the fast phase at higher concentrations of myristoylCoA.
in Figure 2. We did so by performing a “steady” state  Together, these results suggest that binding of myristoyl-
analysis in which 2tM myristoylCoA and 2QuM octapep- CoA is a two-step process. The fast phase is most likely
tide were added to 10 nM apo-Nmtlp, and CoA formation diffusion controlled (i.e., its rate is 3.2 10° M~! s71).
was monitored over a course of a 30-min reaction. The resultsPotential explanations for the slow phase are provided in
(Figure 4) indicated that the steady-state rate was @12 the Discussion.

0.006 s, a value in excellent agreement with the value
obtained from the pre-steady-state study (0£10.01 s).

Stopped-Flow Kinetic Analyses of the Rate of Binding of
an Octapeptide Substrate to S-(2-Oxo)pentadecylCoA:Nmtlp

Stopped-Flow Kinetic Analyses of the Rate of Binding of Complex. To investigate the kinetics of binding of an

MyristoylCoA to apo-NmtlpStopped flow studies were

octapeptide substrate to the binary Nmtlp complex, we
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FIGURE 7: Calculating the rate of the chemical transformation step
B 500 from single turnover pre-steady-state kinetic analyses. Representa-
tive quenched flow study, performed at 22 using 0.5«M Nmt1p,
0.5uM myristoylCoA, and 1uM GAAPSKIV-NH,. Data were fit
as described in the text,, rate of chemical transformation.

k7 = 3.2x108MTsec™1, kp = 23 sec”!
kop = 2.1 2 0.3 x106 M-1sec-1 1 X sec”, k2 sec

—_—>
koff = 26 % 15 sec-1 Nmt + MyrCoA

v . . ) k3 = 2.1x108M 1sec
0 50 100 150 200 250

. Nmt.MyrCoA + peptide <__’ Nmt.MyrCoA.peptide
[peptide] (uM) k.3 = 26 sec’!
FIGURE 6: Stopped flow kinetic study of the rate of binding of kg = 14 sec”!
GAAPSKIV-NH; to a preformed binary complex of Nmtlp and a . ks = 0.10 sec”! )
nonhydrolyzable myristoylCoA analogue. (A) Results from a Nmt + Myrpeptide + CoA —”——_— 5, Nmt.Myrpeptide.CoA

reprefentgtive_ ﬁtud%/ conducte% at ?(D ising d200 ,r\1/|M lf\lmtglp FIGURE 8: Kinetic mechanism and rate constants. Rate constants
complexed with S(2-oxo)pentadecylCoA and 5@aM of the shown are taken from the experiments shown in Figure®. X,

octapeptide substrate. The data were fit to a single exponential. 54 k, were determined at 5C. Note thatk, was also determined
kobs Observed rate. (Bpsplotted as a function of the concentration at 20°C (107 + 14 s3). ks andk_3 were determined at 16C
of GAAPSKIV-NH,. The intercept corresponds to the dissociation ,iia ks andks were determined at 22C. '

rate constantiG). The slope corresponds to the second-order rate
constant Kon). substrate (0.515uM). The kinetic data were globally fitted

performed stopped flow analysis using a myristoylCoA to the following minimal kinetic scheme using FITSINEG).

analogue,S-(2-oxo)pentadecylCoA 55). S(2-oxo)penta- ks Kk
decylCoA is a competitive inhibitor of the enzyme: it Nmt-MyrCoA -+ peptides == Nmt-MyrCoA-peptide—
contains an additional methylene interposed between the fatty Nmt-Myrpeptide CoA
acid carbonyl and the thioester sulfur, creating a nonhydro- ) ) S L
lyzable thioether. Isothermal titration calorimetry has estab- ks Was fixed in FITSIM as diffusion limited (2.% 1°M
lished that the thermodynamics of binding of this analogue S ) based on the stopped flow daka; was fixed at 26 s,
to apo-NmtLp are virtually identical to that of myristoylCoA lS0 based on the stopped flow analykis, was fixed as 0
(34). The affinity of the analogue for the apo-enzyme was 3 (&ssuming that catalysis is irreversible; see35f The rate
nM, based on calorimetry. of the cheml_cal transformat_lok_lz;, was calculated to be_: 16.3
Apo-Nmtlp (200 nM) was pre-equilibrated with ;@ + 3.3 s! (Flgure_ 7). This is in go<_)d agreement with the
S(2-oxo)pentadecylCoA and increasing concentrations of burst rate d_etermmed from the mu!tlple turnover pre.—stegdy—
GAAPSKIV-NH, (12.5-200 4uM) were added. The time State experiments and the rate defined from Fhe earlier smgle
course was best described by a single exponential (FigurefUrnover experiment (performed at saturating octapeptide
6, panel A). When the observed ratg,) was plotted as a concentration and fitted to a single exponential).
function of octapeptide concentration, the second-order rate
constantk,, was calculated to be 24 0.3 x 1 Mt st DISCUSSION
(Figure 6, panel B). The intercept of this plot corresponds  Figure 8 summarizes the results of these kinetic analyses
to the dissociation rate constakts (26 = 15 s%). On the of the Nmtl1p reaction. Our studies indicate that a step after
basis of the experimentally determinkgh and ko« values, the chemical transformation serves to limit the rate of the
we estimated that thi€, for binding of the octapeptide was acyltransferase. There is a 140-fold difference between the
12 uM, in agreement with the previously published calori- rate of the chemical transformation and the steady-state rate.
metric data 83). Together, these results suggest that the This finding is consistent with observations made from a
binding of this octapeptide substrate to the binary Nmtlp comparison of theC. albicansapo-Nmt structure and the
complex, is a single step process that is most likely diffusion structure of Nmtlp with bound substrate analogues. These
controlled. comparisons suggest that, following catalysis, the enzyme
Determination of the Rate of the Chemical Transformation. undergoes a number of conformational changes to allow
Single turnover experiments were performed by first pre- release of the myristoylpeptide product.
incubating 0.5uM apo-Nmtlp with 0.54M myristoylCoA Figure 9 shows the structure of Nmtlp with bound
and then adding different concentrations of the octapeptide substrate analogues and points out areas of the structure
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3,0 A helix

Ficure 9: Structure of Nmtlp with bound substrate analogues. (A) Ribbon diagram of Nmtlp with Bg@noko)pentadecylCoA (red)

and the dipeptide inhibitor SC-58272 (lavender). The N-terminal symmetry-related half (A34 to N225) is colored green. The C-terminal
symmetry related half (W226 to L455) is colored blue. Residue33lof Nmtlp are disordered in the ternary complex. (B) MyristoylCoA
binding site. Note the 3 A" helix, which is ordered upon binding of myristoylCoA, including residues H38 and W41. W200 is located at
the bottom of the acylCoA binding pocket. (C) The “bifunctional” Ab loop involved in binding of acylCoA and peptide substrates. Y103
and V104 make contacts with the pantetheine group of the bound acylCoA. D106, D108, and F111 interact with the Lys residue retained
in the dipeptide competitive inhibitor SC-58272. Atom color code in panels B and C: oxygen, red; phosphorus, pink; carbon, silver;
nitrogen, purple; sulfur, yellow.

whose conformations are likely affected by acquisition and/ in the ternary complex3g) but is absent in the apo-enzyme
or release of substrates. An N-termina$ Belix is present  (35), suggesting that the helix is ordered by myristoylCoA.
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Figure 9, panel B, presents some of the contacts betweernconformational changes that may occur after formation of
this helix (designated A elements of CoA (3phosphate, the ternary complex. Moreover, our pre-steady-state kinetic
N3 of adenine, 2hydroxyl of the pentose sugar), and the experiments cannot distinguish between the possibility that
myristoyl chain. We have recently solved the structure of the burst rate corresponds to the rate of a conformational
Nmtlp with bound myristoylCoA to 2.2-A resolution (Farazi, change after formation of the ternary complex or the actual
T., Waksman, G. and Gordon, J. |., manuscript submitted). chemical reaction.

This structure provides further and more direct evidence that  Nmt and the GNAT Superfamils noted in the introduc-
myristoylCoA binding structures theiahelix. tion, Nmt has structural homology to members of the GNAT
Figure 9, panel C shows the Ab loop. In the 2.45-A superfamily that catalyze the transfer of the acetyl moiety
resolution structure ofC. albicans apo-Nmt, this loop  from CoA to a primary amino group of various targets (i.e.,
displays conformational heterogeneity. In the structure of the histones, aminoglycoside antibiotics, serotonin). Nmt, histone
S. cereisiae ternary complex, the Ab loop is ordered and N-acetyltransferase, and serotohkacetyltransferase are the
makes contacts with pantetheine of the bound nonhydrolyz-most thoroughly characterized members of the GNAT
able myristoylCoA analogue and with Lys of the bound family: each has been subjected to structural, steady-state
dipeptide inhibitor. The structure of the ternary complex kinetic, and mutagenesis analyses. The catalytic mechanism
indicates that residues in the Ab loop contribute substantially proposed for all three enzymes is similar: direct nucleophilic
more buried surface area to binding of the peptide analogueattack of the substrate primary amine at the reactive thioester
than to binding of the nonhydrolyzable myristoylCoOA pond of the acylCoA. Chemical transformation is aided by
analogue 6). two elements located in the active sites of these three
On the basis of these observations, we propoSéyithe enzymes: a catalytic base, which by abstracting a proton
following steps in the Nmtlp reaction: (a) myristoylCoA from the primary amine makes it a better nucleophile, and

binding induces conformational changes affecting the\3 an oxyanion hole that polarizes the reactive thioester carbonyl
helix; (b) restructuring of the Ab loop permits binding of a (36, 39, 47).

peptide substrate to the “cryptic” peptide binding site; () | jke Nmt, serotonirN-acetyltransferase follows an ordered
following catalytic transfer of myristate from CoA to the reaction pathway. This conclusion is based on steady-state
glycine amine, CoA is able to depart from the ternary jnpipition studies $7), as well as a comparison of the
complex; (d) once CoA exits, the Ab loop reverts to a more gy ctures of the enzyme without substrates, and with a bound
flexible state and the ;3 A" helix loses critical contacts  pisybstrate analoguel§). On the basis of their structural
required to maintain its secondary structure; (e) freed from studies, Hickman and co-workers have concluded that
its interactions with the Ab loop and a substantial portion of acetylCoA binding restructures an N-terminal loop into
the acyl chain binding pocket provided by the Belix, o helix. The restructuring affects20 residues that includes
myristoylpeptide is released. The pre-steady-state kinetic 5 region located in the conserved motif C found in GNAT
studies described in this report indicate that stepe are family members$. AcetylCoA binding to serotoninN-

limiting in the Nmt reaction. , acetyltransferase “unveils” a cryptic binding site for serotonin
The acylCoA binding site of Nmtlp contains two tryp- (49).

tophans that have contacts with myristoylCoA: (i) W41 of
the A helix (contacts with the '3phosphate of CoA; N3 of
adenine, and C6 of myristate); (ii) W200, a component of

Comparisons of the structures of histoNeacetyltrans-
ferase without substrates, with bound acetylCoA, and with

bound CoA/histone H3 also indicate that acetylCoA acquisi-

th(’i floqr olf thr:halcy:( cha[ntb;nd|[1r% S'tf (condtaﬂcts \?I”th the tion is necessary to create a functional binding site for the
o-terminal methyl of myristate). The stopped flow fluores- - o4 s pstrate (i.e., histone H3; 8.

n nalysis repor \Y hat myri ICoA
cence analysis reported above suggests that myristoylCo Nmt represents the only GNAT where pre-steady-state

binding occurs as a two-step process. As noted in Results, wudi lable. Steadv-state Vi i 4 i
the fast phase is most likely diffusion controlled (i.e., its rate studies are avarable. steady-stale VISCOosity experiments,
is 3.2 x 10° M~1 51). Our studies do not allow distinction employing natural substrates, suggest that diffusional release
between two schemes that could describe the observe f product is the principal rate-determining step for serotonin
biphasic behavior: (i) an isomerization step follows binding -acetyltransferasesg). The rate-limiting step for histone
of myristoylCoA.; (i) Nmt exists in two different conforma- N-acetyltransferase has not been reported. Pre-steady-state
: ’ : ; : . tudies, employing the sensitive CoA-based assay described
tions, one of which preferentially binds myristoylCoA: studies, : !
ons, one o ch preferentially binds myristoylCo in this paper, can now be applied to other GNAT family
E+MyrCoA —P EMyCoA —% E*MyrCoA members to determine whether the steps after chemical
ha « transformation serve to limit their reactions.
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Finally, it is important to note that the minimal kinetic
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