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SHORT ABSTRACT: 
We describe a reliable method for the preparation of whole cell extracts from yeast or other cells using a cryogenic freezer mill that minimizes degradation and denaturation of proteins. The cell extracts are suitable for purification of functional protein complexes, proteomic analyses, co-immunoprecipitation studies and detection of labile protein modifications.

LONG ABSTRACT: 
The ease of genetic manipulation and the strong evolutionary conservation of eukaryotic cellular machinery in the budding yeast Saccharomyces cerevisiae has made it a pre-eminent genetic model organism. However, since efficient protein isolation depends upon optimal disruption of cells, the use of yeast for biochemical analysis of cellular proteins is hampered by its cell wall which is expensive to digest enzymatically (using lyticase or zymolyase), and difficult to disrupt mechanically (using a traditional bead beater, a French press or a coffee grinder) without causing heating of samples, which in turn causes protein denaturation and degradation. Although manual grinding of yeast cells under liquid nitrogen (LN2) using a mortar and pestle avoids overheating of samples, it is labor intensive and subject to variability in cell lysis between operators. For many years, we have been successfully preparing high quality yeast extracts using cryogrinding of cells in an automated freezer mill. The temperature of -196 &#176;C achieved with the use of LN2 protects the biological material from degradation by proteases and nucleases, allowing the retrieval of intact proteins, nucleic acids and other macromolecules. Here we describe this technique in detail for budding yeast cells which involves first freezing a suspension of cells in a lysis buffer through its dropwise addition into LN2 to generate frozen droplets of cells known as “popcorn”. This popcorn is then pulverized under LN2 in a freezer mill to generate a frozen “powdered” extract which is thawed slowly and clarified by centrifugation to remove insoluble debris. The resulting extracts are ready for downstream applications, such as protein or nucleic acid purification, proteomic analyses, or co-immunoprecipitation studies. This technique is widely applicable for cell extract preparation from a variety of microorganisms, plant and animal tissues, marine specimens including corals, as well as isolating DNA/RNA from forensic and permafrost fossil specimens.

INTRODUCTION: 
Yeast is a popular model organism for protein studies, as it is a simple eukaryotic organism with an abundance of genetic and biochemical tools available for researchers1. Because of their sturdy cell wall, one challenge that researchers face is in efficiently lysing the cells without damaging the cellular contents. Different methods are available for obtaining protein extracts through disruption of yeast cells which include enzymatic lysis (zymolyase)2,3, chemical lysis4, physical lysis by freeze-thaw5, pressure-based (French press)6,7, mechanical (glass beads, coffee grinder)8,9, sonication-based10 and cryogenic2,11. The efficiency of cell lysis and the protein yield can vary considerably depending on the technique employed, thus affecting the end result or suitability for the desired downstream application for the lysate. When studying proteins that are unstable, have fleeting posttranslational modifications, or are temperature sensitive, it is particularly important to use a method that will minimize sample loss or degradation during preparation.

[Place Table 1 here]

Cryogrinding (aka cryogenic grinding/cryogenic milling) is commonly employed to retrieve nucleic acids, proteins or chemicals from temperature sensitive samples in a reliable manner for quantitative or qualitative analyses. It has been used successfully for diverse fields of application including biotechnology, toxicology, forensic science12,13, environmental science, plant biology14 and food science. Isolation of intact biological macromolecules is usually critically dependent on the temperature. Extremely low temperatures ensure that the proteases and nucleases stay inactive, resulting in a reliable isolation of intact proteins, nucleic acids and other macromolecules for subsequent analyses. Indeed, a freezer mill typically maintains a sample temperature of -196 &#176;C (the boiling point of LN2), thus minimizing DNA/RNA or protein denaturation and degradation.
 
The freezer mill employs an electromagnetic grinding chamber that rapidly moves a solid metal bar or cylinder back and forth within a vial containing the sample to be pulverized between stainless steel end plugs. The instrument creates and rapidly reverses a magnetic field within the grinding chamber. As the magnetic field shifts back and forth, the magnet crushes the sample against the plugs thus achieving the ‘cryogrinding’ and the pulverization of the popcorn. The freezer mill replaces the mortar and pestle and allows the sequential processing of multiple samples (or up to 4 smaller samples simultaneously) with high reproducibility and avoids the user to user variability associated with manual grinding. Once the samples are processed, the cell extracts can be used for a variety of downstream applications.

PROTOCOL: 

1. 	Preparation of Yeast Popcorn

1.1.	Grow yeast cells in 0.5 L of YPD media to a density of 1 x 107 cells/mL. Count cells using a Coulter Counter or any other means.

1.2.	Centrifuge cells for 10 min at 2,400 x g and 4 &#176;C. 

1.3.	Wash each sample once with 500 mL of ice-cold deionized 18 mega Ohm Milli-Q water.

1.4.	Resuspend pellets in 15 mL of ice-cold Lysis Buffer (20 mM HEPES-KOH [pH 7.5], 110 mM KCl, 0.1% Tween, 10% glycerol, with freshly added reducing agent 10 mM &#946;-mercaptoethanol, protease inhibitor cocktail), 10 &#956;M proteasome inhibitor MG-132, 1 mM deacetylase inhibitor sodium butyrate,) and phosphatase inhibitors (1 mM sodium vanadate, 50 mM sodium fluoride, 50 mM sodium &#946;-glycerophosphate). See the Table of Materials for additional details. Keep resuspended cells on ice until the samples are ready for the next step. 

NOTE: A wide variety of lysis buffers containing a number of non-ionic detergents can be used with the samples and specific inhibitors included in it based on the downstream application. Inclusion of protease and proteasomal inhibitors are crucial for preventing protein degradation, especially once the extracts are thawed.

1.5.	Make snap frozen yeast popcorn by slowly adding the cell suspension one drop at a time using a pre-chilled serological pipette into one or more 50 mL centrifuge tubes kept on dry ice and filled with LN2 until just below the rim. Top up liquid nitrogen in the tube frequently to compensate for its loss due to rapid evaporation. Work in a well-ventilated area to avoid the hazards associated with nitrogen asphyxiation. 

1.5.1.	Instead of a 50 mL tube, use multiple 50 mL tubes tied together (or any container with a large mouth, such as a large plastic centrifuge bottle that can tolerate cryogenic temperatures) for pop-corn preparation (Figure 1A). The larger the container and its opening, the easier is the popcorn preparation as this prevents clumping of the popcorn to form large aggregates. A size range of 0.3-0.5 cm for the popcorn is ideal for achieving proper grinding/pulverization using the freezer mill (Figure 1B). 

1.5.2.	Ensure that the LN2 has evaporated completely from the tubes containing the popcorn prior to storing them at -80 &#176;C. It is possible to stop after preparing the yeast popcorn as they are stable for several years when maintained at -80 &#176;C. 

[Place Figure 1 here]

2.	Cryogrinding

2.1.	To start, ensure that there is enough LN2 available to chill the freezer mill, grinding vials, supplies and to operate the machine for all samples. For less than five samples, 30-35 L of LN2 should suffice. Fill the freezer mill chamber with LN2 up to the fill line. 

WARNING: All steps involving LN2 should be performed in a well-ventilated area and the freezer mill itself should be located in such an area to avoid risk of asphyxiation. Wear personal protective equipment including proper footwear, lab coat, safety glasses, a base layer of nitrile gloves, then thermal gloves, followed by another pair of nitrile gloves. Use extreme caution when handling LN2.

2.2.	Close the freezer mill lid slowly, avoiding the splash of LN2 and allow a few min for the machine to cool down. It may be necessary to refill the chamber with LN2 to compensate for the loss due to evaporation before proceeding to the next step.

NOTE: Refill LN2 as needed only up to the fill line. Do not overfill the chamber as this can be both dangerous and detrimental to the machine. Automated refill systems are available for freezer mill that can replenish the evaporating LN2 as needed directly from a storage tank connected to the freezer mill.

2.3.	Pre-chill the large grinding vials and the magnetic impactor bar by dunking them in LN2 kept in a separate small dewar. Decant all the LN2 when the LN2 stops bubbling. Then add the sample/yeast popcorn to the grinding vial and seal it tightly with the two stainless steel end plugs. 

2.3.1.	Do not fill more than one-third of the grinding vial with the sample as that can reduce the efficiency of grinding. Instead, larger samples can be processed by dividing them into two or more vials and grinding them sequentially. Smaller grinding vials can be used for smaller samples (up to 3 mL).

2.4.	Place the grinding vial in the freezer mill chamber and lock it in place. Close the lid.

2.5.	For budding yeast, grind the samples for a total of three cycles for 2 min/cycle (with 2 min break for cooling between cycles) at a crushing rate of 14. When the machine stops after completing the cycles, open the freezer mill lid slowly and carefully unlock the vial with the powdered frozen cell lysate and remove it from the freezer mill. If multiple small vials are used, work quickly to remove one vial at a time and place them in dry ice. 

NOTE: There is usually no need to adjust the grinding parameters when using vials of different sizes with the same type of sample. However, the grinding parameters such as the number of cycles and the grinding rate need to be empirically determined for different sample types, depending on the ease with which they lyse. Most mammalian cells and soft tissues will lyse in 1-2 cycles at a crushing rate of 10. Harder to lyse samples such as bacteria, yeast, fly larvae and adult fruit flies require 3-6 cycles at the maximum rate, while hard tissues such as bone, teeth, etc. may require up to 10 cycles. A small aliquot of the thawed sample can be viewed under the microscope before and after grinding to count the number of intact, unlysed cells to determine the lysis efficiency. An excellent analysis of the impact of cryogrinding parameters on the release of proteins and DNA from budding yeast has been published previously15. 

2.6.	Working quickly so as not to allow the sample to thaw out, carefully unscrew one of the end pieces (pick the one that appears to have become somewhat loose during the grinding) using the opening tool. Then, use a pair of long forceps (that are pre-chilled in a bucket with dry ice) to remove the impactor bar. Collect the pulverized sample by inverting and tapping the grinding vial onto a polystyrene weighing dish pre-chilled with LN2 and kept on dry ice.

2.7.	Once all of the powdered frozen cell lysate has been recovered from the grinding vial, pour the powdered lysate from the weighing dish back into the 50 mL tube and proceed immediately to the slow thawing step described next for best results. Alternatively, store the frozen powdered lysate overnight at -80 &#176;C, although this may result in some degradation. 

2.8.	Prepare an ice bucket with a 50% slurry of ice and water and place it on a stir plate with a magnetic stirrer. Submerge a wire rack or another suitable rack in the ice slurry to hold the samples. 

2.8.1.	Then, slowly thaw the samples on an ice slurry bath with constant agitation of the slurry using a magnetic stirrer. Add more ice to replace the melting ice (some water may need to be discarded to prevent the ice bucket from overflowing). Since several inhibitors have short half lives in aqueous buffers, add additional protease inhibitor cocktail (see Table of Materials) and 10 &#956;M proteasome inhibitor MG-132 to the lysate once the samples start thawing (after approximately 30 min). 

2.8.2.	Remove ice formed on the outside of the tubes every 5 min to expedite the thawing process. Note that rapid thawing of the samples at room temperature or higher can lead to significant degradation. 

2.9.	After the samples have thawed completely (it may take well over an hour depending on the amount of sample), centrifuge the lysate at ~3,220 x g for 20 min in a refrigerated tabletop centrifuge at 4 &#176;C to remove the bulk of the cell debris from the lysate. 

2.10.	Transfer the supernatant to 50 mL polycarbonate centrifuge tubes that have been pre-chilled on ice and centrifuge the samples at 16,000 x g for 20 min at 4 &#176;C (see Table of Materials).

2.11.	Transfer only the clear supernatant consisting of the clarified whole cell extract from the center of the liquid column in the tube very slowly and carefully, without disturbing the cloudy lipid layer (Figure 2), into a chilled 15 mL tube using pre-chilled serological pipettes. Avoid removing all of the lysate in the centrifuge tube to prevent carryover of lipids and debris. The leftover lysate in the centrifuge tube can be centrifuged multiple times to recover small amounts of extract after each spin. 

NOTE: Lipids along with any denatured proteins would appear cloudy/milky and are located at the top of the liquid/air interface, and occasionally above the pellet itself that consists of insoluble cellular debris (Figure 2). 

[Place Figure 2 here]

2.12.	Centrifuge any remaining lysate for 5 min to recover more of the extract. Repeat this 5 min centrifugation multiple times if needed to recover as much of the clear extract as possible. Discard the cloudy lysate containing lipids close to the bottom of the tube near the pellet. 

2.13.	Use these extracts for downstream applications such as protein complex purification, immunoprecipitation and proteomic analysis.

REPRESENTATIVE RESULTS: 
We compared two different methods for yeast cell lysis, namely glass bead milling at 4 &#176;C and an automated cryogrinding method at -196 &#176;C, to assess the relative recovery proteins in the cell extracts prepared with both methods. For this study, we chose to use a budding yeast strain YAG 1177 (MAT a lys2–810 leu2–3,-112 ura3–52 his3-Δ200 trp1–1[am] ubi1-Δ1::TRP1 ubi2-Δ2::ura3 ubi3-Δub-2 ubi4-Δ2::LEU2 [pUB39] [pUB221])16 carrying a high copy plasmid expressing a tandem HIS-MYC tagged Ubiquitin (HIS-MYC-Ub) so we can assess the efficiency of recovery of tagged ubiquitinated proteins from extracts following affinity purification. 

We tested a quick protocol that uses glass bead milling to lyse yeast cells9 at 4 &#176;C and the cryogrinding method using frozen yeast cells (yeast popcorn) and grinding them in LN2 in a freezer mill. We report a clear difference with the two methods of extract preparation. 

In Figure 3A we demonstrate that we can achieve a decidedly higher total protein yield from whole cell extracts (WCE) prepared using freezer grinding as determined by Ponceau S staining after loading equivalent amounts of WCE prepared from the same number of cells using the two different extract preparation methods. Further, Figure 3B shows higher recovery of HIS-MYC tagged ubiquitylated proteins following pull down using Talon beads from the WCE prepared by cryogrinding, when compared to the WCE prepared using the bead beater, despite using extracts prepared from the same number of cells in both cases.

[Place Figure 3 here]

Overall, the representative results show that cryogrinding of yeast popcorn leads to higher yields and superior protein isolation based on the stronger Ponceau stained protein bands in the WCE prepared by cryogrinding (Figure 3A). This is likely due to more efficient lysis and limited protein degradation in the extract prepared by cryogrinding, as indicated by the presence of stronger bands in the Western blot lane showing HIS-tagged proteins pulled down (IP) from the cryogenic extract (Figure 3B). While the glass bead milling protocol is faster and less labor intensive, it may not be suitable for proteins that are temperature sensitive or highly unstable. We also find that the isolation of posttranslational modifications such as polyubiquitinated proteins is more efficient with the cryogrinding protocol.16-18

Table 1: Comparison of methods available for the preparation of yeast extracts.

Figure 1: Yeast popcorn preparation. (A) Yeast “popcorn” is made by the dropwise freezing of the cell suspension in LN2. We use one to three 50 mL tubes held together with a rubber band and placed in an ice bucket filled with dry ice. The tubes are filled with LN2 until just below their rims and are topped up with liquid nitrogen frequently to keep them nearly full until all the cell suspension had been made into popcorn (B) The size of the popcorn is an important determinant of optimal grinding efficiency. The size range of the popcorn should be between 0.3 and 0.5 cm in diameter. 

Figure 2: Extract layers in a centrifuge tube. The major visible features of the whole cell extract in a tube following centrifugation at 16,000 g for 20 min are indicated. The relative abundance of each feature depends on the sample type, the growth phase of the cells (exponential versus stationary), the amount of lysis buffer used to resuspend cells and the lysis efficiency.

Figure 3: Cryogrinding leads to higher total protein yields in cell extracts and better recovery of tagged proteins following pull down of proteins from these extracts. (A) Whole cell extracts (WCE) were prepared as described in this protocol for the cryogrinding or as previously described for the bead milling method.9 500 mL of the yeast strain carrying HIS-MYC-Ub was grown to density of 107 cells/mL. Then 250 mL of the culture was used in parallel to prepare extracts by each method. Equivalent amounts of WCE prepared from the same number of cells using the two different methods, as well as HIS tagged proteins pulled down using Talon beads (IP) from the same amount of each extract were compared by resolving on a denaturing polyacrylamide gel and transferring to a nitrocellulose membrane followed by staining with Ponceau S. Notice the stronger staining throughout the lane containing WCE prepared using the freezer grinding method. (B) The Ponceau S stained nitrocellulose membrane shown in (A) was then processed for Western blotting using HIS tag antibodies to compare the amounts of HIS-Ub tagged proteins pulled down from equal amounts of extract prepared by the two methods. Several bands were clearly overrepresented in the pulldown using the WCE prepared by freezer grinding (indicated by the red arrows), while the corresponding bands in the pulldown using WCE prepared by bead beating were either considerably weaker in intensity, or undetectable.

DISCUSSION:
A limitation of studying native proteins from yeast is the efficient lysis of yeast cells due to the integrity of their cell wall. Although several methods have been developed, the most consistent and efficient method in our hands is the cryogrinding of yeast cells flash frozen as popcorn. This method allows the reliable preparation of high-quality whole cell extracts from budding yeast compared to other lysis methods. The representative results demonstrated that cryogrinding is superior to a popular mechanical method for yeast lysis that employs bead milling at 4 &#176;C (Figure 3A and 3B). Cryogrinding efficiently lyses yeast cells while the samples are processed at a temperature of -196 &#176;C in a LN2 bath, therefore maintaining protein integrity by greatly limiting heat induced protein denaturation and degradation that occurs with many other methods of extract preparation. This allows for the analysis of highly labile macromolecules in the samples and permits the purification of functional protein complexes. Further, the use of the freezer mill also replaces the highly labor-intensive traditional manual grinding of yeast popcorn with a mortar, allowing for faster and efficient sample processing. Finally, the achievement of yeast cell lysis without the use of any expensive enzymes provides for significant savings in the long run. 

The major downside of a freezer mill is the upfront cost involved in purchasing the equipment, as well as the minimal maintenance and running costs (i.e., large quantities of liquid nitrogen) involved. It also requires careful handling of potentially dangerous LN2 for both the preparation of yeast popcorn and the cryogrinding steps. Larger samples need to be processed individually, which may become time consuming if multiple samples need to be processed. In addition, when processing multiple samples, the grinding vials, caps and impactor bars must be properly washed and wiped clean before re-use (alternatively, several sets of spare accessories must be maintained). 

The protocol demonstrated here is valuable for the preparation of yeast protein samples for protein affinity purification, immunoprecipitation studies, sample preparation for Western blotting for labile proteins or their modifications, or for proteomic analyses16,19. In addition, cryogrinding of the yeast popcorn can also be utilized for sheared genomic DNA13,20,21 or RNA22,23 isolation while minimizing nuclease activity, thus ensuring sample preservation24. This versatile method can be used as is for most microorganisms such as bacteria21,22 and yeasts15, and can be quickly adapted for mammalian cells, both plant25 and animal26 tissues, food products27, marine specimens21,28 including corals23, forensic samples20 including hair29 and even fossils30 as well as the remains of extinct lifeforms frozen in permafrost31. 

In conclusion, cryogrinding in a freezer mill is an efficient method for protein and other macromolecule isolation from a variety of samples derived from diverse sources for multiple downstream biochemical applications. 
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