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ABSTRACT: Hemolysin, a toxic protein secreted by pathogenicEscherichia coli, is converted from nontoxic
prohemolysin, proHlyA, to toxic hemolysin, HlyA, by an internal protein acyltransferase, HlyC. Acyl-
acyl carrier protein (ACP) is the essential acyl donor. The acyltransferase reaction proceeds through two
partial reactions and entails formation of a reactive acyl-HlyC intermediate [Trent, M. S., Worsham, L.
M., and Ernst-Fonberg, M. L. (1999)Biochemistry 38, 9541-9548]. The ping pong kinetic mechanism
implied by these findings was validated using two different acyl-ACP substrates, thus verifying the
independence of the previously demonstrated two partial reactions. Assessments of the stability of the
acyl-HlyC intermediate revealed an increased stability at pH 8.6 compared to more acidic pHs. Mutations
of a single conserved histidine residue essential for catalysis gave minimal activity when substituted with
a tyrosine residue and no activity with a lysine residue. Unlike numerous other His23 mutants, however,
the H23K enzyme showed significant acyl-HlyC formation although it was unable to transfer the acyl
group from the proposed amide bond intermediate to proHlyA. These findings are compatible with transient
formation of acyl-His23 during the course of HlyC catalysis. The effects of several other single site-
directed mutations of conserved residues of HlyC on different portions of the reaction progress were
examined using a 39 500 kDa fragment of proHlyA which was a more effective substrate than intact
proHlyA.

Fatty acylation of internal residues of a protein is a means
of modifying its biological behavior. While numerous
instances of protein internal fatty acylation, generally via thiol
esterification of cysteine residues, have been reported, the
acyltransferases catalyzing these reactions have been elusive.
Although there are several reports of posttranslational
modification by internal fatty acylation of specific proteins
through amide linkage (1-4), the enzymes have been neither
isolated nor characterized. The extent of internal fatty
acylation via amide linkage of mammalian proteins is
unknown. However, acylation of cellular protein with en-
dogenously synthesized fatty acids in a mouse muscle cell
line indicated that at least 30% of protein-bound palmitate
was present in amide linkage with undefined residues (5).

The toxicity of hemolysin (HlyA),1 a protein toxin secreted
by pathogenicEscherichia coli, rests upon the acylation of
two specific internal lysine residueε-amino groups. It is one
of the RTX (repeats in toxin) family of homologous,
membrane-active toxins of similar mechanism produced by
different Gram-negative bacteria (6, 7). Nontoxic protoxin

(proHlyA) is posttranslationally converted intracellularly to
HlyA, a cytolytic toxin, by the action of a cosynthesized
protein, HlyC, an internal protein acyltransferase (8). Acyl-
ACP is the obligate acyl donor (9, 10).

Recently, we reported the separate subcloning and expres-
sion of each of the proteins participating in the internal acyl-
ation of proHlyA to form HlyA and characterized the acyl-
transferase, HlyC, and the reaction it catalyzes (10). Notably,
a reactive acyl-HlyC intermediate is formed, and the acyl-
transferase reaction consists of two partial reactions (11):

Comparison of deduced amino acid sequences of 13 RTX
C proteins reveals extensive homology (12); 21% of the 170
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acyl-ACP+ HlyC T [HlyC‚acyl-ACP]T
acyl-HlyC + ACPSH

acyl-HlyC + proHlyA T [proHlyA‚acyl-HlyC] T
HlyA + HlyC

sum: acyl-ACP+ proHlyA T HlyA + ACPSH
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residues in HlyC are identical among the RTX C proteins.
The site of acylation during the transient formation of acyl-
enzyme intermediate is likely a conserved residue. Chemical
modification experiments and site-directed mutation analysis
of conserved residues capable of bearing acyl groups have
shown His23 to be essential for activity and certain conserved
tyrosine and serine residues to be important in HlyC catalysis
(11, 13, 14). The crucial roles of His23 and Ser20 and the
nature of the acyl-HlyC intermediate have been further
examined. The kinetic mechanism implied by the demonstra-
tion of the substituted enzyme and the partial reactions has
been established using acyl-ACPs bearing two different acyl
groups. In conjunction with these experiments that have
served to clarify the reaction mechanism, a more stable
protein to explore the nature of internal protein acylation, a
fragment of proHlyA, was developed.

EXPERIMENTAL PROCEDURES

Materials. [1-14C]Myristate and [1, 3-3H]DFP were from
New England Nuclear; [1-14C]laurate was from Amersham
Life Science.EcoRV, Dpn-I, and Deep Vent DNA poly-
merase were from New England Biolabs.Pfu TurboDNA
polymerase was from Stratagene. 3-(1-Pyridinio)-1-propane-
sulfonate was from Fluka. All chemicals were reagent grade.
Urea-containing buffers were freshly prepared. Ni-NTA
agarose was from Qiagen. Novagen was the source of
alkaline phosphatase conjugated S-peptide and pET plasmids.

Bacterial Strains and Growth Media and DNA. E. coli
strains were BL21(DE3)pLysS from Novagen and XL-2 Blue
from Stratagene. Cells were grown in Luria broth except for
expression of HlyC and its mutants; these were grown in
minimal media, induced with 1 mM isopropylâ-D-thio-
galactopyranoside atA600nm ) 0.6, and harvested after 3 h.
Oligonucleotides used for subcloning the fragment of the
hlyA gene or site-directed mutagenesis ofhlyC were from
Integrated DNA Technologies and are given in Table 1. DNA
between base pairs 2733 and 3638 of the pHly152hly
determinant (15) encoding a portion of thehlyA gene
designated fragment A was subcloned from pTXA1 (10)
using PCR with Deep Vent DNA polymerase. The purified
amplified DNA was blunt end ligated into theEcoRV site

of pET-30(b) which encoded an N-terminal His6-S-tag fused
with the fragment of proHlyA, resulting in pTXAt1 which
was transformed into BL21(DE3)pLysS for expression.

Site-Directed Mutagenesis. Site-directed mutations inhlyC
were generated by the round-circle PCR method described
in the QuikChange Site-Directed Mutagenesis Kit protocol
(Stratagene) using the plasmid pTXC2 as the reaction
template (13). The rationale involved whole-plasmid PCR
amplification using the mutagenic oligonucleotides shown
in Table 1, one 5′ and one 3′ primer for each mutation.
Residual native plasmid was digested with thedammethyl-
ation-specific restriction endonuclease,Dpn-I, and the PCR
product containing the mutation was transformed into XL2-
Blue cells for efficient cloning of nonmethylated DNA.
Mutation of DNA was confirmed by DNA sequence analysis
(16) at the Molecular Genetics Facility at the University of
Georgia. Plasmids containing mutant HlyC inserts were
designated pTXC2 along with a description of the mutation,
and the vectors containing mutant HlyCs were transformed
into BL21(DE3)pLysS for expression.

Proteins.Proteins were handled at 4°C unless noted other-
wise. ProHlyA, ACPSH, [14C]lauroyl-ACP, and [14C]myris-
toyl-ACP were obtained as described by Trent and colleagues
(10). Lauroyl-ACP and myristoyl-ACP were purified and
evaluated as described (17) and stored in aliquots at-80
°C.

HlyC expressed as a His6-S-tag fusion protein from pTXC2
described previously (13) was employed for kinetics. Inclu-
sion bodies from pTXC2 cells or its mutants were isolated
from the cell lysate pellet (250 mL culture) and washed twice
with 25 mM Hepes (pH 8), 5 mM EDTA, 1 mM dithio-
threitol, 1% Triton X-100. Protein was solubilized from
inclusion bodies with 5 mL of 25 mM Hepes (pH 8), 5 mM
EDTA, 1 mM dithiothreitol, 6 M guanidine hydrochloride.
Protein from inclusion bodies obtained from pTXC2 cells
or mutants thereof was routinely refolded in the presence of
mild solubilizing agents, nondetergent sulfobetaines, 3-(1-
pyridinio)-1-propanesulfonate in this instance, as described
by Vuillard and colleagues (18). The solution was clarified
by centrifugation at 30000g for 30 min. Fusion protein was
precipitated overnight at 65% (NH4)2SO4 saturation, collected
by centrifugation at 30000g for 30 min, and dissolved in 25

Table 1: Primers Used To Construct ProHlyA Fragment A and HlyC Mutants

namea sequence (5′ to 3′)
fragment A 5′ CTCAGTCCTCATTACCCAGCAACATTG
fragment A 3′ CTAATCACCGCCATAGAGCTGGTCATCTC
S19AS20A 5′ GTATCCTGGCTATGGGCCGCTGCTCCACTACACAGAAACTGG
S19AS20A 3′ CCAGTTTCTGTGTAGTGGAGCAGCGGCCCATAGCCAGGATAC
S20C 5′ CCTGGCTATGGGCCAGTTGTCCACTACACAGAAACTGG
S20C 3′ CCAGTTTCTGTGTAGTGGACAACTGGCCCATAGCCAGG
S20H 5′ CCTGGCTATGGGCCAGTCATCCACTACACAGAAACTGG
S20H 3′ CCAGTTTCTGTGTAGTGGATGACTGGCCCATAGCCAGG
S20T 5′ CCTGGCTATGGGCCAGTACTCCACTACACAGAAACTGG
S20T 3′ CCAGTTTCTGTGTAGTGGAGTACTGGCCCATAGCCAGG
H23D 5′ GGCTATGGGCCAGTTCTCCACTAGACAGAAACTGGCCAGTATC
H23D 3′ GATACTGGCCAGTTTCTGTCTAGTGGAGAACTGGCCCATAGCC
H23K 5′ GGGCCAGTTCTCCACTAAAAAGAAACTGGCCAGTATC
H23K 3′ GATACTGGCCAGTTTCTTTTTAGTGGAGAACTGGCCC
H23Y 5′ GGCTATGGGCCAGTTCTCCACTATACAGAAACTGGCCAGTATC
H23Y 3′ GATACTGGCCAGTTTCTGTATAGTGGAGAACTGGCCCATAGCC
Q43A 5′ CCCGCAATACAGGCTAACGCTTATGTTTTATTAACCCGGG
Q43A 3′ CCCGGGTTAATAAAACATAAGCGTTAGCCTGTATTGCGGG

a Letters are one-letter amino acid abbreviations. The template for proHlyA fragment A was pTXA1; that for the HlyC mutations was pTXC2.
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mM Hepes (pH 8), 5 mM EDTA, 1 mM dithiothreitol. It
was stored in aliquots at-80 °C. Protein yield was∼5 mg.
Alternatively, urea extracts of inclusion bodies containing
wild-type or mutant His6-S-tag-HlyC were subjected to quick
refolding to detect possible structural roles of mutant
residues. Mutant and wild-type cultures of 5 mL were grown
simultaneously, induced, harvested, and stored at-20 °C.
At the time of use, cells were thawed, disrupted, and analyzed
for HlyC activity as previously described (13).

N-terminal His6-S-tag fusion fragment A was hyper-
expressed from cells grown as described previously for
pTXA1 expression (10). Following induction and harvest of
a 250 mL culture and storage of the cell pellet at-20 °C,
fragment A was isolated from inclusion bodies. After brief
exposure of the thawed cells to ultrasound, the mixture was
diluted with 200 mL of 25 mM Hepes (pH 8), 5 mM EDTA,
1 mM dithiothreitol, collected by centrifugation at 20000g
for 20 min, washed with 220 mL of the same buffer, and
collected as before. The pellet was suspended with occasional
gentle agitation in 1 mL of the same buffer containing 6 M
urea for 1.5 h; then the supernatant solution was collected
by centrifugation and stored in aliquots at-80 °C. The
protein yield was 6.5 mg of which 92% was fragment A.
The 39 500 kDa protein included amino acid residues 472-
780 of the 1024 residues constituting proHlyA. The relatively
hydrophobic portion of proHlyA near the N terminus (Figure
1) and several of the Ca2+ binding repeats were eliminated
in fragment A. ProHlyA has two fatty acylation sites, the
ε-amino groups of lysine residues 564 and 690, and both
sites were preserved, Lys140 and Lys 266, in fragment A.
Fragment A of greater purity was obtained by washing
inclusion bodies from 250 mL of cells in 25 mM Hepes (pH
8), 0.5 M NaCl, 5 mM imidazole and bringing the inclusion
bodies up in 5 mL of 25 mM Hepes (pH 8), 0.5 M NaCl, 5
mM imidazole, 6 M urea. After 1.5 h with occasional gentle
agitation, the urea solution was clarified by centrifugation,

mixed with 2 mL of Ni-NTA agarose, and gently agitated
overnight. The agarose was rinsed into a column using the
urea buffer and washed with 25 mL more of the urea buffer.
The column was washed with 20 mL of buffer that contained
20 mM imidazole, and fragment A was eluted from the
column by washing with 6 mL of buffer that contained 500
mM imidazole. The solution was divided into two halves;
each was concentrated in a 10 000 cutoff Centricon (Ami-
con). One was washed with 2 mL of 25 mM Hepes (pH 8),
5 mM EDTA, 1 mM dithiothreitol and brought up in the
same buffer; the other was also washed and then brought up
in the same buffer which contained 6 M urea.

Treatment of HlyC with DFP.HlyC wild-type and mutant
S20A, each at 1.1µM, were treated with 12µM [1,3-3H]-
DFP, 8.4 Ci/mmole in the presence and absence of 2.3µM
myristoyl-ACP in 100 mM Hepes (pH 7.5) (19). The reaction
volume was 100µL. After 1 h at 25°C, reactions were made
10% in trichloroacetic acid and kept on ice for 45 min and
then centrifuged at 13600g for 5 min. The protein pellet was
washed with 500µL of cold acetone. Precipitated protein
was dissolved in 20µL of 8 M urea+ 20 µL of 2% SDS
sample buffer and subjected to SDS-15%PAGE followed
by fluorography as described below.

Protein Determination.Protein was measured as described
by Bradford (20).

Chemical Cross-Linking of Proteins InVolVed in Fragment
A Acylation.Reactions were set up as described previously
for assay of HlyC activity (10), and protein contents were
those given in the Figure 2 legend. Reactions were exposed
to 10 mM dimethyl suberimidate for 10 min at 25°C.
Reactions were halted by the addition of 1 M ammonium
acetate to a final concentration of 100 mM, and proteins were
precipitated at 4°C with 10% trichloroacetic acid. After 45
min, precipitated protein was collected by centrifugation at
13600g for 5 min and washed with 500µL of acetone; the
pellet was collected again by centrifugation. Protein was
dissolved in 20µL of 8 M urea and 20µL of 2% SDS sample
buffer and analyzed as described in the Figure 2 legend.

Measurement of Acyl-HlyC Stability.[14C]Myristoyl-HlyC
was generated by incubating 18µM HlyC + 4 µM
[14C]myristoyl-ACP in 100µL of 50 mM Hepes (pH 8) for
5 min at 25°C. Reactions were brought to 60% saturation
with 100% saturated neutral ammonium sulfate, kept on ice
for 45 min, and then centrifuged at 13600g for 5 min.
Myristoyl-ACP did not precipitate under these conditions;
thus, precipitates consisted of HlyC and [14C]myristoyl-HlyC.
Each precipitate was dissolved in one of the following
solutions and kept at 25°C for 30 min: 250 mM acetate
(pH 5); 250 mM Hepes (pH 6.5); 250 mM Hepes (pH 6.5),
500 mM dithiothreitol; 250 mM Hepes (pH 6.5), 1 M
hydroxylamine; 100 mM Hepes (pH 8); 250 mM Hepes (pH
8.6); 250 mM Hepes (pH 8.6), 500 mM dithiothreitol; 250
mM Hepes (pH 8.6), 1 M hydroxylamine. At least three
samples were examined independently for each condition.
Two approaches were used to measure acyl-HlyC after its
formation and exposure to various conditions. First, [14C]myris-
toyl-HlyC was isolated by ammonium sulfate precipitation
at neutrality, washed free of residual [14C]myristoyl-ACP,
ACPSH, and [14C]myristate with 50% 2-propanol, and
measured using the acyl transfer assay procedure of Trent
and colleagues (10). Second, acyl-HlyC stability upon expo-
sure to diverse conditions was documented by separation of

FIGURE 1: Hydrophobicity profile and structural schematic of
proHlyA. Panel A shows the hydrophobicity profile of proHlyA
and the portion of it that formed fragment A. Panel B is a schematic
representation of the structural regions of proHlyA, and the
approximate region forming fragment A is between brackets.
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the reaction components by SDS-15%PAGE, fluorography,
and scanning in the way described below.

Gel Electrophoresis, Fluorography, and Western Blotting.
The purity of each protein used was assessed by densitometry
following SDS-PAGE according to Laemmli (21). Fluoro-
grams and gels were scanned using a Hewlet-Packard ScanJet
5200C; the scan densities were analyzed with Un-Scan-It
software by Silk Scientific. HlyC mutants and wild-type were
∼85% pure, proHlyA was∼90% pure, and unpurified
fragment A was∼92% pure. Western blotting onto PVDF
membrane (Bio-Rad) was done using a Bio-Rad Semi-Dry
Electrophoretic transfer cell according to the manufacturers’
instructions. Fluorography was done as previously described
(17) using Enhance or Entensify (New England Nuclear) and
Kodak BioMax MR film.

Measurement of Enzyme ActiVity. The rate of HlyC-cata-
lyzed acyl transfer from [14C]myristoyl-ACP or [14C]lauroyl-
ACP to proHlyA was measured as previously described (10).
Previously unthawed aliquots of proHlyA and HlyC were
used for each measurement. Reactions were initiated by the
addition of acyl-ACP. Initial velocity kinetic data were
analyzed by fitting eq 1 directly in the hyperbolic form with
an unweighted analysis as described by Wilkinson (22) using
Hyper (Emmet-Drury Software) whereVmax is the maximal
velocity andKm is the Michaelis constant for the varied
substrate S.

These analyses yielded the kinetic parameters reported. Data
were also examined using several linear forms using a
computer program previously described (23). Agreement
among all methods was required for acceptance of data.
Steady-state enzyme kinetics were done to distinguish
between the two basic mechanisms described in rate equa-
tions 2, a ping pong mechanism, and 3, a sequential
mechanism.

Km
A and Km

B are the Michaelis constants for substrates A
and B. Initial velocity patterns shown were obtained by
measuring acyl transfer as a function of proHlyA at different
fixed concentrations of acyl-ACP.

RESULTS

Preparation and Characteristics of ProHlyA Fragment.
The 39 500 kDa fragment including amino acid residues
Ser472 through Asp780 of proHlyA, fragment A, which
contained both proHlyA acylation sites, was hyperexpressed
and purified (Figure 2A). It functioned as a substrate for the
internal acyltransferase HlyC. Using the routine assay
previously described (10) where all other factors were
invariant and either proHlyA or fragment A was at 1µM,
the following amounts of acyl transfer were measured. With

intact proHlyA at 1µM, 32.5 ( 3 pmol of myristate was
transferred/assay; a comparable preparation of fragment A
at 1 µM, shown in Figure 2A, lane 2, transferred 59.7( 6
pmol/assay. Further purification on a nickel-charged resin
of fragment A which bore an N-terminal His tag resulted in
a purified protein (Figure 2A, lane 3) which had an activity
at 1µM of 55.3( 8 pmol/assay. Fragment A, in contrast to
intact proHlyA, tolerated purification and freezing and
thawing with no loss of activity; upon removal of urea from
its storage buffer, however, its substrate efficacy was reduced
to 22.1( 0.1 pmol of acyl group transferred/assay at 1µM
fragment A. Acylation of fragment A is shown in Figure
2B, a fluorogram in which the radiolabeled myristoyl group
was detected as it migrated from myristoyl-ACP (lanes 1
and 2 lower bands) to fragment A, forming radiolabeled
fragment A, the band at∼40 kDa in lane 2.

The proHlyA acylation reaction proceeds in two partial
reactions via a substituted enzyme acyl-HlyC formed from
partial reaction 1 between acyl-ACP and HlyC; there is no
ternary complex formation (10, 11). Fragment A acylation
apparently proceeded similarly as shown in the blot in Figure

V )
Vmax[S]

[S] + Km

(1)

V )
Vmax[A][B]

Km
B[A] + Km

A[B] + [A][B]
(2)

V )
Vmax[A][B]

Km
B[A] + Km

A[B] + [A][B] + KS
AKm

B
(3)

FIGURE 2: SDS-PAGE and Western blot analyses of fragment A
purification and reactivity. Molecular size standards shown in panels
A-C are in kDa. Panel A is a Coomassie-stained SDS-15% PAGE
showing fragment A purification progress. Proteins from the
following sources were applied: lane 1, 15µg of inclusion body
protein; lane 2, 5µg of protein, buffered urea extract of inclusion
bodies; lane 3, 5µg of protein, 20 mM buffered imidazole Ni-
NTA agarose eluate. Panel B is a fluorogram of reactants exposed
to dimethyl suberimidate followed by separation on SDS-15%
PAGE showing radioactive acyl group transfer from myristoyl-
ACP to fragment A. Reactions of 100µL prepared at pH 8
contained 2µM [14C]myritstoyl-ACP plus the following proteins:
lane 1, 2µM HlyC; lane 2, 2µM HlyC + 1 µM fragment A. Panel
C depicts interactions between different reactants in the presence
and absence of dimethyl suberimidate separated by SDS-15%
PAGE and then Western-blotted and probed with alkaline phos-
phatase-conjugated S-peptide. HlyC and fragment A contained
N-terminal S-tags. Assay reactions of 100µL were prepared, treated
with dimethyl suberimidate unless noted otherwise, and processed
as described under Experimental Procedures. The reactions con-
tained the following substances: lane 1, 1µM fragment A with no
dimethyl suberimidate; lane 2, 1µM fragment A; lane 3, 2µM
HlyC with no dimethyl suberimidate; lane 4, 2µM HlyC; lane 5,
2 µM myristoyl-ACP; lane 6, 1µM fragment A + 2 µM HlyC;
lane 7, 1µM fragment A+ 2 µM myristoyl-ACP; lane 8, 1µM
fragment A+ 2 µM myristoyl-ACP + 2 µM HlyC; lane 9, 2µM
myristoyl-ACP+ 2 µM HlyC. The double-headed arrow between
lanes 8 and 9 shows a band in each lane formed by the heterodimer
of HlyC and myristoyl-ACP.
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2C where S-tag labels attached to HlyC and fragment A were
detected after dimethyl suberimidate cross-linking of various
combinations of enzyme and substrates. Lanes 1 through 4
show fragment A and HlyC each alone and each cross-linked
alone; no novel bands were generated by dimethyl suber-
imidate treatment. Lane 5 shows, as expected, nothing from
unlabeled myristoyl-ACP. Lanes 6 and 7 analyzed dimethyl
suberimidate treatment of fragment A with HlyC and
myristoyl-ACP, respectively, and no new bands were de-
tected. Lane 8 cross-linking mix contained HlyC with
fragment A and myristoyl-ACP, and a new, discrete band
was generated immediately above the fragment A band. An
identically sized new band was generated when the cross-
linking reaction contained only HlyC and myristoyl-ACP
(lane 9); this band and its counterpart in lane 8 are formed
by the heterodimer of HlyC and myristoyl-ACP demonstrated
previously (10, 11). Furthermore, the same new band was
discerned with chicken anti-ACP antibodies visualized with
phosphorylase-conjugated anti-chicken immunoglobulin (not
shown). No ternary complex (∼71 kDa) formation among
myristoyl-ACP, HlyC, and fragment A was detected with
either probe.

ProHlyA conversion to HlyA is adversely affected by the
presence of Ca2+ (24, 25). Construction of fragment A
resulted in removal of the portion of proHlyA beyond amino
acid residue 800 that engages in exchangeable Ca2+ binding
(Figure 1) (26-28). Examination of the effects of the
presence of Ca2+ upon the acylation of proHlyA and
fragment A by HlyC (Figure 3) showed that fragment A
acylation was not impaired by Ca2+. In contrast, proHlyA
was increasingly refractory to acylation as the concentration
of Ca2+ increased. Thus, the Ca2+ effect in the acyl transfer
reaction was specific for proHlyA; the functions of enzyme,
myristoyl-ACP, and fragment A were unaffected.

Characteristics of the Acyl-Enzyme Reaction Intermediate.
Formation of a dynamic acyl-HlyC reaction intermediate
enroute to the acylation of proHlyA is well documented (10,
11). Observations of the chemical stability of myristoyl-HlyC
under different conditions may provide clues to the nature
of the chemical group acylated, and acyl-HlyC stability under
various conditions was measured.

The acylation of HlyC was measured directly by reacting
HlyC with [14C]myristoyl-ACP, and following removal of
unreacted myristoyl-ACP, the HlyC/myristoyl-HlyC mixture
was exposed to varying conditions of pH and/or nucleophile

for 30 min. The reaction was then processed according to
the assay procedure previously described (10) to remove
residual myristoyl-ACP and free fatty acid, after which the
remaining protein-bound radioactivity, myristoyl-HlyC, was
measured (Figure 4). The acyl-enzyme intermediate was
more stable at pH 8.6 compared to pH 6.5 (Figure 4, column
B compared to column A). The presence of dithiothreitol at
pH 6.5 slightly enhanced stability, but dithiothreitol at pH
8.6 led to a large disappearance of myristoyl-HlyC (Figure
4, column C compared to column D). The presence of a
different nucleophile, imidazole, at basic pH also led to
decreased stability (Figure 4, column E). Hydroxylamine
catalyzed the hydrolysis of myristoyl-HlyC at pH 6.5 and
8.6; the effect was greater at pH 8.6 (Figure 4, columns F
and G). HlyC contains a single cysteine residue, Cys57,
conserved among all RTX C proteins, which had previously
been considered as a candidate for acylation in the acyl
transfer reaction. Sulfhydryl-reactive reagents and site-
directed mutation analysis, however, showed that Cys57 has
no evident function in enzyme activity; C57A possesses wild-
type activity (11, 13). While wild-type HlyC was theoretically
capable of forming a thiol ester, C57A could not, and given
the response of wild-type to hydroxylamine, the response to
hydroxylamine of a mutant lacking any capacity to form a
thiol ester was examined. For this purpose, the stability of
myristoyl-C57A, a mutant devoid of SH groups, was
measured. C57A acyl-enzyme intermediate exhibited sensi-
tivity to hydroxylamine treatment at pHs 6.5 and 8.6, like
that of wild-type (Figure 4, columns H and I compared to F
and G).

In summary, the acyl-enzyme intermediate was less stable
in a mildly acidic milieu compared to a basic environment,
suggesting an amide rather than an ester bond. Further
verification that the intermediate was not a thiol ester was
the observation that mutant C57A acyl-enzyme intermediate
which contained no cysteine residues responded like wild-
type. Acyl-HlyC was subject to nucleophilic attack.

FIGURE 3: Effects of Ca2+ concentration on proHlyA and fragment
A as substrates for internal acylation. Acyl transfer catalyzed by
HlyC was measured as previously described (10); proHlyA and
fragment A assay concentrations were 2µM. Ca2+ concentration
is in micromoles. Fragment A data are shown as (4) connected by
a solid line; proHlyA data are represented by (O) connected by a
dotted line.

FIGURE 4: Myristoyl-HlyC stability under different conditions.
[14C]Acyl-HlyC formed under fixed conditions described under
Experimental Procedures was subjected to different treatments and
then measured by the assay described under Experimental Proce-
dures. The hatched bars represent the following conditions to which
acyl-HlyC generated from wild-type was exposed: A, pH 6.5; B,
pH 8.6; C, 0.5 M dithiothreitol at pH 6.5; D, 0.5 M dithiothreitol
at pH 8.6; E, 0.5 M imidazole at pH 8.6; F, 1 M hydroxylamine at
pH 6.5; G, 1 M hydroxylamine at pH 8.6. Empty bars are conditions
to which HlyC mutant C57A myristoyl-enzyme was exposed: H,
1 M hydroxylamine at pH 6.5; I, 1 M hydroxylamine at pH 8.6.
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Kinetic Mechanism of the Acyl Transfer Reaction.As
mentioned above, internal acylation of proHlyA entails two
partial reactions, a finding indicative of substituted enzyme
formation, which has been previously shown (10, 11). We
have explored the relationship between acyl-HlyC formation
and HlyC catalysis using site-directed mutation analysis (11,
13, 14). Furthermore, stability studies of the intermediate
myristoyl-HlyC are reported above. These findings all imply
a ping pong kinetic mechanism, but it is important to
determine experimentally the steady-state kinetic mechanism
of the HlyC-catalyzed reaction. Initial reaction velocities at
varying proHlyA concentrations were measured at different
fixed myristoyl-ACP concentrations, and the data plotted as
double-reciprocal plots (Figure 5, solid lines) gave a set of
parallel lines supporting a ping pong kinetic mechanism. An
identical pattern of plots resulted when initial reaction rates
were measured by varying myristoyl-ACP concentrations at
different fixed proHlyA concentrations (data not shown). The
kinetic constants of the reaction where both substrates are
present in saturating amounts were determined from second-
ary plots (Figure 5, inset) and also by inserting the kinetic
parameters obtained from the primary plot into the rate
equation (22). There was excellent agreement between the
two methods.Km

myristoyl-ACP was 1.6( 0.4µM, andKm
proHlyA

was 3.6( 1.2µM; Vmax was 4667( 597 pmol of acyl group
transferred min-1 mg-1.

Use of an alternative substrate in the first half-reaction of
a ping pong mechanism affects only the rate constants in
the first half of the reaction, and various acyl-ACPs serve
as acyl donors in the HlyC-catalyzed reaction (10). With all
else being unchanged, at constant nonsaturating concentra-
tions of either myristoyl-ACP or another acyl-ACP, double-

reciprocal plots will show identical slopes for both substrates
providing the kinetic mechanism is ping pong (29, 30).
Experiments were done like those described above, except
that lauroyl-ACP was the acyl-group donor instead of
myristoyl-ACP. Reaction rate measurements with respect to
proHlyA at different fixed concentrations of lauroyl-ACP
yielded parallel lines on a double-reciprocal plot of the same
slope as those seen with myristoyl-ACP; these are shown as
dotted lines in Figure 5. The best confirmation of parallel
lines in double-reciprocal plotting is the half-reciprocal plot,
S/V versusS, which requires convergence of all plots on the
S/V axis (29). The data for both acyl-ACPs so plotted (not
shown) gave common intercepts on half-reciprocal plots at
different fixed concentrations of myristoyl-ACP and lauroyl-
ACP, corroborating identical slopes on double-reciprocal
plots and a ping pong mechanism for HlyC catalysis.

Roles of Specific Residues.The roles of essential residue
His23 and crucial residue Ser20 and another conserved
residue of HlyC, Gln43, were investigated by site-directed
mutation analysis (Table 2). The double mutation S19AS20A
was made to assess the unlikely possibility that Ser19, a
nonconserved residue, substituted partially for the critical
function of conserved wild-type Ser20 in the mutant S20A
(13). The double mutation had about the same activity as
S20A; mutation of nonconserved Ser19 had no effect.
Alteration of Ser20 to threonine, cysteine, or histidine
residues increasingly impaired activity. The serine mutants
with measurable activity were catalytically impaired in the
same respect as previously reported Ser20 mutants (13), a
diminished Vmax and unchangedKm (data not shown).
Substitution of His23 by a tyrosine residue generated an
enzyme that showed minimal activity in contrast to other
previously reported mutations at this site, H23A, H23C, and
H23S, which are inactive (11, 13), and H23D and H23K
(Table 2), which had no detectable activity. The method of
refolding of H23Y did not influence activity. Mutation of
Gln43 to alanine impaired activity to about half of wild-
type upon quick dilution renaturation; if it was slowly

FIGURE 5: Steady-state kinetics of the HlyC-catalyzed reaction
varying [proHlyA] at different fixed concentrations of myristoyl-
ACP or lauroyl-ACP. The double-reciprocal primary plot shows
initial velocity data for proHlyA obtained at the following fixed
concentrations of myristoyl-ACP (solid lines): (4) 0.5 µM; (O)
0.75µM; (0) 1 µM; (3) 2 µM. Initial velocity data for proHlyA at
the following fixed concentration of lauroyl-ACP (dotted lines) are
also shown: (crosses) 0.5µM; (plus signs) 1µM. Velocities (V)
are in arbitrary units. The inset shows the linear secondary plot of
the respective double-reciprocal plot intercepts at different reciprocal
concentrations (µM) of myristoyl-ACP. The assay procedure and
methods of data analysis are given under Experimental Procedures.

Table 2: Acyltransferase Activities of HlyC Single-Site Mutantsa

% of wild-type
acyltransferase activity

mutant quick dilution slowly refolded

S20A NDb 50 ( 3
S19AS20A ND 49( 1
S20C ND 20( 0.4
S20T ND 35( 2
S20H ND 0
H23D 0 0
H23K 0 0
H23Y 11( 1 16( 2
Q43A 48( 7 77( 0.8

a Acyltransferase activity was measured as previously described (10)
except that serine mutants were assayed with 2µM fragment A instead
of proHlyA. Quick dilution and slow refolding renaturation of HlyC
were done as previously described (13). Slowly refolded wild-type His6-
S-tag-HlyC activity was 2.8( 0.09 nmol of acyl group transferred
min-1 (mg of enzyme)-1. Quickly diluted wild-type His6-S-tag-HlyC
activity was 1.9( 0.10 nmol of acyl group transferred min-1 (mg of
enzyme)-1. Data are the averages of at least three determinations of
enzyme activity( the standard deviation. Activities less than 5% of
wild-type were interpreted as 0 activity.b ND: not determined. Quick
dilutions of Ser20 mutations were not done since previous mutation of
Ser20 showed no difference in activity between quick dilution and slow
refolding (13).
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refolded, however, activity increased to about three-fourths
of wild-type.

The kinetic parameters of H23Y and Q43A are compared
to wild-type in Table 3, and the efficacies of the interchange-
able substrates proHlyA and fragment A are also contrasted.
The Vmax values for the two substrates were close; the
increased substrate efficacy of fragment A shown above
stemmed from its reducedKm

app compared to proHlyA’s
Km

app. Among five mutations of His23, only the tyrosine
substitution supported detectable activity, although it was
severely impaired at∼16% of the wild-type estimated
reaction rate constant. The reduced catalytic efficiency of
H23Y stemmed from an almost 5-fold higher myristoyl-ACP
Km

app and a reducedVmax
app compared to wild-type HlyC;

the Km
app values for proHlyA and fragment A were un-

affected. In contrast, theKm
appfor either proHlyA or fragment

A for the reaction catalyzed by mutant Q43A was actually
reduced about 4-fold while that for myristoyl-ACP was
unchanged compared to wild-type. The decreased catalytic
efficiency of Q43A reported above stemmed from a reduced
Vmax

app compared to wild-type HlyC.
As previously shown, acyl-enzyme formation during

catalysis is preceded by formation of a noncovalent binary
complex of acyl-ACP and HlyC (∼43 kDa) which is readily
captured upon treatment with dimethyl suberimidate (10, 11).
All the serine mutants reported herein, the double mutation
S19AS20A, S20T, S20H, S20C, and His23 mutations H23K
and H23Y formed chemically cross-linked heterodimers
comparable to wild-type (Figure 6). Acyl-HlyC formation
by these same serine and histidine mutants was, however,
greatly diminished or virtually undetectable with one excep-
tion; the inactive mutant H23K formed reduced but un-
equivocally detectable acyl-enzyme intermediate, the only
inactive His23 mutant to do so (11, 13). Q43A HlyC showed
reduced heterodimer and reduced acyl-enzyme intermediate
compared to wild-type.

The pH stability of the unproductive acyl-enzyme of H23K
resembled but was not identical to the stability of wild-type
acyl-enzyme even though less acyl-H23K was formed than
acyl-HlyC from identical amounts of myristoyl-ACP and the
respective enzymes (Figure 7). Owing to the differences in
the amount of acyl-enzyme formed by wild-type and H23K
HlyCs and analyzed simultaneously under identical condi-
tions, the fluorogram illustrating acyl-HlyC was developed
after 2 weeks of exposure, while that shown for acyl-H23K
was developed at 4 weeks for optimum analysis (Figure 7).
Acyl-H23K and acyl-wild-type HlyC tolerated basic condi-
tions better than acidic and showed similar susceptibilities
to hydroxylamine. Within this general pattern of similar
attributes, there were differences which are expressed as the
percent of the maximally stable form of each at pH 8.6.
H23K at pH 6.5 had roughly 60% of its pH 8.6 stability; in

contrast, wild-type at pH 6.5 was about 30% of the amount
of wild-type at pH 8.6. There was a similar difference in
response to hydroxylamine at pH 8.6 with H23K being more
stable than wild-type,∼40% compared to 25%. Behavior
consistent with amide linkages would match the gross
similarities, and the slight differences would fit an acyl-
histidine in wild-type and an acyl-lysine in H23K.

Wild-type HlyC and the mutant S20A, as a control, were
treated with radiolabeled DFP, and there was no detectable
label incorporation into either (data not shown). As previ-
ously reported, HlyC is not inhibited by serine-directed
reagents (13). Although crucial for activity, Ser20 is not
essential (13), and thus was unlikely to be the HlyC residue
covalently modified during catalysis.

DISCUSSION

Fragment A was a more tractable and effective substrate
for study of the acylation reaction compared to proHlyA.
Comparison of kinetic parameters of proHlyA and fragment
A measured under equivalent conditions indicated that the
increased catalytic efficiency of fragment A stemmed from
its decreasedKm, almost 10-fold less than that of proHlyA;
the Vmax of the reaction was about the same with either
fragment A or proHlyA. This may imply that both substrates
are acylated equally well after binding but fragment A more
facilely binds to acyl-HlyC than does proHlyA. Alternatively,
fragment A may function better because it is structurally
more stable than proHlyA. This difference in behavior likely
stems largely from the absence of the hydrophobic portion
of proHlyA in fragment A (Figure 1), resulting in decreased
aggregation. Use of the highly sensitive S-tag detection and
anti-ACP antibodies, to investigate possible heterocomplex
formation involving S-tagged fragment A during the forward
reaction, showed no detectable ternary complex formation
among fragment A, HlyC, and myristoyl-ACP. Lack of
ternary complex formation corresponds with earlier findings
regarding proHlyA, which does not complex with HlyC and
myristoyl-ACP while the previously reported heterocomplex
formation between myristoyl-ACP and HlyC upon treatment
with dimethyl suberimidate was readily detected (10). These
findings are in accord with the observed ping pong kinetic
mechanism.

Previously reported evidence including demonstration of
two independent partial reactions is summarized above. In
addition, steady-state kinetics resulted in parallel lines on
double-reciprocal plots for two acyl-donor substrates, myris-
toyl-ACP and lauroyl-ACP, asserting that the path of the
second partial reaction proceeded independently of the first
partial reaction, an affirmation of a ping pong mechanism
(30, 31, 34). A sequential mechanism would describe plots
intersecting on or to the left of the 1/V axis of a double-
reciprocal plot rather than forming parallel lines.

Table 3: Kinetic Parameters of Selected HlyC Mutants for Myristoyl-ACP and Different Internal Protein Acylation Substratesa

mutation acyl-ACPKm
app acyl-ACPVmax

app proHlyA Km
app proHlyA Vmax

app fragment AKm
app fragment AVmax

app

none 0.51( 0.2 2850( 324 2.0( 0.08 3060( 64 0.26( 0.05 2870( 179
H23Y 2.3( 0.3 691( 46 1.6( 0.09 293( 18 0.23( 0.09 317( 30
Q43A 0.48( 0.07 2130( 72 0.45( 0.08 1220( 53 0.058( 0.005 1830( 26

a For the determination of kinetic parameters at varying concentrations of myristoyl-ACP, [proHlyA] was 2µM. When proHlyA or fragment A
concentrations were varied, [myristoyl-ACP] was 1µM. Vmax

app values are pmol of myristate transferred min-1 (mg of enzyme)-1. Km
app andVmax

app

are to 2 and 3 significant numbers, respectively,( the standard deviation. Experimental details and procedures for calculating the kinetic constants
and error estimates are given under Experimental Procedures.

An Internal Protein Acyltransferase Biochemistry, Vol. 40, No. 45, 200113613



The hemolysin toxin acylation is the only protein internal
acyltranferase that has been biochemically characterized (9-
11, 13, 34), and this is, to our knowledge, the first description
of a steady-state kinetic mechanism directly measuring
transfer of fatty acyl groups to the internal residues of a
protein. Analysis, performed in another laboratory, of the
steady-state kinetic mechanism of hemolysin toxin activation
by measuring erythrocyte lysis suggested a sequential kinetic
mechanism (35), which is at variance with the extensive

evidence summarized above indicating a ping pong kinetic
mechanism. The discrepancy likely stems from the measure-
ment of different biochemical events, acyl transfer in contrast
to lysis, where lysis is an occurrence of uncertain stoichi-
ometry at least two steps removed from acyl transfer. The
cytolytic action of the toxin activated in vitro consists of
three separate biochemical events: (1) acylation of internal
residues of the toxin; (2) binding of toxin to the target cell;
and (3) lysis of the target cell following intra- and possibly
intermolecular rearrangements of toxin (36-40). Separate
biochemical study of each event is necessary for understand-
ing what is transpiring at the molecular level in rendering a
benign protein toxic and its subsequent lytic behavior.

The stabilities of the myristoyl-HlyC wild-type intermedi-
ate and myristoyl-HlyC C57A intermediate (a cysteine-less
mutant) under various conditions validated previously re-
ported (13) inhibitor and mutation studies indicating that the
intermediate acyl-HlyC is neither a thio ester nor an oxygen
ester. Reported speculation that the acyl-intermediate is
actually a noncovalent ternary complex of acyl-ACP, HlyC,
and proHlyA giving rise to a sequential kinetic mechanism
(35) was ruled out because, among other facts, the stability
of the∼23 kDa acyl-intermediate exhibited no resemblance
to that of acyl-ACP, a thio ester. Moreover, a ternary complex
would be considerably larger,∼142 kDa. An acid anhydride
or ester bound acyl-enzyme intermediate would be expected
to be least stable at pH 8.6 compared to pHs 8.0, 6.5, and
5.0; this was not the case for myristoyl-HlyC, which was
most stable at pH 8.6. There are no conserved lysine residues
among the hemolysin C protein (11); thus, an acyl-lysine,
which would be more stable at pH 8.6 than at acidic pH, is
not a likely intermediate. Myristoyl-HlyC became less stable
as the pH decreased, a behavior like that reported for the
intermediate formed by the active site histidine residue
nucleophile in acid phosphatase (41). The increased stability
of myristoyl-HlyC at basic pH compared to mild acidity is
compatible with acylation of the imidazole ring N of a
histidine residue. Although very reactive, such a structure
would be more stable than an acid anhydride (42). As a
structural approximation of such an intermediate, the hy-
drolysis of acyl-imidazole formed in nucleophilic catalysis
by imidazole is the slow step of the overall reaction (43).
Like acyl-imidazole, the myristoyl-HlyC intermediate was
susceptible to breakdown by nucleophiles as illustrated by
the effects of imidazole, hydroxylamine, and dithiothreitol.
Furthermore, the reactive hydrolytic species is acyl-imid-
azolium and not free acyl-imidazole (43), which is compat-

FIGURE 6: Binary complex and acyl-enzyme formations of HlyC
wild-type and mutants with myristoyl-ACP. Mixtures of [14C]-
myristoyl-ACP and HlyC wild-type or mutants were prepared in
the presence of dimethyl suberimidate (A-C) and without chemical
cross-linking (D-F). Reactions in panels A-C contained 2µM
[14C]myristoyl-ACP and 4.5µM wild-type or mutant His6-S-tag-
HlyC and were assembled as described previously for assay of
acyltransferase activity (10). Dimethyl suberimidate (10 mM) was
added, and after 10 min at 25°C, reaction was halted by adding
100 mM ammonium acetate. A reaction containing [14C]myristoyl-
ACP only was done as a reference. A reaction containing wild-
type His6-S-tag-HlyC was done with each set of mutant HlyC
experiments to provide a reference for comparison. Reactions in
panels D-F were assembled like those described above except that
3.8 µM [14C]myristoyl-ACP and 50µM wild-type or mutant His6-
S-tag-HlyC were added and incubated for 10 min 25°C. No
dimethyl suberimidate was added. Following incubation, proteins
in all reactions were precipitated with 10% trichloroacetic acid at
4 °C, collected, dissolved in 20µL of 2% SDS sample buffer that
contained 4 M urea, and subjected to SDS-15% PAGE and
fluorography as described under Experimental Procedures. Results
depicted in panels A, B, D, E, and F were generated using the fluor
Enhance, C Entensify. Radioactive mass standards were run, and
kDa values are shown.

FIGURE 7: Acyl-H23K stability under different conditions compared
to myristoyl-HlyC. [14C]Acyl-HlyC, wild-type and H23K, formed
under fixed conditions and subjected to different treatments from
among those described in the Figure 4 legend as described under
Experimental Procedures and then measured by SDS-15% PAGE
separation, fluorography, and densitometric analysis. Film was
developed for 2 weeks for analysis of wild-type acyl-HlyC and for
4 weeks for analysis of acyl-H23K.
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ible with the increased stability of the acyl-enzyme observed
at higher pH seen in Figures 4 and 7. His23 is the only
conserved residue that could potentially bear an acyl group
whose mutation results in total loss of activity (11).
Furthermore, myristoyl-ACP protection from diethyl pyro-
carbonate inhibition, a reagent specific for histidine residues,
is consistent with His23 being in the active site proximity
(13). The unique ability of H23K among His23 mutations
to form acyl-HlyC while supporting no detectable acyl
transfer to proHlyA or fragment A affirmed a special role
for His23.

Histidine residues are crucial in many enzyme-catalyzed
reactions as acid/base catalysts. A rare example of histidine
functioning as a nucleophile in an acyl group transfer is the
acyl-imidazole intermediate formed during enzymatic ca-
talysis in the covalent binding of complement component
C4 to the surface of pathogens (44). An internal thio ester
of C4B is attacked intramolecularly by a histidine residue
to form an acyl-imidazole intermediate, and the acyl group
is subsequently transferred to amino or hydroxyl nucleo-
philes. This reaction is curiously analogous to proHlyA
activation to HlyA, which entails proHlyA internalε-amino
group acylation by acyl transfer from the thio ester acyl-
ACP via an acyl-HlyC, likely an acyl-imidazole, to the amino
nucleophile. Notably, among several nucleophile-bearing
residues substituted for the crucial histidine residue in C4B,
only a mutant containing a tyrosine substituent was func-
tional, albeit less effectively than the histidine containing
wild-type (45). In HlyC, His23 also was replaceable with
functional preservation only by tyrosine, and this was
minimally functional compared to wild-type. The tyrosine
phenolic group is a less effective nucleophile under the
conditions employed than is the histidine imidazole nitrogen.
In our view, when His23 was mutated to a lysine, the epsilon
primary amino group of Lys23 was acylated, forming acyl-
HlyC less than wild-type but more than H23Y (Figure 6).
In contrast to the minimally active H23Y, H23K, although
acylated, did not transfer its acyl group to proHlyA or
fragment A. Nucleophilic attack by the primary amine of
H23K formed an amide bond like that of the HlyC reaction
product, which would not be a reactive acyl donor in contrast
to acyl-histidine formed by wild-type. Acyl-H23K showed
a pattern of pH stability consistent with an amide-bonded
intermediate as did wild-type, but it was more stable than
acyl-HlyC wild-type, presumably an acyl-imidazole. Acyl-
imidazole with a free energy of hydrolysis greater than
-13 000 cal/mol at pH 7, is thermodynamically unstable
compared with most amides, esters, and thiol esters, and is
highly susceptible to nucleophilic attack (43). In contrast to
the proposedN-acyl-histidine of the wild-type, the acyl-
enzyme of H23K,N-acyl-lysine, would not be expected to
function in acyl group transfer. The fact that such transfer
was not observed even though acyl-H23K was formed
suggests that His23 is the site of acylation of HlyC.
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