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ABSTRACT
In biological systems, iron is extremely important due to its use in electron transport,
redox centers, oxygen transport, dismutation of reactive oxygen species, and structural
stabilization. Among bacteria, iron is essential for healthy growth and many mechanisms exist
for its acquisition. A prominent example is the iron-regulated surface determinant (Isd) system,
which is found in many pathogens including the causative agent of anthrax, Bacillus anthracis.
In the Isd system of B. anthracis, the protein IsdX1 is responsible for scavenging heme from host
hemoglobin so that iron can be acquired through heme degradation. This process is not novel
among bacteria that express Isd proteins, but IsdX1 is unique as the only example of an
extracellular hemophore in Gram-positive bacteria.

In order to understand the functional

mechanics of IsdX1, it is necessary to characterize the protein with and without heme bound.
This is accomplished by assessing proteolytic and thermal stability with limited proteolysis and
circular dichroism. Using these tools, it is clear that IsdX1 is a stable protein in both the apo and
holo forms that is quite resistant to proteolytic degradation. The binding of heme increases
thermal stability to a moderate extent. These results suggest that IsdX1 is important for the
growth of B. anthracis, and that heme binding influences the secondary structure content,
possibly through a stabilizing conformational change.

INTRODUCTION
Anthrax is a disease that has impacted humanity for much of modern history, with
plagues over the past several thousand years having claimed tens of thousands of human lives
and ten times as many domesticated livestock7. Anthrax is an acute bacterial disease with
differential lethality based upon the site of infection, with respiratory and cutaneous infections
being most common. Respiratory infections are the most dangerous, with mortality at greater
than 95% if early treatment is not administered4. Cutaneous infections are the least detrimental,
with mortality rates near 20% if untreated, but are the most noticeable as they present with large,
necrotic lesions and ulcers4.

Because of the historical significance of this disease, and its

characteristic presentations, it is no surprise that fields of medicine, microbiology, and
biochemistry have studied anthrax for more than 150 years7.
Indeed, it was by studying the transmission of anthrax in the 1870s that Robert Koch
empirically illustrated how a single microorganism could induce disease, which was crucial for
substantiating germ theory7. It was only several years later that Pasteur pioneered vaccinations
with this same microorganism, using anthrax in many public experiments and demonstrations10.
It was again Pasteur and Joubert who related the reduced lethality of anthrax to a secondary
infection, an effect known as antibiosis, which influenced the framework of antibiotic treatment 7.
Even with such a rich research history, investigations regarding B. anthracis have continued in
earnest as the modern world faces the threat of anthrax as an agent of bioterrorism.
The causative agent of anthrax is the Gram-positive bacterium Bacillus anthracis. In
nature, B. anthracis is predominately encountered as a dormant spore, the thick outer capsule of
which allows the bacterium to remain viable for up to several hundred years4. Infection takes
place when spores enter the respiratory tract, open wounds in the skin, or the gastrointestinal
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tract and germinate to become vegetative cells. After germination, B. anthracis replicates to
high numbers and spreads throughout the body, often leading to systemic infections and
septicemia4. In order to support this rapid growth, B. anthracis must obtain a large amount of
iron from its host. In humans and other mammals, iron may be stored at low levels in carrier
proteins such as transferrin, but is more likely to be found coordinated to the porphyrin
derivative heme1. Although sequestered by many different types of proteins, heme is found in
relative abundance in the hemoglobin used to transport oxygen in erythrocytes.
In conditions of iron scarcity, B. anthracis is able to access these host iron deposits
through the iron-regulated surface determinant (Isd) system. The proteins involved in iron
acquisition are IsdX1, IsdX2, IsdC, IsdD, IsdE, IsdF, and IsdG5, 8 (Figure 1). IsdX1 and IsdX2
are exported from the cell and obtain heme from host hemoglobin5. Both proteins then transfer
heme to IsdC, which is bound to the cell wall of B. anthracis in a Sortase B dependent
manner6. Once bound to IsdC, heme can enter the cell via the Isd iron permease system and be
transported across the bacterial membrane6. Heme is degraded by the monooxygenase IsdG, and
free iron is utilized for cellular processes by the bacterium8. Research has indicated that the Isd
system is upregulated during periods of infection3, so understanding the biochemical
mechanisms of this system may improve clinical treatment of anthrax.
Because IsdX1 can acquire heme from hemoglobin, it is integral to the pathogenesis of B.
anthracis4. As such, preliminary studies have been conducted regarding heme acquisition from
hemoglobin by IsdX1 and subsequent transfer to other Isd proteins. Although a consensus about
the mechanism of IsdX1 heme transfer has yet to be reached, structural analysis of the IsdX1
heme-binding pocket has indicated a likely pathway. It is thought that a 3 10-helix that spans the
heme-binding region is highly labile, allowing the structure to open and close around a ligand to
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control binding5 (Figure 2). As such, the binding of heme may impact secondary structure
content of IsdX1 while reducing the transient motion of the 310-helix and altering structural
stability. However, it is important to note that these assertions were based upon crystallographic
data, which produces a static representation of a protein in a conformation influenced by crystal
packing.

Consequently, further investigation will require techniques to probe structure in

solution.
Circular dichroism, which measures the change in ellipticity of circularly polarized light
when passed through a solution, is a commonly used technique to probe the structural
characteristics of proteins, including secondary structure content and thermal stability11. As
ellipticity is measured across a wide range of wavelengths, a curve is generated that is
characteristic of various secondary structures, such as α-helices, β-sheets, and random coils. By
monitoring the changes in ellipticity at a single wavelength as a function of temperature, the
melting point of secondary structures can be obtained and overall structural stability can be
inferred.
Structural changes can also be probed by limited proteolysis in combination with
techniques like SDS-PAGE and mass spectrometry. Limited proteolysis describes a process in
which complete proteolytic digestion is impeded by limiting the amount of protease used or
carrying out digestion in environments not conducive to efficient cleavage2, such as at low
temperatures. This leads to preferential cleavage of particularly labile or exposed regions of a
protein2. If fragment identification can be accomplished by SDS-PAGE and mass spectrometry,
then limited proteolysis allows inference regarding domain stability and structural changes upon
ligand binding9. Because of the analytical power of these two techniques, both will be used to
analyze the thermal and proteolytic stability of IsdX1 in the presence and absence of heme.
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METHODS
PROTEIN EXPRESSION AND PURIFICATION OF ISDX1
The pGEX2TK plasmid encoding GST-Tagged IsdX1 was provided by Kayla Polzin and
expressed in BL21-DE3 competent cells.

The BL21-DE3 cells were streaked on LB agar

containing 0.05 mg/mL Ampicillin for 12-16 hours.

Single colonies were isolated and

transferred to 25 mL of LB broth containing 0.1 mg/mL Ampicillin for another 12-16 hours.
From a single culture, 20 mL were used to inoculate 1 L of LB broth containing 0.1 mg/mL
Ampicillin, and cells were grown until an OD600 of 0.5 - 0.8 was achieved. Protein expression
was then induced with 1 mL of 1.5 M IPTG. After 2-4 hours of growth, cells were harvested by
centrifugation, and the pellet maintained at -20 °C until lysis. All phases of growth from
streaking to induction took place at 37 °C. Cell lysis was done with a French Press, and cellular
debris was removed via centrifugation at 15,000 rpm for 45 minutes.
The supernatant from the French Press was loaded onto approximately 3 mL of
glutathione resin. The column was washed with 100 mL of 40 mM Tris pH 9.3 and IsdX1 was
eluted with 50 mL of 40 mM Tris 20 mM reduced glutathione pH 9.3. GST-IsdX1 was
visualized with SDS-PAGE, and eluent containing GST-IsdX1 was concentrated to 20 mL for
TEV cleavage. The solution was brought to a final concentration of 1 mM DTT 1 mM EDTA,
and 1.5 mL of 1 mg/mL TEV was added. The protein and protease were dialyzed against 1 L of
40 mM HEPES pH 8.4 overnight. The GST/IsdX1/TEV solution was loaded onto a HiPrep SP
FF 16/10 ion exchange column with 40 mM HEPES pH 8.4. Elution required 40 mM HEPES
1M NaCl pH 8.4. IsdX1 was visualized with SDS-PAGE, with values of absorbance at 280 nm
over the course of the elution used as indicators of fractions likely containing protein. Fractions
were then concentrated as desired, with concentration of IsdX1 verified via Bradford Assay.
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HEME EXTRACTION
Heme extraction was performed on a 5 mL sample of IsdX1 in 40 mM HEPES pH 8.4, to
which 1 - 5 drops Bromophenol Blue were added to serve as a pH indicator. The dropwise
addition of 1 M HCl reduced the solution to pH 3, at which point the Bromophenol Blue turned
yellow. After adding 5 mL of methyl ethyl ketone (MEK), the solution was vortexed for 20
seconds and submerged in ice for 10 minutes. The organic layer was removed and the process
beginning with MEK addition was repeated twice. After removing the final organic layer, the
solution was dialyzed against 4 L of 1 mM sodium bicarbonate for 2 hours by exchanging 1 L of
sodium bicarbonate every 30 minutes. The apo-IsdX1 was then dialyzed against 3 L of purified
water for 1.5 hours by exchanging 1 L of water every 30 minutes. Finally, the apo-IsdX1 was
dialyzed against 4 L of 100 mM Tris pH 8.0 overnight for storage.
HEME LOADING
A hemin solution was prepared with 4 mg heme in 400 μL of 0.1 M NaOH, maintained
on ice, and vortexed periodically. After 30 minutes, an additional 400 μL of 1 M Tris pH 7.4
was added. Hemin not in solution was removed by centrifugation at 13,000 rpm for 10 minutes
at 4 °C. The hemin was diluted with 1 mL of 50 mM Tris 150 mM NaCl pH 7.4 and centrifuged
again at 5,100 rpm for 10 minutes.

The concentration was assessed with absorption

spectroscopy, using the extinction coefficient ε385 = 58.44 mM-1cm-1. Apo-IsdX1 was mixed
with 1.5 molar equivalents of hemin and incubated on ice for 1 hour. Excess hemin was again
removed by centrifugation.
CIRCULAR DICHROISM
Both apo- and holo-IsdX1 were dialyzed against 5 mM sodium phosphate pH 8.0 and 5
mM sodium phosphate pH 7.4. All samples were concentrated to 0.3 mg/mL for use in the
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circular dichroism spectrometer. Ellipticity of apo- and holo-IsdX1 from 205 - 260 nm was
obtained by scanning each wavelength 5 times with an integration time of 15 - 17 seconds.
Ellipticity was converted to molar ellipticity as indicated in Supplemental Materials 1.
Thermal stability of IsdX1 was assessed by monitoring the changes in molar ellipticity at
216 nm from 20 - 90 °C. A script was written so that ellipticity would be noted every 5 °C from
20 - 65 °C and every 2 °C from 68 - 90 °C for a total of 22 measurements. Each measurement
was taken after 1 minute of incubation at the target temperature, and consisted of 5 scans with
integration times of 7-12 seconds. The same script was run in reverse, recording ellipticity as
IsdX1 cooled to 20°C. This process was repeated for apo- and holo-IsdX1 at both pH 8.0 and
pH 7.4. Ellipticity was converted to molar ellipticity as before. The melting temperature was
estimated via curve fitting in Kaleidagraph, using a function graciously shared by the Cordes Lab
(Supplemental Materials 2).
LIMITED PROTEOLYSIS
Tryptic digests were carried out at a 1:50 trypsin:IsdX1 ratio by weight and incubated at
room temperature. Both holo- and apo-IsdX1 were in 40 mM HEPES pH 8.0, and lyophilized
trypsin was brought up in 1 mM HCl. Reaction vessels were incubated at room temperature for
times ranging from 1 hour to 4 days. Digestion was quenched when 5 μL of SDS-PAGE loading
dye was added to a 20 μL aliquot of trypsin/IsdX1 and the solution was boiled for 3 minutes.
This was done after incubation times of 60 and 180 minutes for holo-IsdX1 and 60 minutes, 120
minutes, 12 hours, and 4 days for apo-IsdX1. In each of these cases, the initial reaction vessel
contained 0.05 mg of IsdX1 and 0.001 mg of trypsin. Digestion was visualized with SDSPAGE, and proteins were assigned to bands in each lane based on molecular weight.

Kenrick 6

Chymotryptic digests were carried out at a 1:1 chymotrypsin:IsdX1 ratio by weight and
incubated at room temperature. Both holo- and apo-IsdX1 were in 40 mM HEPES pH 8.0, and
lyophilized chymotrypsin was brought up in 1 mM HCl. Reaction vessels were incubated at
room temperature for 1 to 3 hours. Digestion was quenched by adding 7.5 μL of SDS-PAGE
loading dye to a 30 μL aliquot of chymotrypsin/IsdX1 and the solution was boiled for 3 minutes.
For both apo- and holo-IsdX1, incubation times were 60 minutes, 180 minutes, and 14 hours. In
each case, the initial reaction vessel contained 0.05 mg of IsdX1 and 0.05 mg of chymotrypsin.
Digestion was visualized with SDS-PAGE, and proteins were assigned to bands in each lane
based on apparent molecular weight.
RESULTS
CIRCULAR DICHROISM
The secondary structure content of IsdX1 was verified by assessing spectra of molar
ellipticity from 205 - 260 nm wavelengths. This was done under conditions of low salt and
moderate pH in order to obtain reliable circular dichroism spectra without reducing the stability
of IsdX1. As illustrated in Figure 3, both apo- and holo-IsdX1 produce spectra characteristic of
a predominately β-sheet structure. This is consistent with previous studies and with reported
crystal structures of apo- and holo-IsdX1.
To assess the thermal stability of IsdX1, molar ellipticity at 216 nm was monitored
between 20 and 90 °C. This wavelength was chosen because a local molar ellipticity minimum
is apparent at 216 nm in both apo- and holo-IsdX1, so degradation of secondary structure would
be most evident at that wavelength. Salt concentrations were maintained at 5 mM sodium
phosphate to facilitate efficient passage of circularly polarized light through the sample, but pH
was varied to assess how host physiological conditions might impact stability.
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At a physiological pH of 7.4, holo-IsdX1was found to have a melting temperature of
54.45 ± 3.86 °C when heating the protein and a melting temperature of 53.64 ± 2.88 °C when
cooling the protein. Under the same conditions, apo-IsdX1 had a melting point of 56.43 ± 5.61
°C when melting and 62.23 ± 6.27 °C when refolding. Confidence in these values is dependent
upon how well the melting curve fit accounts for variability in the data, described in the
coefficient of determination (R2) value. In three of these cases, more than 97% of variation is
accounted for by the fit, with the fit of the holo-melting curve being the only outlier with an R2
value of 0.93. These values and a visual representation of the fit are found in Figure 4.
As purification of IsdX1 takes place at slightly elevated pH relative to physiological
conditions, it is known that the protein is particularly stable at pH 8.0. Under these conditions,
apo-IsdX1 displayed a similar melting temperature of 56.43 ± 5.61 °C when heated and 62.23 ±
6.27 °C when cooled.
however.

The melting temperature of holo-IsdX1 was significantly different,

When in 5 mM sodium phosphate pH 8.0, holo-IsdX1 melted temperature was

determined to be 71.89 ± 0.87 °C when heated and 75.78 ± 9.02 °C when cooled. Confidence in
these values is high as the thermal melt fit accounts for more than 98% of variability in the data
in all cases. These values, as well as a visual representation of the thermal melt fit, are found in
Figure 5.
LIMITED PROTEOLYSIS
Limited proteolysis was carried out on holo- and apo-IsdX1 under conditions determined
through a comprehensive optimization process that included different ratios of protein to
protease, buffer conditions, and incubation temperatures (data not shown). The proteolytic
activity of both trypsin and chymotrypsin was verified with a set of readily digested protein
standards (data not shown). Using trypsin as a protease in a 1:50 trypsin:IsdX1 ratio by weight,
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there was no apparent proteolytic cleavage of apo- or holo-IsdX1. During the holo-IsdX1 time
course, peptide fragments were noted by SDS-PAGE, but they were identified as the digestion
product of residual GST. This assignment was based on the fact that the intensity of IsdX1
bands did not vary across time, as illustrated in Figure 6, and on a similar phenomenon observed
during chymotryptic digestion.
When chymotrypsin was used in a 1:1 chymotrypsin:IsdX1 ratio by weight, there was no
apparent proteolytic cleavage of apo- or holo-IsdX1. In both protein states and at all time points,
nearly identical peptide fragments are observed under the IsdX1 band. Again, these were
identified as fragments from the digestion of residual GST. This is because as the intensity of
these fragments increases relative to one another, the intensity of the GST band decreases.
Additionally, there is no related change in the intensity of IsdX1 over time, as shown in Figure 7.
DISCUSSION
In an effort to understand the relationship between structure and function of IsdX1, and
the corresponding relationship between function of IsdX1 and anthrax pathogenesis, the thermal
and proteolytic stability of IsdX1 in solution was probed. Data obtained from circular dichroism
related directly to the secondary structure content and relative thermal stability of IsdX1 in the
presence and absence of heme. Additionally, thermal melts at pH 8.0 and pH 7.4 allowed for a
comparison of IsdX1 stability in common laboratory and physiological conditions, respectively.
Data from limited proteolysis illustrated proteolytic sensitivity, and could have been used to
indirectly infer protein dynamics and gross conformational changes after binding heme in a
solution environment.
By analyzing the circular dichroism spectra, it is clear that both apo- and holo-IsdX1 are
characterized by β-sheet secondary structure. From the differences in calculated molar ellipticity
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between apo- and holo-IsdX1, it is also clear that heme-binding increases the secondary structure
content of IsdX1. This is because the values of holo-IsdX1 ellipticity at 216 nm are much more
negative than those of apo-IsdX1. That the secondary structure content did not change from
predominantly β-sheet to α-helix is verified by the spectra from 205-260 nm for both apo- and
holo-IsdX1.
At physiological pH, there is no appreciable difference between the melting temperatures
of apo- and holo-IsdX1, despite the large difference in melting temperature observed at pH 8.0.
Although the formal charge of the protein would not have been influenced by this pH change, as
the isoelectric point of IsdX1 is near 9.0, the electronic environment may still be changed enough
to affect thermal stability. Because no mammalian host environment naturally approaches the
observed melting temperature of roughly 55 °C, this relative lower thermal stability at pH 7.4 is
unlikely to be relevant to the fitness of B. anthracis.

This is especially relevant when

considering the relative increase in secondary structure content upon heme-binding is still
observed at pH 7.4, so not all secondary structure attributes are equally affected. Considering
this, it would be beneficial to analyze the structure of IsdX1 to see if a minor change in pH might
weaken the electronic association between secondary structural elements as well as to analyze
how more radical changes in pH influence thermal stability and secondary structure content.
By assessing the digestion products of limited proteolysis through SDS-PAGE, it is clear
that IsdX1 is proteolytically resistant to both trypsin and chymotrypsin under a wide range of
conditions. Indeed, through a comparison of banding patterns across lanes, it was clear that the
only digestion products observed were peptide fragments from residual GST. It is worth noting
that limited proteolysis with chymotrypsin is usually conducted with ratios of 1:200 or 1:300
protease:protein by weight, but no digestion of IsdX1 was observed even at a ratio of 1:1
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chymotrypsin:IsdX1. Additionally, it is not uncommon for limited proteolysis to be carried out
on ice to slow the rapid cleavage of protein samples, where these digestion incubations were at
room temperature and still no cleavage was observed. This resistance exists in the face of 21
potential sites of tryptic cleavage and 14 potential sites of chymotryptic cleavage, many of which
are located on the surface of the protein as illustrated in Figure 8.
However, developing proteolytic resistance in IsdX1 could be a significant indicator of
the importance of IsdX1 for the fitness of B. anthracis as approximated by virulence and
pathogenesis. This is because IsdX1 is exported from the bacterial cell and functions as an
extracellular hemophore. Among mammalian hosts, the extracellular environment in which to
gather heme would be blood and serum, both of which are full of proteases used in processes
from clotting to immune responses. If IsdX1 were readily proteolyzed, the Isd system could not
function as efficiently and B. anthracis fitness would suffer. Although IsdX1 is unique among
Gram-positive bacteria as an extracellular hemophore, it would be interesting to probe the
proteolytic sensitivity of analogous hemophores in Gram-negative bacteria to observe any
comparable trends.
Through this research, it was possible to probe the thermal and proteolytic sensitivity of
the extracellular hemophore IsdX1. Using circular dichroism, trends in molar ellipticity were
observed that suggested increased secondary structure content as well as increased stability upon
heme binding. Through limited proteolysis, IsdX1 was determined to be very proteolytically
resistant under a range of conditions. With this in mind, it seems likely that a conformational
change in IsdX1 accompanies the binding of heme. However, whether binding is promoted by
the closing of the labile 310-helix around heme has yet to be shown. Indeed, data from these
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experiments seems to suggest some change in the overall β-sheet content of the protein rather
than the α-helical content.
Considering heme seems to stack on top of a pair of two antiparallel β-sheets rather than
underneath the 310-helical lip (Figure 2), these β-sheets may be functionally relevant in heme
binding.

The ionic interactions between heme and IsdX1 residues may align the peptide

backbone in such a way that β-sheet propagation is favorable, which makes binding favorable by
stabilizing the protein.

In future research, protein NMR could be used to elucidate gross

structural changes in either the 310-helix or peptide backbone orientation.

Additionally,

permanently restricting the motion of the 310-helical lip through covalent modification, like
cross-linking, or through site directed mutagenesis would illustrate how heme binding and
affinity are impacted by a lip that neither opens nor closes.
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FIGURE LEGEND
Figure 1
The Isd system protein network in B. anthracis as reported by Maresso and colleagues. IsdX1
and IsdX1 are extracellular hemophores, IsdC interacts with IsdX1 and IsdX2 to transport heme
across the cell wall, the proteins IsdDEF function as a pump to transport heme across the inner
membrane, and IsdG is a monooxygenase that degrades heme to release free iron2, 7.
Figure 2
The cartoon representation of IsdX1 bound to heme. The 310-helix is highlighted in red and
heme is colored orange.
Figure 3
The circular dichroism spectra of holo- and apo-IsdX1 in 5mM sodium phosphate pH 8.0.
Ellipticity was monitored for wavelengths from 205-260 nm.
Figure 4
The melting and refolding of (A) apo- and (B) holo-IsdX1 in 5 mM sodium phosphate pH 7.4.
Molar ellipticity was measured at 216 nm while temperatures were raised from 20 to 90 °C then
dropped from 90 to 20 °C. Relevant information obtained from fitting a curve to these data, such
as melting temperature (TM), R2 value, and χ-Square value, is presented in the inset.
Figure 5
The melting and refolding of (A) apo- and (B) holo-IsdX1 in 5 mM sodium phosphate pH 8.0.
Molar ellipticity was measured at 216 nm while temperatures were raised from 20 to 90 °C then
dropped from 90 to 20 °C. Relevant information obtained from fitting a curve to these data, such
as melting temperature (TM), R2 value, and χ-Square value, is presented in the inset.
Table 1
A summary of the temperatures at which melting or refolding occurred when heating or cooling
holo- and apo-IsdX1 at pH 7.4 and pH 8.
Figure 6
A 17% SDS-PAGE analysis of IsdX1 tryptic digests. The left is holo-IsdX1, and the right is
apo-IsdX1. Time is indicated in minutes or days, with O/N meaning overnight. Each digestion
was carried out with 0.05 mg IsdX1 and a 1:50 trypsin:IsdX1 ratio by weight. Protein
assignments are based on apparent molecular weight, with the observed digestion product likely
being from GST.
Figure 7
A 17% SDS-PAGE analysis of IsdX1 chymotryptic digests. As indicated, the left is holo-IsdX1,
and the right is apo-IsdX1. Time is shown in minutes, with O/N meaning overnight. Each
digestion was carried out with 0.05 mg IsdX1 and a 1:1 chymotrypsin:IsdX1 ratio by weight.
Protein assignments are based on apparent molecular weight. The observed digestion product is
likely from GST as indicated by the decrease in GST band intensity over time and lack of change
in IsdX1 intensity.
Kenrick 14

Figure 8
The space-filling crystal structure of heme-bound IsdX1 (PDB 3SIK) with potential sites of
tryptic digestion marked red, potential chymotryptic digestion sites marked blue, and heme
marked orange.
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Table 1
Holo-IsdX1
pH 7.4

pH 8.0

Apo-IsdX1
pH 7.4

pH 8.0

TMelting (°C) 54.45 ± 3.86 71.89 ± 0.87 56.43 ± 5.61 56.65 ± 1.96
TRefolding (°C) 53.64 ± 2.88 75.78 ± 9.02 62.23 ± 6.27 55.08 ± 1.56
Figure 6

Figure 7
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Figure 8
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