
UNIT 4.6Long-Term Storage of Proteins

After a protein has been purified, there is
often a need to store it for weeks or months
before further study or use. For basic science
investigations, it is critical that the protein’s
physicochemical properties are not altered dur-
ing storage. For example, oxidation of a
methionine residue at the active site of an en-
zyme may render the protein inactive. Alterna-
tively, a substantial fraction of the protein may
precipitate and thus, no longer be usable for
studies of protein structure and function.

The means by which proteins degrade and
the optimal methods to prevent damage during
storage have been most extensively studied
with recombinant proteins that are used as
therapeutics. For these proteins to be approved
for human use, each type of degradation prod-
uct must be characterized and must be suffi-
ciently inhibited in the final formulation such
that the product is still safe and effective after
18 to 24 months of storage. A major problem
is the formation of nonnative protein aggre-
gates, which even at relatively low levels (e.g.,
1% to 2% of total dose) may cause adverse
responses in patients. Conversely, with some
proteins, a given type of chemical degradation
(e.g., deamidation) may not alter activity or
safety. Because of the stringent stability re-
quirements for therapeutic proteins, great in-
sight into how to minimize protein degradation
has been obtained from the study of these sys-
tems.

The purpose of this overview is to provide
a summary of some of this information as it
relates to the issues that researchers face when
attempting to store purified proteins. First, the
stresses that induce protein aggregation and the
pathway or pathways for this route of damage
will be treated briefly. Then, the major chemical
degradation routes for proteins will be high-
lighted. Finally, the use of various storage
strategies to increase the long-term stability of
proteins will be explained. When appropriate
as part of this discussion, the authors will point
out critical mistakes to avoid.

PROTEIN AGGREGATION
In many academic labs, the first indication

that a protein has stability problems is the
appearance of precipitates, which usually con-
tain nonnative protein aggregates. Such aggre-
gation is usually considered irreversible, be-
cause the native protein conformation typically

cannot be restored unless the aggregates are
dissolved in highly concentrated chaotrope so-
lutions and the protein molecules refolded by
removal of the chaotrope. Aggregation and pre-
cipitation of proteins can be induced by numer-
ous different acute stresses including exposure
to interfaces (e.g., air-water interface during
mixing or agitation or liquid-solid interface
during filtration), reduction in pH, freeze-thaw-
ing, exposure to subdenaturing concentrations
of chaotropes, and exposure to elevated tem-
perature. These stresses usually cause pertur-
bation of the protein’s native tertiary structure
and the formation of aggregation-competent,
partially unfolded molecules. However, it is
important to realize that aggregation can occur
on reasonable time scales (e.g., days to weeks)
under “physiological conditions” (e.g., pH 7 at
37°C), under which the native protein confor-
mation is highly favored thermodynamically.
Recent research has documented that aggre-
gates can form from protein molecules that are
only slightly perturbed from the most compact
native conformation (e.g., Kendrick et al.,
1998; Kim et al., 2000; Webb et al., 2001).
Thus, during long-term storage in aqueous so-
lutions, aggregation of proteins is a major prob-
lem, even if steps are taken to avoid exposure
of the protein to obvious acute stresses.

Nonnative protein aggregates, which are the
precursors of visible precipitates, can remain in
solution if they are sufficiently small (e.g.,
dimers, tetramers, octamers). Soluble aggre-
gates can be detected readily with size exclu-
sion chromatography and/or light-scattering
techniques. It is important to know their levels
because they may have altered structure and/or
activity compared to the native protein. More
importantly, soluble aggregates, even at rela-
tively low levels (e.g., only 2% to 3%), can
assemble into nuclei that promote rapid aggre-
gation and precipitation of the protein. Such
processes explain why a protein solution that
appears to be “stable” for weeks or months,
with only slight loss of activity, can suddenly
form massive amounts of precipitate. It is
thought that precipitation does not occur until
soluble aggregates reach a threshold level that
triggers nucleation. Alternatively, exposure of
a solution containing soluble aggregates to an
acute stress such agitation or filtration can rap-
idly promote nucleation and precipitation.
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CHEMICAL DEGRADATION
Although the multiple functionalities of

amino acid side chains could result in a wide
range of chemical modifications, oxidation and
hydrolysis reactions are the most prevalent
(Manning et al., 1989; Volkin et al., 1997;
Jaenicke, 2000). Oxidation occurs most readily
at methionine and cysteine residues as well as
those that possess aromatic side chains (i.e.,
tryptophan, histidine, tyrosine). Hydrolysis can
occur both at amino acid side chains, as in the
case of deamidation reactions at asparagine and
glutamine residues, or along the peptide back-
bone, resulting in cleavage of a peptide group.

Oxidation can arise readily from either the
presence of molecular oxygen or from oxida-
tive contaminants in the bulk drug, excipients,
or containers (Cleland et al., 1993). For exam-
ple, buffers can possess trace quantities of re-
dox active metal ions that can foster oxidation.
In addition, stoppers are known to contain re-
sidual free radical impurities that can lead to
oxidative damage. Oxidation occurs most read-
ily at residues that are highly solvent exposed,
but even interior residues can oxidize during
long-term storage in aqueous solution. The rate
of oxidation of partially exposed residues can
be retarded by compaction of the native state
via addition of certain stabilizing additives such
as sucrose (DePaz et al., 2000; Hovorka et al.,
2001).

Deamidation of asparagine residues is
highly dependent on neighboring residues,
where glycine in the following position dis-
plays the fastest rate of degradation (Patel and
Borchardt, 1990a). Local flexibility of the
polypeptide chain (Kossiakoff, 1988; Kosky et
al., 1999) can also influence deamidation. Most
importantly, extrinsic factors, such as pH and
buffer species, can accelerate the reaction, with
the rates being especially rapid at alkaline pH
and in the presence of high concentrations of
certain buffers, such as phosphate (Patel and
Borchardt, 1990b).

Nonenzymatic hydrolysis of the peptide
backbone (termed proteolysis) is most likely to
occur at asparagine residues, especially when
flanked by proline (Manning et al., 1989). In
addition, the reaction is both acid- and base-
catalyzed. Other less common chemical reac-
tions that have been observed during long-term
storage of proteins includes disulfide exchange
(Costantino et al., 1994), racemization (Sender-
off et al., 1998), and beta-elimination (Manning
et al., 1989; Volkin et al., 1997).

STORAGE IN NONFROZEN
AQUEOUS SOLUTIONS

The most convenient way to store proteins
is in nonfrozen aqueous solutions in the refrig-
erator (i.e., at 4° to 8°C). For short-term storage
or for exceptionally stable proteins this may be
a viable approach; however, it must be realized
that even if the protein does not aggregate, there
may be progressive chemical degradation (es-
pecially oxidation).

Aggregation can be minimized with solu-
tion conditions that optimize thermodynamic
stability of the native state, because the protein
population is shifted away from partially
folded, aggregation-competent species (e.g.,
Kim et al., 2000). For example, most proteins
have a relatively narrow pH range over which
the free energy of unfolding is maximum. Also,
specific ligands that bind avidly to the native
state (e.g., calcium or co-factors) can greatly
increase native state stability. Nonspecific sta-
bilizing additives, such as sucrose, are also
beneficial, but usually these compounds must
be employed at concentrations of at least 0.5 M
to be effective. These compounds are preferen-
tially excluded from the surface of protein
molecules with a concomitant increase in pro-
tein chemical potential (Timasheff, 1998). The
magnitude of exclusion and chemical potential
increase are directly proportional to the surface
area of the protein molecule and, thus, are
greater for partially or fully unfolded states than
for the native conformation. As a result, the free
energy barrier between native and unfolded
states is increased.

Numerous additives work through the pref-
erential exclusion mechanism including salt-
ing-out salts (e.g., ammonium sulfate), amino
acids (e.g., glycine), polyols (e.g., glycerol) and
sugars (e.g., sucrose). One compound that ap-
pears to be particularly effective at conferring
thermodynamic stability is citrate. The mecha-
nism for its action has not been studied, but it
most likely works by preferential exclusion.

The rate of protein aggregation can also be
reduced by storage of a protein at reduced con-
centration. Aggregation is usually a second- or
higher-order kinetic process, and thus its rate is
very sensitive to protein concentration. However,
protein concentration should not be reduced too
low (e.g., < ∼0.1 mg/ml) because of the risk of
losing a substantial fraction of the protein by
adsorption to the storage vessel walls.

For many proteins, storage in solutions with
high ionic strength (e.g., phosphate-buffered
saline solution with ∼150 mM NaCl) favors the
formation of nonnative aggregates. This is be-
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cause charge shielding by the ions in solution
reduces the charge-charge repulsion between
protein molecules. However, the actual effect
of ionic strength on physical stability of a given
protein must be determined empirically.

STORAGE AS SALTED-OUT
PRECIPITATES

A common means by which commercially
available enzymes are shipped and stored is as
salted-out precipitates. Salting-out (UNIT 4.5) is
also routinely used to fractionate proteins dur-
ing purification and as a storage method for
proteins purified in research laboratories. Most
often, ammonium sulfate at relatively high con-
centrations (e.g., 70% saturated) is used to
precipitate the protein (APPENDIX 3F). The
mechanism for salting-out is the same as that
for increased thermodynamic stability by pref-
erential exclusion of solutes. In the case of
salting out, sufficient solute is added such that
the protein’s chemical potential is high enough
to greatly reduce its solubility. The structure of
protein molecules remains native in salted-out
precipitates. Upon dilution (e.g., dialysis) of the
salting-out agent, the protein molecules dis-
solve and should be native and functional, with-
out the need for refolding.

Storage stability is greatly increased in
salted-out precipitates relative to that for an
aqueous solution of the same proteins. Often,
with storage at 4°C, a salted-out protein prepa-
ration can remain stable for several months.
Formation of nonnative aggregates is inhibited
because the concentration of free protein mole-
cules in solution is extremely low. Also, the
salting-out solutes will greatly increase the
thermodynamic stability of the native state of
protein molecules. These two effects virtually
eliminate partially folded, aggregation-compe-
tent protein molecules from the solution phase.
Similarly, the conformational dynamics of
salted-out protein molecules should be substan-
tially reduced, which should serve to minimize
the rate of chemical degradation, at least of
interior residues.

Although salted-out protein preparations
are usually stored in the refrigerator, storage
stability may be further enhanced by freezing
the suspension. The salting-out compounds are
potent cryoprotectants for proteins (see below)
and freezing-induced damage should be mini-
mized in a precipitate of native protein mole-
cules. By reducing the temperature, the rate of
chemical degradation can be slowed substan-
tially.

STORAGE AS FROZEN
SOLUTIONS

Freezing of soluble protein preparations as
a storage method is one of the most commonly
used approaches. It is simple and convenient to
place a test tube of protein solution into a
mechanical freezer. At subzero temperatures,
chemical degradation rates are usually reduced,
and assuming that freezing itself did not dena-
ture the protein, the sample should be stable for
weeks or months, especially if it is stored at
−80°C or below. However, freezing can dena-
ture proteins because of several stresses includ-
ing low temperature, concentration of solutes,
formation of ice-liquid interfaces, and poten-
tially drastic reductions in pH (see below). The
risk of denaturation can be reduced by cryopro-
tectants in the solution. The mechanisms of
nonspecific cryoprotection are the same as that
for increasing thermodynamic stability in aque-
ous solution by additives (Heller et al., 1996),
and the same compounds are effective in both
instances. Examples of good cryoprotectants
for proteins include glycerol, salting-out salts
(see above), and disaccharides. The degree of
protection against acute freeze-thawing stress
usually correlates directly with the initial con-
centration of the solute. Often concentrations
exceeding 0.3 M are needed for optimal pro-
tection.

Another class of compounds that afford pro-
tection during freeze-thawing are surfactants
such as polysorbates and polyethylene glycols,
which are often optimally effective at concen-
trations as low 0.1% (w/v). It is thought that
surfactants inhibit protein denaturation by
competing with protein molecules for ice-liq-
uid interfaces (Chang et al., 1996).

Other proteins (e.g., BSA) and synthetic
polymers can also inhibit freezing-induced pro-
tein unfolding at relatively low concentrations
of approximately a few weight percent. Al-
though these compounds are preferentially ex-
cluded from the surface of the protein, the molal
concentration is not sufficiently high to alter
protein chemical potential significantly by this
mechanism. Rather, it appears that polymers
inhibit protein denaturation during freezing by
sterically hindering unfolding due to macro-
molecular crowding.

The resistance of a protein preparation to
damage during freeze-thawing can be in-
creased by increasing the initial protein con-
centration. If a fraction of the protein damage
noted in a given frozen-thawed sample is due
to protein adsorption to denaturing ice-liquid
interfaces, this damage is finite for a given
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sample volume. Thus, the percentage of protein
molecules denatured will be less as the initial
protein concentration is increased. Also, pro-
tection by the excluded volume effects dis-
cussed above can apply to individual protein
molecules in a solution of the same protein.

To test if a given solution is appropriate for
frozen storage, small aliquots can be frozen and
then thawed the next day. In general, if the
protein survives the acute stresses of freeze-
thawing, it will have relatively good storage
stability when stored frozen in the same solu-
tion. Storage at −80°C is preferred over −20°C.
First, the lower temperature will slow degrada-
tive reactions to a much greater degree. Second,
the freezer compartment of refrigerators is
often not −20°C in many areas, especially in-
side the door. Furthermore, in a frost-free
freezer the sample may be subjected to repeated
freeze-thawing. Finally, −20°C is near the eu-
tectic temperature of certain salts, and cycling
of temperature above and below this tempera-
ture can cause melting and reformation of the
eutectic crystals, which might denature the pro-
tein.

Repeated freeze-thawing can progressively
increase protein denaturation in a sample and
should be avoided. Instead, the protein solution
should be divided into numerous small aliquots
that can be removed as needed, thawed, and
then used.

The most common mistake that is made
when researchers freeze proteins for storage is
to use sodium phosphate buffer. During freez-
ing, the dibasic salt crystallizes, while the acidic
salt remains soluble. Thus, in frozen solutions
the pH of sodium phosphate can drop very low
(e.g., pH 4), which can cause denaturation of
many proteins (e.g., Anchordoquy and Carpen-
ter, 1996). Buffers that are less likely to undergo
pH changes during freezing include citrate,
Tris, and histidine.

STORAGE AS FREEZE-DRIED
SOLIDS

A properly formulated and freeze-dried pro-
tein preparation can remain stable for years,
even at room temperature (Carpenter and
Chang, 1996); however, development of opti-
mal solution compositions and processing con-
ditions for a freeze-dried formulation is well
beyond the scope of the typical academic lab.
One main difficulty is that the type of lyophil-
izers available in most labs, which usually have
no capacity to control sample temperature, can-
not achieve the low level of residual water (e.g.,
<1% to 2% by mass) that is required for long-

term storage stability of freeze-dried products.
To dry samples sufficiently, their temperature
must be increased to greater than room tem-
perature during the terminal stages of the
freeze-drying process. Also, without tempera-
ture control during drying the sample can col-
lapse into a clump, which makes it even more
difficult to remove water.

Even if appropriate processing conditions
can be developed with a given lyophilizer, it is
critical to use the correct additives to prevent
protein denaturation during both freezing and
drying (reviewed in Carpenter and Chang,
1996; Carpenter et al., 1997). The disaccharides
sucrose and trehalose are very effective at pro-
tecting proteins during these stresses and dur-
ing storage in the dried solid. These sugars are
nonreducing. Reducing sugars such as glucose
and maltose should not be used since they
degrade proteins via the Maillard reaction.

The degree of protection during freezing
depends on the initial bulk concentration of
sugar present, whereas that during drying de-
pends on the sugar:protein mass ratio (Carpen-
ter and Chang, 1996). As noted above, freezing
protection is due to preferential exclusion of the
sugar from the protein’s surface, which in-
creases the free energy of unfolding. During
drying, protein molecules unfold as the water
hydrating their surface is removed. Sugars pre-
vent this damage by hydrogen bonding to the
dried protein in place of the lost water.

The storage stability of a dried formulation
depends on a low residual water content (e.g.,
<1% to 2% by mass), retention of the native
protein conformation during freezing and dry-
ing (which can be accomplished with protective
additives) and storage of the samples below the
glass transition temperature of the amorphous
phase, which contains the protein and stabiliz-
ing sugars (Carpenter and Chang, 1996). Meas-
uring these physical parameters is often beyond
the capabilities of most academic labs.

Thus, for most labs freeze-drying should be
considered only when all other methods for
enhancing storage stability have been found to
be inadequate. Assuming that suboptimal proc-
essing will be necessary (i.e., there is no way
to control sample temperature in the freeze-
drier) and that critical physical parameters can-
not be measured, is there any chance of obtain-
ing a stable dried formulation? The answer is
“maybe.” The practical approach is to prepare
the protein at a relatively high concentration
(which increases resistance to freezing and re-
duces volume to be dried) with sufficient tre-
halose or sucrose to inhibit unfolding during
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freezing and drying. If the protein preparation
is resistant to freezing, usually a sugar:protein
mass ratio in the range of 1 to 2 is adequate to
prevent protein unfolding during drying. If pro-
tection is required during freezing, often an
initial sugar concentration of 200 to 300 mM
is required for optimal protection.

It may also be beneficial to include a carbo-
hydrate polymer (e.g., dextran, Ficoll, hy-
droxyethyl starch), which can provide sample
bulk and increase the glass transition tempera-
ture of the amorphous phase. Sometimes add-
ing a bulking agent is needed to prevent protein
from escaping from the container during dry-
ing. Also, these polymeric amorphous bulking
agents make it easier to dry the samples without
collapse. An initial polymer concentration of
2% to 3% (w/v) usually provides adequate
bulking.

The samples are usually frozen by either
placing them into a mechanical freezer or by
immersing the sample containers into liquid
nitrogen. It is preferred to aliquot the prepara-
tion into several small test tubes (e.g., 1.5-ml
polypropylene microcentrifuge tubes), rather
than trying to dry a relatively large volume in
a few containers.

The frozen samples should be placed into a
container (e.g., desiccator or flask), which is
attached to the lyophilizer, and immediately
exposed to the system’s vacuum. Sublimation
cooling should keep the samples frozen during
the initial phase of the process when ice is
removed. After ice is removed the sample tem-
perature will increase to room temperature,
during which time water is partially desorbed
from the remaining non-ice phases. The sam-
ples should be kept under vacuum for sufficient
time to “complete” the drying process. Drying
is never actually complete. Rather the water
content eventually reaches a minimal level,
after which more time under vacuum at room
temperature will not facilitate further drying.
The water content resulting after drying at room
temperature in sucrose or trehalose formula-
tions is usually >4% to 5% by mass. The actual
duration of drying needed must be determined
empirically, but this can be a problem if the
required instrumentation is not available. To be
safe, for typical samples with a volume of 0.5
ml for example, it is advisable to keep samples
under vacuum for at least 1 to 3 days. Also, to
minimize degradation of the protein, it is rec-
ommended that the dried samples be stored in
the freezer at −20°C or, even better, at −80°C.
Again, all of this effort seems to be excessive
compared to simply freezing the solutions, es-

pecially since subzero storage temperatures
probably will be required for suboptimally
freeze-dried samples.

SELECTING AN APPROPRIATE
STORAGE METHOD

The choice of storage method depends on
several criteria, including the intrinsic stability
of the protein, the duration of storage required,
and how stringent the need for preventing dam-
age is. There is tremendous variability in these
criteria. However, the following general guide-
lines should apply in most instances.

If the goal is simply to keep a small batch of
purified protein around for a few days, then
often storage in unfrozen solution at 4°C is
sufficient. If greater duration of storage is re-
quired or if there is obviously protein degrada-
tion (e.g., visible precipitates or unacceptable
loss of function), then the next option is to
choose either frozen storage or storage as a
salted-out precipitate (UNIT 4.5; APPENDIX 3F). Both
methods are relatively straightforward and,
when conducted properly, should afford several
weeks or months of storage stability. Prior to
attempting to design a salting out strategy, pre-
liminary freeze-thawing experiments should be
conducted to determine a given protein prepa-
ration’s resistance to this stress. If the protein
is stable during this treatment, then long-term
storage in the frozen state will probably provide
adequate stability. However, if preliminary ex-
periments document that the protein is sensitive
to acute freeze-thawing stress, it will be neces-
sary to test the appropriate cryoprotectants or
to opt to explore the utility of salting out the
protein. The latter is probably somewhat easier,
but it does not take a large effort to optimize
freeze-thawing resistance. At this point, the
choice of method to use depends on prior ex-
perience with the protein, as well as the history
of how a given lab has successfully dealt with
protein storage stability issues. Finally, only if
all other methods fail or if there is a need for
very long-term storage (e.g., 18 to 24 months)
at ambient temperatures should freeze-drying
be explored.

INHIBITION OF PROTEASES
This overview has been written with the

assumption that purification of the protein was
good enough that detrimental levels of pro-
teases were removed. Of course, even with
highly refined purification protocols that result
in preparations of >99% homogeneity, there
still may be sufficient protease activity that the
“purified” protein is rapidly hydrolyzed. Hy-
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drolysis is usually easily recognized with SDS
polyacrylamide electrophoresis (UNIT 10.1),
which documents the presence of protein frag-
ments. Enzymatic fragmentation proceeds rela-
tively rapidly (e.g., on a time scale of hours or
days) compared to nonenzymatic hydrolysis. If
proteolysis occurs then the protein will have to be
purified further or protease inhibitors will have to
be added to the protein preparation. A compre-
hensive guide to selection and use of protease
inhibitors can be found at the Roche Molecular
Biochemicals web site. The URL for specific
descriptions of proteases and their inhibitors is:
http://biochem.roche.com/prodinfo_fst.htm/
proteaseinhibitor/prod07.htm.
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