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ABSTRACT. In Staphylococcus aurepgirulence and colonization-associated surface proteins are covalently
anchored to the cell wall by the transpeptidase Sortase A (SrtA). In order to better understand the
contribution of specific active site residues to substrate recognition and catalysis, we performed mutational
analysis of several key residues in the SrtA active site. Analysis of protein stability, kinetic parameters,
solvent isotope effects, and ptiate profiles for key SrtA variants are consistent with a reverse protonated
Cys184-His120 catalytic dyad, and implicate a role for Arg197 in formation of an oxyanion hole to stabilize
the transition state. In contrast, mutation of Asp185 and Asp186 produced negligible effects on catalysis,
and no evidence was found to support the existence of a functional catalytic triad. Mutation of Thr180,
Leul81, and 1le182 to alanine produced modest decreases in SrtA activity and led to substrate inhibition.
Thermodynamic stability measurements by SUPREX (stability of unpurified proteins from rates of H/D
exchange) revealed decreases in conformational stability that correlate with the observed substrate inhibition
for each variant, signifying a potential role for the conserATLITC84 motif in defining the active-site
architecture of SrtA. In contrast, mutation of Thr183 to alanine led to a significant 1200-fold decrease in
keas Which appears to be unrelated to conformational stability. Potential explanations for these results are
discussed, and a revised model for SrtA catalysis is presented.

The ubiquitous role of sortase transpeptidases in mediating Recombinant SrtA catalyzes the in vitro transpeptidation
the pathogenesis of Gram-positive pathogens sucBtas of LPXTG-containing peptides with a pentaglycine pepti-
phylococcus aureusy catalyzing the attachment of surface doglycan mimic through a ping-pong mechanism with a
protein virulence factors to the cell-wall peptidoglycan layer partial hydrolytic shuntZ, 3). Transpeptidation proceeds
is well-establishedl(. For this reason, inhibition of surface  through acylation of the SrtA active-site nucleophile Cys184
protein anchoring by targeting the sortase reaction is anwhich has been demonstrated through site-directed mutagen-
attractive approach for the development of novel anti- esis and chemical modification to be essential for catalysis
infective chemotherapeutics with activity against multiply (4). The initial NMR structural determination of the SrtA
drug resistant strains of Gram-positive bacteria such asactive site revealed a potential Cys-His-Asn catalytic triad
MRSA! and VRSA. Despite the recognized potentialof reminiscent of the cysteine protease pap&jn $ubsequent
aureusSrtA as a target for antibacterial action, efforts to site-directed mutagenesis demonstrated the catalytic require-
develop potent and selective inhibitors of the sortase reactionment for the absolutely conserved His120 and in contrast
have yet to yield any promising candidates for clinical use. indicated that Asn98 was dispensable for SrtA activity
This shortcoming is largely the consequence of our poor (4, 6).
understanding of SrtA mechanism and substrate recognition. Although SrtA activity studies continue to support the
critical involvement of His120 in catalysis, more recent X-ray
; crystallographic structures &. aureusSrtA and SrtB have
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In addition to the controversy surrounding the catalytic 15 1: Primer Sequences for SrtA Mutagenesis
mechanism of SrtA we also have very limited knowledge

y o Mutation Primer Sequences 5' > 3"
of the structural basis for substrate specificBy aureusSrtA HI20A TCAATTGCAGGAGCCACTTTCATTGAC
recognizes and cleaves the LPXTG motif with a very high 300 ggg%;gg:ggg(@%gﬁgﬁ?gﬁg
d_egree of speC|f|C|ty, and only a _fe_:w conservative substitu- GTCAATGAAAGTITG ‘“G“T‘CCTGC AATTGA
tions are tolerated in this recognition motiflj. Similarly, TI80A GATAAACAATTAGCATTAATTACTTGTG
S. aureusSrtB is known to recognize and cleave only CACAAGTAATTAATGCTAATTGTTTATC
) o ) LI8IA GATAAACAATTAACAGCAATTACTTGTGATG
NPQTN-containing supstrates and no cross talk bgtween CATCACAAGTAATTGCTGTTAATTGTTTATC
S_rtA and SrtB processing has _been obserweqitro orin T182A CAATTAACATTAGCTACTTGTGATGATTAC
vivo (12). Recently, two groups independently identified the GTAATCATCACAAGTAGCTAATGTTAATTG
_ A 11825 CAATTAACATTAAGTACTTGTGATGATTAC
6—[7 loop of SrtA and the under_lylng s_heet fo_rmed by GTAATCATCACAAGTACTTAATGTTIAATTG
the4, 37, ands8 s;ran_ds as the primary interaction surface —g3a CAATTAACATTAATTGCTTGTGATGATTAC
of the LPXTG motif with SrtA {7, 13). Leu and Pro make GTAATCATCACAAGCAATTAATGTTAATTG
hydrophobic contacts along thg7 strand, and Thr is  CI84A CATTAATTACTGCTGATGATTACAATG
itioned proximally to Cys184. All sortase isoforms contain CATTUTAATLATCAGCAGIAATIAATG
positioned p ally 10 LyS1o4. , Solol ain “cigsnH CATTAATTACTCATGATGATTACAATG
a conserved active site TLXTC motif, which in SrtA is CATTGTAATCATCATGAGTAATTAATG
located along thgs7 strand spanning residues 180 to 184 C184S Sﬁﬁé?ﬂéglﬁgﬁlg?ﬂﬁﬁﬁg
(14). Itis the_refore interesting to speculate tha_t this sequence—gsx CATTAATTACTIGTGCTGATTACAATGAAAAG
might contribute to the substrate selectivity of sortase CTTTTCATTGTAATCAGCACAAGTAATTAA
enzymes by participating in binding or recognizing the DI86A g?g;}gg?ggggggﬁ%ﬁ%@&gﬁﬁﬁ?g
LF_’XTG _mot|f. In S. aureusSrtA, the_ cysteine I’ESIdL!e of_ RTA GTTTGOGAAAAAGOTAA AATCTITGTAGE
this motif has been well-characterized as the active-site GCTACAAAGATTTTAGCTTTTTCCCAAAC
nucleophile required for catalysis, mutation of Thr180 to RI97K GTTTGGGAAAAAAAAAAAATCTTTGTAGC

GCTACAAAGATTTTITTTTTTTCCCAAAC

lysine had a minimal effect on SrtA catalysis, and no activity Py e——— erired
utated codons are underlined.

was detected after mutation of 1le182 to serine, the corre-
sponding residue in SrtB isoform&3 15). However, no
guantitative analysis has been performed and the potentialsystems). HPLC was performed using a Thermo Separation
roles of Leul81 and Thr183 have yet to be examined. Products SpectraSYSTEM equipped with an autosampler and
Recent advances in characterizing the molecular basis foreither a semipreparative Jupiter octadecyl silica column
SrtA catalysis and substrate specificity have provided a (Phenomenex) or a fast analytical (4.6 nx@b0 mm, 3um)
platform for a more rationally guided search for effective octadecyl silica column (Vydac).
sortase inhibitors. However, many questions remain unan- Site-Directed MutagenesisThe expression plasmid
swered. pH-rate profile and isotope effect studies performed pET15bSrtAnzs encoding wild-type HisSrtAsnzg (11)
with wild-type SrtA support a reverse protonation model for served as a template for the introduction of single amino
SrtA catalysis in which, at physiological pH, only a small acid substitutions by PCR using the QuikChange method
fraction of SrtA exists in an active form with Cys184 thiolate (Stratagene). All PCR reactions contained DMSO (5%). The
and His120 imidazolium2). However, these studies fail to  complementary forward and reverse primer pairs employed
account for the demonstrated role of Arg197 in catalysis and to construct each SrtA variant discussed are listed in Table
do not adequately examine the potential involvement of 1. Mutational changes were confirmed by DNA sequencing.
aspartate residues present at positions 185 and 186 in SrtA. Expression and Purification of Wild-Type and Mutant
Furthermore, the sortase field demonstrably suffers from a SrtA. Expression of wild-type and variant SrtA was per-
lack of specific knowledge regarding the molecular basis for formed as described previousI®)( For purification, cell
the exquisite substrate selectivity of sortase transpeptidasespellets fran 1 L of culture were resuspended in equilibration
In the current study we begin to address these issues througtuffer (150 mM NacCl, 50 mM Tris, 5 mM imidazole, 10%
site-directed mutagenesis of SrtA active-site residues hy-glycerol, pH 7.5) and lysed using an EmulsiFlex-C5 high-
pothesized to be involved in catalysis and substrate binding.pressure homogenizer (Avestin, Inc.). The resultant lysate
Herein we report the effects of active SrtA variants on the was clarified by centrifugation and incubated on ice with 4
kinetic parameterk.,; andKy, as well as the effect of these to 5 mL of chelating sepharose (Pharmacia Biotech) for
mutations on structural stability. For several key variants the 30 min to 1 h. The lysateresin mixture was then applied
pH-dependence and solvent isotope effects on catalysis wereo a benchtop gravity flow column, and the flow-through
evaluated. Finally, we discuss implications of these results was reapplied to the column bed. The column was washed
with respect to the catalytic mechanism of SrtA. twice with ice-cold equilibration buffer (30 mL) and another
two times with the same buffer containing 20 mM imidazole.
MATERIALS AND METHODS Elution was achieved with four applications (8 mL) of the
General.Buffer salts were purchased from SigmaD same buffer containing 200 mM imidazole. The first two
was purchased from Aldrich. Standard Fmoc amino acids elution fractions, holding the majority>©@8%) of SrtA, were
(Novabiochem), Fmoc-Dap(Dnp)-OH (Bachem), NBllys- pooled and concentrated to a volume of1® mL using
OH (Bachem) were purchased and used without further Centriplus YM-10 concentrators (Millipore). The concen-
purification. Solid-phase synthesis of Abz-LPETG-Dap- trated eluant was then loaded at 1 mL/min onto a HiPrep
(Dnp)-NH; was performed with an Applied Biosystems 433A 26/60 Sephacryl S-200 gel filtration column (Pharmacia
synthesizer. Gel filtration chromatography was performed Biotech) pre-equilibrated with gel filtration buffer (150 mM
on a Biocad Sprint chromatography system (Applied Bio- NaCl, 50 mM Tris, 5 mM CaGl 0.1%3-mercaptoethanol,
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10% glycerol, pH 7.5).5-Mercaptoethanol was omitted 0.33 mM) and NH-Glys-OH (2 mM) (18). Assays were run
during the purification of the Cys184 mutants. Generally, for 30 min or overnight depending on activity level. For
two 8 mL fractions containing pure SrtA were pooled and variant SrtA enzymes, initial estimates of fold activity
concentrated to at least 3@ using a Centriplus YM-10  decrease, compared to wild-type SrtA at the same substrate
concentrator. The concentration of wild-type and mutant SrtA concentrations, were calculated as the ratio of wild-type to
was determined using the calculated extinction coefficient mutant activity after correcting for differences in enzyme

€280 = 17420 Mt cm! (16). concentration and assay time. When full kinetic analysis was
Circular Dichroism SpectroscopyTo reduce salt and  possible for SrtA variants, the fold activity decrease estimated
buffer concentrations, aliquots (100 to 3@0) of wild-type in this manner was found to correlate well with the relative

and mutant SrtA were dialyzed against buffer containing Tris reduction ink../Km. Therefore, these initial estimates were
(25 mM, pH 7.5), CaGl (5 mM), and NaCl (75 mM). used to compare the relative activity of SrtA H120A and

Dialyzed SrtA was combined in a total volume of 20Q SrtA H120Q for which more precise measurements could
with Na phosphate (10 mM, pH 7.5) resulting in samples not be obtained.

with protein concentration ranging from 7.7 to 1@l in For subsequent measurement of kinetic parameters, con-
a total volume of 0.5 mL. For each SrtA mutant 250 centrations and assay lengths for sortase variants were chosen

was transferred to a quartz cuvette with 0.1 cm path length to approximate activity levels observed foul wild-type

for CD data collection. CD spectra were measured using aenzyme in a 30 min reaction. Whenever possible, the volume
JASCO J-810 CD spectrometer equipped with a six-cell of enzyme added to activity assays was limited to one-tenth
holder. Data were collected at 26 from 260 to 190 nM in of the total assay volume. The linearity of sortase activity
step mode with a scanning speed of 4 s/nm. For each samplevas verified by analyzing product formation as a function
three scans were averaged and corrected for backgroundf time over the selected interval. With the exception of
absorbance. The observed CD signal was converted to meamnzyme concentration and assay time, all experiments were

residue ellipticity @, deg cn? dmol™ residue?) using eq 1: performed under the same conditions utilized for wild-type
SrtA. Enzyme concentrations and assay lengths employed
0 = 6,,410(cdn) (1) for each of the SrtA mutants were as follows: T180A,

1uM for 5 or 5.5 h; L181A, 1uM for 2.5 h; [182A, 20uM
where 045 is the observed ellipticity in degrees,is the for 30 min; 1182S, 5Q«M for 30 min; T183A, 100uM for
protein concentration in mol/Ld is the optical path length 5 h; C184S, 20M for 6 h; D185A and D186A, M for
in cm, andn is the number of amino acid residues in the 30 min; R197A, 50uM for 5 h; R197K, 100uM for
protein (202 for Hig-SrtAanz4 and mutants). 5h.

Thermodynamic Measurements Using SUPREXPREX Abz-LPETG-Dap(Dnp)-NH was typically varied over a
analyses on SrtA and variants were performed using dataa range of 0.27 to 23 mM, and Michaetisenten analysis
acquisition and analysis protocols that have been previouslywas performed using GraFit (Erithacus Software) to obtain
described 17). Briefly, protein solutions (2 mg/mL) of fully ~ the parameterga andKny. For SrtA T180A, L181A, I182A,
protonated SrtA were diluted 10-fold into a series of and 1182Sk../Ky ratios were calculated from the slopes of
deuterated H/D exchange buffers (20 mM sodium phosphate lines drawn through the data obtained at low Abz-LPETG-
100 mM KCI, 0 to 5.5 M urea, pD 7.5) to initialize H/D  Dap(Dnp) concentrations: 0.33.9 mM for SrtA T180A,
exchange. Following a 23 h exchange period, aliquots from 0.29-2.3 mM for SrtA L181A, 0.3-9.5 mM for SrtA 1182A,
each H/D exchange reaction were quenched by 10-foldand 0.59-13.1 mM for SrtA 1182S. In several cases, the
dilution into an ice-cold MALDI matrix solution consisting ~ change in free energy of the transition state for SrtA mutants
of saturated sinapinic acid, 45% acetonitrile, and 0.1% TFA. was calculated from eq 2:

A 1-2 ulL aliquot of each quenched H/D exchange
reaction was deposited onto a MALDI sample plate, and the AAGT = —RTIn (Keaf Km)mut )
sample was subjected to MALDI-MS analysis. Mass spectra (Kead Kidwr
were acquired on a Perseptive Biosystems Voyager DE
Biospectrometry Workstation. CytochromméMW 12,361.1 where AAGF is the change in free energy of the transition
Da) and trypsin inhibitor (MW 19,979.6 Da) were used as state between wild-type (WT) and mutant (MuB),is the
internal calibration standards. Positive ion mass spectra wereideal gas constant, andis temperature.
collected in the linear mode using a nitrogen laser (337 nm, pH-Dependence of:k for Wild-Type SrtA, SrtA C184S,
3 Hz). Each spectrum collected was the sum of data from SrtA R197A, and SrtA R197Ko examine the pH stability
32 laser shotsAMass values were calculated by subtracting of wild-type SrtA, enzyme (1Q«:M) was preincubated in
the molecular weight of fully protonated SrtA from the mass buffer A (50 mM acetic acid, 50 mM MES, 100 mM Tris,
measured in each MALDI analysis. Th&mass values 5 mM CaC}, 150 mM NaCl) adjusted to pH 3.5%.5, or
calculated from five replicate measurements were averagedbuffer B (50 mM MES, 100 mM Tris, 50 mM CAPS, 5 mM
and plotted as a function of urea concentration. The dataCaCh, 150 mM NacCl) adjusted to pH 5:511.0, at 37°C
were fit to a four-parameter sigmoidal curve using SigmaPlot for 30 min, 5 h, or 6 h. SrtA activity was then assayed in
(SYSTAT Software Inc.) to determin@“?syprex the dena- duplicate with SrtA (1«M) and Abz-LPETG-Dap(Dnp)-NH

turant concentration at the transition midpoint. (0.26 mM) in standard assay buffer (150 mM NaCl, 5 mM
Sortase Actiity Measurementdn initial tests, wild-type CaCb, and 300 mM Tris-Cl, pH 7.5).
(1 uM) and mutant (1, 50, or 20@M) SrtA were assayed ket measurements were made in buffer A or B with

for activity in the HPLC assay described previously with concentrations and assay times for each SrtA variant as
the peptide substrates Abz-LPETG-Dap(Dnp)-N\id.2— indicated in the previous sectioRe, Was determined by
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measuring the rate of product formation in the presence of the purification process and were purified *®5% homo-
10.5 mM Abz-LPETG-Dap(Dnp) for SrtA C184S, 15.6 mM geneity as judged by SDSPAGE (not shown).

for SrtA R197A, 16.7 mM for R197K, and 17.8 mM for Circular Dichroism Analysis of SrtA Mutant Structure.
wild-type SrtA. Due to poor substrate solubility at low pH  Ajtering the amino acid composition of a protein has the

and assay sensitivity limitations at high pHca Was  potential to produce changes in secondary structure and
observable in the pH range from 5.0 to 10.5 for SrtA C184S, folding which may erroneously be interpreted as a direct

5.5 10 10.0 for R197A and R197K variants, and 5.5 10 10.5 gffect on enzymatic catalysis. We therefore compared the
for wild-type SrtA. The data were modeled using GraFit cp spectra of each mutant to that of wild-type SrA to

(Erithacus) to eq 3 or 4 describing bell-shaped and single getermine if the mutations we introduced created any gross

titrations respectively, structural perturbations. Initially we assessed the appropriate-
ness of CD as a technique to monitor changes in the
log y,,.= log Ymax se_:condary structure of wild-type SrtA. The CD spectra of
1+ [H +]/Kal + Kazj[HJr] wild-type SrtA collected at 25C and at 98C are shown in

Figure 1A. Although the CD spectrum collected for wild-

Ymax 4) type SrtA at 25°C lacks strong distinguishing features, the
1+ Ka/[H+] enzyme was found to be active under the conditions used
for CD and is therefore assumed to be properly folded. When
heat-denatured, the intensity of the CD signal generated by
SrtA was reduced and the shape of the spectrum was visibly

altered, verifying that global unfolding of SrtA is detectable
observed titrations. by CD spectroscopy. CD data collected for the SrtA mutants

Measurement of Se¢nt Isotope Effects for SrtA C184S, IS shown overlaid with the wild-type CD _spectrum
D185A, D186A, and R197Ahe effect of substituting @ (Figureé 1B-D). No gross structural perturbations were
for H,O in the reactions catalyzed by SrtA C184S, D185A, pbserved for any of the_ SHA variants; however, it is
D186A, and R197A was measured on the kinetic parameters'mpo.rt‘f’l!"t to note thaf[ this resultldoes not .rule out the
kearandkeadKim. The SrtA substrates Abz-LPETG-Dap(Dnp) possibility of changes in conformational stability.
and Gly were dissolved in BO prior to addition. Reaction SUPREX Analysis of Wild-Type SrtA and Variants.
buffers were prepared inJ9, lyophilized to dryness, and evaluate potential effects of selected SrtA mutations on the
redissolved in an equivalent volume of,@. Enzyme conformational stability of the protein, we employed the
concentrations and assay times were as reported above. FOBUPREX techniquel(7), which permits the acquisition of
SrtA C184S a titration of Abz-LPETG-Dap(Dnp) was thermodynamic data on a protein under denaturant concen-
performed in the presence of 88.5%,@ and kinetic trations where the protein is predominantly folded. This
parameters were obtained from Michaelldenten analysis.  technique was initially applied to wild-type SrtA. Figure 2
SrtA D185A and SrtA D186A were similarly examined in  shows a typical SUPREX curve for wild-type SrtA obtained
99% D,O. Reported isotope effects were calculated by using an H/D exchange time of 23 h. At this exchange time,
dividing the value of the parameter measured yOHby that SrtA yielded a pretransition baseline fL10 Da, a post-
measured in BD. For SrtA R197A the kinetic parameters transition baseline o160 Da, and an amplitude 650 Da
kearandk.a/Kr, were calculated from measurements at single for the SUPREX transition. The sigmoidal curve in
concentrations of Abz-LPETG-Dap(Dnp), 20.3 mM #Qy Figure 2 is indicative of a global unfolding event in the
and 0.29 mM fork../Kn. Measurements were performed in  protein. In addition, théAmass values of the post-transition
90% D,O and compared to values obtained by the same region of the SUPREX curve (denaturant concentratins

log y,,s= l0g

where yops IS the measured parametety, Ymax is the pH-
independent value &, [H] is the concentration of protons
in solution, andK,, Kai, and Ky, are the midpoints of the

method in HO. 3 M) are in line with those expected for a 206 amino acid
protein (M.C.F., unpublished observation). Thus, the mid-
RESULTS AND DISCUSSION point of this transition (th€2sprexvalue, which is defined
Cloning, Expression, and Purification of Site-Specific SrtA as the concentration of denaturant at which the protein has

Variants. To gain a detailed understanding of the SrtA exchanged half of |t§ globally protected amide protons) can
catalytic mechanism and specific roles played by conserved be u_sgzd asa qualltat!ve measure of the overall conformational
residues in catalysis, we constructed a series of 14 site-Stability of the protein.

specific amino acid substitutions in the SrtA sequence. In  In order to compare the conformational stability of SrtA
the first round of mutagenesis, residues previously implicated mutants to the wild type, SUPREX analysis was carried out
in SrtA catalysis were varied. Cys184 was mutated to alanine,for 11 of the SrtA mutants discussed in this study (Table 2).
histidine, and serine; His120 was mutated to both alanine CY%syprex values obtained under the same SUPREX condi-
and glutamine; Arg197 was mutated to both alanine and tions (i.e., the same buffer composition and 23 h H/D
lysine; and Asp185 and Asp186 were mutated to alanine. In exchange time) were used to compare the conformational
a second series of experiments we examined additionalstabilities of the mutants to the wild type. For the majority
residues within the conserved active-sit& LITC 84 motif of the mutants no significant change ©“%syprex Was

that we hypothesized were likely to play a role in substrate observed, suggesting that most of the mutations did not affect
binding and recognition. Thr180, Leul81, lle182, and Thr183 the conformational stability of SrtA. For mutations T180A,
were mutated to alanine; lle182 was also mutated to serine,L182A, 1182A, and 1182S, theCY?syprex values were

the corresponding amino acid in SrtB sortase isoforba. ( decreased, as compared to the wild type. This suggests that
All mutants behaved similarly to wild-type SrtA throughout mutation of these residues leads to conformational destabi-
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Ficure 1: CD spectra for wild-type and variant SrtA enzymes. Spectra were measured in 10 mM phosphate, pH 7.5. Mean residue ellipticity
(6), as calculated from eq 1, is plotted as a function of wavelength. (A) CD spectra for wild-type SrtA were measuréd éddisl) and

at 98°C (dash). (B) CD spectra of C184A (solid), C184H (dash), C184S (dot), R197A (dash-dot-dash), and R197K (ddsh}-cdoe

overlaid with that of wild-type SrtA (bold). (C) CD spectra of H120A (solid), H120Q (dash), D185A (dot), and D186A (dash-dot-dash) are
overlaid with that of wild-type SrtA (bold). (D) CD spectra of T180A (solid), L181A (dash), 1182A (dot), 1182S (dash-dot-dash), and
T183A (dash-dotdot) are overlaid with that of wild-type SrtA (bold).

Table 2. Summary of Transition Midpoint€¥{2suprex Values)
160 Obtained by SUPREX Analysis of SrtA and SrtA Variants, Using
H/D Exchange Time of 23 h

SrtA variant CllzsupREx(M)a SrtA variant CUZSUPREx(M)a

© 140 - wild-type 2.6 1182S 1.3
o) H120A 2.6 T183A 2.7
@ H120Q 2.6 D185A 2.6
@ T180A 1.6 D186A 2.7
5 120 - L181A 0.8 R197A 2.4
1182A 1.5 R197K 2.3
| a Standard deviations fa€'%syprex are typically 0.1 M.
100 ¢
, ' ' , ' enzymatic activity were calculated relative to wild-type SrtA,
0 1 2 3 4 5 6 respectively. Unfortunately, the level of activity for both
Concentration of Urea (M) variants was too low to obtain more precise measurements.

. : . . However, it is interesting to note that the detection of activity
E%iiihasngepﬁﬁé w;gengﬁ'?fag;(gsg'gltzgg i’rr&hlhgvﬂgi for SrtA H120A is contradi(_:tory to _the earlier o_bservation
of 5 replicate values determined from 5 replicate MALDI mass Of Ton-That et al. that mutation of His120 to alanine resulted
spectra. The line represents the best fit of the data to a sigmoidalin complete loss of product formatiod)( In addition, the
equation (see text). The transition midpoint (i.e., ®&suprex 3-fold higher activity measured for the conservative SrtA
value) is indicated with an arrow. The error bars represeht H120Q mutation compared to H120A suggests that this
standard deviation. L . . .

finding is not attributable to experimental artifact. Due to
lization of the protein, with a concomitant decrease in our inability to individually determiné¢, and Ky, for SrtA
catalytic activity (Table 3). H120A and SrtA H120Q, we used initial estimates of fold
Effects of Mutating H120, C184, D185, D186, and R197 activity decrease for comparison {Q./Kn values of the
on SrtA Catalysis.The SrtA residues His120, Cys184, remaining mutants. The estimated“¥6ld reduction in
Aspl85, Aspl86, and Argl97 were initially examined by catalytic efficiency for these variants is consistent with the
site-directed mutagenesis on the basis of their previously participation of His120 as an acid or base in SrtA catalysis
proposed roles in SrtA catalysis. Kinetic parameters and as it represents the largest decrease in SrtA activity observed
calculations oAAG* for all mutants with measurable activity in this study.
are compared in Table 3. In accordance with previous findings, mutation of Cys184
In an initial assessment of SrtA H120A and SrtA H120Q to alanine or histidine completely abolished the catalytic
activity estimated decreases of 96,000- or 36,000-fold in activity of SrtA as expected for mutation of the active-site
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Table 3: Kinetic Analysis of SrtA Mutants

KealKm fold act.
enzyme Keat (573 Km (MM) M-1ts) decrease AAG(kcal/moly
wild type 0.69+ 0.01 10.6+ 0.5 64.5
H120A nc nd nd 9.6x 10* 6.8
H120Q nd nd nd 3.6 10 6.2
T180A nd nd 4.5 14 1.6
L181A nd nd 8.5 7.6 1.2
1182A nd nd 2.3 28 2.0
1182S nd nd 0.87 74 2.6
T183A 6.0x 1044+ 0.1x 104 11.24+ 0.5 0.054 1.2 1¢° 4.2
C184S 1.9< 105+ 0.03x 10°° 0.794 0.07 0.024 2.% 10° 4.7
D185A 0.724+ 0.02 8.5+ 0.6 84.7
D186A 0.784+ 0.02 6.7+ 0.4 116
R197A 4.6x 1044+0.2x 104 3.8+04 0.12 5.4x< 107 3.7
R197K 3.0x 10*+£0.1x 10 4.7+0.6 0.064 1.0x 1¢° 4.1

aNumbers reflect decrease ka./Km parameter relative to wild type; for H120A and H120Q activity decrease was approximated from initial
activity estimates as described in the text; for SrtA T180A, L181A, 1182A, and 11848, was calculated from the slope of the linear portion
of the corresponding LineweaveBurk plot from a range of Abz-LPETG-Dap(Dnp) concentrations of 8.:3® mM, 0.29-2.3 mM, 0.3-9.5 mM,
and 0.59-13.1 mM, respectively? k.o/Kn values were used to calculate free energies from eq 2 except in the case of H120A and H120Q as
indicated abovet Not determined.

nucleophile 4). However, SrtA C184S retained low levels ingly, SrtA R197A retained more activity than SrtA R197K
of activity. Consistent with the essential role of Cys184 in despite the conservative nature of the arginine to lysine
catalysis k.ot Wwas dramatically reduced by over 4 orders of substitution. It is clear that Arg197 plays a significant role
magnitude from 0.693 to 1.9 x 10°s 1 in SrtA C184S, in SrtA catalysis, yet is not absolutely essential as might be
the lowest measurable, for any mutant studied,, was expected for a catalytic bas@1( 22). Since the effect of
also observed to decrease approximately 13-fold from mutating Arg197 to alanine or to lysine is &g, rather than
10.6 mM in wild-type SrtA to 0.79 mM in the C184S mutant. on K, as expected for residues involved in transition state
This finding is consistent with the dramatic reductiorkig stabilization, it is likely that Arg197 functions as an oxyanion
seen for this mutant and correlates with the vital role of C184 hole residue to stabilize negative charge buildup in the
in the SrtA cleavage of LPXTG-containing substrates. It is transition state and the acyl-enzyme intermedia®.
also possible that by changing the active site nucleophile To more quantitatively address the specific roles played
from Cys to Ser we produced a SrtA variant that achieves by His120 and Arg197 in SrtA catalysis, the effect of each
catalysis via an altered mechanism. mutation on the free energy of the transition state preceding
In contrast, the kinetic parameters of SrtA D185A and SrtA substrate cleavage was calculated from the fatitK,, or
D186A are very similar to those of the wild-type enzyme. from estimated relative activity measurements in the case
In fact, slight increases are observedig while K, values of SrtA H120A and H120Q. The energetic contribution of
appear to decrease slightly, producing an overall increase inArg197 to transition state stabilizatioMAG* = 3.7—
catalytic efficiency k.o/Km). The significance of this result 4.1 kcal/mol) correlates well not only with results obtained
is unclear and is potentially indicative of a shift in the relative for carboxypeptidase A and cytomegalovirus protease, which
contributions of separate events such as substrate bindingise arginine side chains for oxyanion stabilization, but also
or product release to the overall reaction rate. However, it for the classical examples of Asn oxyanion stabilization in
is apparent that neither Asp185 nor Asp186 forms the third subtilisin and GIn oxyanion stabilization in papai®, (L0,
member of a Cys-His-Asp catalytic triad. If such were the 24). In contrast, the values of 6:5.8 kcal/mol estimated
case, a complete loss of activity upon mutation to alanine for SrtA H120A and SrtA H120Q correlate with the value
would be expected as seen for mutation of the catalytic of 7 kcal/mol reported for mutation of the catalytic histidine
Asp to alanine in rhinovirus or foot and mouth disease virus in trypsin 25).
3C protease enzymesg, 20). In addition,C%sprexvalues Effect of Cys184 and Arg197 Mutation on pH-Dependence
for the D185A and D186A mutants were unchanged from of CatalysisWe previously described a noncanonical reverse
those of wild-type SrtA (Table 2), indicating that these protonation mechanism for SrtA in which the pH-dependence
residues do not contribute to the conformational stability of of SrtA catalysis is defined by a bell-shaped curve with
SrtA. observed K, values of 6.3 and 9.4, likely reflecting the
Perhaps the most revealing information obtained from ionization of His120 and Cys184, respectivel9).(By
comparison of kinetic parameters stems from the relative examining the pH-dependence of SrtA C184S we hoped to
properties of the Argl97 variants. Mutating Argl97 to see a shiftin, or disappearance of, tli& palue correspond-
alanine or to lysine produced negligible decrease&n ing to Cys184 and unambiguously associate tkg qf 9.4
while keoc decreased by a factor of 10rable 3) resulting in with Cys184. We also sought to more directly address the
additive 540- and 1000-fold decreases in catalytic efficiency, hypothesis posed by Zong and co-workers that Arg197 may
respectively. These kinetic parameters differ significantly in serve as a base in SrtA catalysn. (If the pK, of the basic
magnitude from those measured previously for SrtA R197A limb of the pH-rate profile is in fact due to deprotonation
and SrtA R197K using an alternate assay; however, Mar- of Arg197 rather than Cys184, mutation of Arg197 to alanine
raffini et al. also observed that the effect of Arg197 is or lysine should significantly perturb the overall pH-
primarily onkq,with Ky, essentially unchange®)( Surpris- dependence of catalysis.
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A T Table 4: Solvent Isotope Effects on SrtA Mutants
(1) i /(,-'——O—A—to\ enzyme D20 ot P29 afKm
T e N wild type? 0.89+ 0.01 0.57+ 0.03
2 C184S 1.4 0.04 1.48+0.2
% 3| D185A 0.93+ 0.04 0.76+ 0.002
° D186A 1.0+ 0.04 0.83+ 0.002
2 4l n,ﬂ’“mm\ R197A 0.55+ 0.06 0.6+ 0.05
5 aFrom ref 2.
-6
7 4 ; é ; ;3 ; 1'0 1'1 12 depressed by one pH unit relative to wild-type SrtA. That
pH the same decrease is observed whether alanine or lysine is
B substituted at this position indicates that the positively

charged lysine side chain does not accurately mimic the
electrostatic effects of arginine and implies specific hydrogen
bonding interactions of the Arg197 guanidino group in the
B enzyme-substrate or transition state complex. Together these
results suggest that the catalytically important SrtA ioniza-
- A tions do not reflect the participation of Arg197. If Arg197

L was the required base for SrtA catalysis, we would expect
that mutation of Arg197 to alanine would result in the
T T T R disappearance of the basic limb of the ptate profile.

log kcat

o o ~ (o)} (4] F -] N —_
T
/}}

T4 5 6 7 8 9 10 11 12 Additionally, the g, of the acidic limb of the pHrate
pH profile is not altered as would be expected if Arg197 played
C Enzyme Ko Koz a role in orienting His120 for catalysis. | .
Wild-type 65+0.2 96+0.2 The pH-dependence of SrtA C184S (Figure 3B) did not
R197A 62+01 86+0.1 yield the expected results. We anticipated that mutation of
21212 6.0+0.1 g-gfg-; the Cys184 nucleophile would result in the disappearance

of the ionization reflected by the basic limb of the pkate
FiGURE 3: pH-dependence dicx for SrtA C184S, R197A, and  profile. Instead, no change was observed in the basic limb

R197K compared to wild-type enzyme. (A) The lo for wild- ] S
type SrtA ,5), SHA R197Ay£), andySrtA(R)lQ?KE(])gi%f;)Iotted as of the pH-rate profile for SrtA C184S, and the acidic limb

a function of pH ke was measured in the presence of 17.8, 15.6, Was eliminated. However, due to the decline in pH stability
or 16.7 mM Abz-LPETG-Dap(Dnp), respectively. The solid lines of wild-type SrtA at basic pH as well as our inability to

drawn through the points were obtained by fitting the data to eq 3. measure the activity of SrtA C184S below pH 4.9, we

B) The log ofkg, for SrtA C184S 4) is plotted as a function of . . o
I(OF? Measgreme""r‘]ts were made in(‘t)he Sresence of 10.5 mM Abz- duestion the accuracy of this result. Additionally, the

LPETG-Dap(Dnp). Data were fit to eq 4. (CKpvalues for wild- substitution of Cys184 with the weakly nucleophilic serine
type SrtA, C184S, R197A, and R197K obtained from eq 3 or 4. side chain possibly produced a SrtA variant with an altered

kinetic and/or catalytic mechanism making a direct com-

Due to the lengthened reaction times required to observeParison with the wild-type enzyme inappropriate.

SrtA C184S, R197A, and R197K activity, the pH stability Sobent Isotope Effects Exhibited by SrtA C184S, R197A,
of SrtA after prolonged incubation over a wide range of pH D185A, and D186AConcurrent with our examination of pH-
was assessed. Unfortunately, at the lengthy reaction timesdependence we also examined the effects of bulk solvent
required to assay SrtA C184 and R197 variants a steadysubstitution on the kinetics of Abz-LPETG-Dap(Dnp) cleav-
decline of activity at pH> 8 was observed, with wild-type  age by several SrtA variants. The calculated isotope effects
SrtA activity reduced by about 50% at pH 11.0 (not shown). on k., and kea/Ky, for SrtA C184S, D185A, D186A, and
This decline of SrtA stability at basic pH must be taken into R197A are listed in Table 4; the values listed for wild-type

consideration when interpreting the reduced activity of StA gy are taken from our previous study for comparisah (
variants in the basic limb of pHrate profiles. For wild-

type SrA, R197A, and R197K, the pH-dependencéaf We previously attributed the inverse solvent isotope effect

shown in Figure 3A, is bell-shaped and well-described by exhi_t?ite_:d by wild-type SrtA to an effect on the thiol/thic_)Iate
eq 3. In comparison, the curvature of the-pite profile  equilibrium of Cys1842). In support of our prior conclusion,
for SrtA C184S is not well-defined (Figure 3B), and the data Mutation of Cys184 to serine produced a significant change
were found to be best fit by eq 4. Th&kpvalues and [N the measured solvent isotope effect. NotaBRPkealKm
associated errors obtained from curve-fitting for each SrtA increased from 0.57 for wild-type SrtA to 1.48 for SrtA
mutant are listed in Figure 3C. C184S reflecting a shift in the chemistry of substrate
The K, values of 6.5+ 0.2 and 9.6+ 0.2 obtained for cleavage. The normal solvent isotope effect measured for
wild-type SrtA are within error of the previously measured SrtA C184S suggests that chemistry is wholly or partially
values ). Interestingly, mutation of Arg197 to either alanine rate limiting in the cleavage of Abz-LPETG-Dap(Dnp) by
or lysine resulted in nearly identical pHate profiles; the ~ SrtA C184S. Instead of representing an equilibrium effect,
pKa of the acidic limb on the pHrate profile was not  the observed isotope effect on SrtA C184S could be a kinetic
significantly altered and theKy of the basic limb was  effect reflecting in-flight protons during catalysis. A similar
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Ficure 4: Structural interactions of thE°TLITC184 motif in SrtA. (A) Position of TLITC motif relative to bound LPETG peptide. The

above representation is taken from the crystal structuf® afuireusSrtAC184A with LPETG peptide bound). The side chain of Cys184

is modeled based on its orientation in wild-type SrtA. (B) The side chain hydroxyl of Thr183 can hydrogen bond to the backbone amide
nitrogen of Lys198 on the adjacefitstrand. (C) The side chain of 1le182, shown in space-filling representation, appears to interact with
bound LPETG peptide through hydrophobic interactions in the region of the Tubond.

Leu181

increase inP?%k./Kr, from 0.4 to 1.3, reported for SARS s not related to electrostatic interaction of the Abz-LPETG-
3CL protease upon mutation of the catalytic cysteine residue Dap(Dnp) substrate with the SrtA variants. Classic substrate
to serine, was interpreted as being indicative of general baseinhibition models failed to accurately describe the data,
catalysis in the mutant enzymz2q). suggesting a more kinetically complex mechanism and
We have already observed that mutation of Asp185 and Preventing us from obtaining individuél. andKn param-
Asp186 to alanine failed to produce significant effects on eters for SitA T180A, L181A, I182A, and 1182S. We instead
the rate of SrtA-Cata|yzed transpeptida’[ion (Tab|e 3) Ac- report estimates of Catalytic efﬁCiency calculated from data
cordingly, the same mutations only produced modest changegbtained at low substrate concentrations (Table 3).
in the solvent isotope effect relative to wild-type SrtA, further Of the residues examined in this study, the most dramatic
arguing against a specifically defined catalytic role for these effect on SrtA catalysis was produced by the mutation of
side chains. SUPREX analysis of these mutants suggestedrhr183 to alanine with a 1200-fold decreasekig relative
that they do not significantly affect the global conformational to wild-type SrtA. However, thé,, for Abz-LPETG-Dap-
stability of SrtA. Rather, the small changes observed in the (Dnp) was unaffected. While initially unexpected, changes
solvent isotope effect could be the result of subtle rearrange-in the affinity of SrtA T183A for the Abz-LPETG-Dap(Dnp)
ments in the SrtA active site upon mutation of Asp185 or substrate may not be apparen&if as they may be masked
Aspl86. In turn, these rearrangements could affect the rateby the dramatic decrease observeddn Alternatively, it is
of substrate binding or product release relative to chemical possible that Thr183 is not directly involved in substrate
transformation, without drastically altering the overall reac- binding, as the side chain of Thr183 is positioned away from
tion rate. the interior of the substrate binding pocket (Figure 4A).
For SrtA R197A we observed thea%../K was the same  Interestingly, theC"%syprex value for this mutant was also
as for wild-type SrtA while®?%k., decreased from 0.89 to a unchanged from that of wild-type SrtA, suggesting that
more inverse value of 0.55. The increase in magnitude of Thrl83 is not critical for maintaining global conformational
the inverse isotope effect dgy for SrtA R197A signifies stability. Further inspection of the SrtA crystal structure
that chemistry is more rate-limiting overall than in wild- reveals that Thr183 has the potential to form three hydrogen
type SrtA and suggests a role for Arg197 in facilitating bond bonds with the backbone of Lys198 on the adjagkénstrand
breaking or making events. (Figure 4A). Notably, the hydroxyl group of the Thr183 side
Site-Directed Mutagenesis of the SATLITC Motif. chain is within hydrogen bonding_distance of the backpone
In the past very little emphasis has been placed on identifying €@P0xyl group of Lys198. Mutation of Thr183 to alanine
residues involved in sortase substrate binding and selectivity. Would eliminate this hydrogen bond, and an alanine residue
The conserved TLXTC motif found in all sortase isoforms at this po_smon might be free to rotgte and _dlsrupt the position
is situated along thg7 strand of SrtA which forms the base ~ ©f the adjacent Cys184 nucleophile, leading to the observed
of the putative substrate binding pocket. This motif is decrease irk for this mutant.
therefore a prime candidate for involvement in substrate Although the estimated effects of Thr180, Leul81, and
selectivity and definition of active site architecture. The Ile182 mutation on catalytic efficiency are relatively modest
activity of T180A, L181A, 1182A, 1182S, and T183A SrtA  (7- to 74-fold decrease), the inhibitory effects of high
mutants was measured to determine the kinetic parametersubstrate concentrations on these variants imply that these
keat and Kp. For SrtA T183A k.t and Ky, were easily residues could be determinants of productive substrate
determined; the values are listed in Table 3. The remaining binding. For all four of these mutan8¥%yprex values
substitutions within the TLITC motif (T180A, L181A, (Table 2) were also significantly decreased relative to wild-
1182A, and 1182S) curiously resulted in SrtA enzymes subject type SrtA, indicative of a reduction in conformational
to varying degrees of substrate inhibition. Inhibition was stability. Furthermore, the magnitude of the decrease in
observed above 10.5 mM Abz-LPETG-Dap(Dnp) for SrtA CY%uprex correlates with the degree of substrate inhibition
T180A, 2.3 mM for SrtA L181A, 9.5 mM for SrtA 1182A,  observed; the severity of substrate inhibition was greatest
and above 13 mM for SrtA 1182S. Increasing the salt for SrtA L181A, also the variant for which the largest
concentration from 0.15 to 0.65 M NacCl failed to alleviate decrease i€ % prexWas observed. Together, these findings
inhibition, suggesting that the source of substrate inhibition are consistent with the above suggestion that substrate
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FicurRe 5: Revised reverse protonation model for SrtA catalysis. The LPXTG substrate binds to active SrtA in which Cys184 and His120
are reverse protonated; this represents a minor fraction of total SrtA population. The nucleophilic Cys184 thiolate attacks the carbonyl of
the scissile ThrGly bond to result in the formation of a short-lived tetrahedral oxyanion intermediate which is stabilized by interaction
with the positively charged side chain of Arg197. Protonation of the leaving group facilitates collapse of the intermediate and formation of
the acyl-enzyme.

inhibition could be the result of nonproductive substrate undefined and did not adequately address the possible
binding, due to disruption of the SrtA active-site structure. participation of Asp185 or Asp186. The combination of site-
Examining the structural interactions of the Thrl80, directed mutagenesis, pHate profiles, and solvent isotope
Leul81, and lle182 side chains in the vicinity of the SrtA effects reported in this study is consistent with a reverse
active site provides some further insight as to the cause ofprotonation model for SrtA catalysis. We argue against the
the effects observed upon mutation of these residues. In thedirect participation of Aspl85 or Aspl86 in substrate
crystal structure of SrtA with LPETG peptide bound, lle182 processing, and provide evidence that Arg197 functions to
appears to interact with the peptide through hydrophobic stabilize the oxyanion transition state. In addition, we have
interactions in the region of the Ghirhr bond (Figure 4B). refuted the previous claim that the inactivity of SrtA H120A
It is possible that the observed decrease in SrtA activity is can be explained by loss of SrtA structural stability, and have
the manifestation of a decrease in substrate binding affinity demonstrated that Cys184 is the source of the inverse solvent
produced upon removal of the 1le182 side chain. Since the isotope effect observed for wild-type SrtA.
lle182 side chain appears to interact with the LPETG peptide In light of these new findings, our previously proposed
through hydrophobic interaction, it is not surprising that mechanistic model is redrawn in Figure 5 to include the
mutation of 11e182 to a more hydrophilic serine caused a participation of Arg197 in transition state stabilization. In
larger decrease in activity than did the corresponding alaninethis model, a minor fraction of the total SrtA population
substitution. The function of the naturally occurring serine exists in an active reverse protonated form (Cys184 thiolate
at this position inS. aureusSrtB could similarly facilitate and His120 imidazolium). The LPXTG substrate binds to
the binding of the more hydrophilic NPQTN sequence the active site through interactions with amino acid side
recognized by sortase B enzymes. Mutation of Thr180 and chains, including Thr180 and 1le182, located along fife
Leul81 produced less dramatic effects on sortase activity,and 38 strands and thgg6—/57 loop (not shown). The
consistent with their positioning toward thetsrminal end nucleophilic Cys184 thiolate attacks the carbonyl of the
of the 37 strand. The side chain of Thr180 may be interacting scissile The-Gly bond in the LPXTG-containing substrate
with the proline residue of the peptide substrate; however, to form a tetrahedral oxyanion transition state. The negatively
the side chain of Leul81 extends from the opposite side of charged transition state is stabilized by interaction with the
the strand (Figure 4C). The disruption of structural hydro- positively charged guanidinium side chain of Arg197. His120
phobic packing interactions between Leul81 and hydropho-is then hypothesized to protonate the substrate leaving group,
bic side chains of the neighboringft and8 strands may  facilitating the collapse of the tetrahedral intermediate and
affect the shape of the substrate binding pocket and theformation of the acyl-enzyme. Since acylation is rate-limiting
conformational stability of the protein. The substrate inhibi- overall in SrtA catalyzed transpeptidation, events subsequent
tion observed for SrtA T180A, although less severe, may to acyl-enzyme formation have not been directly examined
likewise be due to local structural rearrangements resultingin the current study. In addition to stabilization of the
from the disruption of hydrogen bonding interactions between oxyanion in the transition state, it is possible that Arg197
Thrl80 and Asnl114 (not shown). Alternatively, inhibition also facilitates the departure of the substrate leaving group
could be the result of nonproductive substrate binding in the or activates the incoming pentaglycine-branched lipid I
slightly enlarged groove formed upon removal of the nucleophile.
threonine side chain2{). We now have a more precise picture of the catalytic
A Revised Reerse Protonation Model for SrtA Catalysis. mechanism of SrtA acylation by LPETG-containing peptides
Despite the recognized need for a clear understanding of SrtAthat will assist in the development of more potent SrtA
catalytic mechanism, recent literature has been clouded withinactivators. Nevertheless, we still do not understand the
controversy regarding the proposed functional roles of key complement of factors that govern substrate selection and
active-site residues in sortase enzymes. Previous resultdinding. Thr180, Leul81, and 1le182 clearly play a role,
obtained in studies of wild-type SrtA fro®. aureusupport either directly or indirectly, in maintaining the shape of the
a reverse protonation model for SrtA catalysis in which a SrtA substrate-binding pocket, while Thr183 most likely
minor portion of Cys184 and His120 exist in the active affects the positioning of the Cys184 or Arg197 side chains.
thiolate and imidazolium forms required for catalys®. ( The contribution of other surrounding residues to LPXTG
However, this model left the role of Arg197 in SrtA catalysis binding and recognition remains to be elucidated.
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