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Abstract

This work sought to assess optimal extraction conditions in the study of the metalloproteome of 

the dimorphic fungus Histoplasma capsulatum. One of the body’s responses to H. capsulatum 
infection is sequestration of zinc within host macrophage (MØ), as reported by Vignesh et al. 

(Immunity 39:697–710, 2013) and Vignesh et al. (PLOS Pathog 9:E1003815, 2013). Thus, 

metalloproteins containing zinc were of greatest interest as it plays a critical role in survival of the 

fungus. One challenge in metalloproteomics is the preservation of the native structure of proteins 

to retain non-covalently bound metals. Many of the conventional cell lysis, separation, and 

identification techniques in proteomics are carried out under conditions that could lead to protein 

denaturation. Various cell lysis techniques were investigated in an effort to both maintain the 

metalloproteins during lysis and subsequent analysis while, at the same time, serving to be strong 

enough to break the cell wall, allowing access to cytosolic metalloproteins. The addition of 1% 

Triton x-100, a non-ionic detergent, to the lysis buffer was also studied. Seven lysis methods were 

considered and these included: Glass Homogenizer (H), Bead Beater (BB), Sonication Probe (SP), 

Vortex with 1% Triton x-100 (V, T), Vortex with no Triton x-100 (V, NT), Sonication Bath, Vortex, 

and 1% Triton x-100 (SB, V, T) and Sonication Bath, Vortex, and no Triton x-100 (SB, V, NT). A 

Qubit® Assay was used to compare total protein concentration and inductively coupled plasma–

mass spectrometry (ICP-MS) was utilized for total metal analysis of cell lysates. Size exclusion 

chromatography coupled to ICP-MS (SEC-HPLC-ICP-MS) was used for separation of the 

metalloproteins in the cell lysate and the concentration of Zn over a wide molecular weight range 

was examined. Additional factors such as potential contamination sources were also considered. A 

cell lysis method involving vortexing H. capsulatum yeast cells with 500 μm glass beads in a 1% 

Triton x-100 lysis buffer (V, T) was found to be most advantageous to extract intact zinc 

metalloproteins as demonstrated by the highest Zn to protein ratio, 1.030 ng Zn/μg protein, and Zn 

distribution among high, mid, and low molecular weights suggesting the least amount of protein 

denaturation.
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Introduction

The field of metallomics has emerged over the past few decades as the study of metals and 

their use for growth and survival within biological organisms [1–3]. Many times, metals are 

associated with a given protein and it is estimated that one third of all proteins contain a 

metal [4]. Within metallomics, the study of metal transport, storage, and use by proteins, 

known as metalloproteomics, has expanded protein studies considerably [2, 3].Investigations 

range from pure inquiry into the metalloproteome as a whole or targeting a specific metal, as 

the metal may be used by enzymes as cofactors to catalyze reactions, the metal may be 

necessary for protein function, or the metal may play key structural roles within a protein 

[5–8]. Other studies probe metal-protein binding as an assessment of environmental 

exposure [9–11] or disease pathogenesis [12, 13]. Still others seek to elucidate the 

mechanisms of metallodrugs and their fate within cells [14, 15].

Most microbial metalloproteomes are, as of yet, largely uncharacterized [16]. Histoplasma 
capsulatum, in particular, is a dimorphic fungus and causes a respiratory infection known as 

histoplasmosis which may develop into a progressive infection, especially for 

immunocompromised individuals [17]. One of the first lines of defense against H. 
capsulatum is macrophage (MΦ), yet H. capsulatum has the ability to avoid host immune 

defenses by replicating within the MΦ [18]. One of the body’s responses to this infection, 

using the H. capsulatum strain G217B, is the simultaneous sequestration of zinc and 

generation of reactive oxygen species (ROS) through NADPH within MΦ [18, 19]. This 

immune response indicates that the micronutrient zinc is essential to H. capsulatum.

In some metalloproteomic studies, the element of interest is bound within the primary 

structure of the protein, such as selenoproteins in which selenium replaces the sulfur in 

cysteine amino acids. However, in the vast majority of cases, the metal ion is held within the 

protein structure by non-covalent forces [20]. One of the greatest challenges in the 

experimental analysis of the metalloproteome of a given organism within the latter case is 

the development of an optimal cell lysis method [21]. The strength of the fungal cell wall 

varies between species and poses and added challenge in choosing a cell lysis method as 

compared to cells with weaker membrane structures such as mammalian cells [22]. When 

choosing a method for an organism that contains cell walls, the method must be strong to 

break the cell wall, allowing the release of the cytosolic proteins. At the same time, it cannot 

be so harsh that it denatures the protein as this leads to loss of the associated metal [20, 23]. 

As a result, established physical and chemical cell lysis techniques need to be carefully 

evaluated to determine if they can be used in such studies [21]. Klimek-Ochab showed 

fungal yeast may be better suited for extraction with glass beads, but few fungal species have 

been studied in depth [22].

Several cell lysis techniques have been developed over the years to disrupt cells, and the 

majority of them can be classified as chemical or mechanical [22]. Chemical cell lysis 
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techniques often involve detergents, enzymes, and/or salts. Detergents are commonly used 

for cell lysis techniques to study proteins. Detergents contain hydrophobic tails and 

hydrophilic heads, allowing for the disruption of the hydrophobic-hydrophilic interface of 

biological membranes. Non-ionic detergents, such as Triton x-100, tend to be gentler and 

generally do not disrupt the native structure of proteins. Other non-ionic detergents may be 

suitable for metalloproteomic studies such as Triton x-114, Brij-35, Brij-58, Tween 20, 

Tween 80, octyl glucoside, and octyl thioglucoside. Salts are used in cell lysis buffers to 

maintain the pH and osmolarity of the cell lysate. Salts, such ethylenediaminetetraacetic acid 

(EDTA) disodium salt, are not suitable for metalloproteomic experiments due to metal-

binding properties. Buffer agents such as tris(hydroxymethyl)aminomethane hydrochloride 

(Tris-HCl) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) are also often 

used in cell lysis solutions. The NP-40 lysis buffer, which can be used with the detergent 

Triton x-100, is fairly mild and is common for whole cell or soluble cytosolic proteins and 

was deemed suitable for this study. Several examples of mechanical cell lysis techniques 

include bead beater, homogenizer, French press, and freeze-thaw. Bead beaters use the 

mechanical shear of small glass beads, while homogenizers use the shear created by a 

ground glass tight fitting mortar and pestle. French press uses shear and decompression by 

forcing the sample through a small orifice under high pressure. Freeze-thaw involves rapid 

cycling of sample temperature to disrupt cells through ice crystal formation. Both the 

chemical and mechanical cell lysis methods described were originally designed for the study 

of proteins without consideration of metal-binding, and they may not be suitable for 

metalloproteomics experiments. Further, commercial cell lysis products contain proprietary 

formulas that may produce denaturing conditions and/or metal contamination. Therefore, it 

is essential to assess cell lysis methods and optimize protocols to preserve the 

metalloproteome.

In addition to preservation of the metalloproteome, the chosen cell lysis technique needs to 

be compatible with the analytical scheme. As noted by Hagege et al., losses of metal-protein 

complexes must be minimized by the separation technique [24]. Size exclusion 

chromatography (SEC) is routinely used to roughly separate metalloproteins by 

hydrodynamic radius [11, 15]. While not a particularly powerful separation technique, it can 

be carried out under non-denaturing conditions, although there may be components in the 

lysis buffer that interfere with the analysis such as certain detergents that absorb in the 

ultraviolet region when using UV detection. Further, SEC typically offers complete recovery 

of all species due to the absence of secondary separation principles such as absorption onto 

the stationary phase [25]. A common second dimension of separation is ion exchange 

chromatography (IEX). Lysis buffer components that are charged, such as the anionic 

detergent SDS, can interfere with this separation and should therefore be removed from all 

steps of sample preparation. For both separation procedures, inductively coupled plasma-

mass spectrometry (ICP-MS) is commonly employed for detection due to its multi-element 

capability and low detection limits [11, 15].

In this work, several cell lysis techniques and two lysis buffers were investigated to evaluate 

the preservation of the zinc metalloproteome of H. capsulatum while maintaining 

compatibility with the analytical techniques employed. Investigation of the H. capsulatum 
zinc metalloproteome will expand knowledge of zinc pathways and the role of zinc in the 
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survival of the fungus. Further characterization and quantification of the zinc 

metalloproteome could be used to assess changes to the fungus under zinc stress, mimicking 

the immune response. The cell lysis methods investigated were evaluated based the total 

protein concentration, the total concentration of metal, the molecular weight distribution of 

the metal, and additional factors pertinent to sample preparation.

Materials and methods

Reagents

All solutions were prepared using double de-ionized (DDI) water (18 MΩ cm−1, produced 

by the Nanopure treatment system purchased from Sybron Barnstead, Boston, MA, USA). 

Labware was acid washed with 10% nitric acid (Fisher Scientific, Fair Lawn, NJ, USA) to 

remove metals. Cells were washed with phosphate-buffered saline (PBS) without added 

calcium and magnesium (Mediatech, Inc. A Corning Subsidiary, Manassas, VA, USA). Lysis 

buffer components included sodium chloride (Fisher Scientific, Fair Lawn, NJ, USA), Triton 

x-100 (Sigma-Aldrich, St. Louis, MO, USA), tris(hydroxymethyl)aminomethane (Tris) 

(Acros Organics, Morris Plains, NJ, USA), and Mini EDTA-free Protease Inhibitor Cocktail 

Tablets (Roche Life Science, Indianapolis, IN, USA). The mobile phase for SEC contained 

50 mM ammonium acetate (Fisher Scientific, Fair Lawn, NJ, USA) and 0.5% methanol 

(Fisher Scientific, Fair Lawn, NJ, USA) in DDI water, adjusted to pH 7.4 using ammonium 

hydroxide (Fisher Scientific, Fair Lawn, NJ, USA). The Gel Filtration Standard (Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) used for SEC was a lyophilized mixture of 

molecular weight markers at 1.35, 17, 44, 158, and 670 kDa which was dissolved in DDI 

water. Total protein concentration was determined using a Qubit® Protein Assay Kit 

(Thermo Fisher Scientific, Waltham, MA, USA).

Instrumentation

Trace elemental analysis was conducted using an Agilent 8800 ICP-MS (Agilent 

Technologies, Santa Clara, CA, USA). The sample introduction system for the ICP-MS 

included a MicroMist nebulizer (Glass Expansion, Pocasset, MA), a Scott double-channel 

spray chamber (2 °C), and a shield torch. The ICP-MS was used in collision mode with 

helium gas at 3.0 mL/min to reduce isobaric interferences. Isotopes monitored included 
55Mn, 56Fe, 59Co, 63Cu, and 66Zn. For total metal analysis, an Agilent ASX-500 

Autosampler was employed and 45Sc was used as internal standards. For cell lysate 

separation, an Agilent 1100 HPLC (Agilent Technologies, Santa Clara, CA, USA) with a 

Zorbax GF-250 column (Agilent Technologies, Santa Clara, CA, USA) was used. The 

HPLC was equipped with a vacuum membrane degasser system, binary pump, cooled 

autosampler, a temperature-controlled column compartment (held at 25 °C), and a diode 

array detector where the UV absorbance was recorded at 280 nm. The integrated area of the 

Gel Filtration Standard was used to normalize the ICP-MS signal from day to day. The 

HPLC was coupled to the ICP-MS allowing for nearly simultaneous UV detection and metal 

detection. Total protein concentration was determined using a Qubit® 2.0 Fluorometer 

(Thermo Fisher Scientific, Waltham, MA, USA).
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Preparation of H. capsulatum

H. capsulatum yeast (strain G217B) was prepared by inoculating 25 ml of Ham’s F-12 

medium set at pH 7.5, as previously described [26], with 3 × 106 cells/ml from 5-day-old 

slants. After 30 h, samples were centrifuged for 5 min at 1500 g, the supernatant was 

removed, and the cells were rinsed with PBS, centrifuged again, and the supernatant was 

removed.

Cell lysis techniques

For each cell lysis technique, the yeast cell count was used and the ratio of yeast cells to 

volume of lysis buffer was held constant in order to normalize data and compare 

chromatographic areas.

Glass homogenizer—Glass homogenizers are primarily used for tissue homogenization, 

but have occasionally been used with yeast cells [27–29]. Due to the operator dependence 

and lack of reproducibility, it was expected that this method would not extract the greatest 

amount of protein or metal and was investigated as a comparison to other methods better 

suited for yeast cell lysis [27]. A 15-mL glass homogenizer (H) with tight fitting pestle was 

used to grind 3 × 108 yeast cells and 0.5 mL of lysis buffer (1% Triton x-100, 50 mM Tris, 

100 mM NaCl, EDTA-free protease inhibitor) with 10 even rotations. The mixture was 

transferred to a 1.5-mL plastic vial and chilled on ice for 5 min. The homogenate was 

centrifuged for 5 min at 12,000 g and the supernatant transferred to an HPLC vial.

Bead beater—Bead beaters have been used extensively to disrupt microorganisms using 

small glass beads with several examples involving yeast [29–32]. A BioSpec 3110 BX Mini-

BeadBeater (BB) (BioSpec, Bartlesville, OK) was used with 500 μm diameter glass beads 

and 2 mL screw cap vials with o-ring seals with straight walls and a sharp conical bottom. 

The vials were filled with 0.5 mL of lysis buffer (1% Triton x-100, 50 mM Tris, 100 mM 

NaCl, EDTA-free protease inhibitor), 3 × 108 yeast cells, and nitric acid-washed 500-μm 

glass beads to the brim of the vial. The Bead Beater was operated at 4800 rpm for 2 min, the 

vial was removed and put on ice for 2 min, and the cycle was repeated with 2 min on the 

BeadBeater, 2 min on ice, and finally 1 min on the BeadBeater and 1 min on ice. The 

homogenate was removed and centrifuged for 5 min at 12,000 g and the supernatant 

transferred to an HPLC vial.

Sonication probe—Cell lysis by sonication probe has been used in yeast using short 

pulse times to limit heat generation [33–37]. The Sonication Probe method was based on the 

work of Neppiras et al. [38] A Q125 Qsonica Sonicator (Qsonica, Newtown, CT) equipped 

with a 1/8″ diameter probe (SP) was operated at an amplitude of 20% of 65 W. A total of 

3.0 × 108 yeast cells were combined with 0.5 mL of lysis buffer (1% Triton x-100, 50 mM 

Tris, 100 mM NaCl, EDTA-free protease inhibitor) in a 1.5-mL plastic vial that was 

suspended in an ice bath and subjected to a 1-s pulse followed by 10 s of rest and another 1-s 

pulse. The homogenate was centrifuged for 5 min at 12,000 g and the supernatant 

transferred to an HPLC vial.
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Vortex with glass beads—There are several examples of the vortex and glass bead cell 

lysis technique for protein extraction in yeast [39–41]. The Vortex with Glass Beads method 

(V) involved 1 mL of 500 μm glass beads and 0.5 mL of lysis buffer combined with 3.0 × 

108 yeast cells in a 1.5-mL plastic vial which was chilled at 4 °C for 15 min. Two lysis 

buffers were evaluated: one included detergent (1% Triton x-100, 50 mM Tris, 100 mM 

NaCl, EDTA-free protease inhibitor) (T) and the other contained no detergent (50 mM Tris, 

100 mM NaCl, EDTA-free protease inhibitor) (NT). The vials were vortexed for 30 s, placed 

on ice for 30 s, and the cycle was repeated for a total of 10 min. The homogenate was 

removed and centrifuged for 5 min at 12,000 g and the supernatant transferred to an HPLC 

vial.

Sonication bath and vortex with glass beads—Sonication baths have been used with 

yeast to improve the reproducibility of protein extraction and was combined with the Vortex 

with Glass Bead method in this study to determine if it had a similar effect [39]. The 

Sonication Bath and Vortex with Glass Beads method (SB,V) involved 1 mL of 500 μm 

glass beads and 0.5 mL of lysis buffer combined with 3.0 × 108 yeast cells in a 1.5-mL vial 

which was chilled at 4 °C in a refrigerator for 15 min. Again, two lysis buffers were 

evaluated, one containing detergent (T) and the other with no detergent (NT). A Sonication 

Bath was chilled with ice while the samples chilled in the refrigerator and the ice was 

removed prior to sonicating the samples. The vials were placed in the Sonication Bath for 10 

min and placed on ice for 2 min. The vials were then vortexed for 30 s, placed on ice for 30 

s, and the cycle of vortexing and ice was repeated for a total of 10 min. The homogenate was 

removed, centrifuged for 5 min at 12,000 g, and the supernatant transferred to an HPLC vial.

Results and discussion

In this study, mechanical and chemical lysis techniques were investigated as well as various 

combinations of techniques. For the chemical lysis techniques, the NP-40 lysis buffer using 

the non-ionic detergent Triton x-100 was chosen to limit protein denaturation. In addition, to 

assess the impact of the detergent, a lysis buffer containing the same ingredients and no 

detergent was explored. Several mechanical techniques were also employed. Seven lysis 

methods were considered and these included: Glass Homogenizer (H), Bead Beater (BB), 

Sonication Probe (SP), Vortex with 1% Triton x-100 (V, T), Vortex with no Triton x-100 (V, 

NT), Sonication Bath, Vortex, and 1% Triton x-100 (SB, V, T) and Sonication Bath, Vortex, 

and no Triton x-100 (SB, V, NT).

Total protein concentration provides a limited amount of information to determine the most 

appropriate cell lysis method because it does not take into account if the proteins contain 

metals nor if they are denatured. Conventional cell lysis methods employ assays such as 

Bradford to determine total protein concentration. However, for our work, one of the 

disadvantages of such an assay is the incompatibility with detergents such as Triton x-100. 

Other assays are compatible with detergents, but do require significant dilution such as the 

Qubit® assay which was used in this work. Results for the concentration of protein by 

Qubit® assay are shown in Table 1. The methods that resulted in the greatest extracted 

protein concentration include Sonication Probe (SP) 215.73 μg/mL, Vortex, Triton x-100 

method (V, T) 197.08 μg/mL, and Sonication Bath, Vortex and 1% Triton x-100 (SB, V, T) 
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165.71 μg/mL. An ANOVA was used to determine difference between groups (F(2,12) = 

5.9984, p = 0.0156). A Tukey HSD post hoc test determined significant different between 

the Sonication Bath, Vortex, and 1% Triton x-100 method (SB, V, T) and the Sonication 

Probe method (SP) (p = 0.0129), but there was not a significant difference between the 

Sonication Probe method (SP) and the Vortex, 1% Triton x-100 method (V, T) (p = 0.4335) 

or Sonication Bath, Vortex, 1% Triton x-100 method (SB, V, T) and the Vortex, 1% Triton 

x-100 method (V, T) (p = 0.1214). The 280-nm signal collected using the UV detector of the 

HPLC might also be used for total protein comparison, as this wavelength is routinely used 

for protein concentration measurement, but it also presented a major challenge due to the 

Triton x-100 lysis buffer. Triton x-100 absorbs in the ultraviolet region of the spectrum 

leading to enhanced readings at this wavelength. Therefore, the UV signal was used to 

monitor the retention times of the protein standard mixture, but not used to compare protein 

concentration of lysate samples.

Total metal analysis of the cell lysates was conducted by ICP-MS and is reported as ng Zn/

100uL lysate in Table 2. The Vortex, Triton x-100 method (V, T) produced 18.51 ng Zn/100 

μL lysate, the Sonication Bath, Vortex, Triton x-100 method (SB, V, T) produced 13.95 ng 

Zn/100 μL lysate, and the Sonication Probe method (SP) produced 10.92 ng Zn/100 μL 

lysate which demonstrate the highest zinc concentrations. An ANOVA was used to 

determine difference between groups (F(2,12) = 19.2197, p = 0.00002). A Tukey HSD post 

hoc test determined significant different between the Vortex, and 1% Triton x-100 method 

(V, T) and the Sonication Probe method (SP) (p = 0.0001) and the Sonication Bath, Vortex, 

and 1% Triton x-100 method(SB, V, T) (p = 0.0079), but there was not a significant 

difference between the Sonication Probe method (SP) and the Sonication Bath, Vortex, and 

1% Triton x-100 method (SB, V, T) (p = 0.0720). However, this data is limited in value as it 

does not provide information regarding free and bound metals or molecular weight 

distribution.

SEC-HPLC-ICP-MS was used for the chromatographic analysis of all lysis samples and the 

zinc signal was integrated using Origin Pro 9 (Origin Lab Corporation, Northampton, MA, 

USA) to compare the amount of bound zinc, indicating the strong possibility of zinc 

metalloproteins. Molecular weight markers from the protein standard mixture are indicated 

by arrows. A zinc calibration curve was analyzed by SEC-HPLC-ICP-MS to calculate the 

concentration of Zn in each zinc chromatogram, corresponding to 100 μL of cell lysate 

injected, reported as ng Zn/100 μL cell lysate. The average and standard deviation of 

replicates were calculated for all experiments and results can be found in Table 2. These data 

were then used to calculate the ratio of the zinc concentration by the protein concentration 

determined by the Qubit® assay. Summarily, the ng of Zn in a 100-μL volume was divided 

by the μg of protein in a 100-μL volume and these results are shown in Table 2, column 6. 

Based on this combination of data, there may be a greater probability of zinc proteins using 

the Vortex and Triton x-100 method (V, T) and the Sonication Bath, Vortex, and 1% Triton 

x-100 method (SB, V, T), but molecular weight distribution was deemed necessary to 

compare cell lysis methods.

The first cell lysis technique investigated was a Glass Homogenizer (H) as it is common for 

tissue grinding, and in a way, mimics mortar and pestle action. However, with the small 

Donnell et al. Page 7

Anal Bioanal Chem. Author manuscript; available in PMC 2020 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sample size of H. capsulatum yeast cells, the Glass Homogenizer was cumbersome and it 

was difficult to remove all of the cell lysate after grinding. Figure 1 shows the SEC-HPLC-

ICP-MS signal intensity for 66Zn likely bound to proteins in the 1.35 to 670 kD molecular 

weight region extracted using the Glass Homogenizer (H) corresponding to 8.24 ng Zn/100 

μL cell lysate as shown in Table 2.

A Bead Beater (BB) was used with the lysis buffer containing 1% Triton x-100 to take 

advantage of the mechanical shear of small glass beads in conjunction with the lysing power 

of the detergent. This technique seemed promising as metal contamination could be 

controlled through acid washing the glass beads and the samples could be contained within 

individual vials for the duration of the lysis which limits sample transfer. This technique did 

result in 66Zn peaks at a range of molecular weights, as shown in Fig. 1b, but a surprisingly 

low amount of bound zinc, 7.66 ng Zn was extracted as shown in Table 2. While the 

concentrations of zinc by HPLC-SEC-ICP-MS in the cell lysates for the Glass Homogenizer 

(H) and the Bead Beater (BB) methods were similar as determined by a one-way ANOVA 

(F(1,8) = 0.3982, p = 0.5456), the chromatograms provide a comparison of molecular weight 

distribution. The Glass Homogenizer (H) zinc chromatogram, as shown in Fig. 1a, has very 

little high molecular weight bound zinc (8.85 to 11.13 min) as compared to the Bead Beater 

(BB) in Fig. 1b. This may indicate that the Bead Beater method (BB) preserves high 

molecular weight zinc proteins to a greater degree than the Glass Homogenizer method (H).

A Sonication Probe (SP) was used in combination with the 1% Triton x-100 lysis buffer. 

Initially, a longer pulse time was used (10 s pulse, 30 s rest, 10 s pulse) which resulted in a 

single large peak at 22 min, corresponding to approximately 1.35 kDa, as shown in Fig. 2. 

With a lack of mid and high low molecular weight proteins, it is highly unlikely that only 
low molecular weight proteins were extracted but, rather, the metals dissociated from the 

proteins in the extraction process. This was supported by examining the metal signal of 
55Mn, 59Co, and 63Cu which have a similar pattern, as shown in Fig. 2. As a result, the pulse 

time was changed to 1 s followed by 10 s of rest and another 1-s pulse, which drastically 

reduced the amount of metalloprotein denaturation, as seen in Fig. 1. Short pulse times 

limited sample heating and the detergent did not lead to excessive foaming. A limited 

amount of high molecular weight bound zinc can be observed for the Sonication Probe (SP), 

which may indicate a certain amount of protein denaturation. The Sonication Probe method 

(SP) produced an integrated Zn concentration of 12.75 ng Zn/100 μL cell lysate.

A hybrid Bead Beater method was developed to maximize simultaneous sample preparation 

and to take advantage of cell-bead interactions which may increase lysis efficiency of the 

cell wall in H. capsulatum. A vortex was used to mechanically agitate the sample with a 

lysis buffer containing 1% Triton x-100 (V,T) and glass beads with a 500-μm diameter were 

compared to 5 mm diameter glass beads (data not shown). A variety of containers were 

tested including 10 mL glass digestion vials, 15 mL plastic conical vials, 14 mL plastic 

round bottom capped test tubes, and 1.5 mL plastic conical vials (data not shown). The 500-

μm diameter glass beads in 1.5 mL plastic conical vials, referred to as the Vortex with 1% 

Triton x-100 metho (V,T), produced the highest average integrated zinc concentration of 

20.31 ng Zn/100 μL cell lysate and this was significantly higher than the Sonication Probe 

method (SP) as determined by one-way ANOVA (F(1,8) = 14.7872, p = 0.0049). The 
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efficiency of this combination is likely due to the limited amount of available volume and 

small bead size, causing an increase in the collisions of the glass beads with the H. 
capsulatum yeast.

While the Sonication Probe (SP) technique may have been too harsh to keep the maximum 

amount of metalloproteins intact, a Sonication Bath is much gentler than a Sonication Probe. 

In an attempt to further improve the lysis efficiency, a Sonication Bath was employed prior 

to the vortex to take advantage of multiple mechanical techniques. Heating of the sample 

remained a concern so ice was added to the water in the Sonication Bath, while the samples 

remained under refrigeration and the ice was removed before the samples were sonicated. 

The resulting cold water bath provided an environment where heat generated through 

sonication was absorbed by the water bath, limiting the amount of thermal protein 

denaturation. Results from the Sonication Bath, Vortex, Triton x-100 method (SB, V, T) are 

show in Fig. 3 and Table 2 and demonstrate that despite employing a gentler sonication 

water bath to provide an additional mechanism, sonication by water bath does not provide an 

added advantage in the lysis of H. capsulatum. Although the total amount of Zn extracted 

determined by ICP-MS using the Vortex, Triton x-100 method (V, T) was significantly 

higher than the Sonication Bath, Vortex, Triton x-100 method, as determined by one-way 

ANOVA (F(1,8) = 12.6973, p = 0.0074), the results by HPLC-ICP-MS were not statistically 

different (F(1,8) = 4.9133, p = 0.0575).

To ensure that the use of Triton x-100 was more effective than no detergent, the two most 

promising techniques, Vortex and Sonication Bath then Vortex, were employed without the 

addition of detergent (V, NT and SB, V, NT) and results are shown in Fig. 3c, d. 

Concentrations of Zn by HPLC-SEC-ICP-MS are comparable, as determined by a one-way 

ANOVA (F(1,8) = 1.8385, p = 0.2122), at 7.55 ng Zn/100 μL cell lysate and 8.69 ng Zn/100 

μL cell lysate, respectively, as shown in Table 2. While the zinc traces follow a similar 

pattern for each technique with and without detergent, using 1% Triton x-100 in the lysis 

buffer resulted in a significant increase in the amount of zinc extracted as compared to a 

simple salt buffer with no detergent using both techniques. The concentration of zinc by 

SEC-HPLC-ICP-MS for the Vortex, 1% Triton x-100 method (V, T) was significantly higher 

than the Vortex, no Triton method (V, NT) as determined by a one-way ANOVA (F(1,8) = 

51.3928, p = 0.0001). Similarly, the concentration of zinc by SEC-HPLC-ICP-MS for the 

Sonication Bath, Vortex, 1% Triton x-100 method (SB, V, T) was significantly higher than 

the Sonication Bath, Vortex, no Triton method (SB, V, NT) as determined by a one-way 

ANOVA (F(1,8) = 33.8942, p = 0.0004).

To further quantitatively probe the differences in molecular weight fractions produced by 

each of these techniques, specific regions in the zinc Size Exclusion Chromatograms were 

separately integrated. Three regions were examined, and results are reported as a percentage 

of the total zinc extracted which was set to 100% and graphically presented in Fig. 4. The 

Bead Beater method (BB) produced the largest percentage of low molecular weight zinc 

(15.8 to 18.8 min) which may indicate slight denaturation of zinc metalloproteins. This may 

be a result of sample heating when using the Bead Beater (BB) in this application.
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Comparing total protein concentration by Qubit® assay, zinc concentration by total metal 

analysis using ICP-MS, zinc concentration by SEC-HPLC-ICP-MS, molecular weight 

distribution, and other contributing factors such as potential contamination sources, 

vortexing H. capsulatum yeast cells with 500 μm glass beads in a 1% Triton x-100 lysis 

buffer (V, T) delivered the most potential zinc metalloproteins. This method produced the 

greatest concentration of zinc in the cell lysate by ICP-MS and HPLC-SEC-ICP-MS as well 

as one of the highest concentrations of protein by Qubit® Assay. Further, the ratio of zinc to 

total protein was the highest among the seven cell lysis methods studied, suggesting the 

greatest probability of zinc proteins. The molecular weight distribution of zinc for the 

Vortex, 1% Triton method (V, T) suggests limited protein denaturation and the sample 

preparation allows for less sample handling and contamination. Future studies will involve 

multi-dimensional separation and identification of metalloproteins in H. capsulatum and 

expansion to iron and copper proteins based on SEC-HPLC-ICP-MS results, as shown in 

Fig. 5. In addition, quantification of zinc metalloproteins in H. capsulatum grown under 

varying levels of zinc stress will provide insight into the response of the fungus during MΦ 
zinc sequestration.

Conclusion

In order to address common challenges within metalloproteomics analysis, designing the 

cell lysis method is an important step that influences the entire analysis. For organisms with 

additional challenges such as the strong cell walls of fungi, cell lysis methods must be 

assessed to optimize the amount of metalloprotein extracted. Comparing the total protein 

concentration by Qubit® protein assay provides a simple comparison between cell lysis 

methods, but lacks information about protein-bound metals. Comparing the concentration of 

metal in cell lysates by total metal analysis using ICP-MS and the metal chromatogram by 

SEC-HPLC-ICP-MS allows for additional comparison between different cell lysis methods. 

Closer examination of the SEC metal chromatograms allows for comparison of molecular 

weight distribution which provides information regarding protein preservation. Additional 

factors such as sample heating and potential contamination sources also need to be 

considered when developing cell lysis methods. The combination of these factors can be 

used to assess cell lysis methods suitable for a particular sample. We found that a cooled 

non-ionic detergent based lysis buffer containing 1% Triton x-100 combined with 500 μm 

glass beads in a 1.5-mL conical plastic vial that is vortexed (V, T) provides the greatest 

amount of potential zinc proteins with a wide distribution of molecular weights in H. 
capsulatum. As the field of metalloproteomics continues to grow and more 

metalloproteomes are examined, optimizing cell lysis methods for different types of samples 

is as important as developing separation, identification, and quantification methods. We hope 

that this work provides one example of the process which can be adapted for future 

metalloproteomic studies.
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Fig. 1. 
Comparison of 66Zn SEC-HPLC-ICP-MS chromatograms using (a) Glass Homogenizer (H) 

(b) Bead Beater (BB) (c) Sonication Probe (SP). Lysis buffer contained 1% Triton x-100. 

Each sample contained 3.0 × 108 H. capsulatum yeast. n = 5. Arrows indicate molecular 

weight markers 670, 158, 44, 17, and 1.35 kDa
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Fig. 2. 
Comparison of Mn, Co, Cu, and Zn SEC-HPLC-ICP-MS signal using a Sonication Probe 

(SP) and lysis buffer with 1% Triton x-100.Data was collected using a TOSOH TSKgel 

G3000SW column (Tosoh Bioscience, King of Prussia, PA, USA) with a flow rate of 0.5 

mL/min during method development. Samples were subjected to a 10 s pulse, 30 s rest, and 

a 10-s pulse. Arrows indicate molecular weight markers 670, 158, 44, 17, and 1.35 kDa
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Fig. 3. 
Comparison of Zn SEC-HPLC-ICP-MS chromatograms using (a) Vortex, 1% Triton x-100 

(V, T) (b) Sonication Bath, Vortex with 1% Triton x-100 (SB, V, T) (c) Vortex, and no 

detergent (V, NT) (d) Sonication Bath, Vortex, and no detergent (SB, V, NT). Each sample 

contained 3.0 × 108 H. capsulatum yeast. n = 5. Arrows indicate molecular weight markers 

670, 158, 44, 17, and 1.35 kDa
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Fig. 4. 
Comparison of distribution of molecular weight (MW) bound zinc among various cell lysis 

methods. High MW: 8.85 to 11.13 min, Mid MW: 11.13 to 15.8 min, Low MW: 15.8 to 18.8 

min. Glass Homogenizer (H), Bead Beater (BB), Sonication Probe (SP), Vortex with 1% 

Triton x-100, (V, T), Vortex with no Triton x-100 (V, NT), Sonication Bath, Vortex, and 1% 

Triton x-100 (SB, V, T), and Sonication Bath, Vortex, and no Triton x-100 (SB, V, NT)
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Fig. 5. 
Comparison of Fe, Cu, and Zn SEC-HPLC-ICP-MS chromatograms using the Vortex with 

1% Triton x-100 method (V, T). Each sample contained 3.0 × 108 H. capsulatum yeast. n = 

5. Arrows indicate molecular weight markers 670, 158, 44, 17, and 1.35 kDa
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Table 1

Comparison of total protein concentration in cell lysates by various cell lysis methods using Qubit® assay. All 

data is normalized to 3.0 × 108 H. capsulatum yeast and an HPLC injection volume of 100 μL. n = 5. Glass 

Homogenizer (H), Bead Beater (BB), Sonication Probe (SP), Vortex with 1% Triton x-100,(V, T), Vortex with 

no Triton x-100(V, NT), Sonication Bath, Vortex, and 1% Triton x-100 (SB, V, T) and Sonication Bath, Vortex, 

and no Triton x-100 (SB, V, NT)

Cell lysis method Total protein concentration, Qubit® Assay

Average protein concentration (μg/mL) Standard deviation % Relative standard deviation

H 116.16 21.39 18.42

BB 145.71 10.48 7.19

SP 215.73 33.46 15.51

V, T 197.08 16.39 8.32

SB, V, T 165.71 14.48 8.74

V, NT 145.31 22.53 15.51

SB, V, NT 137.68 14.46 10.50
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