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ABSTRACT: Staphylococcus aureuSortase A (SrtA) is an important Gram-positive membrane enzyme
which catalyzes the anchoring of many cell surface proteins conserved with the LPXTG sequence. Recently
SrtA has been demonstrated to be a dimer witkyaf 55 uM in vitro. Herein, we show that a single

point mutation of amino acid residue on the surface of SrtA can completely disrupt the dimerization.
Native polyacrylamide gel electrophoresis and analytical gel filtration chromatography were used to detect
the dimer-monomer equilibrium of SrtA mutants. Circular dichroism spectrum experiments were performed
to study the conformational change of each SrtA mutant. An enzyme activity assay confirmed that all the
SrtA mutants were activim vitro. Our results not only are important for understanding the SrtA protein
self-associating mechanism but also provided the necessary starting materials for the study of sortase A
pathwayin vivo, which may have significant implications for discovering microbial physiology and give

a potential target for novel Gram-positive antibiotics.

Gram-positive bacteria are responsible for eliciting several It is believed that SrtA catalyzes two sequential reactions
devastating human diseases, including anthrax, bacteriaemiasyia a ping-pong mechanism. The first step is the hydrolysis
pneumonia, tuberculosis, leprosy, and botuligy By better ~ of the specific sequence LPXTG on primary substrate
understanding the mechanism of disease we can develog€tween the threonine (T) and the glycine (G) to form an
more effective drugs. The mechanism of virulence in Gram- acyl-enzyme. The second step is to covalently attach the
positive organisms involves cellular adherence of virulence ¢arboxyl group of threonine to the amino group of glycine
factors via peptidoglycan residue®).(These residues exist [10M penta-glycine in cell wall bridges through an amide

on a number of cellular membrane anchored proteins angPond resulting in a protein that is linked to the cell wall. It
aid the bacteria in infecting their specific hosts. Many of is thought that the first step is the rate-determining step in

these virulence factors are initially displayed on bacterial tra_lrj;peptldatlolna). iiabl I hy d il
cell wall by the transpeptidase action of sortase proténs ( ¢ € cKrrenty avaiiabie crytstg ogtrﬁtp y d"’.‘;[."" dl ustlrate
6). Sortase A is a prominent membrane transpeptidase jp>ortase A as a monomeric protein with a mo iiebarre

Gram-positive bacteria. Maior threats of diseases such a structure, which is flanked by two shathelix structures.
>ram-pe C J ) . hese monomeric crystals of sortase A have been produced
listeriosis, bacteraemia and pneumonia are direct conse-

) . . with and without a LPXTG peptide ligan®);
quences of the action of sortase A’s placement of virulence .
Recently, Lu et al. have shown that Skifo exists as a
factors on the cell surface. For examplgtreptococcus

L : dimer with aKq of 55 «M and both the monomer and dimer
gordoni utlllze§ SrtA .for placemen-t of GspB into the  factions of the protein were activan vitro (10). The
membrane. This protein is involved in adherence to blood yimerization between two monomers is highly specific in

platelets during infection?). the context of the entire cellular protein mixture. The exact
function of the dimer-monomer equilibriunin vivo is not
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was employed with a rationally chosen host of both hydro- sequenced to confirm the mutation at their respective site
philic and hydrophobic amino acid residues. The generated(University of Texas at Austin, ICMB core DNA facility).
sortase A mutants were then analyzed for dimerization Purification of SrtAnseand Mutant ProteinsThe pET28-
through their mobility under native conditions on polyacryl- SrtAsnse and mutant constructs were transformed into
amide gel electrophoresis (PAGE), and on a fast protein Escherichia colistrain BL21 (Novagen, La Jolla, CA). The
liquid chromatography (FPLC) size exclusion column. transformed cells were growm il L of Luria broth media
Circular dichroism was carried out to study the effects of at 37°C until the OQo reached 0.6. The culture was then
mutations on the conformational changes of sortase A. Aninduced with 1 mM isopropyp-p-1-thiogalactopyranoside
in vitro enzymatic assay was also carried out to ascertain (IPTG, Invitrogen, Carlsbad, CA) and grown for another 6
the activity of mutant proteins. h at 37°C. The cells were harvested and incubated on ice
A powerful reduction in dimerization was realized upon for 30 min with lysis buffer (50 mM NakPQ,, 300 mM
replacement of three key hydrophilic residues: N132, K137 NaCl, 20 mM imidazole, pH 8.0) containing 1 mg/mL
and Y143 of which each was mutated to alanyl residues. lysozyme. After a brief sonication, the lysate was centrifuged
The generation of new monomeric sortase A mutants pavesand the supernatant was applied to 0.8 mL of Ni-NTA
the way to study the sortase A dimerizatiomuzivo. This agarose beads pre-equilibrated with lysis buffer (Qiagen,
study is crucial for establishing the true mechanism of sortaseMadison, WI). After washing off the unbound contaminating
A self-associationn vivo. proteins, the His6-tagged protein was eluted with elution
buffer (50 mM NaHPQ,, 300 mM NaCl, 250 mM imidazole,
pH 8.0). All samples were analyzed using Coomassie Plus
Protein Assay (Pierce Biotechnology, Rockford, IL) measur-
ing the absorbance at wavelength 595 nm to determine the

MATERIALS AND METHODS

Construction of SrtAnsg and Mutant Protein Expression
Vectors.Primers designated PsrtAS9-BGATCCATGGGC- ! ‘
CAAGCTAAACCTCAAATTCC-3) and PsrtA59R (5 protein concentration. o
CCGCTCGAGTTTGACTTCTGTAGCTACAA-J were used Native FPLC with Gel F|Itrat|_on CqumnPurlﬁed. wild
to amplify a SrtAwse Sequence (which would express only tyPe and SrtAnse mutant proteins were also applied to a
residues 66-206) from genomic DNA fronStaphylococcus ~ Superdex 200 10/300 GL column (Tricorn, Piscataway, NJ)
aureussubspaureus(ATCC 700699D) and cloned into the ~ Pre-equilibrated in PBS overnight. For each sample, 400
pET28b expression vector to generate the constructs pET280f 5 mg/mL sample was injected except for K137A, which
SItA59. had a lower concentration of 2.3 mg/mL. The samples were

The following 11 primers were ordered from Invitrogen €luted with washing buffer (0.1 M sodium phosphate, 0.15

for the mutations K62A, 1123G, P126G, N132A, K137A, M sodium chloride, pH 6.8) at 0.75 mL/min at°€ using
Y143A and K152A respectively. an AKTA FPLC (Amersham Pharmacia Biotech, Piscataway,

NJ). Eluted protein was detected by monitoring at an
absorbance of 280 nm. Biomolecules used as molecular
weight standards were vitamin B12 (1.35 kDa), horse
myoglobin (17 kDa), chicken ovalbumin (44 kDa), bovine

K62A: 5° CGA TCC ATG GGC CAA GCT GCA CCT CAAATTCC 3’

1123G: 5" GCA GGA CAC ACT TTC GGT GAC CGT CCG AAC TAT 3’ and

5 ATA GTT CGG ACG GTC ACC GAA AGT GTG TCC TGC 3’

P126G: 5* ACT TTC ATT GAC CGT GGG AAC TTAT CAA TTT ACA 3’ and

5’ TGT AAA TTG ATA GTT CCC ACG GTC AAT GAA AGT 3’

N132A:5° CCG AAC TAT CAA TTT ACA GCT CTT AAA GCA GCC AAA AAA 3" and

5’ TTT TTT GGC TGC TTT AAG AGC TGT AAA TTG ATA GTT CGG 3°

K137A:5° CAA CTT TAA AGT ACA CCA TAC TAC CTT TTG CGG CTG CTT TAAG 3’

y-globulin (158 kDa), and bovine thyroglobulin (670 kDa),
purchased from BioRad (Hercules, CA).

Nondenaturing PAGEAppropriate dilutions were made
for each protein to a total protein concentration of 5 mg/mL
prior to analysis by native PAGE using 12% Tris-Glycine
gel (Invitrogen, Carlsbad, CA). Approximately 2@ of each
protein was loaded to each lane, along with a NativeMark
(Invitrogen, Carlsbad, CA) protein ladder ranging from 20
kDa to 1236 kDa. The gel was visualized by Coomassie Blue
staining. For Western blot analyses, proteins were transferred

to a nitrocellulose membrane (Hybond-C Extra, Amersham
Bioscience, Piscataway, NJ) in a Tris-glycine buffered
electrophoresis tank. The membranes were then probed with
an anti-His6é C-terminal alkaline phosphatase conjugated
antibody (Invitrogen, Carlsbad, CA). The Phospha GLO AP
substrate (KPL Incorporation, Baltimore, MD) was applied
Site directed mutagenesis for 1123G, P126G and N132A to visualize the signals, which were detected by exposing
was performed as described in the Stratagene prot@8pl ( the membrane to BioMax Light Film (Eastman Kodak
using pET28-SrtA59 as template plasmid. Mutants K62A, Company, Rochester, NJ). We repeated this experiment three
K137A, Y143A and K152A were generated with the times, as well as at different protein concentrations (data not
following protocol. The DNA fragments containing indi- shown).
vidual mutagenesis were amplified by polymerase chain Circular Dichroism SpectrumAll the measurements have
reaction (PCR) using forward primer listed above, reverse been repeated three times. Each data point was recorded in
primer PsrtA59R and pET28-SrtA59 as template plasmid. triplet. Circular dichroism (CD) studies were conducted with
After double digestion witiNcd and Xhd, the amplified a Jasco J-810 spectropolarimeter (Jasco International Co.,
fragment and pET28-SrtA59 plasmid were then ligated to Ltd. Tokyo, Japan), and equipped with a Jasco PFD-425S
afford the new mutant vectorsl4). All plasmids were temperature control system. For measurements, all protein

Y143A:5° CAA CTT TAA ATG CCA CCA TAC TACCTT TTT TG 3”

K152A: 5’GTA CTT TAA AGT TGG TAA TGA AAC ACG TGC GTA TAA AATG 3’

5’TCA GTG GTG GTG GTG GTG GTG 3’
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samples were dialyzed against activity assay buffer (50 mM column. The peptides of substrate and product were separated
Tris-HCI, 150 mM NaCl, 5 mM CagG| pH 7.5) and diluted using a linear gradient from 10% to 90% EN/0.1% TFA

to a final concentration of 38M. CD spectra were recorded over 10 min. Dnp-containing peaks were detected by
from 190 to 250 nm at 25C, usirg a 1 mmcell, a path absorbance at 355 nm, and the percentage of reaction product
length of 0.1 nm, a scan rate of 50 nm/min and a responsewas calculated by integrating the area under the HPLC trace
time of 4 s. Spectra were smoothed, and baseline corrected22). To confirm the composition and identity of each
by solvent subtraction before analysis. The recorded spectraproduct, the peaks were collected and analyzed by MALDI-
in millidegrees of ellipticity @) were converted to mean TOF mass spectrometry and peptide fingerprinting analyses
residue ellipticity p] in degcn?/dmolresidue by the equa-  (Analytical Instrumentation Facility Core, The University of
tion Texas).

_ 1009M, RESULTS

CINA Expression of Wild Type and Mutant SrtA Proteifis.

obtainS. aureusSrtA protein for study, the SrtA gene was

wherec is the protein concentration in mg/mLis the path . - .
b grmet b first cloned and then overexpressed and purified fEarooli.

ot e 1 rten el O S 8 e s g e b 1ot surtn
molecular weights of 114.4 for wild type SrtA, 114.04 for of the protein. Th'.S.H'S6 tag has been shown to hav_e no
K62A, K137A and K152A, 114.05 for 1123G, 114.15 for Sfect on SrA activity £3). The full length sortase A is
P126é 114.13 for N132A 113.82 for Y143:A were used difficult to purify and unstable0). Thus, a truncated SrtA
for calculation. The mean residue ellipticities were then protein (Srt/unsg), with the N-terminal 59 amino acids

: : deleted, was generated and purified for further study. The
E)\I,Ztrggnag%)n st wavelength by the software KaleidaGraph deleted hydrophobic N-terminal region of SrtA functions as

The recorded spectra were also analyzed using the@ signal peptide for secretion and a stop-transfer signal for

Dichroweb server5). Different algorithms were used for membrane anc_horllng. It IS .known that Skkds retains the
the structure calculations: SELCONZ6], CONTIN (17, same transpeptidation activity as the full-length SrtA enzyme

18), and CDSSTR 19). Reference data sets 4 and I5) (24, 25). )

were used for our calculations. They contain secondary The mutant SrtA proteins K62A, 1123G, P126G, N132A,
structure predictions based on ellipticity readings from 190 K137A, Y143A and K152A were generated by using wild
to 240 nm, which are compatible with our reading wave- type truncated protein Srids as a template. Single muta-
length range19). NRMSD parameter was used to evaluate tions on specific hydrophilic/hydrophobic amino acid resi-
the fitness of various method2d. NRMSD value was  dues were introduced either by using a quick change

calculated as in the equation mutagenesis kit thlrough polymerase chain _reaction (PCR)
(13) or by an established cassette mutagenesis techriiglie (
NRMSD = z[(gexp_ gcal)Z/(gexrf]l/? The expression levels of mutant K62A, 1123G, P126G and

K152A were comparable with the level of wild type protein.
where 0O, is the experimental ellipticitiesfes is the ~ N132A, K137A and Y143A had relatively lower yields,

ellipticities of the back-calculated spectra for the derived Producing only 1/3 to 2/3 of the amount wild type protein
structure. A NRMSD value less than 0.1 means that the can produce.
predicted spectra and the experimental spectra are in close Gel Filtration Analysis of the Size of Mutant Proteifo
agreementZ1). determine the size and molecular mass of gtdmutants,

In Vitro Activity Assay.Purified wild type and mutant  gel filtration experiments with nondenaturing buffer &Gl
proteins of sortase A were further studied for their activity. were performed with individual purified proteirisl). As
The peptide substrateaminobenzoyl-LPETG-(2,4-dinitro-  shown in Figure 1, elution patterns of all sortase A mutant
phenyl)-diaminopropionic acid (Abz-LPETG-Dap(Dnp)) was proteins were aligned with the wild type Siéss. The
custom synthesized on PAL resin based on the well- chromatography data indicated that wild type Ski# elutes
established Fmoc/piperidine strategy (Protein Microanalysis as three peaks at the concentration of 5 mg/mL (280).
Facility, The University of Texas at Austin). The peptide The elution volumes on a calibrated Superdex 200 10/300
was cleaved using TFA:water (95/5, v/v) and precipitated GL column were used to calculate the molecular mass of
using cold diethyl ether. It was then filtered with a fine- each peak. As Figerl A black curve shows, for wild type
porosity fritted glass filter, dissolved in water and lyophilized protein, the major peak came out at 15.2 mL and cor-
to dryness. The crude peptide product was purified by HPLC responded to the expected dimer species of molecular mass
using a preparative C18 column to giw90% purity. The 36,507 Da. The second largest peak corresponding to the
peptide Gly was purchased from BACHEM (Torrance, CA). expected monomer species came out later at 16.6 mL, and
Assays were performed in a volume of 100 of assay has a molecular mass of 16,766 Da. A minor peak came out
buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM CaglpH earlier at 14.3 mL of molecular mass 59,498 Da, and this
7.5) containing 8.4uM SrtAanse (Or respective mutant peak was deconvoluted to belong to a homo-trimer of
proteins), 0.1 mM Abz-LPETG-Dap(Dnp)-NHand 2 mM SrtAanse. As listed in Table 1, the integrated peak area
pentaglycine. Reactions were initiated by the addition of indicated that the amount of dimer and monomer has a ratio
enzyme and incubated at 3T for 4 h. Reactions were  of about 7:1 and the trimer is about the same concentration
quenched by the addition of 5@L of 1 N HCI prior to as monomer. The same pattern was observed for mutant
injection into a reversed-phase C18 fast analytical HPLC K62A (Figure 1 B blue curve). The dimer of K62A came
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500 —— decreased from a 7:1 ratio to a 2.6:1 ratio and the trimer
——BKe2A peak was hardly observed from the chromat_ography. For
D Pi26G mutant P126G, two peaks at the same retention volume as

wild type SrtAwnsg protein gave the integrated dimer to
monomer ratio of 1.9:1 and no separate detectable trimer
peak was observed. Thus, both of those two mutants at
position 1123 and P126 showed significantly reduced dimer
association of SrtAwso.

Elution patterns from three other mutants, N132A (Figure
1 E pink curve), K137A (Figw 1 F light blue curve) and
Y143A (Figure 1 G green curve), indicated almost complete
disruption of dimer formation. Both N132A and K137A had
a large monomer peak and a very small dimer peak. The
dimer-to-monomer ratio of K137A was about 1:16. Mutant
Y143A also yielded near complete dimer disruption with a
large monomer peak and a hardly detectable dimer peak.
However, we also observed that some distinctive peaks eluted
before the expected dimer peak. Those peaks corresponded
A to molecular mass of 190 kDa, 85 kDa and 47 kDa, with a
0 ratio of 10:1:1.5. Fractions from those peaks were collected

0 5 0 1 20 2 % 3 and subjected to mass spectroscopic analysis. The results
Elution valume {mi) indicated that these peaks belong to Qi oligomers (data

FicUrRe 1. Native FPLC with gel filtration chromatography of  not shown).
SrtAansg and SrtAwse mutant proteins. Purified wild type and Although N132A, K137A and Y143A gave upward of

SrtAanse Mutant proteins were applied to a size exclusion gel . . . o . .
filtration column. The samples were eluted with washing buffer 93% disruption of dimerization relative to the wild type

(0.1 M sodium phosphate, 0.15 M sodium chloride, pH 6.8) at 0.75 dimerization pattern based on gel filtration data, another
mL/min at 4°C, and the elution pattern was detected by monitoring hydrophilic alanine mutation gave the opposite result. Mutant
at an absorbance of 280 nm. Data are overlaid with different K152A (F|gure 1H Orange Curve) had a dimer to monomer
colors: A, black, wild type protein; B, blue, K62 A62; C, purple, : o ; : : .

1123~ G123: D, red, P126~ G126. E, pink, N132-~ A132; F, rat!o of 1.2.1 in comparison with wild type 7:1. Also, the
|Ight blue, K137— A137; G, green, Y143~ A143; H, orange, ratio of trimer to dimer in the K152A mutant was found to
K152 — A152. be 1:4. Therefore, the trimer:dimer:monomer ratio in this
mutant was 3:12:1 compared to the wild type protein of 1:10:

Table 1: Analytical Size Exclusion FPLC of Wild Type and Mutant 1. In this case, enhancement of the SR& dimerization

G Y143A

400

mAu

SrtAaso Proteins was achieved.
elution volume integrated area Based on these data, we successfully generated three
(mL) (mL-mAu) mutants which almost completely disrupted the dimerization,
dimer/ N132A, K137A and Y143A; two mutants which reduced the
_ _ monomer dimerization, 1123G and P126G; and interestingly one mutant
dimer monomer dimer monomer ratio which increased the dimerization, K152A.
wild type 15.16 16.53 7192 10.83 6.77:1.02 Native PAGE.In contrast to denaturing SBFAGE,
K62A 1519 16.56 755076 9.603z  7.86:1 which resolves proteins mainly on the basis of their molecular
1123G 15.19 16.52 71.159 27.14 2.62:1 L ) -
P126G 1501 1651 565573 30.28 1871 mass, the mobility in native PAGE is dlptated by both the
N132A 16.52 55.50 protein’s charge and its hydrodynamic si26); The above
K137A 16.4 1.14 18.29 1:16.0 SrtAanse Mutants were subjected to the native PAGE analysis
Y143A 16.47 35.53 _ (Figure 2). Each lane was loaded with 26 of purified
gsltisrigted MW 15’615%7 1&57566 52,0659 43159 12.06:1 SrtAanse protein at a concentration of 284M. This

a Purified wild type and SrtAwse mutant proteins were applied to a concentration is higher than the previously calcul(e®s
size exclusion geylpfiltration colfjgmn. Thepsamples Werepgluted with uM). Since FPLC size exclusion chromatograph_y studies
washing buffer (0.1 M sodium phosphate, 0.15 M sodium chioride, Showed that all of the Srtédse mutants as well as wild type
pH 6.8) at 0.75 mL/min at 4C, and the elution pattern was detected protein had almost the same molecular mass for the
by monitoring at an absorbance of 280 nm. The integrated area undermonomer, under this nondenaturing condition, the difference
each peak was calculated in units of miAu. The relative ratio of in mobility of major bands is caused by the charges
Esglc(i:fa was used to estimate the ratio between dimer and MoNOMehssociated with the protein’s isoelectric point and/or the

overall conformation of the protein which correlates with

out as a major peak and had a 7:1 ratio to monomer peak atydrodynamic size. As seen in Figure 2, compared to wild
shown. This indicated that K62A mutation had no effect on type protein, K62A, K137A and K152A had higher relative
SrtAanse dimerization. migration velocity during electrophoresis, while Y143A,

Significant changes in the elution patterns were observed1123G and P126G did not have significant changes. This
in mutant 1123G (Figus 1 C purple curve) and P126G pattern can be related to the charges of those proteins at pH
(Figure 1 D red curve). 1123G had the same retention times 7.4. Based on the calculation from protein calcula®f)(
for dimer and monomer peaks as the wild type QK wild type SrtAwwse had a charge of-0.3, as did 1123G,
protein, but the integrated dimer to monomer peak areaP126G, N132A and Y143A. Srté\sg mutants K62A, K137A
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wild type K62A 1123G P126G N132A K137A Y143A K152A with the ratio of dimer/monomer of 11.6:1 close to that of
12:1 from analytical gel filtration (Table 2). Other three
mutants, K62A, 1123G and P126G, had small effects on the
sortase A dimerization, and their ratios of dimer/monomer
were close to that of wild type sortase A on native gel (Figure
2, Table 2), which suggests that these sites are not important
for the sortase A dimerization.

The same native PAGE analyses of Sii4 mutants were
also carried out in different protein concentrations (from 1
mg/mL to 20 mg/mL). Little changes of ratios of dimer/
monomer have been observed, particularly N132A, K137A,
Y143A and K152A mutants that showed a clearly different
pattern than the wild type Srifso (data not shown),
suggesting that these Sigso mutants have distinctive
dissociation constants.

There are bands with a low mobility for Y143A mutant,
FiGURe 2: Native PAGE of SrtAnse and SrtAwse mutant proteins.  pesides the monomer band (Figure 2). Mass spectroscopic

Purified SrtAwwse and SrtAwsg mutant proteins were first resolved ; ;
by PAGE under native condition depending on their molecular mass f):‘ugllez],S?,sAhg\rA(l)?gi:]zat those are the high molecular aggregates

and hydrodynamic size, and then visualized by Coomassie Blue ) . ) .
staining. In each lane, 4L of 5 mg/mL protein was loaded except Circular Dichroism Spectrumlo further study the protein

for K137A, which has a lower concentration of 2.3 mg/mL. The folding behavior and the changes of the secondary structure
theoretical mass of a monomer of Sgi@e is 17.9 kDa, while that caused by mutagenesis, we performed circular dichroism

of a dimer is 35.8 kDa. The first lane contains Stt4s wild type. . :
The lane of K62A contains the mutant Sgio with mutation K62 experiments on wild type Srévse and SrtAwse mutants.

— AG62. The lane of 1123G contains the mutant St with Far UV CD data for SrtAnse and SrtAwse mutant proteins
mutation 1123— G123. The lane of P126G contains the mutant in buffer PBS are presented in Figure 3. The recorded spectra
SrtAanse With mutation P126~ G126. The lane of N132A contains  in millidegrees of ellipticity ) were converted to mean
the mutant SrtAnse with mutation N132— A132. The lane of  yesjdue ellipticity p] in degrcrm?/dmokresidue. Mean residue

K137A contains the mutant Srifsg with mutation K137— A137. AR )
The lane of Y143A contains m?mutam Skid, With mutation ellipticity is the most commonly reported unit, and changes

Y143 — A143. The lane of K152A contains the mutant Sttdo in ellipticity correlate with changes of chirality, which is
with mutation K152— A152. In each lane, the band labeled on indicative of changes of secondary structure in proteins. The
top with D indicates the band of dimeric protein, the band labeled spectrum of the native protein is characterized by a minimum
on top with M indicates the band of monomeric protein. near 210 NM; §)212.3 nm= —9453.86 deg:mz/dmol-residue,
and a single positive band near 230 nif2¢ 2 nm=651.90

and K152A had a much higher negative charge—df.3. degcn?/dmolresidue. A strong negative band near 210 nm
Since all these proteins had the similar molecular weight, could be the combination of disordered polypeptides and
assuming their conformation sizes are the same, the proteinsx-helix while the small positive band around 230 nm is the
bearing higher negative charges should move faster towardfeature of-sheet secondary structure in protei@8)( The
the cathode. The overall conformation of these mutant pro- estimated contents of secondary structure of folded proteins
teins might not change significantly from the wild type. For derived from CDSSTR secondary structure metthep(sing
instance, monomer band of mutant protein K152A had a reference data set 4%) were listed in Table 3. The produced
slightly lower relative migration velocity compared to the NRMSD fit parameters had very low value.1), indicating
corresponding monomer band of K62A and K137A bearing that the calculated secondary structures are consistent with
the same negative charge. The reason could be a slighthe spectra obtained from experimental measurement. Wild
change in protein folding. A protein with folded chains is type SrtAwse contains a combination of mainl§-strand,
more compact than one with partly folded chains. It has S-turn and disordered structures, and was estimated by CD
relatively smaller size and moves faster in the gel electro- to contain 3%a-helix, 45% f-sheet and 21%$-turn and
phoresis. 31% random loop (Table 3). Based on the crystal structure

The ratios of dimer/monomer of sortase A mutants were (9) and NMR data Z5) of SrtAanse, among all 145 amino
estimated by comparing the densities of monomer bands andacids, 64 residues are arranged to fgfrsheet (44.1%),
dimer bands (ImageQuant). The calculated dimer/monomerwhereas only 9 residues are involvedithelix (6.2%), and
ratios (D/M) were listed in Table 2. In general, the dimer/ the remaining 72 residues are connected as turns and
monomer ratios estimated from native PAGE are in accord structurally disordered loops (49.7%). Therefore, our struc-
with the measurements from analytical gel filtration FPLC tural data from CD of wild type protein is in agreement with
experiments. Several factors may introduce the discrepancythe NMR data that confirms the validity of our experimental
between these two methods, for example, different buffer setup. Calculations from individual mutant proteins produced
systems, interaction with different matrix systems, separation similar secondary structures. By looking at the overlay data
time, running temperatures, etc. N132A and Y143A muta- of wild type SrtAwnse and mutants in Figure 3, there are no
tions afforded almost complete disruption of sortase A dimer, significant changes ifi-sheet features, suggesting that there
and K137A mutant had a ratio of dimer/monomer of 1:9.54, is no gross disruption in the conformation of either protein.
which is consistent with data from analytical gel filtration All mutants had a peak at 230 nm and a band of negative
experiments (Table 2). K152A mutation also enhanced the ellipticity near 210 nm, but the magnitudes were altered in
formation of sortase A dimer on a native PAGE (Figure 2), some cases. These differences provided the evidence for
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Table 2: Comparison of the Estimation of the Dimer/Monomer Ratios for sastAMlutants between Native PAGE and FPLC

WT K62A 1123G P126G N132A K137A Y143A K152A
D/M from PAGE 3.6:1 5.52:1 2.82:1 2.07:1 0 1:9.54 0 11.6:1
D/M from FPLC 6.77:1 7.86:1 2.62:1 1.87:1 0 1:16 0 12.06:1

aPurified wild type and SrtAwse mutant proteins were loaded on native PAGE. The intensities of the protein bands were analyzed using ImageQuant
software. The relative ratio of band intensities was used to estimate the ratio between dimer and monomer species (D/M). FPLC data were achieved
as described in Table 1.

2000 had a similar velocity except for 1123G, which had a velocity
of 0.01s™%. This data indicated that all mutant proteins folded
in a normal conformation for active sites except for 1123G.
The possible reason might be that 1123 is in close proximity
to one of the active site residues H1229), and that this
mutant distorts structures near the active sites. imhétro
hydrolysis activity measured by this method at a low
concentration less thdfy did not have significant difference

in various mutant proteins and wild type Sgifye, however

in vivo assays under accurately tailored biological settings
would be needed to detect the true differences among dimer
disrupted mutants and wild type protein.

wild type
-4000 KazA

-6000

Mean Residue Ellipticity

-8000

-1 10t

DISCUSSION

2100 Based on the experimental data, we tried to identify the

190 20 20 20 280 20 0 roles of specific amino acids in SrtA dimerization. The crystal
wovelungith (nm) structure of SrtAnse by Zong et al. (LT2P) from the Protein

Ficure 3: Circular dichroism spectrum of Srtfisg and SrtAwsg Data Bank was analyzed by using Glaxo Smith Kline’s

mutant proteins. Purified Sriéyse and SrtAwse mutant proteins - . . -
were scanned on circular dichroism spectroscopy. For each sample,DeepV'eV"/SW'SS Pdb Viewer. Due to a crystal packing

38 uM protein in activity assay buffer was scanned from 190 to effect, this template crystal has three identical KA
250 nm. Data are overlaid with different colors: black, wild type molecules that originated from three distinct faces of the

protein; blue, K62— A62; purple, 1123— G123; red, P126~ crystal. The monomer structure of chain B in 1T2P was
G126; pink, K132~ A132; light blue, Y137~ A137; green, K143 shown in Figure 4. This template was first characterized
T AL43; gray, K152 A152. based on the amount and type of amino acid residues that
alteration in secondary structure and perhaps the tertiary andorotrude from the surface. Then the proximity between
quaternary structure (proteitprotein interactions) of the  different protein subunits among three chains of the SuA
mutants by a single amino acid mutation on the protein molecule was analyzed. The four top candidate residues
surface. However, the overall predicted secondary structurebased on this methodology were found to be K62, K137,
content did not change significantly. Consequently, itis clear Y143 and K152. Based on the experimental data, K62A did
that none of the mutant structures was radically altered in not change the dimerization extent significantly. K152A
the sense of producing unfolded proteins as a consequencenhanced the dimerization. However, K137A and Y143A
of the replacement of certain amino acids with alanine or completely disrupted the dimerization and still maintained
glycine residues in the predicted proteijprotein interaction their correct folding pattern with respect to wild type based
surface area. on far UV CD data, indicating that these residues are at least
In Vitro Activity Assay.To confirm that all the mutant  partially responsible for self-association of the homodimer.
proteins were still activén vitro, an activity assay was set  According to the crystal structure 1T2P, Y143 residue on
up to use Abz-LPETG-Dap(Dnp)-NHas the substrate chain A was in a close proximity of 5.57 A with K137 in
following the published protocols2@). Active sortase A chain C, which fits the criteria of catiefir interaction 80).
would specifically recognize this LPETG sequence, digest Although generally the cationr interaction has only a
the substrate between T and G and then transfer LPET tomoderate energy of about 5 kcal/mol, it is involved in many
the second substrate Glgnd release products G-Dap(Dnp)- protein self-associating systems in which the catian
NH, and Abz-LPET-Gly Upon cutting, the released signal interaction dictates specificity. One heterodimeric system that
of Abz would be recorded at 355 nm by a UV detector and involves a cation interaction is the cytochrone2/reaction
used to calculate the production rate. In a volume of 00  center inRhodobacter sphaeroidg€81). Site directed mu-
reaction system, 8.4M of enzyme (SrtAnse OF respective  tagenesis studies on this catiem system by Paddock and
mutant proteins) was incubated with substrates Abz-LPETG- associates revealed that replacement of a key tyrosine residue
Dap(Dnp)-NH and pentaglycine at 37C for 4 h before increases th&y 3-fold (32). And in 60% of these cases, the
loaded into an HPLC column. The peptides of substrate andinterface with catiors interaction would have one or more
product were separated, and the relative integration areasadditional catior-anion interactions such as a salt bridge
were used to calculate the conversion ratios. An apparent(33). This might be able to explain the situation in sortase
average velocity during thes4 h was calculated for each A. K137 and Y143 on the protein surface are responsible
protein. Wild type SrtAnse had an average velocity of for specificity between the two monomers. After the initial
approximately 0.0%%, and all the other mutant proteins recognition between these two residues, the enthalpically
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Table 3: Estimated Secondary Structure Conformation of Mutant and Wild Type ofs3iRAoteing

fraction ratio wild type K62A 1123G P126G N132A K137A Y143A K152A
NRMSD 0.024 0.022 0.022 0.022 0.018 0.019 0.019 0.025
helix: 3% 5% 4% 4% 5% 4% 4% 4%
beta: 45% 45% 50% 50% 50% 47% 46% 47%
turn: 21% 22% 20% 20% 20% 20% 22% 21%
random: 31% 27% 24% 25% 26% 27% 28% 27%
total: 100% 99% 98% 99% 101% 98% 100% 99%

a Purified SrtAwse and SrtAwse mutant proteins were scanned on circular dichroism spectroscopy. Estimated secondary structure conformation
was calculated by Dichroweb server.

In the same manner, the crystal was analyzed for close
interactions between hydrophobic surface residues on dif-
ferent chains. There were no close associations found,
however, it was found that three hydrophobic amino acids,
F122, 1123 and P126, shared a close proximity that forms
an extending hydrophobic pocket. 1123 and P126 were
mutated to glycine to exclude any hydrophobic interactions.
However, the F122G mutation proved to be difficult to

K137 obtain, and only the 1123G and P126G mutant proteins were
generated. Both of those two mutant proteins demonstrated
moderate decrease in dimer formation but not the complete
disruption. According to a still debatable theory of protein
protein association, the hydrophobic patch on the interface
might provide the energy to drive the dimer formation by
burial of hydrophobic residues3§), and the hydrophilic
association among amino acid side chains will determine the
specificity between two subunits, and might contribute to

. . . complex stabilization as well37). We thus speculate that
Egi?jlttrfcﬁifﬂ,?%ﬁggstﬁﬁg‘;;‘gj F?Iofé‘%ﬁgg(\ﬂg%%foﬁoﬁgzn the mutation on the residue of 1123 and/or P126 in this
Data Bank was used as template. Chain B was shown here withhydrophobic patch can lower the total energy of dimerization
three kgy residues labeled. The replapement of ea}ch of thosg threesnd shift the equilibrium toward monomer, but single
key residues N132, K137 and Y143 with alanyl residue can disrupt ) ,iations of either hydrophobic residue are not enough to
sortase A dimerization. . . . .

completely disrupt the homodimer. This explains why a
favorable catior o interaction will be formed. The energy  reduced dimer fraction was observed with 1123G and P126G
from this interaction can be used to rearrange the relative mutants but not a complete disruption of the dimer.
orientations of the two monomers for the residues on the
interface to form more hydrogen bonds, electrostatic interac- CONCLUSIONS
tions and hydrophobic interactions, which would give the
optimal binding configuration. Mutation on either one of Based on the presented data, three mutant proteins, N132A,
these two residues abolishes the initial recognition and thenK137A and Y143A, were generated that disrupted 93% of
disrupts the dimerization. the dimerization of SrtAwse, either by directly abolishing

N132A also disrupted 93% of the dimerization with respect the electrostatic interaction between specific residues or by
to wild type dimer, without much change in folding changing the folding process of the protein, leading to
conformation based on CD data and activity assay. This incorrectly positioned residues, and an overall decrease of
residue is on the long loop and helix betwghandps. It interaction. Further studies with X-ray structures of wild type
is not on the surface to interact with any other chains in the and mutant proteins will provide new insight into the
crystal packing effect structure. Another long loop between gimerization of sortase A. Although all the mutant proteins
/6 andf7 has been demonstrated to be flexible and be ableghowed similar activity by simplén sitro assay, detailed
to flip around in regulation of enzyme activit4, 35). A kinetics andn vivo activity will be needed in the future to

phosic,ible mechanist,)m for N132’3‘ g"r?er dri]sruptign mir?h; be analyze the biological function of sortase A dimerization in
the loop structure betwegtt andf5 has changed such that Staphylococcus aurevs

the dimerization interface is no longer positioned ap- o _ o
propriately. This residue is not directly on the surface of ~ TNe current data about the dimerization/oligomerization
interacting domain, however, it determines the correct folding Of sortase A has been obtainkdzitro and inE. coli using

of A5, on which K137 and Y143 both reside, to ensure the @ truncated version of sortase A, Skt@. We hypothesize
recognition of specific residues on interface. N132 might also that the full-length native sortase A fro@taphylococcus
allosterically control the position of K137. N132's amide aureusshould behave similarly. The mutants from this study
oxygen lies 2.8 A from K134’s amide nitrogen, and this have provided us with the critical starting materials to study
hydrogen bond may force K137 into the correct conformation the dimerization of native sortase A and its biological effects
to form the cation-xr interaction with its Y143 cognate. in Staphylococcus aureus

-
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