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ABSTRACT: The Escherichia coli outer membrane phospholipid:lipid A palmitoyltransferase PagP exhibits
remarkable selectivity because its binding pocket for lipid acyl chains excludes those differing in length from
palmitate by a solitary methylene unit. This narrow detergent-binding hydrophobic pocket buried within the
eight-strand antiparallel β-barrel is known as the hydrocarbon ruler. Gly88 lines the acyl chain binding pocket
floor, and its substitution can raise the floor to correspondingly shorten the selected acyl chain. An aromatic
exciton interaction between Tyr26 and Trp66 provides an intrinsic spectroscopic probe located immediately
adjacent to Gly88. The Gly88Cys PagP enzyme was engineered to function as a dedicated myristoyltransfer-
ase, but the mutant enzyme instead selected both myristoyl and pentadecanoyl groups, was devoid of the
exciton, and displayed a 21 �C reduction in thermal stability. We now demonstrate that the structural
perturbation results from a buried thiolate anion attributed to suppression of the Cys sulfhydryl group pKa

from 9.4 in aqueous solvent to 7.5 in the hydrocarbon ruler microenvironment. The Cys thiol is sandwiched at
the interface between a nonpolar and a polar β-barrel interior milieu, suggesting that local electrostatics near
the otherwise hydrophobic hydrocarbon ruler pocket serve to perturb the thiol pKa. Neutralization of the Cys
thiolate anion by protonation restores wild-type exciton and thermal stability signatures to Gly88Cys PagP,
which then functions as a dedicated myristoyltransferase at pH 7. Gly88Cys PagP assembled in bacterial
membranes recapitulates lipid A myristoylation in vivo. Hydrocarbon ruler-exciton coupling in PagP thus
reveals a thiol-thiolate ionization mechanism for modulating lipid acyl chain selection.

The outer membrane acyltransferase PagP catalyzes the
transfer of a palmitate chain from the sn-1 position of a glycero-
phospholipid to the free hydroxyl group of the (R)-3-hydroxymyri-
state chain at position 2 of lipid A (endotoxin) (Figure 1) (1-3).
In Escherichia coli and related pathogenic Gram-negative
bacteria, PagP combats host immune defenses by restoring the
bacterial outer membrane permeability barrier (4-7) and attenu-
ating endotoxin signaling through the host TLR4/MD2 inflam-
mation pathway (8-11). The pagP gene is transcriptionally
activated through the bacterial PhoP/PhoQ virulence signal
transduction network in response to membrane-perturbing anti-
microbial peptides (12), immunological agents PagP helps the
bacteria to resist (4, 6, 13). PagP thus provides a target for the
development of anti-infective agents, but it also provides a tool
for synthesizing novel vaccine adjuvants and endotoxin antago-
nists (2).

Despite the widespread importance of integral membrane
enzymes of lipid metabolism in signal transduction and mem-
brane biogenesis processes (14, 15), their molecular mechanisms
for lipid substrate interrogation remain poorly understood
because many such enzymes have proven to be recalcitrant
toward functional detergent extraction from the membrane

environment. In contrast, PagP is a heat-stable 161-amino acid
β-barrel enzyme, which intrinsically lacks Cys residues, and
can reversibly unfold and refold in a defined detergent micellar
enzymatic assay system (16). The structure of E. coli PagP has
been determined both by solution nuclear magnetic resonance
spectroscopy and by X-ray crystallography to reveal an eight-
strand antiparallel β-barrel preceded by an N-terminal amphi-
pathic R-helix (17, 18). Like other β-barrel membrane pro-
teins, the center of the PagP β-barrel is relatively rigid with more
flexible external loops where the active site residues are localized.
PagP alternates between two dynamically distinct states likely
representing dormant and active conformations in the outer
membrane environment (19-21). PagP activity is triggered by
perturbations to outer membrane lipid asymmetry that allow
the phospholipid and lipid A substrates to access the active site
from the external leaflet by a lateral lipid diffusion mecha-
nism through two gateways in the β-barrel wall known as the
crenel and embrasure, respectively (22). X-ray studies of the in-
hibited PagP enzyme identified a single detergentmolecule buried
within the rigid β-barrel core, a site that corresponds with the
palmitoyl group binding pocket known as the hydrocarbon ruler
(Figure 2A) (18).

PagP is exquisitely selective for a 16-carbon palmitate chain
because its hydrocarbon ruler excludes lipid acyl chains differing
in length by a solitarymethylene unit (16, 18).Mutation ofGly88
lining the hydrocarbon ruler floor can modulate lipid acyl chain
selection (16). Appropriate amino acid substitutions shorten the
selected acyl chain by a degree predictable from the expected rise
in the hydrocarbon ruler floor. The architecture of the acyl chain
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binding pocket can be monitored by a spectroscopic signature
in circular dichroism (CD)1 known as an aromatic exciton
couplet (16, 23). The exciton is a consequence of excited state
delocalization between Tyr26 and Trp66 aromatic π f π*
transitions, which occurs when these residues adopt the precise
geometric arrangement found near the hydrocarbon ruler floor
in folded wild-type PagP (Figure 2B). The exciton couplet
manifests a positive ellipticity maximum at 232 nm together
with an equivalent negative ellipticity maximum at 218 nm
(Figure 2D). This nondegenerate exciton couplet is the resultant
of two Cotton effects where the rotational strength (Ro) and
splitting energy (Δij) each depend on an orthogonal relationship
between the interaction energy (Vij) and the energy difference
between the two chromophore electric dipole transition mo-
ments (δij) (Figure 2E-G) (24). The 218 nm signal in the PagP
far-ultraviolet (far-UV) CD spectrum is the further resultant of
combining the negative exciton band with the stronger Cotton
effect for the polypeptide nfπ* transition, which also arises at 218
nm due to the β-barrel structure (16). The aromatic exciton thus
provides an intrinsic spectroscopic probe, which was first detected
by its disappearance in response to a local structural perturbation
associated with PagP hydrocarbon ruler manipulation.

In our prior investigations of PagP hydrocarbon ruler mu-
tants in which Gly88Ala, Gly88Cys-S-methyl, and Gly88Met
mutations were introduced, acyl chain selection was predictably
shifted toward C15, C13, and C12 acyl chains, respectively, with
the expected unitary methylene resolution. Furthermore, these
mutants displayed the exciton and the thermal melting tempera-
ture (Tm) of 88 �C characteristic of wild-type PagP (16). We had
anticipated the Gly88Cys mutant would behave as a dedicated
myristoyltransferase, but the acyl chain resolution was compro-

mised because it selected both C14 and C15 acyl chains.
Additionally, the Gly88Cys enzyme failed to display the exciton
and had its Tm decreased to 67 �C (16). Since Cys residues are
usually accommodated easily in a membrane environment (25),
our findings suggested the sulfhydryl group in Gly88Cys PagP
might be surprisingly too polar for its surrounding hydro-
phobic milieu. Instead of projecting up from the hydrocarbon
ruler floor, we reasoned the sulfhydryl group might be stabilized
by rotating around its χ1 dihedral angle to interact with the
aromatic exciton partners (16). This rotation would simulta-
neously disrupt the geometric requirements to establish the
exciton and partially lower the hydrocarbon ruler floor to
explain the observed selection of both C14 and C15 acyl chains
(Figure 2C).

If the Cys sulfhydryl group is too polar for the hydrocarbon
ruler microenvironment, we might predict substitution of
Gly88 with Ser or Thr, for the introduction of a decidedly
more polar hydroxyl group (25), would elicit a destabilizing
effect at least comparable to that observed for Gly88Cys PagP.
An alternative hypothesis is that the dissociation constant for
ionization of the Cys88 thiol is lowered in the hydrophobic
interior of PagP, resulting in the burying of a negatively
charged thiolate anion. Initially, this seemed unlikely as the
pKa for a Cys thiol generally lies well above pH 8.0 (26), which
is the optimal pH for PagP activity and is typically used in our
PagP folding procedure. We fold PagP into detergent solutions
from a denatured state in guanidine hydrochloride (Gdn-HCl),
where the pKa of the Cys thiol has previously been reported to
be 9.4 (27). We have recently substituted key Pro residues at
two flanking sites in the PagP transmembrane domain with Cys
to establish a lateral diffusion mechanism for gating lipids
between the membrane and the hydrocarbon ruler (22). Cys
oxidation to form disulfide bonds in this study required the
membrane permeable oxidizing reagent copper phenanthroline
because the hydrophobic environment appears to stabilize the
thiols and thereby increases their pKa values. Assuming that the
Cys located in the floor of the hydrocarbon ruler similarly
experiences a hydrophobic environment, we did not anticipate

FIGURE 1: Reaction catalyzed by the phospholipid::lipid A palmitoyltransferase PagP. E. coli PagP transfers a palmitoyl group from the sn-1
position of a phospholipid, such as phosphatidylethanolamine (PtdEtn), to the free hydroxyl group of theN-linked (R)-3-hydroxymyristate chain
on the proximal glucosamine unit of lipidA.One of the simplest lipidA acceptors for PagP in the outermembrane is known asKdo2-lipidAorRe
endotoxin.

1Abbreviations: CD, circular dichroism; Kdo, 3-deoxy-D-manno-oct-
2-ulosonic acid; DDM, n-dodecyl β-D-maltoside; ESI-MS, electrospray
ionization mass spectrometry; EDTA, ethylenediaminetetraacetic acid;
Gdn-HCl, guanidine hydrochloride; LDAO, lauryldimethylamineN-oxide;
PDB, Protein Data Bank; PtdCho, phosphatidylcholine; PtdEtn, phospha-
tidylethanolamine; Tm, thermal melting temperature; TLC, thin layer
chromatography; far-UV, far-ultraviolet.
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that the thiol pKa would instead be suppressed. However, the
pKa for the Cys thiol in folded proteins is among the most
variable of those of ionizable groups (28), indicative of a high
sensitivity to its surrounding microenvironment. The hypoth-
esis that a buried thiolate anion is the source of the compro-
mised acyl chain selectivity in Gly88Cys PagP could be tested if
the pH optimum for enzymatic activity is sufficiently broad
across the actual Cys pKa.

Here we report that Gly88Ser and Gly88Thr PagP enzymes
display the aromatic exciton and thermal stability characteristics
of wild-type PagP and function predictably as dedicated myr-
istoyltransferases. However, folding Gly88Cys PagP fromGdn-
HCl into detergent was found to lower the thiol pKa, consistent
with a model for electrostatic perturbation from a buried
thiolate anion. This thiolate can be neutralized by an appro-
priate pH adjustment to resolve the structural perturbation and
restore methylene unit resolution. Hydrocarbon ruler-exciton
coupling in Gly88Cys PagP thus reveals how lipid acyl chain
selection can be modulated through a thiol-thiolate ionization
mechanism.

EXPERIMENTAL PROCEDURES

DNA Manipulations and Purification of Protein and
Lipid A. PagP mutants were constructed with the primer sets
listed in Table S1 of the Supporting Information, using the
pETCrcAHΔS vector, which incorporates a C-terminal six-His
tag and lacks the N-terminal signal peptide to allow for expres-
sion as insoluble aggregates in E. coli BL21(DE3) as described
previously (17). Plasmids were purified using the QIAprep spin
miniprep kit (Qiagen). Site-directed mutagenesis reactions were
conducted using the Quickchange protocol (Stratagene). To
confirm the absence of any spurious mutations in the plasmid,
sequencing from the T7 primers (Table S1 of the Supporting
Information) was performed.

To express the native pagP gene in bacterial cells under control
of its endogenous promoter, the wild-type copy in plasmid
pACPagP (21) was transferred to pBad18 (29) by restriction
enzyme digestion with SalI and HindIII followed by ligation
and transformation using standard molecular biology proce-
dures (30). Designated mutations were then constructed as

FIGURE 2: Structural relationships between the PagP hydrocarbon ruler and the aromatic exciton. (A) Structure of PagP emphasizing the
hydrocarbon ruler floor residues G88, Y26, and W66. Contouring identifies the hydrocarbon ruler after the bound LDAO molecule has been
removed from the crystal structure (PDB entry 1THQ). (B) The polarization axes for the interacting Tyr26 1La (μi) and Trp66 1Bb (μj) electric
dipole transition moment vectors are shown to emphasize their relationships with the interchromophore distance vector Rij. (C) A structural
perturbation hypothesis is proposed to explain the properties of Gly88Cys PagP, where a rotation of the Cys side chain perturbs the aromatic
exciton partners. (D) The PagP exciton couplet (solid curve) is the resultant of two Cotton effects (red and blue dotted curves) having equal
magnitude and opposite sign and separated by the exciton splitting energyΔij, denoted asΔij

0 on the wavelength scale. (E) The πf π* transitions
from ground states o to excited states a (for Tyr26 1La) or b (for Trp66

1Bb) are split by a nondegenerate exciton interaction into two new exciton
states. Tyr26 and Trp66 each dominate the low-energy (red) and high-energy (blue) exciton states, respectively. The splitting energy is related to
the interaction energyVij through anorthogonal relationshipwith the difference in the transition energies of the two chromophores (δij= σj- σi).
(F) Vij can be given by the point dipole approximation. (G) The theoretical rotational strengths (Ro) of nondegenerate exciton split CD Cotton
effects are proportional to Vij, Δij, and a scalar triple product involving the vector connecting the centers of the two transitions and the dipole
transition moments.Δij is given by the Pythagorean theorem and reduces to 2Vijwhen identical chromophores interact in the degenerate exciton
condition where σj = σi, which in combination reduces the constant term in the equation for Ro to (πσ/2.
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described above, but with sequencing performed using the
pBADprimers (Table S1 of the Supporting Information). Native
PagP and its mutant derivatives were expressed in E. coli
NR754ΔpagP, an araDþ revertant of E. coli MC4100 (31, 32),
into which the ΔpagP::kan allele was moved from the Keio
collection (33) by P1 transduction (34) followed by excision of the
kan cartridge (35).

Cells were grown in LB medium at 37 �C with ampicillin at
100 μg/mL or tetracycline at 12.5 μg/mL as appropriate (30).
PagP was purified from cytoplasmic inclusion bodies accord-
ing to an established procedure (16). To purify radiolabeled lipid
A bearing two units of 3-deoxy-D-manno-oct-2-ulosonic acid
(Kdo2-lipid A), we grew a 10 mL culture of E. coli WBB06 on
[32P]orthophosphate as described previously (36). Lipid A acyla-
tion was evaluated in vivo by [32P]orthophosphate labeling with
lipopolysaccharide isolation followed by mild acid hydrolysis of
the ketosidic Kdo-lipid A linkage for analysis by thin layer
chromatography (TLC) as described previously (37). Cells were
treated with ethylenediaminetetraacetic acid (EDTA) to stimu-
late PagP activity (21). Nonradioactive 250 mL cultures were
grown to an A600 of 0.8 and treated with EDTA prior to being
harvested for lipid A isolation as described previously (38). The
dried nonradioactive lipid A samples were dissolved in a 2:3:1
chloroform/methanol/water mixture and stored at-20 �C for no
more than 12 h before the samples were analyzed by electrospray
ionizationmass spectrometry (ESI-MS) in the negative ionmode.
Modeling of PagP side chain conformations at position 88 was
performed as described previously (16).
Mass Determination and Protein Folding. Precipitated

protein samples were dissolved in a 1:1 1% formic acid/aceto-
nitrile solution just prior to ESI-MS (16, 39). The sample concen-
tration was maintained at 1 ng/μL, and the sample was injected
directly onto aWaters/Micromass Q-TOFUltimaGlobal (a qua-
drupole time-of-flight) mass spectrometer. The spectra were
reconstructed using MassLynx 4.0 with the MaxEnt 1 module.
ESI-MS performed on PagP and its derivatives (16, 39) yielded
experimental protein masses accurately matching theoretical
predictions (Table S1 of the Supporting Information).

After mass determination, the remainder of the precipitated
protein fractions (∼50 mg) were solubilized in 5 mL of 10 mM
Tris-HCl (pH 8.0) and 6 M Gdn-HCl and diluted dropwise
(∼1 drop per 2 s) into a stirring solution of a 10-fold molar
excess of 10 mM Tris-HCl (pH 8.0) and 0.5% lauryldimethyl-
amine N-oxide (LDAO) (Anatrace, Maumee, OH) at room
temperature and then left to stir overnight at 4 �C. The sulfhydryl
group of Gly88Cys PagP was maintained in its reduced state by
addition of 20 mM β-mercaptoethanol. The solution was then
applied to a 4mLNi2þ ion column resin bed chargedwith 50mM
NiSO4 and equilibrated with 10 mM Tris-HCl (pH 8.0), 0.1%
LDAO, and 5 mM imidazole. The column was washed with
10 column volumes of the equilibration buffer and 10 column
volumes of 10 mMTris-HCl (pH 8.0), 0.1% LDAO, and 20 mM
imidazole. The proteins were eluted with 2 mL of 10 mM Tris-
HCl (pH 8.0), 0.1%LDAO, and 250mM imidazole. The samples
were then dialyzed against 10 mM Tris-HCl (pH 8.0) and 0.1%
LDAO. The protein concentration was determined using the
bicinchoninic acid assay kit (Pierce) (40) or the Edelhoch
method (41). The folded samples were resolved by 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis with heated
and unheated samples in adjacent lanes. The heated samples were
boiled at 100 �C for 10 min prior to being loaded to distinguish
the folded β-forms from the heat-denaturedR-forms as described

previously (16). Folded PagP proteins were stored at -20 �C.
Gly88Cys PagPwas also folded as described above, but including
different pH values of 5.0, 6.0, 7.0, 7.2, 7.4, 7.6, 7.8, 8.0, and 9.0.
Tris was used in all instances, but the pH remained stable for all
samples.
Spectroscopic Analysis. Samples to be analyzed by far-UV

CD were maintained at a concentration of 0.3 mg/mL in 10 mM
Tris-HCl (pH 8.0) and 0.1%LDAO.A cuvettewith a path length
of 1 mm was used in an Aviv 215 spectrophotometer, which
was linked to a Merlin Series M25 Peltier device for temperature
control. For each sample, three accumulations were averaged
at a data pitch of 1 nm and a scanning speed of 10 nm/min.
The temperature was maintained at 25 �C, and data sets were
obtained from 200 to 260 nm. Thermal denaturation profiles
were obtained by measuring the loss of minimal ellipticity of the
sample. The proteins were heated from 20 to 100 �C, unless indi-
cated otherwise, at 218 nm with a temperature slope of 2 �C/min
and a response time of 16 s.

A similar analysis was performed for Gly88Cys PagP folded at
different pHvalues. In one experiment, far-UVCDand a thermal
profile at 218 nm were compared for samples at pH 5.0, 6.0, 7.0,
8.0, and 9.0. In a second experiment, identical analyses were
conducted for Gly88Cys folded at pH 7.0, 7.2, 7.4, 7.6, 7.8, and
8.0. In another experiment, Gly88Cys PagP folded at pH 7.8 or
7.2 was diluted in 10 mM Tris-HCl and 0.1% LDAO buffered
at pH 7.2 or 7.8, respectively, before far-UV CD scans were
obtained at 25 �C, after which the samples were heated to 76 �C
and then cooled to 25 �C.A second far-UVCDscanwas acquired
at this stage. A final thermal profile was then generated after
the samples had been heated to 100 �C. The Gly88Cys PagP
proteins folded at pH 7.0 or 8.0 were also diluted in 10 mM Tris-
HCl and 0.25% n-dodecyl β-D-maltoside (DDM) buffered at
pH 8.0 or 7.0, respectively. Far-UVCD scans from 220 to 240 nm
were conducted at 5 min intervals for 1 h. We report the data
by comparing changes in the magnitude of the positive peak
at 232 nm.
Acyltransferase Assays. In a 0.5 mL microcentrifuge tube,

sufficient Kdo2-lipid A (Avanti Lipids, Alabaster, AL) was
added to achieve a concentrationof 10μMina final assay volume
of 25 μL. A trace amount of [32P]Kdo2-lipid A was then added
to achieve a level of 200 cpm/μL. Sufficient phosphatidylcholine
(PtdCho) (Avanti Lipids) with a defined acyl chain composition
was added to attain a concentration of 1 mM. Diacyl PtdCho’s
contained identical saturated acyl chains varying in length from
C10 to C17 at both the sn-1 and sn-2 positions, whereas mixed
acyl chain PtdCho’s contained C14 and C16 acyl chains at the
sn-1 and sn-2 positions, respectively, or vice versa. These con-
stituents were dried under a gentle N2 stream and subsequently
dissolved in 22.5 μL of a reaction cocktail containing 0.1M Tris-
HCl (pH 8.0), 10 mM EDTA, and 0.25% DDM. The reaction
was initiated by addition of 2.5 μL of PagP at a sufficient
concentration to achieve a linear reaction profile. All reactions
were conducted at 30 �C and were stopped by directly spotting
4 μL of the reaction mixture to the origin of a Silica Gel 60 TLC
plate. The TLC plate was resolved in a CHCl3/pyridine/88%
formic acid/H2O mixture (50:50:16:5, v/v) within a tightly sealed
glass tank. The constituents of the tank were allowed to equili-
brate for a period of 3 h prior to the exposure of the TLC plate.
After the plate was dried, it was exposed to a Molecular
Dynamics PhosphorImager screen overnight to visualize the
reaction products, which were quantified using ImageQuant.
Wild-type PagP folded in 0.1% LDAO (pH 8.0) was also diluted
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in a reaction cocktail of 100 mM Tris-HCl, 0.25% DDM, and
10 mM EDTA at pH 5, 6, 7, 8, 9, and 10. Similarly, both wild-
type and Gly88Cys PagP were folded at pH 7 and 8 and assayed
at the same values to determine the effects of pH upon acyl chain
selectivity.

RESULTS AND DISCUSSION

The PagP hydrocarbon ruler floor was adjusted via creation of
Gly88 substitutions using site-directed mutagenesis with the
primer sets shown in Table S1 of the Supporting Information
and isopropyl β-D-thiogalactopyranoside-inducible PagP expres-
sion plasmid pETCrcAHΔS (17). The expressed proteins possess
a C-terminal hexahistidine tag and lack the N-terminal signal
peptide to target PagP for secretion to the outer membrane. The
proteins were expressed as insoluble aggregates, which could
be dissolved in Gdn-HCl, purified by Ni2þ ion affinity chroma-
tography, and folded by dilution into the detergent LDAO (16).
Mutations were confirmed both by DNA sequencing of the mu-
tant plasmids and by ESI-MS of the purified proteins (Table S1
of the Supporting Information).
Gly88Ser and Gly88Thr PagP Mutants Are Dedicated

Myristoyltransferases.To test the hypothesis that theGly88Cys
PagP structural perturbation associated with exciton loss, a 21 �C
reduction in the apparent Tm, and compromised acyl chain
selectivity are consequences of sulfhydryl group polarity within
the hydrophobic hydrocarbon ruler environment (16), we addi-
tionally created the polar Gly88Ser and Gly88Thr PagP sub-
stitutions. Far-UV CD analysis of the folded mutant proteins
clearly identified the positive 232 nm ellipticity known to be
derived from the intact aromatic exciton (Figure 3A). Addition-
ally, the 218 nm component of the exciton was observed by its
loss at temperatures above 40 �C, consistent with the previously

described thermal sensitivity of the exciton (16). The apparent
Tm of 88 �C for wild-type PagP β-barrel unfolding was reduced
by no more than 5 �C in the Gly88Ser and Gly88Thr mutants
(Figure 3B).

PagP phospholipid:lipid A palmitoyltransferase activity was
monitored in vitro using a defined detergent micellar enzymatic
assay with TLC separation of radioactive lipid products (16). The
inhibitory LDAO detergent used during PagP folding was ex-
changed by dilution into DDM to support enzymatic activity.
Wild-type PagP is highly selective for a palmitoyl group at the
sn-1 position in a glycerophospholipid, but largely unspecific for
the polar headgroup (1).We employ the palmitoyl donor di-16:0-
PtdCho and the palmitoyl acceptor [32P]Kdo2-lipid A. When
challengedwith a spectrumof donor acyl chain lengths, wild-type
PagP is a dedicated palmitoyltransferasewhereasGly88Cys PagP
utilizes both myristoyl and pentadecanoyl groups (16), but we
found that the Gly88Ser and Gly88Thr PagP enzymes each
functioned as dedicated myristoyltransferases (Figure 3C,D).
These findings indicate that Cys polarity cannot explain the
extinguished exciton, reduced apparent Tm, and compromised
acyl chain selectivity displayed by Gly88Cys PagP (16) because
the Ser/Thr hydroxyl group, which is more polar than the Cys
sulfhydryl group (25), appears to be easily tolerated within the
hydrocarbon ruler environment.
Exciton-Monitored Titration Reveals pKa Suppression

of theGly88CysPagPThiol.To test the alternative hypothesis
that the structural perturbation associated with the Gly88Cys
substitution is a consequence of a buried thiolate anion,we folded
Gly88Cys PagP over a range of values between pH 5 and 9
(Figure 4A,B). The absence of the exciton in Gly88Cys PagP
at pH 8 was expected (16), but the mutant was surprisingly
indistinguishable from wild-type PagP when folded at values
below pH 8. The destabilization of Gly88Cys PagP at pH 8 and

FIGURE 3: Gly88Ser andGly88ThrPagPmutants reveal that polarity alone does not perturb acyl chain selection. (A)Far-UVCDidentifies theβ-
barrel and exciton signatures characteristic of wild-type PagP. (B) Thermal melts at 218 nm reveal exciton loss preceding β-barrel unfolding. (C
andD)Hydrocarbon rulermeasurements reveal unitary acyl chain selectivity catalyzed byGly88Ser andGly88ThrPagP foldedat pH8. Synthetic
diacyl-PtdCho’s with saturated acyl chains varying in single increments from 10 to 17 carbon atoms were used as donors for the enzymatic
acylation of Kdo2-lipid A. ND, not detected.
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abovewasmarked by a substantial 21 �Cdecrease in the apparent
Tm, but this decrease was undetectable at pHe7. In contrast, the
Gly88Ser and Gly88Thr PagP mutants displayed a modest 5 �C
reduction in the apparent Tm (Figure 3B), consistent with the
greater polarity of the hydroxyl versus sulfhydryl group (25).

To identify the thiol pKa inflection point, we repeated this
experiment by folding Gly88Cys PagP at smaller increments
between pH 7 and 8 (Figure 4C,D). By following the positive
ellipticity at 232 nm (Figure 4E) or the apparent Tm values
(Figure 4F), we could identify a sharp midpoint in both cases at
pH 7.5, thus identifying the pKa for Cys thiol ionization. These
findings indicate that the Gly88Cys PagP sulfhydryl group is
easily accommodated within the hydrocarbon ruler, whereas the
buried thiolate anion is highly destabilizing.
Neutralizing the Thiolate Anion by Protonation in

LDAO Requires PagP Thermal Unfolding. The inhibitory
LDAO molecule bound in the hydrocarbon ruler presumably
shields the thiol group of Gly88Cys PagP from exposure to bulk
solvent. In unfolded PagP, we have previously validated the Cys
thiol pKa reported in Gdn-HCl at a value of ∼9.4, which was
determined by measuring the second-order rate constant for Cys
thiol methylation using the alkylating agent methyl p-nitroben-
zenesulfonate (16, 27). Additionally, when PagP is folded by
dilution from Gdn-HCl into LDAO, the Tm for unfolding was

previously determined by differential scanning calorimetry to be
88 �C (16). The midpoint for β-barrel unfolding in far-UV CD
thermal melts was also found to be 88 �C when the 218 nm
ellipticity was monitored, but aggregation of the unfolded pro-
tein at >80 �C in this LDAO detergent system renders these
precipitation curves irreversible (16). In contrast, the Gly88Cys
PagP mutant folded at pH g7.8 displayed a thermal unfolding
midpoint of only 67 �C (Figure 4B,D), so we reasoned that
reversible folding might be observed if the system is not heated
beyond 80 �C. In this case, it should be possible to expose the
buried Cys thiolate to solvent at pH 7.2 and then refold the
enzyme upon cooling to validate the observed pKa of 7.5.

When Gly88Cys PagP was folded at pH 7.8 and diluted into
the sameLDAOdetergent systemat pH7.2, the exciton remained
absent from the far-UV CD spectrum, thus indicating that the
buried thiolate is indeed shielded from bulk solvent (Figure 5A).
When the sample was heated to 75 �C, the thermal melt con-
firmed the midpoint for β-barrel unfolding at 67 �C (Figure 5B).
Subsequent cooling demonstrated that folding was freely rever-
sible and established the necessary thermodynamic equilibrium
to identify 67 �C as a true Tm. Interestingly, the exciton was re-
acquired below 50 �C and became fully evident in the wavelength
scan after cooling was complete (Figure 5A,B). This observation
indicates that exposure of the destabilizing thiolate anion to the

FIGURE 4: Exciton-monitored titration of the Gly88Cys PagP thiol reveals a suppressed pKa. Far-UV CD and thermal melts for wild-type PagP
folded at pH 8 and for Gly88Cys PagP over a range of pH values. (A and C) Far-UVCDwavelength scans. (B and D) Thermal melts at 218 nm.
(E) pH dependence of the molar ellipticity at 232 nm. (F) pH dependence of the apparent Tm values.
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lower external pH upon unfolding allowed for a now neutralized
thiol to become buried upon refolding, thus restoring the exciton
at the hydrocarbon ruler floor. Subsequent heating to 100 �C
revealed the thermal unfolding profile characteristic of Gly88Cys
PagP folded at pH 7.2 (Figures 4D and 5B). This result was a
consequence of the pH difference created upon dilution, rather
than a structural reorganization associated with PagP unfold-
ing and refolding, because the exciton was not reacquired when
the experiment was repeated by dilution at the same pH 7.8
(Figure 5C,D). The reverse experiment in which Gly88Cys PagP
was folded at pH 7.2 and diluted into the same LDAO detergent
system at pH 7.8 showed that the exciton remained intact
even after 75 �C heating and cooling (Figure 5E,F), consistent
with the 88 �C β-barrel Tm, which precludes unfolding without
the consequence of aggregation. Indeed, the residual ellipticity
observed after the samples had been heated to 100 �C (Figure 5E)
represents intermolecular β-structure associated with PagP ag-
gregation (16).
Gly88Cys PagP Folded in DDM Exposes Its Thiol/

Thiolate to Bulk Solvent.We have previously established that
LDAObinds to the PagP hydrocarbon ruler and thereby inhibits
enzymatic activity (18). However, diluting the enzyme into

certain detergents, which are too bulky to fit within the narrow
hydrocarbon ruler pocket, can create a micellar environment
capable of supporting PagP activity because such detergents do
not compete with substrate binding (20). Since the Gly88Cys
PagP sulfhydryl group is clearly shielded from bulk solvent when
folded in LDAO, we reasoned that the detergent DDM, which is
used routinely in our defined detergent micellar enzymatic assay
for PagP (16), should expose the thiol to solvent without the
requirement of first thermally unfolding the enzyme. Indeed,
when Gly88Cys PagP folded in LDAO at pH 7.0 or pH 8.0 was
diluted into DDM at pH 8.0 or pH 7.0, respectively, the positive
exciton ellipticity at 232 nm could be lost or acquired over a
period of ∼50 min (Figure 6A), thus revealing a slow solvent
exchange not apparent when the protein remained folded in
LDAO (Figure 5). No ellipticity change was detected when these
Gly88Cys PagP proteins weremonitored at the same pHat which
they were initially folded (not shown).
Neutralization of the Thiolate Anion by Protonation

Restores Unitary Acyl Chain Selection. Diluting wild-type
PagP into DDM over a range of pH values revealed an optimum
for enzymatic activity of pH8.0, but 80%of thismaximal activity
was still retained at pH 7.0 (Figure 6B). Since wild-type PagP

FIGURE 5: Gly88Cys PagP in LDAOmust unfold to neutralize the thiolate anion. PagP folded in LDAOat pH 7.8 was diluted into LDAOat pH
7.2, heated to 75 �C, cooled, and reheated to 100 �C. A) Far-UV CD and (B) thermal melts at 218 nm reveal the acquisition of the exciton after
reversible unfolding and refolding.PagP folded inLDAOatpH7.8was diluted intoLDAOalsoatpH7.8, heated to75 �C, cooled, and reheated to
100 �C. (C) Far-UVCDand (D) thermalmelts at 218 nm reveal the absence of the exciton after reversible unfolding and refolding. PagP folded in
LDAO at pH 7.2 was diluted into LDAO at pH 7.8, heated to 75 �C, cooled, and reheated to 100 �C. (E) Far-UV CD and (F) thermal melts at
218 nm reveal the retention of the exciton and the absence of thermal unfolding before the sample is heated to >80 �C.
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exhibited substantial activity at both pH 7 and 8 and Gly88Cys
PagP exhibited a pKa for its lone thiol of 7.5, wewere in a position
to establish if the structural perturbation associated with the
buried thiolate anion is responsible for the compromised acyl

chain selectivity. When samples were folded and assayed at
pH 8.0, the hydrocarbon ruler measurements revealed the pre-
ferences of wild-type or Gly88Cys PagP for C16 or both C14 and
C15 acyl chains, respectively (Figure 7A,B), as noted pre-
viously (16). However, folding and assaying the same enzymes
at pH 7.0 restored methylene unit resolution to Gly88Cys PagP,
which then functioned as a dedicated myristoyltransferase,
despite the fact that wild-type PagP remained unaltered as a
palmitoyltransferase (Figure 7C,D).
Engineered PagP Myristoyltransferases Retain Regio-

specificity. Wild-type PagP is highly selective for a palmitate
chain, but it also selects the palmitate regiospecifically from the
sn-1 position in the phospholipid glycerol backbone (1). To
evaluate whether the engineered PagP myristoyltransferases dis-
play similar regiospecificity, we utilizedmixed acyl chain PtdCho’s
having palmitate and myristate esterified to the sn-1 and sn-2
positions, respectively, or vice versa. When challenged with these
mixed acyl chain PtdCho’s, wild-type PagP effectively utilized only
palmitate at the sn-1 position (Figure 8), and any residual activity
from its regioisomer corresponded to the measured background
utilization of myristate (Figure 7A). Exactly the opposite behavior
was displayed by the engineered myristoyltransferases, thus estab-
lishing that hydrocarbon ruler modulation influenced acyl chain
selectivity without affecting enzyme regiospecificity (Figure 8).
Gly88Asp, -Asn, -Glu, -Gln, -His, and -Lys PagPMutants

Retain the Exciton. If the observed structural perturbation
associated with the Gly88Cys thiolate anion is a general effect of
burying charge within the PagP hydrocarbon ruler, we reasoned
that similar observations should be made with other charged
amino acid substitutions. We engineered the acidic amino acid
substitutions Gly88Asp and Gly88Glu together with their corre-
sponding amides Gly88Asn and Gly88Gln, and the basic amino
acid substitutions Gly88His and Gly88Lys (Table S1 of the
Supporting Information and Figure 9). Interestingly, the exciton
remained intact in all cases (Figure 9A), despite the presence

FIGURE 6: Gly88Cys PagP in DDM can expose the thiol/thiolate to
solvent. (A)Gly88CysPagP folded inLDAOat pH8or 7was diluted
into DDM at pH 7 or 8, respectively, and the molar ellipticity at
232 nmmonitored for 60min. (B)Wild-typePagP folded inLDAOat
pH 8 was diluted into the defined detergent micellar enzymatic assay
system using DDM over a range of pH values, and the acylation of
Kdo2-lipid A by dipalmitoyl-PtdCho was monitored.

FIGURE 7: Thiol/thiolate ionizationmechanism that canmodulate lipid acyl chain selection. Hydrocarbon ruler experiments were performed for
wild-type PagP at (A) pH 8 or (C) pH 7 and for Gly88Cys PagP at (B) pH 8 or (D) pH 7. Synthetic diacyl-PtdCho’s with saturated acyl chains
varying in single increments from 12 to 17 carbon atoms were used as donors for the enzymatic acylation of Kdo2-lipid A.
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of substantial destabilization indicated by approximate 15 and
10 �C reductions in apparent β-barrel Tm for the charged and
amide substitutions, respectively (Figure 9B). Hydrocarbon ruler
experiments revealed that the Gly88Asp, -Glu, and -His mu-
tants could not support substantial enzymatic activity for any of
the substrates tested, whereas the remaining substitutions could
acylate Kdo2-lipid A with maximal activities approaching 70%
of that of wild-type PagP. The Gly88Asn substitution exhibited
broad acyl chain selectivity centered over C12 (Figure 9C), which
was approximately consistent with what might be expected if the
polar branched Asn side chain projected into the hydrocarbon
ruler floor in its extended conformation. However, the Gly88Gln
substitution exhibited unusually broad acyl chain selectivity with
a peak over C14 (Figure 9C), which could be rationalized only in

terms of a Gln side chain that had rotated back upon itself. The
Gly88Lys substitution shared with the Gly88Cys thiolate sub-
stitution the property of being unbranched, being charged, and
accommodating acyl chains shorter than the one predicted from
the length of the substitution itself (Figure 9C). Branching and
charge thus appear to represent two distinct destabilizing factors
when amino acid substitutions at position 88 are introduced
within the PagP hydrocarbon ruler. Only groups that were both
branched and charged were clearly incompatible with enzymatic
activity.

In contrast to these mutants, only the Gly88Cys thiolate
introduced a more pronounced 21 �C reduction in thermal
stability, which was achieved distinctly at the exciton’s expense
(Figures 4 and 5). The exciton-proximal Cys thiolate might fit

FIGURE 9: Gly88Asp, -Asn, -Glu, -Gln, -His, and -Lys PagP mutants retain the exciton. (A) Far-UV CD identifies the β-barrel and exciton
signatures characteristic of wild-type PagP. (B) Thermal melts at 218 nm reveal exciton loss at 40 �C preceding β-barrel unfolding. (C)
Hydrocarbon ruler measurements reveal broad acyl chain selectivity with branched or charged substitutions, but not with substitutions that are
both branched and charged. Synthetic diacyl-PtdCho’s with saturated acyl chains varying in single increments from 10 to 16 carbon atoms were
used as donors for the enzymatic acylation of Kdo2-lipid A. Asn/Lys and Gln amino acid side chains are shown in extended and rotated
conformations, respectively.

FIGURE 8: Regiospecificity of PagP palmitoyltransferase and myristoyltransferase activity. The indicated enzymes were assayed for Kdo2-lipid
A acylation using sn-1-palmitoyl-sn-2-myristoyl-PtdCho or sn-1-myristoyl-sn-2-palmitoyl-PtdCho.
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uniquely within the hydrocarbon ruler floor as compared with
the more distally positioned perturbing moieties. For example,
the β-branched methyl group of Gly88Thr PagP appeared to be
accommodated just as easily as that of Gly88Ser (Figure 3), thus
identifying at this position an extra degree of steric freedom likely
capable of accommodating a Cys thiolate side chain rotation to
bring it into contact with the aromatic exciton partners as
previously proposed (Figure 2C) (16). The apparent Gln side
chain rotation occurring more distally within the PagP hydro-
carbon ruler (Figure 9C) drastically compromised acyl chain
selection even though the exciton remained intact. This latter
point speaks to the local nature of the observed structural
perturbation responsible for the loss of the exciton in Gly88Cys

PagP. The distinct consequences of thiolate ionization in
Gly88Cys PagP reveal not only a general effect of buried negative
charge but also a role for the local context of steric and electronic
constraints within the hydrocarbon ruler environment.
PagP Myristoyltransferase Mutant Activity Can Be

Detected in Vivo. In exponentially growing E. coli cells,
phospholipids are esterified with roughly 40% palmitate, 32%
palmitoleate, 16% cis-vaccenate, 5% cyclopropane fatty acids,
and another 5% attributed to myristate (42, 43). Therefore, we
chose to examine whether our engineered PagP myristoyltrans-
ferases could incorporate myristate into lipid A in vivo. We
cloned the native pagP gene under control of its endogenous
promoter into plasmid pBad18 (29) to generate pPagP. The

FIGURE 10: Lipid A myristoylation detected in vivo. (A) The 32P-labeled lipid A 1,40-bis-phosphate was resolved by TLC as hexa- and hepta-
acylated species. The percentage of hepta-acylation in exponentially grown cultures harvestedwith andwithout EDTA treatment is shown for the
pagP deletion strain (E. coliΔpagP) and its transformants with plasmids pPagP, pG88C (grown at pH 7 and 8), pG88T, and pG88S. (B) ESI-MS
of the lipid A 1,40-bis-phosphate isolated fromEDTA-treated E. coliΔpagP. (C) ESI-MS of the lipid A 1,40-bis-phosphate isolated from EDTA-
treated E. coliΔpagP/pPagP. (D) ESI-MS of the lipid A 1,40-bis-phosphate isolated from EDTA-treated E. coli ΔpagP/pG88C (pH 7). (E) ESI-
MS of the lipid A 1,40-bis-phosphate isolated from EDTA-treated E. coli ΔpagP/pG88C (pH 8). (F) ESI-MS of the lipid A 1,40-bis-phosphate
isolated from EDTA-treated E. coli ΔpagP/pG88T.
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Gly88Cys, -Ser, and -Thr substitutions were then generated by
site-directedmutagenesis to produce pG88C, pG88S, and pG88T,
respectively. Each plasmid was transformed into a wild-type
strain of E. coliK12 in which the chromosomal copy of the pagP
gene had been deleted. Cells were grown to exponential phase and
treated prior to being harvested with EDTA, which stimulates
PagP activity in vivo by promoting migration of phospholipids
into the external leaflet where they can access the active site by a
lateral lipid diffusion mechanism (21, 22). The E. coli outer
membrane lipids are normally asymmetrically organized with
lipopolysaccharide restricted to the external leaflet and phospho-
lipids restricted to the inner leaflet, which thus maintains PagP in
a latent state (19).

We first evaluated the incorporation of a seventh acyl chain
into the hexa-acylated 1,40-bis-phosphorylated lipid A species
using 32P labeling for analysis by TLC (21, 37) (Figure 10A). The
pG88C transformant was cultured at pH 7 and 8. Substantial
production of a hepta-acylated lipid A species was detected in all
PagP-expressing cells except for that of the pG88S transformant.
Although the Gly88Ser mutant functions as a dedicated myr-
istoyltransferase in vitro (Figure 3C), it appears that this mutant
is not functional in vivo perhaps due to a defect in expression and/
or outer membrane assembly. To evaluate the nature of the acyl
chains incorporated into lipid A of EDTA-treated cells, we
isolated nonradioactive lipid A for analysis by ESI-MS (38)
(Figure 10B-F). The E. coliΔpagP cells produced hexa-acylated
lipid A, which displays a mass of 1797 Da with an associated
sodium adduct with a mass of 1819 Da (Figure 10B). Transfor-
mation with pPagP was expected to result in the incorporation of
a palmitate chain at position 2 (13, 37), consistent with the
observed mass of 2035 Da with the associated sodium adduct
with a mass of 2057 Da (Figure 10C). Interestingly, the pG88C
transformant grown at pH 7 incorporated a new species with a
mass of 2007 Da, consistent with myristate without any asso-
ciated sodium adduct (Figure 10D).Only a trace of palmitatewas
apparent despite its 8-fold excess over myristate in the E. coli
phospholipid pool (43).When this samemutantwas grown at pH
8, palmitate dominated over myristate (Figure 10E), suggesting
that the buried thiolate anion associated with PagP folding at
pH 8 in vitro (Figure 7B) also compromises lipid acyl chain
selection in vivo. Transformationwith pG88T resulted inmyristate
incorporation with a clear detection of palmitate (Figure 10F),
consistent with the slight destabilization associated with the
Gly88Thr substitution (Figure 3B) compared to Gly88Cys at
pH 7 (Figure 4B). These findings indicate that trace amounts
of myristate present in E. coli phospholipids can be selectively
incorporated into lipid A by PagP myristoyltransferase mutants
provided they assemble in outer membranes and are sufficiently
stable to exclude the excess palmitate encountered in cellular
phospholipids.
Concluding Remarks. We have demonstrated that the floor

of the hydrophobic acyl chain-binding pocket in a Gly88Cys
PagP mutant serves to suppress the thiol pKa, which resulted in a
local structural perturbation from a buried thiolate anion.
Neutralization of the thiolate anion by protonation restored
normal function and stability to the mutant enzyme. The ques-
tion of why the hydrophobic pocket would suppress the thiol pKa

when the expected effect is to stabilize the protonated thiol, and
thus increase the pKa, remains. In a recent study of acetoacetate
decarboxylase, the pKa of Lys115 was perturbed downward by
4.5 log units due to the localization of the ε-amino group near the
floor of a hydrophobic pocket formed by a β-barrel domain (44).

The reduced dielectric constant of this microenvironment, which
is reminiscent of the PagP hydrocarbon ruler, probably lowers
the pKa of Lys115 through a desolvation effect where the
uncharged amino group is better stabilized in a hydrophobic
milieu. The same reasoning applied to Cys88 in PagP predicts
that the low-dielectric environment of the hydrocarbon ruler
should instead increase the Cys pKa by stabilizing the neutral
thiol (26). A comprehensive investigation of perturbed pKa values
for catalytic groups in enzyme active sites has revealed only
two mechanisms by which the pKa of a Cys thiol can be
suppressed (26). Interaction with the N-terminal dipole of an
R-helix or formation of an ion pair between a Cys thiolate and a
His imidazolium ion can suppress the thiol pKa, but neither of
these factors is apparent near the floor of the PagP hydrocarbon
ruler. Nevertheless, thiols are particularly sensitive to local
electrostatics, which have been previously suggested to lower
the pKa in otherwise hydrophobic environments (45, 46). The
thiol in Gly88Cys PagP is flanked by the low-dielectric environ-
ment of the hydrophobic acyl chain-binding pocket above and by
numerous dipoles among the aromatic exciton partners and a
largely polar β-barrel interior below. Therefore, details of the
electrostatics located adjacent to the nonpolar milieu within the
PagP interior might eventually reveal a novel mechanism for
suppressing the pKa of Cys thiols in proteins. To the best of our
knowledge, the use of an identified aromatic exciton couplet as a
probe to monitor the pKa of an ionizable functional group has
not been previously described in enzymology.
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