
Reengineering Granulocyte Colony-stimulating Factor for Enhanced
Stability*

Received for publication, May 17, 2001, and in revised form, June 13, 2001
Published, JBC Papers in Press, June 13, 2001, DOI 10.1074/jbc.M104494200

Barney Bishop‡, Debbie C. Koay§, Alan C. Sartorelli§, and Lynne Regan‡¶�

From the Departments of ‡Chemistry and the ¶Molecular Biophysics and Biochemistry, Yale University and the
§Department of Pharmacology and Developmental Therapeutics Program, Cancer Center, Yale University School of
Medicine, New Haven, Connecticut 06520

Granulocyte colony-stimulating factor is a long-
chain cytokine that has both biological and therapeu-
tic applications. It is involved in the production and
maturation of neutrophilic progenitor cells and neu-
trophils and is administered to stimulate the produc-
tion of white blood cells to reduce the risk of serious
infection in immunocompromised patients. We have
reengineered granulocyte colony-stimulating factor to
improve the thermodynamic stability of the protein,
focusing on enhancing the �-helical propensity of res-
idues in the antiparallel 4-helix bundle of the protein.
These redesigns resulted in proteins with substan-
tially enhanced stability while retaining wild-type lev-
els of biological activity, measured as the ability of the
reengineered proteins to stimulate the proliferation of
murine myeloid cells transfected with the granulocyte
colony-stimulating factor receptor.

Growth factors and cytokines are potential therapeutic
agents because of their key roles in regulating the production,
maturation, and activity of blood, muscle, and bone cells. A
number of cytokines are currently employed in the treatment of
blood deficiencies and cancers. For example, erythropoietin is
administered to stimulate red blood cell production in patients
suffering from anemia.1 Human growth hormone is used to
stimulate growth in children and adults exhibiting extremely
slow or subnormal growth due to hormonal deficiencies,2 and
granulocyte colony-stimulating factor (G-CSF)3 is employed to
treat cancer patients undergoing chemotherapy in order to
alleviate the depression of white blood cell levels produced by
cytotoxic therapeutic agents.4

Although the activity and specificity of function make the
cytokines potentially powerful therapeutic agents, they are not
ideal drugs. Thus, there is keen interest in developing alterna-
tive or improved molecules that demonstrate cytokine function
but have superior pharmacological properties (4–10). Protein
reengineering offers a means of improving the physical and
biological properties of these peptides and proteins to enhance

their efficacy as therapeutics.
Here, we describe the results of reengineering the cytokine

G-CSF to increase thermodynamic stability while retaining
biological activity. G-CSF plays a critical role in the process of
hematopoiesis (11), regulating the proliferation, differentia-
tion, and survival of neutrophils and neutrophilic progenitor
cells (Fig. 1). As a therapeutic agent, G-CSF is used to reduce
the risks of serious infection in immunocompromised individ-
uals undergoing chemotherapy and thus facilitates recovery.
G-CSF cannot be administered orally, and frequent (daily)
injections of significant quantities of the cytokine (5–10 �g/kg)
are necessary throughout the course of treatment (3). In addi-
tion, G-CSF requires stringent formulation and storage condi-
tions such as constant refrigeration; supplies must be dis-
carded if left at room temperature.

G-CSF is a member of the long chain family of cytokines,
characterized by an antiparallel 4-helix bundle fold, with long
overhand connecting loops (Fig. 2) (14–16). The redesign of
G-CSF was facilitated by studies that identified by alanine-
scanning mutagenesis the primary binding determinants of the
protein for its receptor (17, 18). Key residues that must be
conserved in any reengineering study lie on the surfaces of
helices A and C (Fig. 2), with additional potentially important
contacts in the loop regions. The recently reported crystal
structure of G-CSF complexed with the cytokine receptor ho-
mologous region of the G-CSF receptor reinforces the impor-
tance of these helices and suggests additional contacts by res-
idues in the N-terminal region of G-CSF, which is unstructured
in the unbound protein (19).

In reengineering cytokines such as G-CSF, it is far less likely
that receptor binding will be disrupted or that mutants will
raise an immune response, if the changes to protein sequence
and topology are kept to a minimum. Two aspects of G-CSF
appear to lend themselves most readily to reengineering; the
unusual abundance of glycine residues in the helices and the
long overhand loops connecting the helices in the bundle.

The focus of the studies reported here is the helical glycine
residues. An abundance of glycine residues in the helical re-
gions of a soluble protein is unusual. It has one of the lowest
intrinsic �-helical propensities of all the amino acids (second
only to proline). This is manifested in both statistical and
thermodynamic studies (20–23). In thermodynamic studies,
alanine stabilizes a peptide or protein helix by up to 2 kcal/mol
relative to glycine (20). Therefore, glycine to alanine substitu-
tions in the helical regions of proteins would be expected to
enhance protein stability. This premise has been investigated
in a number of systems (24–29).

We have therefore systematically replaced the helical glycine
residues of G-CSF individually and in combination and evalu-
ated both the stability and the biological activity of each mu-
tant. After successive reengineering cycles, we produced three
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mutants that demonstrated significantly improved stabilities
relative to G-CSF and retained the ability to induce cellular
proliferation comparable with that of wild-type G-CSF.

EXPERIMENTAL PROCEDURES

Strains and Plasmids

Escherichia coli strain DH10B (30) was used for both cloning and
expression purposes. The plasmid pBAD-G4 (17) with an insert for the
gene containing the G-CSF wild-type construct (with a C17S substitu-
tion to reduce aggregation and the DNA sequence engineered to contain
13 unique restriction sites without changing the amino acid sequence)
was derived from the vector pBAD18, Ref. 31; provided by Dr. John
Reidhaar-Olson, Affymax Corporation. This vector provides ampicillin
resistance and protein expression is under control of the inducible
promoter araBAD.

Cloning and Mutagenesis

To aid in purification, a hexahistidine metal affinity tag and a 14-
amino acid spacer were incorporated at the N terminus of G-CSF by
inserting a DNA cassette defined by the NdeI and Csp1 restriction sites
in the original construct. A sequence coding for the tobacco-etch-virus
protease (rTEV-p) cleavage site was included in the spacer sequence
N-terminal to the threonine (numbered T1) of wt-G-CSF (32). Proteol-
ysis by rTEV-p generates an N-terminal glycine residue (numbered

G-1) preceding this threonine residue and removes the His6 tag and
linker sequence.

Cassettes encoding the desired mutations were prepared via polym-
erase chain reaction using synthetic primers incorporating the pro-
scribed change in sequence. The new sequences were then incorporated
into the plasmid by cassette mutagenesis utilizing the appropriate
restriction sites. Competent DH10B cells were transformed with DNA
following ligation and screened for ampicillin resistance. The plasmid
DNA of each clone was then sequenced to confirm its identity (HHMI
Biopolymer/Keck Foundation Biotechnology Resource Laboratory, Yale
University).

Growth and Purification

Starter cultures in 75 ml of Luria broth with 100 �g/ml ampicillin
were prepared from DH10B cells transformed with the appropriate
plasmid and allowed to grow at 37 °C for 4–5 h with agitation (33).
Superbroth (1 liter) was then inoculated with 15 ml of the starter
culture and allowed to grow at 37 °C with agitation (33). Protein ex-
pression was induced by the addition of arabinose to a final concentra-
tion of 0.2% once the cell culture had reached an A600 of 1–2 absorbance
units. Cells were harvested by centrifugation after �12 h of further
growth, and the cell pellets were stored frozen.

The G-CSF variants were purified using a two-step protocol that we
devised. This process provided a generic method that could be applied to
the purification of G-CSF and all of the mutants. The frozen cell pellets
were suspended in 30 ml of lysis buffer (7 M GdnHCl, 10 mM Tris-HCl,
pH 8, 100 mM NaCl) per liter of original growth medium. The resus-
pended cells were lysed by short bursts of sonication. Solubilized pro-
tein was then separated from the solids by centrifugation at 13,560 � g
for 30 min. The supernatant was collected and loaded onto 2 ml TALON
resin (CLONTECH) per liter of original growth medium equilibrated in
lysis buffer. The resin was washed with �10-column volumes of lysis
buffer and then washed twice with 2-column volumes of renaturing
buffer (10 mM Tris-HCl, pH 8, 100 mM NaCl). The resin was then
re-suspended in 5 ml of renaturing buffer and agitated for 30 min before
drawing off the aqueous solution. The loaded resin thus washed was
suspended in 5 ml of 10 mM Tris-HCl, pH 8, 100 mM NaCl, 500 mM

imidazole and agitated at room temperature for 10 min to release the
protein from the resin. The eluent, containing the His-tagged G-CSF,
was then loaded onto a Superdex G75 column (Amersham Pharmacia
Biotech) and eluted with renaturing buffer. By this method, it was
possible to isolate �0.5–2 mg of refolded pure G-CSF per liter of growth
medium.

Circular Dichroism Wavelength Scans

Approximately 10 �M protein in 100 mM sodium phosphate, pH 7,
and 200 mM NaCl in a 1-mm path length cell was used to collect spectra
from 200–260 nm at 25 °C. Data were collected using an Aviv 62DS
Circular Dichroism Spectrometer (Aviv Instruments).

FIG. 1. Schematic illustration of hematopoiesis. The sites of
action of G-CSF in this complex cascade are indicated. Elements of the
diagram were drawn from Ref. 12.

FIG. 2. Ribbon representation of the structure of G-CSF made
in MOLSCRIPT (13) from the NMR structure (14). A 4-helix bun-
dle motif with long overhand loop connections is shown. The helices are
labeled in order from the N terminus: A, B, C, D. The locations of the
helical glycine residues are shaded in dark gray and their residue
numbers indicated.
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Chemical Denaturation

Chemical denaturation of wild-type and mutant proteins was fol-
lowed by monitoring the ellipticity at 222 nm as a function of GdnHCl
concentration. Two stock solutions, one renaturing and the other dena-
turing, were prepared for G-CSF and each mutant. The native solution
consisted of �10 �M protein in 100 mM sodium phosphate (pH 7) and
200 mM NaCl. The denaturing solution consisted of �10 �M protein in
100 mM sodium phosphate (pH 7), 200 mM NaCl with 4.5–6 M GdnHCl.
The exact concentration of GdnHCl in the denaturing solution was
varied for different proteins, reflecting different stabilities. Each point
on the denaturation titration was prepared by the serial exchange of
equal volumes of buffer between the native and denaturing solutions,
followed by thorough mixing. The signal at 222 nm was collected and
averaged over a 1-min period following equilibration at 25 °C for 10
min. Guanidine concentrations of the initial and final samples were
established within approximately �1% by refractometry using an Atago
R5000 refractometer (Atago, Japan), allowing the calculation of the
intermediate concentrations (34). Because the GdnHCl-induced unfold-
ing transition is reversible, this titration method afforded reliable data
consuming a minimal amount of protein in the process.

Evaluation of Protein Stability

Determination of Cm—The fraction of folded protein as a function of
the concentration of GdnHCl was determined for G-CSF and each
mutant protein. The pre- and post-transition regions of the titration
curves were fit to Equations 1 and 2, respectively. These describe the
signal attributable to the folded and denatured states (�nat and �den,
respectively) as functions of denaturant concentration.

�nat � �o
nat � mN[GdnHCl] (Eq. 1)

�den � �o
den � mD[GdnHCl] (Eq. 2)

In Equations 2 and 3, �°nat and �°den are the ellipticities of the native
and denatured states in the absence of denaturant and mN and mD,
their respective dependence on GdnHCl concentration. Equation 3 cor-
rects for these baselines and provides the fraction of total protein that
is folded.

Fraction folded � ��obs � �nat�/��den � �nat) (Eq. 3)

Here, �obs corresponds to the observed ellipticity. The fraction of folded
protein was plotted as a function of GdnHCl concentration (Fig. 3), and
the concentration of GdnHCl corresponding to the midpoint of the
transition (Cm) was determined. Thus, Cm provides a measure of
stability.

Determination of the �G of Folding

The free energy (�G) of folding was determined using the method of
Santoro and Bolen (35). The relationship between the fraction folded
and the folding equilibrium (Kobs) allows the determination of the �G of
folding by fitting the chemical denaturation curves of G-CSF and the
designed mutants to Equation 4.

�obs � ���o
nat � mN[GdnHCl]) � ��o

den � mD[GdnHCl]) � exp

� ��GN	D/RT � m[GdnHCl]/RT�
/�1 � exp � ��GN	D/RT

� m[GdnHCl]/RT)] (Eq. 4)

Here �GN-D is defined as the free energy of unfolding in the absence of
denaturant; m, the dependence of �GN-D on the concentration of
GdnHCl; R, the universal gas constant; and T, the temperature at
which denaturation was performed. In this fashion, the �GN-D for the
wild-type protein and the mutants were determined. The free energy of
folding, �G (�G � -�GN-D), the corresponding m-value for folding and
the degree of stabilization/destabilization relative to wild-type, ��G,
reported in Table I. Thus, the more negative ��G values correspond to
increases in stability over wild-type G-CSF.

Biological Activity

Murine myeloid LGM-1 cells (36) (provided by Dr. Tasuku Honjo,
Kyoto University, Japan), and transfectants derived therefrom in our
laboratory, were maintained in suspension culture in RPMI 1640 me-
dium (Sigma) supplemented with 10% fetal bovine serum (Life Tech-
nologies, Inc.) and 45 units/ml of recombinant murine IL-3 (rmIL-3)
(Endogen) at 37 °C in a 95% air, 5% CO2 humidified incubator. Meas-
urement of cell proliferation in response to G-CSF employed exponen-
tially growing LGM-1 cells transfected with the full-length G-CSFR (37,
38). To measure the growth of the transfected LGM-1 cells in response
to wild-type or various G-CSF mutants, cells were washed twice with
cold phosphate-buffered saline, and all of the transfected cells were
seeded into fresh culture medium at a density of 5 � 104 cells/ml in the
presence of 45 units/ml of rmIL-3, 10 pg/ml of wild-type G-CSF, or the
various G-CSF mutants. Cell numbers were determined daily for 3 days
after exposure to rmIL-3, wild-type G-CSF, or various mutant G-CSFs
using a Coulter model ZM particle counter (Coulter Electronics) con-
nected to a Coulter model 256 Channelyzer (Coulter Electronics).

RESULTS

Wild-type G-CSF contains 14 glycine residues, 7 of which lie
in central positions within the helices of the 4-helix bundle

FIG. 3. Biological activity of G-CSF
and the designed mutants. Here, the
G-CSF variants are aligned along the x
axis, cell density relative to cells not
treated with G-CSF is reported on the y
axis, and the z axis indicates the sampling
interval.
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(Fig. 2). Two of these glycine residues are located in helix A
(Gly-26 and Gly-28), three in helix B (Gly-73, Gly-81, and
Gly-87), and two in helix D (Gly-149 and Gly-150). To thor-
oughly explore alanine replacement as a means of improving
stability, we chose to consider all of the helical glycine residues
as target replacement sites. Each helical glycine residue was
individually replaced by alanine to generate 7 point mutants,
identified by the position of the replaced glycine residue;
G-CSF(G26A), G-CSF(G28A), G-CSF(G73A), G-CSF(G81A),
G-CSF(G87A), G-CSF(G149A), and G-CSF(G150A). G-CSF and
the designed mutants were each overexpressed and purified.

The biological effects of G-CSF are mediated through its
interaction with the G-CSF receptor (G-CSFR), a member of
the cytokine receptor superfamily. Upon binding of G-CSF to
its receptor, the G-CSFR dimerizes and signaling events are
initiated from the cytoplasmic domain. To evaluate the biolog-
ical activity of G-CSF and the reengineered mutants, we have
introduced the G-CSF receptor into IL-3-dependent myeloid
LGM-1 cells (LGM GR95 cells). LGM-1 cells do not naturally
express endogenous G-CSFR (39). Exogenous expression of the
full-length G-CSFR makes LGM-1 cells responsive to G-CSF
resulting in cellular proliferation upon exposure to G-CSF in
the absence of IL-3. Cell proliferation assays using these cells

thus provided a measure of the biological activity of the de-
signed mutants. We stimulated the LGM-1 cells expressing
G-CSFR with wild-type G-CSF and the designed mutants (10
pg/ml in each case). Treatment with less than 10 pg/ml wild-
type G-CSF results in no discernable proliferation of LGM
GR95 cells. The LGM GR95 cells treated with the G-CSF mu-
tants exhibited increases in cellular numbers over a 3-day
period in a manner analogous to those treated with the wild-
type G-CSF (Fig. 3). Therefore, we conclude that the point
mutants retained the ability to induce proliferation comparable
with the wild-type protein (Fig. 3).

Chemical denaturation was used to evaluate the stabilities of
G-CSF and the designed mutants. G-CSF and the variants
undergo reversible denaturation transitions induced by
GdnHCl, and it is therefore possible to use this method to
derive thermodynamic parameters and assess stability (Fig. 4).
By this method, we determined the �G and Cm of unfolding
(Table I). The thermal denaturation of G-CSF is irreversible at
pH 7 (40). Thus, it is not an appropriate method to use to
establish the thermodynamic parameters for G-CSF in a con-
text that is relevant to stability at 25–37 °C.

In ranking the mutants, it is necessary to consider both Cm

and �G. They provide complementary measures of stability
relative to the wild-type protein (��G and �Cm) and both can
be derived from the same denaturation data (Table I). The �G
of folding was determined by fitting the denaturation curves to
Equation 4. The m value (corresponding to the slope of the
transition) reflects the dependence of �G on the concentration
of GdnHCl is also provided by these fits. The majority of the
mutants have m values within � 15% of the mean value. This
similarity in the m values suggests that the slopes of the
transitions and therefore cooperativity are similar for the mu-
tants. Therefore, the Cm values, which are determined by plot-
ting the fraction of folded protein as a function of GdnHCl
concentration, are also indicative of relative stability.

The point mutants G-CSF(G26A), G-CSF(G28A), G-CSF
(G149A), and G-CSF(G150A) resulted in the greatest increases in
protein stability (��G 	2 to 	3 � �0.7 kcal and �Cm 0.1–0.6 M);
the mutation at position 73 resulted in a more modest increase in
stability (��G 	1.44 � 0.45 kcal and �Cm 0.1 M); and the muta-
tions at 81 and 87 were destabilizing (��G 1.68 � 0.51 and
1.86 � 0.38 kcal, respectively, and �Cm values nearly identical to
wild-type G-CSF). The mutations at positions 26, 28, 149, and
150 clearly provided the best basis for the following generations
of mutants, because they resulted in the most substantial gains
in stability.

We combined the most stabilizing point mutations that were
in close proximity to each other to create the second generation

FIG. 4. Fraction of total protein folded (monitored by CD) as
a function of denaturant concentration for wild-type G-CSF
(Œ) and the mutants G-CSF(G26A) (● ), G-CSF(G81A) (E),
G-CSF(G149A) (�), G-CSF(G149A/G150A) (f), G-CSF(G26A/
G149A/G150A) (‚) and G-CSF(G28A/G149A/G150A) (X).

TABLE I
Comparison of the stabilities of wild-type G-CSF and designed mutants

Protein Cm
a �Cm

b m-valuec �Gc ��Gd

M GdnHCl M GdnHCl kcal mol	1 K	1 kcal mol	1 kcal mol	1

Wt-G-CSF 2.75 3.43 � 0.09 	9.44 � 0.24
G-CSF(G26) 2.97 0.22 4.21 � 0.20 	12.50 � 0.58 	3.06 � 0.63
G-CSF(G28) 3.30 0.55 3.64 � 0.29 	12.10 � 0.75 	2.66 � 0.79
G-CSF(G73) 2.84 0.09 3.82 � 0.13 	10.88 � 0.38 	1.44 � 0.45
G-CSF(G81A) 2.79 0.04 2.80 � 0.19 	7.76 � 0.45 1.68 � 0.51
G-CSF(G87A) 2.73 	0.02 3.15 � 0.12 	7.58 � 0.30 1.86 � 0.38
G-CSF(G149A) 2.88 0.13 4.07 � 0.13 	11.73 � 0.38 	2.29 � 0.45
G-CSF(G150A) 3.03 0.28 4.07 � 0.25 	12.30 � 0.75 	2.86 � 0.79
G-CSF(G26A/G28A) 3.65 0.90 3.34 � 0.27 	12.18 � 0.96 	2.74 � 0.99
G-CSF(G149A/G150A) 3.34 0.59 4.17 � 0.41 	13.64 � 1.10 	4.20 � 1.13
G-CSF(G26A/G149A/G150A) 3.50 0.75 3.60 � 0.19 	12.90 � 0.48 	3.46 � 0.54
G-CSF(G28A/G149A/G150A) 3.91 1.16 4.00 � 0.53 	15.60 � 2.00 	6.16 � 2.01

a Cm was determined from the fraction of folded protein as a function of GdnHCl concentration with an estimated error of �0.03 M.
b �Cm � Cm-mutant 	 Cm-G-CSF.
c The values and errors reported for m and �G were derived by fitting titration data to the Santoro and Bolen equation (Equation 4) (35).
d ��G � �Gmutant 	 �GG-CSF.
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of mutants, G-CSF(G26A/G28A) and G-CSF(G149A/G150A).
Both G-CSF(G26A/G28A) and G-CSF(G149A/G150A) retained
the ability to induce proliferation in myeloid LGM-1 cells trans-
fected with the G-CSFR. The double mutant G-CSF(G26A/
G28A) exhibited an increase in stability (��G 	2.74 � 0.99
kcal and �Cm 0.9 M) relative to the single individual point
mutants G-CSF(G26A) and G-CSF(G28A). G-CSF(G149A/
G150A) realized a greater cumulative improvement in relative
stability (��G 	4.20 � 1.13 kcal and �Cm 0.6 M).

The third generation of mutants incorporated the stabilizing
double substitution G149A and G150A in combination with
either G26A or G28A to generate the pair of triple mutants
G-CSF(G26A/G149A/G150A) and G-CSF(G28A/G149A/G150A),
both of which retained biological activity comparable with G-
CSF. By combining the G149A/G150A double mutation and a
third stabilizing single mutation, the triple mutants were ex-
pected to be more stable than wild-type protein. Chemical dena-
turation indicated that G-CSF(G26A/G149A/G150A) and
G-CSF(G28A/G149A/G150A) demonstrated significantly ele-
vated stability (��G 	3.46 � 0.54 kcal, �Cm 0.8 M and ��G
	6.2 � 2.01 kcal, �Cm 1.2 M, respectively). However, the stability
gains attained in G-CSF(G26A/G149A/G150A) were comparable
with those of the double mutants G-CSF(G149A/G150A) and
G-CSF(G26A/G28A). Therefore, incorporation of the substitution
at position 26 did not appear to improve upon G-CSF(G149A/
G150A). This was not the case for G-CSF(G28A/G149A/G150A),
which was notably more stable than G-CSF(G149A/G150A).

DISCUSSION

The objectives of this work were 2-fold. The first was to
reengineer a protein of therapeutic interest to enhance its
thermodynamic stability. The second was to achieve this goal
through minimal changes in protein sequence. The biological
function of G-CSF is linked inextricably with the protein fold.
Thus, it is critical that alterations in the protein sequence not
result in a large perturbation in structure, which would compro-
mise the potential therapeutic utility of the mutant. Therefore, it
was essential to assess the ability of each mutant protein to
promote cell proliferation, as well as their respective stabilities.

Currently, not all of the factors that contribute to the phar-
macokinetic properties of proteins are known, but stability
likely contributes significantly, and it represents a tractable
target for protein engineering. Some of the basic principles
regarding the relationship between protein sequence, struc-
ture, and stability have been established (21–23, 26, 41–50,
1–3). Increased stability could translate into enhanced resist-
ance to enzymatic proteolysis or reduce the requirement of
refrigeration for storage by improving protein stability at am-
bient temperatures.

Replacement of helical glycine residues with alanine, an
amino acid with a much higher �-helical propensity, potentially
provides a relatively simple means of increasing protein stabil-
ity. The stabilization associated with such glycine to alanine
substitutions can be attributed, in part, to the unfavorable
entropic cost of constraining the glycine backbone into a helical
conformation, relative to alanine. The net effect on protein
stability of any amino acid change represents a balance be-
tween energetically favorable contributions, for example in-
trinsic �-helical propensity, and energetically unfavorable in-
teractions, such as steric conflicts. The small increase in
sidechain bulk involved in substituting the methyl group of
alanine for the hydrogen of glycine helps to minimize the po-
tential for introducing steric conflicts.

We sought to improve the helical propensity of residues
within the 4-helix bundle region of G-CSF by systematically
replacing the 7 helical glycine residues with alanines. By gener-
ating and evaluating single point mutants, we were able to es-

tablish the effects of each change and then group them based on
whether they were stabilizing or destabilizing relative to wild-
type G-CSF. Alanine replacements at positions 73, 81, and 87
resulted in either a smaller increase or even a decrease in sta-
bility and for this reason were not utilized in later redesigns. The
smaller increase in stability associated with G-CSF(G73A) can be
explained in part by its localization at the N terminus of helix-B,
adjacent to the disulfide bridging Cys-64 and Cys-74. The desta-
bilizing effects of Gly/Ala replacements at positions 81 and 87
may be attributable to the close proximity of the AB and CD loops
along much of helix-B. They could partially occlude residues on
the surface of helix-B, and thus the methyl sidechain of alanine
may introduce steric clashes. Additionally, the helix unwinds
slightly in the turn containing position 81 allowing Leu-82 to
pack into the core of the 4-helix bundle. Alanine replacement
could interfere with this unwinding. Replacing glycine residues
with alanine at positions 26, 28, 149, and 150 were found to
result in the greatest increases in stability, and therefore, were
used as the basis for future generations of mutants. Presumably
this increased stabilization results from fewer deleterious inter-
actions associated with the substituted alanine residue.

Two successive reengineering cycles, combining favorable
mutations, resulted in four versions of G-CSF with significant
stability enhancements over the wild-type protein, G-CSF(G26A/
G28A), G-CSF(G149A/G150A), G-CSF(G26A/G149A/G150A) and
G-CSF(G28A/G149A/G150A). These mutants provide an oppor-
tunity to explore the correlation between the factors contribut-
ing to thermodynamic stability and those influencing pharma-
cokinetic properties. They also allow us to begin considering
how protein stability may directly affect receptor-binding ki-
netics and thus biological activity.

Variants of G-CSF and other cytokines with substantially
enhanced stabilities have additional practical application po-
tential. Many cell lines that are used in the laboratory and
maintained in tissue culture are dependent on exogenously
added cytokines for their survival and proliferation. The in-
creased stability of the reengineered G-CSF variants described
here could translate into extended effective lifetimes in tissue
culture, thus reducing the amount and frequency of the cyto-
kine supplement that is required. In addition, reengineered
variants of G-CSF may also have potential therapeutic appli-
cations with immunosuppressed patients, where G-CSF is used
to expedite the recovery of neutrophil counts that have been
depleted as a result of chemotherapy.

The dramatic improvements in the stability of G-CSF arising
from double and triple Gly/Ala substitutions demonstrate the
importance of intrinsic �-helix propensities to overall protein
stability. These gains in stability were achieved without com-
promising the biological activity of G-CSF. Similar approaches
can be used to rationally manipulate the physicochemical prop-
erties of other long chain cytokines, to optimize their prepara-
tion, efficacy, and storage properties.
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