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ABSTRACT. Hemolysin, a toxic protein produced by pathogeBgcherichia coliis one of a family of
homologous toxins and toxin-processing proteins produced by Gram-negative bacteria. HlyC, an internal
protein acyltransferase, converts it from nontoxic prohemolysin to toxic hemolysin. Acyl-acyl carrier protein

is the essential acyl donor. The acyltransferase reaction progresses through formation of a binary complex
between acyl-ACP and HIyC to a reactive acyl-HlyC intermediate [Trent, M. S., Worsham, L. M., and
Ernst-Fonberg, M. L. (1998 iochemistry 374644-4655]. The homologous acyltransferases of the family
have a number of conserved amino acid residues that may be catalytically important. Experiments to
illuminate the reaction mechanism were done. The formation of an acyl-enzyme intermediate suggested
that the reaction likely proceeded through two partial reactions. The reversibility of the first partial reaction
was shown by using separately subcloned, purified, and expressed substrates and enzyme. The effects of
single site-directed mutations of conserved residues of HlyC on different portions of reaction progress
(binary complex formation, acyl-enzyme formation, and enzyme activity, including kinetic parameters)
were determined. Mutations of His23, the only residue essential for activity, formed normal binary
complexes but were unable to form acyl-HIyC. The same was seen with S20A, a mutant with greatly
impaired activity. Mutation of two conserved tyrosines separately to glycines results in greatly impaired
binary complex and acyl-HlyC formation, but mutation of those residues to phenylalanines restored behavior
to wild-type.

Internal fatty acylation of a protein is a means of modifying ~ The toxicity of hemolysin (HIyAY. a protein toxin secreted
its biological behavior. For example, lipid modification of by pathogeni&scherichia coli rests upon the acylation of
proteins influences proteirprotein interaction, and it is a  two internal lysines-amino groups. HIyA binds to and lyses
component of cell regulatory mechanisms such as signalmammalian target cell membranes and, at lower concentra-
propagation_ Many toxins exert their effects by distortion of tions, perturbs cell Signal transduction and release of inflam-
cellular signaling mechanisms. Numerous instances of proteinmatory mediatorsg, 9). It is one of the RTX (repeats in
internal fatty acylation, generally via thiol esterification of t0Xin) family of homologous, membrane-active toxins of
cysteine residues, have been reported. The acyltransferasesMilar mechanism produced by different Gram-negative
catalyzing these reactions have been elusive. Recently,baCterIa {0-12). The toxin arises from the expression of
however, two proteirrpalmitoyl acyltransferases have been theIthCABDl_?IeRe c;luster. TP%IYA,‘[ gemlel ﬁ)roldutct,Hﬁ)rzhs-
isolated {, 2). Although several instances of posttranslational tmhg )e/lilt?ogp(r)? thélglclgecnoem;;?c: deuctml—:ﬁllcce ;Jnairn)t/ercr)lal grote)i/n
modification by internal fatty acylation of specific proteins f X

7 acyltransferase 18—16). Acyl-ACP is the obligate acyl
through amide linkage have been repor@qmd rgferences donor. Recently, we reported the separate subcloning and
therein,4—6), the enzymes have been neither isolated nor

_ X . ‘ 7" expression of each of the proteins involved in the internal
characterized. The extent of internal fatty acylation via amide acylation of proHlyA to form toxic HlyA and characterized
Imkagg of mammalian _prot_ems is unknown. HoweYera the acyltransferase, HlyC, and the reaction it cataly26} (
acylation of cellular protein with endogenously synthesized Notably, a reactive acyl-HlyC intermediate is formeiby,
fatty acids in a mouse muscle cell line indicated that at least

30% of protein-bound palmitate was present in amide linkage
with undefined residuesry.

1 Abbreviations: proHIyA, hemolysin A protoxin; HlyA, hemolysin
A toxin; RTX, repeats in toxin; HlyC, acyl-acyl carrier protein
prohemolysin acyltransferase; ACP, acyl carrier protein; ACPSH, acyl
carrier protein with a free prosthetic group thiol; myristoyl-ACP, acyl
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Table 1: Primers Used to Construct HlyC Mutants

name sequence (3o 3)°
G11A upper CCATTAGAGATTCTTGCTCATGTATCCTGGCTATGGGCCAG
G11A lower CTGGCCCATAGCCA@TACAT% CAAGAATCTCTAATGG
P53A upper CGGGATGATTACGCTGTCGCGTATTGTAGTTGG
P53A lower CCAACTACAATACGCGACAGCGTAATCATCCCG
E67A upper GGGCTAATTTAAGTTTAGAAAATGCTATTAAATATCTTAATGATG
E67A lower CATCATTAAGATATTTAATA@A'WI’CTAAACTTAAATTAGCCC
G85A upper GCAGAAGACTGGACTTCAGCTGATCGTAAATGGTTCATTGAC
G85A lower GTCAATGAACCATTTAC GWCA_GCTGAAGTCCAG TCTTCTGC
D86A upper CAGAAGACTGGACTTCAGGTGCTCGTAAATGGTTCATTGACTGG
D86A lower CCAGTCAATGAACCATTTACGAGCACCTGAAGTCCAGTCTTCTG
P96A upper GGTTCATTGACTGGATTGCTGCTTTCGGGGATAACGG
P96A lower CCGTTATCCCCGAAAGCAGCAATCCAGTCAATGAACC

a| etters are one letter amino acid abbreviatidhglutant amino acid codons are underlined.

which suggests that the acyltransferase reaction may consisin Luria broth except for expression of BiS-tag-HlyC and
of two partial reactions as shown: its mutants; these were grown in minimal medium, induced
with 1 mM IPTG atAsoonm 0.6, and harvested after h.
acyl-ACP+ HIlyC — Oligonucleotides used for site-directed mutagenesiydt
[HIyC - acyl-ACP]< acyl-HlyC + ACPSH (1) were from Integrated DNA Technologies. The round circle
PCR method described in the Quik-Change site-directed
acyl-HlyC + proHIlyA < mutagenesis kit protocol (Stratagene) generated site-directed
[proHIyA - acyl-HIyC] < HIyA + HIyC (2) mutations inhlyC by using the plasmid pTXC2 as the
sum acyl-ACP+ proHIyA <> HlyA + ACPSH reaction template. The rationale involved whole-plasmid PCR
amplification with one set of primers for each mutation
However, neither the chemistry nor the kinetics of the (shown in Table 1). Residual native plasmid was digested
mechanism of this reaction nor that of any other protein with the dam methylation-specific restriction endonuclease
internal acyltransferase is known. Dpnl, and the PCR product containing the mutation was
Comparison of deduced amino acid sequences of 13 RTXtransformed into XL2-Blue cells for efficient cloning of
C proteins reveals extensive homolodl7) . Of the 170 nonmethylated DNA. Plasmids containing mutaiytCs were
residues in HlyC, 36 are identical among the known RTX C designated pTXC2 along with a description of the mutation
proteins. Among the conserved residues are several residueand were transformed into BL21(DE3)pLysS cells for
known to be catalytically important in other types of expression.
acyltransfer reactions. Likely a conserved residue is the site  Proteins.Radiolabeled in the fatty acyl group and unla-
of acylation during the transient formation of acyl-enzyme peled myristoyl-ACP were prepared as described by Trent
intermediate. We have previously investigated, via chemical et al. (16). Myristoyl-ACP was purified and evaluated as
modifications and site-directed mutagenesis, the importancedescribed(20) and stored in aliquots at80 °C. ACPSH
of conserved tyrosine, arginine, cysteine, serine, and histidinewas isotopically labeled by adding 2V [1-1“C]sodium
residues in HIyC catalysid8, 19. Here we report the effects  pantothenate (0.aCi) (21, 22 to 250 mL cultures ofE.
of site-directed mutagenesis of additional conserved residuescoli grown and processed to purify ACPSH as descrilié}l (
and the kinetic parameters of all mutants with measurable The purified ACPSH had a specific radioactivity of 0.3 Ci/
activity. The prospect that the reaction proceeded throughmol. ProHIyA was hyperexpressed and purified as reported
two partial reactions was established by showing the revers-(16). A HlyC fusion protein, N-terminal HisS-tag-HIlyC,
ibility of the first partial reaction, the formation of the acyl-  was employed for site-directed mutagene8).(N-terminal
HIyC intermediate. The abilities of the mutant HlyCs to form  His,-S-tag-HIyC was extracted into 25 mM Hepes (pH 8.0),
acyl-HlyC intermediates and chemically cross-linked het- 5 mM EDTA, 1 mM DTT, ad 6 M urea from inclusion
erodimers of myristoyl-ACP were examined. bodies obtained from a 200 mL cell culture as described by
Trent et al. 16). Both wild-type and mutant HisS-tag-HIyC
EXPERIMENTAL PROCEDURES inclusion body urea extracts were renatured by each of two
Materials. [1-1C]Myristate and [1¥C]sodium pantoth- methods, quick dilution and slow refolding, as previously
enate were from New England Nuclear. Kodak film for described 18).
fluorography was from Sigm&coRV, Dpnl, and Deep Vent AssaysProtein was measured as described by Bradford
DNA polymerase were from New England BiolaB$uTurbo (23). The purity of each protein used was assessed by-SDS
DNA polymerase was from Stratagene. All chemicals were PAGE @4). The HlyC-catalyzed transfer of radiolabeled acyl
reagent-grade. Urea-containing buffers were always freshlygroups from acyl-ACP to proHIyA to form HIyA was
prepared. measured as described previousiy)( Fluorography of
Site-Directed Mutagenesi$he construction of the HlyC ~ SDS-PAGE separations of radiolabeled proteins was done
fusion protein expression plasmid pTXC2 and single site- according to Trent et al.1@).
directed mutation of conserved serine, cysteine, histidine, Demonstration of Partial ReactionDetection of the
arginine, and tyrosine residues have been desc(iti&dl9. reverse direction of the first partial reaction, the possible
E. coli strains were BL21(DE3)pLysS and NovaBlue from transfer of long-chain fatty acyl group from the intermediate,
Novagen and XL2-Blue from Stratagene. Cells were grown acyl-HIyC, to radiolabeled ACPSH was as follows: Under
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the HlyC assay conditions described previoudlg)( unla- o200 30 ) 40 “ 50
beled myristoyl-ACP, 2xM, was incubated with either 25 ~ GHVSWLWASS PLHRNWPVSL FAINVLPAIQ ANQYVLLTRD
(reaction 1) or 5uM (reaction 2) HlyC for 10 min at 4C 60 70 80 %0

in order to form the reaction intermediate, unlabeled acyl- DYPVAYCSWA NLSLENEIKY LNDVTSLVAE DWTSGDRKWF

HIlyC. The reverse reaction was begun by the addition of 25

uM [14(.:]ACPS".| followed by a 10 min incubation at°€. DW if‘LIﬁ*‘:GI;g? --GALYKYIISE{ KKF?DEL%IIKSA IRVDPKTH%
Following reaction, samples were made 10% in trichloro-

acetic acid and kept on ice for 45 min and then centrifuged 137 147 157

at 1360@ for 5 min. The protein pellet was washed with ~ GKVSEFHGGK IDKQLANKIF KQYHHELITE

500uL of cold acetone. Precipitated protein was dissolved Ficure 1: Amino acids conserved among 13 RTX toxin C proteins.
in 25 uL of 8 M urea+ 20 uL of 2% SDS sample buffer ~ Residues numbers refer . coli HlyC encoded by pHly 152.
and subjected to SDSL5% PAGE followed by fluorography Nonconserved amino acids are shown in uppercase letters; con-

. . . . served residues are shown in boldface uppercase letters. Amino
as described previouslt§). Control reactions, which were acids that are identical in all 13 RTX C proteins are shaded. Breaks

processed identically, included the following combinations: introduced to maximize homology are indicated by dashes. N and
25 uM myristoyl-ACP + 25 uM [*C] labeled ACPSH; 50 C termini, which are not shown, contain no conserved residues.
uM HIlyC + 25 uM [¥C] labeled ACPSH; and 25M [14C] Amino acid sequences were .deduced from the following DNA
labeled ACPSH sources: HLYC_ECOLI, E. coli HlyC, pHly152-encoded, acces-
R L . sion no. P06736; HLCLECOLI, E. coli strain J96 HIyC, chromo-
Determination of Enzyme Kinetic ParameteReaction some-encoded, accession no. P09984; HLEZOLI, E. colistrain
velocities were measured by the assay described above20d HlyC, chromosome-encoded, accession no. p09985; HLYCEH,
ensuring that rates were linear with time. Kinetic data were E: coli0157:H7 strain EDL 933 HlyC, plasmid-encoded, translation

: : . of nucleotide sequence accession no. X80891; RTACTPL,
analyzed with a computer program previously descril) ( Actinobacillus pleuropneumoniakpx-IC, accession no. P55132;

that calculated kinetic parameters _by severgl diffgre_nt RT2C_ACTPL, A. pleuropneumoniaé\px-1IC, accession no.
methods and by the nonlinear regression analysis of Wilkin- P15376; RT3C ACTPL, A. pleuropneumonigeApx-111C, acces-
son @6). The different methods of computing kinetic sion no. Q04474; HLYC ACTAC, Actinobacillus actinomycet-
constants agreed; all gav values greater than 0.97. emcomitand ktC, accession no. P16461; HLCPASHA, Pas-

S teurella haemolyticaserotype Al LktC, accession no. P16533;
Reported kinetic constants were those computed from theHLCS_PASHA,P. haemolyticaserotype T3 LKIC, accession no.

direct linear analyse<27). P55120; HLCB_PASHA, P. haemolyticaserotype A1l LktC,
accession no. P55121; HLYCPASSP,P. haemolyticdike sp.
RESULTS LktC, accession no. P55124; CYAB, pertussiyaC, translation

of nucleotide sequence accession no. M57286. The sequence
Site-Directed Mutagenesis of Single Residues of HlyC. alignment was done with the Hibio Prosis protein analysis software
Extensive homology exists among the deduced amino acidPy Hitachi.
primary sequences of the 13 RTX toxin C proteins that have — . .
been identified (Figure 1). Of 170 residues in HlyC, 36 are Table 2: Acyltransferase Activities of HlyC Single-Site Mutdnts

identical in all the RTX toxin C proteins, and still more are % of wild-type acyltransferase activity
conserved as residue type. The kinetic or chemical mecha- mutant quick dilution slowly refolded
nism is_ not known for any interna! protein acyltransferase; G11A 14+ 0.1 23+ 0.4
an active acyl-enzyme intermediate, however, has been P53A 35+ 15 774+5.2
shown for the acyltransferase HlyC that activakescoli G85A 0.0+0.4 3.6+0.4

; : : ; ; ; E67A 754+ 0.3 110+ 2.1
hemolysin toxin 16). Conserved amino acid residues in HIlyC DS6A 641 01 70£02
that could bear an acyl group during an acyl transfer PIGA 23+ 3.0 49+ 6.4

involving an acyl-enzyme intermediate include the following —; — ,

ibilities: those with an alcohol group, serines (three 'Acyl'transferase activity was measured as previously descritid (
possibi : _ group, Quick dilution and slow refolding renaturation of HIyC were done as
conserved) or tyrosines (two conserved); a sulfhydryl group, previously describedl@). Slowly refolded wild-type HisS-tag-HlyC
cysteine (one conserved); an imidazole group, histidine (oneactivity was 2.8+ 0.09 nmol of acyl group transferred min(mg of
conserved); residues with an acid group (two conserved); €nzyme)™. Qlu'?k'y OI'"Uted W"d'tyfpe H'&S;ag'H');C activity was 1.9
and possibly, but unlikely, a ureido group, arginine (one = 0:10 nmol of acyl group transferred mih(mg of enzyme)”. Data

. ! are the averages of at least three determinations of enzyme astivity

conserved). No lysine residues were conserved among allihe standard deviation.

13 proteins. Chemical modification and site-directed mu-
tagenesis of many of these residues, one residue at a timeyere mutated separately to alanine residues, G11A and
was done in order to probe their importance in catalysis. Gg85A, and each mutation resulted in greatly impaired or no
These studies indicate that particular conserved serine an(bcyltransferase activity (Table 2). Glu67 is identical in all
tyrosine residues are important for catalysis and that His23RTx ¢ proteins while Asp86 is conserved as an acidic
is absolutely essential for catalysis( 19. residue. Mutation of each of these acidic residues to an
Possible roles of other conserved residues have beeralanine resulted in about 70% of wild-type enzyme activity
investigated by additional site-directed mutagenesis of single upon refolding by quick dilution (Table 2). When E67A was
residues. The following site-directed mutations of N-terminal slowly refolded by dialysis, its activity was indistinguishable
Hiss-S-tag-HIyC were confirmed by DNA sequence analy- from that of wild-type HlyC, while D86A activity remained
sis: G11A, P53A, G85A, E67A, D86A, and P96A. The impaired. Two of the three conserved prolines in HlyC
mutant HIyCs expressed and purified like the wild-typesHis  occurred within clusters of other conserved amino acids in
S-tag-HIyC (18). Of the three conserved glycine residues, the primary sequence and were changed to alanine residues.
two that were near clusters of other conserved amino acidsP53A and P96A each resulted in diminished acyltransferase
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Table 3: Kinetic Parameters of Hi§-tag-HlyC Mutants with wild-type catalytic efficiency. Kinetic parameters for a s_lmlla_r
Measurable Activity replacement of Arg24, R24K, were not measured since its
acy-ACP  acyl-ACP  proHIyA proHIyA speqﬁc activity was identical to that of wild type upon quick
mutation KPP Vina?PP KPP Vinas?PP dilution refolding (9).
none 06LL01 2800L100 22+02 3000+ 540 Reversibility of Acyl-Enzyme Intermediate Formatidrne
S20A 0.40+0.1 360+ 140 1.3+0.1 400+ 20 previous demonstration of the kinetically active acyl-enzyme
R24A 0.32+£0.0 1200£20  2.14+0.1 2100+ 60 intermediate in the HlyC-catalyzed reactioh6) suggests
C57A  0.62£00 2700+120 2.2+£0.2 2900+ 120 that the acyltransferase reaction may represent the sum of

S58A 0.34+£ 0.0 1200+ 21 1.4+ 0.2 1400+ 60

E67A 077£00 3400+ 140 19+01 3000+ 80 two partial reactions as follows:

Y70F  080+01 2400+80 1.9+01 3000+ 100 acyl-ACP+ HIyC <
S76A 03000 1500£20 2.4+ 02 2500+ 100 R
DS6A 029+ 00 1800420 1.8-01 21004 60 [HIyC - acyl-ACP]<> acyl-HlyC + ACPSH (1)

R87A  0.36+£0.1 1400+ 60 2.6+03 2300+ 120
R87K 058+ 0.1 2800+120 1.4+02 2400+ 110 acyl-HlyC + proHlyA <
Y150G  0.97+0.1 840+ 40 1.5+02 630+ 40 [proHIyA - acyl-HlyC] < HIyA + HlyC (2)

Y150F 0.65+ 0.1 2800+ 100 1.7+£0.1 2500+ 40
— — . ~sum acyl-ACP+ proHIyA < HIyA + ACPSH
a For the determination of kinetic constants at varying concentrations

of myristoyl-ACP, proHIyA was 2«M; when proHIyA was the varied Partial reaction 1 was shown to be an integral entity by
substrate, myristoyl-ACP wasM. Kn**values are micromolar, and  demonstrating the ability of the enzyme to catalyze partial
madPP Values are picomoles of myristate transferred per minute per reaction 1 in the reverse direction. This was done by
milligram of enzyme.K2*P and VmaP values are to 2 significant idi diolabeled ACPSH t labeled I-HIVC and
numberst standard deviation. Experimental details and the means of providing ra Iolabele ) 0 Fm abeled acyl-AlyC an
calculating the kinetic constants and error estimates are given in documenting the formation of radiolabeled acyl-ACP. Un-
Experimental Procedures. Kinetic parameters were not determined forlabeled myristoyl-ACP and HIyC were incubated together
the following mutant HlyCs, which were virtually inactive: G11A,  for 10 min at 4°C in order to form unlabeled myristoyl-

H23A, H23S, H23C, Y70G, and G85A. Kinetic parameters were not ; ;
determined for R24K, a mutant that had wild-type acti\ity), nor HIyC, one of the two substrates in the reverse of partial

' L .
were they determined for the separate site-directed mutations of "€@ction 1. Then’fCJACPSH, the second substrate in the
conserved proline residues, P53A and P96A. The generation gf His reverse of partial reaction 1, was added, and after another
S-tag-HIyC mutants is in Experimental Procedures or was previously 10 min incubation at £C, the proteins were precipitated,

described 18, 19. dissolved, and separated by SBISAGE. The formation of
myristoyl-[**C]JACP from unlabeled myristoyl-HlyC and
activity compared to wild-type enzyme (Table 2). [**C]JACPSH is shown in Figure 2, lanes 6 and 7. Compari-

Kinetic parameters for many of the above mutants and sons of the radiolabeled ACPSH band densities in lanes 4
single site-directed mutations that were previously describedand 5 with those in lanes 6 and 7 and the appearance of the
in conjunction with chemical modification studies are shown myristoyl-ACP bands in lanes 6 and 7 indicate that a
in Table 3 (8, 19. For each mutation, the ratidg,,2°Y substantial amount of ACPSH was converted to myristoyl-
KPP, determined for each substrate, were used as estimate®\CP in the 10 min incubation at4C. Twice as much HlyC
of the reaction rate constant in order to compare the effectswas used to generate myristoyl-HlyC in reaction 2 (lane 7)
of the various mutations on catalytic efficiency; the com- compared to reverse reaction 1 (lane 6), and a larger amount
parisons are given as percentages of the wild-type valuesof myristoyl-['"“CJACP was formed in reverse reaction 2.
(Table 4). In addition to mutations of each of the two Although myristoyl-HlyC was not isolated prior to demon-
conserved glycine residues, separate mutations of the singlestration of the reverse partial reaction, the extent of its
conserved His23 to an alanine, cysteine, or serine residueformation has been shown to be proportional to the amount
or one of the two conserved tyrosines, Tyr70, to a glycine of HlyC present 16); thus the extent of the reverse reaction
residue resulted in complete loss of acyltransferase activity was related to the amount of myristoyl-enzyme formed. An
(Table 4). Mutation of the other conserved tyrosine, Tyrl50, assay that contained only myristoyl-ACP and radiolabeled
to a glycine resulted in greatly reduced enzyme activity ACPSH (lane 5) showed no labeled myristoyl-ACP, indicat-
stemming mainly from decreas&g.° values (Table 3). ing that detectable amounts of uncatalyzed acyl group
Replacement of either conserved tyrosine with a large, exchange did not occur under the conditions employed. An
hydrophobic phenylalanine residue giving Y70F or Y150F assay that contained only HIyC and labeled ACPSH showed
fully restored activity of the slowly refolded enzyme to wild- no radioactivity at the position of acyl-ACP (not shown).
type levels except for Y70F myristoyl-ACP substrate de- HIyC in the form of acyl-HIyC catalyzed the proposed partial
pendency (Table 3). It&,2°? was within wild-type limits, reaction 1 in the reverse direction; consequently ACPSH was
while Vma,2PP was reduced, resulting in a rate of about 60% converted to acyl-ACP.
of the wild-type value. Other mutants that showed impaired  Acyl-Enzyme Formation and Chemical Cross-Linking
activity include the following (Tables 3 and 4): S20A Capabilities of HIlyC Mutants. Aacyl-enzyme intermediate
catalytic rate was about 20% of that of wild-type enzyme; is formed in the wild-type HlyC-catalyzed reaction as the
the reduced catalysis stemmed mainly from a greatly lowered product of partial reaction 1 above, and as previously shown,

maxPP. Of the other two mutations of conserved serine it is demonstrable in the absence of the second substrate
residues, S76A catalysis approached that of wild-type, andproHIyA (16). The abilities of the different mutants to
S58A showed decreasédh PP values. Arginine mutants  generate an acyl-enzyme intermediate were examined (Figure
R24A and R87A had diminished rates of catalyses due to 3 and Table 4). Mutants that had no detectable acyltransferase
decrease¥m,PPvalues. Replacement of Arg87 with another activity showed no acyl-enzyme intermediate formation.
positively charged residue, lysine, resulted in an enzyme with These were G11A, H23A, H23S, H23C, and G85A. In
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Table 4: Summary of Catalytic Capabilities of HIlyC Mutants Compared to Wild Type

acyl-ACP x HlyC acyl-HlyC % wild-type acyl-ACP % wild-type proHIyA

mutation heterodimer formation formation mac P K 3PP mae PHK @PP

G11A low not detected inactive inactive

S20A normal not detected

H23A normal not detected inactive inactive

H23C normal not detected inactive inactive

H23S normal not detected inactive inactive

R24A normal normal

C57A normal normal 96 93

S58A normal normal 78 71

E67A normal normal 96 110

Y70F normal normal 65 110

Y70G low not detected inactive inactive

S76A normal normal 110 79

G85A not detected not detected inactive inactive

D86A reduced reducéd 130

R87A reduced low 85 64

R87K reduced normal 100 120

Y150F normal normal 96 107

Y150G low not detected 20 31

2 Data taken from Table 3 and Figures 3 and Estimate included acyl-HlyC monomer and dimer.

¢t & 1 .
o ,,q#” ST T ot

& 4 ﬁ-u‘* i “ - acyilyC dimer
T N . A
P
S ol il il il a7 e . e
R - 143 NN /T
143

myristayl-ACF

3
£
Ficure 2: Fluorographic demonstration of the reversibility of partial ﬁ:@l = -
reaction 1. Protein mixtures were prepared, treated, analyzed by ﬂ.ﬁ' qi“" & -a{?af? eﬁ"‘ é.'-“k ,f
SDS-PAGE, and subjected to fluorography as described in~

Experimental Procedures. The following proteins were applied to & - aeyHIC dlied
lanes 1-3: lane 1, radioactive mass standards given in kilodaltons; w

lane 2, [C]myristoyl-ACP, 20 Ci/mol, 0.5:g; and lane 3,C]- -

myristoyl-ACP, 20 Ci/mol, 0.25g. Reaction mixtures of 106L - Syl
containing the indicated proteins prepared and processed as

described in Experimental Procedures were analyzed in the fol- 144 [T meyl-ACT

lowing lanes: lane 4, 2aM [*“C]JACPSH; lane 5, 2%M [14C]-
ACPSH+ 25 uM myristoyl-ACP; lane 6, reverse reaction 1, 25

uM myristoyl-ACP + 25 uM HIyC followed by 25 uM ['4C]- a4

ACPSH:; lane 7, reverse reaction 2, 281 myristoyl-ACP + 50 'ﬁl'-'ﬂ\“ & fﬂ;\"‘

uM HIyC followed by 25uM [1“C]ACPSH. 6 . b

addition, acyl-enzyme intermediate forms of Y150G and 4“ aeyHHIAC dimar
S20A were virtually invisible; these mutants each had greatly ~ 30 ®

impaired but detectable enzyme activity. Y70G had no - 1 P Ly

detectable enzyme activity and barely perceptible acyl-HlyC

formation. Mutants with moderately impaired activity, R24A, ""“ e

S58A, and R87A varied in the amounts of acyl-HIyC form_ed. Ficure 3: Fluorographic demonstration of*C]myristoyl-HlyC
R24A showed no reduction in acyl-enzyme formation jntermediate formation by wild-type and mutant HlyCs. All
compared to wild type, while R87A acyl-intermediate reactions except one contained B! [1“C]myristoyl-ACP and
formation was reduced. S58A probably formed about the 504M of the indicated wild-type or mutant HjsS-tag-HIlyC. The
same amount of acyl-enzyme as wild type, but most of it, in exception contained only 26\ [*“C]myristoyl-ACP. A reaction

. . . containing wild-type HisS-tag-HlyC was done with each set of
contrast to wild type, was in the form of acyl-HlyC dimer. . iant Hig-S-tag-HIyC experiments to provide a reference for

Although wild-type acyl-HIyC showed no tendency to comparison. The indicated proteins were mixed under the previously
aggregate, several of the mutants formed acyl-HIyC dimers; reported assay conditions of 1@Q. After incubation for 10 min
this was especially pronounced with S58A. Although its band at 4 °C, proteins were precipitated with 10% trichloroacetic acid

- _ . _ at 4°C, collected, dissolved in 20L of 2% SDS sample buffer
corresponding to acyl-HlyC monomer was diminished com (22) that containd 4 M urea, and subjected o SBE5% PAGE

pared to wild-type acyl-HlyC formation, acyl-HlyC S58A  4h4 fluorography as described in Experimental Procedures. Radio-
showed a comparable formation of acyl-HlyC when band active mass standards were run, and kilodalton values are shown.
intensities of both forms, acyl-HlyC monomer and acyl-HlyC

dimer, were considered. Similar behavior was seen with  According to partial reaction 1, acyl-enzyme formation
S76A, E67A, R87K, and Y150F. would be preceded during catalysis by noncovalent binary
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Ficure 4: Fluorographic demonstration of myristoyl-AGPHIyC
heterodimer formed in the presence of dimethylsuberimidate.
Reactions contained 2V [1C]myristoyl-ACP and 4.5«M wild-

type or mutant HisS-tag-HlyC and were assembled as described
previously for assay of acyltransferase activityg)( Dimethyl
suberimidate (10 mM) was added, and after 10 min at°@5
reaction was halted by the addition of 100 mM ammonium acetate.
A reaction containing fC]myristoyl-ACP only was done as a

Trent et al.

mutants whose acyltransferase activity was greatly impaired
showed about the same (S20A) and low (Y150G) amounts
of heterodimer in Figure 4 compared to that formed by wild-
type HlyC. Except for D86A and possibly Arg87, mutants
that formed reduced amounts of chemically cross-linked
heterodimer compared to wild type, the remaining mutants
of HlyC resembled wild type in their ability to chemically
cross-link with acyl-ACP.

DISCUSSION

Definition of the complexes formed among the substrates
and enzyme during the HlyC-catalyzed reaction was facili-
tated by their protein natures compared to enzyme reactions,
where substrates are small molecules. Demonstration of
partial reaction 1 reversibility ruled out the existence of a
ternary complex, and as previously report&é)( no ternary
complex of myristoyl-ACP, HlyC, and proHIyA is detectable.
Binary complex formation between myristoyl-ACP and HlyC
is observed upon chemical cross-linking, but it does not occur
if HIyC is denatured 16). Furthermore, acyl-enzyme inter-
mediate instantly disappears, forming HlyA upon the addition
of proHIyA (16). Observations of the capacities of various
HlyC mutants to form binary complexes and acyl-enzyme
intermediates reinforced the plausibility that binary complex
formation is on a direct route to acyl-enzyme formation, the
reaction path illustrated in partial reaction 1. These findings,
while not proving it, are compatible with a ping-pong kinetic
mechanism. An ordered ping-pong mechanism requires that
there be a transfer of a moiety from the substrate to the
enzyme followed by release of the first product and the
subsequent binding of the second substrate, in that order.
This requirement gives rise to the two half-reactions shown
above and the capacity for exchange of a label between
substrate and product within a partial reaction. This property

reference. The proteins were precipitated, separated, and analyzed Not shared by sequential reaction mechanisms; they require
as described in the caption for Figure 3. A reaction containing wild- all substrates and products to be present for any exchange
type His-S-tag-HIyC was done with each set of mutantd-8s to occur R9). The value of the experimental demonstration
tag-HIlyC experiments to provide a reference for comparison. o natig| reactions has been compromised in the past because
Radioactive mass standards were run, and kilodalton values are . S . .
shown. of the uncertainty of contamination of a partial reaction by
the subsequent reaction’s substrates or products. Contamina-
complex formation between acyl-ACP and enzyme. An acyl- tion of partial reaction 1 above with the other substrate
ACP x HIyC heterodimer is readily visualized upon treat- proHIyA (or product, HlyA) was impossible since thé/A
ment with dimethyl suberimidatel§). HlyC mutants im- gene did not exist in the cells used to express HIlyC and
paired in catalysis and acyl-enzyme formation may, dependingACPSH. Each of the proteins employed in the acyltransfer
upon the function of the mutated residue, still be able to reaction was separately subcloned and expressed, rendering
form heterodimer normally. Notably, three different muta- in vivo contamination impossible. The robust transfer of
tions of the single histidine residue conserved among all RTX labeled ACPSH into the form of acyl-ACP shown in Figure
C proteins resulted in robust formation of chemically cross- 1 supports a ping-pong mechanism for HIY&D). Steady-
linked heterodimer, acyl-ACPx HIyC, by each mutant  state kinetic studies to resolve further the kinetic mechanism
despite complete loss of acyl-enzyme formation and activity of the internal protein acyltransferase are in progress.
(Figure 4 and Table 4). The faint bands evident in the lanes Although mutation of four different residues (Gly11,
where the histidine mutant behaviors were analyzed stemHis23, Tyr70, and Gly85) to alanine or glycine resulted in
from chemical cross-linking of acyl-ACP, whose self-cross- total loss of acyltransferase activity, Y70G was restored to
linking is shown. The tendency of ACP to self-associate is wild-type activity upon mutation to phenylalanine. Thus the

documented 28). Comparison of chemically cross-linked
myristoyl-ACP ([“Clacyl-ACP in Figure 4) and myristoyl-

ACP and wild-type HlyC chemically cross-linked (wild type
in Figure 4) verify faint banding from acyl-ACP multimers
in the vicinity of a band stemming from acyl-HlyC. Actually,

tyrosine hydroxyl group was not essential for Tyr70's
function in HlyC. As shown by the greatly impaired ability
of G11A or G85A to form heterodimer, the glycine residues
likely are important elements in HlyC structure rather than
fulfilling an essential catalytic role. Mutation of His23 to

the ACP multimers sandwich the latter band. Other mutants cysteine or serine did not restore any detectable activity; this
that had no detectable enzyme activity, G11A, Y70G, and was the only residue that could potentially bear an acyl group
G85A, showed less or no heterodimer formation. Two whose mutation consistently led to elimination of activity.



Functionally Critical Residues in HIyC Catalysis

In contrast to the complete abolition of enzyme activity of
all His23 mutants, each of the His23 mutants formed an
apparently normal amount of chemically cross-linked myris-
toyl-ACP x HIlyC heterodimer compared to that formed by
wild-type HlyC (Figure 4). Consequently, enzyrsubstrate
complex formation was not noticeably impaired by mutation
of His23. Acyl-enzyme intermediate formation, which oc-
curred after enzymesubstrate complex formation, was,
however, not observed with any mutant His23 HlyC. These
findings plus the previously reported observation that HlyC
activity is protected by the substrate myristoyl-ACP from
inhibition by diethyl pyrocarbonate, which specifically
modifies histidine residues26), add to the evidence that
His23 has an essential role in the catalytic site of HIyC after
the binding of substrate. Histidine residues are critical in
many enzyme-catalyzed transfer reactions, but their catalytic
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specific acyl-ACP thioesterase that forms an acyl-enzyme
intermediate §6). The substrate protection of tyrosine from
chemical modification cited above does suggest that tyrosine
is important in the vicinity of the active site of HlyC.

S20A was markedly impaired kinetically with a greatly
reduced Vma,2PP, but it formed myristoyl-ACP x HIyC
heterodimer like wild-type enzyme. Thus enzynseibstrate
complex formation was unimpaired. Acyl-enzyme intermedi-
ate was, however, not detectable even though the mutant had
minimal rates of catalysis. Ser20 appears to be very important
in HIyC catalysis, but its function is not evident. It is not
likely to be the covalent catalytic residue because its mutation
to an alanine residue, which would be incapable of such a
function, still permits a low amount of enzyme activity to
occur.

R24A mutant, which was slightly impaired kinetically

role has been as acid/base catalysts rather than as nucleahrough a change iy Was restored to wild-type activity

philes. An exception is the acyl-imidazole intermediate
formed during enzymatic catalysis in the covalent binding
of complement component C4 to the surface of pathogens
(31). An internal thioester of C4B is attacked by a histidine
residue to form an acyl-imidazole intermediate, and the acyl
group is subsequently transferred to amino or hydroxyl
nucleophiles. This reaction is curiously analogous to proHIyA
activation to HIyA, which entails proHIyA internaltamino
group acylation by acyl transfer from the thioester acyl-ACP
via an acyl-HIyC, possibly an acyl-imidazole, to the amino
nucleophile.

The impaired activity seen upon mutation of conserved
Tyr150 to glycine was recovered upon mutation to phenyl-
alanine, showing that, like Tyr70, the phenolic hydroxyl
group was not essential for the role of Tyrl50 in the
acyltransfer reaction. These findings agree with the reported
observation thalN-acetylimidazole, a specific modifier of
tyrosine hydroxyl groups, does not inhibit HlyC activity,
while modification of tyrosines by nitration of the aromatic
ring with tetranitromethane to form 3-nitrotyrosine inhibits
acyltransferase activityl@). Aromatic residues have been
shown to function biologically in some instances to stabilize
cations through their interaction with the electrons of
aromatic rings 32). Such a role in HlyC catalysis is,

however, not apparent. The residue substitutions that support

activity may reflect the requirement for a bulky, hydrophobic

residue. Perhaps such is needed to ensure an optimal

environment for the acyl group that is transferred from acyl-
ACP to form the acyl-enzyme intermediate. The inhibition
of HlyC by tetranitromethane cited above is prevented if
myristoyl-ACP is bound to HIyC suggesting that tyrosine-
(s) crucial to activity modified by the reagent is (are) in the
active-site vicinity (9). This view is supported by the
observation that both single-site tyrosine mutations to glycine
showed impaired formation of chemically cross-linked
myristoyl-ACP x HIyC heterodimer. This finding suggests
a function for the two conserved tyrosine residues in enzyme/
substrate binding prior to catalysis of partial reaction 1.
Possibly one or both of the single-site tyrosine modifications
led to a change in HlyC that hindered myristoyl-ACP access

to the active site. Aromatic residues have been shown to be

located in fatty acyl binding regions of proteins that bind
acyl groups while exercising their biological rol&3¢ 35).

For example, a particular tryptophan residue is intimately
associated with the acyl group during catalysis of a lux-

upon mutation to another residue capable of bearing a
positive charge, R24K19). R24A enzyme appeared to have
heterodimer and acyl-enzyme formation like that of wild-
type enzyme. A structural role for this residue cannot be ruled
out, but R24A, in contrast to R87A, did not recover full
activity upon slow refolding compared to fast renaturation
(19). Possibly Arg 24 has a specific as yet unknown function
in partial reaction 2 of HIyC catalysis.
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