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Past anthrax attacks in the United States have highlighted the
need for improved measures against bioweapons. The virulence
of anthrax stems from the shielding properties of the Bacillus
anthracis poly-y-p-glutamic acid capsule. In the presence of
excess CapD, a B. anthracis vy-glutamyl transpeptidase, the
protective capsule is degraded, and the immune system can
successfully combat infection. Although CapD shows prom-
ise as a next generation protein therapeutic against anthrax,
improvements in production, stability, and therapeutic for-
mulation are needed. In this study, we addressed several of
these problems through computational protein engineering
techniques. We show that circular permutation of CapD
improved production properties and dramatically increased
kinetic thermostability. At 45 °C, CapD was completely inac-
tive after 5 min, but circularly permuted CapD remained
almost entirely active after 30 min. In addition, we identify an
amino acid substitution that dramatically decreased trans-
peptidation activity but not hydrolysis. Subsequently, we
show that this mutant had a diminished capsule degradation
activity, suggesting that CapD catalyzes capsule degradation
through a transpeptidation reaction with endogenous amino
acids and peptides in serum rather than hydrolysis.

Bacillus anthracis, the causative agent of anthrax, poses a
significant bioterrorist threat. This was demonstrated in 2001
by a series of attacks in which B. anthracis spores were sent via
the United States Postal Service to various media outlets and
government officials. Although a safe and effective vaccine is
available (1), there remain concerns about the potential for use
of naturally occurring or genetically engineered antibiotic- and
vaccine-resistant strains of B. anthracis (2, 3) as bioterrorist
weapons. Anthrax inhalation of aerosolized spores seems the
most likely scenario for a bioterrorist attack. The last case of
inhalational anthrax reported in the United States prior to the
2001 attacks occurred in 1976 (4). The rarity of this particular
type of infection makes it difficult to study the efficacy of vari-

* This work was supported by a grant from the Defense Advanced Research
Projects Agency and the Howard Hughes Medical Institute.

The on-line version of this article (available at http://www.jbc.org) contains

« Supplemental Figs. 51-58 and Tables 51-S3.

“* Author’s Choice—Final version full access.

The nucleotide sequence(s) reported in this paper has been submitted to the
GenBank™/EBI Data Bank with accession number(s) JF784155, JF784156,
and JF784157.

" To whom correspondence should be addressed. E-mail: siegeljb@uw.edu.

32586 JOURNAL OF BIOLOGICAL CHEMISTRY

ous response strategies. These concerns and the historically
effective use of B. anthracis to cause disease intentionally have
led the biomedical community to focus on developing novel
therapeutics as prophylactic countermeasures to the potential
threat of a bioterrorist attack.

The potent virulence of B. anthracis is thought to be a result
primarily of exotoxins (lethal and edema toxins) as well as an
antiphagocytic y-linked poly-p-glutamic acid (PDGA)? capsule
(5, 6). Although the precise mechanism by which the capsule
inhibits phagocytosis is unknown, it has been well established
that strains lacking the PDGA capsule have significantly dimin-
ished virulence (7).

The capsule is created by a y-glutamyl transpeptidase, CapD,
attached to the outer cell wall, which covalently anchors PDGA
to the B. anthracis peptidoglycan layer (8). Although the func-
tion of native CapD is to build the antiphagocytic capsule, it was
shown recently that administration of high doses of recombi-
nant CapD significantly decreased the mortality rate of mice
infected with B. anthracis (9). The ability of recombinant CapD
to counteract virulence (the opposite of its native function) is
likely due to the removal of the outer antiphagocytic capsule of
B. anthracis in vivo, as it is no longer attached to the outer cell
wall and localized by the peptidoglycan layer. The ability to
degrade the capsule has been demonstrated in vitro previously
(7,9, 10). Because of the ability to confer antibiotic resistance to
anthrax in a laboratory setting, significant focus has been
placed on the further development of CapD into a robust and
effective next generation protein therapeutic.

The structure of CapD was solved recently and has opened
the possibility of applying computational protein design tech-
niques to further enhance the potential therapeutic properties
of this protein (11). In this study, we used the Rosetta software
suite (12, 13) to create a circularly permuted variant of CapD
(termed CP) with significantly improved production properties
and kinetic thermostability. In addition, we computationally
designed a variant of CP that altered the reaction specificity of
the enzyme such that the transpeptidation reaction rate was
reduced, whereas the rate of its hydrolytic side reaction was
essentially maintained. We then utilized the mutant to examine
the mechanism of capsule degradation. The improved physical
properties of CP, in addition to a more complete understanding
of the native mechanism of capsule degradation, should lead to
the development of improved protein-based therapeutics that

2 The abbreviation used is: PDGA, y-linked poly-D-glutamic acid.
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can better withstand environmental stress and that have
improved pharmacokinetic properties.

EXPERIMENTAL PROCEDURES

DNA Manipulations—The genes encoding proteins were
synthesized to optimize codon usage for Escherichia coli by
GenScript. The genes were inserted into the pET29b™ vector
between the Ndel and Xhol restriction endonuclease sites, and
a genetically encoded His, tag was added to the C terminus for
ease of purification. Mutants of these enzymes were generated
using site-directed mutagenesis as described by Kunkel (14).

Protein Production and Purification—Proteins were pro-
duced by transforming the constructs into electrocompetent
E. coli BL21(DE3) cells. Single colonies were picked and grown
in 1-ml cultures of lysogeny broth with 50 wg/ml kanamycin
overnight at 37 °C. These cultures were used to inoculate a
50-ml culture of Terrific broth with 50 wg/ml kanamycin,
which was grown to A4y, = 0.3—0.5, at which point protein
expression was induced by the addition of isopropyl B-p-thio-
galactopyranoside to a final concentration of 1 mm. The tem-
perature was then reduced to 18 °C, and overexpression of pro-
tein was allowed to continue for another 24 h. The cells were
harvested via centrifugation and stored at —20 °C until lysis. To
lyse the cells, frozen pellets were thawed and resuspended in 50
mwm HEPES (pH 7.4), 500 mm NaCl, 25 mm imidazole, 2X Bug-
Buster (Novagen), 2 mg/ml lysozyme, and 0.2 mg/ml DNase 1.
The resuspended pellets were then incubated while rocking for
1hat4 °C, after which the lysate was clarified by centrifugation
at 20,000 X g for 30 min. The supernatant was then flowed over
TALON resin (Clontech, Mountain View, CA); washed with 20
column volumes of 50 mm HEPES (pH 7.4), 500 mMm NaCl, and
25 mMm imidazole; and eluted with 5 column volumes of 50 mm
HEPES (pH 7.4), 500 mm NaCl, and 500 mM imidazole. Protein
purity was determined by SDS-PAGE analysis. The relative
level of processing for heterogeneous samples of CapD was
quantified using NIH Image] gel densitometry software.

Kinetics Assay and Mutant Screen—The enzymatic activities
of CapD and CP were assayed using the Forster resonance
energy transfer substrate 5-FAM-(p-y-Glu),-K(QXL™ 520)-
NH, (AnaSpec, Fremont, CA). 5 nM enzyme was incubated with
2-fold serially diluted substrate from 1000 to 1 nm in a 100-ul
reaction containing 25 mm HEPES and 0.1% Tween 20 and with
1 mg/ml BSA at pH 7.4 and 21 °C. No significant differences in
reaction rates were observed regardless of whether or not BSA
was present, suggesting that BSA does not act as an acceptor
substrate for CapD. The addition of BSA appeared to result in
increased reproducibility of the results when enzyme concen-
trations were <1 nwm. This is likely due to the prevention of
adsorption of CapD to the plastic tubes used in the experi-
ments. L-Glutamic acid was added to a final concentration of 5
mM to measure transpeptidation. The difference in activity
observed in the presence versus absence of an acceptor amino
acid (such as L-glutamic acid) was used to determine final trans-
peptidation activity. To measure hydrolytic activity, the reac-
tion rate was measured in the absence of added acceptors. The
reaction rates were determined by continuously measuring an
increase in relative fluorescence units at an excitation wave-
length of 490 nm and an emission wavelength of 520 nm in a
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SpectraMax Mb5e microplate reader (Molecular Devices,
Sunnyvale, CA) for 1 h. The change in fluorescence intensity
was converted to product concentration by creating a standard
curve with the unquenched synthetic product 5-FAM-(p-y-
Glu); (AnaSpec). To account for the inner filter effect, 12 sep-
arate standard curves were created in which the product stan-
dard was varied in the presence of each substrate concentration
used for the kinetics assays (supplemental Table S1).

Amino Acid Specificity Assay—Enzymatic activity was as-
sayed using a modified protocol of the kinetics assay. Specifi-
cally, 0.5 nMm enzyme was incubated with 50 nm substrate and 5
mM amino acid. L-Tyrosine was used at 1.8 mm due to its limited
solubility.

Capsule Degradation Assay—Capsule degradation gel elec-
trophoresis assays were performed using a modification of a
previously described method (7). Briefly, 500 ug of purified cap-
sule was incubated with CapD or derivative enzyme for 30 min
at 37 °Cin 0.5X PBS with 50% mouse serum. Digested samples
were run on a 1% agarose gel and stained with methylene blue.

Circular Dichroism—Far-UV CD spectra were taken in PBS
at 25 °C with a Jasco-810 spectropolarimeter and a stoppered
1-mm path length rectangular quartz cell (Starna, Atascadero,
CA). Protein solutions were 0.1 mg/ml. Four scans were accu-
mulated and averaged, without smoothing. Melting curves
were done by heating at 1 °C/min.

Stability Assay—Purified enzyme was incubated in PBS at a
concentration of 100 nm and at temperatures ranging from 30
to 50 °C. Aliquots were removed at 0, 1, 2, 5, 10, 20, and 30 min
and diluted 10-fold into a 4 °C solution of PBS with 1 mg/ml
BSA. Activity was assayed at 0.5 nm enzyme, 50 nM substrate,
and 5 mMm L-glutamate in buffer as described under “Kinetics
Assay and Mutant Screen.”

Protein Modeling—A model of the tetrahedral intermediate
of the hydrolysis reaction transition state was built in the pro-
gram Spartan (15) and overlaid onto the active site of the crystal
structure of CapD (Protein Data Bank code 3G9K). The pro-
tein-ligand interface was then minimized using the Rosetta
modeling suite (12) such that the geometric constraints (sup-
plemental Fig. S1) were satisfied. This model was used as a
starting point to identify mutations aimed to change the pro-
tein’s reaction specificity. Mutations were evaluated using the
RosettaDesign algorithm (16) and were accepted if they
resulted in a decrease in energy or if they increased the pre-
dicted energy by <5 units.

Circular Permutation Design—To design CP, the first amino
acid of the small subunit of CapD (normally residue 325) was set
to correspond to the first amino acid at the N terminus of the
new protein, CP. A short peptide linker (SGGSG) predicted to
be capable of bridging the C terminus of the small subunit (res-
idue 521 in CapD) to the N terminus of the large subunit (resi-
due 1 in CapD) was modeled into the protein using the FoldIt
interface to the Rosetta software suite. This change is graphi-
cally depicted in Fig. 1.

RESULTS

Circular Permutation of CapD—Recombinant expression
and purification of CapD resulted in an inconsistent and heter-
ogeneous mixture of soluble protein consisting of unprocessed
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FIGURE 1. Protein structures of CapD and CP. For both CapD and CP, the N
termini are highlighted in blue, and C termini are highlighted in red. A, the
crystal structure of the CapD heterodimer (Protein Data Bank code 3G9K) in
the small subunit (cyan) and the large subunit (green) are highlighted. B, cir-
cular permutation of CapD results in a single continuous monomer (purple)
that links the C terminus of the small subunit to the N terminus of the large
subunit using an SGGSG linker (lime). The linker was modeled using the FoldIt
interface to RosettaDesign. All images were generated using PyMOL (22).
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FIGURE 2. SDS-PAGE of CapD and CP. Both CapD (lanes 2—-4) and CP (lanes
5-7) were purified using immobilized metal ion affinity chromatography as
described under “Experimental Procedures” and then analyzed on a 4-20%
gradient SDS gel. Lane T contains Precision Plus Protein Kaleidoscope stan-
dards (Bio-Rad), and molecular masses are indicated kilodaltons. Each lane
represents an independent purification of the protein. The upper band on
CapD at 57.5 kDa represents the fraction of the protein that has not under-
gone autocatalytic processing, whereas the two lower bands at 35.7 and 21.8
kDa are the products of CapD after it has been processed. CP forms a single
homogeneous band at 55.3 kDa as expected.

(and therefore inactive) enzyme, as well as the processed large
and small subunits (Fig. 2). In contrast, expression and purifi-
cation of CP resulted in a homogeneous soluble protein of the
expected size upon SDS-PAGE analysis. Because translation is
initiated with the AUG start codon, one concern with respect to
the circular permutation is that the actual N-terminal residue
of CP is methionine, whereas the N terminus of the autocata-
lytically processed small subunit of CapD is the catalytic thre-
onine (11). It is well established that, in E. coli, the N-terminal
methionine is often cleaved immediately after translation, espe-
cially if the N+1 amino acid is small (e.g. threonine) (17).
Therefore, we examined whether the N-terminal methionine
had been cleaved in CP. After expression and purification, the
molecular mass of CP was determined using electrospray ioni-
zation mass spectrometry. The observed mass of CP was 55,275
Da, and the expected mass of the enzymes without the methi-
onine is 55,285 Da, whereas the predicted mass of CP with an
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TABLE 1
Kinetic constants for CapD, CP, and F24H

Each reaction was carried out with three independent measurements as described
under “Experimental Procedures.” The errors represent the 95% confidence interval
determined from nonlinear regression fit of the data. No product inhibition was
observed for the transpeptidation reaction and was fit to Equation 1, whereas product
inhibition was observed for the hydrolysis reaction and was fit to Equation 2. Error in

k../K,, was calculated using 8(k.,/K,,) = |k../K;,| N S(k i/ k) +8(K /K )2 NA, not

applicable.

Transpeptidation Hydrolysis

CapD

ke (B71) 68.07 = 1.34 3.16 = 0.31

K,, (nm) 65.45 + 4.65 3.04 = 1.00

K, (nm) NA 377.59 * 126.48

kol K, (M1 571 X 10%) 288.90 * 21.30 288.74 = 99.11
cp

ke (71 63.37 = 2.67 3.33+0.35

K, (nm) 43.72 +7.20 2.83 = 1.00

K; (nm) NA 319.46 = 112.35

koo K, (M1 571 X 10%) 402.63 * 6.84 326.86 * 120.50
F24H

keae (A7) 4.42 +0.20 1.72 = 0.04

K, (nm) 57.49 = 9.54 6.92 = 0.58

K, (nm) NA 3583.2 * 726.98

kol K, (M1 871 X 107) 21.36 * 3.67 69.04 = 6.00

N-terminal methionine is 55,417 Da. The observed mass is
within the reported 0.02% machine error of the expected size of
the protein from which the N-terminal methionine has been
removed. This suggests that the catalytic threonine represents
the actual N terminus of CP (supplemental Fig. S2).

Kinetic Characterization of CP—To determine whether the
circular permutation of CapD had affected catalytic activity, the
reaction velocity was measured as a function of substrate con-
centration to determine the kinetic constants of the transpep-
tidation and hydrolysis reactions for CapD and CP (Table 1 and
supplemental Fig. S3). Both enzymes exhibited standard
Michaelis-Menten behavior for the transpeptidation reactions,
and the data were fit to the standard Michaelis-Menten model
(Equation 1).

KeatlS]

kobs = Km + [S]

(Eg. 1)
For the hydrolysis reactions, substrate inhibition was observed
for both enzymes, and the data were therefore fit to Equation 2.

kealS]
Kows = 1 (Eq.2)
Ko+ [SI|1+

Because of the heterogeneity of purified soluble CapD, it is dif-
ficult to determine exact kinetic constants. Therefore, a sample
that was >85% processed, as determined by gel electrophoresis
(supplemental Fig. S4), was used for the assays. No corrections
for purity were made to the calculations, as the level of addi-
tional processing that takes place over the course of the mea-
sured reaction is unclear. The additional corrections would not
significantly change the calculated kinetic constants. This was
not a concern for CP, as it appears homogeneous by both gel
electrophoresis and mass spectrometry (Fig. 2 and supplemen-
tal Fig. S2).

CapD and CP both exhibited a 20-fold increase in the cata-
Iytic rate (k) for the transpeptidation reaction relative to
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hydrolysis (Table 1). Analysis of the hydrolytic activity for both
enzymes suggested that each had at least a 15-fold higher K, in
the transpeptidation reaction. Interestingly, in the case of
transpeptidation, a 1.5-fold decrease in K|, was observed rela-
tive to CapD despite the fact that no mutations were made
within the active site of CP. For the hydrolysis reaction, the
calculated substrate inhibition constants (K;) were ~100-fold
higher than the Michaelis constant (K),,) for both enzymes. The
cause of substrate inhibition for this enzyme is unclear and has
not been previously reported.

The amino acid acceptor specificity in the transpeptidation
reaction for CapD and CP was characterized by measuring the
specific activity for these enzymes against all 20 amino acids
(Fig. 3). Both enzymes were able to utilize most amino acids as
substrates for the transpeptidation reaction. There was a sys-
tematic increase in activity for CP over CapD, consistent with

Glu
Gln
Ser
Cys
Asn
Ile
Phe
Met
Arg
Ala
His
Thr
Lys
Tyr*
Gly
Val
Leu
Asp
Trp
Pro
Hydrolysis =

0 2 4 6 8§ 10 12 14 16 18 20
Specific Activity (nmol/min/mg)

FIGURE 3. Amino acid specificity of CapD, CP, and F24H. The specific activ-
ity for each enzyme, CapD (gray), CP (light gray), and F24H (dark gray), was
determined using 5 mm amino acid acceptor as described under “Experimen-
tal Procedures.” The specific activity for L-Tyrosine (Tyr*) was assayed at 1.8
mm amino acid due to the limited solubility of tyrosine. Each activity was
measured in triplicate, and S.D. values are given in supplemental Table S2.

1

the shift in K, (Table 1). Proline showed the lowest transpep-
tidation activity with an 11-fold drop relative to glutamate, the
most active of the acceptor amino acids tested. The trends for
specific activity across the 20 amino acids for both CapD and
CP were consistent, suggesting that no significant structural
changes had occurred within the active site after the circular
permutation.

CD Analysis of CapD and CP—The far-UV CD spectra of
CapD and CP showed no significant differences (supplemental
Fig. S5A), suggesting that their secondary structures are similar,
as expected. The melting temperature of CapD was 48.4 °C,
whereas CP had a melting temperature of 51.1 °C, 2.7 * higher
(supplemental Fig. S5B). Both proteins denatured irreversibly
and aggregated with heating above the melting temperatures.

Kinetic Thermostability—To determine the effect of temper-
ature on enzymatic activity (i.e. kinetic thermostability), both
CapD and CP were incubated at temperatures ranging from 30
to 50 °C, and the rate of decay of enzymatic activity was mea-
sured. The loss of activity for both proteins over time exhibited
first-order kinetics, as shown in Fig. 4A4. At higher tempera-
tures, a clear increase in thermostability of CP relative to CapD
was observed, as incubation at 45 °C for 30 min resulted in
complete inactivation of CapD, whereas CP was still 90% active
(Fig. 4A).

Computational Redesign of CP Reaction Specificity—To
determine whether the in vivo mechanism of capsule degrada-
tion was due to hydrolysis or transpeptidation, we aimed to
engineer an enzyme that exhibited a decreased level of trans-
peptidation activity without loss of the ability to catalyze the
hydrolytic side reaction. Using the FoldIt interface to the
Rosetta software suite, a library of 84 CP enzyme variants was
designed such that the hydrolysis transition state was either
stabilized or not significantly affected. Although the mutations
were not explicitly modeled in the presence of the substrate or
transpeptidation product transition states (as the software is
not currently set up for multistate modeling), we hypothesized
that some of the enzymes in the designed library would prevent
an amino acid from binding in the acceptor site while still allow-
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FIGURE 4. Kinetic thermostability of CapD, CP, and F24H. A, shown is a plot of the fraction of remaining activity versus time for CapD (H) and CP () at 45 °C.
The data were fit to a first-order exponential decay to determine the rate of decay. Errors bars represent S.D. from three independent measurements. B, the rates
of decay were determined by fitting five individual time points using nonlinear regression to an exponential decay function for temperatures ranging from 30
to 50 °C for CapD (4 ), CP (M), and F24H (). These data were then fit using nonlinear regression to the Arrhenius equation. The calculated free energy of
inactivation and 95% confidence interval for CapD, CP, and F24H are 56.2 = 11, 144 = 15, and 163 = 13 kilocalories/mol, respectively.
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FIGURE 5. Active site mutation alters reaction specificity. Shown is the
hydrolysis transition state model, in which PDGA (teal) is attached to the cat-
alytic threonine (red). Two glycine backbone nitrogen atoms form an oxyan-
ion hole to stabilize the tetrahedral intermediate (dashed black lines) formed
during the hydrolysis reaction. A, the wild-type residue Phe®* (orange) is high-
lighted in CP. B, the point mutation of Phe?* to His (orange) is modeled in
F24H. All images were generated using PyMOL (22).
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FIGURE 6. Capsule degradation by CapD, CP, and F24H. Each protein was
tested for capsule degradation activity when incubated in normal mouse
serum. The proteins were serially diluted from 12.5 down to 0.78 ng/mlin a
solution of 50% 1X PBS and 50% normal mouse serum. After titration, the
capsule at a total concentration of 500 g (in water) was added to each sam-
ple. Lane 1, negative control, capsule only; lanes 2- 6, capsule with 12.5, 6.25,
3.125, 1.56, and 0.78 ug/ml F24H; lanes 7-11, capsule with 12.5, 6.25, 3.125,
1.56, and 0.78 ng/ml CapD; lanes 12-16, capsule with 12.5, 6.25, 3.125, 1.56,
and 0.78 ug/ml CP; lane 17, negative control, capsule only. As the capsule is
degraded, it will migrate farther down the gel.

ing the substrate to bind, resulting in a switch in reaction spec-
ificity. Each design was then produced and experimentally
characterized with respect to its hydrolytic and transpeptida-
tion activities (supplemental Fig. S6).

One mutant, F24H (which corresponds to residue 374 in
CapD), exhibited a decrease in transpeptidation activity with-
out a substantial effect on hydrolytic activity (Fig. 5). Kinetic
characterization of F24H showed a 15-fold reduction in the
catalytic rate of the transpeptidation reaction relative to CP,
whereas the rate of the hydrolysis reaction decreased only
2-fold (Table 1).

To ensure that the observed effect was general, the specific
activity of F24H-catalyzed transpeptidation for all 20 amino
acids was then measured. As depicted in Fig. 3, transpeptida-
tion activity was significantly decreased for all amino acid
acceptors. In addition, the F24H mutation did not affect kinetic
thermostability (Fig. 4B).

Mechanism of Capsule Degradation—To model the mecha-
nism of capsular degradation in vivo, the degradation efficiency
of F24H and CP in mouse serum was analyzed. If the mecha-
nism of action in serum was transpeptidation, the activity of
F24H should be significantly crippled relative to CP. Alterna-
tively, if the mechanism of action in serum was hydrolysis, only
a minimal difference in degradation activity between CP and
F24H would be expected. The level of capsular degradation by
both enzymes was determined using a gel shift assay as depicted
in Fig. 6. F24H was significantly less efficient at degrading the
capsule in serum compared with CP. Although the gel analysis
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is only qualitative, the levels of degradation for 12.5 ug/ml
F24H are roughly equivalent to 0.78 ug/ml CP, representing a
16-fold change in activity (Fig. 6). These data agree well with the
15-fold drop in transpeptidation activity measured using the
synthetic PDGA substrate.

DISCUSSION

The B. anthracis y-linked p-glutamyl transpeptidase CapD is
expressed as an inactive linear peptide chain, which must
undergo autocatalytic processing to form the active enzyme.
This post-translational processing results in a heterodimer with
a large subunit (residues 1-324) and a small subunit (residues
325-521), as depicted in Fig. 1A. The N-terminal threonine of
the small subunit serves as the catalytic residue for the degra-
dation of the PDGA substrate. Recombinant expression of
CapD results in a heterogeneous mixture of processed and
unprocessed soluble proteins (Fig. 2). This production property
is not ideal for a protein therapeutic because consistent struc-
tural integrity is required for Food and Drug Administration
(FDA) approval (18). Specifically, the FDA requires that a com-
bination of SDS-PAGE, isoelectric focusing, high-performance
liquid chromatography, and mass spectrometry be used to
show that proteins are not fragmented, aggregated, or other-
wise modified (e.g. partial autocatalytic processing). To address
the issue of partial and variable autocatalytic processing of
CapD, the protein was circularly permuted such that it would
be produced as a homogeneous monomeric protein.

As depicted in Fig. 14, the N terminus of the large subunit
and the C terminus of the small subunit of CapD are in prox-
imity to one another in the folded processed heterodimer. We
hypothesized that the termini could be connected to create a
single-chain monomeric protein, circumventing the need for
autocatalytic processing. Using the FoldIt interface of the
Rosetta software suite, we designed a short peptide linker that
was predicted to connect the C terminus of the small subunit to
the N terminus of the large subunit (Fig. 1B). In the circularly
permuted variant, the catalytic N-terminal threonine is natively
translated as the protein’s N-terminal residue, abrogating the
need for CapD to undergo autocatalytic cleavage to form an
active enzyme.

Experimental characterization confirmed that autocatalytic
processing was no longer required for the CP variant (Fig. 2).
The activities of CP for both hydrolysis and transpeptidation
were analyzed and were observed to remain the same as for
CapD, if not slightly improved (Table 1).

It has been previously demonstrated that circular permuta-
tion of proteins can result in changes in thermostability (19). To
characterize kinetic thermostability, CapD and CP were incu-
bated at a range of temperatures, after which the remaining
activity was measured at a series of time points. As depicted in
Fig. 4 (A and B), the circular permutation resulted in a signifi-
cant increase in overall kinetic thermostability. At 45 °C, CapD
was rendered inactive in a manner of minutes, whereas CP
remained 90% active after 0.5 h. However, the structural ther-
mostability was determined by CD for CapD and CP. Both
enzymes exhibited similar melting temperatures of 48.4 and
51.1 °C, respectively (supplemental Fig. S5B). In this case, there
was a much smaller change in stability. We hypothesize that
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this difference in stability is due to aloss of quaternary structure
(i.e. dissociation of the two subunits), resulting in a decrease in
catalytic activity for CapD. Such a disruption of quaternary
structure would result in an inactive enzyme without signifi-
cantly affecting the signal observed by CD. At significantly
higher temperatures, the secondary structures of both proteins
were disrupted, resulting in the observed changes in the CD
signal (supplemental Fig. S5B). The designed peptide linker that
connects the two subunits in CP altered the quaternary struc-
ture of the enzyme such that it was converted from a heterodi-
meric protein into a single-chain monomeric protein. This
change would be predicted to have a more significant effect on
the dissociation of the two subunits than the protein’s second-
ary structure. This is consistent with the circular permutation
of CapD having an increased kinetic thermostability. The
increase in stability is likely to improve the ease of handling and
may enhance its iz vivo pharmacokinetic properties.

Another feature of CapD that has remained a mystery is the
mechanism through which it catalyzes the capsular degrada-
tion of B. anthracis in mouse serum. The primary function of
CapD is transpeptidation, in which the polyglutamyl chain is
cleaved, resulting in an acyl-enzyme intermediate. An acceptor
with a free amine (such as an amino acid or a peptide from the
peptidoglycan layer) must then bind within the active site and
subsequently accept the polyglutamyl chain. If no acceptor is
present, hydrolysis of the acyl-enzyme intermediate occurs
instead. In this case, a water molecule acts as the primary accep-
tor, resulting in the formation of a free acid and the regenerated
enzyme (supplemental Fig. S7). The balance of transpeptida-
tion versus hydrolysis is well established for this class of
enzymes (20, 21).

Although the native function of CapD is to build the
antiphagocytic outer coat of B. anthracis through a transpepti-
dation reaction, the mechanism of capsular degradation could
proceed through either a hydrolysis or transpeptidation reac-
tion. In the case of transpeptidation, endogenous amino acids
and peptides in the host serum could act as acceptors instead of
the peptidoglycan layer. If CapD levels are elevated beyond a
particular threshold, the low-level but irreversible hydrolysis
side reaction could eventually overwhelm the dominant but
reversible transpeptidation reaction to the peptidoglycan layer.
In an effort to develop protein-based anthrax therapeutics, it
will be useful to know through which of the two mechanisms
the capsular degradation is occurring. One potential method to
determine this is to re-engineer the reaction specificity of CapD
such that the transpeptidation reaction is diminished but the
hydrolytic activity of the enzyme remains intact.

Using the Rosetta software suite, we created a computation-
ally designed active site library of 84 mutants predicted to be
compatible with the hydrolysis transition state. Each of the 84
mutants was generated and screened for both hydrolytic and
transpeptidation activities. From the initial screen, a general
preference of disrupting transpeptidation with concomitant
maintenance of hydrolytic activity was observed (supplemental
Fig. S6). One mutant, F24H, showed a particularly interesting
property in that it essentially maintained hydrolytic activity
while significantly decreasing the transpeptidation reaction
rate. Kinetic characterization of the F24H variant suggested
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that this mutation accomplished the desired alteration of reac-
tion specificity, as shown in Table 1.

To use this protein as a tool to elucidate the in vivo mecha-
nism of capsular degradation, it was important to validate that
the rate of the transpeptidation reaction was diminished not
only with respect to the amino acid acceptor glutamate but also
for all of the 20 amino acids that may be present in serum. As
depicted in Fig. 3, this mutation significantly decreased the
transpeptidation activity for every amino acid. In addition, the
mutation did not compromise kinetic thermostability (Fig. 4B),
suggesting that the change of the reaction was due to an alter-
ation of the chemistry occurring in the active site and not sim-
ply due to a global structural destabilization. The F24H model
does not clearly indicate why this particular mutation would
result in such a drastic change in reaction specificity, as the
closest nitrogen atom of His?** is 7.1 A away from the oxygen
atom of the catalytic Thr' (Thr' of CP corresponds to Thr*>* of
CapD) (Fig. 5B). The change in specificity could be the result of
amodulation of the electrostatic environment of the active site
such that the attack of the acyl-enzyme intermediate by a neu-
tral amine within the active site is disfavored. Further experi-
mentation is required to develop a more complete understand-
ing of how this mutation alters the reaction specificity.

Assays were conducted to explore the mechanism of capsular
degradation in serum using CapD, CP, and F24H. Degradation
efficiency in the presence of serum was measured as a function
of protein concentration, as shown in Fig. 6. F24H exhibited a
>10-fold decrease in its ability to degrade the capsule relative
to CP and CapD. This change in reaction specificity is consis-
tent with the mechanism of CapD-mediated capsule degrada-
tion being transpeptidation. If a hydrolytic mechanism were
employed, this assay would not have shown such a significant
difference between the ability of F24H to degrade the capsule
relative to CP. The abilities of CP and F24H to catalyze the
degradation of a synthetic PDGA substrate in the presence or
absence of serum was then explored. Again, F24H showed an
~2-fold increase in activity in the presence of 25% serum,
whereas CP and CapD showed a >8-fold increase in activity in
the presence of 25% serum (supplemental Fig. S8). Assuming
that capsular degradation in mouse serum is representative of
an in vivo environment, these experimental results comparing
F24H with CP are consistent with the in vivo capsule degrada-
tion mechanism being transpeptidation (likely using endoge-
nous amino acids and peptides as PDGA acceptors), as opposed
to hydrolysis. Although F24H exhibits a significant change in
reaction specificity and has provided an essential tool for the
investigation of the in vivo mechanism of capsular degradation,
additional mutants with larger changes in reaction specificity
will be required to conclude that the in vivo reaction catalyzed
by CapD is done primarily through transpeptidation and not
hydrolysis.

It is important to generate improved anthrax therapeutics in
the near future. The native B. anthracis protein CapD is a
promising candidate for such a protein-based therapeutic but
currently suffers from limitations that may prevent its general
use. In this study, we have applied computational protein mod-
eling techniques both to improve the production properties of
CapD and to significantly increase its kinetic thermostability. In
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addition, we generated a novel enzyme that was then used to
help elucidate how this protein functions in vivo, and our
results will inform future studies aimed at converting this pro-
tein into a potent protein-based therapeutic. The improved
properties of CP, as well as the enhanced knowledge of this
protein’s function, should lead to the more efficient develop-
ment of anthrax therapeutics.
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