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Abstract: The initiation module of non-ribosomal peptide synthetases (NRPS) selects and activates the first
amino acid and serves as the aminoacyl donor in the first peptide bond-forming step of the NRPS assembly
line. The gramicidin S synthetase initiation module (PheATE) is a three-domain subunit, recognizing
L-phenylalaniney-Phe) and activating it (by adenylation domain) as tightly bowspthenylalanyl-adenosine-
5'-monophosphate diester-Phe-AMP), transferring it to the HS-phosphopantetheine arm of the holo-thiolation
(holo-T) domain, and then epimerizing it (by epimerization domain) totHRhe-S-4Ppant-acyl enzyme. In

this study, we have assayed the selectivity of the PheATE adenylation domain with a number of proteinogenic
amino acids and observed that three additional amino acidigr, L-Trp, andL-Leu, were activated to the
aminoacyl-AMPs and transferred to the HS-phosphopantetheine arm of the holo-T domain. Hydrolytic editing
of noncognate aminoacyl-AMPs and/or aminoacyl-$2gant-acyl enzymes by the enzyme was not observed

by three different assays for adenylation domain function. The microscopic reaction rates and thermodynamic
equilibrium constants obtained from single-turnover studies of reactionsPdie,L-Trp, L-Tyr, andL-Leu

with holoPheATE allowed us to construct free energy profiles for the reactions, revealing the kinetic and
thermodynamic basis for substrate recognition and selection. In particular, the rates of epimerization of the
L-aminoacyl-S-enzyme to tteaminoacyl-S-enzyme intermediate showed reductions of 245-, 300-, and 540-
fold for L-Trp, L-Tyr, andL-Leu respectively, suggesting that the epimerization domain is an important gatekeeper
for generation of th@-Phe-S-enzyme that starts gramicidin S chain growth.

Introduction dictate the primary structure, size, and complexity of the non-
ribosomal peptide%. Each module in this thiotemplate is
natural products that include numerous clinically invaluable C;argp'gisicgeoi ig:‘:i;?}”%ngsvﬂiiﬂt;:?Si?\;;’gdmcg;ﬁi:ggggls
drugs such as vancomycin (antibacterial), bleomycin (antitumor),( b trgtJ ) ’ nition nF:j )a nylation (A domain), cofactor 4
and cyclosporin (immunosuppressant), are biosynthesized en>uostrate recognition and adenylatio omain), cotactor
zymatically by non-ribosomal peptide synthetases (NRPS) via phosfphopan_tetheme_(Ppant)-dependent th|olat_|on (T domal_n or
thiotemplating on multimodular multidomainal enzymatic as- peptidyl-carrier protein (PCP)), and condensation (C domain).

sembly lines:2 The number and organization of the iterated In addition to those core domains, auxiliary domains that can

modules, which form both the NRPS template and the catalyst modify the growing peptide chain (e.g., epimerization, cycliza-
' "tion, methylation, and N-acylation) are encased in some of the
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Philipps-University Marburg, Hans-Meerwein-Str., 35032 Marburg, Ger- Structural studies have shown that major fidelity or editing
many. o o functions for amino acid activation, selection, and incorporation
(1) Abbreviations used: GrsAgramicidin S synthetase A; GrsB, into the elongating peptide chain reside in the A domains of

gramicidin S synthetase B; L-Phephenylalanine; Ppant, 49hosphopan- 56 - .
tetheine; aa-S-Ppant-T, aminoacylated thioester form of cofactor Ppant- NRPS>® Recently, selectivity of C domains toward donor and

modified holo T domain; A, adenylation domain; T, thiolation domain; E, ~acceptor substrates has been investigated by small-molecule
epimerization domain; ATE, adenylatiethiolation—epimerization do- surrogates or construction of hybrid synthetases via domain/

mains;L-Phe-AMP, L-phenylalanyl-adenosiné-phosphate diester; AMP, ; —9 : ~
adenosine 'smonophosphate; ADP, adenosinediphosphate; ATP, ad- module fusions.”® The observed stereoselective ysp-) and

enosine 5triphosphate; HepeN.(z.hydroxyethy|)piperzineq’.z.ethane- size-based discrimination in addition to the differential selectiv-
sulfonic acid; NMR, nuclear magnetic resonance; Pi, inorganic phosphate;
PPi, inorganic pyrophosphate; PPi-ase, inorganic pyrophosphatase; MesG, (3) Vondohren, H.; Keller, U.; Vater, J.; Zocher, Rhem. Re. 1997,
2-amino-6-mercapto-7-methylpurine ribonucleoside; PNP, purine nucleoside 97, 2675-2705.

phosphorylase; BSA, bovine serum albumin; C, condensation domain; CoA  (4) Konz, D.; Marahiel, M. A.Chem. Biol.1999 6, R39-48.

or CoASH, coenzyme A; HPLC, high-performance liquid chromatography; (5) Stachelhaus, T.; Mootz, H. D.; Marahiel, M. &hem. Biol.1999
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Nonribosomal peptides, which constitute a large family of
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Figure 1. Biosynthesis of gramicidin S by GrsA and GrsB. In GrsA, a tightly bound intermedi&tee-AMP is first formed by the adenylation

of L-Phe with ATPMg?" catalyzed by the A domain. The amino acyl group is then transferred to the Ppant arm of the T domain and subsequently
epimerized at the active site of the E domain in the amino acyl-Ppant-acyl enzyme form, giving a 2:1 equilibrium mirgtirePbie-S-Ppant-
enzyme adduct®:13 The p-Phe-S-Ppant-enzyme is accepted by the downstream C domain for transfer to the next module ProCAT in GrsB. After
another three elongation steps, the pentapeptidyl-enzyme is formed and then dimerized and cyclized to release gramiamdirh8.ift@rporated

by GrsA in the gramicidin S structure is highlighted.

ity at the donor and acceptor sites suggested that C domainsdomain. Thep-Phe-S-Ppant-T enzyme will then be recognized
function as additional fidelity-conferring units for the non- by the condensation domain of the first module in GrsB and
ribosomal peptides assemblies. Further understanding of theprocessed through the subsequent elongation steps to generate
substrate specificity of NRPS domains is essential for studying a pentapeptidyl-S-enzyme that is subsequently dimerized to a
the fundamental biochemistry of these enzymes. Moreover, decapeptidyl-S-enzyme. The thioesterase domain of GrsB is
knowledge concerning the substrate selectivity will be crucial proposed to dimerize and cyclize the final product gramicidin
for the reprogramming of NRPS assembly lines in combinatorial S.
biosynthesis. Previous studies have shown that gramicidin S synthetase is
GrsA, the tridomain PheATE initiation module of gramicidin ~ able to activate a number of substrate analogues as adenylates
S synthetase, is one of the best-characterized non-ribosomaRnd incorporate these compounds into gramicidin S analogue

peptide synthetase (NRPS) modules (Figuré 1 The chemi-  peptide products, especially at the initiation module (GrsA).
cal reactions catalyzed by GrsA include adenylation-6the However, few details are available regarding the specificity of
to form |__pheny|a|any|_aden05iné-ﬁhospha‘[e dieste[.(Phe_ each domain in the PheATE initiation module, much less kinetic

AMP) by the A domain, aminoacyl! transfer to the HS-Ppant analysis of the rates of activation, incorporation, and epimer-
group in the T domain and epimerization of the covalently bound ization of the noncognate amino acids. We report here an

L-Phe-S-Ppant-T enzyme tePhe-S-Ppant-T enzyme by the E  analysis of the substrate recognition and selection by each
domain in GrsA by determining the kinetic and thermodynamic
(10) Stein, T.; Kluge, B.; Vater, J.; Franke, P.; Otto, A.; Wittmann- constants for individual reaction steps. For the first time, we

Liebold, B. Biochemistryl995 34, 4633-4642. were able to show that the E domain may also serve as a fidelity-
(11) Stachelhaus, T.; Marahiel, M. A. Biol. Chem1995 270, 6163~ . . Yy . ty
6160. checking element in the NRPS assembly line.
(12) Stachelhaus, T.; Walsh, C. Biochemistry200Q 39, 5775-5787. (14) Vater, J.; Stein, T. HComprehensie Natural Products Chemistry

(13) Luo, L.; Walsh, C. TBiochemistry2001, 40, 5329-5337. Elsevier: Amsterdam, 1999; Vol. 4.
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Table 1. Dissociation Constants for Binding of Various Amino

Acids to the Adenylation Domain PheA and the Adenylation
Domain in ApoPheATE
amino acid Kg (uM) amino acid Kg (uM)
L-Phe 6+ 1 L-His 6.9+ 0.7
6+ 12 L-Arg 56+ 15
p-Phe 7+ 1 L-Lys 9+1
L-Trp na L-Asp 3.3+ 0.7
L-Tyr 2.0+0.3 L-Glu 6.6+ 0.7
L-Leu 12+ 2 L-Pro 14+ 1
L-Val 9+3
L-Ala 13+3 benzoic acid 83 10
P S T T S Y S aDissociation constant measured for the binding LePhe to
300 320 340 360 380 400 420 apoPheATE.
Wavelength (nm) Table 1) were also determined by equilibrium fluorescence
titration experiments. We were unable to obtain Kevalue
(b) 110° for L-Trp binding to PheA because of its intrinsic fluorescence

signal. The similaiKy values obtained foc-Phe (64M) and
p-Phe (7uM) showed that the phenylalanine-binding pocket
can accommodate both stereoisomers equally well, which was
in agreement with the observed crystal structures of PheA
containingL-Phe orp-Pheé All other L-amino acids tested
(except forL-Arg, which has a 10-fold increase in binding
constant) have dissociation constants withir82fold of L-Phe
Kg. These results suggested that the phenylalanine-binding
2105 pocket is large enough to accommodate most other amino acids
and not very sensitive to the size and charge of the side chains
ok of the bound amino acid.
0 20 40 60 80 100 ATP—PPi Exchange Assay for Adenylation Domain
Amino Acid Selectivity. The apoPheATE-catalyzed aminoacyl
L-Phe (uM) adenylate formation was first assayed by the amino acid-
Figure 2. (a) Equilibrium fluorescence spectra of uM PheA (in dependent ATP-PPi exchange assay (see Table 2). The natural
50 mM K*Hepes, pH 7.5 at 25C) in the presence of 887uM L-Phe  gypstratei-Phe, and its stereoisomerPhe, displayed similar
(top to _bot_tom). The spectra were scanned from 300 to 420 nm using catalytic efficiency (with &ea/Km ratio 0.96), which is in good
an excitation wavelength of 280 nm. (b) The obser.ved fluorescence agreement with previous repofsAmong other proteinogenic
change at 327 nm plotted vs-Phe]. The curve was fitted by eq 1. amino acids tested,-Trp, L-Tyr, andL-Leu showed positive
signals but are 13-, 310-, and 16-fold less in catalytic efficiency

810°
610°

L
o 410°

Results (KealKm), respectively. For-Trp andL-Leu, the 13- and 16-
Determination of Binding Constants of Various Amino fold decreases in catalytic efficiency resulted mostly from the
Acids to the Adenylation Domain by Fluorescence Titration. 10- and 11-fold increases K, while thekg,; decreased only

To determine the dissociation constarkg)(of various amino slightly compared to the-Phe reaction rate. Far-Tyr, the
acids to the adenylation domain, we employed the equilibrium decrease in catalytic efficiency represents a 69-fold reduction
fluorescence titration method. In a typical titration experiment, in kot and a 4.5-fold increase iy,. The activation ofL-Val,
aliquots of ligand were added to a 3.0-mL enzyme solution (0.1 L-Ala, andL-Pro by the A domain in apoPheATE is too weak
uM PheA or 0.05«M apoPheATE). The solution was mixed to be detected by the ATP-PPi exchange assay.

after each aliquot of ligand was added, and the fluorescence Amino Acid-Dependent ATP Consumption by the Ade-
intensity was recorded as the average of a 1-min reading. Thenylation Domain in ApoPheATE and HoloPheATE. Mea-
fluorescence titration spectra of M PheA measured in the  surement of amino acid-dependent ATP consumption was
presence of 887 uM L-Phe are shown in Figure 2a, and the achieved by measuring the PPi release rate using an inorganic
titration curve determined at 327 nm is shown in Figure 2b. At pyrophosphatase-based assay as previously deséfitiuk
saturation,.-Phe quenches ca. 40% of the intrinsic fluorescence steady-state kinetic constamts;andK,, measured using initial
signal of the PheA protein. A fitting of the titration curve using velocity techniques in conjunction with the continuous spec-
eq 1 (below) gave ¥y value of 6uM for L-Phe to PheA (Table  trophotometric assay for various amino acids allowed us to
1). The sameKy value (6uM) was determined for-Phe to evaluate the usage of ATP in an amino acid-dependent manner
apoPheATE (apoPheATE has no prosthetic group phosphopan-and hence the ability of the A domain to form and turn over
tetheine installed on the T domain), indicating very little effect aminoacyl adenylate. As listed in Table 2, tkg/Kn, values
from the other two domains, fE, on L-Phe binding to the are approximately the same forPhe andb-Phe, and 410-
adenylation domain. To test whether the quenching signal we fold lower forL-Trp, L-Tyr, andL-Leu. The spectrophotometric
measured was correlated to amino acid binding, we used benzoiassay also allowed us to evaluate théal- andL-Ala-dependent
acid as a control. The titration experiment with benzoic acid ATP consumptionska/Ky), which are ca. 20- and 250-fold
gave &, of 83uM, a 14-fold increase from the &M for L-Phe, less than -Phe-dependent ATP use. Thd’ro-dependent ATP
indicating that the observed fluorescence quenching was indeedconsumption is below the detection limit. Rates .oPhe-,

a result of specific amino acid binding at the A domain active L-Tyr-, andL-Ala-dependent ATP usage were also measured
site. Dissociation constants ofPhe L-Tyr, L-Leu,L-Val, L-Ala, for holoPheATE, with the prosthetic group installed on the T
L-His, L-Arg, L-Lys, L-Asp, L-Glu, andL-Pro to PheA (listed in domain. We observed very similar ATP consumption (evaluated
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Table 2. Kinetic Constants for Amino Acid-Dependent ATP Hydrolysis by ApoPheATE and HoloPheATE Measured by Continuous
Spectrophotometric Pyrophosphate Assay and ATP-PPi Exchange Assay

continuous spectrophotometric ATP—PPi exchange

pyrophosphate assay (PheATE) assay (apoPheATE)

KealKm KealKm
substrate Keat (Min~2) Km (MmM) (min~*mM1) Keat (Min~2) Km (MM) (min~t mM™Y)
L-Phe 0.06+ 0.0 0.03+0.0F 22 690 0.07 9900

0.074 0.02 0.034 0.02 2.2
p-Phe 0.06+ 0.0 0.02+ 0.008 3@ 720 0.07 10300
L-Trp 0.16+ 0.02 0.3+0.12 0.5 552 0.74 750
L-Tyr 0.17+0.0% 1.1+0.12 0.1% 10 0.31 32
0.24+0.02 1.440.2° 0.14
L-Leu 0.18+ 0.0% 05+0.2 0.3 504 0.8 630
L-Val 0.13+0.02 1.0+022 0.13 nee nd
L-Ala 0.03+ 0.0% 25+ 1.0 0.012 nd¢ nd
0.04+ 0.02 21+0.8 0.019
L-Pro nd nd* nd® nd

aKinetic constants measured for amino acid-dependent ATP hydrolysis by apoPh&KifiEtic constants measured for amino acid-dependent
ATP hydrolysis by holoPheATE.nd, not detectable.

by kealKm) by apoPheATE and holoPheATE for all three amino rium constants reflect a decrease in the ability of the PheA
acids tested. For holoPheATE-catalyzed aminoacyl-adenylatedomain to stabilize the different aminoacyl-adenylate intermedi-
formation, the HS-pantetheine arm attached to the T domain ates.
can reach the A domain active site and capture the amino acyl Covalent Loading of Amino Acids to the T Domain of
group from aminoacyl-adenylate. Without the presence of a the HoloPheATE. To inquire whether the activated noncognate
thioesterase domain, the loaded pantetheinyl group will hydro- amino acids (in the form of aminoacyl-AMP) can be recognized
lyze only at a very slow rate by the water solvent. Hence, the and loaded to the downstream T domain, the transfer of
ATP consumption for holoPheATE after the aminoacyl group aminoacyl groups to the T domain was examined in hol-
transfer was essentially the same as that for apoPheATE. oPheATE-catalyzed reactions. The assay entailed detecting
Aminoacyl—AMP Formation by ApoPheATE under Single- covalently radiolabeled holoPheATE by TCA precipitation under
Turnover Reaction Conditions. Single-turnover analyses were  single-turnover conditions (3%M holoPheATE + 6 uM
carried out to determine the transient kinetic rates of various radioactive amino acid). The reactions were TCA quenched after
aminoacyl-AMP formations within the active site of the 40 min to ensure the completion of the loading. As shown in
apoPheATE A domain. The apoPheATE enzyme B85 was Figure 4, the percentage of thiolation varied from 88% for the
acid-quenched after exposure to ATP (4 mM) and radiolabeled L-Phe reaction to 0.1% for the Gly reaction. Among the 17
amino acid substrate (aM) for specified periods of time using  amino acids tested,-Phe, b-Phe, L-Trp, L-Tyr, and L-Leu
a rapid-quench apparatus. At a final concentration of«85 showed significant loading on the T domain.
enzyme and &M amino acid, we calculated that #84% of Single-Turnover Profiles for HoloPheATE-Catalyzed Ade-
free amino acids will be enzyme-bound according to kae nylation, Thiolation, and Epimerization Reactions for Vari-
values measured by fluorescence titration, validating the single-ous Amino Acid Ligands. With the aminoacyl-adenylation by
turnover status of the reactions. Previous studies showed thathe A domain and thiolation of the T domain demonstrated, the
the catalytic step is rate-limiting for-Phe and apoPheATE  epimerization of the covalently tethered noncognate amino acids
single-turnover reaction's. To demonstrate that the observed and the kinetic profiles for all three steps by holoPheATE were
rate constants reflect the rate of the catalytic step instead ofnext examined. Single-turnover rapid quench analysis was
substrate binding for the noncognate amino acid substrates, weutilized to evaluate the three sequential reaction steps, adenyl-
carried out single time point reactions at double the final ation, thiolation, and epimerization by the A, T, and E domains,
apoPheATE (66:M) concentration. The reactions were quenched respectively. This technique allowed us to evaluate the rates of
at the half-life {12) of each reaction. The increase of the the three reactions for different amino acids catalyzed by
aminoacyl-AMP formations was less than 20% for all four holoPheATE. Reactions were carried out by reacting hol-
noncognate amino acids compared to the reactions carried oubPheATE (35M) with radiolabeled amino acid (6M) in the
with 35uM final apoPheATE, indicating that the rates measured presence of saturating ATP and RgThe reactions were acid-
were indeed the rates of the chemical step. The profiles for quenched at varying times, and the radioactive species in the
single-turnover reactions of apoPheATE withPhe, b-Phe, supernatant (amino acid and aminoacyl-AMP) were separated
L-Trp, L-Tyr, andL-Leu are shown in Figure 3, and the rate from those in the protein pellet{a.a.-S-Ppant-enzyme and
data fitted to a first-order reaction kinetic model (eq 2, below) b-a.a.-S-Ppant-enzyme). The supernatant and the hydrolyzed
using the program DYNAFIT are listed in Table 3. The rate products of the pellet were then analyzed by cellulose TLC and
constants for aminoacyl-AMP formation were reduced 0.7-fold chiral TLC as previously describé8The time courses of single-
for o-Phe-AMP, 2.5-fold fon-Trp-AMP, 910-fold forL-Tyr- turnover reactions were globally fitted to the kinetic model (eq
AMP, and 20-fold for.-Leu-AMP compared to that af-Phe- 3, below) as previously described using the program DYNAFIT
AMP. Meanwhile, the reverse reaction rates were unchanged(Figure 5)*3 As shown in Figure 5, there are several noticeable
for L-Trp andL-Leu, increased 2.4-fold far-Phe, and decreased differences among the reactions: (1) The overall reaction rates
45-fold for L-Tyr. At the completion of the single-turnover for L-Phe andb-Phe are at least 2 orders of magnitude faster
reaction, the ratio of aminoacyl-AMP and the starting amino than those of-Trp, L-Tyr, andL-Leu. (2) The accumulation of
acid (observed internal equilibrium constant) decreased from 2 aminoacyl-AMP reaches 20% of the starting amino acid for
for the L-Phe reaction to 0.6 fop-Phe, 0.8 fon.-Trp, 0.1 for L-Phe and-Phe reactions, while the accumulation of aminoacyl-
L-Tyr, and 0.1 fon.-Leu. These reductions in internal equilib- AMP for L-Trp, L-Tyr, andL-Leu reactions is at most 3%. (3)
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Figure 3. Time courses for the single-turnover reactions o865 apoPheATE enzyme with 6M radiolabeled amino acid, 5 mM Mggl4 mM
ATP, and 0.5 mM TCEP in 50 mM KHepes (pH 7.5). (a)-[**C]Phe ) andL-[**C]Phe-AMP @); (b) p-[**C]Phe () andp-[**C]Phe-AMP @);
(¢) L-[*H]Trp (@) and L-[*H]Trp-AMP (A); (d) L-[**C]Tyr (@) and L-[**C]Tyr-AMP (a); and (e)L-[**C]Leu @) andL-[*‘C]Leu-AMP (a) are
shown with progress curves fitted by DYNAFIT.

For bothL-Phe and-Phe reactions, the-Phe-S-Ppant-enzyme
is preferred as the product at equilibrium with a 60/40 split of
D-Phe-L-Phe-S-Ppant-enzyme. In contrasta.a.-S-Ppant-

enzyme is the dominant product fofTrp, L-Tyr, andL-Leu

reactions at equilibrium. The ratio @f-a.a.-S-Ppant-enzyme/

L-a.a.-S-Ppant-enzyme is ca. 0.7 foifrp, L-Tyr, andL-Leu

acids are listed in Table 4. The rates for th®he andb-Phe

reactions were largely comparable. kefrp, L-Tyr, andL-Leu

reactions, these amino acids were converted to enzyme-bound
aminoacyl-AMPs at rates 16-, 1200-, and 12-fold slower than
L-Phe. The apparent internal equilibrium constaf{¥? (cal-
culated fromky/k-1) listed in Table 4 showed that, thermody-
reactions. The microscopic rate constants and the apparennhamically, the [holoPheAT&-a.a.-AMPMg?*-PPi] complex
internal equilibrium constants for individual reaction steps was most stable far-Phe-AMP and least stable foriLeu-AMP
catalyzed by holoPheATE starting from five different amino bound at the active site. For the thiolation step, the rates for



Substrate Selection by Initiation Module of NRPS J. Am. Chem. Soc., Vol. 123, No. 45,1218

Table 3. Rate Constants for Aminoacyl-AMP Formation Catalyzed energy barrier for noncognate amino acid substrates, suggesting

by ApoPheAT its function as a significant gatekeeper in the NRPS assembly
amino acid KPP ki (s7Y) ka(s™ line.
L-Phe 2 2.0-0.1 1.0+ 0.1 Assay of Epimerization Activity in ApoPheATE Using
p-Phe 0.6 1.5 0.06 2.44+0.1 Aminoacyl-S-Pantetheine SurrogatesTo further study the
L-Trp 0.8 0.8+0.1 1.0+0.2 epimerization activity of the E domain in GrsA, a series of
L-Tyr 0.1 0.0022: 0.0004  0.022: 0.004 aminoacyl-S-pantetheines were synthesized as small-molecule
L-Leu 0.1 0.4 0.02 1.0+0.2 probes. Aminoacyl-S-pantetheines were first tested for their
L-Pro nd nc . X . . .
stability and displayed half-lives around 90 min (unpublished
2 Formation ofL.-Pro-AMP not detectablé’ Apparent internal equi-  data) at pH 7.5 (data not shown). Since the incubation times

librium constant= [aminoacyl-AMP]/[amino acid] measured from the

ratio of the two species at equilibrium. for the enzymatic incubations performed were 30 min, the

stabilities of aminoacyl-S-pantetheines are sufficient for the
90 epimerization activity assay with apoPheATE. The kinetic

804 analyses were performed on six aminoacyl-S-pantetheines under
steady-state conditions. The thioester linkage to the pantetheine
9 portion of the molecule was then hydrolyzed using 0.1 N
?é 60 potassium hydroxide to generate free amino acids. Control
2 5ol reactions under the same condition showed that the workup did
E 20 not cause any epimerization. The free amino acids were then
5 analyzed by chiral HPLC. The steady-state kinetic constants
& 304 (keat and Kpyy) obtained are listed in Table 5. All aminoacyl-S-
8 204 pantetheines tested exhibited epimerization activity. The rates
by 10l of epimerization for different aminoacyl-S-pantetheine analogues
varied 12-fold over a range from 0.4 to 4.7 minwith the
L S P M N P S N L S S largest difference seen between thBhe-pant and-Phe-pant
Gly GIn lle Thr Glu Asp His Ser Pro Ala Val Cys Leu Tyr Trp Phe Phe reactions. The&,, values measured for a.a.-pants were in the
Amino Acids millimolar range, suggesting a very weak binding of these small

Figure 4. Percent of radiolabeled amino acid loaded to holoPheATE molecule surrogates. The overall catalytic efficiencies for those
under single-turnover conditions (384 apoPheATE enzyme with 6  aminoacyl-S-pantetheine derivatives were surprisingly close. We
¢M radiolabeled amino acid, 5 mM Mggl4 mM ATP, and 0.5 mM surmised that the discrepancy betweenithgis single-turnover
TCEP in 50 mM K'Hepes (pH 7.5) incubated for 40 min; 100% loading  analysis and small-molecule surrogates studies indicated that
corresponds to @M amino acid loaded holoPheATE). the protein scaffold of the T domain may play an important

) role for substrate recognition and selection in E domain catalysis.
L-Trp, L-Tyr, andL-Leu reactions were down 38-, 1-, and 23-

fold, respectively. Th&,2PPvalues revealed thataminogcyl- Discussion
S-Ppant-enzymes were more favorable thermodynamically than
enzyme-aminoacyl-AMP complexes. This preference was more The sequence of non-ribosomal peptide natural products is
evident for L-Leu and L-Trp (with K»*P = 30 and 34, determined not by mRNA templates but by the order and identity
respectively) due to the poor stability of their enzyme-amino- of catalytic and carrier protein domains in the modules of non-
acyl-AMP complexes. The most interesting changes were ribosomal peptide assembly lines. The use of aminoacyl-AMP
observed in the rates for the final step, epimerization of the intermediates followed by covalent tethering of the activated
L-aminoacyl-S-Ppant-enzyme teaminoacyl-S-Ppant-enzyme  aminoacyl groups as aminoacyl-S-enzymes on phosphopanteth-
intermediate. Three noncognate amino acids showed rateseinyl arms of thiolation domains by paired-A domains
reduced by 245-, 300-, and 540-fold (0.005, 0.009, and 0.011 mirrors the strategy of aminoacyl-tRNA synthetases in ribosomal
s1for L-Leu, L-Tyr, andL-Trp reactions vs 2.773 for L-Phe peptide synthesis, where aminoacyl-AMP formations are fol-
reaction). Additionally, the<z2PP values (ca. 0.7 for all three  lowed by covalent connection of the selected aminoacyl group
amino acids) displayed an obvious preference-afminoacyl- to the 3-end of the cognate tRNA In the aminoacyl-tRNA
S-Ppant-enzyme at equilibrium. In contrast, thBhe-S-Ppant-  synthetases, the translational fidelity is ensured by editing
enzyme form was preferred regardless of whether the starting(proofreading) of noncognate aminoacyl intermediates at either
amino acid was-Phe orp-Phe. the aminoacyl-AMP (pretransfer editing) or the aminoacyl-tRNA
Free Energy Profiles for HoloPheATE Catalysis. The (posttransfer editing) levéP~18 By comparison, it has not been
microscopic rate constants and thermodynamic equilibrium known if the A domains of NRPS catalysts have comparably
constants derived from DYNAFIT fitting were used to construct robust fidelity and editing functions. Indeed, it is known that
energy profiles for holoPheATE-catalyzed three-step reactions noncognate proteinogenic amino acids can be incorporated to
under single-turnover conditions (Figure 6). The enzyme a few percent abundance in such peptides as cyclosporins and
substrate complex (ES) was assigned as ground state with freegramicidin  St41° including residue one, specified by the
energy of 0 kcal/mol. The free energy profiles showed the PheATE tridomain initiation module, the GrsA subunit studied
kinetic and thermodynamic bases for PheATE substrate selec-here.
tion. In the adenylation step, the energy barrier for the transition . -
state could be much higher for noncognate amino acids such ggg ::b;’rihi\”';\.slggi &ﬁgg?étfﬁéséoig,e%gggog%l6177650.
as Tyr so that the reaction would be substantially slowed. On (17 Fersht, A. R.; Dingwall, CBiochemistry1979 18, 1238-1245.
the other hand, the boundaminoacyl-AMP could be a very (18) Nureki, O.; Vassylyev, D. G.; Tateno, M.; Shimada, A.; Nakama,

; ; i ; i T.; Fukai, S.; Konno, M.; Hendrickson, T. L.; Schimmel, P.; Yokoyama,
high energy intermediate so that the reverse reaction will be S 'Sciencelo8 280, 576-582.

predominant (as for-Leu reaction). The energy profiles also (19) Kleinkauf, H.; von Doehren, HProg. Drug Res199Q 34, 287—
demonstrated that the E domain reaction exerts another highers17.
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Figure 5. Time courses for the single-turnover reactions of85holoPheATE enzyme with GM radiolabeled amino acid, 5 mM Mgg&l4 mM
ATP, and 0.5 mM TCEP in 50 mM KHepes (pH 7.5). (a)-[**C]Phe (), L-[**C]Phe-AMP @), b-[**C]Phe-S-Ppant-enzyme); andL-[**C]Phe-
S-Ppant-enzymed); (b) p-[**C]Phe ), p-[*C]Phe-AMP (1), p-[**C]Phe-S-Ppant-enzyme); andL-[**C]Phe-S-Ppant-enzymeY; (c) L-[*H]-
Trp @), L-[*H]Trp-AMP (2), b-[*H]Trp-S-Ppant-enzymedj, andL-[3H]Trp-S-Ppant-enzyme); (d) L-[“C]Tyr (), L-[*C]Tyr-AMP (a), b-[*C]Tyr-
S-Ppant-enzymedf, and L-[**C]Tyr-S-Ppant-enzymed); and (e)L-[**C]Leu @), L-[**C]Leu-AMP (), p-[*“C]Leu-S-Ppant-enzyme®), and
L-[**C]Leu-S-Ppant-enzymed) are shown with progress curves fitted by DYNAFIT.

Our recent transient kinetic analysis of the three intermediates, aminoacyl-S-T domain intermediates, we focused more closely
L-Phe-AMP,L-Phe-S-enzyme, amtPhe-S-enzyme, produced onL-Tyr, L-Trp, andL-Leu as analogues that can compete with
by PheATE!? set the stage for analysis of discrimination by L-Phe.
this NRPS chain initiation module against other proteinogenic  In the initial binding step of-amino acids to the A domain
amino acids. From initial evaluation of endpoint assays for active site, fluorescence quenching analysis indicated that both
covalent loading of radioactive amino acids as the radiolabeled L.-Phe andb-Phe bound equally wellKy at 6 and 7uM,
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Table 4. Rate Constants and Apparent Internal Equilibrium Constants for Individual Reaction Steps Catalyzed by holoPheATE Using
Different Amino Acid as Starting Substrate under Single-Turnover Conditions (See Experimental Procedures fof Details)

ki(s™) ko1(sh ko (s k2(s) ks (s ks(s
holoPheATE+ L-[“C]Phe 47£05 13+ 2 7.9+ 0.6 2.1+ 0.3 2.7+ 0.4 2.1+ 0.3
K.2PP= 0.36 K,2PP= 3.8 Ke?PP=1.3
holoPheATE+ p-[1“C]Phe 8+ 2 39+ 14 11+1 1.0+ 0.2 1.8+ 0.4 2.5+ 0.6
Ky2PP=0.21 Ko2PP= 11 KPP = 0.72
holoPheATE+ L-[*H]Trp 0.3 5.3 0.3 0.01 0.011 0.016
K12 = 0.06 K2 = 30 K42 = 0.69
holoPheATE+ L-[*C]Tyr 0.004 0.024 11 1.2 0.009 0.012
Ky2PP=0.17 Ka2PP=9 Ks?P= 0.75
holoPheATE+ L-[*“C]Leu 0.39 28 0.34 0.01 0.005 0.001 0.007+ 0.002
K.2PP=0.014 KPP =34 Ks2PP=0.71

aThe apparent internal equilibrium constants were calculated from the ratio of microscopic rate constants.
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Figure 6. Reaction free energy profiles for holoPheATE-catalyzed adenylation, thiolation, and epimerization reactionsRimngTrp, L-Tyr,

andL-Leu as the starting amino acid substrate. The concentrations of the reaction components were described in the Experimental Procedures. The
free energy change and the apparent free energies of activation for each step were calculated from the constants in Table 4. The free energy profile
for the L-Phe reaction is in blue,-Trp in magentar-Tyr in green, and.-Leu in black.

Table 5. Rate Constants for Epimerization Reaction by E Domain  and rapid quench studies under single-turnover conditions, the
in the PheATE Module Using Various a.a.-S-pant Analogues as latter is the most direct and accurate measurement of aminoacyl-

Substrate AMP formation. In contrast, the rates determined by amino acid-
- Keal Kim driven B2P]-PPi-ATP exchange assay included both forward and
_ kear (MIN75) K (MM) _ (min”*/mM) reverse reaction steps ¢#P]-PPi with aminoacyl-AMP during
;";E‘Z‘pzrr‘]ttitt?]‘zirr‘z Sj 8-83 1gi1f0 A %g the exchange process. This assay measured the incorporation
L-Tyr-ppantetheine 1201 56+ 09 0.3 of labeled pyrqphosphate (E’PI) in ATP and has been used as a
L-Thr-pantetheine 1407 154+ 0.3 0.7 standard activity test for aminoacyl-tRNA synthetase and other
L-Leu-pantetheine 3403 6.1+ 1.4 0.5 adenylate-forming enzymé%!”Mechanistically, it is the reverse
N-acetylt-Phe-pantetheine  280.3 ~ 2.0+038 14 reaction of amino acid activation, and thus the rate measured

by this assay should include not only aminoacyl-AMP formation

respectively) but, surprisingly, otheramino acids bind almost ~ Put also the phosphorylation of the AMP by pyrophosphate.
equally well Kq within 2—3-fold), so there is no substantial  The ATPase catalytic turnover assay, which measures the slow
energy difference in formation of the collisional enzyme  Steady-state, multiple-turnover rate due to adventitous release
substrate complex. Discrimination starts with the first chemical and loss of aminoacyl-AMP is limited by very slow off-rates
step, where the A domain catalyzes attack of the carboxylate of the tightly bound aminoacyl-AMP and hence not an accurate
of the bound.-amino acid on thex-phosphate of ATP to yield =~ measurement of aminoacyl-AMP formation. Nevertheless, all
the bound aminoacyl-AMP. Presumably, the noncognate aminothree different assays of the A domain function in apoPheATE
acid could encounter a much higher energy barrier at the showed that detectable amountsePhe-AMP,L-Trp-AMP,
transition state and/or form a higher energy and less stableL-Tyr-AMP, andL-Leu-AMP were formed and bound by the
aminoacyl-AMP intermediate. enzyme at the active site. The single-turnover profiles for the

Of the three assays of A domain function, amino acid-driven formations of four noncognate aminoacyl-AMP intermediates
[32P]-PPi-ATP exchange, amino acid-dependent ATPase action,(p-Phe-AMP,L-Trp-AMP, L-Tyr-AMP, andL-Leu-AMP) dis-
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played no hydrolytic editing of the misactivated aminoacyl- domains embedded in ATE or CATE modules requires the in
AMPs by enzyme as all misactivated aminoacyl-AMPs pla- situ generation of the aminoacyl-/peptidy+=$ domain in-
teaued after equilibrium was reached. In addition, no extra ATP tramolecular acyl-S-enzyme substrates. To simplify the analysis,
consumption was observed in the coupled ATPase activity assaywe tested several low-molecular-weight aminoacyl-S-panteth-
and only moderate PPi exchange was seerfdm]{PPi-ATP einyl thioesters as surrogate substrates for E domain catalysis.
exchange assay when noncognate amino acids were charged tdable 5 shows that the full-length pantetheinyl arm allowed
AMP. Thus, there is no indication of pretransfer editing of recognition by the E domain in the PheATE module. Five low-
misactivated aminoacyl-AMP by the GrsA A domain. The molecular-weight aminoacyl-S-pantetheines showed about equiva-
possibility of posttransfer editing (hydrolytic proofreading of lent catalytic efficiency, which is distinct from the situation
the misacylated Ppant arm of the T domain) was explored by where the aminoacyl-S-pantetheinyl arm is presented on the 10-
coupled ATPase activity assay of holoPheATE activation of kDa T domain protein scaffolth cis. The ko values of -4
noncognate amino acids. The close match in ATP usage bymin~1 for the low-molecular-weight thioesters are close to the
apoPheATE and holoPheATE was observed for both cognatevalues of 0.3-0.6 mirr ! for Tyr- and Leu-S-enzyme (Table 4)
and noncognate amino acids, showing no evidence for post-under single-turnover conditions, while thé?he-S-enzyme is
transfer editing. The possibility of posttransfer was further about 30-fold faster tharrPhe-pant for epimerase processing.
eliminated by single-turnover profiles of holoPheATE-catalyzed It may be that most of the selectivity of the E domain is provided
noncognate amino acid reaction, where no hydrolysis of by K, for the intramolecular aminoacy!-SI domain epimer-
mischarged HS-Ppant-Ts was observed. For the PheATEization substrate.
tridomain initiation module, once the ligand is bound to the A If the 1(P-fold selectivity of the PheATE domain turns out
domain and transferred to the holo-T domain, the competition to be prototypical for NRPS modules, the question of how other
of the ligand with other amino acids is removed. Without A proteinogenic amino acids are incorporated at observed low
domain editing, any slow reaction steps downstream such asfrequencies arises. For initiation modules that start non-
condensation or epimerization reactions could be very “energy ribosomal peptide chains with rather tham-amino acids, two-
expensive” for the host microorganism. Of interest, next to domain A-T modules may only give 28-10%-fold selectivity,
almost all bacterial NRPS operons, including that of gramicidin as shown here for the two-AT steps. Elongation modules that
S synthetase, distinct genes encoding a thioesterase-like proteirincorporateL-amino acids have €A—T domains, and the
have been detected. Studies have shown that these extern&inetic selectivity of C domains for upstream peptidyl chain
thioesterase domains are directly involved in NRP biosynthesis, donors is not yet clear. The PheATE module of GrsA interfaces
and there is speculation of involvement in editing functigfs. in trans with the four-module GrsB suburi;?® with the C
The NRPS assembly lines may have evolved a distinct editing domain of the ProCAT module generating the-Phg-L-Prox-
mechanism, relying not on internal A domains but an external S—T, acyl enzyme on GrsB. This is estimated to occur with
thioesterase domain to liberate the mischarged phosphopantethrates of -2 min—1 7.23and is slow relative to the catalytic steps
einyl arms?° of the PheATE module with its cognate amino atidlThe

For holoPheATE single-turnover reactions, the discrimination kinetic discrimination against generation of the noncognate
againstL-Tyr-AMP vs L-Phe-AMP formation was robust (1/ p-aminoacyl-S-T intermediates in PheATE will be suppressed
2000), while against-Trp-AMP (1/20) andL-Leu-AMP (1/ by slow C domain action in the dipeptidy-S,-forming step,
12), the selectivity was down 2 of the 3 orders of magnitude. allowing fractional buildup of the noncognateaminoacyl-S-
The second step of A domain catalysis is transfer of the activatedenzyme forms on PheATE.
aminoacyl moiety to the HS-pantetheinyl arm of the paired In sum, despite the lack of evidence of any kinetic editing
thiolation domain to install it as the covalent aminoacyl-S- by the A domain, the three-domain PheATE module of the GrsA
enzyme intermediate. In this second half-reaction of the A subunit achieves P&old selectivity for its cognate-Phe, and
domain of holoPheATE, there was no discrimination in the rate the epimerase domain is a major contributor to the kinetic basis
of L-tyrosyl vs L-phenylalanyl transfer (1/1), while the- of selectivity.
tryptophanyl transfer rate was at 1/38 and that-tgucyl capture
as the thioester at 1/23. The net selectivity for the two steps of Experimental Procedures

A domain catalysis were 1/1200 fofTyr, 1/608 forL-Trp, and General. ApoPheATE protein and the adenylation domain of the
1/245 forL-Leu. PheATE module (PheA) were overexpressed and purified as previously
The epimerization domain, catalyzing the third step of the described2 The proteins were obtained in a homogeneous state as
initiation module reaction, convertsPhe-S-enzyme into a 2/1  judged by SDS-PAGE analysis and dialyzed into 50 mM*Kepes
mix of p-Phe-L-Phe-S-enzyme. The E domain turns out to be buffer (pH 7.5, 1 mM tris(2-carboxyethyl)phosphine (TCEP)). Post-
at least as robust a selectivity filter as the A domain, with 1/300 translational modification of apoPheATE was achieved by incubation
for L-Tyr-S-enzyme epimerization compared to the Phe system, Wi_th CoASH andBacillus sub'gilistant transferase StH?°Reaction
1/545 for L-Trp-, and 1/245 for the-Leu-S-T domain as  MiXturesinassay buffer contained #Bl apo enzyme, 250M CoASH,
epimerization substrate. The net kinetic selectivity in the three- and 50 "M Sfp and were incubated for 60 min at"€ Equilibrium

LT . fluorescence measurements were carried out at@Bsing a PTI
step discrimination by the PheATE module is 1/360 000 for fluorescence system (MD-5020 motor driver, LPS-220B lamp power

L-Tyr, 1/150 000 forL-Trp, and 1/150 000 for-Leu. If this supply, 814 photomultiplier detection system). Radiolabeled amino acids
selectivity filter function is generalizable to E domains in other (a.a.)I-f4C]Phe (450 mCi/mmol)p-[*“C]Phe (56 mCi/mmol),-[14C]-
NRPS modules, e.g., in elongation modules, this will condition .

the flux in combinatorial biosynthetic schemes, making peptides Kle(i2n|2<)a¥?tﬁr’EJu;r Sf“é?gg?}%%@;g;&%gagé% Eé?o‘;’a'”'ko""' J.; Gadow, A.;
with p-amino acid constituents. (23) Stachelhaus, T.; Mootz, H. D.; Bergendahl, V.; Marahiel, MJA.

To evaluate the aminoacyl/peptidyl group specificity of E Biol. Chem.1998 273 22773-22781.
(24) Lambalot, R. H.; Gehring, A. M.; Flugel, R. S.; Zuber, P.; LaCelle,

(20) Heathcote, M. L.; Staunton, J.; Leadlay, PClRem. Biol.2001, 8, M.; Marahiel, M. A.; Reid, R.; Khosla, C.; Walsh, C. Them. Biol.1996
207-220. 3, 923-936.
(21) Schneider, A.; Marahiel, M. AArch. Microbiol. 1998 169, 404— (25) Quadri, L. E. N.; Weinreb, P. H.; Lei, M.; Nakano, M. M.; Zuber,

410. P.; Walsh, C. TBiochemistry1998 37, 1585-1595.
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Tyr (495 mCi/mmol) L-[**C]Leu (308 mCi/mmol)L-[**C]lle (342 mCi/ catalytic constant¥maxandKy, for various amino acids were determined
mmol), L-[*C]Ala (162 mCi/mmol), L-[**C]Gly (114 mCi/mmol), by using initial velocity techniques in conjunction with this continuous
L-[**C]Pro (246 mCi/mmol)L-[**C]Ser (120 mCi/mmol)L-[**C]Thr spectrophotometric ass&yThe initial velocity data were analyzed by
(231.1 mCi/mmol),L-[**C]Asp (207.2 mCi/mmol)L-[**C]Glu (282 using the Fortran HYPERL programs of Cleland (1979).
mCi/mmol),L-[**C]GIn (266 mCi/mmol)L-[*“C]Cys (100 mCi/mmol), Measurement of Single-Turnover Time Course forL-Amino-
L-[®H]His (50.4 Ci/mmol),L-[3H]Trp (21.2 Ci/mmol), and.-[*H]Val acyl-AMP Formation Catalyzed by ApoPheATE. Single-turnover

(60 Ci/mmol) were purchased from NEN or Amersham Pharmacia time courses fop-[*“C]Phe-AMP, L-[*H]Trp—AMP, |-[¥C]Tyr—AMP,
Biotech. Sodium $P]-pyrophosphate (534M, 19 Ci/mmol) was L-[**C]Leu—AMP, andL-[**C]Pro—AMP formation were measured in
purchased from NEN. Phosphorimages of TLC plates were obtained a manner similar to that described in ref 13. All reactions were carried
after 12-96-h exposure to BAS-MS2040 or BAS-TR2040 image plates out at 30 °C using a rapid-quench flow apparatus from KinTek
and read by a Bio-Imaging Analyzer BAS1000 (Fuji). The synthesis instruments. For reactions employed to define the kinetic profiles, the
of aminoacyl-pantetheine (a.a.-pant) analogues will be described in afinal concentrations after mixing (total volume 3Q.) were 35uM
separate manuscriptd NMR spectra were recorded on a Varian M200 apoPheATE enzyme, M radiolabeled amino acid, 5 mM Mggl4
spectrometer at 200 MHz. MALDI-TOF mass spectrometry was carried mM ATP, and 0.5 mM TCEP. The reaction mixture was quenched
out using a Perseptive Biosystems Voyager-DESTR mass spectrometerwith 100uxL of 10% TCA (w/v) after incubation for a specified period
Analytical HPLC was carried out on a Beckman Gold Nouveau system. of time (0.02-900 s). For reactions used to check the correlation
Determination of Amino Acid Binding Constants by Fluorescence between enzyme concentration and reaction rate\6@vas the final
Titration. All fluorescence titration experiments were carried out using apoPheATE enzyme concentration. The reactions were TCA-quenched
a PTI fluorescence system. The excitation wavelength was 280 nm (295after 50 ms fom-Phe, 360 ms for-Leu, 360 ms for-Trp, and 60 s
nm for L-Tyr), and the emission spectra were recorded in the range of for L-Tyr reactions. All quench solutions were collected in a 2-mL
300-420 nm for 3-mL solutions containing 0AM PheA (or 0.05 Eppendorf tube. Following vigorous vortexing, the precipitated protein
uM PheATE) and 6-200uM amino acid ligand in 50 mM KHepes was pelleted by centrifugation for 20 min at 11608t 4 °C. One
buffer (pH 7.5). The amino acid ligandsPhe,p-Phe,L-Tyr, L-Leu, microliter of the reaction supernatant was loaded onto a cellulose TLC
I-Val, L-Ala, L-Pro,L-Arg, L-Lys, L-Glu, L-His, andL-Asp were titrated plate (DC-Plastikfolien, EM Science) and developed in butanol/water/
to PheA, and.-Phe was titrated to PheATE to obtain the apparent acetic acid 4:1:1 (v/v) (developing buffer A). Phosphorimages of TLC
dissociation constants. Benzoic acid was titrated to PheA as a control plates were obtained after £86-h exposure to BAS-MS2040 or BAS-
to evaluate the recognition of the amino group by PheA. The observed TR2040 image plates and read by a Bio-Imaging Analyzer BAS1000
fluorescence at 327 nm was plotted vs the amino acid concentration (Fuji). The image was analyzed densitometrically using the Image
and the curve analyzed with eq 1 using the KaleidaGraph computer Gauge 3.0 software. The microscopic kinetic rate constants were

program. In eq 1AFqsis the observed change in fluorescent€max obtained by fitting the single-turnover progress curve data to the
enzymatic mechanistic scheme (eq 2) using the program DYNAFIT
AFobs: AFma>!(1 + Kd/[S]) (1) by Petr Kuzmic?®

is the the total change in fluorescenkgjs the the apparent dissociation . M2t L ) 2+
constant of the ligand, and [S] is the concentration of the amino acid apoPheATEa.a:ATP-Mg ket apoPheATEa.a-AMBMg™ ()

ligand.

ATP—PPi Exchange AssayReactions for the ATPPPi exchange Assay for Covalent Incorporation of Amino Acids into the T
assay were carried out at 3G in 100uL total volume that contained ~ Domain of the HoloPheATE. Amino acid incorporation into holo-
50 mM Tris (pH 7.5), 10 mM MgGl 4 mM ATP, 1 mM tris(2- carrier protein was quantified with a trichloroacetic acid (TCA)
carboxyethyl)phosphine (TCEP), /81 apoPheATE, 1 mM¥P]Na- precipitation radioassay under single-turnover conditions. Each reaction

PPi, and varying concentrations of amino acid substrates. The reactionsyas initiated by mixing 1%L of 70 uM holoPheATE and 1%L of
were initiated by addition of¥fP]-pyrophosphate, allowed to proceed 12 M radiolabeled amino acid (see General for the specific radioactiv-
for 3—10 min, and then quenched by addition of a quenching solution ity of the screened amino acids). The final concentrations after mixing
(500 uL of 1.6% (w/v) activated charcoal, 4.46% (w/v) tetrasodium (total volume 30uL) were 35uM holoPheATE enzyme, @M L-(or
pyrophosphate, 3.5% perchloric acid in water). The charcoal was p)-radiolabeled amino acid, 5 mM Mg&l4 mM ATP, and 0.5 mM
pelleted by centrifugation, washed twice with the quench solution TCEP. After incubation for 40 min, the reaction mixture was quenched
without added charcoal, and then resuspended in 0.5 mL of water andwith 100 uL of 10% TCA (w/v). Following vigorous vortexing, the
submitted for liquid scintillation counting. The amount of bound precipitated protein was pelleted by centrifugation for 20 min at 14600
radioactivity was converted into reaction velocity using the specific at 4°C. The supernatant was separated from the pellet and the pellet
radioactivity of the {2P]-pyrophosphate. The initial velocity data were  washed with 2x 500 uL of 10% TCA. The supernatant (combined
analyzed by using the Fortran HYPERL programs of Cleland (1879).  with the solution from two washes) and the pellet (dissolved by formic
Amino Acid-Dependent ATP Usage.A coupled, continuous,  acid) were assayed by scintillation counting using an LS6500 multi-
spectrophotometric assay for inorganic pyrophosphate (PPi) was purpose scintillation counter (Beckman).
employed to detect the rate at which PPi is released into soltftion. Measurement of Single-Turnover Time Course for HoloPheATE-
Reactions were carried out at 3€C in 100 uL total volume in a Catalyzed Reactions Single-turnover time courses for holoPheATE
microtiter plate and contained 75 mM Tris, pH 7.5, 10 mM MgCl  catalyzed adenylation, thiolation, and epimerizationLef4C]Tyr,
200 M 2-amino-6-mercapto-7-methylpurine ribonucleoside (MesG), -[1C]Leu, and.-[3H]Trp were measured in a manner similar to that
0.15 unit of purine nucleoside phosphorylase (PNP), 0.15 unit of described in ref 13. The final concentrations after mixing (total volume
inorganic pyrophosphatase (PPi-ase), 2 mM ATRNM2apoPheATE 30 uL) were 35uM holoPheATE enzyme, &M radiolabeled amino
(PheA or holoPheATE), and varying concentrations of the screened acid, 5 mM MgC}, 4 mM ATP, and 0.5 mM TCEP. After incubation
amino acid (56-2000uM). Reactions were initiated by addition of  for a specified period of time (0.612400 s), the reaction mixture was
the amino acid substrate after a 10-min incubation to allow the PPi- quenched with 10QiL of 10% TCA (w/v) and collected in a 2-mL
ase/PNP/MesG couple to remove any contaminating PPi or Pi. A Eppendorf tube. Following the same procedures as described in ref
SPECTRA max plu%* microplate spectrometer was used to monitor 13, the supernatant and the pellet were separated and the distributions
absorbance at 360 nm\ésso = 17.6 mM™* cm™?), and the software  of amino acid and amino acyAMP in supernatant,-a.a., ancb-a.a.
SOFTmax PRO 3.1 was used for data analysis. The steady-state kinetic

(28) We observed two sequential phases for theddvntraces: a very
(26) Cleland, W. WMethods Enzymoll979 63, 103-137. rapid exponential phase that may be correlated to initial aminoacyl-adenylate
(27) (a) Keating, T. A.; Suo, Z.; Ehmann, D. E.; Walsh, C. T. formation and a slow and linear phase which is due to aminoacyl-adenylate
Biochemistry200Q 39, 2297-2306. (b) Ehmann, D. E.; Shaw-Reid, C.  release from the enzyme and further formation of aminoacyl-adenylate. The
A.; Losey, H. C.; Walsh, C. TProc. Natl. Acad. Sci. U.S.A200Q 97, initial velocity we measured is the initial rate of the linear phase.
2509-2514. (29) Kuzmic, P.Anal. Biochem1996 237, 260-273.
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in pellet were analyzed by cellulose TLC plates and chiral TLC plates.

The phosphorimages of TLC plates were analyzed densitometrically

using the Image Gauge 3.0 softwarePhe,L-Trp, L-Tyr, andL-Leu
single-turnover reaction data were fitted to enzymatic mechanistic
scheme (eq 3) using the program DYNARb-Phe single-turnover
reaction analysis was previously reportéd.

Calculation of AG and AG*. The transition-state free energy values

k|
holoPhe ATE* L-a.a* ATP - Mg?* —/————=~
k
ky
holoPhe ATE - L-a.a—AMP-Mg2+- PPi
ko
L-a.a D-a.a
_ b o
holoPhe ATE =~ ~a— holoPhe ATE 3)
k3

AG¥ were calculated from the rate constants using eq 4, and@e
values were calculated from the equilibrium constants using ¥q 5.
In eq 4,kspsrepresents the observed kinetic rate const&ptgpresents
the Boltzman constani, represents the Plank constant, dnepresents
the temperature in kelvin. In eq Beqrepresents the derived equilibrium
constants.

(30) Mehl, A.; Xu, Y.; Dunaway-Mariano, DBiochemistry1994 33,
1093-1102.

Luo et al.
AG" = —RTIn(k,,) — In(kg/Th)] @)
AG = —RTIn(K,) G)]

Assay of Epimerization Activity in apoPheATE by Using Ami-
noacyl-S-Pantetheines as Small-Molecule Surrogatesll aminoacyl-
S-pantetheines (a.a.-pant) were initially dissolved in80trifluoro-
acetic acid (TFA), pH 3, and stored-aB0 °C to minimize hydrolysis.
Reactions (10@L each) contained 50 mM #Hepes (pH 7.5), 2aM
apoPheATE, and 0-524 mM various a.a.-pants, which were incubated
at 30°C and quenched at 30 min by adding/d0of 10% TCA (w/v).

The precipitated protein was pelleted by centrifugation at 14660

10 min. The supernatant was separated from the pellet and hydrolyzed
by incubation with 10Q:L of 0.1 N potassium hydroxide for 30 min

at 70°C. The supernatant was then injected onto a chiral HPLC column
(ChiralPAK WH, 4.6x 250 mm, Chiral Technologies Inc) for analysis.

A 2.5 mM CuSQ buffer was employed to elute the column at a flow
rate of 1 mL/min. The column eluant was monitored at UV 254 nm
for aromatic amino acids and 230 nm for all other amino acids. The
initial velocity data were analyzed by using the Fortran HYPERL
programs$
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