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Mapping the Limits of Substrate Specificity of the

Adenylation Domain of TycA

Benoit R. M. Villiers and Florian Hollfelder*®

The catalytic potential of tyrocidine synthetase 1 (TycA) was
probed by the kinetic characterization of its adenylation activity.
We observed reactions with 30 substrates, thus suggesting some
substrate promiscuity. However, although the TycA adenylation
(A) domain was able to accommodate alternative substrates,
their k../Ky values ranged over six orders of magnitude. A com-
parison of the activities allowed the systematic mapping of the
substrate specificity determinants of the TycA A-domain. Hydro-
phobicity plays a major role in the recognition of substrate ana-
logues but can be combined with shape complementarity, confer-

Introduction

Natural products are well-recognized as a central repertoire of
molecular scaffolds with diverse functional potential that has
yielded biochemical tools, drug leads and useful drugs."” Many
of these natural products such as nonribosomal peptides or
polyketides are synthesized by large enzymes, nonribosomal
peptide synthetases (NRPSs) or polyketide synthases (PKSs),
which can be seen as molecular “assembly lines”.>*! The pros-
pect of using these assembly lines for making altered natural
products is crucially dependent on the tolerance and limita-
tions of substrate recognition by the domains involved. Protein
catalysts are usually described in textbooks as very specific for
one unique substrate, selected from the cellular cocktail of
hundreds of alternative compounds to ensure metabolic fideli-
ty. If this high degree of substrate specificity were absolute, it
would pose substantial limitations for the potential applica-
tions of enzymes, because substrate analogues would not be
accepted and processed in the same way as the natural prod-
uct. In recent years, this hardline view of enzyme specificity
has been softened by the observation of enzyme promiscui-
ty.*® Enzyme promiscuity is defined as the ability of some
enzymes to turn over different substrates, and the growing
number of enzymes identified as catalytically promiscuous in-
dicates that promiscuity is not a rare but a rather widespread
intrinsic feature of enzymes.>™®

It has been postulated that enzyme promiscuity played a
role in evolution, where a duplicated gene might have relieved
the original gene copy from selective pressure, allowing it to
mutate randomly and adapt a new function by enhancing an
existing promiscuous activity.>®*? A consequence of this sce-
nario is the definition of evolutionary links between related ac-
tivities based on enzyme promiscuity."” Conceptually, this idea
allows for the approximation of the evolutionary distance
between two activities, which could ultimately give rise to a
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ring higher activity, and/or steric exclusion, leading to substantial
discrimination against larger substrates. A comparison of the
k../Ky values of the TycA A-domain and phenylalanyl-tRNA syn-
thetase showed that the level of discrimination was comparable
in the two enzymes for the adenylation reaction and suggested
that TycA was also subjected to high selective pressure. The spe-
cificity patterns observed and the quantification of alternative ac-
tivities provide a basis for exploring possible paths for the future
directed evolution of A-domain specificity.

systematic understanding of the phylogeny of catalysis. For
NRPSs, this phylogeny of catalysis could complement previous
sequence alignments of adenylation domain (A-domain) sig-
natures."'? Furthermore, such relationships might not just
report on evolutionary history, but might also provide a guide
for future directed evolution as how to efficiently traverse
diversity space with evolutionary stepping stones and short-
cuts to accelerate directed evolution efforts, thereby economis-
ing the screening or selection effort. In an extreme view, the
relevance of promiscuity for protein engineering has been
stated as “one cannot evolve what is not already there”,"
explaining the surge in interest in catalytic promiscuity.

This logic can also be brought to bear on the question of
how specificity evolved in NRPSs—and could help to realize
the long-term objective of combinatorial biosynthesis to create
biosynthetic enzyme assembly lines with new and altered
specificities—by pointing to the best strategy for evolving
modules with new specificities. Combinatorial biosynthesis at-
tempts to manipulate the enzymes involved in the biosynthe-
sis of such natural products to make analogues chemoenzy-
matically accessible by reprogrammed biosynthesis. Examples
are the NRPSs (such as those of daptomycin," balhimycin™
and surfactin’®) and the PKSs.”'”'® The modularity of the nat-
ural product assembly lines, in principle, offers prospects for
their reprogramming to create novel functional natural prod-
ucts with new or altered properties. Module and domain swap-
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Figure 1. The tyrocidine biosynthetic system and the enzymatic reaction catalyzed by A-domains. A) The enzymatic assembly line of the cyclic decapeptide
antibiotic tyrocidine A consists of three polypeptide chains (TycA, TycB and TycC), which are composed of one, three and six modules, respectively, each of
which is responsible for the incorporation of one monomeric amino acid into the nascent peptide chain. Each module can be further divided into individual
catalytic domains: adenylation domains (A, red), thiolation domains (or peptidyl-carrier protein domains, T, green), condensation domains (C, grey), epimeriza-
tion domains (E, blue) and thioesterase domains (TE, violet) for peptide cylization. TycA, studied here, is composed of an A-domain, a T-domain and an E-
domain and is often referred to as PheATE since its natural substrate is L-Phe. B) A-domains catalyze the reversible formation of a reactive aminoacyl adeny-
late at the expense of ATP. The ATP/PP-exchange reaction is used to test substrate acceptance. By adding radiolabeled pyrophosphate ([*?P]PP), the equili-
brium is shifted to the left, leading to the formation of radiolabeled ATP that can be adsorbed onto activated charcoal. The formation of radiolabeled ATP is

proportional to the activity of the A-domain.*"

ping have been frequently investigated in this regard."’'¥ Un-
fortunately, NRPSs modified in this way are often considerably
impaired and exhibit low activity, presumably due to the dis-
ruption of crucial interdomain contacts®” limiting the produc-
tion of the desired altered natural products."*?" Altering the
specificity of NRPS domains by the manipulation of individual
residues—either by directed evolution® or by rational rede-
sign®—is attractive because it offers a less invasive approach
to the tailoring of NRPS domains for combinatorial biosynthe-
sis than does the transplantation of domains from other
enzyme systems.

In this paper, we explore the substrate specificity of the ade-
nylation activity of tyrocidine synthetase 1 (TycA; Figure 1A),
an NRPS module that is involved in the biosynthesis of the
cyclic, decapeptide, antibiotic tyrocidine A by activating the
first amino acid building block (L-Phe). The multi-modular en-
zymatic architecture of the tyrocidine biosynthetic system is
shown in Figure 1A. The first specificity-determining step of
nonribosomal peptide synthesis is the reversible activation of
the amino acid building blocks by the adenylation of their car-
boxylates under ATP consumption and in the presence of a
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magnesium ion. This step is carried out by A-domains (Fig-
ure 1B), such as the TycA A-domain studied here. NRPS A-do-
mains belong to a superfamily of adenylate-forming enzymes
including the acyl-coenzyme A synthase and luciferase families.
They share no sequence or structure homology with class |
and class Il aminoacyl-tRNA synthetases, which are different
adenylate-forming enzymes bearing different folds.””

The activation of amino acids by the NRPS A-domains is
followed by the formation of a thioester (by the thiolation
domain, T-domain) and a peptide bond (by a condensation
domain, C-domain). Although a large number of A-domains
have been studied, completely nonspecific A-domains have
been elusive so far. This makes it important to probe the spe-
cificity of existing domains, and TycA, representing a large
number of enzymes with homologous A-domains, is used here
as a model NRPS A-domain. The crystal structure of the A-
domain of gramicidin S synthetase 1 (GrsA),”*® a close homo-
logue of TycA, and sequence alignments have helped to define
a specificity-conferring code consisting of ten amino acids
lining the binding pocket." ' GrsA is the best-characterized
A-domain, but the measurement of the kinetic parameters
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defining its substrate specificity has been limited to very few
substrates that are chemically and sterically similar to the natu-
ral substrate, L-Phe.’”” The physico-chemical and thermody-
namic forces driving substrate binding and catalysis in NRPS
A-domains have never been investigated comprehensively to
quantify and understand substrate specificity in this class of
homologous enzymes, which typically show 30-80% sequence
identity.””’

We report herein an extensive survey of the substrate specif-
icity of the adenylation activity of TycA using a discontinuous
ATP/pyrophosphate(PP)-exchange assay shown in Figure 1B.
This assay has been used to determine the adenylation rates
for aminoacyl-tRNA synthetases®™ and NRPS A-domains®**?
and relies on the reversibility of the amino acid adenylation.
For NRPS A-domains, it has been shown that the results ob-
tained by this assay correlate well with the amino acid loading

assays on the T-domain (using radiolabeled amino acid trans-

Table 1. Michaelis-Menten parameters® for substrate analogues®™ of TycA in the order of their k., /Ky values within their category.
Category No. R or full * Keat K Keat/ Kt Relative catalytic
structure [min™"] [mm] [min""mm ] efficiency
1 —‘CHz@ L 118.5+0.7 12.04+0.3x1073 9887 £325 1
2 -—CHz@ D 1M3+2 2442x1073 4650383 4.7x107"
3 _CH2‘<:> L 18.8+£0.3 83+6x107° 227420 23x1072
4 —CH2@NH2 L 105+3 32403 3344 33x107°
5 —(CH,);—CH; L 9242 74406 126+14 13%1073
6 _CHzOOH L 4242 34+0.2 122+14 1.2x1073
7 —(CH2)2® L 83+0.7 1.454+0.29 57417 58x107*
—CH,
8 / L 11.3+£0.2 2.1+£0.2 54+05 55x107*
N
H
9 “‘CH2@'OH D 51413 13.9+4.1 37422 3.7x107*
amino acids CHs
10 L 27.9+0.8 83+0.7 34+04 34x107*
‘00C —CH—CH,—CHjy
\%
_C—R NO,
HaN* ™\
3 H 1 L 225+1.6 8.1+1.2 28+0.6 28x10™*
—CH, OH
12 —(CH,),—S—CH; L 23.2+0.5 109+0.7 2.1+£0.2 2.1x107*
13 —(CH,),—S—CH; D 294+13 2142 1.37+0.20 14x107*
CHj;
14 L 13.8+0.3 11.0+0.8 1.26+0.12 1.3x107*
—CH,—CH—CHj
15 —(CH,),—CH; L 36.1+0.7 5343 0.68+0.05 6.9x107°
CHs
16 D 72+04 26+3 0.28+0.05 28x107°
_CHZ_CH_CHa
CHs
17 L 13.5+£0.2 103+4 0.130£0.008 1.3x10°°
—CH—CH;
18 —CH,—CH; L 23.9+0.7 506428 47+4x1073 48x10°°
19 —(CH,),—SH L 2.2440.08 68+6 33+4x1073 33%10°°
"~
20 —CH, \ L 0.62+0.03 19.5+2.1 3245x10°3 3.2x10°°
NH
21 —CH, L 174+18 577482 30+8x10°° 3.0x10°°
CHs
22 L 6.6+0.8 544 +97 12.243.7x107°3 1.2x107°
—CH—OH
23 —CH,—OH L 1.60+0.08 249+43 64+15x1073 6.5x1077
24 —CH,—SH L 0.89+0.05 158+18 56+1.0x1073 57x1077
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Table 1. (Continued)
Category No. R or full * Keat Ky Keat/ Kin Relative catalytic
structure [min~"] [mm] [min~'mm™'] efficiency
H3C
.
N-methylated amino acids 25 HZN @ L 10.7£0.4 42+04 2.6+04 26x107*
26 @ L 0.38£0.02 7.7£11 50£10%107 51x107°
*NH3
B amino acid 27 % L 1.004£0.02 0.95+0.07 1.05+0.09 1.1x107
dipeptide 28 FaN \ g @ L 5.0+03 74+1.0 0.67+0.13 6.8x107°
o}
Conditions: [PheATE-His]=0.1 or 1 pm (see Figure 2 or Figure S1), [MgCl,]=10 mm, [HEPES]=50 mm, pH 8.0, [EDTAI=1 mwm, [NaCll=100 mm, [**PIPP;:
0.045 uCi per reaction, [PP]=0.1 mwm, [ATP]=2 mwm. [a] Typical time courses and Michaelis—Menten plots are shown in Figure 2. Figure S1 (Supporting Infor-
mation) contains these data for the remaining substrates. For some substrates (for example, 6, 9, 16, 18, 20, 21, 22, 24, and 28) concentrations >5K),
could not be reached, so the statistical error indicated might underestimate the actual error in these data sets. [b] L-Phe (1), p-Phe (2), B-cyclohexyl-L-ala-
nine (3), 4-amino-L-Phe (4), L-norleucine (5), L-Tyr (6), L-homophenylalanine (7), .-Trp (8), b-Tyr (9), L-lle (10), 3-nitro-L-Tyr (11), L-Met (12), p-Met (13), L-Leu
(14), L-norvaline (15), p-Leu (16), L-Val (17), L-2-aminobutyric acid (18), L-homocysteine (19), L-His (20), L-Ala (21), L-Thr (22), L-Ser (23), L-Cys (24), N-
methyl-L-Phe (25), N,N-dimethyl-L-Phe (26), L-3-homophenylalanine (27), Gly-L-Phe (28).

fer’?! or mass spectrometry®). However, the determination of
the kinetic parameters for alternative substrates has been limit-
ed by the sensitivity of the assay,”” which, being discontinu-
ous, is also labour-intensive.

We have previously adapted the classic ATP/PP;-exchange
assay to a 96-well format allowing for the measurement of
four plates (or 384 time points) per day, with high sensitivity,
surpassing the performance of previous protocols.”"” We now
systematically explore the ability of TycA to process substrate
analogues, taking advantage of the assay procedure to provide
accurate quantitative detail for 30 alternative substrates, which
differ by six orders of magnitude in k./Ky. The analysis of the
trends in substrate recognition is made possible by studying
an unprecedentedly large number of alternative substrates
and reveals patterns that characterize the factors governing
substrate specificity in the TycA A-domain active site. These
patterns provide a basis for approximating how remotely
these other activities are related functionally and allow an as-
sessment of the difficulty of directed evolution approaches in
reprogramming A-domains in combinatorial biosynthesis.

Results
Kinetic parameters for 30 substrates

Tables 1 and 2 list Michaelis—-Menten parameters for the 30
substrates studied. In addition to the native substrate, L-Phe
(1), kinetic parameters were accessible for compounds with
both smaller and larger side chains including hydrophobic and
polar groups. The substrates were mostly natural or unnatural
amino acids but also included N-methylated amino acids, a 3
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Table 2. Kinetic parameters® for substrates exhibiting substrate inhibi-
tion.

No. Structure * K., Imin™'l K}, [mM] Kg [mm]
HaN{  COO
29 >< na  023+0.06 116450 2494114
H H
N
o
30 QVCO L 0.71+0.23 1695 £681 903 437
Conditions:  [PheATE-His]=1 um, [MgCl,]=10 mm, [HEPES]=50 mm,

pH 8.0, [EDTAI=1 mm, [NaCl]=100 mm, [*PIPP;: 0.045 uCi per reaction,
[PP]=0.1 mwm, [ATP]=2 mm. [a] The time courses and the substrate inhib-
ition plots are shown, respectively, in Figure S1BA and BB for Gly (29),
and Figure S1BC and BD for L-Pro (30) (see the Supporting Information).
[b] Not applicable.

amino acid, a dipeptide and compounds with alternative ste-
reochemistry at C,.

Typical Michaelis—Menten plots for the best (L-Phe, 1) and
worst (L-Cys, 24) measurable substrates are shown in Figure 2B
and D, respectively. The rates shown were derived from time
courses for which examples are shown in Figure 2A (for L-Phe,
1) and C (for L-Cys, 24). All time courses and Michaelis-Menten
plots for the other substrates listed in Tables 1 and 2 are
shown in Figure S1 in the Supporting Information.

Generally, conventional saturation curves were observed, but
Gly (29) and L-Pro (30) exhibited substrate inhibition (Table 2).
This means that higher substrate concentrations were inhibito-
ry, giving rise to an uncompetitive inhibition pattern, and that
an inhibition constant could be determined (Table 2). These
two amino acids are small (Gly, 29) or relatively compact (L-

ChemBioChem 2009, 10, 671 -682
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Pro, 30), so that the binding of a
second substrate molecule at
the active site is conceivable.”
For some substrates, a full satu-
ration profile could not be ob-
tained due to limiting substrate
solubility (see the Supporting In-
formation).

In our discussion, we use the
Michaelis—Menten parameters to
describe the binding and catal-
ysis of alternative substrates.
Second order rate constants
(kat/Ky) were used to describe
relative specificity.?¥ Given the
relatively low turnover rates,
substrate association is likely to
be fast relative to the catalytic
turnover, allowing for an approx-
imation of substrate binding by
Ky. Nonproductive activation
(that is, the hydrolysis of the
miscognate aminoacyl adeny-
lates, or pretransfer editing)”
has been explicitly ruled out by
Luo etal. in the highly homolo-
gous GrsA A-domain.?

The dynamic range covered
by these substrates varies
50000-fold in Kj, 300-fold in k.,
and 10%fold in k.,/Ky. In most
cases, the data points adduced
for the calculation of initial rates
correlate  extraordinarily  well
(correlation  coefficients R>
0.992), demonstrating that the
assay procedure produced high-
quality data, even for the sub-
strates whose activity was mar-
ginal, allowing for the measure-
ment of k.,/Ky as small as 6x
102 min"'mm~". Activities
against substrates with a second
order rate constant (k./Ky) ap-
proximately tenfold below this
value could not be detected,
providing a lower limit for possi-
ble assignments at 107%
103 min"'mm .

Five substrates had been
tested previously in the same
assay with the highly homolo-
gous GrsA A-domain, which
shares an identical binding
pocket (Figure 3)?® and exhibits
79% amino acid sequence ho-
mology (or 64% amino acid
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Figure 2. Determination of Michaelis-Menten parameters for substrate analogues of TycA by the ATP/PP;-ex-
change assay. A) Linear time courses and B) Michaelis-Menten plot for the best substrate, L-Phe (1); C) Linear time
courses and D) Michaelis-Menten plot for the worst substrate, L-Cys (24). Conditions: [PheATE-His]=0.1 um for -
Phe and [PheATE-His]=1 pm for -Cys, [MgCl,]=10 mm, [HEPES]=50 mm, pH 8.0, [EDTA]=1 mwm, [NaCl]=

100 mm, [**PIPP;: 0.045 uCi per reaction, [PP]=0.1 mm, [ATP]=2 mm.
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Figure 3. Substrate binding interactions in the GrsA A-domain. The structure of the GrsA A-domain® was used as
a model of the TycA A-domain based on their high homology. Sequence alignments exhibit 79% amino acid se-
quence homology (or 64% amino acid identity, as determined by BLAST®®) and indicate that they have identical
residues in the binding pocket. The homology modeling of the TycA A-domain by analogy to the GrsA A-domain
with SWISS-MODEL"®” showed a perfect superposition of the binding pocket residues between both structures.
A) The 3D structure generated from PDB ID: TAMU?® using PyMOL (v0.99). The ten binding-pocket residues" are
shown in blue, the natural amino acid substrate L-Phe (1) in red and the ATP breakdown product AMP in green.
B) A 2D representation of the binding pocket with L-Phe (1). The labels follow the numbering in GrsA. In TycA
Asp235 corresponds to Asp223, Ala236 to Ala224, Trp239 to Trp227, Thr278 to Thr266, 1le299 to 11e287, Ala301 to
Ala289, Ala322 to Ala310, lle330 to 1le318, Cys331 to Cys319 and Lys517 to Lys506.
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identity, determined by BLAST®®) with the TycA A-domain. Our
results are broadly consistent with this previous study. As in
GrsA,? (-Trp (8), L-Tyr (6) and L-Leu (14) were amongst the
best proteinogenic substrates (Table 1). However, the extent to
which L-Phe (1) was favored was much more pronounced for
the TycA adenylation activity; k../Ky is three orders of magni-
tude higher for L-Phe (1) than it is for the second-best protei-
nogenic amino acid substrate, L-Tyr (6), whereas in GrsA, this
discrimination is only 13-fold over L-Trp (8), 16-fold over L-Leu
(14) and 300-fold over L-Tyr (6).”” Given that the active-site
residues in TycA and GrsA are identical, the reason for this
difference in discrimination is not clear but might be ascribed
to distinct complex conformational dynamics. Alternatively,
changes in the “second shell” amino acids close to the binding
pocket might contribute to this change in specificity.

Diversity of alternative substrates

The collection of substrates studied encompasses the following
groups in comparison to the native substrate:

1) L versus b amino acids: The TycA A-domain exhibits only a
two- to fourfold stereoselectivity for L over b isomers, as
measured by k./Ky (Table S1). Similar k., values together
with an increased Ky, indicate that binding is slightly com-
promised but that a similar catalytic conformation can be
reached, which leads to a nearly identical turnover number.
The selectivity is much less pronounced than that observed
for the downstream C-domain donor site, ProC.® The toler-
ance can be explained in terms of functional evolution by
the lack of p-Phe (2) in cells but remains remarkable, as it
indicates that the substrate has some flexibility in binding
while still maintaining the proper alignment of the reactive
centre. Indeed, the GrsA A-domain structure® had already
indicated that L- and p-Phe can be accommodated with
little or no change in protein conformation. Similarly, the
k../Kw values of L- and p-Tyr differ only by threefold, and
again the difference is mainly due to an increase in K, (al-
though the parameters in this case are less reliable due to
the lack of full saturation, see Figure S1P).

2) a versus B amino acid: The introduction of § homo amino
acids into nonribosomal peptides would decrease their sus-
ceptibility to degradation by proteolysis and broaden their
structural diversity.*” We detected activity for one such f
homo amino acid, L-f-homophenylalanine (27), although
k../Kw is dramatically decreased by 10*fold compared to
that of L-Phe (1). Both kinetic parameters are affected by
100-fold, but relative to their respective dynamic range in
this study, k.. is much more affected than Kj,. Despite the
identity of the side chain (corresponding to a limited
change in K),), there appears to be little flexibility regarding
the alignment of the ammonium and carboxylate binding
contacts that position the substrate for catalysis between
Asp223 and Lys506 (corresponding to Asp235 and Lys517,
respectively, in GrsA numbering (Figure 3)).1"? Thus, the
extension of the amino acid backbone has a much larger
effect on k. than does the substitution of various side
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chains that differ more strongly in structure from the native
substrate; only three substrates—20, 24 and 26 in
Table 1—show lower k., values.

3) Modification at the amino terminus: To further probe the
alignment of the substrate between Asp235 and Lys517, N-
terminally modified substrates were tested. The introduc-
tion of N-methylation at the amino terminus increases the
steric demands for the interaction between the substrate
ammonium group and Asp235. N-methyl-.-Phe (25) and
N,N-dimethyl-L-Phe (26) were accepted as substrates and
showed decreases in catalytic efficiency of three and five
orders of magnitude, respectively (Table 1). These results
demonstrate that even electronically conservative and
merely steric changes at the ammonium group are penal-
ized and severely impair catalysis. This observation is also
confirmed by the kinetic parameters obtained with the di-
peptide Gly-L-Phe (28) (Table 1), where the amine function
is sterically and electronically altered by acylation. The acy-
lation of the amino group of L-Phe (1) causes a decrease of
four orders of magnitude in catalytic efficiency. This 10*
fold discrimination between the k./Ky, values for L-Phe (1)
versus the dipeptide demonstrates stringent control of the
length of the substrate (and subsequently of the final pep-
tide product).

4) Amino acids that were not accepted as substrates: Finally,
no activity was detectable for some amino acids bearing
polar side chains (that is, the amide-containing L-GIn (35)
and L-Asn (36)), and for all those with charged side chains
(L-Glu (37), L-Asp (38), L-Arg (39) and L-Lys and its deriva-
tives (40-43), Table 3), although the latter were reported to
bind to GrsA.?” Table 3 shows all the potential substrates
tested for which no turnover could be detected, that is,
k../Kn was below the limit of 107> min~'mm™", even at sub-
strate concentrations approaching the solubility limit.

Discussion

The large number of substrates studied allows an attempt to
identify the driving forces and the specificity determinants
involved in amino acid recognition by the TycA A-domain. To
this end, comparisons of k./K,, values were used to evaluate
the energy barrier starting from free enzyme and substrate,
whereas comparisons of k., would refer to different starting
complexes (E-S; vs. E:S,). The different starting points explain
why the range of k./Ky values observed spans three orders of
magnitude more than do the k. values. In many previous
studies of A-domains, k./K, data are not directly available,
making a direct comparison often impossible. A distinction be-
tween these parameters is important, as the quantitative as-
sessment of promiscuity crucially hinges on which comparison
is used.

The pattern that emerges from studies of alternative sub-
strates indicates that this A-domain is relatively intolerant to
tampering with the molecular recognition of the substrate
ammonium and carboxylate groups by Asp235 and Lys517, re-
spectively. Increasing the distance between these groups (in 8
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amino acids) or derivatising the amino group (by N-methyla-
tion or -acylation in dipeptides) leads to a substantial loss of
catalysis. In contrast, the binding pocket can accommodate
side chains of different sizes and electronic properties, al-
though all charged and some polar substrate side chains show
no activity. In this study, different series of substrates were
tested, providing the basis for the identification of general
trends contributing to substrate recognition. For example, in
the four following series comparing closely isosteric side
chains, the catalytic efficiency (k./Ky) decreases with polarity
(or increases with hydrophobicity):

CH(CH,), (17) > CH(CH;)OH (22)

CH,CH; (18) > CH,0OH (23)~CH,SH (24) > CH,NH; " (43)

(CH,),CH; (15) > (CH,),SH (19) > (CH,),NH; ™ (42)

(CH,)sCH; (5) > (CH,),SCH; (12) > (CH,);NH; ™ (41).

Comparisons of substrates with different side chain lengths
also show that catalytic efficiency (k./Ky) increases with in-

creasing side-chain length:

(CH,);CH; (5) > (CH,),CH; (15) > CH,CH; (18) > CH, (21)
CH(CH;)CH,CH; (10) > CH(CH,), (17)

(CH,),SCH; (12) > (CH,),SH (19) > CH,SH (24).

For these compounds, in which the side chains are smaller

Table 3. Substrates® exhibiting no measurable activity under the conditions listed.

No. Structure * [TycAl tz [Substrate] tested [mm]
[um] [min] Min Max
Q
\
C—NH,
31 H3N+w L 03 60 2 50
-00C
32 @ L 0.1 20 0.96 24
HaN+
-00C
33 @ D 0.1 20 0.96 24
HaN+
S /N
34 ;:N} <s D 1 60 2 50
-00C OH
35 ¥ (CH,),C—NH, L 1 120 9.2 230
HaN+
-00C ?
36 * CH,~C—NH, L 1 120 6.2 155
HaN+
-00G
* -
37 )*(CHz)zCOO L 1 120 0.2 5
HaN+
-00G
* -
38 )'CHz*COO L 0.1 30 72.8 1820
H3N+
- +
oog o NH,
39 )*(CHz)s N—< L 1 60 48 1200
HaN# NH,
-00C
*
40 }(CH2)4 "NH3 L 0.1 30 50 1250
HaN+#
-00C
*
41 )*(CHz)JNHs L 1 60 50 1250
HaN+
-00C,
*
42 )"(CHz)z*NHa L 1 60 50 1250
HaN+
-00G
*
43 }CHz‘*NHa L 1 60 8.8 220
H3N+

aminopropionic acid (43). [b] Reaction time.

Conditions: [MgCl,]=10 mwm, [HEPES] =50 mwm, pH 8.0, [EDTA]=1 mwm, [NaCl] =100 mwm, [**P]PP;: 0.045 nCi per
reaction, [PP]=0.1 mm, [ATP]=2 mm. Note: the pH was unchanged after the addition of the substrate to the
reaction mixture. [a] L-Phe amide (31), L-phenylglycine (32), b-phenylglycine (33), p-luciferin (34), L-GIn (35), -
Asn (36), L-Glu (37), L-Asp (38), L-Arg (39), L-Lys (40), L-ornithine (41), L-2,4-diaminobutyric acid (42), L-2,3-di-
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than that of the natural sub-
strate L-Phe (1), the discrimina-
tion between substrates must be
due to well-defined interactions
with the binding pocket. The
various contributions to sub-
strate discrimination are dis-
cussed below.

1) Electronic  properties and
hydrophobic effects: The lack of
observed catalysis for charged
substrates (Table 3, 37-43) con-
firms the major role of the elec-
tronic character of the side chain
and could indicate that interac-
tions of these substrates with
the A-domain are not strong
enough to overcome the hydro-
gen-bonding of the substrate
with solvent water as a prerequi-
site for binding in a hydrophobic
pocket.”” The energy of desolva-
tion of a charged group could
be so large that it precludes
binding in a hydrophobic
pocket. The native substrate (L-
Phe (1)) in the GrsA A-domain
crystal structure appears com-
pletely desolvated.”® Alternative-
ly, the protein could rearrange
so that the solvated substrate
could fit in the binding
pocket,”*"! but this possibility is
unlikely given how hydrophobic
the TycA A-domain is, and fur-
ther ruled out by considerations
discussed below.

Hydrophobic effects can pro-
foundly influence the binding of
ligands or substrates. Often,
these binding events—based on
the differential thermodynamics
of solvation and desolvation of
the substrate and the corre-
sponding binding pocket, and
van der Waals interactions—are
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accompanied by induced-fit conformational rearrangements,’
making them difficult to interpret or predict.”” The approach
described herein provides an empirical method that might be
useful for the understanding of molecular recognition patterns
based on hydrophobic interactions in A-domains but more
generally in other enzymes whose substrate specificity is yet to
be explored. Defining the TycA A-domain binding pocket in
terms of hydrophobicity characterizes its molecular recognition
profile and complements previous approaches, in which a
steric fit or a specific hydrogen-bonding pattern has been used
to explain specificity patterns.!"'%2¢

In quantitative structure-activity relationships,” the Hansch
log P value (based on partitioning coefficients between water
and n-octanol) is a useful hydrophobicity descriptor for corre-
lating functional parameters ranging from toxicity™ to inhibi-
tion’ and catalysis.“**” To assess the hydrophobicity of sub-
strate side chains, we calculated their logP values® Side
chains (rather than the whole substrate) were chosen to focus
on the interactions between the variable part of the substrate
structure and the binding pocket. Figure 4 correlates the hy-
drophobicities of the substrate L-amino acid side chains with
the catalytic efficiency (Table 1). The entire data set shows a
broad trend, namely that the hydrophobic substrates have
higher second-order rate constants (k../Ky). However, the cor-
relation also exhibits considerable scatter, which can be partly
resolved if subsets of the data are used to derive a more pre-
cise correlation. Linearity (R=0.97) is observed for the log(k../
Ky) values plotted against the logP values calculated for ali-

42]

N W A

log k. /Ky,

1 1

16 2 25 3

log P

Figure 4. Hydrophobicity plays a key role in the substrate specificity of the
TycA A-domain. A plot of log(k.../Ky), derived from the ATP/PP-exchange
assays versus Hansch log P (calculated by using ChemBioDraw Ultra 11.0“%)
for the side chains of L-amino acid substrates, relates hydrophobicity and
catalytic efficiency. The substrates were divided into four classes according
to their side chain properties: natural substrate [m: L-Phe (1)], aliphatic side
chains smaller than L-Phe (1) [@: -cyclohexyl-L-alanine (3), L-norleucine (5),
L-lle (10), L-Leu (14), L-norvaline (15), L-Val (17), L-2-aminobutyric acid (18)
and L-Ala (21)], heteroatom-containing aliphatic side chains smaller than L-
Phe (1) [0: L-Met (12), L-homocysteine (19), L-His (20), L-Thr (22), L-Ser (23)
and L-Cys (24)], and side chains bigger than L-Phe (1) [X: 4-amino-L-Phe (4),
L-Tyr (6), L-homophenylalanine (7), L-Trp (8) and 3-nitro-L-Tyr (11)]. Amino
acid substrates exhibiting substrate inhibition (29, 30) are excluded. The
numbers in the plot refer to the compound numbers listed in Table 1. The
subset of the substrates that contain aliphatic side chains smaller than L-Phe
(@) shows a linear correlation with a slope of 2.3. The correlation coefficient
R of the corresponding fit is 0.97.
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phatic side chains (measured for eight substrates with side
chains containing only C and H atoms). The linear correlation
with a slope of 2.3 over four orders of magnitude of k_/Ky
values suggests that at least for this subset of eight substrates,
hydrophobicity is a major determinant of substrate discrimina-
tion. The accuracy of the correlation is remarkable, as the size
of the side chain varies between one and seven carbon atoms
for residues as different as L-Ala (21) and p-cyclohexyl-L-alanine
(3). These substrates can be presumed to be relatively flexible,
possibly allowing an induced-fit scenario, in which both the
enzyme and substrate align to maximize van der Waals inter-
actions (dispersion forces), making hydrophobic interactions a
major driving force for the transfer of a hydrophobic substrate
into the hydrophobic region of the protein. Hydrophobic sub-
strates will partition into a hydrophobic pocket, because the
exposure of a hydrophobic compound in an aqueous solvent
results in the reorganization of the solvent hydrogen-bonding
network and leads to a decrease in the entropy of the system
(or an increase in the local order of water molecules). The
value of the slope of 2.3 observed in Figure 4 indicates that
the TycA A-domain binding pocket appears 2.3-fold more
hydrophobic than n-octanol, that is, that the decrease in the
activation energy is 2.3 times greater than the free energy of
transfer of the alkyl groups from water to n-octanol. A twofold
factor can be ascribed to a corresponding entropy increase in
the solvent as two disfavoured hydrophobic-water interfaces—
one around the substrate and one inside the enzyme binding
pocket—are removed upon the formation of the enzyme-sub-
strate complex.*”” A similar, linear correlation with a slope of
2.2 between amino acid side chain hydrophobicity (logP) and
log(k.../Kv) has been observed for the chymotrypsin-catalyzed
hydrolysis of a series of esters (N-acetyl-L-amino acid methyl
esters R-CH(NHAc)CO,CH;, where R is an unbranched alkyl
chain).*” In both cases, the favourable entropy of desolvation
leads to transfer of a hydrophobic substrate into the hydro-
phobic pocket of the catalyst.

2) Shape complementarity and van der Waals interactions
(dispersion forces): Deviations from the above-mentioned cor-
relation (Figure 4) can be rationalized by invoking additional
factors. Nonpolar interactions such as van der Waals interac-
tions will contribute significantly to binding and catalysis when
specific, close-packed interactions are involved, because the
proximity of substrate and residues lining the binding pocket
provides more opportunities for interaction. For example, the
isoleucyl-tRNA synthetase binds valine, with a side chain lack-
ing only one CH; group compared to isoleucine, 150 times
more weakly because of the loss of the van der Waals interac-
tion of this methylene group with the binding pocket.* In the
case of the TycA A-domain, van der Waals interactions can ex-
plain the deviation of the natural substrate L-Phe (1) from the
linear correlation observed with the hydrocarbon aliphatic side
chains (Figure 4) and account for a gain of more than two
orders of magnitude in catalytic efficiency. The stacking of the
substrate phenyl ring between two walls of the binding
pocket leads to a high degree of shape complementarity and
the potential for productive van der Waals interactions.”® Fol-
lowing this argument, the large deviation of L-Met (12), de-
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spite its lower shape complementarity, can be ascribed to in-
creased van der Waals interactions due to the high polarizabili-
ty of the sulfur ether group.*” Van der Waals interactions
might also compensate for the low hydrophobicity of the het-
eroatom-containing substrates, L-Ser (23), L.-Thr (22) and L-His
(20) that deviate from the logP correlation (Figure 4), giving
their side chain an overall quasi-neutral contribution to amino
acid binding; the substrate without a side chain, Gly (29),
shows similar activity (Table 2).

3) Steric exclusion: Substrates larger than the natural sub-
strate are disfavoured, although they share most of the fea-
tures of L-Phe (1). A pronounced decrease in catalytic efficiency
is observed, even if only one heavy atom is added. For exam-
ple the k/K, for L-Tyr (6) is 800-fold lower than that for L-Phe
(1). A more hydrophilic substrate with a similar size, 4-amino-L-
Phe (4), shows a similar activity to that of L-Tyr (6), indicating
that substrate side-chain size can be predominant over hydro-
phobicity. This is consistently the case for all substrates larger
than L-Phe (1), but not for those that are smaller. Thus, the ob-
served discrimination is a consequence of steric exclusion. 3-
Nitro-L-Tyr (11), a derivative of L-Tyr (6) with an additional nitro
group in the meta position of the phenyl ring, also shows a
very similar activity compared to L-Tyr (6), indicating that the
steric exclusion is more stringent at the para position, and that
steric fit (or shape complementarity) is looser along the plane
of the L-Phe (1) phenyl ring. This is confirmed by the observa-
tion that L-Trp (8), the second-best natural substrate analogue
of the TycA A-domain, shows an 1800-fold decrease in catalytic
efficiency compared to that of L-Phe (1). This decrease is only
twice as large as that observed for L-Tyr (6), despite a much
larger side chain. For L-homophenylalanine (7), an L-Phe (1)
derivative in which an additional methylene group has been
inserted at the C,, k./Ky decreases by 1700-fold (that is, well
below the “hydrophobic baseline”), although all the recogni-
tion elements of L-Phe (1) are present. In all cases, the steric
exclusion of the larger side chains might upset the orientation
of the ammonium and carboxylate centres leading to subopti-
mal positioning of the substrate for nucleophilc attack on ATP.

It is difficult to generalize these observations, because there
are few or no examples where a set of k./Ky, values are avail-
able. At least one A-domain (of enniatin synthetase) exhibits
similar characteristics: acceptance of various substrates but
also evidence for size exclusion and lack of acceptance of
charged substrates, although in this case, only product yields
(roughly corresponding to k., data) were available.”” It will be
interesting to probe by measuring k./Ky, values whether these
specificity features are more generally shared amongst other
A-domains.

Specificity and selective pressure

The substrate acceptance exhibited by the TycA A-domain
raises the question whether such a profile represents an
enzyme under intense selection pressure or one that was not
evolved to be specific. Aminoacyl-tRNA synthetases that cata-
lyze the same chemical process (that is, the adenylation of
amino acids) provide a system for comparison, despite the lack
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of sequence or structure homology.?**"*¥ Aminoacyl-tRNA
synthetases have evolved under substantial selective pressure
ensuring high fidelity in protein synthesis.”® For example, the
discrimination between valine and isoleucine by valyl-tRNA
synthetase measured by the ATP/PP-exchange assay, is worth
more than a 10°-fold reduction in k/K,"* although the sub-
strates differ only by one CH; group. For phenylalanyl-tRNA
synthetase, the discrimination between phenylalanine and ty-
rosine is less pronounced, but still 1800-fold,” as a conse-
quence of the addition of just one hydroxyl group. The latter
example roughly matches the discrimination between L-Phe
(1) and larger amino acids in the TycA A-domain. By contrast,
the discrimination for unnatural amino acids with the same
number of heavy atoms is much less pronounced; L-Phe (1) is
only a 45-fold better substrate than B-cyclohexyl-L-alanine (3),
and the binding of p-Phe (2) is only decreased by twofold
compared to that of L-Phe (1). Likewise, unnatural L-norleucine
(5) exhibits the same activity as L-Tyr (6) despite a structurally
very different side chain. This weaker discrimination for un-
natural amino acids is likely to be due to a lack of selective
pressure and is mirrored in aminoacyl-tRNA synthetases, which
activate a range of unnatural substrate analogues but discrimi-
nate stringently between natural substrates.*®*”

Collectively, these considerations suggest that the discrimi-
nation between substrates by the TycA A-domain is compara-
ble with that by the corresponding aminoacyl-tRNA synthetase
(phenylalanyl-tRNA synthetase) at the level of the amino acid
adenylation reaction and imply that there is high selective
pressure on the adenylation activity specificity of TycA. Nonri-
bosomal peptides are often not essential for growth and prolif-
eration of the producer organism (for example, tyrocidine and
gramicidin S),*® and in some cases, the peptide sequence de-
pends on the concentrations of the amino acids added to the
growth media (e.g. for tyrocidine,”® surfactin® and cyclospor-
ine).®” Some NRPS modules have been shown to be promiscu-
ous in vivo, for example, in tyrocidine synthesis where Phe and
Tyr residues at positions 3, 4 and 7 can be replaced by Trp.”?
These examples suggest low evolutionary pressure for accurate
substrate recognition by some NRPS A-domains, in contrast to
the apparently higher selective pressure on TycA for the specif-
ic activation of L-Phe (1) . The reason for this discrimination
could lie in downstream processing; the thioesterase domain
(TE-domain) that cyclizes the linear precursor of tyrocidine is
intolerant to amino acid substitution at the first position of the
peptide, which depends on TycA specificity.®” In elongation
modules, both the A-domain and the C-domain acceptor site
are selectivity filters® so an incorrect aminoacyl-S-phos-
phopantetheine(Ppant) intermediate is not processed further
and eventually hydrolyzed by type Il thioesterases (TElls) after
an increased half-life.*” However, in TycA, such an intermediate
is processed almost normally, since the E-domain has a broad
substrate tolerance® and the downstream C-domain donor
site is stereoselective but not side chain selective.®™ As a con-
sequence, the downstream proofreading of TycA substrate
selectivity only occurs at the level of the TE-domain. The high
energetic cost of the hydrolysis of an incorrect decapeptidyl-S-
Ppant intermediate would then explain why there is substan-

679

www.chembiochem.org


www.chembiochem.org

BIO

tial selective pressure on the TycA A-domain to only activate
amino acids that can be finally cyclized.

Conclusions

This work defines TycA as a surprisingly specific enzyme com-
parable in its amino acid adenylation selectivity to the corre-
sponding phenylalanyl-tRNA synthetase, despite its ability to
accept a large number of substrates in principle. The enzymes
of secondary metabolism such as TycA have been considered
more tolerant than those of primary metabolism.®® Promiscui-
ty in the biosynthetic pathways of secondary metabolites has
been identified as an evolutionarily advantageous feature,®”’
and many examples of pathway engineering (most notably in
carotenoid biosynthesis®®®) exist. However, this work suggests
that in the case of TycA, specificity (measured by k,/K) is sub-
stantial, despite an underlying level of promiscuity with a
“baseline activity,” for which the key prerequisite is hydropho-
bicity of the substrate side chain. For these substrates, the
TycA A-domain can still show detectable, and thus evolvable,
activity for a range of substrates. In this context, the potential
of catalytic promiscuity based on hydrophobic interactions
could be harvested for the directed evolution of A-domains
that are the entry points for enzymatic NRPS assembly lines.
The baseline level of relatively nonspecific activity that hydro-
phobicity confers might be exploited as a head start for further
specialization, while already conferring a selectable advantage.
However, the barrier that has to be overcome can still be con-
siderable, highlighting the obstacles to combinatorial biosyn-
thesis—where multiple enzymatic processing of alternative
building blocks is required—even after successfully passing a
gatekeeper domain such as TycA. Therefore, the engineering
of A-domains for the recognition of alternative substrates
would represent the first important step in the specificity
change of a multistep biosynthetic machinery. This raises the
question of what the best strategy for evolutionary improve-
ment will be and where the most convenient entry points for
functional adaptation of specificity are. These considerations
are important given that directed evolution rarely delivers im-
provements of more than a few orders of magnitude. A com-
parison between natural substrates and some unnatural sub-
strates seems to indicate that the selective pressure under
which TycA evolved has lead to stronger discrimination against
potential substrates available in the cell. If this observation can
be generalized, the incorporation of the unnatural building
blocks desired in combinatorial biosynthesis would present a
smaller challenge than the use of natural amino acids. Strategi-
cally, small changes to the substrate structure like the gradual
introduction of polar or charged functional groups, might
allow an “adaptive walk”® that gradually approaches the de-
sired target reaction. As in natural evolution aided by catalytic
promiscuity, this strategy will make the maintenance of a de-
tectable (and thus selectable) level of activity more likely and
could render directed evolution approaches feasible.
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Experimental Section

Chemicals: All chemicals were purchased from Sigma-Aldrich
unless stated otherwise. -cyclohexyl-L-alanine (3), p-Met (13), L-
Phe amide (31), L-phenylglycine (32) and b-phenylglycine (33)
were purchased from Novabiochem. p-Luciferin (34) and L-homo-
cysteine (19) were purchased from Promega and Biosynth (Staad,
Switzerland), respectively. Radiolabeled tetrasodium [*’P]pyro-
phosphate ([*’P]PP) was purchased from Perkin-Elmer.

Expression and purification of TycA: The production of His-
tagged TycA (PheATE-His) was performed in E. coli BL21(DE3) bear-
ing the vector pSU18-tycA-PheATE-His.”® In a baffled flask (2 L),
2xYT medium (500 mL) containing chloramphenicol (20 ugmL™")
was inoculated (1:100) with an overnight culture made from a
fresh colony of the above strain and grown at 37 °C to ODgy,~0.6.
IPTG was added (final concentration of 0.5 mm), and the culture
was grown for another 4h at 30°C. The cells were pelleted
(30 min, 4000 rpm, 4°C), resuspended in binding buffer (0.5m
NaCl, 20 mm Tris-HCl, 5 mm imidazole, pH 7.8) and stored at
—20°C, if necessary. For cell lysis, DNasel (NEB, 0.2 UmL™") was
added, the cells were broken with an emulsifier, centrifuged (1 h,
18,000 rpm, 4°C) and filtered (0.45 um). The protein was affinity-
purified on a HisTrap FF column on an AKTA chromatography
system (GE Healthcare) with binding buffer with a linearly increas-
ing imidazole concentration (5-250 mm). The pure protein was
then dialyzed against the assay buffer (50 mm HEPES, 100 mm
NaCl, 1 mm EDTA, pH 8.0) and stored in aliquots at —20°C. Protein
concentration was determined by the Bradford assay (M,, of TycA
PheATE-His=123868.4 gmol™') and by measuring the absorbance
at 280 nm (g,5,=142685m 'cm ™).

Kinetic measurements using the ATP/PP;-exchange assay in a
96-well format: The reactions (60 uL) were carried out in the assay
buffer (50 mm HEPES, 100 mm NaCl, 1 mm EDTA, pH 8.0) at the fol-
lowing final concentrations: 10 mm MgCl,, 0.0007 uCiuL™" [**PIPP,
2 mm ATP, 0.1 mm Na,P,0,, 0.1 or 1 um TycA PheATE-His. A concen-
trated solution (3x, 20 pL) of enzyme (also containing MgCl, and
[*’P]PP; in the assay buffer) was used to start the reaction with a
multichannel pipette in microtubes (1.2 mL, Greiner Bio One) by
adding it to a prereaction mixture (1.5%, 40 uL) containing the
substrate, ATP and PP; in the assay buffer. The enzyme concentra-
tion, substrate concentration and reaction time were optimized for
every substrate. The reaction was stopped at different time points
by transferring the reaction mixture (60 ulL) to Stop Mix (60 pL,
150 mm Na,P,0,, 840 mm perchloric acid, 3.6% (w/v) charcoal) in a
Black & White plate (Perkin-Elmer). Water (130 uL) was then added
to each well, and the plate was centrifuged (3 min, 4000 rpm,
20°C). The fluid containing the excess [*’P]PP; was removed by in-
verting the plate. After the charcoal was washed twice with H,0
(220 pL), it was resuspended in scintillation fluid (150 L, Optiphase
Supermix, Perkin—-Elmer), and the radioactivity was measured after
48 h of incubation by reading in top mode for 1 min per well in a
MicroBeta, 96-well plate, liquid scintillation counter (Perkin—Elmer).
The amount of radiolabeled ATP formed (adsorbed to charcoal)
was calculated from counts per minute (cpm) values, corrected for
the counts measured in the absence of amino acid substrate. The
Michaelis-Menten parameters K, and k., and the substrate inhibi-
tion parameters K|, k., and K4®? were calculated from the initial
velocity of time curves with different substrate concentrations by a
nonlinear least-squares fit to the Michaelis—-Menten equation or the
analogous formula taking account of substrate inhibition,*? using
Kaleidagraph (see the Supporting Information for a detailed calcu-
lation of k., from the radioactivity measurements). A second ATP
binding site has been postulated for one A-domain of ACV synthe-
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tase.” There is no evidence that this is the case for TycA. However,
should there be a two-substrate reaction involving a second ATP
binding site, then the K,, values calculated would be apparent con-
stants (specific for the fixed concentration of MgATP).
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