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ABSTRACT: The PheA domain of gramicidin synthetase A, a non-ribosomal peptide synthetase, selectively
binds phenylalanine along with ATP and ffgand catalyzes the formation of an aminoacyl adenylate.

In this study, we have used a novel protein redesign algoritimto predict mutations in PheA that
should exhibit improved binding for tyrosine. Interestingly, the introduction of two predicted mutations

to PheA did not significantly improvKp, as measured by equilibrium fluorescence quenching. However,
the mutations improved the specificity of the enzyme for tyrosine (as measurkgy/By;), primarily

driven by a 56-fold improvement iy, although the improvement did not make tyrosine the preferred
substrate over phenylalanine. Using stopped-flow fluorometry, we examined binding of different amino
acid substrates to the wild-type and mutant enzymes in the pre-steady state in order to understand the
improvement inKy. Through these investigations, it became evident that substrate binding to the wild-
type enzyme is more complex than previously described. These experiments show that the wild-type
enzyme binds phenylalanine in a kinetically selective manner; no other amino acids tested appeared to
bind the enzyme in the early time frame examined (500 ms). Furthermore, experiments with PheA,
phenylalanine, and ATP reveal a two-step binding process, suggesting that the AfieAphenylalanine
complex may undergo a conformational change toward a catalytically relevant intermediate on the pathway
to adenylation; experiments with PheA, phenylalanine, and other nucleotides exhibit only a one-step binding
process. The improvement ity for the mutant enzyme toward tyrosine, as predicte&hymay indicate

that redesigning the side-chain binding pocket allows the substrate backbone to adopt productive
conformations for catalysis but that further improvements may be afforded by modeling an enzyme:ATP:
substrate complex, which is capable of undergoing conformational change.

Several pharmacologically active compounds, including amino acids as substrates and forming peptide or peptide-
vancomycin, bacitracin, bleomycin, and cyclosporin, are like products. The modular organization of the enzymes
produced by non-ribosomal peptide synthetases (NRPS). serves as a template for the chemical steps necessary to
NRPS enzymes are composed of multiple modules that carryproduce the peptide product. Adenylation (A) domains in
out distinct reactions using canonical and non-canonical NRPS enzymes bind the amino acid substrates and catalyze

adenylation reactions using ATP and NMgas cofactors.
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novel derivatives of naturally occurring products could be to switch the enzyme specificity toward a given substrate
used to produce molecules with potential novel pharmaco- by searching through a space of possible active site muta-
logical properties. Redesigning NRPS enzymes to synthesizetions. Ideally, K* would optimize transition state binding,
new products-products that may have potential as thera- that is,K" would search for a higher energy state presumed
peutic agentscould be accomplished by switching the to be present at catalysis. However, in the absence of
monomer incorporated in the elongated polypeptide, modify- structural information for the transition state of these
ing the polypeptide length or connectivity, or changing the enzymesK" is designed to maintain backbone contacts of
covalent modifications made to the polypeptide 7, 8). the substrate in proximity to the nucleotide. In addition, the

Previous efforts to discover the basis of selectivity of ensemble-based approach is designed to incorporate several
native NRPS domains include kinetic and thermodynamic conformations of the enzyme, some of which may ap-
analysis of the reactions in PheATE with Phe and alternate proximate the transition state.

amino acid substratesd,( 10). Equilibrium fluorescence It is important to understand the specificity and selectivity
quenching experiments suggest that PheATE binds severabf the NRPS enzymes in the natural system in order to
amino acid substrates indiscriminately; seven of ¥ manipulate that system to create novel products. Here, we
values are within a factor of 2, and all are within 1 order of present a new appiication ol to redesign PheA to
magnitude. Steady-state kinetic data revealthandp-Phe  preferentially bind tyrosine, a larger amino acid than Phe
are preferred substrates. Amino acids such-asp, L-Tyr, instead of a smaller one (such as leucine) and with different
andL-Leu may still serve as substrates, but catalysis is 13-, electrostatic properties from those of Phe. Rielgorithm
310-, and 16-fold less efficient, respectively. Pre-steady state,predicted several mutants of PheA to exhibit preferential
rapid-quench experiments in which an amino acid substrate,hinding to tyrosine. The introduction of two mutations to
ATP, PheATE, and My are mixed and then quenched at pheA improved the specificity of the enzymi.{Ky) for
specific intervals show that adenylatedandp-Phe-AMP  tyrosine in steady-state kinetic experiments, mostly by an
are formed 10 times faster than other amino acyl adenylates.jmprovement inKy,, but the improvement was not enough
Other studies 1) have shown that the apo-tyrocidine to supplant phenylalanine as the preferred substrate. In order
synthetas 1 A domain properly forms an amino acyl to understand the improvement &, we investigated the
adenylate in the presence of the cognate substrate, Phewild-type and mutant enzymes in pre-steady-state experi-
However, a secondary catalytic activity, which causes P ments using stopped-flow fluorometry. These experiments
release, is triggered in the presence of miscognate aminorevealed new details regarding the selectivity and binding
acids. The authors suggest a correlation between substratgf substrate to the wild-type enzyme. PheA binds Phe in a
specificity, suboptimal conformational states, and ATPase kinetically selective manner, and the PheATP—Phe
activity. complex displays a second binding mode, presumably a
In order to redesign PheA to adenylate alternate substratesconformational change, which is nucleotide dependent. This

site-directed mutagenesis has been used to replace active sitgew understanding of the wild-type enzyme, including the
residues identified as conserved in A domains that bind a nycleotide dependence, can be applied to redesign more

common substrate and are presumed to interact with thatefficient mutant enzymes.

substrate (these residues are called “signature sequences” for

a specific substrate®). Mutation of two active site residues EXPERIMENTAL PROCEDURES

in PheA (T278M/A301G) alters the enzyme to selectively

adenylate leucine. A one-point mutation to AspA (H322E) K Application to Tyr Redesign. 'Kwas applied as
of a surfactin synthetase domain induces AspA to prefer described previouslyl), except the search was performed
asparagine over the natural substrate, aspartate. Creating an@ find mutant sequences that score well with tyrosine in

testing these mutant enzymes also highlighted one of thethe active site. The crystal structure of PheA bound to AMP
major difficulties in the redesign of A domains; every (13) was used to define the location of the nine active site

mutation resulted in an enzyme with lower catalytic ef- residues (D235, A236, W239, T278, 1299, A301, A322, 1330,
ficiency than the wild-type enzyme. Even in the cases where and C331) that were allowed to mutate (any two at a time).
substrate Spec|f|c|ty is switched, the activity of the mutant The structure of the PheA active site and location of these
enzyme, toward any substrate, was lower than the activity nine residues are shown in Figure 1. Residues D235, A236,
of the wild-type enzyme toward the natural substrate. TheseA301, A322, 1330, and C331 were allowed to mutate to any
data suggest that alterations to the active site often perturbof 9 hydrophobic amino acids (GAVLIFYWM); residues
the enzyme from an Optimai Cataiytic conformation. W239, T278, and 1299 were allowed to mutate to any of 14
Implementation of a novel protein redesign algoritih, ~ hydrophobic or polar/uncharged amino acids (GAVLIFY-
(12), to redesign the PheA domain of GrsA to bind leucine WMSTHNQ). Sequences that passed the volume filter were
identified two, 2-residue mutants, PheA(A301G/I330F) and scored byK".
PheA(A301G/I1330W), which exhibit preferred binding for Cloning and Mutagenesis2heA was cloned from GrsA
leucine over phenylalanine. Brieflit" combines a statistical ~ (PheATE) using primers described previously)(that added
mechanics derived, ensemble-based approach to computing 5 Ncol restriction site (SATAT CCATGG TAAACAGT-
the binding constant with the speed and completeness of aTCTAAAAG-3') and a 3 BamHI site (5TCTCGGATC-
branch-and-bound algorithm. It also features an efficient CTAATACATCCTGCCAG-3); underlined bases are modi-
deterministic-approximation algorithm, capable of approxi- fied from GrsA sequence, and bold designates restriction
mating a scoring function to arbitrary precision. Ensemble sites. The PCR products and the expression vector pQE-60
scoring, which uses a rotameric approximation to the partition (Qiagen) were digested with Ncol and BamH], purified from
functions of the bound and unbound states for PheA, is useda 1% agarose gel and extracted. The digested vector was
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a)

b)

Ficure 1: (a) Lowest-energy member of the ensemble for PheA-
(A236V/A301G). Shown are AMP (gray), tyrosine-CPK (with dots),
9 mutable residues (colored cylinders) (236V and 301G shown in
red). (b) Superposition of the wild-type structure (magenta) with
PheA(A236V/A301G) (blue). Residues showing conformational
changes are shown in stick form.
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GTCAATTTGCCAGCATCTC-3), and Arevseq (5CT-
TCTCTCCTGGAACAAACGGG-3).

Expression and PurificationA saturated culture of M15
cells, transformed with the wild-type (wt) or mutant PheA
construct, was used to inocutat L of LB, which contained
ampicillin (100 ug/mL) and kanamycin (2xg/mL), by a
1:100 dilution. The culture was incubated (250 rpm,°&J
until ODgoo = 1.0, when IPTG was added to a final
concentration of 1 mM. The cells were grown for an
additional 6 h, harvested by centrifugation, and frozen&@
°C. Cells were thawed and chemically lysed using BugBuster
reagent (Novagen). The lysate was clarified by centrifugation
at 6000@ and filtered by a 0.22«m syringe-driven filter.
The clarified lysate was applied to a NNTA agarose
(Qiagen) column that had been pre-equilibrated with 50 mM
Tris—HCI (pH 7.4), 500 mM NaCl. The column was washed
with equilibration buffer and eluted with buffer containing
250 mM imidazole using a linear gradient over 3 column
volumes. Fractions containing pure PheA were exchanged
into 20 mM Tris—HCI using PD-10 gel-filtration columns
(GE Healthcare) and pooled. The concentration was deter-
mined by Asgousing a molar absorption coefficient of 67 520
M~tcml,

Equilibrium Tryptophan Fluorescence Quenchinthe
fluorescence of tryptophan was monitored on an ISS PC1
spectrofluorimeter using an excitation of 295 nm and
monitoring emission at 328 nm. The fluorescence of a PheA
solution (0.3uM in 10 mM Tris—HCI, pH 7.0) was measured
using an average of 10 measurements. The amino acid
substrate was titrated into the solution starting at @\8
and was added until the observed quenching reached satura-
tion. Acrylamide quenching was performed in the same
manner for acrylamide concentrations from @i to 200
mM. Data were fit to the following equation to obtalit:
AFops = AFmad (1 + Kp/[S]).

Steady-State Pyrophosphate-Release As&agoupled,
continuous, spectrophotometric assay for inorganic pyro-
phosphate (PP(15) was used to determine the rate at which
PR was released into solution. Reactions were performed in
a Molecular Dynamics SPECTRA max p¥fsmicroplate
reader at 22C. The reaction mixture contained: 167 mM
Tris—HCI (pH 7.0), 1 mM uridine-diphosphate-glucose, 345
uM glucose-1,6-bisphosphate, 1 mivhicotinamide adenine

treated with calf-intestine alkaline phosphatase, and the twoginycleotide, 10 mM MgGl 2.5 mM adenosine’Sriphos-

fragments were ligated using T4 DNA ligase. M15 cells were
transformed with the ligation reaction and streaked onto
LB agarose plates containing ampicillin (12@/mL) and
kanamycin (25ug/mL). DNA was purified from clones

phate, 3 mM dithiothreitol, 10M ethylenediaminetetraacetic
acid, 2 U/mL uridine-5diphosphoglucose pyrophosphory-
lase, 4 U/mL phosphoglucomutase, 4 U/mL glucose-6-
phosphate dehydrogenase, and Q®LPheA wild type or

using a QiaPrep mini-prep kit. Mutagenesis was performed mytant. The reaction was started with the addition of amino
using Strategene’s QuickChange site-directed mutagenesiscid substrate after a 10 min incubation to allow the removal

using the following primers: A236V (8EGCCAGCATCT-
CTTTTGATGTATCTGTATGGGAGATGTTTATGGG-
3), A236V-r (5-CCCATAAACATCTCCCATACAGATA-
CATCAAAAGAGATGCTGGC-3), A301G (B-CGTTAA-
TTACAGGAGGCTCAGCTACCTCG-3, and A301G-r (5
CGAGGTAGCTGAGCCTCCTGTAATTAACG-3. Con-
struct and mutants were verified using the following: pQE-
Type II/IV sequencing primer (SCGGATAACAATTTCAC-
ACAG-3), pQE-promoter region sequencing primer-(5
CCCGAAAAGTGCCACCTG-3), pQE-reverse sequencing
primer (3-GTTCTGAGGTCATTACTGG-3), Aseq (5

of any contaminating RPSubstrate concentrations from 1

to 2000uM were used. The absorbance at 340 razuo(
NADH = 6317 M* cm™1) was monitored at 1 min intervals

for 6 h, and the collected data were analyzed using SOFTmax
PRO to determine the observed rates of reaction. At least
200 colinear pointsrf = 0.95) were used to determine
observed rates. Kinetic constakgg andKy were determined
from nonlinear regression of data to the Michaehldenten
equation. Observed rates were enzyme and substrate con-
centration-dependent, and at the lowest substrate concentra-
tion, enzyme concentration was at least 100-fold lower.
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Table 1: K" Ranking and Scores for the Tyrosine Redesign Table 2: Equilibrium Measurements Bf Values
K" rank K* score (x 109 Ko improvement
A236V A301G 1 4.03 PheA PheA (A236V/A301G) (relative to wild type)
W239T A278W 2 3.72 Kp Phe 3.514+0.3 1.84+ 0.14 1.92-fold
W2391 A278W 3 3.30 Kp Tyr 1.93+0.16 1.32+0.21 1.47-fold
W239Y A278W 4 2.43
PheA (wt) 199 0.0416 Equilibrium Tryptophan Fluorescence Quenchiigui-

librium fluorescence quenching experiments were performed

Stopped-Flow Tryptophan Fluorescence Quenchimgp- with PheA and PheA(A236V/A301G) in order to measure
tophan quenching was monitored for either 0.5 s (ATP and the dissociation constant of the enzysseibstrate complex,
AMP) or 0.1 s (AMP and AMPCPP) under stopped-flow Kbo. First, tryptophan fluorescence quenching experiments
conditions using a KinTek2004 instrument equipped with a With PheA in the presence of varying concentrations of
photomultiplier tube (PMT) to monitor fluorescence. The acrylamide were performed to determine the number of
sample was excited at 295 nm, and emission was monitoredtryptophan residues contributing to the quenching effect.
using a 340 nm specific band-pass filter. A solution of 8 These results (not shown) reveal that quenching is linear with
uM PheA in 20 mM Tris-HCI (pH 7.4) was combined 1:1 ~ respect to acrylamide concentration from/ to 200 mM,
with a solution of phenylalanine (22000:M), resulting in indicating that fluorescence quenching is consistent with that
4 uM PheA and 0.51000:M phenylalanine in the sample  Of a single tryptophan residue, presumed to be Trp 239 in
cell. When present, ATP, AMP, AMPCPP, and Mg@iere the active site. Next, equilibrium tryptophan fluorescence
used at a final concentration of 1 mM. Between 15 and 20 quenching of PheA and PheA(A236V/A310G) was measured
transients were collected for each substrate concentration andn the presence of varying concentrations of phenylalanine
averaged. Averaged transients were fit to the equatien and tyrosine. These equilibrium experiments indicate that
Ae* + C, where k is the observed ratek{d, y is PheA binds tyrosine with slightly higher affinity than
fluorescence, anlis time. Observed ratekqJ and substrate ~ Phenylalanine{p = 1.93uM (tyrosine) anKp = 3.51uM
concentrations were then fit to either a linel{= k:1[S] (phenylalanine)]. Surprisingly, PheA(A236V/A301G) does
+ k_1) or hyperbolic kons= Kpo[S]/(k+2 + [S]) function.K1 not bind tyrosine with significantly higher affinity than the
andk_; are the microscopic rate constants for the association Wild-type enzyme Kp = 1.324M (mutant) andKp = 1.93
and dissociation of substrate, akg is the forward rate of ~ «M (wild type)] (Table 2). The slightly increased affinity
the second binding mode. between PheA(A236V/A301G) and phenylalanine relative

Calculation of Free EnergiesThe free energy of the to PheAis a consequence of the fact that a negative design

enzyme unbound to substrate was assigned as zero. FreBrocedure, a subroutine that would specifically select se-
energies of transition states were calculated as guences that bind an alternate substrate but not bind the

original substrate, is not incorporateddih Experiments with
kg AMP, amino acid substrate, and the enzyme show no

AG= _RT[In(kobs) —Ins significant differences from experiments without AMP, and

control experiments with only AMP and the enzyme show

whereks equals Boltzmann's constarfi, equals Planck's N0 guenching effects.
constant, and” represents the temperature in Kelvin. The _ Steady-State Kinetic Analysls.order to probe the effects

free energy of equilibrium is calculated as of the mutations predicted ¢ on substrate specificity as
measured through catalysis, steady-state kinetics studies of
K.y PheA, ATP, Md@*, and various amino acids were performed.
AG = —RTIn Keq= —RTIn P Measuring the degree of amino acid-dependent ATP con-
—1

sumption using a coupled spectrophotometric astaythat
detects the rate at which inorganic pyrophosphate is released
into solution shows that, among the naturally occurring amino
K" Redesign for Tyrosinéd computational search using acids, PheA specifically adenylates phenylalanine (Table 3).
K" was performed to predict mutant sequences of PheA thatThe specificity constank{/Ky = 1.3 x 10t uM~1 min™?)
would exhibit improved binding for tyrosine and that would for phenylalanine is over 13 times higher than that of the
remain well-packed and properly orient the substrate relative next closest naturally occurring amino acid, leucine, and over
to the nucleotide cofactor. Using the crystal structure of PheA 150 times higher than that of tyrosine (7:810°% uM~*
(13) bound to AMP and a protocol in which nine amino acids min™). The k. value for Phe agrees with previously
in the active site were allowed to mutate and two residues published results using the same as$hyl(), and theKy
could mutate at the same time (nine-choose-two) to bind value agrees within 1 order of magnitude. Among the non-
tyrosine, 1174 of 4071 possible sequences passed a simpl@atural amino acids, 2-thienyl-alanine (Figure 2) is the only
volume filter and were scored bil". Of these scored substrate tested that is preferred over phenylalanine. How-
sequences, the top four, along with the wild-type sequence,ever, two other non-natural amino acids, 2-furylalanine, and
are shown with theiK" scores (Table 1), which should be 4-bromophenylalanine, are better substrates than all other
viewed as relative numbers, not as absolute values of bindingnaturally occurring amino acids tested except for phenyla-
constants. PheA(A236V/A301G) is the highest scoring lanine. Differentiation of the specificity constark.4/Kwu)
sequencén silico and was therefore created by mutating the for the wild-type enzyme among substrates is dominated by
native PheA gene, followed by expression and purification Ky, which is dependent on the rates of association and
of the mutant protein. dissociation of the enzyme substrate complex as well as the

RESULTS



PheA Exhibits Kinetic Selectivity

Biochemistry, Vol. 45, No. 51, 20065499

Table 3: Steady-State Kinetic Analysis of Wild-Type and Mutant PheA with Amino Acid Substrates

PheA (wt) Kwm (uM) Keat (Min~?) kealKn (M~ min~?)
2-thienyl-Ala 0.7140.29 0.26+ 0.0052 (3.6:1.6)x 10t
Phe 0.6+ 0.2 0.08+ 0.002 (1.3+0.54)x 10t
2-furyl-Ala 21+11 0.994 0.017 (4.6 0.32)x 1072
4-Br-Phe 90t 2.8 2.4+ 0.028 (2.6+0.11)x 102
Leu 250+ 35 2.540.23 (9.8 2.3)x 1078
Tyr 9000+ 1000 7.0+0.7 (7.8+ 1.7)x 104
Val 37004 1600 22+1.1 (5.94+ 0.56) x 10*
4-Nitro-Phe 2900k 190 1.7+ 0.059 (5.9+0.58)x 104
Ala 18004 1100 0.36+0.19 (2+2) x 104
PheA (A301G) Kwv (uM) Keat (Min~2) KealKm (UM~ min~?1)
Phe <12 0.07+ 0.005 i >7.0x 1072 I
2-thienyl-Ala 34+ 1 1 0.13+ 0.002 | (3.9+£1.3)x 1072 |
4-Br-Phe 25+ 2 | 0.88+0.012 I (3.54+0.33)x 102 i
Leu 15+ 2.4 | 0.544.013 | (3.5+£0.64)x 102 )
2-furyl-Ala 42+ 3.8 1 0.72+0.02 ! (1.7+£0.21)x 102 !
Tyr 6404 24 | 2.5+ 0.08 | (4.0£0.28)x 1072 i
Ala 19+2.9 ! 0.04+ 0.002 ! (21+0.4)x 103 )
4-nitro-Phe 540k 370 ! 0.3+£0.16 | (5.6£6.8) x 10 =
Val 33004+ 1300 = 0.6+ 0.23 | (1.84+1.4)x 104 |
PheA (A236V) Ku (uM) Keat (Min~1) KealKn (UM~ min~2)
Phe <1* 0.05+ 0.001 | >5.0x 1072 |
2-thienyl-Ala 5.3£0.71 i 0.16+ 0.003 i (3.1£0.46)x 102 I
4-Br-Phe 12+ 1.2 I 0.27+ 0.003 | (2.2+£0.24)x 102 =
2-furyl-Ala 14+0.9 i 0.164+ 0.002 ) (1.14+0.084)x 102 I
Leu 80+ 3.1 | 0.47+0.01 ! (5.9+£0.37)x 1072 |
Tyr 180+ 3.7 I 0.68+ 0.004 i (3.84+0.1)x 103 i
4-nitro-Phe 260k 7.9 | 0.33+0.02 I (1.3£0.1)x 108 )
Val 35+ 2.6 I 0.00644 0.0001 | (1.84+1.8)x 10* I
Ala 130+ 29 | 0.0164-0.0014 ! (1.2+£0.38)x 10 |

PheA

(A236V/

A301G) Ku (uM) Keat (Min~2) KealKm (uM ™1 min™?1)
Phe 1.46 ) 0.17 | 1.2x 101 =
2-thienyl-Ala 15+ 0.56 ) 0.47+ 0.002 ) (31+0.1)x 102 |
4-Br-Phe 30t 1.7 ) 0.504+ 0.007 | (1.7£0.1) x 102 |
2-furyl-Ala 32+ 0.5 * 0.47+ 0.001 | (1.2+0.04)x 102 I
Leu 61+ 3.6 | 0.63+0.013 | (1.0£0.08)x 102 *
Tyr 160+ 3.2 I 0.91+ 0.027 | (5.8+0.3)x 1073 *
4-nitro-Phe 180t 10 | 0.674+ 0.005 | (3.8£0.2)x 103 i
Ala 78004+ 2900 ) 0.66+ 0.23 ) (8.5+6.1)x 10°° |
Val 2304+ 35 i 0.0064+ 0.007 I (2.843.2)x 105 i

aThe lowest concentration of Phe tested wagM because this concentration maintains an excess of substrate; therajovelues for the
single mutants toward Phe atel uM because the rates of reaction for all concentrations of Phe were identical. Change relative to wild type is
indicated for each reaction with the mutantstepresents an increaderepresents a decrease, andepresents no statistical change.

experiments in the absence of amino acid substrate do not
show any measurable changes over time.

HoN YCOOH HoN YCOOH HoN YCOOH HoN YCOOH
The adenylation activity of PheA(A236V/A301G) is most
specific for phenylalaninek{/Ky = 1.2 x 1071), but

= O
DB O D
Br NO, specificity for tyrosine K.a/Km = 5.8 x 1079) is increased

FiGURe 2: Non-natural amino acid analogues of phenylalanine. Left /-4-fold compared to the wild-type PheA for tyrosiriea(

to right: 2-thienylalanine, 2-furylalanine, 4-bromophenylalanine, Ku = 7.8 x 1074). The specificity of the double mutant also
4-nitrophenylalanine. increased for 4-nitrophenylalanine (6.4-fold), it remained the
same for leucine, and it decreased for all other substrates.
Similar to PheA, values ok are within 1 order of
magnitude for all but one substrate, valine. Specificity
determination in the double mutant is still dominateda)y
values span 4 orders of magnitude.

rate of conversion to product. Th§, values for the tested
substrates span 4 orders of magnitude. Valuekfgrare
similar; besides phenylalanine and tyrosine, all the other
amino acids tested havk: values within 1 order of
magnitude of each other. Phenylalanine has the lokgst
value (0.08 min') among all those tested, and tyrosine has  The contributions of each single-point mutation (A236V
the highestk.y value (7.0 min?'); the low ke value for and A301G) toward specificity for tyrosine appear to
phenylalanine agrees with previously published res@fs ( combine in the double mutant in a roughly additive manner.
10) and is a consequence of the fact that the assay is limitedThe specificity constant for each single mutant toward
by the slow off-rates of the aminoacyl adenylate. Control tyrosine increases from the PheA value of 2.80 4 uM~*
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Ficure 4: Observed rates of binding vs [Phe] are of the hyperbolic
form—consistent with that seen in a two-step event. Error bars show
min~! to values of 4.0x 102 and 3.8x 102 for PheA- 1 standard deviation of three measurements.
(A301G) and PheA(A236V), respectively. PheA(A236V/
A301G) has a specificity constant of 5:8 102 toward
tyrosine, slightly less than the sum of the single-point
mutants. For each single mutant, the decreased from the
fastest observed rate of 7.0 minobserved with the wild-
type enzyme to a value of 2.5 mihfor PheA(A301G) and
0.68 min'! for PheA(A236V). Thek.y of PheA(A236V/
A301G), 0.91 min?', was between that of the two single
mutants. TheKy values of the single mutants for tyrosine
are both significantly lower than that of the wild type,
dropping from 9000uM in PheA to 640uM for PheA-
(A301G) and 18«M for PheA(A236V). TheKy value of
the double mutant was lower than either of the single
mutants, decreasing to 160/.
Pre-Steady-State Kinetic Analysi$e improvement ity
for the double mutant toward tyrosine and the lack of
proportional changes iKp indicate a potentially incomplete
picture of PheA selectivity. In order to gain a better

understanding of PheA substrate binding and specifically to (Figure 4), indicative of a two-step binding eve(er] 1).

investigate whether the observed changeKynindicate a ' X : . )
possible change in the rates of association and dissociation,Lr]'eeﬁrjitlisbtri'?n']S Sggczztr?”ffeeg ?{J;23;?;'gﬁgtzzl'ihnme;?f
fluorescence quenching experiments were performed under q zy

stopped-flow conditions to measure microscopic rates of substrate complex. The second step is usually a shift of the

binding and dissociatiork(; andk 1), as well as to determine 'an:g?élcfgrzggje_bsugs;?;ﬁ Z(r)rirrzgle?;c:i%na 'ﬁk?i(s:oigdthzotmpée)éf
dissociation constants. y g . yp

Pre-equilibrium fluorescence quenching experiments show/Ntéraction seen in an inducedfit system of substrate

that the only detectable binding event in the first 500 ms is L?ZO?TTS';% ::ansl?rlgsal :‘ilil)gc\j/vgg”tl)sgnsli\ﬁenrtct;iﬁ‘vc\)lfmegtit)hr?al
that between the wild-type PheA and its natural substrate y : y

phenylalanine, in the presence of nucleotide and*Mg shift of the complex into an activated state.
(Figure 3). Fluorescence decay curves measured for 500 ms

Ficure 3: Quenching by phenylalanine requires ATP: - (buffer
only), + (Phe),® (ATP), and® (Phe and ATP).

photobleaching, which occurs at a linear rate (0.03 such
slower than the quenching event that occurs between PheA
and phenylalanine in the presence of nucleotide, which occurs
at an exponential rate ¥ at theKp of phenylalanine). In
fact, the photobleaching rate limited the time course for these
stopped-flow experiments to 500 ms; binding events between
the enzyme and leucine or tyrosine may occur, but we cannot
observe them. A slow-binding event would be difficult to
detect unless the amplitude of the signal was significantly
larger than that of the natural substragmzyme interaction.
However, under the conditions of the experiments and with
the instrument used, a binding event between PheA and
phenylalanine in the presence of nucleotide was the only one
observed. This quenching event between PheA, phenylala-
nine, nucleotide, and Mg reveals new details concerning
the mechanism of the wild-type enzyme.

Quenching by phenylalanine in the presence of ATP and
Mg?" shows a hyperbolic dependence on phenylalanine

k
for other amino acids such as tyrosine, valine, alanine, and — K,

leucine in the presence of PheA, ATP, and?¥guperimpose E+S__ES—ES (1)
with curves from buffer alone. These results were expected ko1

because catalytic rates with valine and alanine as substrates ky[S]

are low and previous rapid quench experimefjsshowed -~
that adenylated products forLeu and.-Tyr were observed s [S]+ Kp
only after 500 ms. No quenching was detected within 500
ms using any substrate with the double mutant, with or  The data from the stopped-flow experiments can be used
without ATP and M§". to determine several properties of the interaction. The
When quenching is not observed it cannot be concluded relationship between the observed rate of binding and the
that an interaction is not taking place between the enzymesconcentration of substrate can be fit to eq 2 to determine
and substrates. The association could occur at rates beyonthe Ky of the initial binding event and the rate of the
the measurement capabilities of the instrument used (deadsomerization stepk,. The initial near-linear portion of this
time of instrument= 1.4 ms). The quenching could also be hyperbolic curve Kys vs [Phe]) can be fit to a line whose
occurring so slowly that it is lost in the noise of the slope is an approximation of the second-order rate constant

(@)
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PheA Binding Phe in the Presence

Table 4: Pre-Steady-State Kinetic Assay Results of ATP vs. AMP

complex kit (uM™tsec?) ki (s k(s Kp (uM) 300 |
PheA-ATP—Phe 0.2 6.4 85 32
PheA-AMP—Phe 0.53 86.8 164 250 =
PheA-AMCPP—Phe 0.44 54.9 125
< 200 -
3
of the initial collision event. For the PheAphenylalanine 2 150 |
interaction in the presence of ATP and Mgthe first 11 ¥1§
points can be fit to a line with ar? of 0.989, giving ak;; 100 |

of 0.21uM~1 sec!. The complete data set can be fit to a
hyperbola with an? of 0.996 that gives & of 32 uM and
ak, of 85 s1 (Table 4).

Quenching by phenylalanine in the presence of AMP and
Mg?* shows a linear dependence on phenylalanine (Figure
5), indicative of a one-step binding event. This type of Ficure 5: Observed rates of quenching by phenylalanine in the
interaction consists of a single, rapid collision event, with gges_enl‘ée ?é Akl;/'lpd@ argb”n:areémhtées‘p?ﬁ:ato épze],eino?icatige
"o shift 0 an acivated complex (eq 3). The data for the 51 SPUISLSE biing, Obseried et e prosence o BIF ()
PheA-phenylalanine interaction in the presence of AMP fit  gyror bars show 1 standard deviation of three measurements.

a line (eq 4) with an? of 0.957 whose slope of 0.528V 1

sectis equal to the rate of association and whysetercept
(86.8 s1) is equal to the rate of dissociation. The quotient 500 : :
of the rates of association and dissociation givdspyaor
this interaction of 164M, signifying a weaker interaction
than that between PheAATP—Phe (Table %

| | | |
100 200 300 400
[Phenylalanine] (uM)

500

Stop Flow Trp Quenching: PheA binding Phe

Kis

E-+ s: ES (3)
k-1

Kobs = Ki-a[S] + kg 4)

Quenching by phenylalanine in the presence ogf-
methyleneadenosin€g-&iphosphate (AMPCPP), a nonhy-
drolyzable analogue of ATP, and Mg shows a linear

| |
100 200 300 400 500
[Phenylalanine] (uM)

Ficure 6: Observed rates of quenching in the presence of AMP

600

dependence on phenylalanine, similar to quenching seen in(®@) and AMPCPP©) have the same dependence on [Phe] and are
the presence of AMP (Figure 6). Fitting the data for not significantly different. Error bars show 1 standard deviation of
AMPCPP in the same manner as described for AMP gives thrée independent measurements.
anr?value of 0.934, &, of 0.44uM~*sec?, ak_; of 54.9
s, and aKp of 125 uM (Table 4). Using a cutoff of 1 ger respectively), and residue 301 is a glycine in most
standard d'eV|a'1t|on, the data collected for PheA binding signature sequences, including one for tyrosine (Tyr2).
phenylalanine in the presence of AMP or AMPCPP are not pesjdue 239 is a threonine in one tyrosine signature sequence
significantly different at any point. In order to better resolve (Tyrl), and 239Y is found in a cysteine-binding sequence,
the fast-quenching events occurring in the presence of AMP Cys2. Position 278 is a tryptophan in a signature sequence
and AMPCPP, stopped-flow data were collected over 0.1 s, that binds valine (Vall). Instances wheké suggests a
in contrast to the slower quenching seen in the presence ofytation that exists in a signature sequence for the desired
ATP collected over 0.5 s. Data for PheA quenching by gypstrate show thit' has performed well scoring a sequence
phenylalanine in the presence of AMP and AMPCPP 4t evolution has already shown to be a successful mutation.
appeared linear to the limit of data collection over 258s |, cases where a suggested mutation has not occurred for a
These high rates observed in the presence of AMP andgiven substrate, it is possible that evolution has not covered
AMPCPP are a sharp contrast to that collected in the presence, given region of mutable space and some mutations that
of ATP whose fastest observed ratg{ is below 30 s*. would improve specificity for a particular substrate have yet
DISCUSSION to .arise through natural selection. Cases where a mutaFion
exists for another substrate demonstrate that such mutations
The predicted tyrosine-binding sequences predicteld’by  are at least allowable at that location.
seem reasonable on the basis of comparisons to known The range of mutations explored by homology is inherently
signature sequences and the predicted structures of thdimited to those observed in nature; in contrétexplores
mutated enzymes. All of the mutations that scored in the an almost limitless set of possible mutations, thus providing
top four appear in either a known signature sequence foran increased range of options in the redesign process. The
tyrosine or other amino acid®)( A valine is present at  signature sequence of PheA shares identity at 6 of 9 residues
position 236 in three signature sequences that bind ornithine,with one of the known tyrosine signature sequences, Tyr3
proline, or serine (the A domains are named Orn2, Pro, and(2). The mutations that would be needed to make the PheA
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signature sequence identical with that of Tyr3 are W239S, seen foKy. Because the chemistry is occurring on the amino
1299V, and I1330V. Two of these mutations were created; acid backbone, which is identical for all the substrates tested,
expression of PheA(I330V) was possible, but no soluble it is reasonable to assume that once the enzysobstrate
enzyme was detected in the extract of PheA(W239S), despitecomplex attains the activated state required to proceed to
many variations in the conditions for expression. Therefore, catalysis, the catalytic process is similar for all substrates.
although the mutations predicted t§/ (A236V/A301G) A higherKy indicates that the equilibrium between activated
have soluble expression levels below that of the wild-type enzyme-substrate complex and free enzyme favors the free
enzyme, they do provide an option for testing a tyrosine enzyme, corresponding to a lower concentration of activated
redesign sequence. enzyme-substrate complex available to undergo catalysis.
Because &" score represents an ensemble of conforma- The large differences ity and k.o{Ky indicate that the
tions, with associated energies, for a given set of active site ability of different substrates to reach the necessary activated
residues, there is no single conformation of enzyme and enzyme-substrate complex is not the same and that substrate
bound substrate that one can visualize to understand thebinding is partially rate-limiting.
complete interaction of substrate with a mutant. It is possible  Stopped-Flow Kinetics Measures an Important PheA
to visualize one or several of the low energy conformations Phenylalanine Interaction Only the natural enzyme
that contribute to &K" score in order to understand the substrate interaction between PheA and phenylalanine is
dominant interactions between enzyme and substrate. Inspeceetectable by stopped-flow fluorescence quenching in the
tion of several low energy conformers of PheA(A236V/ first 500 ms. Furthermore, a unique interaction between PheA
A301G) reveals how these two mutations might enhance theand substrate occurs that requires the presence of ATP.
binding of tyrosine (Figure 1). Residues 236 and 301 are on Interestingly, Mobashery et al.1§) proposed a bibi
opposite sides of the phenyl-binding pocket in the crystal substrate addition and product release mechanism for the
structure 13). In the wild-type PheA both residues are adenylation domain of the aminoglycoside-modifying en-
alanines; mutating one to a larger valine, and the other to azyme, ANT(3')-li/AAC(6')-Ild, from Serratia marcescens
smaller glycine, could allow the large aromatic ring to bind In this mechanism, ATP then substrate bind the enzyme and
in the active site diagonally relative to the phenyl ring in inorganic pyrophosphate, followed by the modified ami-
the observed crystal structure. In fact, in the five lowest noglycoside, release as products. An implication of this type
energy conformers of the redesigned Tyr enzyme, the singleof mechanism, which may be similar to PheA, is that ATP
mutation, A236V, induces a slight, but important, confor- binding may influence the affinity or rate of substrate
mational change that drops Trp 239 1.4 A at the floor of the binding.
active site, allowing room for the para-hydroxyl group of = These pre-steady-state data might seem to contradict that
tyrosine (Figure 1b). collected by equilibrium fluorescence quenching, which show
The crystal structures of two other A domains have been an indiscriminate binding of substrate that does not require
described, both of which bind substituted aromatic rings: an nucleotide, but this is not the case. Experiments done to
A domain from DhbE, which binds' B'-dihydroxybenzoate = measure quenching at equilibrium are examining thermo-
(16) and an adenylating domain from chlorobenzoate:CoA dynamic control of substrate binding. Stopped-flow experi-
ligase (CBAL) that binds 4-chlorobenzoat&7). Interest- ments measure kinetic control of substrate binding. The
ingly, both of these enzymes contain one of the mutations equilibrium results show that given enough time, even in
predicted byK". DhbE contains a residue analogous to 301G the absence of cofactor (AMP or ATP and My many
and CBAL contains a residue analogous to 236V. All three amino acids are able to bind the active site of PheA and
species, PheA, DhbE and CBAL, have an aromatic residuecause quenching. However, also clear from the pre-steady-
at the floor of the substrate binding cavity that closes off state results is that in the presence of cofactors and on the
the binding pocket. In the case of the redesigned tyrosine earliest time scale (500 ms in this case), only phenylalanine
mutant for PheA, we allowed this residue to mutate to one is able to bind. Although the rapid quench experiments
which could potentially form a hydrogen bond with the determined that the A domain does not hydrolyze a misac-
hydroxyl group. However,K" maintained the aromatic tivated aminoacyl AMP, rapid quench experiments could not
character of this residue, but created a conformational changeexamine whether kinetic selection occurs during substrate
with the 236V mutation to allow room for thgara-hydroxyl. binding. The pre-steady-state stopped-flow experiments
Despite the fact thak® was not specifically designed to  described in this work show that PheA is kinetically selective
improve Ky values for a given substrate, steady-state for phenylalanine early in the catalytic cycle, at the time of
pyrophosphate release assay data show improvement irsubstrate binding.
PheA(A236V/A301G) specificity for tyrosine, driven by a The data from the pre-steady-state experiments also
change irKy. Examining the differences ik./Ky for PheA correlate with the data from the steady-state pyrophosphate-
and PheA(A236V/A301G) shows that values for all sub- release assay, which show that other amino acids are suitable
strates decreased or stayed the same except for those fosubstrates for catalytic turnover. Because the turnover rates
tyrosine and 4-nitro-phenylalanine, which increased over for all substrates are similar, there is most likely a similar
7-fold for tyrosine and over 6-fold for 4-nitro-phenylalanine. catalytic mechanism and a similar catalytic conformation for
The improvement for 4-nitro-phenylalanine is unexpected, all substrates; however, the time frame in which this is
but understandable given some limited structural similarities adopted is not the same. Taken together, the results from
between tyrosine and 4-nitro-phenylalanine. the equilibrium binding and steady- and pre-steady-state
Differences inKy appear to be the main determinant of experiments point to a degree of kinetic selectivity for the
the specificity of PheA. There is some variability among the PheA-ATP—Phe interaction. The PheAATP—Phe com-
keatvalues, but it is orders of magnitude less than the variation plex isomerizes to an activated enzyasebstrate complex;
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FiGure 7: Free energy diagram representing the pre-steady-state steps for the wild-type enzyme binding phenylalanine.

the rate at which the enzyme adopts the activated conforma-nylalanine via the following single-step process.
tion is much higher when bound to phenylalanine and lower
when bound to other amino acids.

Using AMPCPP to study the Phe/phenylalanine inter-  pheA-AMP—Mg?" + Phe PheA-AMP —
action, we showed that, although it can serve as nucleotide “s68st
necessary for quenching, it does not mimic ATP closely Mgz+—Phe (6)
enough to achieve the two-step quenching event seen in the

presence of ATP and Mg. The bond lengths between the  Note that the off-ratek(_y) is much higher in the presence
phosphates and carbon are 1.81 A and between the phospt AMP over ATP, favoring the free PheAAMP—Mg?*
phates and oxygen are 1.59 A. The bond angle fe€CPP and substrate.
is 125.58; the angle for P-O—P is 123.71. These differ- Using the rate constants obtained in the pre-steady state,
ences appear to be enough to disrupt the interaction betweeRye calculated the free energy of the-B and ES states as
the Bly-phosphates, coordinated Kg enzyme, and sub-  \ye|l as those for the transition states representingSE
strate. o _ binding and the conformational change (Figure 7). From this
Ste_:ady— a_nd pre-st_eady—state kinetics experiments are€graph, it is evident that substrate binding is rate-determining
con5|stent_W|th the existence of two phenylalanlne-bm_dlng relative to the conformational change, for the wild-type
conformatlons of PheA. One of these copformanon; IS @n enzyme binding phenylalanine. It is not clear, from these
activated enzymesubstrate complex that is a catalytically experiments, whether later catalytic steps are overall rate-
relevant intermediate on the pathway toward the adenylation|imiting. Because binding events between other substrates
of phenylalanine (as in the case of PheA as it binds and the wild-type enzyme and any substrate with the mutant
phenylalanine in the presence of ATP andMgThe second  enzyme cannot be measured in the early, 500 ms time frame,
conformation describes an enzyfeubstrate complex that  the ‘transition state for these interactions will most likely
is likely to be representative of a product-releasing confor- jnyolve a higher energy state.
mation (as in the case of PheA binding phenylalanine inthe  The crystal structure of PheA (LAMULB)) was solved
presence of AMP). PheA would normally be bound to an ith AMP resolved in the presumed nucleotide binding site.
aminoacyl adenylate after catalysis, and it would need t0 These new data show that phenylalanine interacts differently
release this product to prepare for another round of catalysis.yith PheA in the presence of ATP versus AMP and implies
The crystal structure of PheA with phenylalanine and AMP that the catalytically relevant substrate-binding conformation
most likely represents the products of hydrolysis of the of pheA is not known at this time. It is likely that AMP-
aminoacyl adenylate. The data support the following kinetic ang ATP-bound conformations of PheA are structurally very
model of PheA binding phenylalanine in the presence of gjmjjar and that there are a few key interactions involving

0.53uM-1s5-1

ATP: the terminal phosphates of ATP, Ry and the backbone
0.2uM-15-1 atoms of the bound amino acid substrate that are crucial for
- a catalytically competent conformation. Determining the

PheA-ATP—Mg”" + Phe PheA-ATP— nucleotide-sensing mechanism of PheA, and understanding
6.4s1 how that mechanism relates to substrate binding, is necessary

Mg”—Pheﬁ PheA*—ATP—Mg”—Phe (5) in order to improve the success of current NRPS modeling
and redesign efforts.
The ATP-bound conformation binds phenylalanine via a  There are three crystal structures of DhbE: an unliganded
two-step process; the AMP-bound conformation binds phe- form, an adenylated form, and a hydrolyzed form with AMP
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and the aryl group bound independentlg) a comparison
of these structures yields more information regarding the

conformational changes around the bound ATP. The substrate 2

in DhbE, 2,3-dihydroxybenzoate, binds in the same cavity
as phenylalanine in PheA. The p-loop residues (core A3 or
residues 196200 in both DhbE and PheA) are at the
entrance to the catalytic cavity, proximal to the nucleotide
binding site, and are proposed to undergo a transition in the
course of ATP and substrate binding, perhaps to isolate the

catalytic cavity. In the three structures of DhbE, different 5.

residues in the p-loop exhibit ordered density in different

structures, reflecting a conformational change dependent on 6-

changes in the states of substrate and nucleotide. The authors
conclude that there is a clear conformational change in the
residues interacting with ATP, before and after adenylation.
Additionally, residue Arg428 in DhbE interacts with the
o-phosphate of ATP in the hydrolyzed complex but moves

away in both the unliganded and the adenylated form. 8.

In summary, interestinghK" suggested mutations to PheA
that slightly improved the binding constardp, but more
importantly, generated a more catalytically competent con-

formation of the enzyme to bind tyrosine. This improvement g,

in catalysis was most likely not a random event because only
tyrosine and 4-nitrophenylalanine exhibited improved ca-
talysis in the mutant enzyme relative to the wild-type

enzyme. The structural changes induced by the A301G and 10.

A236V mutations appear to allow a para-hydroxyl group on
phenylalanine to be more easily accommodated and thereby

may also allow the backbone of tyrosine to adopt an 11.

orientation that can proceed to the transition state and
eventually be in position to undergo catalysis. In contrast,

phenylalanine may be bound in a more strained conformation 12-

in the mutated enzyme, and fewer Phe backbone orientations
may be properly oriented to adopt the conformation of the
transition state and therefore to be a proper substrate for

catalysis, explaining the decrease in enzyme efficiency in 13.

the mutant. Finally, the pre-steady-state experiments suggest
that PheA-ATP and phenylalanine initially collide and then
undergo a second event, possibly a conformational change.
Becaus&” selects sequences that represent a conformational
ensemble and the ensemble itself embodies a degree of 15
flexibility and a landscape of possible conformatiddsmay

select an ensemble that allows a productive conformational
change to occur.

16.
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