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Oh-eda et al. have shown instability of granulocyte-colony stimulating factor (G-CSF) upon 
storage above pH 7.0 [J. Biol. Chem. (1990) 265, 11,432-11,435]. To clarify the mechanism of 
this instability, the accessibility of a free cysteinyl residue at position 17 for disulfide exchange 
reaction was examined using a sulfhydryl reagent. The results show that the cysteine is par- 
tially solvent-exposed in both glycosylated and nonglycosylated forms, suggesting that the 
exposure of the cysteine plays a critical role in the instability of the protein. This is supported 
by the facts that at low pH where the cysteine is protonated, both proteins have much greater 
stability and that a Cysl7 --+ Ser analog is extremely stable at neutral pH and 37°C. It was 
observed that the rate of sulfhydryl titration is slower for the glycosylated form than for 
the nonglycosylated form, suggesting that the cysteine residue is less solvent-exposed for the 
former protein or that the pKa is somewhat more basic. In either case, the carbohydrate 
appears to affect the reactivity of the sulfhydryl group through steric hindrance or alteration 
in local conformation. Both the glycosylated and nonglycosylated proteins showed essentially 
identical conformation as determined by circular dichroism, fluorescence, and infrared spectro- 
scopy. Unfolding of these two proteins, induced either by guanidine hydrochloride or by pH, 
showed an identical course, indicating comparable conformational stability. Contribution of 
conformational changes to the observed instability at higherpH is unlikely, since little difference 
in fluorescence spectrum occurs between pH 6.0 and 8.0. Based on these observations, G-CSF, 
whether glycosylated or not, should not be stored above pH 7.0 in solution° On the other 
hand, G-CSF is extremely stable in acidic solution as expected from the proposed mechanism. 
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1. INTRODUCTION 

Granulocyte-colony stimulating factor (G-CSF 3) 
has been identified as a specific growth factor for the 
granulocyte lineage (Metcalf, 1984, 1985; Kitagawa 
et al., 1987; You et al., 1987). Natural  human G-CSF 
has one free cystein at residue 17 and two intramol- 
ocular disulfide bonds (Lu et al. 1989), and is glyco- 
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sylated at Thr-133 (Oh-eda et al., 1988, 1990; Kubota 
et al., 1990). Recombinant G-CSF has been obtained 
using E. coli or CHO expression systems, and the 
corresponding protein purified and extensively char- 
acterized (Lu et al., 1989; Souza et al., 1986). The 
average carbohydrate content of the CHO-derived 
protein was estimated to be 8% by densimetry (Kol- 
venbach et al., 1991). Both forms of  the protein show 
similar secondary structure, with a high a-helical 
content (Lu et al., i989; Oh-eda et al., 1990; Narhi 
et al., 1991a). We have shown that the E. celi-derived 
protein undergoes a complex, reversible denaturation 
when the protein structure is perturbed by pH (Narhi 
et al., 1991a). 
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Formulation is extremely important for develop- 
ing a protein pharmaceutical since many proteins are 
marginally stable in solution (Pace, 1970; Privalov 
and Khechinashvili, 1974). Although we find no sta- 
bility problem of G-CSF in acidic solution, Oh-eda 
et al. (1990) have observed instability of glycosylated 
and deglycosylated forms of G-CSF above pH 7.0 
and at elevated temperatures. These observations 
suggest involvement of either a free sulfhydryl group 
or of conformational change as a source of the 
observed instability above pH7.0. Therefore, we 
examined both the state of sulfhydryl group using a 
sulfhydryl titration and the protein conformation 
using spectroscopic methods. It has been previously 
observed that glycosylated erythropoitein has greater 
conformational stability than its nonglycosylated 
counterpart when denatured by pH, heat and 
GdnHC1 (Narhi et al., 1991b). Therefore, we com- 
pared the two protein forms with regard to the above 
properties, as reported in this paper, and, unlike for 
erythropoietin, found that the conformations of gly- 
cosylated and unglycosylated G-CSF are compar- 
able. 

2. MATERIALS AND METHODS 

2.1. Materials 

CHO-derived G-CSF was purified as described 
previously (Kolvenbach et al., 1991) and stored 
frozen before use. E. col#derived G-CSF and the 
Cysl7-~Ser analog were purified from inclusion 
bodies by previously described procedures (Zsebo et 
al., 1986) and stored at 4°C and low pH. The CHO 
and E. coli-derived G-CSF as well as the Cysl7~Ser 
analog all show equivalent activity and no apparent 
instability under the conditions of the assay. 

2.2. Methods 

2.2.1. Infrared Spectroscopy 

Both the E. Coli- and CHO-derived G-CSF sam- 
ples were prepared for infrared (IR) spectroscopy by 
dialyzing against a 0.32 mM HC1 solution and lyophi- 
lizing the dialyzed protein solutions. The lyophilized 
proteins were then dissolved in a 0.32mM DC1, 
pD = 3.5 in D20 (Sigma Chamical Co., 99.99% iso- 
topic purity) or into a 20mM imidazole buffer, 
pD=7.5. The protein concentration was 1.7mM. 
IR spectra were collected at room temperature using 
a Nicolet 800 FTIR system equipped with a Globar 
source, a Ge-coated KBr beamsplitter, and a DTGS 

detector. For each spectrum 512 double-sided inter- 
ferograms were collected at 2cm -1 resolution and 
Fourier transformed after application of a Happ- 
Genzel apodization function. Spectral features aris- 
ing from residual H20 vapor in the light path and 
from buffer components were subtracted using the 
Nicolet FTIR software. Second derivative spectra 
were calculated using the method of Susi and Byler 
(1983). Fourier self-deconvolution was also per- 
formed using the Nicolet software, which is based 
on the the method of Kauppinen et al. (1981). 
Curve-fitting was performed using the program Peak- 
Fit (Jandel Scientific Co.). 

2.2.2. Denaturation 

The GdnHC1 stability of the G-CSF species were 
determined in 20 mM citrate, 100 mM NaC1, pH 7.1, 
at ambient temperature. Stock solutions of G-CSF 
were diluted into buffer containing the desired 
GdnHC1 concentration to a final protein concentra- 
tion of 1.5mg/ml. The ellipticity was determined 
using a Jasco J-500C spectropolarimeter controlled 
by a Samtron computer. Cuvettes with a pathlength 
of 1 cm and 0.02 cm were used for the near and far 
UV CD spectra, respectively. After incubating in 
GdnHC1 for 5min, the far UV CD spectra from 
260 nm to 205 nm were recorded. No dependence on 
incubation time was observed. For some samples, the 
near UV CD spectrum from 340 to 240 nm were also 
recorded. Stability was determined from the change 
in ellipticity at 221 nm. 

2.2.3. p H  Titration 

CHO- and E. Col#derived G-CSF were dialyzed 
into 0.3 mM HC1 and concentrated to 7 mg/ml. Ali- 
quots of these stock solutions were diluted into 
20mM citrate, 100raM NaC1, at the appropriate 
pH to an absorbance at 280 nm of 0.2. The fluores- 
cence spectra were determined on an SLM-Aminco 
SPF-500C spectrofluorimeter at 25°C, exciting at 
280nm, using slit widths of 5nm, and a cuvette 
with a 0.5 cm pathlength. 

2.2.4. Thiol Titrathm 

Titration of the sulfhydryl group was carried out 
using DTNB (Sigma), essentially according to the 
method of Habeeb (1972). E. coli- and CHO-derived 
G-CSF at 1.1mg/ml in 20mM sodium phosphate, 
0.05% EDTA, pH 7.5 were mixed with the DTNB 
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Fig. 1. Thiol titration of  E. coli- and CHO-derived G-CSF at p H  7.5 and room temperature. Solid symbols, E. coli-G-CSF; open symbol, 
CHO-G-CSF.  O ,  no incubation at pH  7.5 and room temperature prior to addition of  DTNB; ~ ,  100 min incubation; D,  4 hr  incubation; ©, 
8 hr incubation. 

reagent solution and incubated at room temperature. 
The time course of the reaction was followed by the 
increase in absorbance at 412 nm. Sulfhydryl titration 
experiments were also carried out in the presence of 
4M GdnHC1. In this case, the absorbance was 
measured 10 and 20min after mixing with DTNB. 
The incubation time had little effect on the absorbance. 

3. RESULTS 

3.1.  Thio l  Ti trat ion  

Oh-eda et al. (1990) have shown that G-CSF, 
regardless of glycosylation, becomes more unstable 
as the pH is increased above 7.0. There are two pos- 
sibilities for the observed instability: conformational 
change and reactivity of free sulfhydryl group. G- 
CSF has a free cysteine at position 17. 

Therefore, we examined first the accessibility of 
the free thiol in the E. coil-derived G-CSF using 
DTNB titration. The result is shown in Fig. 1 
(closed symbol). To demonstrate that the protein is 
stable during incubation with DTNB, some of the 
samples were incubated at room temperature before 
mixing with DTNB. It is evident that the results are 
identical, independent of the length of pre-incubation 
at room temperature. The results show that the 
DTNB titration is a slow process, the half-time being 

about 50min. A solvent-exposed cysteine should 
react with the DTNB within several minutes 
(Habeeb, 1972). This result demonstrates that the 
free thiol is accessible, but not fully solvent- 
exposed. Since we observed little change in fluores- 
cence spectra between pH6.0 and 8.0, as described 
below, the observed instability above pH 7.0 could 
be ascribed to the solvent-exposed free thiol, but 
not to a conformation change. This hypothesis was 
confirmed by the observation that mutation of Cys 17 
to Ser in the E. coli-derived protein abolishes the 
instability of the protein at pH7.5 (data not 
shown). We also examined the state of the free thiol 
in the CHO cell-derived protein, as shown in Fig. 1 
(open symbol). The result indicates that the free thiol 
in CHO cell-derived protein is also reactive with 
DTNB, the half time of reaction being about 2 hr. 
Thus, the free thiol appears somewhat less solvent- 
exposed in the CHO cell-derived protein than in the 
E. coli-derived one, or that the pKa of the sulfllydryl 
group is somewhat higher. 

3.2.  C o n f o r m a t i o n  o f  C H O  and E. coli-Der~ved 
G-CSF 

In order to see if conformational differences con- 
tribute to the observed difference in the thiol reactiv- 
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Table I. Peak Positions (cm -1) and Relative Integrated Intensities for E. coli and CHO-Derived G-CSF at pD = 3.5 and pD = 7.5 

pD = 3.5 .. pD = 7.5 
E. coli CHO E. coli CHO 

v A v A v A v A 

1630 .17 1630 .15 1629 .18 1629 .17 
1638 .10 1638 .12 1637 .10 1637 .09 
1645 .13 1645 .12 1644 .20 1644 .23 
1655 .49 1654 .50 1654 .35 1654 .38 
1670 .07 1670 .07 1667 .11 1667 .08 
1681 .04 1681 .04 1679 .05 1678 .04 

ity between the two forms of G-CSF, we examined 
the conformation and conformational stability of the 
protein. Infrared spectroscopy was used to examine 
quantitatively the conformation of G-CSF. Table I 
lists the peak positions and relative integrated inten- 
sities of the amide 1 component bands for both 
E. coli- and CHO-derived G-CSF at neutral and low 
pH, as determined by curve-fitting of the spectra after 
application of Fourier self-deconvolution (see Fig. 2). 
The amide 1 region (C = O stretching, ~1700- 
1620cm -1) of protein infrared spectra is highly 
sensitive to the backbone conformation, and when 
combined with band narrowing algorithms, such 
as derivative spectrocopy and Fourier self- 
deconvolution, provides extensive information con- 
cerning secondary structure. The secondary struc- 
ture assignment for the individual components is 
made based on previous reports (Byler and Susi, 
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F i g .  2. Deconvoluted spectrum of E. coli-derived G-CSF in the 
amide 1 region at pD = 3.5. (Each square represents one data 
point.) The broken and solid lines represent individual Gaussian 
components and their sum, respectively, determined by an iterative 
curve-fitting procedure. Values of 18 cm -1 and 3 were used in the 
deconvolution algorithm for the undeconvoluted halfwidth and K 
value, respectively. Note: a peak is fitted below 1620 cm -~ which is 
not  an amide 1 component  but is included to avoid the 
approximation otherwise incurred by addition of a sloping 
baseline parameter to the analysis. 

1986; Surewicz and Mantsch, 1988; Prestrelski et 
al., 1991): 1654cm -t, a-helix; 1629 and 1680cm -1, 
extended strands; 1645cm -1, irregular structures; 
1667-1670cm -1, reverse turns. The assignment of 
the component bands near 1637-1638 cm -1 is some- 
what less straightforward. Bands near this frequency 
have been attributed to 310-helices (Prestrelski, 1991) 
as well as extended structures (Byler and Susi, 1986). 
A short 310-helix is observed in the recently deter- 
mined crystallographic structure of G-CSF (T. 
Osslund, personal communication). 

The spectra of G-CSF derived from E. coli and 
CHO at pD = 3.5 indicate that the two forms show 
little or no difference in their secondary structures at 
the resolution of this method. The predominant 
feature in these spectra is the intense band near 
t655cm -1, which accounts for 50% of the amide 1 
intensity in the spectra of both proteins. Thus, the 
IR spectra indicate that G-CSF is ~50% a-helical 
structure. This is somewhat low in comparison with 
the structure derived from CD spectroscopy which 
estimates ~75% (Lu et al., 1989; Narhi et al., 
1991a). It has been shown previously, however, that 
in studies of highly a-helical proteins, IR spectro- 
socpy systematically underestimates the fraction of 
a-helix (Byler and Susi, 1986). It appears that such 
is the case here. In addition to the large amount of 
a-helical structure, the infrared spectra indicate that 
the G-CSF contains 12-13% irregular sedondary 
structure and 7% turns. The remainder exists as 
extended strands and a small amount of 310-helix 
(<10%). 

The spectra of E. coli- and CHO-derived G-CSF 
at neutral pH again show little difference, but are 
clearly different from the spectra of these proteins 
at lower pH. The difference in the relative intensities 
between the E. coli- and CHO-derived G-CSF at 
pD=7.5, while still small, are somewhat greater 
than that observed at the lower pD. The most signif- 
icant difference between the structures at neutral pH 
and those at low pH is the loss of a-helical structure 
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Fig. 3. Second derivative spectra of CHO-derived G-CSF in the 
amide 1 region after (A) 6 days and (B) 1 hr of incubation at room 
temperature and low pH. 

at neut ra lpH.  This is consistent with previous reports 
based on CD (Lu et al., 1989; Narhi  et al., 1991a). 
Much of the decrease in amide 1 t intensity arising 
from a-helical structure appears as increased inten- 
sity in the amide 1 ~ component  near 1644cm -1. This 
indicates an increase in irregular or disordered struc- 
ture concomitant with the observed decrease in a-  
helical structure. Little or no change is observed 
among the other amide 1 r components.  The CD spec- 
tra of  these proteins at both p H  4.5 and p H  7.1 were 
also taken, and were again identical between the 
CHO- and E. col#derived proteins (data not 
shown). All of  these results indicate that the con- 
formations of  E. coli and CHO-derived G-CSF are 
comparable.  

During the course of  infrared experiments ori- 
ginally designed to determine the deuteration rates 
of  the two molecules, we observed spectral changes 
upon prolonged incubation, indicating the presence 
of a denatured form of  the protein under the experi- 
mental conditions of  F T I R  (i.e., at higher protein 
concentrations and in D20  solutions). We looked 
more carefully at the spectral changes at low pH,  
where sulfhydryl reactions are unlikely to occur. 
Figure 3 shows the derivative spectra of  CHO-derived 

G-CSF after 1 hr of  incubation and after 6 days of  
incubation at room temperature and low pH.  The 6 
day spectrum shows a strong peak near i614cm -1, 
not present in the initial 1 hr spectrum, indicative of  
an unfolded species (Purcell and Susi, 1984; Surewicz 
et al., 1990). Spectra of  the E. col#derived G-CSF 
taken after l h r  and 6 days of  incubation (not 
shown) show essentially no differences. Thus, it 
appears that at lower p H  the CHO-derived protein 
undergoes a slow conformatinal change and that the 
E. col#derived G-CSF is more stable. 

3.3. Conformational Stability 

We have previously reported that the conforma- 
tion of  G-CSF reversibly changes in a pH-dependent  
fashion, as demonstrated by CD and fluorescence 
(Narhi e t a L ,  1991a). Therefore, the conformation 
of these molecules were compared at different pH.  
The p H  titration of  the two molecules was carried 
out using fluorescence emission spectra as a confor- 
mational  probe as described under Methods, and the 
ratio of  fluorescence at 308 to that at 344nm is 
plotted vs. p H  in Fig. 4. This ratio was found to be 
a very sensitive indicator of  the pH-dependent  con- 
formational change, as reported previously (Narhi 
et al., 1991a). Little spectral change is observed in this 
parameter  between p H  6.0 and 8.0 for both forms of 
G-CSF,  suggesting that conformational change is not 
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Fig. 4. Effect of pH on fluorescence of G-CSF species. Stock 
solutions of G-CSF in O.3mM HC1 were diluted into 10ram 
citrate, 10OmM NaCI at the indicated pH, and the fluorescence 
spectra recorded. The ratio of the fluorescence intensity at 308 nm 
to 344 nm is plotted for the E. coil-derived G-CSF (closed and open 
circles, two experiments) and CHO-derived G-CSF (closed 
triangles) 
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Fig. 5. Conformational stability of G-CSF species at neutral pH. 
Stock solutions of protein were diluted into 20mM citrate, 100raM 
NaC1, pH 7.1, containing the desired amount of GdnHC1, and the 
far UV CD spectra recorded. The ellipticity at 221nm was 
determined and is plotted vs. GdnHC1 concentration for E. coli- 
derived G-CSF (O) and CHO-derived G-CSF (V]). 

responsible for the observed instability of these pro- 
teins above pH7.0. Moreover, over a broader pH 
range, these two proteins assume an identical course 
of conformational changes, indicating that they have 
comparable conformational stability. 

The conformational stability of the E. coli- and 
CHO-derived G-CSF species was determined at neu- 
tral pH as described. When the near UV CD spectra 
of the CHO-derived G-CSF in different concentra- 
tions of GdnHC1 are analyzed, they showed that 
the protein goes through several conformational 
changes prior to unfolding (data not shown), as was 
found previously for the E. col#derived protein 
(Narhi et al., 1991a). This makes it very difficult to 
determine a transition point from the near UV 
results, but is further evidence that the conforma- 
tions of these molecules are comparable. The far 
UV CD spectra, however, reveal that the secondary 
structure of the molecule undergoes an apparent 
single, cooperative loss of structure. Figure 5 shows 
the effect of GdnHC1 on the ellipticity at 221 nm for 
the E. col#derived and CHO-derived G-CSF; identi- 
cal results are obtained from following the loss of 
signal at 208 nm. As can be seen in the figure, these 
molecules have the same conformational stability, 
within the experimental error, to GdnHC1 with a 
loss of half of the structure occurring at 3.1 M 

GdnHC1 at 21°C. These results were further ana- 
lyzed by determining the equilibrium constant, K = 
(unfolded)/(native), of unfolding along the curve, and 
then plotting the In K vs. GdnHC1 concentration, 
over the transition region of the curve, where errors 
in baseline extrapolation are minimized. From this 
curve, the In K at 0 M GdnHC1 is extrapolated to be 
-19.5, which corresponds to a free energy of unfold- 
ing of 11.3 kcal/mol. Thus, the sugar residues on the 
CHO-derived molecules do not appear to contribute 
to the conformational stability of the protein at 
neutral pH. 

4. DISCUSSION 

Development of suitable formulation is a diffi- 
cult problem for protein pharmaceuticals, since most 
proteins are marginally stable in solution (Pace, 1970; 
Privalov and Khechinashvili, 1974). Recombinant 
G-CSF, examined at different pH and temperatures, 
is unstable at high temperature and above neutral 
pH, whether the protein is glycosylated or not 
(Oh-eda et al., 1990), whereas the protein is much 
more stable at low pH. We find essentially no loss 
of activity upon prolonged storage at pH 4.0 and 
4°C. It was revealed that the cysteine at position 17 
is partially accessible to the sulfhydryl agent, suggest- 
ing that oxidation and disulfide exchange reactions 
due to this solvent-exposed thiol is involved in the 
observed instability of G-CSF. An analog of the pro- 
tein in which this free cysteine has been replaced with 
serine confirmed the above hypothesis. 

The CHO cell-derived G-CSF shows a lower 
degree of exposure of the free cysteine than the E. 
col#derived molecule. Since the CHO cell- and E. 
col#derived proteins have an apparently identical 
conformation at pH7.0 to 8.0, the obseryed differ- 
ence in the degree of solvent-exposure of thiol can- 
not be ascribed to a conformational difference. It 
might be possible that the carbohydrate sterically 
hinders the cysteine 17 from reacting with the sulfhy- 
dryl reagent or affects local conformation around 
cysteine 17 which cannot be detected by the techni- 
ques used in this study. The recently determined crys- 
tallographic structure of G-CSF shows that the 
carbohydrate would be far from cysteine 17, making 
its steric effect on the cysteine unlikely (T. Osslund, 
personal communication). 

Oh-eda et al. (1990) used temperature changes to 
perturb the protein conformation. However, tem- 
perature-induced conformational changes of G-CSF 
is difficult to analyze, since the protein may aggregate 
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a n d  even p r e c i p i t a t e  a t  h i g h e r  t e m p e r a t u r e s .  In  th is  
s tudy ,  we used  G d n H C 1  or  p H  as a p r o t e i n  pe r -  
t u r b a n t  a n d  o b s e r v e d  t h a t  the  C H O  cell-  a n d  
E. c o l # d e r i v e d  G - C S F  have  iden t i ca l  c o n f o r m a t i o n a l  
s tab i l i ty .  
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