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Together the results of these studies document that
to obtain optimum stability of dried rhIL-1ra it wasThe effects of glass transition of, and protein confor-
necessary to inhibit conformational change during ly-mation in, the dried solid on the storage stability of
ophilization and to store at temperatures below the Tgfreeze-dried recombinant human interleukin-1 recep-
of the dried formulation. q 1996 Academic Press, Inc.tor antagonist (rhIL-1ra) were examined. Glass transi-

tion is a temperature-dependent phenomenon. Amor-
phous materials become hard and brittle at temperatures
below their characteristic glass transition tempera-

There are numerous unique, critical applications fortures (Tg) such that diffusion of molecules along the
proteins in human health care. However, even the mostmatrix is not sufficient to cause large-scale structural
promising protein therapeutic will not be useful, if itschanges. To ascertain the importance of the glass tran-
stability cannot be maintained during shipping andsition in protein storage stability, we compared 10 dif-
long-term storage (1, 2). The inherent instability of pro-ferent lyophilized rhIL-1ra formulations, with Tgs
teins often precludes preparation of formulations asranging from 20 to 567C, during several weeks of stor-
aqueous solutions (2). However, if the water is removedage at temperatures above and below the samples’ Tgs.
by freeze-drying (lyophilization), the dehydrated pro-Protein degradation, both deamidation and aggrega-
tein theoretically should be much more resistant totion, was greatly accelerated at temperatures above

Tg, but for some formulations also arose below Tg. damage, even at ambient temperatures (3, 4). We have
Thus, storage of dried proteins below the Tg is neces- recently achieved such long-term stability (5) with
sary but not sufficient to ensure long-term stability. freeze-dried recombinant human interleukin-1 recep-
To examine the effects of protein structure in the dried tor antagonist (rhIL-1ra).3 An optimum formulation,
solid, we prepared formulations with various sucrose containing 100 mg/ml rhIL-1ra, 2% (wt/vol) glycine, 10
concentrations, all of which had a TgÅ 66{ 2.57C. With mM sodium citrate (pH 6.5), and 10% (wt/vol) sucrose,
infrared spectroscopy, we determined that the protein could be stored for 56 weeks at 307C with no detectable
lyophilized with £1% sucrose was unfolded in the ini- damage to the protein and at 507C with only a 4% loss
tial dried solid. In contrast, in those formulations with of native protein due to deamidation. The purpose of
§5% sucrose, conformational change was inhibited the current study was to investigate the physical bases
during lyophilization. When stored at 507C, degrada- for this stability and, in so doing, test rigorously the
tion of the freeze-dried protein varied inversely with proposed mechanisms for storage stability of freeze-sucrose concentration. These results indicate that

dried proteins.structural changes arising during the lyophilization
Two physical criteria have been proposed to be im-process led to damage during subsequent storage,

portant for long-term stability of dried proteins. First,even if the storage temperature was less than the Tg.
in the dried powder, the protein is a component of a
glassy phase that includes other additives which re-

1 To whom correspondence should be addressed. Fax: (805) 498-
8674.

3 Abbreviations used: rhIL-1ra, recombinant human interleukin-12 Current address: Department of Chemistry and Biochemistry,
University of Northern Colorado, Greeley, CO 80639. receptor antagonist; Tg, glass transition temperature.

2490003-9861/96 $18.00
Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.

AID ARCH 9506 / 6b1c$$$$$1 06-21-96 06:28:06 arca AP: Archives



250 CHANG ET AL.

main amorphous (e.g., sucrose). It has been proposed of carefully selected lyophilized rhIL-1ra formulations,
which have various Tg’s and differing degrees of confor-that proteins should be stable when stored below the

characteristic glass transition temperature (Tg) of this mational change during freeze-drying, in hopes of bet-
ter understanding the critical physical factors affectingamorphous phase (3, 4). This is because the rate of

diffusion-controlled reactions, putatively including pro- the storage stability of freeze-dried proteins.
tein unfolding, protein aggregation, and chemical deg-

MATERIALS AND METHODSradative processes, should be greatly reduced relative
to rates noted above Tg (3, 4). Published direct support Materials. Recombinant rhIL-1ra was produced and purified at

Amgen, Inc. The protein was ú99.5% homogenous based on a size-for this mechanism is essentially limited to a study by
exclusion chromatography and approximately 98% based on a cation-Roy et al. (6), in which it was found that the tempera-
exchange chromatography. Other chemicals used for this study wereture- and residual moisture-dependent changes in stor-
analytical grade or better.

age stability of a lyophilized monoclonal antibody-vinca Methods. Each formulation was made by exchanging the buffer
conjugate could be explained by glass transitions. Indi- with a testing formulation by gel filtration on Sephadex 25. To pre-
rect support comes from the observations that storage pare freeze-dried samples, 1.0 ml of each formulation was pipetted

into a 3-ml glass vial. The vials were placed into an Edwards Super-stabilities of ribonuclease (7) and galactosidase (8) were
moldulyo lyophilizer (Edwards High Vacuum, Inc.) and freeze-driedgreatest when the proteins were freeze-dried in the
as described previously (5). The storage stability experiments on thepresence of stabilizers that remained amorphous (e.g., dried protein samples and the analyses of protein degradation after

sucrose). However, in these studies the glass transition storage and rehydration were performed as described previously (5).
temperatures of the samples were not determined and Briefly, degradation was assessed by rehydrating samples after stor-

age and quantitating deamidation by cation exchange high-perfor-compared to the storage temperatures.
mance liquid chromatography and aggregation by turbidity determi-Secondly, Prestrelski and colleagues have suggested
nations (5).that in addition to storage below Tg, long-term stability The Tg of a freeze-dried powder was determined using a Perkin

is dependent on retaining the native protein structure Elmer DSC-7 as previously described by Chang and Randall (15).
Approximately 10 mg of powder was sealed in a 50-ml volatile alumi-in the dried solid (9, 10). Initially, their infrared spec-
num pan and loaded to a sample compartment. The sample wastroscopic studies documented that the acute stresses
equilibrated at 0207C. Then, data were collected during warming atof freezing and drying induce unfolding of unprotected
a rate of 57C/min between 020 and 1507C. A second order transition,

proteins (11, 12). Compounds, such as sucrose, which which was reversible upon rescanning within 1 h, was considered as a
confer both acute stability (e.g., minimize aggregation signal for Tg. The glass transition signal occurred over a temperature

range of approximately 207C. The midpoint of the signal was usedof proteins rehydrated immediately after lyophiliza-
to represent the Tg.tion) and storage stability to dried proteins, inhibit un-

Infrared spectra of aqueous protein solutions and dried powdersfolding during freeze-drying. More recently, Prestrelski were recorded at 257C with a Nicolet Magna 550 Fourier transform
and colleagues (10) found that interleukin-2 lyophilized infrared spectrometer, equipped with a dTGS detector. Protein solu-
from a solution of pH 7 was unfolded in the dried solid tions were prepared for infrared measurement in a sample cell (Beck-

man FH-01) that employed CaF2 windows separated by a 6-mmand unstable during storage at 457C. In contrast, lyoph-
spacer. For dried solids, approximately 0.5–1.0 mg of dried proteinilization from a solution with pH 4 led to a native pro-
was combined with 300 mg of potassium bromide (KBr) and groundtein and storage stability. This storage temperature into a fine powder. The powder was annealed into a disc using a

was most likely below Tg, because characteristically hydraulic press. We have previously established that this procedure
dried proteins have Tgs greater than 1007C (13, 14). does not alter the conformation of proteins in dried powders (11).

Dried samples for spectroscopic analyses were lyophilized and storedUsing protein in a pH 7 solution, they also compared
for 24 weeks at 507C and 0707C. The latter samples were equivalentdenaturation during freeze-drying and storage stabil-
to samples examined immediately after lyophilization.ity conferred by carbohydrates of increasing molecular For each spectrum, a 512-scan inteferogram was collected in single

weight (10). As molecular weight increased, the inhibi- beam mode, with a 4-cm01 resolution. For aqueous samples, reference
spectra were recorded under identical conditions with only buffer intion of denaturation during freeze-drying decreased,
the cell. The spectra for liquid and gaseous water were subtractedbut the Tg increased. The optimum stability during
from the protein spectra, as appropriate, according to previously es-storage at 457C was noted in samples stabilized with
tablished criteria (16, 17). The final protein spectrum was smoothed

the tetrasaccharide, stachyose, in which the dried pro- with a 7-point function to remove white noise. Second derivative
tein was native and Tg was greater than 457C. The spectra were calculated with the derivative function of Nicolet Omnic

software. To quantitate the secondary structural content representedprotein degraded in samples with lower molecular
by the second derivative spectra, the spectra were inverted by multi-weight carbohydrates, which had native protein, but a
plication by01 and curve-fitted (SpectraCalc Software from GalacticTg less than 457C. Thus, even with a native protein, Industries) with Guasian band profiles (18).

stability is dependent on maintaining the temperature
below Tg. With the highest molecular weight dextrans, RESULTS
for which Tgú 457C, the protein was initially unfolded.

Glass Transition and Storage StabilityHowever, no further damage was noted during storage,
which supports the stabilizing role of the glassy state. If the glass transition mechanism (3, 4) for long-term

stability is correct, then rhIL-1ra should be stable inIn the current study, we compared the degradation
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251FACTORS CRITICAL FOR STABILITY OF FREEZE-DRIED PROTEIN

TABLE I

Formulations Selected for Tg Study

Stabilizer Bulking agent Buffer Tg

1% Sorbitol 5% Glycine Sodium citrate 20
1% Sucrose 4% Mannitol / 2% glycine Sodium phosphate 26

4% Mannitol / 2% glycine Sodium citrate 46
1% Alanine 5% Glycine Sodium citrate 47
1% Sucrose 4% Mannitol Sodium citrate 47
1% Trehalose 5% Glycine Sodium citrate 50
0.5% Sucrose 5% Glycine Sodium citrate 50
1% Sucrose 4% Mannitol / 2% glycine Sodium citrate 51
1% Sucrose 5% Glycine Sodium citrate 54
1% Sucrose 2% Glycine Sodium citrate 56

the dried state during storage at temperatures below tially higher than those for other formulations in the
same range of storage temperatures below Tg (Fig. 1A).Tg and should have greatly reduced stability at temper-

atures above Tg. Also, such a relationship should hold Also, in many of the formulations, damage, which was
manifested as aggregation upon rehydration, wasfor any freeze-dried formulation, as long as the none

of the components are obviously protein destabilizers noted after storage at temperatures as much as 457C
below Tg (Fig. 1B). Therefore, storage of dried rhIL-(e.g., urea). To test this mechanism rigorously, we pre-

pared 10 different formulations of freeze-dried rhIL- 1ra below the formulation Tg was not always sufficient
to ensure long-term stability.1ra, which had Tgs ranging from 20 to 567C (Table I).

These formulations were selected for examining pro-
tein storage stability because they met the following Lyophilization-Induced Structural Change and
criteria: (1) There was full recovery of native protein, Storage Stability
with no chemical degradation, when the samples were
rehydrated immediately after freeze-drying, indicating As noted in the introduction, the second factor to

which storage stability has been ascribed is the reten-that irreversible acute damage during drying was not
sustained. These results also support the contention tion of the native structure in the dried solid, i.e., inhi-

bition of lyophilization-induced unfolding (9, 10). Thus,that none of the additives were protein destabilizers.
(2) There was the presence of amorphous additives. (3) the hypothesis is that both storage at a temperature

below the Tg and a native protein structure are neces-The Tg could be measured by DSC. (4) Residual mois-
ture determined by Karl Fisher method was less than sary to confer stability. To test this hypothesis we pre-

pared freeze-dried formulations containing from 0 to0.01 g H2O/g dried powder. (5) The dried cakes main-
tained structural integrity and did not collapse during 10% (wt/vol) sucrose, in combination with 2% glycine,

10 mM sodium citrate (pH 6.5), and 100 mg/ml rhIL-freeze-drying. The latter condition is important be-
cause collapse means a loss of structure of the amor- 1ra. This range of formulations was chosen because we

had previously documented that increasing the su-phous phase during the freeze-drying process, which
could lead to excessively high residual moisture and/ crose-to-protein ratio, while keeping other formulation

components constant, led to increased stability (basedor heterogeneous distribution of water in the dried
cake. In turn, such retention of water could result in on final levels of degradation after 56 weeks at 507C)

during storage in the dried solid (5). Indirect supportwater-induced instability during storage (cf. 19).
When the selected formulations were stored at vari- for the contention that the increased stability may be

due, at least in part, to the effect of sucrose on proteinous temperatures for several weeks, rehydrated, and
analyzed for degradation products, there was generally structure, comes from our earlier work with several

other proteins that showed that sucrose could preventan increase in the rates of deamidation and aggrega-
tion during storage above Tg (Fig. 1). Also, in most acute protein unfolding during freeze-drying (11, 20).

The formulations with varying amounts of sucroseinstances the rates of degradation were greatly reduced
at temperatures below Tg. were also selected for this study because their Tgs were

almost identical at 66 { 2.57C (Table II). Thus, duringHowever, there were several instances where storage
below Tg did not ensure stability (Fig. 1). For example, storage at 507C, all formulations would be about 167C

below Tg, and any difference in stability should be at-even at temperatures almost 407C below Tg, the formu-
lation containing 1% sucrose, 4% mannitol, 2% glycine tributable factors other than a glass transition. The

results shown in Fig. 2 indicate that there were dra-and sodium phosphate had deamidation rates substan-
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252 CHANG ET AL.

FIG. 1. Rates of deamidation (A) and precipitation (B) for rhIL-1ra in freeze-dried formulations, as a function of the difference between
storage temperature and formulation Tg. Precipitation and deamidation were measured after storage and rehydration. Figure symbols: 1%
sorbitol/5% glycine/citrate (n), 1% sucrose/4% mannitol/2% glycine/phosphate ()), 4% mannitol/2% glycine/citrate (s), 1% alanine/5% glycine/
citrate (j), 1% sucrose/4% mannitol/citrate (.), 1% trehalose/5% glycine/citrate (L), 0.5% sucrose/5% glycine/citrate (h), 1% sucrose/4%
mannitol/2% glycine/citrate (l), 1% sucrose/5% glycine/citrate (l), 1% sucrose/2% glycine/citrate (m).

matic differences in protein stability between the for- degradation due to both aggregation and deamidation
was detectable within 5 weeks of storage. Aggregation,mulations and that increasing the sucrose content led

to less degradation. In all samples, degradation as documented by turbidity after rehydration, reached
such high values after only 16 weeks of storage thatreached an apparent maximum level within about 24

weeks. In the absence of sucrose, significant protein measurements after further storage were off scale for

AID ARCH 9506 / 6b1c$$$$$3 06-21-96 06:28:06 arca AP: Archives



253FACTORS CRITICAL FOR STABILITY OF FREEZE-DRIED PROTEIN

TABLE II

The Glass Transition Temperatures (Tgs) of Selected
Formulations with Varying Concentrations of Sucrose

Sucrose concentration (w/v %) Tg (7C)

0 66.5
1 68.5
3 67.8
5 66.2

10 64.6

Note. All formulations contain 2% (w/v) glycine, 10 mM sodium
citrate buffer at pH 6.5. See Materials and Methods for the procedure
of DSC analysis.

the spectrophotometer (Fig. 2A). The addition of 1%
sucrose attenuated both the rate and extent of damage.
In the presence of 5 and 10% sucrose degradation due
to aggregation was not detectable, and only about 4–
5% of the protein was lost due to deamidation, even
after 56 weeks of storage.

To determine the acute effects of lyophilization and
the presence of the varying amounts of sucrose on pro-

FIG. 3. Effects of sucrose on lyophilization-induced alterations in
the second derivative infrared spectra of rhIL-1ra. (A) Aqueous pro-
tein (—) and protein dried with no sucrose (– -–) and with 1% wt/
vol sucrose (– – –). (B) Aqueous protein (—) and protein dried with
5% (– – –) and 10% wt/vol sucrose (– -–).

tein structure, we compared the second derivative in-
frared spectra in the conformationally sensitive amide
I region for the aqueous protein to that for the dried
formulations. This comparison was made first by sim-
ply overlaying the second derivative spectra, which had
been normalized for total area (Figs. 3–5). In our expe-
rience this approach is often most valuable for ascer-
taining overall alterations in protein structure (19).
However, it is also of interest to quantitate the relative
contribution of different component bands, and hence
secondary structural elements, to the total area of the
amide I contour. This is accomplished (cf. 16, 18) by
fitting curves to the inverted second derivative spec-
trum (Fig. 6), calculating relative areas for the fitted
curves, and assigning the bands to secondary structure
based on frequency (Table III).

The spectrum for the aqueous protein prepared in
FIG. 2. Effect of initial sucrose content on precipitation and deami- the absence of sucrose had relatively broad bands, espe-
dation of rhIL-1ra during storage of dried solid at 507C. Initial su- cially in the region between 1625 to 1645 cm01, in whichcrose contents: 0 (j), 1% (l), 3% (m), 5% (.), and 10% wt/vol (l).

bands are assigned (cf. 17) to b-sheet structure (Fig.Precipitation and deamidation were measured after storage and re-
hydration. 3A). This spectrum for the aqueous protein solution
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changes are often associated with the formation of pro-
tein aggregates (20). However, aggregates formed dur-
ing lyophilization must dissociate in samples rehy-
drated immediately, because aggregation was not de-
tectable prior to storage.

The addition of 1% sucrose led to further narrowing
of the bands in the 1625- to 1645-cm01 region (Fig. 3A).
There was also a greater increase in the absorbance at
1692 cm01, relative to that for the aqueous protein. The
other alterations noted for the sample dried without
sucrose were attenuated (Fig. 3A). The spectra for sam-
ples dried with 5 and 10% sucrose were very similar
to each other, but were much different than that for
aqueous control protein (Fig. 3B and Table 3). The
bands in the 1625- to 1645-cm01 region were narrower
than for other samples, indicating the most compact,
organized structure of all samples tested. The band at
1663 cm01, noted with 0 or 1% sucrose, was not present

FIG. 4. Comparison of the second derivative infrared spectrum for
rhIL-1ra in solution with 60% wt/vol sucrose (– -–) to that for the
protein dried with 10% wt/vol sucrose (—).

might be due to a relatively mobile conformation, in
which the peptide chain is packed into a volume larger
than the minimum. With other proteins that have more
regular, compact structure in solution, drying usually
leads to band shifts and increases in band width, which
are ascribed to changes in conformation and the pres-
ence of multiple ‘‘static’’ conformations (9, 11). When
rhIL-1ra was freeze-dried in the absence of sucrose,
there were several alterations in the infrared spectrum
(Fig. 3A). First, bands in the 1625- to 1645-cm01 region
were more clearly resolved, which could indicate that
lyophilization has simply led to a ‘‘compaction’’ of the
native conformation. However, other spectral changes
indicate that the overall protein structure was altered
(i.e., the protein was unfolded) by freeze-drying (Fig.
3A and Table 3). There was the appearance of a new
large band centered at 1663 cm01 and the loss of the
band at 1661 cm01, which are usually assigned to 310

helix structure (17). Also there was the loss of other
bands in the region (ca. 1670–1690 cm01) assigned to
b-turn (17). There was a decrease in the absorbance at
1652 cm01, indicating a reduction in disordered content
(17), which was compensated by an overall increase in
b-sheet and b-turn content (Fig. 3A and Table 3).

Also, there was a shift of the band normally found
at 1690 to 1693 cm01 and a large increase in absorbance
in this region (Fig. 3A and Table 3). The appearance
of a new band at 1618 cm01 could be due to formation
of intermolecular beta sheet in the dried solid (20). The
broadening and shift to a higher frequency of the band

FIG. 5. Effect of 24 weeks of storage at 507C on the second deriva-at 1690 cm01 is consistent with this interpretation, be- tive infrared spectra of dried rhIL-1ra. Samples were lyophilized
cause often intermolecular beta sheet leads to a weaker with 0 (A), 1% (B), 5% (C), and 10% wt/vol sucrose (D). Samples held

at 0707C (—) and samples stored at 507C (– -–).band at wave numbers above 1690 cm01. These spectral
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255FACTORS CRITICAL FOR STABILITY OF FREEZE-DRIED PROTEIN

with increased long-term stability. We compared the
spectrum for the aqueous protein solution in the pres-
ence of 60% sucrose to that for the protein freeze-dried
from a solution containing 10% sucrose (Fig. 4 and Ta-
ble 3). All other formulation components noted above
were held constant. These spectra were more similar
to each other than either was to that for the protein in
aqueous solution without sucrose (Figs. 3 and 4 and
Table 3). In both spectra, there was similar band nar-
rowing in the 1625- to 1645-cm01 region. Bands as-
cribed to 310 helix at 1661 cm01 and turn structure at
ca. 1671 cm01 were present in both spectra. In both
cases, a band assigned to disordered components was
not retained. The total secondary structure contents of
the two protein samples were more similar to each
other than to that for the aqueous protein without su-
crose (Table 3). The major differences were a greater
absorbance and higher wave number for the high fre-
quency beta turn band (ca. 1690 cm01) and a reduction
in absorbance of the ca. 1683 cm01 band for the dried
sample, relative to sample in solution with 60% su-
crose. Finally, it should be noted that sucrose at concen-
trations up to 10% (wt/vol) had essentially no effect on
the protein’s infrared spectrum in solution (data not
shown).

To ascertain if structural alterations were arising in
the dried solid during high temperature storage, we
acquired infrared spectra of the dried formulations
after 24 weeks of storage at 507C. By this point in the
storage study, degradation had essentially reached a
maximum (Fig. 2). As can be seen in Fig. 5, even though
all formulations were held about 167C below their Tg,

FIG. 6. Representative examples of curve fitting to inverted second those that had 0 and 1% sucrose had relatively large
derivative infrared spectra for rhIL-1ra. (A) Aqueous protein in the changes in their infrared spectra during storage atabsence of sucrose. (B) Aqueous protein in the presence of 60% wt/

507C in the dried solid. In the sample without sucrose,vol sucrose.
there was a large increase in the absorbance of the
1663 cm01 band, which was initially induced by freeze-
drying. Also, there was an increase in the absorbancewith 5 and 10% sucrose. Also, the beta turn band noted

in the aqueous protein’s spectrum at about 1672 cm01 at 1618 cm01, indicating that there was an increase in
intermolecular beta sheet structure in the dried solid.was retained, as was a somewhat smaller 310 helix band

at 1661 cm01. The band at 1618 cm01 was not present These absorbance increases were compensated by a de-
crease in absorbance at 1627 cm01. Similar changesin the samples dried with 5 and 10% sucrose, nor was

the band for disordered components at the region from were noted in the sample with 1% sucrose, except that
there was not an increase in the absorbance in the1648–1652 cm01 (Fig. 3B and Table 3). Taken together

these results indicate that freeze-drying the protein in intermolecular beta sheet band at 1618 cm01.
In contrast, the formulations prepared with 5 andthe presence of 5 and 10% sucrose not only inhibited

unfolding, but actually induced an apparently more 10% sucrose had relatively minor changes in their in-
frared spectra after 24 weeks at 507C. In both cases,highly structured ‘‘native state’’ in the dried solid.

In a separate study on storage stability of rhIL-1ra the spectra for the dried proteins showed a small in-
crease in absorbance at 1643 cm01 and a small decreasein aqueous solution, we found that addition of large

amounts of sucrose (i.e., ú40% wt/vol) could also cause in absorbance at 1693 cm01. The band at 1626 cm01

decreased slightly in absorbance and shifted to 1625similar alterations in the protein’s infrared spectrum
(Chang, Beauvais, Dong, and Carpenter, unpublished cm01. This apparent resistance to structural alter-

ations in the dried solid correlated well with the resis-observations). These alterations were indicative of a
structure that was more compact and ordered than that tance to deamidation and aggregation noted upon rehy-

dration after long-term storage at 507C (Fig. 2).noted in the absence of sucrose and that correlated
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TABLE III

Relative Areas and Assignments of Infrared Second-Derivative Amide I Band Components of rhIL-1ra

Aqueous Dried solid

0% sucrose 60% sucrose 0% sucrose 10% sucrose

n Area n Area n Area n Area
(cm01) (%) (cm01) (%) (cm01) (%) (cm01) (%) Assignment

— — — — 1618 4.4 — — b-Aggregate
1627 8.4 1627 5.6 1626 4.0 1627 16.4 b-Sheet
1633 18.5 1632 13.5 1636 15.8 — — b-Sheet
1642 23.9 1643 35.0 1643 18.9 1643 35.6 b-Sheet
1652 12.2 — — 1649 3.2 — — Unordered
1661 4.5 1661 9.4 1663 8.6 1661 6.7 310-helix
1667 5.1 1667 2.0 — — — — Turn
1673 5.3 1672 7.7 1671 12.7 1673 11.5 Turn
1683 14.3 1683 18.0 1681 2.5 1686 12.4 Turn
1690 7.9 1691 8.8 1693 29.9 1693 17.4 b-Sheet/b-aggregate

DISCUSSION All of these observations actually are consistent with
the proposal that in addition to keeping the tempera-The two degradation pathways that we monitored
ture below the formulation Tg, storage stability is de-to assess the storage stability of lyophilized rhIL-1ra,
pendent on inhibiting acute protein unfolding duringprecipitation and deamidation, are the most common
freeze-drying (9, 10). As noted in the introduction,for proteins (1, 21). Therefore, rhIL-1ra is a good model
Prestrelski et al. (10) found that storage stability ofsystem for evaluating the physical factors affecting the
interleukin-2 was greatest when both criteria werelong-term stability of dried proteins. We found that
met. To obtain this requisite acute protection, additivesstorage of lyophilized formulations at temperatures
must remain amorphous during lyophilization. For ex-above the Tg greatly accelerated degradation (Fig. 1),
ample, compounds that crystallized failed to inhibit ly-which is consistent with the glass transition mecha-
ophilization-induced unfolding of lactate dehydroge-nism for stabilization (3, 4). However, in many of the
nase and phosphofructokinase, and, hence, to fosterformulations tested, comparable rates of degradation
recovery of enzyme activity after rehydration (23). Inoccurred at temperatures below the Tg (Fig. 1). Actu-
contrast, sufficient initial concentrations of amorphousally, if all that were needed for stability was a Tg
agents (e.g., sucrose) acutely protected these and manygreater than the storage temperature, then proteins
other proteins during freeze-drying (11, 12, 20); nativefreeze-dried in the absence of protective additives
proteins were present in the dried solids and functionshould be extremely stable. Proteins freeze-dried alone
was recovered after rehydration.have relatively high Tgs (13, 14). For example, dry le-

The importance of protein protection during freeze-gumin has a Tg of about 1407C, and even in the pres-
drying in long-term storage stability also can be in-ence 10% residual water (by weight), the Tg is still
ferred from earlier studies that did not determine pro-ca. 507C (13). However, proteins lyophilized without
tein structure in the dried solid. For example, Izutsuprotective additives have very poor storage stability,
et al. (8) found that storage stability of b-galactosidaseeven if they are held at temperatures much below the
at 707C for 7 days was greatest in the presence of amor-range associated with the Tg for dried proteins (8, 22).
phous compounds (e.g., trehalose and sucrose), whichThe glass transition mechanism for storage stability
also led to full enzyme activity recovery in samplescan be qualified by stating that another amorphous
rehydrated immediately after lyophilization. Struc-compound must be present with the protein. For exam-
tural changes during freeze-drying, irreversible loss ofple, amorphous additives conferred storage stability to
activity, and further instability during storage wereb-galactosidase, whereas compounds that crystallized
noted in samples lyophilized without stabilizers or withduring lyophilization did not (8, 22). However, all of the
agents that crystallized. Since minimizing acute loss offormulations we tested contained amorphous additives,
enzyme activity correlates with inhibition of unfoldingyet in many instances the protein degraded during stor-
during lyophilization (11, 12), Izutsu’s data support theage at temperatures below Tg (Figs. 1 and 2). Thus,
contention that increased storage stability conferred bymaintaining the protein below the Tg, even with an
amorphous excipients is due to the maintenance of theadditional amorphous compound, is not sufficient for

storage stability. native protein structure during lyophilization. The Tgs
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of the final dried solids were not measured. It is most is frozen and dried. Then why was a 1% initial sucrose
concentration not also effective at inducing a more or-likely that the Tgs of the stable formulations were

higher than the storage temperature of 707C and/or the dered and stable IL-1ra conformation during lyophili-
zation? Proteins must be protected during both freezingduration of storage was not sufficient for degradative

processes to be manifested in samples with Tgs lower and drying to inhibit lyophilization-induced unfolding
(12, 23). The degree of protection during freezing isthan 707C.

Our infrared spectroscopic results with rhIL-1ra for- directly related to the initial concentration of solute
and can be explained by Timasheff’s preferential solutemulations containing 0–10% sucrose provide direct

support for the role of inhibition of acute lyophilization- exclusion mechanism (25, 26). A 1% sucrose concentra-
tion may not be sufficient to protect rhIL-1ra frominduced protein unfolding in storage stability. As is

the case with most proteins (9–12, 20), the infrared freezing damage. Alternatively, there might also be in-
sufficient sucrose to protect the protein during the de-spectrum of rhIL-1ra dried without sugar was greatly

altered relative to the initial aqueous protein’s spec- hydration step, by hydrogen bonding in the place of
water molecules (11, 27). Such perturbation of proteintrum, indicating that lyophilization induced unfolding

(Fig. 3A). Even though it was stored below its Tg, this structure would offset the effect of sugar on favoring a
more compact conformation.sample had extensive degradation due to deamidation

and aggregation, which were noted after rehydration The next question that arises is why are nonnative
proteins not stable in the dried solid, even when stored(Fig. 2). However, it appears that the stabilization of

rhIL-1ra by sucrose involves more than a simple reten- at a temperature below the sample’s Tg? First, as re-
cently reviewed by Pikal (28), this might be due, attion of the original aqueous protein structure in the

dried solid. In the infrared spectra for rhIL-1ra dried least in part, to the fact that even below Tg there can
be significant molecular mobility, which is permissivewith 5 or 10% sucrose some bands were more narrow

than those for the native, aqueous control protein, and to degradative reactions. And a recent study by Han-
cock and colleagues found that glasses of sucrose andthe other bands matched closely those for the native

protein (Fig. 3B and Table 3). Also, there was the loss of Polyvinylpyrrolidone must be cooled to more than 507C
below Tg for molecular motions to be negligible overthe band due to disordered components. These results

suggest that the structured had become more ordered the normal lifetime (e.g., months) of a typical pharma-
ceutical product (29). Second, in aqueous protein solu-in the dried sample.

A similar alteration of the protein’s infrared spec- tions, perturbing the native structure (e.g., with dena-
turants) can greatly accelerate degradation by deami-trum was noted in aqueous solution, when the protein

was exposed to 60% (wt/vol) sucrose (Fig. 4 and Table dation, even if deamidation is negligible in the native
protein (30–33). Kossiakoff (32) has argued that minor3). In a recent study of the storage stability of aqueous

solutions of rhIL-1ra at 307C, we found that degrada- changes in the backbone structure can cause significant
rearrangement of side chains, so that a microenviron-tion was also reduced when in samples containing

§40% sucrose. Thus, it appears that the most stable ment favorable to deamidation is created. It appears
that the structural alterations in rhIL-1ra induced byrhIL-1ra structure in both liquid and dried solids is the

more organized state induced by sucrose. freezing–drying are also sufficient to provide an envi-
ronment conducive to deamidation, and that there isWe propose that the transition to an apparently more

ordered native structure by high concentrations of su- sufficient mobility, even 167C below the Tg, to allow
such degradation.crose can be explained by Timasheff’s stabilization mech-

anism for proteins in aqueous solution (reviewed in 2, Finally, in addition to an environment permissive to
chemical degradation, the glassy state also allowed suffi-24). Accordingly, sucrose is excluded preferentially from

the surface of proteins, which increases protein chemical cient mobility for further structural alterations in, and
intermolecular interactions between, unfolded rhIL-1rapotential. The free energy of the system is minimized by

reducing the surface area of the protein from which solute molecules. In samples prepared with£1% sucrose, the
infrared spectra after 24 weeks of storage at 507C wereis excluded and, hence, minimizing the effect of excluded

solute on protein chemical potential. Speculatively, if a altered relative to those for rhIL-1ra immediately after
lyophilization (Figure 5). The increased intensity of theprotein’s native state in aqueous buffer is not as compact

as possible, then preferentially excluded solutes could bands at 1618 cm01, which is indicative intermolecular
beta sheet, suggests that protein aggregation was arisingcause a more ordered native structure, which has a de-

creased surface area, to be favored. during storage in the dried solid. These spectral changes
were not seen in the preparations containing 5 and 10%Much lower initial sucrose concentrations were

needed to cause this structural transition during sucrose, in which the initial lyophilization-induced pro-
tein unfolding was inhibited (Fig. 5). Thus, it appearsfreeze-drying than in aqueous solution. This is proba-

bly because the concentrations of all solutes, including that the native structure is more resistant to structural
alterations in the dried solid.sucrose and protein, are greatly increased as a sample
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6. Roy, M. L., Pikal, M. J., Rickard, E. C., and Maloney, A. M.However, the current data do not allow us to rule out
(1990) Dev. Biol. Stand. 74, 323–340.the possibility that one aspect of the glassy transition

7. Townsend, M. W., Byron, P. R., and DeLuca, P. P. (1990) Pharm.mechanism played at least some role in the structural
Res. 7, 1086–1091.

stability during storage. Namely, it has been proposed 8. Izutsu, K., Yoshioka, S., and Takeda, Y. (1991) Int. J. Pharm.
that glass forming additives such as sucrose serve to 71, 137–146.
‘‘dilute’’ protein molecules in the amorphous phase of 9. Prestrelski, S. J., Arakawa, T., and Carpenter, J. F. (1994) in

Formulation and Delivery of Proteins and Peptides, ACS Sympo-the dried solid (3, 4). This effect, combined with a re-
sium Series 567 (Cleland, J. L., and Langer, R., Eds.), pp. 148–striction in mobility noted at temperatures below Tg,
169, American Chemical Society, Washington, DC.could make it more difficult for dried protein molecules
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14. Noel, T. R., Parker, R., Ring, S. G., and Tatham, A. S. (1995)of native structure and glassy additives in preventing

Int. J. Biol. Macromol. 17, 81–85.structural alterations during storage in the dried solid.
15. Chang, B. S., and Randall, C. S. (1992) Cryobiology 29, 831–

837.
CONCLUSIONS 16. Dong, A., Huang, P., and Caughey, W. S. (1990) Biochemistry

29, 3303–3308.
The results of the current study, together with those 17. Dong, A., and Caughey, W. S. (1994) Methods Enzymol. 232,

published previously by Prestrelski et al. (10), document 139–175.
that maintaining a dried protein formulation below its 18. Dong, A., Caughey, B., Caughey, W. S., Bhat, K. S., and Coe,

J. E. (1992) Biochemistry 31, 9364–9370.glass transition temperature is necessary for long-term
19. Hageman, M. (1992) in Stability of Protein Pharmaceuticals.storage stability. Even if the protein is native in the dried

Part A. Chemical and Physical Pathways of Protein Degradationsolid, there can be degradation above the sample Tg (10).
(Ahern, T., and Manning, M. C., Eds.), pp. 273–309, PlenumTherefore, for optimal storage stability a protein must Press, New York.
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