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Porcine pancreatic elastase, a well-characterized serine protease,
has been used as a model to assess the effects of excessive humidity
on solid-state stability of the lyophilized protein. Elastase lyophi-
lized without excipients retained full activity immediately after
freeze-drying but became denatured upon continued storage at 40°C,
75% relative humidity. The extent of inactivation could be moni-
tored through assays of amidolytic activity, as well as through
changes in the circular dichroism (CD) and fluorescence spectra.
Differential scanning calorimetry (DSC) was employed as a means of
screening potential stabilizing additives; based on the results, su-
crose and dextran 40 were selected for further evaluation. Both
additives were effective in preventing denaturation. Possible mech-
anisms for the denaturation and stabilization of elastase are dis-
cussed.
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INTRODUCTION

With the increasing importance of proteins as pharma-
ceuticals, an understanding of the factors which stabilize
such macromolecules becomes critical for optimal formula-
tion. Of particular interest is the solid-state stability of pro-
teins, since lyophilization or freeze-drying is often employed
to enhance product shelf life. However, exposure of lyoph-
ilized proteins to excess moisture has been reported to cause
undesirable physical and chemical changes (1-3). While
these reports provide information on the chemical decompo-
sition of proteins, less is known about irreversible confor-
mational changes of proteins which result in loss of biolog-
ical activity and formation of insoluble aggregates. It seems
likely that such structural changes of proteins are linked with
exposure of specific amino acid side chains to degradation
conditions. Therefore, methods for monitoring protein struc-
tural changes during the course of inactivation are necessary
for optimization of formulation stability.

In this study, porcine pancreatic elastase, an extensively
characterized protein (4,5), was chosen as a model for inves-
tigating denaturation induced by exposure of the lyophilized
enzyme to high humidity conditions. The conformational
changes of the enzyme during storage were monitored with
spectroscopic techniques and correlated with loss of activity.
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DSC was used to screen and select various potential addi-
tives, which were then evaluated for stabilizing effects on
lyophilized elastase; sucrose and dextran 40 were found to
be most effective. Possible routes of irreversible denatur-
ation and mechanisms for the observed stabilization are dis-
cussed.

MATERIALS AND METHODS

Porcine pancreatic elastase and its synthetic substrate,
n-succinyl-(L-alanine);-p-nitroanilide, were obtained from
Calbiochem, San Diego, CA. The additives sucrose, dextran
(MW 38,000), dextran (MW 81,500), sorbitol, mannitol, lac-
tose, and ascorbic acid were obtained from Sigma Chemical
Company, St. Louis, MO; other chemicals were reagent
grade, obtained from J. T. Baker, Phillipsburg, NJ. Elastase
solutions containing additives were prepared in deionized
water containing 0.002% sodium azide; the solution pH was
adjusted to 5.0 prior to lyophilization. A solution volume of
0.4 mL was added to 1-mL vials of Flint type I-treated glass.
Freeze-drying was carried out with a VirTis 25-SRC lyo-
philizer attached to a VirTis full cycle programmer (FCP-1),
using the following conditions: freeze for 3 hr at — 50°C, first
drying for 2 hr at —25°C, ramp from — 25 to 0°C for 6 hr; hold
drying temperature at 0°C for 6 hr; and secondary drying for
6 hr at 25°C. The freeze-dried elastase samples were incu-
bated in desiccators where the relative humidity was con-
trolled by means of saturated salt solutions (6); a control
freeze-dried elastase sample was stored with desiccant at
—20°C.

For spectroscopic and activity measurements, the ly-
ophilized elastase samples were first reconstituted in 10 mM
sodium acetate, pH 5.0, to a protein concentration of 1 mg/
mL. In cases where insoluble precipitate was observed, cen-
trifugation (4000 g X 5 min) was done to recover the super-
natant. Protein concentration was determined using the Bio-
Rad protein assay, with detection at 595 nm (7); a standard
curve was prepared using the control elastase sample. Re-
sidual activity determination of elastase samples was carried
out at room temperature using the assay method of Bieth et
al. (8); activity values were normalized using the appropriate
protein concentration values. Polyacrylamide gel electro-
phoresis (PAGE) was carried out as described by Reisfeld et
al. (9).

DSC studies were carried out using a Perkin-Elmer
DSC-7 instrument equipped with a Perkin-Elmer 7500 com-
puter. Samples were prepared by dissolving 0.4 mg of lyoph-
ilized elastase in 20 pl of buffer and sealing the solution in a
volatile sample pan. Samples were heated from 40 to 90°C at
a scan rate of 10°C/min. The near-ultraviolet circular dichro-
ism spectra of elastase (240-340 nm) were obtained using a
Jasco J-500 spectropolarimeter equipped with a micropro-
cessor; solutions were 1 mg/mL with a 1-cm path length.
Fluorescence spectra were analyzed with a Perkin-Elmer
MPF-66 spectrophotometer. Elastase solutions of concentra-
tion 0.1 mg/mL were excited at 295 nm while scanning the
emission spectrum from 300 to 500 nm. As with activity
values, spectroscopic parameters were normalized accord-
ing to their protein concentration in order for direct compar-
ison of spectra.
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RESULTS AND DISCUSSION

Inactivation of Lyophilized Elastase at 40°C, 79% RH

The residual activity of elastase measured immediately
after lyophilization was 100%, and full activity could be
maintained for up to three weeks when stored at 40°C with
dessiccant. However, elastase lyophilized without additives
underwent rapid inactivation when stored at 40°C, 79% RH,
losing about 70% activity in 2 weeks, followed by further
activity loss at a slower rate (Fig. 1). Concomitant with in-
activation, these elastase samples also exhibited changes in
their physical appearance, i.e., browning and a loss in solu-
bility upon reconstitution manifested by cloudiness, sugges-
tive of aggregate formation. Centrifugation of these samples
was needed to separate the elastase solution from undis-
solved precipitate; attempts to redissolve the precipitate in 6
M guanidine—-HCl or in a 10-fold molar excess of dithiothrei-
tol were unsuccessful. With the exception of infrared studies
conducted on the precipitate (data not shown here), spectro-
scopic studies and activity assays were carried out on the
remaining soluble protein. PAGE conducted on these solu-
tions showed a single band, suggesting that elastase did not
undergo any extensive autolysis during storage.

Spectroscopic Studies of Elastase

Further information about the inactivation of elastase
could be gained by examining its spectroscopic properties.
Previous studies have demonstrated that native elastase un-
dergoes reversible conformational changes in aqueous solu-
tion as a function of pH. At pH 5.0 or above, elastase main-
tains its native conformation, but lowering the pH induces
spectral transitions around pH 4.0 and pH 3.0, concomitant
with activity loss (10-12). These changes can be followed in
the near-uv portion of the CD spectrum (Fig. 2a) and in the
fluorescence spectrum (Fig. 2b). For comparison, Figs. 3a
and b show the same spectral regions for samples of lyoph-
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Fig. 1. Inactivation of lyophilized elastase at 40°C, 79% RH.
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Fig. 2. Spectroscopic properties of elastase at different pH’s: (a)
near-uv CD; (b) fluorescence. (——-) pH 5.0, ( ) pH 3.5, and
(----) pH 2.5.

ilized elastase stored at 40°C, 75% RH, for varying amounts
of time.

In the near-uv CD of native elastase (Fig. 2a), a slight
loss in ellipticity is visible at pH 3.5, followed by a markedly
greater loss at pH 2.5. A similar trend is observed in the
fluorescence spectrum (Fig. 2b), where one sees a marked
loss in quantum yield as well as an increase in the emission
maximum, i.e., a red shift as the pH is lowered. Similar
spectral changes occur when lyophilized elastase is stored
under high humidity conditions for 2 weeks (Fig. 3). In ad-
dition to a decreased quantum yield and a red shift, the flu-
orescence spectrum of humidified elastase (Fig. 3b) also ex-
hibits a “‘tailing”’ effect in the region of 400 to 500 nm. The
latter effect is consistent with the aforementioned increasing
discoloration of the samples and suggests additional changes
are occurring in the structural integrity of the protein.

Note, also, that for native elastase, the denaturation
caused by initially lowering the pH can be fully reversed by
adjusting the solution pH back to 5.0, although continued
exposure to low pH causes increasing inactivation, which is
likely to affect the extent of reversibility. This appears to be
the case after lyophilized elastase has been continually ex-
posed to 40°C, 79% RH. Even when such samples can be
redissolved at pH 5.0, neither the amidolytic activity nor the
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Fig. 3. Spectroscopic properties of lyophilized elastase stored at
40°C, 75% RH, for varying time periods: (a) near-uv CD; (b) fluo-
rescence. (——-) Initial; (——) 1 week; (----) 2 weeks.

spectral characteristics of the native enzyme are regained;
i.e., the alterations in conformation have become irrevers-
ible.

The near-uv CD and fluorescence emission spectra are
related to the tertiary structure of a protein, in particular the
microenvironments of tyrosine and tryptophan residues.
There is some additional evidence implicating tryptophan
residues in the irreversible denaturation of elastase. Changes
similar to the fluorescence emission spectrum of elastase
shown in Fig. 2b were observed by Jori et al. in the presence
of 5 M guanidine hydrochloride or when tryptophan residues
were selectively modified (11,13); results indicate that tryp-
tophan-26 and tryptophan-164 are on the protein’s surface
and that their oxidation to N-formylkynurenine does not al-
ter enzyme activity or conformation. Tryptophan-83 is par-
tially shielded from the aqueous environment, and its oxida-
tion causes slight changes in activity as well as in tertiary
structure. In contrast, tryptophan-12 appears largely buried
in the native state, and its photooxidation occurs only after
the protein becomes unfolded at pH 2.5, indicating that this
residue is important for full enzymatic activity and confor-
mational stability; three other tryptophan residues are ap-
parently also buried and inaccessible to oxidation in the en-
zyme’s native state.

It is therefore speculated that exposure of elastase to
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40°C, 79% RH, may induce autooxidation of tryptophyl
groups. If such groups reside in hydrophobic sites within the
native enzyme, oxidation and resulting changes in polarity
would make reversal of unfolding unlikely. The potential in-
volvement of tryptophan residues is also supported by the
observed browning of the inactivated samples, as well as the
loss of absorption around 284 and 292 nm seen when the uv
difference spectrum of native vs denatured elastase is ob-
tained (not shown). However, it should be pointed out that
other amino acids may also be susceptible to oxidative pro-
cesses, e.g., methionine, histidine, cysteine, and cystine.
Studies in addition to optical spectroscopy, such as chemical
modification and amino acid analysis, would be necessary to
confirm or exclude the contributions of these residues to the
observed inactivation of elastase.

Selection and Screening of Stabilizing Additives

Based on the pattern of inactivation, the changes in
physical appearance, and the spectral alterations, it is pro-
posed that elastase stored at 40°C, 79% RH, undergoes irre-
versible denaturation after a series of conformational
changes. Preventing any of these changes should thus be a
means of preserving stability and retarding inactivation.
Among reported stabilizers, polyhydric compounds such as
sugars have been used successfully to prevent protein un-
folding (14,15), and several were chosen for potential stabi-
lization of elastase. Since calcium ions have been reported to
stabilize elastase via specific interactions (16), the effect of
added calcium chloride was examined. And since amino acid
oxidation may play a role in the irreversible inactivation, the
effect of ascorbic acid, a common antioxidant, was also
tested.

The degree of protection conferred by stabilizers can be
screened effectively using DSC (17). While the instrument
used for the present studies lacks the sensitivity of micro-
calorimeters needed to obtain detailed information about
protein unfolding, it is useful for qualitative screening of ad-
ditives based on the peak maximum of the protein denatur-
ation endotherm (7,,,,). An additive expected to stabilize
elastase should increase its T,,,, while a destabilizing addi-
tive should lower the T,,,.

Results are shown in Table 1. Among the excipients
tested, sugars were found to raise the T, of elastase. Dex-
tran 40 (MW 38,000) showed the greatest increase compared
to elastase alone, followed by sorbitol, lactose, and sucrose.
The effect of sugar concentration was examined using su-
crose and dextran 40 as models. As indicated in Fig. 4, the
thermostability of elastase increases as the sugar concentra-
tion is raised. In the case of dextran, the molecular weight
may also affect the degree of stabilization. Although no at-
tempt was made to systematically study this particular ef-
fect, dextran 40 appeared to be superior to dextran 80, sug-
gesting that there may be an optimal chain length of the
polymer in facilitating its stabilization of the protein. As ex-
pected, the addition of calcium chloride also increased the
T,.ax Of elastase, although the presence of both calcium chlo-
ride and sucrose did not provide enhanced stabilization com-
pared with sucrose alone, indicating the lack of a synergistic
effect. In contrast to the other additives, ascorbic acid ap-
pears to have a destabilizing effect, as evidenced by a low-
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Table 1. Effective of Additives on the DSC Denaturation Tempera-
ture (7,,,,,) of Elastase

Additive” Tax (C9)
None 66.0
Ascorbic acid, S mM 63.6
Mannitol, 20% 69.8
Sorbitol, 20% 69.7
Lactose, 20% 69.6
Polyvinylpyrrolidinone, 20% 67.0
Dextran 80, 20% 71.8
Dextran 40, 20% 74.3
Dextran 40, 40% 79.1
Sucrose, 20% 68.7
Sucrose, 40% 71.9
Sucrose, 60% 73.6
Calcium chloride, 10 mM 69.6
Sucrose, 20%, + calcium chloride, 10 mM 67.9

“ All samples contain elastase in 10 mM sodium acetate, pH 5.0;
additive concentrations are given in either mM or % (w/w).

ering of the T,,,,. Based on the DSC data, sucrose and dex-
tran 40 were selected as excipients for further evaluation in
lyophilization and storage.

Stabilization of Lyophilized Elastase by Sucrose or Dextran

As indicated in Fig. 5, freeze-dried elastase containing
sucrose or dextran as an excipient was stable at 40°C, 79%
RH, storage. At up to 4 weeks of storage, residual activity
was at least 80%, while elastase lyophilized alone lost 75% of
its activity in 3 weeks. The enhanced stabilization was also
monitored by CD and fluorescence (Fig. 6). While the latter
shows a slight loss of quantum yield and red shift of the
emission maximum, i.e., comparable to the pH 3.5 confor-
mation, no further change is seen. Likewise, the CD spectral
data indicate a slight loss of ellipticity compared to the con-
trol, but it is clearly less pronounced than that produced at
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Fig. 4. Effect of sucrose concentration on thermostability of
elastase.
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Fig. 5. Residual activity of lyophilized elastase in the presence of
additives: (—@—) no additives; (--O--) 10% sucrose; (-O-) 10%
dextran.

pH 2.5, i.e., the denatured form. Both sucrose and dextran
appear to stabilize elastase to the same extent, although from
the standpoint of the freeze-dried cake appearance, sucrose
is preferable.

The role of sucrose or dextran in stabilizing elastase can
be explained in two ways. The first possibility is that these
additives restrict conformational changes by forming hydro-
gen bonds with surface groups on the protein. Such interac-
tions would tend to preserve the native conformation as well
as to protect buried tryptophyl groups from exposure to ox-
idation or other adverse modifications. The relatively small
spectroscopic changes observed in the presence of sucrose
or dextran may reflect alterations of the surface-accessible
tryptophyl groups; recovery of most of the elastase activity
was observed as expected, since oxidation of such residues
has been demonstrated not to cause significant inactivation
of elastase, in contrast to the buried interior tryptophyl res-
idues (13).

The second possible explanation for the role of these
stabilizers is related to the prevention of protein aggregation.
There is some evidence that such aggregation may be a gen-
eral phenomenon of protein inactivation in the solid state
(3,18,19). The presence of stabilizers may aid in preventing
formation of insoluble aggregates and/or preventing chemical
modification of critical amino acid residues. In this hypoth-
esis, elastase will still undergo conformational changes, but
in the presence of stabilizers the changes are reversible so
that the native conformation can be recovered. To maintain
the reversibility, competition from destabilizing factors such
as tryptophan oxidation must be overcome. A possible
means of accomplishing this would be to add compounds that
would function as antioxidants in the presence of elastase.

Effect of Ascorbic Acid on Elastase Stability

However, as shown in Fig. 7, the addition of ascorbic
acid accelerated the inactivation of lyophilized elastase;
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when lyophilized in the presence of 5 mM ascorbic acid,
elastase lost 15% of its original activity immediately after
lyophilization but lost 90% of its activity after 1 week at
40°C, 79% RH. Note that while ascorbic acid is frequently
used as a pharmaceutical antioxidant, its success will depend
on several factors including concentration, temperature, oXx-
ygen content of headspace, and concentration of metal ions
(20). Obviously in the present situation, ascorbic acid is not
functioning as an effective antioxidant; in fact, it is more
likely that it encourages undesirable chemical reactions by
release of degradation products. Another possibility is that
ascorbic acid has a destabilizing effect on the solution con-
formation of elastase conformation, which is consistent with
the observed lowering of the T,,,, in thermal denaturation
studies (Table I). This could induce partial unfolding and
aggregation without amino acid oxidation.

A similar result, i.e., accelerated inactivation, was ob-
served by Townsend et al. when ribonuclease A was lyoph-
ilized in the presence of ascorbic acid (18). Also, one cannot
discount the effect of trace metal ions, which have been
shown to promote oxidation of tryptophan and histidine res-
idues in the presence of ascorbic acid (21). In the case of
ribonuclease A, headspace flushing with argon or nitrogen
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Fig. 7. Effect of additives on lyophilized elastase at 40°C, 79% RH:
(—@—) no exipients; (-O-) 10% dextran; (—H—) S mM ascorbic
acid; (--0--) 10% dextran + S mM ascorbic acid.

reduced the extent of degradation, suggesting that oxygen
may be involved in the inactivation process. However, in the
case of elastase, our preliminary studies of headspace flush-
ing suggest that this does not have a significant effect on the
course of inactivation. Further work is ongoing to determine
the influence of the various environmental factors in lyoph-
ilized elastase inactivation and to identify more definitively
the critical amino acid residues(s) involved in the denatur-
ation process.

Note also that inclusion of dextran was found to stabi-
lize lyophilized elastase from the adverse effects of ascorbic
acid, as shown in Fig. 7. Elastase containing both ascorbic
acid and dextran maintained most of its activity up to 3
weeks, which was similar to that containing dextran alone.
This suggests that additives such as sucrose or dextran sta-
bilize elastase by preventing conformational changes. While
the rate of tryptophan oxidation could be faster in the pres-
ence of ascorbic acid, the sugars would stabilize elastase by
keeping tryptophan(s) necessary for full activity in hydro-
phobic regions not available to oxidation.

One must also consider that what is effective as a sta-
bilizer in solution may not be applicable to the lyophilized
state due to the changes in concentration, pH, etc., that can
occur during the freeze-drying process. This is quite appar-
ent in the case of calcium chloride, which does stabilize
elastase in solution but, when lyophilized, yields a collapsed
cake devoid of activity. This result is due in large part to
characteristics of calcium chloride, i.e., a low glass transi-
tion temperature (— 109°C) as well as a low eutectic melting
temperature (— 59°C), which make this compound unsuitable
as an additive for freeze-drying (22). It should also be
pointed out that while calcium ions do raise the T, of
elastase in solution, their presence appears only to delay the
onset of aggregation rather than prevent it from occurring (23).

ACKNOWLEDGMENTS
We thank Drs. Christie Brouillette and Joel Swadesh for



Elastase Stabilization

Crl

itically reading the manuscript and providing helpful com-

ments.

REFERENCES

1

10.

. T. L. Pristoupil, M. Kramlova, H. Fortova, and S. Ulrych. Hae-
moglobin lyophilized with sucrose: The effect of residual mois-
ture on storage. Haematologia 18:45-52 (1985).

. M. J. Hageman. The role of moisture in protein stability. Drug
Dev. Ind. Pharm. 14:2047-2070 (1988).

. W. R. Liu, R. Langer, and A. M. Klibanov. Moisture-induced
aggregation of proteins in the solid-state. Biotechnol. Bioeng.
37:177-184 (1991).

. J. G. Bieth. Elastases: Catalytic and biological properties. In
R. P. Mecham (ed.), Biology of Extracellular Matrix: Regula-
tion of Matrix Accumulation, Academic Press, New York, 1986,
pp. 217-320.

. W. Bode, E. Meyer, Jr., and J. C. Powers. Human leukocyte
and porcine pancreatic elastase: X-ray crystal structures, mech-
anism, substrate specificity, and mechanism-based inhibitors.
Biochemistry 28:1951-1963 (1989).

. L. Greenspan. Humidity-fixed points of binary saturated solu-
tions. J. Res. Natl. Bur. Std. 81A:89-96 (1977).

. M. M. Bradford. A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 72:248-254 (1976).

. J. Bieth, B. Spiess, and C. G. Wermuth. The synthesis and an-
alytical use of a highly sensitive and convenient substrate of
elastase. Biochem. Med. 11:350-357 (1974).

. R. A. Reisfeld, U. J. Lewis, and D. E. Williams. Disk electro-

phoresis of basic proteins and peptides on polyacrylamide gels.

Nature 195:281-283 (1962).

S. Wasi and T. Hofmann. A pH-dependent conformational

change in porcine elastase. Biochem. J. 106:926-927 (1968).

. G. Jon, G. Galiazzo, and O. Buso. Photosensitized oxidation of

12.

13.

14.

15.

16.

17.

20.

21.

22.

23.

1483

elastase: Selective modification of the tryptophyl residues.
Arch. Biochem. Biophys. 158:116—125 (1973).

J. M. Imhoff. Selectivity of tryptophyl residues in elastase with
2-hydroxy-5-nitrobenzy! bromide. FEBS Lett. 50:243-244 (1975).
G. Jori and G. Galiazzo. The contribution of the single trypto-
phyl residues in the fluorescence of elastase. Z. Naturforsch.
296:261-265 (1974).

T. Arakawa and S. N. Timasheff. Stabilization of protein struc-
ture by sugars. Biochemistry 21:6536—6544 (1982).

K. Gekko and S. N. Timasheff. Thermodynamic and kinetic
examination of protein stabilization by glycerol. Biochemistry
20:4677-4686 (1981).

G. Favre-Bonvin, K. Botancioglu, and J. M. Wallach. Ca?* and
Mg?* protection against thermal denaturation of pancreatic
elastase. Biochem. Int. 13:983-989 (1986).

K. Gekko. Calorimetric study on thermal denaturation of
lysozyme in polyol-water mixtures. J. Biochem. 91:1197-1204
(1982).

. M. W. Townsend, P. R. Byron, and P. P. DeL.uca. The effects of

formulation additives on the degradation of freeze-dried ribonu-
clease A. Pharm. Res. 7:1086—1091 (1990).

. M. J. Pikal, K. M. Dellerman, M. L. Roy, and R. R. Riggin.

The effects of formulation variables on the stability of freeze-
dried human growth hormone. Pharm. Res. 8:427-435 (1991).
M. Akers. Antioxidants in pharmaceutical products. J. Parent.
Sci. Technol. 36:222-232 (1982).

K. Uchida and S. Kawakishi. Selective oxidation of tryptophan
and histidine residues in protein through the copper-catalyzed
autooxidation of ascorbic acid. Agr. Biol. Chem. 52:1529-1535
(1988).

B. S. Chang and C. S. Randall. Use of subambient thermal anal-
ysis to optimize protein lyophilization. Cryobiology 29:632-656
(1992).

C. S. Randall, S. N. Neff, A. J. Perri, and T. D. Sokoloski. Cal-
orimetric studies of elastase: Thermal denaturation and interac-
tion with ligands. Biophys. J. 64:A269 (1993).



