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ABSTRACT. The three-domain initiation module PheATE (GrsABzcillus bresis gramicidin S synthetase
catalyzes the activation, thiolation and epimerization.gfhenylalanine (-Phe), the first amino acid
incorporated into the decapeptide antibiotic gramicidin S. There are three activated intermediates in the
PheATE catalyzed chemical pathwayphenylalanyl-adenosingé-Bhonophosphate diesterPhe-AMP),
L-Phe-S-4phosphopantetheine(Ppant)- amdPhe-S-4Ppant-acyl enzyme. In this study, we examined
PheATE in single-turnover catalysis using rapid chemical quench techniques. Kinetic modeling of the
process of disappearance of the substra®e, transient appearance and disappearancd’be-AMP

and the ad seriatim formation and equilibration of th@ndp-Phe-S-Ppant-acyl enzyme adducts allowed
evaluation of the microscopic rate constants for the three chemical reactions in the initiation module
PheATE. This study provides the first transient-state kinetic analysis of a nonribosomal peptide synthetase
(NRPS) module.

The cyclic decapeptide antibiotic gramicidin S is as- amino acids via the thiotemplate mechanis-%). The
sembled by a two-subunit (GrsA, GrsBnultimodular chain is initiated on the GrsA subunit (Figure 1), which
enzyme, gramicidin S synthetase, which incorporates five activates and epimerizasPhe into ap-Phe-S-phospho-
pantetheinyl (P-pant)-enzyme intermediae 7). The 126
T This work has been supported by the National Institutes of Health K Dg GrsA subunit has three identifiable domains (see Figure

(Grant GM20011 to C.T.W.). . . - .
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cidin S synthetase Bi-Phe, L-phenylalanine; Ppant, phospho- phe-AMP). The thiolation (T) domain (also known as
pantetheine; aa-S-Ppant-T, aminoacylated thioester form of cofactor

Ppant-modified holo T domain; A, adenylation domain; T, thiolation P€Ptidyl carrier protein, or PCP domain) is a 10 kDa

domain; E, epimerization domain; ATE, adenylation-thiolation-epimer- autonomously folding domain that becomes posttranslation-
ization domainsy-Phe-AMP,L-phenylalanyl-adenosing-phosphate

diester; AMP, adenosine'-fnonophosphate; ADP, adenosiné 5
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Ficure 1: Action of the initiation module PheATE of the gramicidin S synthetase. The tightly bound intermedtéie AMP is formed

by the adenylation af-Phe with ATPMg?" catalyzed by the A domain. The amino acyl group is transferred from-Btee-AMP intermediate

to the phosphopantetheinyl arm of the T domain and subsequently epimerized at the active site of the E domain in the amino acyl-P-pant-
acyl enzyme form, giving a 2:1 equilibrium mixture of/L-Phe-S-P-pant enzyme adducts. Onlymhisomer is accepted by the downstream
condensation domain for transfer to the next module ProCAT in GrsB and then continues the subsequent elongation steps.

ally primed with phosphopantetheing {7) and can then be  EXPERIMENTAL PROCEDURES
covalently loaded on its HS-Ppant-prosthetic group with
L-Phe to give tha-Phe-S-Ppant-T intermediate. The third

do”?"?“” i§ a 54 kDa epimera;e (E) domain, re;pon;ible forwas obtained in a homogeneous state as judged by-SDS
equilibrating the @.-configuration of the Phe moiety in the PAGE analysis and dialyzed into 50 mM-Kepes buffer
Phe-S-enzyme to produce 1.9f:Phe-L-Phe-S-enzyme [pH 7.5, 1 mM tris-(2-carboxyethyl)phosphine (TCEP)].

mixture (). Chain elongation then follows on the four pyiming of apoPheATE (generation of holoPheATE) was
modules of the GrsB subunit, presumably to a pentapeptidyl- 5chieved by incubation with CoASH arigcillus subtilis

S-enzyme that is subsequently dimerized to a decapeptidyl-ppant transferase SfiZ, 13). Reaction mixtures in assay

S-enzyme and released by cychzatlon. The first module of pffer containing 70:tM apo enzyme, 25@M CoASH, and

the downstream GrsB subunit has a clear pref'erence' to thesg nM Sfp were incubated for 60 min at 3T. *H NMR

p-Phe-S-enzyme form of GrsA as the donor in making a spectra were recorded on a Varian M200 spectrometer at

D-Pha-L-Pro;-S-GrsB enzyme intermediat&9). 200 MHz. MALDI-TOF mass spectrometry was carried out
The tridomain PheATE initiation module is among the best USINg & Perceptive Biosystems Voyager-DE STR mass

characterized of any nonribosomal peptide synthetase (NRPSFPECtrometer. Analytical HPLC was carried out on a Beck-

module: the A domain of the PheATE initiation module has Man Gold Nouveau system. o _

been studied for amino acid selectivity in the activation step  HPLC Analysis of Product Formation in Multiple Turn-

by the classica?PPi-ATP exchange assa§, (7), its X-ray over Reactions Catalyzed by ApoPheAReactions (5@L

structure has been solvedj and coding specificity for gacm Z?I_nptang ﬁ)'\r/lnl\/lc‘fﬂzepe_s (p|;|_7.5), 10 mM-PEe,

L-Phe has been analyzetll}; the holo-T domain has been m om gCh, units of inorganic pyrophos-

covalently loaded with-Phe ¢, 9): the E domain was phatase_(EC 3.6.;.1, used to drive the reaction forward by

recently characterized by detailed mutational analy8)s ( i?ﬁ;ggé‘g%:h:%ii,?éi?ﬁé?ﬁ%ﬂ ggoggengT iigdlvzvgrriin

However, essentially no information is available about the : T

rates of any of the );ocesses in the A domain, T domain or by adding SQuL of 10% TCA (w/v). A control reaction was

E domain )r/nuch Ie[;s the sequential chain tra’nsfer betwee carried out under the same conditions except that apoPheATE

. . L Mwas not included in the reaction. The precipitated protein
the three domains of this NRPS initiation module. The

i X was pelleted by centrifugation at 11600g for 10 min. The
PheATE module generates three assayable intermediates: th§upernatant was injected onto a reversed-phase HPLC

noncovalent but tightly bound-Phe-AMP and then the two  cojymn (VYDAC, C18, 4.6x 250 mm, 5um, 300 A) for
covalent intermediates formed ad seriatim, thBhe-S-P- analysis. A methanol gradient (0% B for 2 min, 0 to 66.6%
pant-T and thep-Phe-S-P-pant-T domain acyl thioester B in 30 min) was employed to elute the column after
enzyme covalent adducts. In this study, we report rapid preequilibration in 100% solvent A at a flow rate of 1 mL/
quench analysis and deconvolution of the rate constants formin. Solvent A was 2.5% methanol, 2.5% triethylamine
the formation of these three consecutive enzyme-bound(TEA), 25 mM K*Pi (adjusted to pH 6.5 with §PQ,) and
intermediates, providing the first detailed kinetic analysis of solvent B was 50% methanol, 2.5% TEA, 25 mM K
the catalytic workings of an NRPS module. (adjusted to pH 6.5 with POy). The column eluant was

General ApoPheATE protein and H753A mutant were
overexpressed and purified as describgdBf. The protein
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monitored at UV 254 nm. The retention times i6Phe,
AMP, ADP, and ATP were determined by injecting standards
to be 14.0, 13.8, 15.3, and 16.3 min, respectively. A new
peak at 20.8 min was observed to increase with the length
of reaction time and assigneditePhe-AMP. The peak was
collected and desalted by ZipTip (from Millipore) and
analyzed by MALDI-TOF MS. The identity of the peak as
L-Phe-AMP was verified by MALDI-TOF MS (monoiso-
topic) [M + H]: 494.9 (495.1 calcd).

Preparation of Authentia-Phe-AMP L-Phe-AMP was

prepared following the reported procedule)( AMP (340
mg, 0.98 mmol) and.-Phe (160 mg, 1.0 mmol) were
suspended in water (1.2 mL) and dissolved by addition of
5.2 mL of pyridine and followed by the addition of 9@
of concentrated HCI. The clear solution was cooled-td
°C in an acetone:ice bath, and then a solution of dicyclhexyl-
carbodiimide (DCC, 5.15 g) in 6 mL of pyridine was added
and stirred vigorously. After #n4 h reaction in the cold bath
(—10°C), a thick yellow suspension was formed and filtered
through a fritted funnel. The filtrate was added to 150 mL
of acetone held at-50 °C (dry ice:acetone bath). The
resulting precipitate was centrifuged at 159@@ 4°C. The
collected solids were transferred onto a—® mm fritted
funnel, washed with acetone (810 mL) and ethyl acetate
(2 x 10 mL), and lyophilized overnight to afford a white
powder (103 mg, 21%}H NMR integrals indicate that the
powder consists of a mixture of AMP and Phe-AMP in an
approximately 4:6 raticH NMR (D;0): 3.564 (m, 1H, @-
H), 4.176 (m, 2H, ribose'®), 4.267 (m, 1H, ribose'H),
4.434 (m, 2H, PheC}), 6.035 (d, 1H, tH), 8.370 (s, 5H,
aromatic H), 8.602 (s, 1H,'3H), 8.626 (s, 1H, 8H).
MALDI-TOF MS (monoisotopic) [M+ H]: 495.3 (495.1
calcd).

Steady-State Kinetic Analysis ofPhe-AMP Formation
by ApoPheATEA coupled, continuous, spectrophotometric
assay for inorganic pyrophosphate (PPi) was employed to
detect the rate at which PPi is released into solutith) (
16). Reactions were carried out at 3€ in 100 uL total
volume in a microtiterplate and contained 75 mM Tris, pH
7.5, 10 mM MgC}, 200uM 2-amino-6-mercapto-7-methyl-
purine ribonucleoside (MesG), 0.15 unit of purine nucleoside
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for a specified period of time (0.615.0 s), the reaction
mixture was quenched with 1Qd. 10% TCA (w/v). The
guench solution was collected in a 2-mL Eppendorf tube.
Following vigorous vortexing the precipitated protein was
pelleted by centrifugation for 20 min at 11600g &Gl One
microliter of the reaction supernatant was loaded onto a
cellulose TLC plate (DC-Plastikfolien, EM Science) and
developed in butanol/water/acetic acid; 4:1:1 (v/v) (develop-
ing buffer A). The ratio ofL-[**C]JPhe R = 0.71) and
L-[**C]Phe-AMP R = 0.13) was calculated from the
phosphorimage of the TLC plate.

Measurement of Single-Turper Time Course for
HoloPheATE Catalyzed ReactionSingle-turnover time
courses for holoPheATE (or H753A mutant) catalyzed
adenylation, thiolation, and epimerization.ef*“C]Phe (450
mCi/mmol) or p-[**C]Phe (56 mCi/mmol) were measured
in a similar manner as described above except that each
reaction was duplicated so that one set of samples were used
to measure the absolute radioactivity in the supernatant and
pellet and the other set of samples were used to determine
the ratio ofL-[*“C]Phel-[**C]Phe-AMP in the supernatant
andL-[**C]Phe b-[**C]Phe cleaved from the enzyme in the
pellet. Each reaction was initiated by mixing 4% of 70
uM holoPheATE (or H753A mutant) and 18 of 12 uM
L-[**C]Phe (orp-[**C]Phe) in the same buffer as described
above. The final concentrations after mixing (total volume
30 uL) were 35 uM holoPheATE (or H753A mutant)
enzyme, &M L-(or p)-[**C]Phe, 5 mM MgCJ} 4 mM ATP,
and 0.5 mM TCEP. After incubation for a specified period
of time (0.01-8.0 s), the reaction mixture was quenched with
100 uL of 10% TCA (w/v). The quenched solution was
collected in a 2-mL Eppendorf tube. Following vigorous
vortexing, the precipitated protein was pelleted by centrifu-
gation for 20 min at 116QaPat 4 °C. For one set of the
duplicated samples, the supernatant was separated from the
pellet and the pellet washed with>2500uL of 10% TCA.

The supernatant (combined with the solution from two
washes) and the pellet (dissolved by formic acid) were
assayed by scintillation counting using LS6500 Multipurpose

phosphorylase (PNP), 0.15 unit of inorganic pyrophosphataseScintillation Counter (Beckman). For the duplicated set of

(PPi-ase), 2 mM ATP, 2M apoATE, and varying concen-
trations ofL-Phe (106-2000u4M). Reactions were initiated
by addition of the amino acid substrate after a 10-min
incubation to allow the PPi-ase/PNP/MesG couple to remove
any contaminating PPi or Pi. A SPECTRA max pfits

samples, the supernatant was analyzed on cellulose TLC
plates to separate-[**C]Phe andL-[**C]Phe-AMP using
developing buffer A. The precipitates were washed in
succession with 1 mL of ether/ethanol [1:3 (v/v)] and 1 mL
of ether. The J*C]Phe-S-Ppant-enzyme complexes were

microplate spectrometer was used to monitor absorbance ahydrolyzed and extracted according to the procedure de-

360 nm PAezeo = 17.6 mMt cm™, as reported in Keating
et al. (15)] and the software SOFTmax PRO 3.1 was used
for data analysis.

Measurement of Single-Turper Time Course for-Phe-
AMP Formation Catalyzed by ApoPheATEngle-turnover
time courses were measured at°®using a rapid-quench
flow apparatus from KinTek instruments. Each reaction was
initiated by mixing 15uL of 70 uM (or 47 uM) apoATE (in
50 mM K*Hepes, pH 7.5, 10 mM Mggland 1 mM TCEP)
and 15uL of 12 uM L-[**C]Phe (450 mCi/mmol), and 8
mM ATP in 50 mM K*Hepes buffer (pH 7.5). The final
concentration after mixing (total volume aQ) were 35uM
(or 23.5uM) apoPheATE enzyme, 6M L-['“C]Phe, 5 mM
MgCl,, 4 mM ATP, and 0.5 mM TCEP. After incubation

scribed in ref8. One microliter of sample was applied to
chiral TLC plates (Aldrich) in order to separate and
L-isomers. The TLC was developed in developing buffer B
[acetonitrile/water/acetic acid; 4:1:1 (v/v)]. The ratio of
L-[**C]Phe R = 0.59) andp-[**C]Phe R = 0.49) was
calculated from the phosphorimage of the chiral TLC plate.

Data Collection and AnalysisPhosphorimages of TLC
plates were obtained after £86 h exposure to ‘BASIIIS’
image plates and read by a “Bio-Imaging Analyzer BAS1000”
(Fuji). The image was analyzed densitometrically using the
Image Gauge 3.0 software. All single-turnover progress curve
data were fitted to enzymatic mechanistic schemes using the
program DYNAFIT by Petr KuzmicX7).
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Ficure 2: HPLC traces of the time-dependent multiple-turnover reaction of 10.riiYie, 8 mM ATP, 10 mM MgGl 2 units of inorganic
pyrophosphatase, ang#M apoPheATE in 50 mM KHepes buffer (pH 7.5) at 37C. Reactions were quenched at 30, 60, 90, and 120 min
after the reaction started.

RESULTS lyzedL-Phe-AMP formation was measured by detecting the
PPi release rate using an inorganic pyrophosphatase-based
assay. The coupled reaction mixture included PP-iase/PNP/
MesG, which allowed the PPi formation to be monitored at
360 nm. The PPi release rate was measured at a slow 0.0067

Detection of L.-Phe-AMP Released as a Product of
ApoPheATE-Catalyzed Multiple-Turser Reaction Forma-
tion of L-Phe-AMP was detected by HPLC analysis of the
[Tjglglglfntliggogfésreefge“oor]', Zi_tlggzzfin%yiggfgg?}??;ig\_”th s 1. Comparison of this net PPi release rate to theHC

hosphatase. The apoPheATE enzyme lacks the phosphol 2Snout rate X1.67 s7) or L-Phe-S-Ppant acyl enzyme
phosphatase. P y phosp pimerization rateX0.03 s?) (8), which are all indications
pantetheine prosthetic group so that the subsequent amlnoacyif the occurrence of the third reaction step (epimerization

transfer to the T domain could not occur. The HPLC step of the three sequential reactions), indicates PPi release

ff‘;ﬁ?gtnodgfl\wpczfl Afhoea:%a:gosnmr?r?)(u’&rgPc?{\;aénr?ﬁr%ﬁ_?aks of and thereby Phe-AMP release rates are kinetically incom-
) . : ’ A ' petent and that release ofPhe-AMP into solution is off
(16.3 min) and a new peak at 20.8 min, which is not observed the reaction pathway.

with the control reaction in the absence of apoPheATE. As ) )
L-Phe-AMP Formation by ApoPheATE under Single-

shown in Figure 2, this new peak increases with reaction ] n \
time. MALDI-TOF mass spectroscopic analysis of the Turnover Reaction Conditionsl'o determine the actual rate

collected peak showed a mass peak offMH] (monoiso- of L-Phe-AMP formatiorwithin the active site of the PheATE

topic) at 494.9 Da, consistent with the calculated Phe-AMP A domain, we tumed to single-turnover analysis using rapid-
mass at 495.1 Da. The identity of this multiple turnover duench techniques in conjunction with the radiolabeled
reaction product was further confirmed by HPLC coelution Substrate-[**C]Phe. First the apo form of PheATE was acid-
with a synthetic.-Phe-AMP standard. quenched after exposure to ATP anft‘C]Phe for specified
Previous studies suggest that A domains of NRPSs suchPeriod of time (ms), releasing both unreactefd‘C]Phe and
as Gramicidin S synthetase recognize and activate aminot-[:*CIPhe-AMP into the acidified supernatant (less than 2%
acids and covalently aminoacylate the phosphopantetheinylradioactivity was trapped in the pellet). Separation of the
groups on the T domaing,(15). The aminoacyl adenylate ~ L-[**C]Phe-AMP and the starting substrat¢'“C]Phe was
is proposed to be a labile and tightly bound intermediate for then achieved by cellulose TLC. The['‘C]Phe-AMP
this activation process. The HPLC trace of Phe-AMP intermediate was found to be stable at low pH (the quenching
accumulation clearly indicates multiple turnovers at a rate Mixture had a pH of 0.9 and the developing buffer for
of ca. 2.2uM/min and therefore some loss of the bound Cellulose TLC had a pH of 3.0) and no hydrolysis was
aminoacyl-AMP from the A domain active site into solution. ©observed over time. The TLC radio densitometry assay was
Steady-State Kinetic Analysis oPhe-AMP Formation utilized to quantitate the ratio af[*“C]Phe and.-[**C]Phe-

by ApoPheATEThe steady-state rate of apoPheATE cata- AMP, with error limits of£3% as reported by Stachelhaus
and Walsh 8). Under the two conditions analyzed, enzyme

2GrsA, like aminoacyl-tRNA synthetases, is able to catalyze AMP Concentra.tlon. of .2.3'/EM (reaction one) and 36M (reaction .
— ADP conversion reaction by transfer of thephosphate of ATP to ~ tWO) Was in significant molar excess over the concentration
reactiveL-Phe-AMP (). of the limiting substrate -[1“C]Phe (6.0uM) to restrict
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Ficure 3: (A) Phosphorimage of the cellulose TLC plate analysis
of the single-turnover reaction of 38M apoPheATE enzyme with
6 uM L-[*“C]Phe, 5 mM MgC} 4 mM ATP, and 0.5 mM TCEP in
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point is the stoichiometric Phe-S-Ppant-enzyme. Single-
turnover rapid quench analysis was thus again utilized, this
time to evaluate the three sequential reaction steps, adenyl-
ation, thiolation and epimerization of the A, T, and E
domains, respectively. The deconvolution of these reaction
steps requires the capture of all three intermediateBhe-
AMP, L-Phe-S-Ppant-enzyme, andPhe-S-Ppant-enzyme.
This was achieved as follows: first a TCA precipitation (by
rapid quench apparatus) of the reaction mixture to separate
radioactive species in the supernatant[}{C]Phe and
L-[**C]Phe-AMP) from those in the protein pellet-(
[**C]Phe-S-Ppant-enzyme ang'“C]Phe-S-Ppant-enzyme);
theL-[**C]Phe and -[**C]Phe-AMP in the supernatant were
separated using cellulose TLC (Figure 4A); th§“C]Phe
andp-[**C]Phe released by hydrolysis of theandbp-Phe-
S-Ppant-enzyme covalent intermediates were then separated
by chiral TLC (Figure 4B). As shown in Figure 4A, the time-
dependent disappearance of substiafé’C]Phe and the
appearance/disappearance-¢t*C]Phe-AMP are visualized
from the cellulose TLC phosphorimage. The falloff of the
L-[**C]Phe-AMP is consistent with its conversion to later
intermediates. Evaluating the ratio af[!C]Phe and
L-[**C]Phe-AMP versus time and normalizing for recovery
of the overall radioactive counts in supernatant, it is seen
that theL-[*C]Phe-AMP first accumulated to its maximum

50 mM K*Hepes, pH 7.5, quenched by a rapid-quench flow (~20% of the radiolabeled mixture) at about 200 ms and

apparatus after 0.01, 0.02, 0.03, 0.04, 0.05, 0.08, 0.10, 0.12, 0.15
0.18, 0.21, 0.28, 0.36, 0.80, 1.6, and 5.0 s. The first lane to the left
is a control reaction carried out under the same condition for 5.0 s

then gradually disappeared as the subsequent intermediates
formed. The formation of the-[**C]Phe-S-Ppant-enzyme and

without enzyme. (B) Time course for the single-turnover progress itS subsequent transformationdg“C]Phe-S-Ppant-enzyme

curve fitted by DYNAFIT.L-[*“C]Phe () and L-[**C]Phe-AMP
(») are shown with lines from fitting.

were assessed by quantitation.efandp-[*“C]Phe released
by hydrolysis of the acyl enzyme and then separated on chiral
TLC (Figure 4B). Clearly, the-[**C]Phe-S-Ppant-enzyme

reaction to a single turnover of the substrate. The time {5 med first while the formation 0b-[1“C]Phe adduct was
courses measured for both reaction one (data not shown) anqlmt observed until 120150 ms after the reaction started.

reaction two (see Figure 3) showed that about 75% of the g, ar time, thep-[*C]JPhe adduct accumulated to higher

initial L-[**C]Phe was converted to[**C]Phe-AMP and the

abundance than the['*C]Phe-S-enzyme. A global fitting

equilibrium was reached after ca. 500 ms. The rate data Wer€yf the optained data produced four curves (see Figure 4C),
fitted to a first-order reaction kinetic model (eq 1) using showingL-[““C]Phe disappearanae[“C]Phe-AMP rise and

2+ K
apoPheATEL-PheATP-Mg®" 5=
apoPheATEL-PheATP-Mg?" (1)

program DYNAFIT to give the forward and reverse reaction

fall, and the rise ofiL-[“C]Phe-S-Ppant-enzyme, then the
accumulation ob-[*4C]Phe-S-Ppant-enzyme. At equilibrium,
about 85% of substrate[*“C]Phe was converted to enzyme
bound forms. About 10% of the enzyme associatfdC]Phe
wasL-[*C]Phe-AMP and of the remainder tle['“C]Phe-
S-Ppant-enzyme/[**C]Phe-S-Ppant-enzyme ratio was about

rates. The rates were quite comparable between reaction ong 5/1. Thep-[4C]Phe-S-Ppant-enzyme built up after about

(ky=224+01st k;=114+0.1s?) andtwo k = 2.0
+ 0.1 s k3= 1.0+ 0.1 s?), suggesting that the rates

120 ms lag time. A blow up of the early time interval is
displayed in Figure 4D. Global fitting of the experimental

obtained were indeed that of catalysis instead of substrateqata to a kinetic model (eq 2) using the program DYNAFIT

binding (on and ke). The 2.0 s* formation rate of the
enzyme-bound-Phe-AMP in single-turnover reaction condi-
tions is 300-fold faster than the PPi release rate (0.00§7 s

monitored at steady-state conditions. This result indicates
that the slow steady-state, multiple-turnover rate is indeed

due to adventitous release and loss #he-AMP and that

single-turnover studies are required to evaluate the formation

rate for theL-Phe-AMP in the A domain active site.
Single-Turneer Profile for HoloPheATE Catalyzed

Adenylation, Thiolation, and Epimerization Reactio¥ée

next turned to théolo form of PheATE, with the prosthetic

ky
holoPhe ATE * L-Phe -ATP » Mg ———>~
Kk

holoPhe ATE - L-Phe-AMP. Mg?*. PPi

L-Phe
Ky k3
~——— holoPheATE —~—7—

k; ks

D-Phe

2

holoPhe ATE

yielded rate constants (Table 1) for the forward and reverse
directions of the following three intermediates (tPhe to
L-Phe-AMP arek; = 4.7+ 0.5 standk; = 13+ 2 s},
(2) L-Phe-AMP toL-Phe-S-Ppant-enzyme akg = 7.9 +

group installed on the T domain and thereby competent to 0.6 s* andk_, = 2.1+ 0.3 s}, (3) L-Phe-S-Ppant-enzyme

carry reaction flux forward to the T and E domains. Clearly,

to p-Phe-S-Ppant-enzyme ake= 2.7+ 0.4 st andk 3 =

steady-state kinetics would not be of much use since the end2.1 + 0.3 s*.
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Ficure 4: (A) Phosphorimage of the cellulose TLC plate analysis of the single-turnover reaction supernatantNdfHgBoPheATE

enzyme with 6uM L-[**C]Phe, 5 mM MgC}, 4 mM ATP, and 0.5 mM TCEP in 50 mM KHepes (pH 7.5). (B) Phosphorimage of the

chiral TLC plate analysis of the same single-turnover reaction hydrolysis product from pellet. (C) Time course for the single-turnover

reaction progress curve fitted by DYNAFIT. (D) Blow-up of the first second of the same single-turnover reaction progress curve. For

panels C and Dy-[**C]Phe (), L-[*“C]Phe-AMP ), p-[**C]Phe-S-Ppant-enzyme>} and L-[*C]Phe-S-Ppant-enzym®]) are shown

with lines from fitting.

Table 1: Rate Constants for Individual Reaction Steps Catalyzed by HoloPheATE and Mutant H753A

ki(s™) k1(s™) ke (s7) k(s ks(s™) ks (s
holoPheATE+ L-[“C]Phe 47+ 05 13+2 7.9+0.6 21403 2.7+£04 21403
holoPheATE+ p-[*C]Phe 8+ 2 39+ 14 11+1 1.0+0.2 1.8+ 0.4 2.5+0.6
H753A+ L-[*C]Phe 3.3:05 8+2 2.8+0.3 0.5+ 0.1
Single-Turneer Studies with HoloPheATE Starting from ) Ky "
D'[14C]Phe. Although the physiological isomer fOI’ the holoPheATE - D-Phe- ATP+ Mg” —“‘_1_(_]_ holoPheATE - D-Phe-AMP. Mg~"+ PPi
PheATE module is-Phe, it has been shown thafhe can D-Phe L-Phe 3)
be activated by the A domair6{8), allowing us to carry B i L
out comparable rapid quench studies, starting foefHC]Phe. k2 ks

In particular, this study gives insightinto A, T, and E domain

action and serves as an independent check fopiRbe-S- s ks=184+0.4s? andk 3 =254 0.6 s. With the
Ppant-enzyme= L- Phe-S-Ppant-enzyme interconvertion rate substrate -Phe, the equilibrium constakt(ki/k-;) was 0.36,
constants. A similar kinetic model (eq 3) was used to fit the which was close to thK; value of 0.2 for the>-Phe reaction.
experimental data, the curves obtained are shown in FigureThis result was consistent with almost equivalent recognition
5A and the calculated rate constants collected in Table 1.of L- andp-Phe by GrsAT, 8), althoughp-Phe give®-Phe-
The rate constants af-['“C]Phe reactions ark, = 8 + 2 AMP 2-fold faster and hydrolyzes fromPhe-AMP 3-fold
sLk;=39+14s k=11+1sk,=10+0.2 faster. The forward rate fa-Phe-AMP top-Phe-S-enzyme
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(A) ¢ is close to that for-Phe-AMP toL-Phe-S-enzyme (11°%
vs 7.9 s1) as are thé_, values. Fob-Phe-S-Ppant-enzyme
267 DLiGEhe-AMP < L-Phe-S-Ppant-enzyme, we note that the forward reaction
5 ~®- L-[“C]Phe-S-Ppant-enzyme rateks with L-Phe as the substrate is almost identical to the
-0 D-[*C]Phe-S-Ppani—enzyme reverse reaction rate ; with p-Phe as the substrate (2.7s
vs 2.5 s1) while theks of the forwardp-Phe reaction equals
the reverse reaction rate; for L-Phe reaction (1.878 vs
2.1 sY). Based on the fitted results, the equilibrium constants
for the epimerization reaction with-Phe andp-Phe as
starting substrate are reversed, Wi (ka/k—3) = K_3p(k—3/
° 8 ks) (1.3 vs 1.4), indicating a preference forPhe-S-Ppant-
enzyme as the product at equilibrium regardless of the
chirality of the starting substrate. This outcome resulting from
o kinetic analysis agrees well with previous studies by Stach-
elhaus and WalsI8]. These equivalencies give confidence
: ' 2 that the experimental data are accurate and simulations
4 6 8 consistent.
Time (seconds) Single-Turneer Studies with an E Domain H753A Mutant
(B) & of HoloPheATE.A similar rapid quench analysis of the
- A - D-[“C]Phe-AMP single-turnover reaction profile was also carried out on an
5 L g D-["CIPhe epimerization domain mutant H753A (PheATE*). H753
S :0'L'[MC]P"“"S‘PP“““"“ZY'“‘? residue is the second histidine residue in the His motif
- D-[¥CIPhe-S-Ppant-enzyme (HHxxxDGxS) of the E domaing). Previous site-directed
mutagenesis studies of the H753A mutant showed that this
oo residue is crucial for the epimerization reaction, as demon-
3+ strated by the inability of the H753A enzyme to exchange
the Go-*H of L-[2,3-H;]Phe and its failure to interconvert
9 the L-Phe-S-Ppant-enzyme to-Phe-S-Ppant-enzyme. As
expected in the single turnover analysis, no epimerization
0090 reaction was detected in the H753A reaction, ordihe-
e ' S-Ppant-enzyme forms (Figure 5C). While th¢*“C]Phe-
o b= A I AMP formation and decay ratek(= 3.3+ 0.5s%, k1 =
0 Bbo-oore” , ! . 8 + 2 s) of H753A PheATE mutant were very close to
0 02 04 06 08 1 those of the wild-type reaction (Table 1), the forward and
Time (seconds) reverse thiolation rates were down-3-fold. The absence
of a catalytically functional E domain has little effect on
-A - L-["C]Phe-AMP forward and reverse rates for two prior intermediateBhe-

‘ - [l - L-[“C]Phe AMP andL-Phe-S-Ppant-enzyme.
5} -©- L-["“C]Phe-S-Ppant-enzyme

ES DISCUSSION

The complexity of the tridomain structure of the PheATE
initiation module of the GrsA nonribosomal peptide syn-
thetase and the generation of three covalent/tightly bound
intermediates render the measurement of the steady-state rate
of individual steps or combination of steps and also the
determination of the partitioning of the enzyme among the
three intermediates very difficult. Specifically, the product
of the first half reaction of the A domain reactionPhe-
AMP, is a hydrolytically labile and tightly bound intermedi-
ate while the next substrate for the A domain in the second
half reaction is an intramolecular, stoichiometric downstream

Time (seconds) T domain. Analogously, the substrate for the E domain is
FIGURES: (A) Time course for the single-turnover reaction progress L-Phe covalently tethered to the Ppant group from the
curve of 35uM holoPheATE enzyme with @M b-[**C]Phe, 5 upstream T domain. In this study, we show that rapid quench

mM MgCl,, 4 mM ATP, and 0.5 mM TCEP in 50 mM KHepes . . - _
(pH 7.5), fitted by DYNAFIT. (B) Blow-up of the first second time studies can be applied to solve and deconvolute the single

interval of the same single-turnover reaction progress curve. For turnover profile of the PheATE catalytic pathway. The
panels A and Bp-[“C]Phe (), b-[**C]Phe-AMP (), b-Phe-S- microscopic rate constants obtained by kinetic modeling and
Ppant-enzyme<), andL-Phe-S-Ppant-enzyme]J are shown with  simulation present a clear picture of the kinetic profile for a

lines from fitting. (C) Time course for the single-turnover reaction jree step sequential reaction catalyzed by an initiation
rogress curves of H753A mutant enzyme with M L-[1“C]- o . . .
ghg, 5 mM nglafme ATP, and 0.5 ?’nM TCE% in éo r{wM module of an antibiotic-forming nonribosomal peptide syn-

K*+Hepes (pH 7.5)L-[}C]Phe (), L-[“C]Phe-AMP @), L-Phe- thetase. This approach could be used to examine the timing
S-Ppant-enzymes)) are shown with lines from fitting by DYNAFIT. of the individual reactions in the assembly line enzyme

Concentratian (uM)

Concentration (wM)

©

o

Concentration (uM)
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catalysis of other NRPS and multimodular polyketide syn- quench studies starting both frarPhe as substrate and from
thetase (PKS) system&§ 19). D-Phe arrive at convergent values for the rate constants for
The paired A-T domains in NRPS modules, as in this ATE interchange of - andp-Phe-S-Ppant-enzyme of 1.8'sand
initiation module of gramicidin S synthetase, function 2.7 s The approach to equilibrium from both directions,
together with the pantetheinyl arm serving as the acceptorL-Phe-S-Ppant-enzyme> b-Phe-S-Ppant-enzyme armt
cosubstrate in the second half reaction to capture the activated®he-S-Ppant-enzyme L- Phe-S-Ppant-enzyme, gives the
phenylalanyl moiety generated a®he-AMP in the first half same numbers and the same 60/40 splib-6the-L-Phe-S-
reaction. The first half reaction, & = 4.7 s, and the Ppant-enzyme, suggesting that the bound PbaeHCcon-
second half reaction & = 7.9 s'%, are about equivalently  figuration equilibrium and the E domain active site chiral
fast and under saturation conditions théPhe-S-Ppant-  microenvironment favors a slight accumulatioroehe over
enzyme accumulates to a significant fraction. Given the the 50/50 value. The ca. 2.5srate constant for flux of
observed release rate of 0.0067 for release of Phe-AMP  L-Phe-S-Ppant-enzyme- p-Phe-S-Ppant-enzyme is about
into solution in multiple turnover cycles of the apoPheATE, 1500-fold faster than the observed peptide bond condensation
one can estimate that 0.0067/7.9 is the comparison forrate foro-Phet-Pro-S-ProCAT module formatio). Thus,
partition of L-Phe-AMP between unproductive loss to solu- the E domain is fast enough not to be a kinetically significant
tion and productive capture by pantetheinyl arm of the T barrier in chain initiation/elongation and replenishes the
domain. About 1 Phe-AMP in 1200 catalytic cycles is lost, p-Phe-S-T species that is drawn off for downstream transfer
a reflection of efficient throughput by the paired A and holoT in a rapid preequilibrium. It will be of interest to determine
domains. if this is a general strategy in NRPS assembly lines with E
The generation of tightly held acyl-AMP and aminoacyl- domains embedded in elongation modules. The C domain
AMP intermediates is also carried out by other superfamilies downstream of such E domains shoulddispecific for the
of adenylation enzymes, including acyl-CoA ligas2g) @nd donor peptidyl chain at the P1 position and the E domain
aminoacyl-tRNA synthetase21). For the acyl-CoA ligases,  should preequilibrate-peptidyl- ancb-peptidyl-S-T domain
e.g., 4-chlorobenzoate:CoA ligase, the analogy is mostacyl enzyme forms.
marked in the second step transfer of the activated acyl group
of the acyl-AMP to the HS-pantetheinyl arm of coenzyme ACKNOWLEDGMENT
A rather than the HS-pantetheinyl arm attacted T domain We thank Dr. Petr Kuzmic, Dr. Perry Frey and Adrian D.
in NRPS. For 4-chlorobenzoate:CoA ligase, rapid quench eqeman for helpful advice on the use of program DYNAFIT.
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