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ABSTRACT: Arylalkylamine N-acetyltransferase like 7 (AA- o] NH, 3 CH,
NATL7) cata}yzes_the formation of N-acetylarylalkylami(_les H3CJ\S—C0A A AANATLY, N\\jNH I
and N-acetylhistamine from acetyl-CoA and the corresponding

amine substrate. AANATL7 is a member of the GNAT Acetyl-CoA Histamine HS-CoA N-acetylhistamine

superfamily of >10000 GCNS-related N-acetyltransferases,

many members being linked to important roles in both human metabolism and disease. Drosophila melanogaster utilizes the N-
acetylation of biogenic amines for the inactivation of neurotransmitters, the biosynthesis of melatonin, and the sclerotization of
the cuticle. We have expressed and purified D. melanogaster AANATLY7 in Escherichia coli and used the purified enzyme to define
the substrate specificity for acyl-CoA and amine substrates. Information about the substrate specificity provides insight into the
potential contribution made by AANATLY7 to fatty acid amide biosynthesis because D. melanogaster has emerged as an important
model system contributing to our understanding of fatty acid amide metabolism. Characterization of the kinetic mechanism of
AANATL7 identified an ordered sequential mechanism, with acetyl-CoA binding first followed by histamine to generate an
AANATL7-acetyl-CoA-histamine ternary complex prior to catalysis. Successive pH-—activity profiling and site-directed
mutagenesis experiments identified two ionizable groups: one with a pK, of 7.1 that is assigned to Glu-26 as a general base and a
second pK, of 9.5 that is assigned to the protonation of the thiolate of the coenzyme A product. Using the data generated herein,
we propose a chemical mechanism for AANATL7 and define functions for other important amino acid residues involved in

substrate binding and regulation of catalysis.

F atty acid amides, R-CO-NH-R/, represent a diverse family

of bioactive lipids produced in both vertebrates and
invertebrates.' ™ We have proposed that one route for the
biosynthesis of the fatty acid amides involves the reaction of an
amine with a fatty acyl-CoA in a reaction catalyzed by an N-
acyltransferase: R-CO-S-CoA + H,N-R" — R-CO-NH-R' +
CoA-SH. Drosophila melanogaster is an excellent model system
for the study of fatty acid amide metabolism because these
insects (a) produce fatty acid amides,”* (b) are inexpensive to
grow and maintain, (c) possess a genome that has been
sequenced, and (d) can be manipulated genetically with relative
ease. Intriguingly, we and others have identified the genes of
seven putative N-acyltransferases in D. melanogaster by
“genome mining” using the DNA sequences of known N-
acetyltransferases.”® These seven putative N-acyltransferase
enzymes seem to be related to two arylalkylamine N-
acetyltransferases (AANATSs) of D. melanogaster, AANAT
variant A (AANATA) and variant B (AANATB).>™” As a
consequence of their resemblance to AANATA and AANATB,
the putative D. melanogaster N-acyltransferases are called
arylalkylamine N-acetyltransferase like enzymes, AANATL2—
8. Our goal is to clone and overexpress each of these
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AANATLs, AANATA, and AANATB in Escherichia coli,
characterize the recombinant enzymes in vitro, and, ultimately,
determine if any of these enzymes do participate in fatty acid
amide metabolism in the fly.

Herein, we describe the expression and overproduction of D.
melanogaster AANATL7 in E. coli and the subsequent
characterization of the recombinant enzyme in vitro. In contrast
to AANATL2,* AANATL7 will not accept long-chain acyl-
CoAs as substrates. The specificity of AANATL7 for its acyl-
CoA and amine does show some overlap with that of
AANATA,6 but there are some differences in the substrate
specificities between the two enzymes. While the in vitro
substrate specificity data for AANATL7, AANATA, and
AANATB suggest that these enzymes are not involved in
long-chain fatty acid amide metabolism, Saghatelian et al.®
caution that in vitro specificity data may not accurately predict
which substrates are processed by that enzyme in vivo.
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Relative to AANATA, AANATL7 exhibits a more narrow
preference for the acyl-CoA substrates, but a broader
preference for the amine substrates.’ In particular, non-
arylalkylamines are not substrates for AANATA and AANATB
but are substrates for AANATL7. Histamine, generated by the
decarboxylation of histidine, is acetylated by AANATL7.”~"" In
the fly, histamine is a neurotransmitter and is found
predominately in the nervous system,'>”'* with the highest
levels being identified in the eye.”'® The N-acetylation of
histamine is likely involved in its inactivation as a neuro-
transmitter, and our identification and characterization of
AANATLY7 is the first report of an enzyme in D. melanogaster
that catalyzes histamine acetylation.

AANATL7 is a member of the GCNS-related N-
acetyltransferase (GNAT) family of enzymes.'”'® Herein, we
report work to define the kinetic and chemical mechanism of
AANATL7 coupled to targeted site-directed mutagenesis
experiments to define active site amino acids involved in
catalysis. Substrate binding is ordered, with acetyl-CoA binding
first to form the AANATL7-acetyl-CoA complex, followed by
amine binding to generate the AANATL7-acetyl-CoA-amine
ternary complex. Catalysis occurs after ternary complex
formation to generate the N-acetylamide and CoA-SH. Our
data point to Glu-26 serving as a general base in catalysis and
show that Pro-27 and Arg-138 are also important in the optimal
architecture of the active site for substrate binding and efficient
catalysis. Lastly, we discuss the structure—function relationships
identified for AANATL7 with respect to the different substrates
and amino acid residues with respect to structural information
available for related N-acyltransferases.

B EXPERIMENTAL PROCEDURES

Materials. ProBond nickel-chelating resin was purchased
from Invitrogen. Polymerase chain reaction (PCR) primers
were purchased from Eurofins MWG Operon. PfuUltra High-
Fidelity DNA polymerase was purchased from Agilent.
BL21(DE3) E. coli cells, E. coli XL10 competent cells, and
the pET-28a(+) vector were purchased from Novagen. Ndel,
Xhol, Antarctic Phosphatase, and T4 DNA ligase were
purchased from New England Biolabs. Kanamycin monosulfate
and isopropyl f-p-1-thiogalactopyranoside (IPTG) were
purchased from Gold Biotechnology. Acetyl-CoA, butyryl-
CoA, hexanoyl-CoA, octanoyl-CoA, oleoyl-CoA, coenzyme A,
and N”-acetylhistamine were purchased from Sigma-Aldrich.
All other reagents were of the highest quality available from
either Sigma-Aldrich or Fisher Scientific.

AANATL7 Transcript Localization. We used the D.
melanogaster cDNA library generated for the head and thorax-
abdomen that was discussed by Dempsey et al.* Amplification
of AANATL7 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) transcripts was achieved by PCR under the
following conditions: initial denaturing step of 95 °C for 2
min, and then 45 cycles of 95 °C for 30 s; varying annealing
temperatures (45, 50, SS, and 60 °C) for 30 s; 72 °C for 1 min;
then a final extension step of 72 °C for 10 min. The primers
used to amplify a 268 bp (AANATL7) and 449 bp (GAPDH)
product [AANATL7, TTTCCGCAAGATTTTCGACT (for-
ward) and TGTAGGGTTGCTCCGAGAAG (reverse);
GAPDH, ATCGTCGAGGGTCTGATGAC (forward) and
ACCGAACTCGTTGTCGTACC (reverse)] were synthesized
by Eurofins MWG Operon. The amplified products were
analyzed by a 1.3% agarose gel, and the band was visualized
with 0.5 pg/mL ethidium bromide under ultraviolet light. Each
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positive band was cut out of the agarose gel, purified by the
Promega Wizard SV Gel and PCR Clean-up system, and
sequenced by Eurofins MWG Operon.

Cloning of D. melanogaster AANATL7. The following
primers were used to amplify the AANATL7 (NCBI reference
sequence NM_130653.3) gene from the D. melanogaster head
cDNA library: 5 TCAGCATATGATGGAGTACAAGAT-
GATTGCACCC 3’ (forward) and S TCAGCTCGAGT-
TAAAGCGACTGCTTCTTCTCAT 3’ (reverse). PfuUltra
High-Fidelity DNA polymerase was used with the following
PCR conditions: initial denaturing step of 95 °C for 2 min, then
30 cycles (95 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min),
and then a final extension step of 72 °C for 10 min. The
AANATL7 PCR product was then inserted into the Ndel and
Xhol restriction sites of pET-28a(+), yielding expression vector
AANATL7-pET-28a. The AANATL7-pET-28a vector was then
transformed into E. coli XL10 competent cells and spread on a
Luria Broth (LB) agar plate supplemented with 40 ug/mL
kanamycin and incubated overnight at 37 °C. A single colony
was then expressed overnight in LB medium supplemented
with 40 pg/mL kanamycin at 37 °C, and the plasmid was
purified from the final culture using the Promega Wizard Plus
SV Minipreps DNA purification kit. The resulting pure plasmid
was sequenced by Eurofins MWG Operon and then trans-
formed into E. coli BL21(DE3) cells for the expression of
AANATL7.

Expression and Purification of AANATL7. The E. coli
BL21(DE3) cells containing the AANATL7 pET-28a vector
were cultured in LB medium supplemented with 40 ug/mL
kanamycin at 37 °C. IPTG was used at a final concentration of
1.0 mM to induce the cell culture at an ODg, of 0.6, and the
resulting culture was continued for 4 h at 37 °C before being
harvested. The final culture was then centrifuged at 5000g for
10 min at 4 °C, and the pellet was collected.

The pellet was then resuspended in the nickel affinity binding
buffer [20 mM Tris (pH 7.9), S00 mM NaCl, and S mM
imidazole], lysed by sonication, and centrifuged at 10000g for
15 min at 4 °C, and the resulting supernatant was collected for
subsequent purification steps. The supernatant was then loaded
onto a ProBond nickel-chelating resin containing 6 mL of resin.
After AANATL7 had been loaded, then the column was washed
with 10 column volumes of binding buffer [20 mM Tris-HCl
(pH 7.9), 500 mM NaCl, and 5 mM imidazole], followed by a
second washing step that utilized 10 column volumes of 20 mM
Tris-HCI (pH 7.9), 500 mM NaCl, and 60 mM imidazole. The
pure AANATL7 protein was finally eluted in 1 mL fractions of
20 mM Tris-HCI (pH 7.9), 500 mM NaCl, and 500 mM
imidazole. Following the purification procedure, the elution
buffer containing AANATL7 was exchanged for 50 mM
HEPES (pH 8.2), S00 mM NaCl, and 1 mM EDTA, by
dialysis for 16 h at 4 °C. The concentration of the final
AANATL7 was determined using the Bradford dye binding
assay, and the purity was assessed by 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) that
was visualized using Coomassie stain.

Production of Site-Directed Mutants. The site-directed
AANATL7 mutants were generated using the overlap extension
method."” The AANATL7 mutants were amplified using
PfuUltra High-Fidelity DNA polymerase with the following
set of PCR conditions: initial denaturing step of 95 °C for 2
min, then 30 cycles (95 °C for 30 s, 60 °C for 30 s, and 72 °C
for 1 min), and then a final extension step of 72 °C for 10 min.
Primers were designed by using Agilent QuickChange Primer
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Design tool (Table S1 of the Supporting Information) and
synthesized by Eurofins MWG Operon. Using Ndel and Xhol
restriction enzymes, the resulting AANATL7 mutant PCR
products were then inserted into a pet28a(+) vector. The
AANATL7 mutant proteins were expressed and purified using
the same protocol that was used for the wild-type enzyme.

Measurement of the Enzyme Assay. Ellman’s reagent™
was used to assay the AANATL7 activity by measuring the
release of coenzyme A at 412 nm with a molar extinction
coefficient of 13600 M~ cm™ in a buffered solution containing
300 mM Tris (pH 8.0), 150 uM DTNB, and the desired
concentrations of substrates and/or inhibitors. Initial velocities
were measured by using a Cary 300 Bio UV-—visible
spectrophotometer at 22 °C. The apparent kinetic constants
were generated for each amine substrate by holding acetyl-CoA
at a fixed saturating concentration. Apparent kinetic constants
for each acyl-CoA substrate were determined by holding
histamine at a fixed saturating concentration. The resulting data
were fit to eq 1 using Sigma Plot 12.0 to generate the steady-
state kinetic constants

Vmax,appl:s]
vy=————>=
Koyapp + [S] (1)

where v, is the initial velocity, V., qpp i the apparent maximal
velocity, K, .., is the apparent Michaelis constant, and [S] is
the substrate concentration. Each assay was performed in
triplicate. Uncertainty calculations for ko0 (kcat/Km)aPP, and

relative (ke,/Ky,),,, were calculated using eq 2

)

1

where ¢ is the standard error.”

Kinetic Mechanism and Inhibitor Analysis. Initial
velocity patterns for acetyl-CoA and histamine were assessed
by varying the concentration of one substrate while holding the
concentration of the other substrate at a fixed concentration.
The resulting data were then fit to eq 3 for an ordered bi-bi
mechanism and plotted as a double-reciprocal plot using IGOR
Pro 6.34A. The two plots were generated by holding the
histamine concentration constant (100 M, 200 uM, 500 uM,
1.0 mM, and 3.0 mM) and varying the concentration of acetyl-
CoA. The second plot held the concentration of acetyl-CoA
constant (5 uM, 10 uM, 25 uM, 50 uM, and 150 uM) and
varied the concentration of histamine.

o Vo AJ[B]
KK, + K,[B] + K,[A] + [A][B]

)

In combination with the initial velocity analysis, we used
dead-end inhibition to solve the kinetic mechanism. Oleoyl-
CoA and tyrosol were evaluated as dead-end inhibitors for
AANATL7. The initial velocities were generated by holding
one substrate (acetyl-CoA or histamine) at a fixed concen-
tration and varying the concentration of the other substrate,
with each data set evaluated at different fixed concentrations of
the inhibitor. Using SigmaPlot 12.0, the resulting data were fit
to eqs 4—6 for competitive, noncompetitive, and uncompetitive
inhibition, respectively
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where v, is the initial velocity, V; .., is the apparent maximal
velocity, K, ., is the apparent Michaelis constant, [S] is the
substrate concentration, [I] is the inhibitor concentration, and
K; is the inhibition constant. Each assay was performed in
triplicate.

Rate versus pH Dependence. The pH dependence on the
apparent kinetic constants was determined for both acetyl-CoA
and histamine. The kinetic constants for each substrate were
evaluated at intervals of 0.5 pH unit from pH 6.0 to 9.5. The
following buffers were used for the pH dependence experi-
ments: MES (pH 6.0—7.0), Tris (pH 7.0—9.0), and AMeP (pH
9.0—9.5). Using Igor Pro 6.34A, the resulting data were fit to eq
7 (log kcat/Km-acetyI-CoA and Iog kcat/Km-histamine) and €q 8 (log
k...), where ¢ is the pH-independent plateau, to determine the
apparent pK, of measured ionizable groups. The wild-type
enzyme is reported from triplicate experiments, whereas the
E26A mutant was performed in duplicate.

log k.,./K,, = loglc/(1 + 10PK.7PHY] (7)

(8)

Intrinsic Fluorescence Measurements for the Deter-
mination of the Coenzyme A Dissociation Constant. A
JASCO FP-8300 spectrofluorometer was used to generate
fluorescence spectra for the AANATL7 wild-type and R138A
mutant enzymes. Fluorescence emission spectra (excitation at
280 nm, emission at 290—300 nm) were generated for both
wild-type AANATL7 and the R138A mutant in a 0.4 cm path
length cell containing 400 yL of 300 mM Tris-HCl (pH 8.0), a
fixed protein concentration of 0.1 mg/mL, and varying
concentrations of coenzyme A at 22 °C. Emission spectra
were collected with a 50 nm/min scan speed, an excitation
bandwidth of — § nm, and an emission bandwidth of — 2.5 nm
in triplicate. The coenzyme A dissociation constant for wild-
type AANATL7 and the R138A mutant were determined by
fitting the data to eq 9 using SigmaPlot 12.0

B AE, [L]
K+ [L]

log k_, = log[c/(1 + 10PX7PH 4 10PHPK,)]

©)

where AF,, is the maximal change in fluorescence at infinite
ligand concentration, AF is the change in intrinsic fluorescence,
[L] is the ligand concentration, and Kj is the ligand dissociation
constant.

Product Characterization. A Phenomenex Kinetex 2.6 ym
Cy5 100 A (50 mm X 2.1 mm) reverse phase column coupled
to an Agilent 6540 instrument using a liquid chromatography/
quadrupole time-of-flight mass spectrometer (LC/QTOF-MS)
in positive ion mode was used to characterize the AANATL7-
catalyzed product from the substrates acetyl-CoA and
histamine. An enzyme reaction mixture containing 300 mM
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Tris-HCI (pH 8.0), S00 uM acetyl-CoA, S0 mM histamine, and
9.3 g of AANATLY7 in a final volume of 750 uL was incubated
for 30 min at 22 °C. Following the 30 min incubation period,
AANATL7 was removed from the reaction mixture using a
Millipore 10 kDa ultrafilter in which the reaction product
flowed through the filter while AANATL?7 was retained in the
hold-up volume on the filter. The final reaction product was
then injected onto the LC/QTOF-MS instrument to analyze
the retention time and high-resolution mass. The resulting
retention time and high-resolution mass for the reaction
product were compared to those of a commercial standard of
N¥-acetylhistamine. The experimental conditions for LC/
QTOE-MS analysis are reported in ref 4.

B RESULTS AND DISCUSSION

Overexpression, Purification, and Transcript Local-
ization of AANATL7. The gene for AANATL7 was amplified
from a cDNA library generated from D. melanogaster heads and
inserted into a pet28a(+) vector that encodes an N-terminal
Hiss tag. AANATL7 was purified using ProBond nickel-
chelating resin to homogeneity yielding a 27 mg/L culture.
The purity was assayed to be >95% pure by 10% SDS—PAGE
(Figure S1 of the Supporting Information).

The localization of the D. melanogaster AANATL?7 transcript
was evaluated using reverse transcription polymerase chain
reaction (RT-PCR). The agarose gel for the amplification of the
AANATL7 transcript (Figure 1) showed a similar trend in both
the fly head and thorax-abdomen compared to that of the
GAPDH control. These data suggest that the AANATL7
transcript is found at similar levels in both anatomical regions,
indicating this enzyme will catalyze the acyl-CoA-dependent N-
acylation of biogenic amines in both the head and thorax-

Figure 1. AANATL7 RT-PCR. (A) AANATL?7, 268 bp product: lanes
1—4, RT-PCR product from the D. melanogaster cDNA library
generated from the heads with different PCR annealing temperatures
of 45, 50, S5, and 60 °C, respectively; lane 5, New England Biolabs
Quick-Load 100 bp DNA Ladder; lanes 6—9, RT-PCR product from
the D. melanogaster cDNA library generated from the thorax-abdomen
with different PCR annealing temperatures of 45, 50, S5, and 60 °C,
respectively. (B) GAPDH control (NM_001038847.1), 449 bp
product: lanes 1—4, RT-PCR product from the D. melanogaster
cDNA library generated from the heads with different PCR annealing
temperatures of 45, 50, 55, and 60 °C, respectively; lane 5, New
England Biolabs Quick-Load 100 bp DNA Ladder; lanes 6—9, RT-
PCR product from the D. melanogaster cDNA library generated from
the thorax-abdomen with different PCR annealing temperatures of 45,
50, S5, and 60 °C, respectively.
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abdomen of the fly. Further evaluation of the respective
substrates and final products of the AANATL7-catalyzed
reaction will be discussed in subsequent sections.

Steady-State Kinetic Characterization of AANATL7
Acyl-CoA Substrates. Activity was assayed using Ellman’s
reagent™® by monitoring the rate of coenzyme A release at 412
nm. Different acyl-CoA substrates with increasing acyl chain
lengths were evaluated with AANATL7 to determine their
respective substrate specificities at saturating histamine
concentrations. The relative (kcat/Km)app for the acyl-CoA
substrates decreased as the acyl chain length was increased
(Table 1). Butyryl-CoA and hexanoyl-CoA were found to have
only 10% and 0.082% of the (kg/Ky)y, of acetyl-CoA,
respectively. The significant decrease in the second-order rate
constant resulted mainly from the ke, value, while the K, ..,
value was similar for each acyl-CoA substrate. Octanoyl-CoA
and oleoyl-CoA were also evaluated as substrates with
histamine as the amine substrate, and activity was not observed
at a substrate of 500 uM each. The acyl-CoA substrate
specificity of AANATL?7 differed from that of AANATA: the
(keot/Kpp)app values for butyryl-CoA, hexanoyl-CoA, and
octanoyl-CoA as AANATA substrates did not decrease as
dramatically relative to that of acetyl-CoA as we measured for
these same substrates for AANATL7 (Table 1). The differences
observed between respective acyl-CoA specificities for
AANATA and AANATL7 could result from either the amine
substrate used in the evaluation of the acyl-CoA substrates or a
structural difference in the AANATL?7 active site such that the
AANATLY7 is less accommodating with respect to the longer-
chain (>Cg4) acyl-CoA substrates. To assess if the significant
decrease in (kcat/ I<m)app-acetyl-CoA/ (kcat/ Km)app-acyl—CoA observed
for AANATL7 is derived from the amine substrate, we re-
evaluated the kinetic constants for acetyl-CoA and butyryl-CoA
at saturating tyramine concentrations. A similar trend was
observed for the acyl-CoA kinetic constants when tyramine was
the saturating amine substrate: the (k./Ky). , Values for
acetyl-CoA and butyryl-CoA are (1.1 +0.1) X 10° M™'s™' and
(29 +0.2) x 10° M ' 57, respectively (kcat,app-acetyl-CoA =21+1
s_l) and Km,app-acetyl-CoA =201 ﬂM, kcat,app-butyryl-CoA =187 x
0.04 s, and K app-butyryl-coa = 7 £ 1 uM). A structural rationale
for these data is difficult without an AANATL7 crystal
structure. Most likely, the longer-chain acyl-CoA substrate
extends into the amine binding pocket within the AANATL?
active site to either block amine substrate binding altogether or
perturb amine binding to prevent effective nucleophilic attack
by the amine at the carbonyl of the acetyl-CoA thioester
moiety. We found that the K, ., histamine did increase as the acyl
chain length increased for the acyl-CoA substrates (Table 2),
consistent with our hypothesis that the longer acyl chains either
block or perturb amine substrate binding.

Steady-State Kinetic Characterization of AANATL?7
Amine Substrates. Different amine substrates were charac-
terized to determine the substrate specificity for AANATL7. An
array of arylalkylamines, polyamines, histamine, and ethanol-
amine were evaluated as substrates at saturating concentrations
of acetyl-CoA. The steady-state kinetic constants for the amines
that are AANATLY7 substrates are listed in Table 3. This set of
substrates provides an opportunity to define how the structural
features of the amines affect binding and/or catalysis for
AANATL7. These structural parameters of the amine substrates
were divided into five general classes: (a) indole ring and
phenyl ring modifications, (b) length of the spacer group
between the phenyl ring and the nucleophilic primary amine,
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Table 1. Steady-State Kinetic Constants for Different Acyl-CoA Substrates”

substrate Ko app (M) Keagapp (s71) (keat/ Kpn)opp M7 s71) relative (kcat/Km)aPPd
acetyl-CoA® 29 +2 21 (L1 + 0.1) x 10° 470 + 750
butyryl-CoA” 6+1 0.66 + 0.02 (L1 £02) x 10° 49 + 13
hexanoyl-CoA® 40+ 5 0.093 + 0.004 (23 + 03) x 10? 10 + 02

“Kinetic constants are reported as + the standard error (n = 3). Reaction conditions: 300 mM Tris-HCI (pH 8.0), 150 uM DTNB, 7.5 mM
histamine, and varying concentrations of acyl-CoA. “Reaction conditions: 300 mM Tris-HCl (pH 8.0), 150 xM DTNB, SO mM histamine, and
varying concentrations of hexanoyl-CoA. 9The relative (kcat/Km)apP_acy[_CoA is indexed relative to hexanoyl-CoA.

Table 2. Steady-State Kinetic Constants for Histamine Using Different Acyl-CoA Substrates”

varied amine substrate saturated acyl-CoA substrate K opp (mM) foror (s (Keat/ Kon) app M1'sTh
histamine acetyl-CoA 0.52 + 0.05 30+ 1 (5.8 £ 0.6) x 10*
butyryl-CoA 29+ 03 0.87 + 0.03 (3.0 + 04) x 10*
hexanoyl-CoA 15+2 0.10 + 0.01 7+1

“Reaction conditions: 300 mM Tris-HCI (pH 8.0), 150 uM DTNB, 500 uM acyl-CoA, and varying concentrations of histamine. Kinetic constants
are reported as + the standard error (n = 3).

(c) modification of the a-position of the ethylamine spacer that tyramine has the highest (k./Ky),, value and
group, (d) modification of the S-position of the ethylamine norepinephrine the lowest (k.,/Ky)ypp value for this family of
spacer group, and (e) evaluation of other non-arylalkylamine amine substrates with a relatively narrow 9.2-fold range in the
substrates. (keae/Kin)app values. Overall, we found relatively small differ-

Arylalkylamine substrates with different functional groups ences in Ky, 0 kcypappr ad (Keye/ Kpy)pp for the phenethylamine-

(-H, -OH, -OMe, and -OCH,C¢Hj) at position S of the indole based substrates, indicating the AANATL7 active site is

ring yielded (k./Ky,),p, values that decreased in the following relatively tolerant of decorations to the phenyl ring and to
order: S-benzyloxytryptamine (-OCH,C¢H;) > tryptamine the B-position of the -CH,CH,- spacer between the phenyl ring
(-H) > S-methoxytryptamine (-OMe) > serotonin (S- and the nucleophilic amine (Table 3). While the differences
hydroxytryptamine, -OH) (Table 3). The (k/Ky)ypp order within this data set are small, we note that the greatest
predominantly resulted from the K., value, suggesting that difference were observed in the K., values, the greatest
amine substrate binding is important for its specificity. difference being the change from 42 + 2 uM to 320 + 40 uM
Serotonin is the most hydrophilic modification we evaluated, (tyramine to phenethylamine). One trend observed for the
and this substrate yielded the highest K, .., value (160 + 20 K, .pp values was an increase for the substrates without a
uM). S-Benzyloxytryptamine is the most hydrophobic mod- modified phenyl ring, except for 3,4-methylenedioxyphenethyl-
ification we evaluated, and this substrate yielded the lowest amine.

Ky opp value (9 + 1 uM). These data suggest that one parameter Another structural feature that has an effect on enzyme
important in amine substrate binding affinity is the hydro- activity is the length of the spacer group between the amino
phobicity of the group at position S of the indole ring; greater group and the phenyl ring. Increasing the spacer length from

hydrophobicity at this position leads to higher AANATL? two methylene groups to four methylene groups (4-phenyl-

affinity (a lower K,,,,, value). There was not a significant butylamine) yields a 9-fold decrease in the (k. /Ky),p, value

difference in the observed k., values within our panel of when compared to that of phenethylamine. The decrease in
indole-containing amine substrates, except for S-benzyloxy- (keat/Kpn) opp resulted from an 2-fold increase in the Kipopp and a
tryptamine, which exhibited a 2.3—3.0-fold lower turnover S5-fold decrease in the k- Decreasing the spacer length by
number compared to those of tryptamine, serotonin, and 5- one methylene group, as found in benzylamine, resulted in a
methoxytryptamine. 133-fold decrease in the (kmt/Km)aPP value relative to that of
The biosynthesis of melatonin (N-acetyl-5-methoxytrypt- phenethylamine. The decrease in (lccat/Km)app resulted from a 3-
amine) from L-tryptophan is reported to occur in four fold increase in K, ,,, and a 48-fold decrease in K, ,,,. These
sequential reactions: hydroxylation of L-tryptophan to generate data suggest that the positioning of the primary amine in an
S-hydroxytryptophan, decarboxylation to serotonin, N-acetyla- optimal region for nucleophilic attack is critical; therefore,
tion to N-acetylserotonin, and, finally, methylation to generate changes to the length will impact substrate binding and enzyme
melatonin.”**> Our amine specificity data hint at an alternative catalysis. Our data indicate the optimal length of the spacer
pathway for the in vivo production of melatonin by the direct would be two methylene groups (phenethylamine).
acetylation of S-methoxytryptamine. We found that the (k,/ We next evaluated other non-arylalkylamines as AANATL7
Km)app value for S-methoxytryptamine is 2.8-fold higher than substrates: histamine, ethanolamine, putrescine, agmatine,
the value for serotonin, consistent with what was found for D. histidine, N”-acetylhistamine, and isoniazid. In decreasing
melanogaster AANATA,® yeast AANAT,> human AANAT,** order of their (ky/K,),p value, these non-arylalkylamine
ovine AANAT,* and other vertebrate and nonvertebrate substrates rank as follows: histamine > putrescine > agmatine
AANAT enzymes.”> These data suggest that AANATL7 > ethanolamine. The ability of AANATL7 to utilize non-
could catalyze the direct formation of melatonin in D. arylalkylamines as substrates highlights a promiscuity for the
melanogaster and other organisms; however, further work is amine substrates greater than that observed for D. melanogaster
necessary to evaluate if this chemistry is biologically relevant. AANATA. Histamine is the non-arylalkylamine substrate with
Next, we evaluated a set of phenethylamine substrates that the highest (kcat/Km)aPP, which is only 9% of that of the “best”

are analogues of phenylalanine or tyrosine. These data showed arylalkylamine substrate, S-benzyloxytryptamine. This largely

2648 DOI: 10.1021/acs.biochem.5b00113
Biochemistry 2015, 54, 2644—2658


http://dx.doi.org/10.1021/acs.biochem.5b00113

Biochemistry

Table 3. Steady-State Kinetic Constants for the Different Amine Substrates”

Km al kca a) kca / I<m a
Substrate Structure pi\/Ipp sl"l o ( h;['ls'l) 2
NH,
5-Benzyloxytryptamine @vo A 9+1 5.7+0.1 (6.3+0.4) x 10°
N
NH,
Tryptamine @C 26+2 16+0.3 (6.0£0.4) x 10°
N
NH,
Tyramine . IS 4242 23804 | (5.5+0.3)x10°
NH;
3-Methoxyphenethylamine @/v 61+4 26+ 1 (4.3+03)x10°
OCH; N
5-Methoxytryptamine HSCO\@C 42+2 13.1+0.2 (3.1£0.2)x 10°
N
NH,
3-(Trifluoromethyl)phenethylamine @N 180+ 10 40+ 1 (2.2+0.1)x 10°
CF;
NH,
Phenethylamine [j/V 320+ 40 4242 (13+0.2)x 10°
OH
Octopamine J@)V””z 120+ 10 16+0.3 (1.3+0.1) x 10°
Fﬁg NH, e
Dopamine HOD/V 170 + 20 2141 (1.2 +£0.1) x 10
CH,
B-Methylphenethylamine ©)vN“2 260 + 30 29+ 1 (1.1£0.1) x 10°
NH,
Serotonin HO\@C 160 =20 17+1 (1.1£0.1) x 10°
N
N,
4-Methoxyphenethylamine m 190420 | 15+04 | (8.0+0.7)x 10°
H3CO
(3) NH,
3,4-Methylenedioxyphenethylamine | ( D/V 320+ 30 23+1 (7.4£0.7) x 10*
O
NH,
Histamine HN/*N(V 520 + 50 30+1 (5.8 +0.6) x 10*
\=
OH
Norepinephrine "o N | 230+ 50 13+1 (6+1)x 10
HO
NH,
4-Phenylbutylamine Sh 610£30 | 85+02 | (1.4+0.1)x 10
Putrescine NS g 025+0.01 | (3.0£0.4)x 10°
Benzylamine ™ 89080 | 0.870.02 980 + 100
. H N/\/\/N\ NH,
Agmatine : T, | 790£100 | 0.68+0.03 850+ 110
. NH (1.00 +
Ethanolamine HO "2 0.01) x 10° 23+0.1 23+1.0

“Reaction condition —300 mM Tris-HCI pH 8.0, 150 uM DTNB, 500 M acetyl-CoA, and varying concentration of the amine substrate. Kinetic

constants are reported as + standard error (n = 3).

relative to that of S-
value for histamine is

results from a $8-fold increase in K, 0
benzyloxytryptamine, because the Ky,
actually 5.3-fold higher than the k,,, of S-benzyloxytrypt-
amine (Table 3). In fact, histamine possesses the third highest
only phenethylamine and 3-(trifluoromethyl)phenethylamine

value of all the amine substrates evaluated in this study;
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exhibited higher K., values. Because we measure CoA-SH
release to monitor AANATL7 activity, it is possible that
AANATL7 catalyzes the formation of N”-acetylhistamine, N*-
acetylhistamine, or both. Characterization of the product
formed by the AANATL7-catalyzed reaction of acetyl-CoA
with histamine by LC-QTOF/MS shows only N“-acetylhist-
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Figure 2. Double-reciprocal plot of initial velocities for acetyl-CoA and histamine. (A) Velocities measured at a fixed concentration of histamine: 3.0
mM (O), 1.0 mM (@), 500 uM (O), 200 uM (¥), and 100 uM (A\). (B) Velocities measured at a fixed concentration of acetyl-CoA: 150 uM (O),

50 uM (@), 25 uM (O), 10 uM (V¥), and S uM (A).

amine (Table S2 of the Supporting Information), indicating
that acetylation occurs at the w-amine of histamine. Also, we
evaluated N”-acetylhistamine as a substrate and found no
activity at 1.0 mM, providing additional evidence suggesting
that AANATL7 will not catalyze the acetylation of the
imidazole nitrogen atoms of histamine.

The in vivo role of AANATL7 in catalyzing the formation of
N®-acetylhistamine is unknown; however, there is evidence
suggesting it could function in this chemistry. First, the total
amount of histamine found in D. melanogaster head is 1.98 +
0.15 ng, yielding concentrations of 540 yM and 574 uM in the
heads and eyes, respectively.'>'® The cellular concentrations of
histamine correlate well with the K, ., value (520 + 50 uM).
Second, N”-acetylhistamine and the AANATL?7 transcript are
found in the fly head.” In summary, these data point toward a
role for AANATL7 in the N-acetylation of histamine in vivo.
There are reports of other N-acetyltransferases**™>* catalyzing
the acetyl-CoA-dependent formation of N”-acetylhistamine, a
polyamine N-acetyltransferase in the parasitic flatworm Fasciola
hepatica,26 and two arylalkylamine N-acetyltransferases
(aaNAT?2 and aaNATS5b) in Aedes aegypti.”® The Ky app values
for histamine for these enzymes (760 and 740 uM,
respectively) are similar to the AANATL7 value (660 uM),
suggesting that N*-acetylation of histamine could occur across a
broad range of different species.”***

Putrescine, agmatine, and ethanolamine are poor substrates
for AANATL7, with (k.,/Ky,)pp values that are 0.48, 0.13, and
0.0037% of the (kcat/Km)app value for S-benzyloxytryptamine,
respectively. This is the second report of an enzyme that will
catalyze the formation of N-acetylagmatine, albeit with a
specificity that is low compared to those of the other
arylalkylamine substrates.”® In summary, our data addressing
the amine substrate specificity of AANATL?7 indicate that this
enzyme will catalyze the acetyl-CoA-dependent acetylation of
most primary amines that are separated from a diversity of
chemical moieties, a -(CH,),- spacer with n = 2 representing
the preferred length. Then we showed that isoniazid, which is a
first-line drug in the treatment of tuberculosis,**~>* will not
serve as a substrate for AANATL7.

Finally, we evaluated the cognate amino acids related to a
number of the amine substrates as substrates for AANATL7.
No CoA-SH release was observed at 1.0 mM for any of the four
amino acids (tyrosine, tryptophan, phenylalanine, and
histidine), indicating that AANATL7 will not catalyze the
formation of N-acetyl amino acids. The presence of the a-
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carboxylate prevents the amino acid from serving as a substrate
because of either an electrostatic effect or a steric effect that
perturbs binding of substrate to the AANATLY7 active site. To
distinguish between these possibilities, we assessed tyrosine
methyl ester, which would remove the electrostatic effect
induced by the negatively charged carboxylate. We found that
1.0 mM tyrosine methyl ester was not a substrate, which
suggests that modification at the a-position results in a steric
effect that interferes with binding of the amine substrate to the
AANATL7 active site. To further test this hypothesis, each
amino acid and tyrosine methyl ester were tested as inhibitors
for the AANATL7-catalyzed formation of N-acetylhistamine.
Tyrosine, tryptophan, phenylalanine, histidine, and tyrosine
methyl ester were evaluated individually at 1.0 mM as
inhibitors, while acetyl-CoA and histamine were held at an
initial concentration equal to their respective K, ., value. No
inhibition was observed, indicating that tyrosine, tryptophan,
phenylalanine, histidine, and tyrosine methyl ester either do not
bind to AANATL7 or bind with low affinity (Ky > 10 mM).
Clearly, modification of the spacer moiety of the amine
substrates to an a-carboxylate or a-carboxylate ester decreases
binding affinity for AANATL7 due to steric hindrance.
Interestingly, these data are in direct contrast to what was
observed for modification of the f-position of the spacer group
(B-methylphenethylamine, octopamine, and norepinephrine),
where no significant differences were found in comparing the
kinetic constants between the cognate unmodified substrate
(phenethylamine, tyramine, and dopamine, respectively).

A summary of the structure—activity relationships of amine
substrates from Table 3 follows. (a) Arylalkylamine substrates
exhibited tighter binding when a more hydrophobic group was
positioned at position S of the indole ring, while the k.,
value is relatively unchanged (except for that of S-
benzyloxtryptamine). (b) The length of the spacer group
affects both binding and catalysis, with the optimal length being
two methylene groups (-CH,-CH,-). (c) The K opp Values for
phenyl ring-substituted analogues were generally lower than
those for phenethylamines. (d) Substitution at the a-position of
the spacer group induces steric interference for binding to the
active site of AANATL7, while substitution at the f-position
had a minimal impact on the kinetic constants. (e) AANATL7
catalyzes the formation of some non-arylalkylamine substrates
consisting of histamine, putrescine, agmatine, and ethanol-
amine. Overall, AANATL7 exhibits promiscuity for amine
substrates greater than that of D. melanogaster AANATA.®
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Figure 3. Dead-end inhibition analysis of AANATL7. (A) Velocities measured at a fixed concentration of histamine (520 yM), varying the
concentration of acetyl-CoA, and varying the concentration of the inhibitor, oleoyl-CoA: 0 nM (@), 200 nM (O), and 600 nM (V) (K; = 200 + 10
nM). (B) Velocities were measured at a fixed concentration of acetyl-CoA (29 uM), varying the concentration of histamine, and varying the
concentration of the inhibitor, oleoyl-CoA: 0 nM (®), 200 nM (O), and 600 nM (V) (K; = 410 + 10 nM). (C) Velocities measured at a fixed
concentration of histamine (520 yM), varying the concentration of acetyl-CoA, and varying the concentration of the inhibitor, tyrosol: 0 uM (@),
650 uM (O), and 1.3 mM (V) (K; = 620 = 20 uM). (D) Velocities measured at a fixed concentration of acetyl-CoA (29 uM), varying the
concentration of histamine, and varying the concentration of the inhibitor, tyrosol: 0 uM (@), 650 M (O), and 1.3 mM (V) (K, = 430 + 20 uM).

Kinetic Mechanism. Substrate binding order is often one
aspect of the detailed characterization of a multisubstrate
enzyme. Such data are valuable in comparing related enzymes,
in understanding the chemical mechanism, and in inhibitor
design. We have additional interest in substrate binding order
because one of our long-term goals is to develop activity-based
profiling probes to identify other novel acyltransferases and/or
other novel acyl-CoA-metabolizing enzymes. Our design of
profiling probes as analogues of the acyl-CoAs, amines, or
bisubstrate mimics will be guided by the substrate binding
order.

Initial velocities for AANATL7 were measured by varying the
initial concentration of either acetyl-CoA or histamine, while
holding the fixed initial concentration of the other substrate
constant. The resulting double-reciprocal plots (Figure 2) show
a pattern of intersecting lines for both acetyl-CoA and
histamine. The intersecting lines indicate that AANATL7
catalyzes the formation of N-acetylhistamine by a sequential
mechanism, in which both substrates must be bound to
generate a ternary complex before catalysis can occur. The next
question is whether the kinetic mechanism is an ordered or
random sequential mechanism. Dead-end inhibition studies
were used to distinguish between these respective sequential
mechanisms, using oleoyl-CoA and tyrosol as the inhibitors.

2651

Oleoyl-CoA is an analogue of acetyl-CoA and did not show a
rate of reaction above the baseline rate of hydrolysis. Tyrosol
was used as a structural analogue of the amine substrate, in
which the primary amine is replaced with a hydroxyl group.
Tyrosol did not show a rate of coenzyme A release above the
background rate of hydrolysis at a concentration of 25 mM,
which also suggests that AANATL7 will not catalyze the O-
acetylation (at least for this substrate). These two inhibitors
were previously used as dead-end inhibitors for the
determination of the kinetic mechanism for D. melanogaster
AANATA,® while oleoyl-CoA was also known to inhibit
mammalian serotonin N-acetyltransferases.>>** Oleoyl-CoA
was competitive versus acetyl-CoA and pure noncompetitive
versus histamine, with inhibition constants of 200 + 10 nM and
410 + 10 nM, respectively (Figure 3). Tyrosol was
uncompetitive versus acetyl-CoA and competitive versus
histamine, with inhibition constants of 620 + 20 uM and 430
+ 20 uM, respectively. These inhibition patterns demonstrate
that AANATL7 will catalyze the formation of N-acetylhist-
amine as an ordered sequential mechanism, with acetyl-CoA
binding first followed by histamine to form a precatalytic
ternary AANATL7-acetyl-CoA-histamine complex. An ordered
sequential kinetic mechanism has been reported for both D.

DOI: 10.1021/acs.biochem.5b00113
Biochemistry 2015, 54, 2644—2658


http://dx.doi.org/10.1021/acs.biochem.5b00113

Biochemistry

-ls-l)?

O IOg (ktat/Km)app -acetyl-CoA (M

504 t+ + t
6.0 7.0 8.0 9.0
pH
1.6 1 4 :
K
3
s
3
3
)
o0
2 9
0.0 + - +
6.0 7.0 8.0 9.0
pH

Figure 4. AANATL7 pH rate profile: (A) (kee/Kyy)qpp for acetyl-CoA, (B) (ke,/K;y)

histamine.

=

'U IOg (ktat/Km)upp - histamine (M'Is-l)

-'3
£
E
=
g
3
= 0.
80
=)
- 3
0.0 + + +
6.0 7.0 8.0 9.0
pH

for histamine, (C) k

app for acetyl-CoA, and (D) ke, for

cat,app

Table 4. Steady-State Kinetic Constants for AANATL?7 Site-Directed Mutants®

Acetyl-CoA
variant” Km,app (M) kcat,app (S_l) (kear/ Km)app (M_l S_l) {[(kear/ Km)app—mutant]/ [(keae/ Km)app—wﬂdrtype]} X 100 (%)
wild-type 29 +2 2+1 (1.1 + 0.1) x 10° 100
E26A 13+1 1.01 + 0.02 (7.7 £ 0.5) x 10* 7.0
R138A 550 + 60 88 +3 (1.6 £02) x 10° 15
T167A 140 + 4 1.84 + 0.02 (1.36 + 0.05) x 10* 12
S171A 19+ 1 8.6 + 0.1 (46 + 0.1) x 10° 42
T167A/S171A 29 +2 1.61 + 0.03 (5.6 +£0.3) x 10* 5.1
H206A 210+ S 9.6 + 0.1 (4.6 + 0.1) x 10* 42
Histamine
variant® Ko app (mM) Keatapp (s7) (keae/ Kn)pp (M7"71) {[(kcat/Kn) app-mutant) / [ (Keat/ Ko appwidaype ] - X 100 (%)
wild-type 0.52 + 0.05 30+1 (5.8 £ 0.6) x 10* 100
E26A 16 +1 1.39 + 0.04 86 + 32 0.15
R138A 49 + 04 7142 (15 + 0.1) x 10* 26
T167A 6.7 + 0.7 19 + 0.1 280 + 30 0.48
S171A 3402 104 + 02 (3.0 £ 02) x 10° 52
T167A/S171A 13+1 22+ 0.1 160 + 20 0.28
H206A 23 +0.1 7.7 + 0.1 (33 +02) x 10° 5.7

“Kinetic constants are reported as + the standard error (n = 3). "Reaction conditions: 300 mM Tris-HCI (pH 8.0), 150 M DTNB, a constant

saturating concentration of histamine (>3K,,

'app), and varying concentrations of acetyl-CoA. “Reaction conditions: 300 mM Tris-HCI (pH 8.0), 150

#M DTNB, a constant saturating concentration of acetyl-CoA (>3Km/app), and varying concentrations of histamine.

melcslgwgaster AANATA® and sheep serotonin N-acetyltransfer-
ase.

Evaluation of the pH Dependence on the Kinetic
Constants and the Use of Site-Directed Mutagenesis To
Identify Catalytic Amino Acids. We used a combination of
pH—activity and site-directed mutagenesis studies to aid in the
identification of the AANATL7 catalytic residues and,
subsequently, propose a chemical mechanism for AANATL7.
In the absence of a crystal structure, we indexed all the data
generated herein, to D. melanogaster AANATA,é’7 sheep
serotonin N—acetyltransferas.e,36_41 and other GNAT enzymes,
to define a function for the amino acid residues identified in our
work. We first examined the pH dependence of the steady-state
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kinetic parameters to help delineate the amino acids involved in
catalysis. A rising (k,/ Km)ap pH rate profile was observed for
both acetyl-CoA (Figure 4A§ and histamine (Figure 4B), with
PK, qpp Values of 6.8 + 0.1 and 7.6 + 0.1, respectively. The (kea/
K,,).pp PH rate profile represents the ionizable groups that are
important for binding and catalysis for free enzyme and
substrate, up until the first irreversible step in catalysis (E + S
%= ES); therefore, it is likely that these two apparent pK, values
both represent the general base in catalysis. The k.., PH
profiles for both acetyl-CoA and histamine were bell-shaped
(Figure 4C,D) with two pK, ., values (PK, o scetyl.con = 7-1 £
0.1 and 9.5 + 0.1; pK =72+ 0.1 and 9.6 =+ 0.1).

a,app-histamine

The apparent pK, value of 7.1—7.2 is attributed to the general
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base identified in both (k.,/Ky,),p, profiles, while the apparent
pK, value of 9.5-9.6 could represent either a general acid in
catalysis or the thiol group of the departing coenzyme A
product. The pK,,,, value of 9.5—9.6 was not observed in
either (ke,/Ky,),pp PH rate profile, suggesting that this ionizable
group contributes to catalysis after the first irreversible step (ES
— E + P). A lack of a pK, ,, value of >9.5 in the (ke,/Kp)ypp
profiles can also result from an inability to evaluate AANATL7
at higher pH values, because of the instability of Ellman’s
reagent and/or base-catalyzed hydrolysis of the acetyl-CoA
substrate. Note that the pK, . value identified in the kg,
profiles is 9.5—9.6, which is greater than or equal to the highest
experimental pH we employed in our studies. The pK,,,, value
of 9.5-9.6 comes from the best fit of our data to eq 8.
Therefore, the lack of a pK, ,,,, value of >9.5 in the (ke/Kpp)app
profiles may reflect our inability to assess AANATL7 at pH
>9.5. The observed difference in the pK,,,, values between the
(kcat/Km)app and k., pH rate profiles for the general base
likely results from the kinetic stickiness of the substrates
evaluated in this study.

The pH-—activity profiles do not provide definitive
information about the specific residues involved in catalysis.
Therefore, we further evaluated amino acid residues that can
function as either a general base or acid by site-directed
mutagenesis. With the lack of a crystal structure, we utilized a
primary sequence alignment of AANATL7 with D. melanogaster
AANATA® to identify possible amino acid residues that can
function in substrate binding and/or catalysis. AANATA has
been characterized with the function of specific residues clearly
defined, including a general base in catalysis and other residues
critical in substrate binding and/or regulation of catalysis. From
the primary sequence alignment, the proposed general base of
AANATA (Glu-47) is conserved, corresponding to Glu-26 in
AANATL7.° Two serine residues in D. melanogaster (Ser-182
and Ser-186) have been proposed to function in catalysis, which
correspond to Thr-167 and Ser-171, respectively, in AA-
NATL?7.® Other amino acid residues with defined functions in
AANATA are Pro-48, Arg-153, and His-220.° These particular
amino acids are conserved in AANATL7,° being Pro-27, Arg-
138, and His-206, respectively.® We mutated each of these
residues to an alanine to define their respective function in
AANATL7 and referenced the resulting data to that reported
for AANATA.

Mutation of Glu-26 to alanine resulted in a 22—32-fold
decrease in the k relative to that of the wild type (Table 4).

cat,app
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The (kcat/ I<m)app-acetyl—CoA and (kcat/ Km)app-hista.mine Values were
only 7.0 and 0.15% of that of the wild type, respectively. In
addition, the E26A mutant has a K, 0 acetyl.coa Similar to that of
the wild type; however, the K, ., histamine Was increased ~30-
fold. On the basis of the catalytic deficiency of the E26A
mutant, we propose that Glu-26 is the general base in
AANATLY7 catalysis with a pK,,,, value of ~7.2 (Figure 4).
The pH-rate profiles generated for the E26A mutant are
consistent with this hypothesis. The K.y app-acetyi-coa and (kea/
Km)app_acetyl_COA pH rate profiles for the E26A mutant resulted in
a linear increase as the pH was increased from 7.5 to 9.5, with
slopes of 0.6 and 0.2, respectively (Figure S). We were not able
to accurately measure a velocity for E26A above the
background rate of acetyl-CoA hydrolysis at pH <7.0,
suggesting the mutant enzyme is catalytically dead at pH
<7.0. The linear pH—rate profiles we obtain likely result from
hydroxide chemically rescuing the function of Glu-26 in
deprotonation of the positively charged primary amino group
of histamine. These data for the E26A mutant are consistent
with what has been published for D. melanogaster AANATA.®
Furthermore, other enzymes of the GNAT family are proposed
to employ an active site Glu residue as the general base,
including human spermidine/spermine N'-acetyltransferase*>**
and the GenS/PCAF family of histone N-acetyltransferases.**

Next, we evaluated the role of Thr-167 and Ser-171 in
binding and/or catalysis. The corresponding residues in
AANATA (Ser-182 and Ser-186, respectively)® were proposed
to function in catalysis.” Therefore, we mutated Thr-167 and
Ser-171 each to an alanine to define a specific function in
AANATL7 catalysis. The T167A mutant produced a decrease
in kgypp Of 16—17-fold relative to that of the wild-type enzyme.
(kcat/Km)app—acetyl—CoA and (kcat/1<m)app—histamine for T167A were
only 12% and 0.49% of that of the wild-type enzyme,
respectively. In addition, the T167A mutant yielded a
Koy appacetyl-con that increases S-fold compared to that of the
wild type and a K, o histamine that was increased 13-fold. The
S171A mutant produced a kg, decrease of 3—4-fold relative
to that of the wild-type enzyme. (keye/Kin)app-acetyl-coa and (keye/
Kyy)app-histamine for S171A were only 42 and 5.2% of that of the
wild-type enzyme, respectively. In addition, the S171A mutant
has a K, .pp-acetyl-coa Similar to that of the wild type; however,
the K, .pp-histamine Was increased 7-fold. These data suggest that
Thr-167 and Ser-171 could function in catalysis and/or
substrate binding; however, a direct role as a general acid is
unlikely. Because threonine and serine are chemically similar
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Scheme 1. Proposed Chemical Mechanism for D. melanogaster AANATL7“
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Table S. Steady-State Kinetic Constants for the Pro-27 Site-Directed Mutant®”

variant varied substrate Ko opp (M) Keatapp (571
wild-type® acetyl-CoA 29 +2 32+1
P27AY 105 + 4 0.77 + 0.02
wild-type® histamine 520 + 54 30+ 1
P27A° 1800 + 100 0.80 + 0.02
wild-type® agmatine 790 + 100 0.68 + 0.03
P27A° 1300 + 100 0.012 + 0.001

(kcat/Km)app (M71 Sil)

{L(keat/ Kon)app mutant )/ [ (kcat/ Kin Japp witd type] 3 X 100 (%)

(L1 + 0.1) x 10° 100
(74 £ 0.3) x 10° 0.67
(5.8 £ 0.6) x 10* 100
440 + 30 0.76
850 + 110 100
9.7 + 0.7 1.1

“Kinetic constants are reported as + the standard error (n = 3). Reaction conditions: 300 mM Tris-HCl (pH 8.0), 150 uM DTNB, a constant

saturating concentration of histamine (>3KmapP

), and varying concentrations of acetyl-CoA. “Reaction conditions: 300 mM Tris-HCl (pH 8.0), 150

#M DTNB, a constant saturating concentration of acetyl-CoA (>3Km'app), and varying concentrations of amine substrate.

(both possess a hydroxyl group), we evaluated a T167A/S171A
double mutant to delineate if these residues function in a
redundant role. The T167A/S171A double mutant produced a
Keapapp decrease of 14—20-fold relative to that of the wild-type
enzyme, similar to what was observed for the T167A mutant.
(kcat/Km)app—acetyl—CoA and (kcat/1<m)app4histamine fOI' T167A/SI7IA
were only 5.1% and 0.28% of that of the wild-type enzyme,
respectively. In addition, the T167A/S171A mutant has the
same K oo acetyl-con @S the wild type; however, the K, .o histamine
was increased 25-fold. These data, as well as data generated for
the corresponding residues from D. melanogaster AANATA,%
allow us to propose a role for both of these residues in
AANATL7 catalysis. One proposed role for Ser-186 in
AANATA (Ser-171 in AANATL7) was to serve as the general
acid protonating the departing thiolate of CoA-S~,” thus
accounting for the pK, of 9.5-9.6 identified by our pH—rate
studies. We are not in favor of either Thr-167 or Ser-171
serving as a general acid in AANATL7 catalysis. Such a
mechanism would require a significant depression in the pK, of
the hydroxyl group of either Thr or Ser (3—5 pH units) and
invokes a thermodynamically unfavorable transfer of a proton
from a hydroxyl to a thiolate. A redundant role in catalysis for
these residues is unlikely because the T167A/S171A double
mutant was as catalytically impaired as the T167A mutant
(within experimental error) (Table 4). Instead, we propose that
Thr-167 and Ser-171 function to stabilize the proper active site
architecture, most likely through a network of hydrogen bonds,
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similar to what was observed for the corresponding serine
residues in AANATA.®

A remaining question is the nature of the ionizable group
responsible for the pK, ., of 9.5—9.6 we identified in the k .,
pH rate profiles. We propose that the thiol group of the CoA-
SH product is responsible for this pK,,,, which has been
reported to range from 9.6 to 10.4.%*” Protonation of CoA-S~
to CoA-SH is a step that occurs during the collapse of the
tetrahedral intermediate and is likely necessary for catalysis
(Scheme 1). The decrease in Keatapp at pH 29.0 results from the
deprotonation of CoA-SH to yield CoA-S7, inhibiting its
release from the active site. This proposal eliminates the need
to invoke an active site amino acid as the general acid in
catalysis.

Use of Site-Directed Mutagenesis To Define the
Function of AANATL7 Amino Acids in Binding and/or
Regulation of Catalysis. From the primary sequence
alignment, AANATL7 Pro-27, Arg-138, and His-206 are
conserved in AANATA (Pro-48, Arg-153, and His-220,
respectively).’ Therefore, we mutated each of these residues
to an alanine and evaluated the kinetic constants of each
mutant (Tables 4 and S) in an effort to define their function.
The P27A mutant produced a 38—42-fold decrease in the
keaapp value when histamine was used as the amine substrate.
Additionally, K, op-acetyl-coa a0d K app histamine increased 3-fold
for both substrates, yielding (kg/Kpn)upp-acerylcon and (kgye/
Km)app_histmine values that were only 0.67 and 0.76% of the value
for the wild-type enzyme, respectively. The significant decrease
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Figure 6. Determination of the coenzyme A dissociation constant by measuring the intrinsic fluorescence quenching of AANATL7: (A) wild type

and (B) R1S3A mutant.

in ke qpp and an increase in K, ., for the P27A mutant suggest
that Pro-27 functions to organize the active site and regulate
catalysis. The corresponding residues from sheep serotonin N-
acetyltransferase (Pro-64)*"** and D. melanogaster AANATA
(Pro-48)° are located on a flexible loop that undergoes a major
conformational change to form the amine binding pocket. This
conformational change converts the substrate binding pocket
from a low-affinity state to a high-affinity state.*** For sheep
serotonin N-acetyltransferase, two crystal structures have been
published, one of the apoenzyme (PDB entry 1B6B)* and the
other of the enzyme cocrystallized with the bisubstate inhibitor,
tryptamine-acetyl-CoA (PDB entry 1CJW).*”” These crystal
structures show that Pro-64 is located in the acetyl-CoA
binding pocket in the low-affinity state (apo form), whereas the
conformational change yields a high-affinity state where the
proline residue migrates ~8 A to form a direct z-stacking
interaction with the tryptamine moiety of the bisubstrate
inhibitor.*”*** The 3-fold increase in Ky app-histamine fOT the
P27A mutant suggests that a similar z-stacking interaction does
take place between Pro-27 and the imidazole ring of histamine
in the wild-type enzyme.

The amine promiscuity of AANTL7 allows us to further test
for a m-stacking interaction between Pro-27 and histamine by
comparing the kinetic constants of histamine to those measured
for agmatine. If a 7-stacking interaction between Pro-27 and
histamine contributes significantly to the binding of histamine
to AANATL7, we would expect a higher K ... pia/
Ko app-wild-type Tatio for histamine than for agmatine, an amine
substrate with a positively charged guanidinium group that is
not an effective m-acceptor. The P27A mutant produced a
Keatapp-agmatine that decreased S7-fold and a K, pp-agmatine that
increased only 1.6-fold relative to those of the wild-type
enzyme (Table S). The P27A data for histamine and agmatine
Yielded a (Km,app-P27A/I<m,app-wild-type)histamine/(I<m,app-P27A/
I(m,app_wﬂd_type)agmaﬁne ratio of only 2.2, suggesting that, at most,
a m-stacking interaction between Pro-27 and histamine
contributes modestly to histamine binding and that the most
important function of Pro-27 is in the optimal organization of
the AANATL?7 active site for catalysis.

Next, we mutated Arg-138 to an alanine to interrogate its
respective function. The R138A mutant resulted in increases in

2655

keatapp (24—2.8-fold) and both K, . sceytcon (19-fold) and
Ko app-acetyl-Coa (9-fold) values. The increase in the Keatapp value
for R138A was balanced by increases in the K, values to
yield a mutant enzyme with (Kee/Kiy)appacetylcoa and (Keye/
I(,n)a},lylﬂsmine values that were only 15% and 26% of that of the
wild type, respectively (Table 4). These data suggest that Arg-
138 functions in both catalysis and substrate binding. Most
likely, Arg-138 does not have a direct role in catalysis as a
general acid or base. However, the increase in the k4,
consistent with a conformation, dependent upon Arg-138,
which binds product relatively tightly so that product release is,
at least, partially rate-determining in the wild-type enzyme.
Mutation of Arg-138 to alanine results in a loss of this
conformation, inducing domain mobility to alleviate the
partially rate-limiting product release step. The corresponding
residue in D. melanogaster AANATA (Arg-153) produced a
similar increase in the K,,,, value upon mutation to alanine,
which was attributed to the elimination of a salt bridge that was
key to a conformation that decreased the rate of CoA-SH
release.’ The AANATL7 R138A mutant likely eliminates a salt
bridge, which would increase the rate of CoA-SH release and
increase ke, (similar to what was observed for AANATA).®
We would expect that if the R138A mutant is increasing the kg
for the CoA-SH product, then the dissociation constant for
CoA-SH should increase because the Ky is the k,gconsu/
kon-con.su ratio. We determined the K for binding of CoA-SH
for the wild-type enzyme and R138A mutant by measuring the
quenching of intrinsic AANATL7 fluorescence by the
increasing CoA-SH concentration. These experiments yielded
a Kyyiape of 530 £ 110 uM and a Kypizg of 1.1 = 0.2 mM
(Figure 6 and Figures S4 and SS of the Supporting
Information), a 2.1-fold decrease in the binding affinity for
the R1S3A mutant relative to that for the wild-type enzyme.
The Kypis3/Kiwidtype ratio (2.1-fold) is in reasonable agree-
ment with the k. pis3a/Keawild-type Tatio (2.4—2.8-fold) (Table
4). These data suggest, but do not prove, that a salt bridge
involving Arg-138 could be one important component in the
regulation of dynamics in AANATL7, contributing to a partial
rate-limiting release of CoA-SH. These data are consistent with
what is observed with D. melanogaster AANATA® and other
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GNAT enzymes that have product release as a partially rate-
limiting step.'®3*3%%!

Similar to Pro-27 and Arg-138, His-206 is conserved relative
to D. melanogaster AANATA (His—220).6 The H206A mutant
produced a 3—4-fold decrease in the k,,,, value (Table S) and
an increase in the K., for both acetyl-CoA (7-fold) and
histamine (4-fold). This suggests that His-206 functions to
organize the binding pocket for both substrates, similar to what
is pr%posed for the corresponding residue in AANATA (His-
220).

Proposed Chemical Mechanism for AANATL7 Catal-
ysis. A chemical mechanism consistent with our data is shown
in Scheme 1. The details of our proposed mechanism are as
follows: (a) ordered substrate binding, with acetyl-CoA binding
first followed by histamine to generate an AANATL7-acetyl-
CoA-histamine ternary complex prior to catalysis, (b) Glu-26
serving as the general base to deprotonate the positively
charged primary amino group of histamine through ordered
water molecules (consistent with what was observed for
AANATA and other GNAT enzymes), (c) nucleophilic attack
of histamine on the carbonyl of the acetyl-CoA thioester to
generate the zwitterionic tetrahedral intermediate, (d) collapse
of the zwitterionic tetrahedral intermediate followed by
protonation the coenzyme A thiolate, and (e) and ordered
product release, with N-acetylhistamine leaving first, followed
by CoA-SH. Evidence supporting ordered product release is
produced by our measurement of the direct binding of CoA-SH
to AANATL2 in the absence of the N-acetylated product,
which is also consistent with a synergistic effect caused by
ordered substrate binding. This chemical mechanism is
consistent with the data generated herein and with the
mechanism proposed for D. melanogaster AANATA® and
other GNAT enzymes.”>>*

B CONCLUSIONS

We showed that AANATL7 will catalyze the formation of N-
acylamides from the corresponding acyl-CoA and amine
substrates. AANATL?7 is relatively discriminative for the acyl-
CoA substrates, showing that the (k.,/Ky,),p, for acetyl-CoA is
>10-fold higher than that for any other acyl-CoA substrate
analyzed in this study. In contrast, AANATL7 is less
discriminatory with regard to the amine substrates with
arylalkylamines, histamine, putrescine, agmatine, and ethanol-
amine all serving as substrates. We proposed a chemical
mechanism for the AANATL7-catalyzed formation of N-
acetylhistamine as illustrated in Scheme 1. First, substrate
binding is ordered sequential with acetyl-CoA binding first,
followed by histamine to generate the ternary complex
(AANATL7-acetyl-CoA-histamine) prior to catalysis. Next, we
invoked Glu-26 as the general base in catalysis with a pK, ., of
~7.2, which will deprotonate the positively charged primary
amino group of histamine through ordered water molecules
that make up an active site “proton wire”. Finally, we suggest
that protein dynamics has a significant regulatory effect on
AANATL7 catalysis, where noncatalytic amino acid residues
(Arg-138 and Pro-27) have a significant impact on the rate of
catalysis.
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