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Ceftaroline is the first member of a novel class of cephalosporins approved for use in the United States. Although prior studies
have identified eight ceftaroline-resistant methicillin-resistant Staphylococcus aureus (MRSA) isolates in Europe and Asia with
MICs ranging from 4 to 8 mg/liter, high-level resistance to ceftaroline (>32 mg/liter) has not been described in MRSA strains
isolated in the United States. We isolated a ceftaroline-resistant (MIC > 32 mg/liter) MRSA strain from the blood of a cystic fi-
brosis patient and five MRSA strains from the respiratory tract of this patient. Whole-genome sequencing identified two amino
acid-altering mutations uniquely present in the ceftaroline-binding pocket of the transpeptidase region of penicillin-binding
protein 2a (PBP2a) in ceftaroline-resistant isolates. Biochemical analyses and the study of isogenic mutant strains confirmed
that these changes caused ceftaroline resistance. Thus, we identified the molecular mechanism of ceftaroline resistance in the
first MRSA strain with high-level ceftaroline resistance isolated in the United States.

Ceftaroline, a new cephalosporin with activity against methicil-
lin-resistant Staphylococcus aureus (MRSA) strains, was ap-

proved for use by the United States Food and Drug Administra-
tion (FDA) in 2010 (http://www.fda.gov/newsevents/newsroom
/pressannouncements/ucm231594.htm). Its novel structure resists
degradation by some beta-lactamases and allows a high affinity of
binding to penicillin-binding protein 2a (PBP2a), present in
MRSA strains (1–4). The FDA has established a susceptibility
breakpoint of �1 mg/liter for S. aureus, and the Clinical and Lab-
oratory Standards Institute (CLSI) has established breakpoints of
�1 mg/liter for susceptible, 2 mg/liter for intermediate, and �4
mg/liter for resistant (5). Here the terms susceptible, intermedi-
ate, and resistant will be used as defined by the CLSI guidelines.

International surveillance studies of S. aureus initially identi-
fied only one instance of four isolates from a single hospital in
Greece with ceftaroline MICs of 4 mg/liter (6–9). The Greek iso-
lates belonged to sequence type (ST) 239 (ST239), a MRSA clonal
type that is distributed worldwide but is predominantly found in
Asia, Europe, and South America (10, 11). Recent work by Alm et
al. identified 4 isolates with ceftaroline MICs of 8 mg/liter isolated
from patients in Thailand and Spain (12). These isolates belonged
to ST228, another MRSA clonal type commonly found in Europe
(13). No S. aureus clinical isolate with a ceftaroline MIC greater
than 8 mg/liter has been reported, and all ceftaroline-resistant
clinical isolates recovered to date have been isolated outside the
Western Hemisphere.

CASE REPORT

A 20-year-old male with cystic fibrosis was transferred to Houston
Methodist Hospital in January 2013 to be evaluated for lung and
kidney transplant. Patients with cystic fibrosis are known to de-
velop chronic lung infections that adapt over time to this unique
anatomic niche (14, 15). His complicated medical history in-
cluded pancreatic insufficiency, liver transplantation in 2004, ste-
roid-induced diabetes, end-stage renal disease, and testicular can-
cer. He had a long history of respiratory infections with several

multidrug-resistant bacteria, including MRSA. He was treated
with ceftaroline at an outside hospital immediately prior to trans-
fer to Houston Methodist Hospital. The patient was periodically
hospitalized from January to July 2013 and was treated for recur-
rent respiratory and catheter-related infections caused by MRSA
and multidrug-resistant Pseudomonas aeruginosa. His antibiotic
exposure included long treatment courses with various agents,
including meropenem, ceftazidime, doxycycline, vancomycin, li-
nezolid, cefepime, ciprofloxacin, and inhaled and systemic colis-
tin and tobramycin. Shortly after being readmitted to our hospital
in June 2013, MRSA was grown from cultures of blood and respi-
ratory specimens. These two isolates were resistant to clindamy-
cin, linezolid, oxacillin, and trimethoprim-sulfamethoxazole and
susceptible to minocycline, rifampin, and vancomycin. His blood
isolate grew confluently around the ceftaroline Etest strip, yielding
an MIC of �32 mg/liter. Five additional S. aureus respiratory tract
isolates were available for further study. All MRSA isolates from
this patient had a small-colony-variant (SCV) phenotype.

MATERIALS AND METHODS
Bacterial isolates. Patient isolates were grown on tryptic soy agar supple-
mented with 5% sheep blood. Five of the isolates grew from expectorated
sputum, and the sixth isolate was obtained from an aerobic blood culture
bottle. The isolates were cultured by the Diagnostic Microbiology Labo-
ratory at Houston Methodist Hospital. The intermediate (strain TMHS-
4519) and highly resistant (strains TMHS-3125, TMHS-5006, and
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TMHS-5007) isolates have been deposited with the American Type Cul-
ture Collection. The study protocol was approved by the Houston Meth-
odist Research Institute Institutional Review Board (protocol IRB1010-
0199).

Antimicrobial susceptibility testing. Antimicrobial susceptibility
testing was performed with the BD Phoenix (Becton Dickson, Franklin
Lakes, NJ), Etest (bioMérieux, Crappone, France), or Kirby-Bauer disc
diffusion methods, as indicated below.

Genome sequencing and bioinformatic analyses. Genomic DNA for
whole-genome sequencing was isolated from multiple colonies grown
overnight in tryptic soy broth. The cells were lysed using matrix B in a
FastPrep-96 instrument (MPBio, Santa Ana, CA), and genomic DNA was
extracted using a Qiagen DNeasy blood and tissue kit (Qiagen, Venlo,
Netherlands). Sequencing libraries were prepared using an Illumina
NexteraXT library preparation kit (Illumina, San Diego, CA). Genomes
were sequenced with an Illumina MiSeq instrument (Illumina, San Diego,
CA), using the Generate FASTQ work flow. All sequence reads have been
deposited with NCBI under BioProject accession number PRJNA244946.
Bioinformatic analysis was performed using the Velvet algorithm (v.
1.2.10) for assembly and the VAAL software package for identification of
single nucleotide polymorphisms (SNPs) (16, 17). The N315 reference
genome was utilized for all comparisons (18). Velvet was run using the
short read parameter and a k-mer size of 31. VAAL was run using default
settings without the vecseq vector. Phylogenetic trees were constructed by
first processing the VAAL K28 output files with the in-house-developed
scripts Prephix (v3.1.1) and Phrecon (v4.1) to generate a multi-FASTA file
for phylogenetic inference. A neighbor-joining phylogenetic tree was con-
structed using the SplitsTree4 (v4.13.1) program (19). SNP comparisons
were performed with the snp_compare script, which is a part of the
Prephix package. Analysis of the inferred effect of SNPs was achieved with
the SNPeffect database. The Prephix, Phrecon, snp_compare, and SNPeffect
packages are available online at https://github.com/codinghedgehog/.
MLST typing was performed using the Short Read Sequence Typing for
Bacterial Pathogens (SRST2) program https://github.com/katholt/srst2)
and the ST database from http://saureus.mlst.net/.

Construction of PBP2a mutants. Wild-type PBP2a lacking the N-ter-
minal membrane-spanning region was previously cloned into pET-
29a(�) from the mecA sequence (residues 23 to 668) with an N-terminal
6� His tag. The mecA E239K, Y446N, and E447K single mutants, the
Y446N-E447K double mutant, and the E239K-Y446N-E447K triple mu-
tant were created through QuikChange PCR using mutagenesis primers
(see Table S1 in the supplemental material). The introduction of the mu-
tations was verified by DNA sequencing.

In vitro PBP2a-ceftaroline binding studies. In vitro ceftaroline bind-
ing assays were done with soluble, purified recombinant PBP2a proteins
(residues 23 to 668). Bocillin, a fluorescent penicillin, was used in an in
vitro competition assay (20). In short, wild-type PBP2a, the E239K,
Y446N, and E447K single mutants, the Y446N-E447K double mutant, and
the E239K-Y446N-E447K triple mutant, each at a final concentration of 1
�M, were incubated with various concentrations of ceftaroline for 30 min
at room temperature. Bocillin was added to each reaction mixture, and
samples were incubated for 30 min. To obtain a comparable fluorescence
signal from each analyte, wild-type PBP2a and the E447K and Y446N-
E447K proteins were incubated with 25 �M Bocillin, the E239K protein
was incubated with 50 �M Bocillin, the E239K-Y446N-E447K triple mu-
tant was incubated with 100 �M Bocillin, and the Y446N mutant was
incubated with 300 �M Bocillin. Subsequently, the reaction mixtures
were denatured and subjected to SDS-PAGE. The proteins were detected
with a ChemiDoc XRS imager using a fluorescein emission filter (520
nm). The fluorescence intensity of each band was quantified using ImageJ
software, and the 50% inhibitory concentration (IC50) was calculated us-
ing GraphPad Prism software (v5.01).

Construction of isogenic mutant strains. Insertional inactivation of
mecA was performed as previously described (21) by phage 80-mediated
transduction from strain S. aureus COL�mecA into clinical strain TMHS-

5007. In these strains, the mecA gene is interrupted after 910 bp by tetM (5=
to the penicillin-binding domain). Integration of tetM into mecA in
TMHS-5007 was confirmed by PCR with primers F1 (CGTGAGCAATG
AACTGATTATAC) and F2 (CATAGTAACGTAGACCGTAC), located
outside on the chromosomal regions upstream and downstream of the
cloned fragment.

Transcomplementation of mecA was conducted with a construct en-
compassing the complete mecA gene from strain TMHS-5007 containing
the mecA gene encoding mutant amino acids (E239K, Y446N, E447K) and
the upstream region (236 bp) that includes the putative ribosomal bind-
ing site and promoter. The mecA primers used were HindIII-mecAG
(GTGGTAAGCTTATGACTAACCGAAGAAGTCGTGT) and mecA-R2
EcoRI-MecA-RL (GGTGGTGAATTCGACTCGTTACAGTGTCACTTT
CAAC), where the underlined sequences indicate the HindIII and EcoRI
restriction endonuclease sites. The resulting 2.5-kb PCR product was di-
gested with HindIII and EcoRI, purified, and ligated into Escherichia co-
li/S. aureus shuttle plasmid pCL15 (pSpac promoter IPTG [isopropyl-�-
D-thiogalactopyranoside]-inducible S. aureus replicon) (22). This
construct was designated pCL15-MUT mecA. The mecA gene in plasmid
pCL15-MUT was confirmed to have the correct mutations by DNA se-
quencing. The plasmid was electroporated into strain RN4220 and subse-
quently transduced into mecA-null strain TMHS-5007 �mecA by phage
80-mediated transduction. An analogous strategy was used to clone the
wild-type mecA gene from S. aureus strain N315 into pCL15 mecA. All
genetic constructs were verified by restriction endonuclease analysis and
DNA sequencing. Determination of the MICs of ceftaroline in all con-
structs was performed by Etest and broth dilution assay.

RESULTS
Characterization of strains. The Etest indicating the blood iso-
late’s MIC of �32 mg/liter was repeated two more times in our
laboratory, with identical results being obtained. The ceftaroline
MIC was confirmed by an external laboratory using a different lot
of ceftaroline Etest strips. The five sputum MRSA isolates were
tested retrospectively for ceftaroline resistance by the Diagnostic
Microbiology Laboratory of Houston Methodist Hospital. The
patient’s initial sputum isolate collected shortly after transfer to
Houston Methodist Hospital in January had high-level ceftaroline
resistance (MIC � 32 mg/liter). In contrast, the three sputum
isolates collected in March and May each had ceftaroline MIC values
ranging from 1 mg/liter to 1.5 mg/liter. The isolates with MICs of 1
mg/liter were considered susceptible according to the FDA and CLSI
breakpoints. The isolate with an MIC of 1.5 mg/liter was considered
nonsusceptible by the FDA breakpoints but intermediate by the cur-
rent CLSI breakpoints (5). The sputum isolate collected 1 day after
the ceftaroline-resistant isolate was cultured from blood had an MIC
of �32 mg/liter, which was confirmed by broth dilution assay. As
noted previously, all six isolates had an SCV phenotype. The MICs of
the other antibiotics are listed in Table 1.

Genome sequencing and analysis. To begin to unravel the
molecular mechanism of high-level ceftaroline resistance in these
strains, whole-genome sequencing of the patient’s six MRSA iso-
lates was performed. A total of 4.3 million paired-end 250-bp
reads were generated, which translates to an average coverage of
128-fold per strain. The strains were identified as belonging to ST5
using SRST2. SNPs were identified using VAAL, with the genome
of strain N315 (NCBI accession number NC_002745) used as a
reference. Compared to the reference genome, the resistant strains
had a total of 508 SNPs in common. Comparison of these 508
SNPs with the SNPs in the genome of the most distantly related
ceftaroline-susceptible strain (TMHS-3957) cultured from this
patient identified 51 SNPs uniquely present in the resistant iso-
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lates (see Fig. S1 and Table S2 in the supplemental material). SNPs
were verified by Sanger sequencing. Of the 51 SNPs uniquely pres-
ent in all three ceftaroline-resistant isolates compared to the se-
quence of reference strain N315, 14 were synonymous SNPs (that
is, they caused no amino acid change) and were excluded from
further analysis. Of the remaining 37 SNPs, 9 were in intergenic
regions and 28 were nonsynonymous SNPs (that is, they resulted
in an amino acid replacement). Inspection of these 28 nonsynony-
mous SNPs identified 2 SNPs located in contiguous codons in the
gene encoding PBP2a (see Table S3 in the supplemental material).
These two SNPs resulted in replacement of amino acids (Y446N
and E447K) located directly in the penicillin-binding pocket of the
transpeptidase region of PBP2a (23). SNPs were verified by Sanger
sequencing. The Y446N replacement is predicted to be a radical
change (24). Importantly, very recent structural studies reported
by Otero et al. (25) described the Y446 residue to be the gatekeeper
to the transpeptidase active site. The E447K replacement results in
a change from a negatively charged glutamic acid side chain to a
positively charged lysine. On the basis of the crystal structure of
PBP2a complexed with ceftaroline, these two amino acid replace-
ments occur at the corner of the active site where the positively
charged pyridine ring of ceftaroline binds to PBP2a (Fig. 1). It is
important to note that amino acid changes at the Y446 and E447
residues have been implicated in resistance to ceftobiprole (a re-
lated anti-MRSA cephalosporin) derived after serial passaging in
vitro (26). A third amino acid replacement (E239K) was also iden-
tified in isolate TMHS-5007 (Fig. 2). This change maps very close
to the allosteric site (25).

Inspection of the raw sequencing reads from all six genomes
revealed that the susceptible isolates (TMHS-3957 and TMHS-
4147) represented mixed populations. Approximately half the se-
quencing reads of each isolate had the E447K PBP2a active-site
mutation without the corresponding Y446N change. Isolate
TMHS-4519 is ceftaroline intermediate (MIC � 1.5 mg/liter).
This isolate had a PBP2a containing the Y446N polymorphism
without the corresponding E447K change. These findings suggest
that the Y446N mutation in isolation is sufficient to cause an in-
creased MIC of ceftaroline (1.5 mg/liter) but that the presence of
both PBP2a amino acid changes (Y446N and E447K) is required
to produce the observed high-level resistance (MIC � 32 mg/liter)
(Fig. 2). This hypothesis was supported by results from in vitro
binding studies conducted with ceftaroline and recombinant pu-
rified wild-type and mutant PBP2a enzyme (residues 23 to 668; see
Materials and Methods). Ceftaroline had an IC50 of 1.5 �M for
wild-type PBP2a (Fig. 3; see also Table S4 in the supplemental
material), in agreement with the previously reported values for
ceftaroline with both recombinant purified PBP2a and PBP2a
membrane fractions (27). The E239K mutation, which is very
close to the recently reported allosteric site (25), resulted in a
2-fold reduction in the IC50 of ceftaroline. Even at 1 mM ceftaro-
line, the Y446N mutant did not show a reduced fluorescence in-
tensity. Thus, we estimate it to have an IC50 of greater than 500
�M. The E447K amino acid replacement alone did not impact
inhibition by ceftaroline, as shown by its IC50 of 1.4 �M, which is
very similar to that for the wild-type enzyme. The Y446N-E447K
double mutant had an IC50 approximately 30-fold higher than that
for the wild type at 49 �M, whereas the E239K-Y446N-E447K triple
mutant had an IC50 of 40 �M, which is slightly lower than that for the
double mutant but approximately 25-fold higher than that for the
wild type.T

A
B

LE
1

A
n

ti
bi

ot
ic

su
sc

ep
ti

bi
lit

y
re

su
lt

sa

St
ra

in

C
ol

le
ct

io
n

da
te

(d
ay

/m
o/

yr
)

So
u

rc
e

R
es

is
ta

n
ce

(M
IC

[m
g/

lit
er

])

C
ef

ta
ro

lin
e

C
lin

da
m

yc
in

D
ap

to
m

yc
in

E
ry

th
ro

m
yc

in
Le

vo
fl

ox
ac

in
Li

n
ez

ol
id

M
et

h
ic

ill
in

M
in

oc
yc

lin
e

P
en

ic
ill

in
G

R
if

am
pi

n
T

et
ra

cy
cl

in
e

T
el

av
an

ci
n

T
M

P
-S

M
X

V
an

co
m

yc
in

T
M

H
S-

31
25

1/
21

/2
01

3
Sp

u
tu

m
R

(�
32

)
R

(�
2)

S
(1

)
R

(�
4)

N
P

R
(�

4)
R

(�
2)

S
(2

)
R

(�
1)

S
(�

0.
5)

S
(2

)
N

P
S

(�
0.

5/
9.

5)
S

(1
)

T
M

H
S-

39
57

3/
21

/2
01

3
Sp

u
tu

m
S

(1
)

R
(�

2)
S

(1
)

R
(�

4)
N

P
R

(�
4)

R
(�

2)
S

(2
)

R
(�

1)
S

(�
0.

5)
S

(0
.5

)
N

P
S

(�
0.

5/
9.

5)
S

(1
.5

)

T
M

H
S-

41
47

3/
28

/2
01

3
Sp

u
tu

m
S

(1
)

R
(�

2)
S

(1
)

R
(�

4)
N

P
R

(�
4)

R
(�

2)
S

(�
1)

R
(�

1)
S

(�
0.

5)
S

(0
.5

)
N

P
S

(�
0.

5/
9.

5)
S

(1
.5

)

T
M

H
S-

45
19

5/
9/

20
13

Sp
u

tu
m

I
(1

.5
)

R
(�

2)
S

(1
)

R
(�

4)
N

P
R

(�
4)

R
(�

2)
S

(�
1)

R
(�

1)
S

(1
)

S
(2

)
N

P
S

(�
0.

5/
9.

5)
S

(1
)

T
M

H
S-

50
06

6/
19

/2
01

3
B

lo
od

R
(�

32
)

R
N

S
(1

.5
)

R
R

R
R

S
R

S
S

(1
.5

)
0.

19
R

S
(1

)

T
M

H
S-

50
07

6/
20

/2
01

3
Sp

u
tu

m
R

(�
32

)
R

(�
2)

S
(1

)
R

(�
4)

N
P

R
(�

4)
R

(�
2)

S
(�

1)
R

(�
1)

S
(�

0.
5)

S
(1

.5
)

N
P

S
(�

0.
5/

9.
5)

S
(1

)

a
R

es
u

lt
s

fo
r

ce
ft

ar
ol

in
e,

te
la

va
n

ci
n

,t
et

ra
cy

cl
in

e,
va

n
co

m
yc

in
,a

n
d

da
pt

om
yc

in
w

er
e

de
te

rm
in

ed
by

E
te

st
.A

ll
ot

h
er

an
ti

bi
ot

ic
s

w
er

e
te

st
ed

w
it

h
th

e
B

D
P

h
oe

n
ix

sy
st

em
,e

xc
ep

t
fo

r
te

st
s

w
it

h
T

M
H

S-
50

06
fo

r
w

h
ic

h
M

IC
s

ar
e

n
ot

pr
ov

id
ed

,f
or

w
h

ic
h

th
e

K
ir

by
-B

au
er

di
sc

di
ff

u
si

on
m

et
h

od
w

as
u

se
d.

S,
su

sc
ep

ti
bl

e;
I,

in
te

rm
ed

ia
te

;R
,r

es
is

ta
n

t;
N

S,
n

on
su

sc
ep

ti
bl

e;
N

P
,n

ot
pe

rf
or

m
ed

.C
LS

I
br

ea
kp

oi
n

ts
fo

r
ce

ft
ar

ol
in

e
w

er
e

u
se

d.
N

o
su

sc
ep

ti
bl

e,
in

te
rm

ed
ia

te
,o

r
re

si
st

an
t

re
su

lt
is

lis
te

d
fo

r
te

la
va

n
ci

n
,a

s
C

LS
I

br
ea

kp
oi

n
ts

fo
r

te
la

va
n

ci
n

h
av

e
n

ot
be

en
es

ta
bl

is
h

ed
.T

M
P

-S
M

X
,t

ri
m

et
h

op
ri

m
-s

u
lf

am
et

h
ox

az
ol

e.

Long et al.

6670 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


Analysis of isogenic mutant strains. To definitively demon-
strate that the identified amino acid changes caused high-level
resistance to ceftaroline, we constructed isogenic mutant strains of
our clinical strain S. aureus TMHS-5007 (see the Methods in the
supplemental material). The mecA gene was first genetically inac-
tivated in this strain, resulting in enhanced susceptibility to cef-

taroline (MIC 	 0.5 mg/liter), as anticipated. Next, this strain was
altered by genetic complementation to contain the mutant mecA
gene containing only the three amino acid replacements (E239K,
Y446N, E447K) identified in the high-level ceftaroline-resistant
strain. This was accomplished by complementing the TMHS-5007
�mecA mutant strain with a vector containing either full-length wild-
type mecA or E239K-Y446N-E447K-mutated mecA. Importantly, the
resulting complemented strain containing the mutant mecA gene had
high-level ceftaroline resistance (MIC � 32 mg/liter), whereas the
mutant strain complemented with the wild-type mecA gene re-
mained susceptible to ceftaroline (MIC � 0.5 mg/liter).

Finally, we inspected the genome sequence data to identify
mutations that may contribute to the SCV phenotype. All six
strains had an SNP that resulted in an amino acid replacement
(S33P) in ThyA, a protein involved in thymidine metabolism.
Polymorphisms in thyA can cause the SCV phenotype in S. aureus,
particularly in strains cultured from cystic fibrosis patients (28, 29).
We hypothesize that this thyA amino acid change is responsible for
the SCV phenotype observed in these strains. No SNPs were present
in other genes implicated in the SCV phenotype (30–32).

FIG 1 Active site of acyl-PBP2a from MRSA with bound ceftaroline and the two contiguous amino acids that are altered (Y446N and E447K) in the resistant
organisms. This view of the PBP2a transpeptidase active site shows the Y446 (red) and E447 (green) amino acids highlighted in front of a bound molecule of
ceftaroline (yellow). The transpeptidase portion of the molecule is colored blue, and the allosteric portion of PBP2a is colored violet. The structure has PDB
accession number 3ZG0 and was published by Otero et al. (25).

Isolate no.

PBP2a amino
acid changes 

MIC (mg/L)

Days Post 
Init Admission

3125 3957 4147 4519 5006 5007

Y446N
E447K

>32

4

1

Site S S S S SB

63

1

70

Y446N
E447K

E239K
Y446N
E447K

>32 >321.5

112

Y446N

153 154

FIG 2 Natural history of six MRSA clinical isolates collected over 154 days
with their PBP2a active-site amino acid mutations and ceftaroline MICs. S,
sputum samples; B, blood isolate. The highly resistant isolates have MICs of
�32 mg/liter, which are marked in red. Init, initial.
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DISCUSSION

Here we report and experimentally confirm a previously unde-
scribed high-level antibiotic resistance mechanism in clinical iso-
lates of MRSA in the United States. Ceftaroline was only recently
approved by the FDA in October 2010, and no high-level resis-
tance has been reported, despite the study of thousands of clinical
isolates (6–9, 12, 33). In the aggregate, our data show that a com-
bination of two contiguous amino acid changes (Y446N and
E447K) in PBP2a renders S. aureus highly resistant to ceftaroline
(MIC � 32 mg/liter). While previous studies have found ceftaro-
line-resistant isolates (MICs � 4 to 8 mg/liter) in clonal types
ST239 and ST228, which are common to Europe, Asia, and South
America, our isolates belong to ST5, a common clonal type in the
United States (8, 12, 34).

PBP2a is subject to allosteric regulation, where ceftaroline or
peptidoglycan binds at an allosteric region some 60 Å away from
the active site, causing the molecule to open and facilitating cef-
taroline binding at the active site (25). Only one strain (TMHS-
5007) had a variant amino acid (E239K) at the allosteric regulatory
site. This E239K mutation has been implicated in the ceftobiprole

resistance that arose during in vitro passage and selection (26).
Our in vitro biochemical inhibition results strongly suggest that
the Y446N amino acid replacement is the main contributor of
resistance to ceftaroline in the Y446N-E447K double mutant. This
result is in agreement with the recent structural studies that im-
plicated Y446N as the gatekeeper to the active site (25). The E447K
mutant had an IC50 very similar to that of the wild type, and thus,
it may play a role in either stabilizing the double mutant or facil-
itating the transpeptidation reaction, despite the change in the
active site. The Y446N mutant has a ceftaroline IC50 estimated to
be �500 mg/liter in our in vitro assay, which contrasts with the
observed MIC of 1.5 mg/liter in vivo for TMHS-4519. We specu-
late that the most likely cause of this discrepancy is a lack of trans-
peptidase function in the Y446N mutant PBP2a. As a result, while
ceftaroline would not bind the nonfunctional Y446N mutant
PBP2a, it would continue to bind to other PBP molecules, as has
been described, resulting in a ceftaroline-susceptible phenotype
(8). The E239K-Y446N-E447K triple mutant had a reduced IC50

compared to that of the double mutant; it was, however, still re-
sistant, unlike the wild type. This reduction in IC50 may be due to

FIG 3 Bocillin competition assay to determine the IC50 of ceftaroline for the PBP2a wild type and mutants. The y axis represents the residual fluorescence
intensity of Bocillin, while the x axis represents the logarithmic ceftaroline concentration (in molar). The Y446N mutant did not show any decrease in
fluorescence intensity even with the highest concentration of inhibitor tested, and thus, the results for that mutant are not represented here.
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the presence of the E239K mutation, which potentiates ceftaroline
binding. The combination of these antagonistic mutations (to
form the E239K-Y446N-E447K triple mutant) results in a de-
crease in the IC50 for ceftaroline to 40 �M, whereas the IC50 for
ceftaroline is 49 �M for the double mutant. Although this de-
crease in the IC50 for the triple mutant in our in vitro assay is not
drastic, it might be interesting to test if the combination of cef-
taroline with ceftobiprole shows some synergy in vivo. After com-
pletion of our work, Alm et al. reported the combination of E239K
and E447K amino acid changes in four clinical isolates with cef-
taroline MICs of 8 mg/liter (12). Their work suggests that a high-
level-resistance phenotype may exist for strains with the E239K
and E447K mutations in combination; however, isogenic mutants
were not tested to confirm this correlation.

We hypothesize the following scenario to explain the origin
and emergence of this drug-resistant bloodstream isolate. It is
reasonable to think that this resistant isolate initially emerged un-
der the selective pressure of ceftaroline therapy given at an outside
hospital. When the patient was transferred to our hospital and
ceftaroline therapy was stopped, we believe that this isolate re-
ceded into the S. aureus population present in the patient’s lung,
while other ceftaroline-susceptible isolates rose to prominence.
The precise events leading to the reemergence of the ceftaroline-
resistant strains in June are unclear.

Strains from this patient also have a nonsynonymous SNP in
thyA that likely causes their SCV phenotype. Mutations in thyA
have previously been described to occur in SCVs from cystic fi-
brosis patients (28, 29). Of note, SCV strains of S. aureus have been
reported to have a hypermutable phenotype caused by mutations
in mutS and mutL. All six isolates that we studied have a 12-bp
in-frame deletion in mutS (deletion of residues 1001 to 1012 [AA
CGTCTTGTTG]) and a single base frameshift deletion in mutL
(deletion of an A residue at position 1028). It is possible that an
increased mutation rate may have aided the development of cef-
taroline resistance in this patient, but this is speculative.

The case described here illustrates the rapidly emerging clinical
utility of whole-genome sequencing in the diagnostic microbiol-
ogy laboratory (35). Although these isolates were sequenced ret-
rospectively to identify the polymorphism(s) responsible for their
observed phenotype, one can readily envision a day in the near
future when low-cost, high-throughput genome sequencing facil-
itates the routine identification of organisms and antibiotic resis-
tance in a prospective fashion.
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