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ABSTRACT. Conformations of G-CSF and the extracellular domain of its receptor as well as their complex
have been investigated by employing isotope-edited FTIR spectroscopy. To determine unambiguously
the protein conformations of G-CSF and the receptor in the complex, we have prepared untf@imly

15N isotope labeled G-CSF to resolve its amitlbdnd from that of the receptor in the IR spectrum of the
complex. By comparing the IR spectra of the isotope-labeled G-CSF and the receptor with that of the
complex, we have provided spectral evidence that the AB loop region involving the unigjhel&
segment of G-CSF likely undergoes a conformational change to a regialix upon binding to the
receptor. The IR data also indicate a possible minor increaaehielical conformation for the receptor

in the complex. Furthermore, FTIR spectra of G-CSF, the receptor, and their complex demonstrate clearly
that protein conformations of both G-CSF and the receptor have been dramatically stabilized by complex
formation. Specifically, the melting transitioii{ value) of thea-helix in G-CSF is increased by nearly

30 °C and that of the3-strand in the receptor by nearly £& in the G-CSF/receptor complex. We
estimate from the current FTIR data that the native conformations of approximately 15% of all receptor
residues are stabilized by G-CSF binding. On the other hand, the enligdical content of G-CSF
appears to be stabilized in the complex. Together, these results indicate that formation of the ligand/
receptor complex results in not only conformational changes in the receptor but also significant structural
changes in the ligand. This adds insight to the general consensus that binding of ligand to cytokine
receptors induces mostly structural changes in the receptor which lead to receptor oligomerization and
signal transduction. The current data also suggest a possible physiological role ef tiedix3present

in G-CSF for its receptor binding activity.

G-CSF is one of the colony-stimulating factors (CSF) Chinese hamster ovary cells (Horan et al., 1996). In the
which stimulate granulocyte formation from bone marrow absence of G-CSF, the receptor weakly dimerizes. Upon
cells upon binding to its receptor (Nicola et al., 1983; Souza binding of G-CSF, however, the affinity of receptor dimer-
et al., 1986; Clark & Kamen, 1987; Nagata & Fukunaga, ization is drastically increased by 2000-fold, suggesting
1991). Although it is believed that ligand-induced receptor conformational changes in the complex. Since the three-
oligomerization results in eventual signal transduction, dimensional structure of neither G-CSF receptor nor receptor/
involvement of conformational changes of the receptor in ligand complex is available, the structural aspects of G-CSF/
oligomerization or signal transduction has also been sug-receptor interactions remain to be fully characterized.
gested (Stahl & Yancopoulos, 1993; Heldin, 1995). The Structural determination of the extracellular domain of the
crystal structure of G-CSF (Hill et al., 1993) shows that it G-CSF receptor by X-ray and NMR so far has been a
shares main structural features, i.e., fatielix-bundles with challenge because of glycosylation and the molecular size
up—up—down—down connections, with other cytokines such of this receptor. FTIR spectroscopy has been proven to be
as growth hormone (GH) (Abdel-Meguid et al., 1987; de an effective tool to study secondary structures of proteins in
Vos et al., 1992), IL-2 (Bazan, 1992; McKay, 1992; Mott et various physical states (Byler & Susi, 1986, 1988; Arrondo
al.,, 1992), IL-4 (Smith et al., 1992; Powers et al., 1992; et al., 1993; Jackson & Mantsch, 1995; Haris & Chapman,
Wilodawer et al., 1992), and macrophage colony-stimulating 1995). Haris and co-workers have first demonstrated that
factors (M-CSF and GM-CSF) (Diederichs et al., 1991; by **C uniform labeling of amide €0 groups the amid€ |
Walter et al., 1992; Pandit et al., 1992). Aside from sharing band of a protein can be shifted t640—45 cnT? lower in
the main structural features with other cytokines, the crystal frequency, and that it is thus possible to determine secondary
structure of G-CSF reveals a unigug Belix segment in  structures of individual subunits in a protein/protein or
the long AB loop just after helix A (Hill et al., 1993). protein/peptide complex (Haris et al., 1992). This method
However, it remains unclear what role thig Belix segment has recently been applied to other protein/protein and protein/
of G-CSF may play in the process of receptor binding. peptide systems (Zhang et al., 1994; Ludlam et al., 1995).
Recent biophysical studies suggest that G-CSF forms a 2:2Since*C=0 groups shift amide' bands to approximately
complex with the soluble form of the receptor prepared from 40 cnt? lower in frequency relative to those 5C=0 amide

groups (Hubner et al., 1990; Tadesse et al., 1991; Haris et
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time to the structural study of cytokingeceptor interactions  to form an uniformly thin film. Sample temperature was
and demonstrated its usefulness in determining unambigu-maintained at 20C during IR data collection using a thermal
ously the protein secondary structures of both ligand and jacket controlled by an electronic thermal controller (Boulder
receptor in a signal transduction complex. We have inves- Nonlinear Inc.). Typically, 1024 interferograms were co-
tigated the structural changes in G-CSF and its receptor uponadded and Fourier-transformed to generate an absorbance
complex formation, and have shown that both G-CSF and spectrum at 4 cmi resolution by employing a Mattson
the receptor likely undergo conformational changes in the Research Series Model 1000 spectrometer with a MCT

complex. detector cooled by liquid nitrogen. The spectrometer was
continuously purged with a dry air system (Model 75-60,
MATERIALS AND METHODS Balston Filter System, Whatman) to eliminate the spectral

e 1315 interference from atmospheric water vapor. Residual con-
Purifications of *C/ N—Labgled G-CSF a}nd Receptor/ tributions from atmospheric vapor were digitally subtracted
G-CSF ComplexAn Escherichia colK12 strain possessing  rom the protein spectra. The broad buffer background of

a temperature-sensitive plasmid containing a gene coding forp, o a5 subtracted from protein spectra to ensure a flat base
recombinant human G-CSF with the cysteine residue at | a in the spectral region 14601800 cnt’. IR spectral

position 18 replaced by an alanine was used. The strain wasna\sis, including spectral deconvolution and calculation of

inoculated into 0.3 L of medium containing 20 gA"NH.)- second-derivative spectra, has been carried out by employing

SOy, 2 g/L KHPQ,, 2.4 gL KHZPO‘!’ 10.9”' [*Celglucose, Grams/386 and Spectral Calc softwares (Galactic Industries
1.2 g/L MgSQ-7H,0, and 1 mL/L vitamins and trace metals Co.).

(Curless et al., 1991) and grown 24 h with shaking at 30

°C. The entire culture was transferred to a 2-L sterile vessel ResyLTS

(B. Braun) containing 1.5 L of minimal medium that

contained 30 g/L¥NH4).SQy, 2.7 g/L sodium hexameta- The binding activities of both unlabeled arddC/N
phosphate (Curless et al., 1996), 0.4 g/L KCI, 13.3 §/C{- uniformly labeled G-CSF were compared (Figure 1) using
glucose, 2 g/L MgS®7H,0, and 1 mL/L vitamins and trace  the entire extracellular domain of human G-CSF receptor
metals. This batch phase of the fermentation was performedpurified from Chinese hamster ovary cells (Horan et al.,
at 30°C with neutralization by phosphoric acid and sodium 1996). As shown in Figure 1, biological activities of the
hydroxide. Upon exhaustion of the glucose, concentrated two different isotopic G-CSF proteins are virtually identical

feed containing 90 g/L'fCe]glucose, 27 g/L 'NH,).SO,, in terms of receptor binding. The two complexes eluted at
1.0 g/L MgSQ-7H,0, and 1 mL/L vitamins and trace metals identical volumes from a size exclusion column (Figure 1A,
was fed into the vessel at the rate of 0.5 (mL@pP~-h~2, top and bottom panels) and migrate at the same positions

When the culture had reached an optical density of 15 aton the native gel (data not shown). Peak fractions corre-
600 nm, the culture was induced by increasing the temper-sponding to both isotope-labeled and unlabeled G-CSF/
ature to 40°C, and the feed was replaced with another receptor complexes were confirmed by reducing SQél
containing 80 g/L ¥®NH,),SOQy, 90 g/L [**Ce]glucose, 1.0 electrophoresis, as shown in Figure 1B (top and bottom
g/L MgSQO,-7H,0, and 1 mL/L vitamins and trace metals. panels). The receptor and G-CSF migrated at 97 and 18
The second feed was added to the fermentor at a rate of 25Da, respectively. The purified G-CSF/receptor complexes
(mL/L)-h~%. After 5 h of induction, the entire volume of from the size exclusion column were used for the following
the vessel was harvested by centrifugation. Purification of FTIR studies.

C/*N-labeled G-CSF follows essentially the same proce-  The FTIR spectrum of*C/AN uniformly labeled G-CSF
dure as that of natural G-CSF (Souza et al., 1986). is compared to that of the unlabeled protein, as shown in
Affinity-purified soluble G-CSF receptor containing the Figure 2 (A, left, and B, right). Both original and decon-

entire extracellular domain (from CHO cell conditioned volved spectra in the region 1480750 cn1? (Figure 2A,
media) was mixed with a 2-fold molar excess of either natural left panel) of the labeled G-CSF indicate that isotope labeling
or isotope-labeled G-CSFifd h at 4°C. The mixture was  of the amide groups of G-CSF is fairly complete, since the
injected onto a Superdex-200 (HR 26/60) column connected spectrum of the labeled G-CSF (Figure 2, left panel, spectra
to an FPLC system (Pharmacia). The column was equili- C and D) shows minimal IR intensity and is close to base
brated with 0.1 M potassium phosphate, pH 6.7, and run atline near 1653 cm* where the unlabeled G-CSF gives rise
a flow rate of 1.0 mL/min, monitoring the eluent Atsonm to peak IR absorbance (Figure 2A, left panel, spectra A and
and collecting 2.5 min fractions. Peak fractions (from 46 B). In addition, the amide 1lband at 1455 cmt of the

to 50) corresponding to complex were pooled and then unlabeled G-CSF is shifted to 1405 chior the labeled
concentrated and buffer-exchanged using a Centricon-30protein. The weak amide Il bands centered at 1566'cm
ultrafiltration device (Amicon). for the unlabeled G-CSF and at 1525 @énfior the labeled

FTIR SpectroscopyStock solutions of G-CSF in NaOAc,  Protein indicate that most amide NH groups of the free
pH 4.5, buffer were concentrated and hydrogeeuterium- ~ G-CSF undergo HD exchange. Figure 2B (right panel)
exchanged into 10 mM sodium phosphate, 50 mM NaCl, compares the second-derivative FTIR spectra of the two
pD 7.0, buffer using a Centricon (Amicon) cartridge with a isotopic forms of G-CSF in the amideregion 1706-1550
membrane of 10 kDa molecular mass cutoff. Diafiltration CM . It is clear that the spectra of isotope-labeled and
of G-CSF in RO buffer was repeated several times to ensure unlabeled G-CSF have identical spectral features except for
complete H-D exchange. The final protein concentrations frequency shift.
were approximately 10 mg/mL before IR data collection, and  Figure 3 shows the FTIR spectra including the original
the protein solution was injected into a sample holder (Figure 3A, left panel) and deconvolved (Figure 3B, right
consisting of a pair of CaFwindows with a 25«m spacer panel) spectra in the region 1460800 cnt? of ligand-free
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Ficure 1: Comparison of the natural G-CSF/receptor complex with
the 13C/15N-labeled G-CSF/receptor complex. (A) Elution profiles
of the two complexes from a Superdex-200 column (HR 26/60)
(Pharmacia): top tracé3C/'*N-labeled G-CSF/receptor complex;
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FIGURE 2: (A, left) Original and deconvolved FTIR spectra in the
region 1356-1750 cnt! of G-CSF in O, 10 mM sodium
phosphate, and 50 mM NaCl, pD 7.0. Spectrum A, original
spectrum of the unlabeled G-CSF; spectrum B, deconvolved
spectrum of the unlabeled G-CSF; spectrum C, original spectrum
of the labeled G-CSF; spectrum D, deconvolved spectrum of the
labeled G-CSF. (B, right) Second-derivative FTIR spectra in the
amide | region 1556-1700 cnt! of G-CSF protein. Spectrum A,
unlabeled G-CSF; spectrum BC/*N uniformly labeled G-CSF.
The spectral deconvolutions were computed by using Spec Calc
software (Galactic Industries Co.) and by choosing parameters
5.0 and filter 0.25.
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Ficure 3: (A, left) Original FTIR spectra in the region 1460
1800 cnt1? of the free receptor (spectrum A), the unlabeled G-CSF/
receptor complex (spectrum B), and the labeled G-CSF/receptor
complex (spectrum C). (B, right) Deconvolved FTIR spectra in the
region 1400-1800 cnt! of the free receptor (spectrum A), the

bottom trace, unlabeled G-CSF/receptor complex. (B) SDS gel of unlabeled G-CSF/receptor complex (spectrum B), and the labeled
the two complexes under reducing conditions: top panel, fractions G-CSF/receptor complex (spectrum C). All proteins are dissolved
of 13C/*5N-labeled G-CSF/receptor complex from a Superdex-200 into D,O buffer containing 10 mM sodium phosphate and 150 mM
column; bottom panel, fractions of unlabeled G-CSF/receptor NaCl, pD 7.0. The same parameters have been chosen for spectral

complex from a Superdex-200 column.

receptor, unlabeled G-CSF/receptor complex, &@N

deconvolutions as in Figure 2.

spectral deconvolution (Figure 3B, spectrum B) or the

uniformly labeled G-CSF/receptor complex. Figure 4 shows second-derivative spectrum (Figure 4, spectrum B). For the
the second-derivative FTIR spectra of the free receptor, 13C/*°N unifromly labeled G-CSF, however, the peak fre-
unlabeled G-CSF/receptor complex, and labeled G-CSF/quency of its amide' band at 1610 cni is separated by 26
receptor complex. For unlabeled G-CSF, the peak frequencycm™! from that of the receptor (Figure 3A, spectrum C).

of its amide 1 band near 1650 cm is separated by 14 crh
from that of the amide’ lband at 1636 ct of the receptor
(Figure 3A, spectrum B). The overlap of the two amite |

Consequently, the two overlapping bands of the labeled
G-CSF and the receptor are well resolved by spectral
deconvolution (Figure 3B, spectrum C). This is also

bands of the receptor and the unlabeld G-CSF cannot bedemonstrated by the second-derivative spectra of the unla-
effectively resolved even by resolution enhancement throughbeled G-CSF/receptor and the labeled G-CSF/receptor com-
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Ficure 4: Second-derivative FTIR spectra in the amitlesion

1550-1700 cntt of the free receptor (spectrum A), the unlabeled
G-CSF/receptor complex (spectrum B), and the labeled G-CSF/
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FiGure 6: Second-derivative FTIR spectra in the amitiesbion
of 13C/A5N uniformly labeled G-CSF protein at temperatures from
20 to 90°C (top to bottom spectra), in @ buffer containing 10

receptor complex (spectrum C). Other conditions are the same asmM sodium phosphate and 50 mM NacCl, pD 7.0.

in Figure 2.
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FicUrRe 5: Comparison of the amidé band of'3C/5N uniformly
labeled G-CSF in the free form with that of the labeled G-CSF in
the complex. (A, left) Deconvolved FTIR spectra in the region
15801620 cni! of the labeled G-CSF in the free form (spectrum
A), the labeled G-CSF in complex (spectrum B), ligand-free receptor
(spectrum C), and unlabeled G-CSF/receptor complex (spectrum
D). (B, right) Second-derivative IR spectra of the labeled G-CSF
in free form (spectrum A) and the labeled G-CSF in the complex
(spectrum B).

plexes, as shown in Figure 4 (spectra B and C). For the
unlabeled G-CSF/receptor complex, the amidédnd of
G-CSF appears as a shoulder component at 1652 oext

to the receptor band at 1636 chin the second derivative

IR spectrum (Figure 4, spectrum B). For the labeled G-CSF/
receptor complex, the amidé band at 1610 crit of the
labeled G-CSF is completely separated from that of the
receptor band at 1636 crh(Figure 4, spectrum C). It is

receptor band at 1636 crhhave been determined for the
ligand-free receptor and the labeled G-CSF/receptor complex,
to assess the extent of overlapping of these two bands. For
the ligand-free receptor, the peak intensity rdtiadlie3sis
close to 0.24 (Figure 3B, spectrum A). This intensity ratio
is increased to 0.52 for the labeled G-CSF/receptor complex,
which reflects the intensity contribution from the amide |
band at 1610 cmt of the labeled G-CSF (Figure 3B,
spectrum C). To further examine if the overlapping of those
two bands affects the shoulder component near 1600 cm
of the amide 'l band of the labeled G-CSF in the complex,
we performed a detailed spectral comparsion of the labeled
G-CSF in free and complex forms. Figure 5 compares the
deconvolved (Figure 5A, left panel) and second-derivative
(Figure 5B, right panel) spectra in the region 15820
cm ! of free G-CSF with those of the receptor-bound G-CSF.
It is clear that the spectral contribution from the receptor is
minimal at 1598 cm! though tyrosine residues of the
receptor generate an IR band centered at 1610 ¢Rigure

5A, spectra C and D). It is therefore unlikely that for the
complex the disappearance of the shoulder component of
the amide 'lband at 1598 crt of the labeled G-CSF results
from the receptor band at 1610 cim A more likely
explanation would be due to the conformational change in
the labeled G-CSF in the complex, which leads to the
disappearance of the amide Hand at 1598 cm. The
possible conformational changes in G-CSF shall be examined
further under Discussion.

To determine how complex formation of G-CSF with its
receptor may affect the structural integrities of G-CSF and
the receptor, we have carried out temperature studies of
G-CSF, the receptor, and their complex. Figure 6 shows
the second-derivative FTIR spectra of the labeled G-CSF
alone in the temperature range-280 °C. Thermal transition
of a-helix to 8-sheet in G-CSF appears to start at around 40
°C, as evidenced by the appearance of the IR band at 1573

noted that tyrosine residues of the receptor generate a wealcm™* and the decrease in IR intensity at 1610 émIn

IR band at 1610 cmi, which is overlapped with the amide
I' band of the labeled G-CSF in the complex. The peak
intensity ratios of the 1610 cmi band over those of the

addition, there is a significant band broadening in the spectral
region 1580-1610 cmt at 40°C, suggesting the presence
of a significant amount of irregular structures during the
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Ficure 7: Second-derivative FTIR spectra in the amitlesbion
of the extracellular domain of G-CSF receptor protein at temper-
atures from 20 to 90C (top to bottom spectra), in O buffer
containing 10 mM sodium phosphate and 50 mM NaCl, pD 7.0.
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Ficure 9: Deconvolved FTIR spectra in the amiderégion of
13C/A5N-labeled G-CSF/receptor complex (top spectrum) and the

1624

20¢ free receptor (middle spectrum) at 55. The difference spectrum
P (bottom spectrum) was computed by subtracting the spectrum of
ot the free receptor from that of the complex (see also Results and
550 Discussion). The spectral deconvolutions were computed by using
60C Spec Calc software (Galactic Industries Co.) and by choosing

Re 65C parametery 5.0 and filter 0.25.
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o 75C DISCUSSION

a0t Solution Conformation of G-CSFThe peak of the amide

I” band shifts from 1653 cm for the unlabeled G-CSF to

1610 cnt? for the 3C/*°N-labeled protein, which can be

assigned tax-helical conformation in G-CSF (Surewicz et
al., 1993). For the isotope-labeled protein, the weak amide

= T o T I” band at 1677 crt due toS-turns in G-CSF shifts to 1635

. ) cm L. There is a distinct shoulder component at 1641tm

for the amide 'l band of the natural G-CSF, which shifts

FiGure 8: Second-derivative FTIR spectra in the amitieebion . 13 /15| i
of 13C/*N-labeled G-CSF/receptor complex at temperatures from accordingly to 1598 cnt for the **C/™N-labeled protein.

20 to 90°C (top to bottom spectra), in £ buffer containing 10 These observed frequency.shiftséto.chl) Of the amide I
mM sodium phosphate and 50 mM NaCl, pD 7.0. bands of G-CSF are consistent with previous reports that

13C labeling of amide carbonyl ¢€0) groups leads to
thermal transition of G-CSF. Figure 7 shows the second- approximately a 3640 cnr* red-shift of amide 'l band
derivative FTIR spectra of the free receptor in the temper- (Tadesse etal., 1991; Haris et al., 1992; Martinez et al., 1994;
ature range 2690 °C. The ligand-free receptor undergoes 2Nang etal., 1994). The amidetland near 1640 cm can
thermal transition starting at approximately 80, with the be a}ttrlb_uted to  helix, as shown in a number of studies
conversion of nativg-strands to intermoleculg-sheet, as (Dwivedi et al., 1984; Holloway & Mantsch, 1989; Prestrel-

e b he fsquecy it of e 1636 cband o 5 £, 2 1985 Mk et o 1009, Howeve potne
1
1624 cnt! and that of the 1686 cm band to 1681 cm. fise to IR bands from 1620 to 1640 cfn(Krimm &

Figure 8 shows the second-derivative FTIR spectra of the Bandekar, 1986; Susi & Byler, 1987). The crystal structure
labeled G-CSF/reeptor complex in the temperature range 20 ot 5_csF reveals essentially fisstrand conformation and
90°C. Thermal denaturations of the labeled G-CSF and the for -helix stretches connected by loops (Hill et al., 1993).
receptor in the complex can be followed by the intensity | the connecting loop between helix A and helix B, there
increases in IR bands at 1573 and 1624 tmespectively. s a short 3, helical region (from His-44 to Ser-54) which
Figure 9 compares the deconvolved FTIR spectrum of the pegins immediately after the first disulfide bond of G-CSF.
ligand-free receptor with that of the labeled G-CSF/receptor This helical region runs almost perpendicular to the four-
complex at 55C, to estimate the amount of receptor residues helical bundle and packs in front of the amino terminus of
stabilized by complex formation. helix D. NMR data of G-CSF in solution (Werner et al.,

90C

cm
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1994) also suggest ajg3helical region involving eight  bound receptor and the free receptor; i.e., both exhibit intense
residues in the same location as revealed in the crystalamide | bands at 1636 cm and weak intensities at 1686
structure. Since the;3helix alone contains only about 5% cm™! which are consistent with intramoleculésstrands as
residues of G-CSF protein, amino acids in the loop structuresthe dominant secondary structure. This is in agreement with
including AB, BC, and CD loops may also contribute the recent CD data showing that the dominant secondary
significantly to the amide’ Ishoulder component near 1640 structure of the G-CSF receptor fisstrand (Horan et al.,
cm! and to the IR intensities in the broadening feature 1996). However, there is a weak but significant intensity at
between 1620 and 1641 ci(Figure 2A,B). The isotopic 1652 cm? in the second-derivative spectrum (Figure 4,
shift of the amide’lband of G-CSF from 1653 to 1610 cin spectrum C) of the ligand-bound receptor whereas that of
(Figure 2A,B) eliminates most of the spectral interference the free receptor (Figure 4, spectrum A) shows minimal
from G-CSF to the amide' Ibands of the ligand-bound intensity at the same frequency. Two possible explanations
receptor. The FTIR spectrum (Figure 2A, spectra C and D; for the appearance of the weak IR band at 1652'dmthe
Figure 2B, spectrum B) of the labeled G-CSF exhibits spectrum of the labeled G-CSF/receptor complex would be
essentially base line IR features between 1640 and 1700due to either some residual unlabeled G-CSF or a slight
cm™1, and only very weak IR intensities between 1620 and increase ino-helical content of the receptor. Since the
1640 cmt due to B-turns of the labeled protein, which unlabeled G-CSF gives rise to a peak IR intensity at 1653
demonstrates the completeness of isotope labeling of G-CSFem™, residual unlabeled G-CSF bound to the receptor would
amide groups by*C and*N atoms. generate a weak IR band near 1653 ¢in the spectrum of
Solution Conformation of the Receptor and Its Interactions the complex. However, we think this scenario is less likely
with G-CSF. Figure 3 compares the original (Figure 3A) than the possibility of a real conformational change in the
and deconvolved (Figure 3B) IR spectra of the free receptor, receptor for the following reasons. The original IR spectrum
the unlabeled G-CSF/receptor complex, and the isotope-of the labeled G-CSF (Figure 2A, spectrum C) exhibits near
labeled G-CSF/receptor complex. A majority of the amide base line IR intensity at 1653 cth and the deconvolved
NH groups of the free receptor appear to undergeCH spectrum (Figure 2A, spectrum D) of the labeled G-CSF
exchange, as indicated by the amidédHtnd centered at 1450 further demonstrates that there is essentially no significant
cm! (Figure 3A, spectrum A). However, the remaining IR IR intensity above noise level at 1653 ti In the second-
intensity at 1566 cmt may also indicate the protection of derivative spectrum of the labeled G-CSF (Figure 2B,
some receptor amide NH groups from-B exchange, which ~ spectrum B), the IR band near 1653 ¢nis weak and broad
is common for many proteins containing mostlystrands while the spectrum of the complex shows a sharp and discrete
(Lenormant & Blout, 1953; Haris et al., 1990; Backmann et band near 1653 cm (Figure 4, spectrum C). Finally, the
al., 1996). The lack of the FTIR spectrum of the completely amide | bands of G-CSF are only approximately one-third
exchanged receptor, however, makes it difficult to estimate as intense as those of the receptor (Figure 3B, spectrum C;
the amount of amide NH groups undergoingBl exchange  and Figure 4, spectrum C) because of their relative molar
for the ligand-free receptor. The spectrum of the labeled ratio in the complex (e.g+18 kDa for G-CSF versus 68
G-CSF/receptor complex (Figure 3A, spectrum C) exhibits kDa for the receptor considering amino acid only). As shown
weaker intensity in the amide’lband at 1450 cmi than in the second-derivative spectrum of the complex (Figure 4,
that of the free receptor (Figure 3A, spectrum A), which may spectrum C), however, the relative intensity ratio of the amide
indicate protection of even more receptor amide NH groups |I' band at 1652 cmt to that of the band at 1609 crh(l 1654
from H—D exchange within the complex than the receptor |09 €xceeds significantly that of the labeled G-CSF alone
alone. (Figure 2B, spectrum B), which suggests that the amide |
It is clear from the original IR spectra (Figure 3A, band at 1652 crt in the spectrum of the labeled G-CSF/
spectrum B) that the overlapping of the amidédands of receptor complex is due to mostly the receptor rather than
the unlabeled G-CSF and the receptor completely obscuredo residual unlabeled G-CSF. Therefore, it is likely that
the 1653 cm® band of G-CSF and makes it difficult to binding of G-CSF may induce the formation of a small
determine quantitatively the changes in amitdédnds of amount ofa-helix in the receptor. This conclusion is also
the complex. The band overlapping cannot be resolved by consistent with the published CD data suggesting a small
either spectral deconvolution (Figure 3B, spectrum B) or the increase ina-helical conformation in the receptor upon
second-derivative spectrum (Figure 4, spectrum B). How- binding of G-CSF (Horan et al., 1996).
ever, the amide’lbands of the labeled G-CSF and the  To examine the structural features of G-CSF in free and
receptor are well resolved in the isotope-labeled complex complex forms, both deconvolved and second-derivative
(Figure 3A, spectrum C), with the amidebland of isotope-  spectra of the labeled G-CSF in free form are compared with
labeled G-CSF appearing at the low-frequency side (1610those of the labeled G-CSF in the complex (Figure 5). As
cm™Y) of that of the receptor in the original IR spectrum. shown in Figure 5A (spectra C and D), the receptor exhibits
The two amide 'l bands of the labeled G-CSF and the near base line IR intensity at 1598 chwhere the amide |
receptor can be resolved by both spectral deconvolution andband of the labeled G-CSF displays a shoulder component
second-derivative calculation, as shown in Figure 3B (spec- (Figure 5A, spectrum A). Though the presence of the weak
trum C) and Figure 4 (spectrum C), respectively. This band near 1610 cm of the receptor increases the overall
separation of the two overlapping amidéands immediately  intensity of the amide’ Iband of the labeled G-CSF in the
makes it possible to compare the amideband of the complex, it should not affect the overall shape of the shoulder
receptor in the complex with that of the free receptor (Figure component at 1598 crhbecause of the frequency separation.
3B, spectra A and C; Figure 4, spectra A and C) with little Consequently, the receptor band at 1610 tshould have
interference from the amidé bband of G-CSF. There is no little impact on the shoulder component at 1598 ¢wf the
major difference between the amidebhnds of the ligand-  labeled G-CSF in the complex. Consistent with this notion,
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additional IR data demonstrate that nonspecific interactionsidentical spectral changes to those of the labeled G-CSF
of G-CSF with another protein (murine tumor necrosis factor, except for isotopic frequency shifts (data not shown). The
mTNF) containing mostly3-strands and generating an IR thermostability of the free receptor is slightly higher than
band near 1610 cnd do not affect the shoulder component that of the isolated ligand, as shown in Figure 7. The melt-
at 1598 cm? of the amide 'l band of the labeled G-CSF ing transition of the free receptor occurs at approximately
(data not shown). Therefore, the absence of the shoulder50 °C and is marked by the decreasing intensity of the
component at 1598 cmhin the spectra of the receptor-bound 1636 cn1! band and the increasing intensity of the 1624
G-CSF, as shown in both deconvolved (Figure 5A, spectrum cm ! band. In addition, Figure 7 shows that the 1686 €m
B) and second-derivative spectra (Figure 5B, spectrum B), band due tgs-turns of the receptor is shifted to 1681 tn
is likely resulted from conformational changes in G-CSF when the receptor becomes unfolded. These changes in
rather than from any spectral interference of the receptor in the amide 'l bands of the receptor are consistent with the
the complex. As discussed under Results, the shoulderconversion of intramoleculg-strands in native proteins to
component at 1598 cni of the amide I band of the labeled  extended intermoleculaf-sheets in thermally denatured
G-CSF is due to mostly the;8helix and the long loops  proteins (Clark et al., 1981; Yang et al., 1987; Arrondo
connecting the foun-helices. The disappearance of this et al., 1993; Seshadri et al., 1994; van Stokkum et al.,
shoulder component at 1598 chrmay indicate conforma-  1995).
tional changes involving the;ghelix and the surrounding As discussed previously, the melting transition of the
loop residues of G-CSF upon complex formation. The amide G-CSF/receptor complex can be conveniently monitored by
I" band of the receptor-bound G-CSF also becomes morethe appearances of IR bands near 1573 and 1624' cm
symmetric than that of the free G-CSF (Figure 5A,B). (Figure 8), which indicate the thermal denaturations of
Furthermore, the spectral features in the region 35885 G-CSF and the receptor, respectively (see also Figures 6 and
cm! of the two complexes containing natural and isotope- 7). The frequency shift of the 1686 ciband to 1681 crmt
labeled G-CSF proteins are nearly identical (Figure 4, spectracan also be used to monitor the thermal unfolding of the
B and C), which indicates that the conversion of the loops receptor in the complex since the isotope-labeled G-CSF
involving the 3, helix to disordered structures Brstrands gives no spectral interference in this region (Figure 6). As
is unlikely. Therefore, it appears that binding of G-CSF to shown in Figure 8, there is no significant increase in the
the receptor may lead to the loss of thg 8elix in favor of intensity of the 1573 crit band at temperatures up to 85
o-helix, and that some adjacent loop residues near the twofor G-CSF in the complex, and the median transition point
ends of the @ helix are most likely involved as well. The appears to be in the range of 785 °C. In comparison to
crystal structure of G-CSF reveals a number of residuesthe free G-CSF (Figure 6), itis clear that thermal denaturation
before and after the;@helix not incorporated in either helix ~ of G-CSF in the complex is delayed by approximately 30
A or helix B, and these residues could be the potential °C. The a-helical conformation in G-CSF appears to be
candidates for the extension@fhelix in the receptor-bound  entirely stabilized by receptor binding, since the amide |
G-CSF. Conformational changes in this region suggest thatband centered at 1609 cfof the labeled G-CSF in the
the AB loop region containing thgghelix may be involved complex shows little changes in terms of intensity and
in specific interactions with the receptor. The crystal bandwidth from 20 to 65C (Figure 8). In addition, Figure
structure of G-CSF shows that at the beginning of the 3 8 shows that the thermostability of the receptor in the
helix there is a potential salt bridge between Glu-47 and His- complex is also increased in comparison to that of the free
44. The 3, helical region is potentially stabilized by the receptor (Figure 7). Though the intensity increase of the
interaction of these two residues. However, this salt bridge 1624 cn1® band of the complex exhibits a similar temper-
can be broken as the carboxylate group of the glutamateature profile as that of the free receptor, we believe this is
becomes protonated at low pH or by interacting with the due to the melting of the receptor domains which do not
receptor, which may destabilize they3elix in favor of a interact with the ligand. This proposal is supported by the
regularo-helix. Interestingly, the conformational changes following observations. First, the peak frequency of the 1636
of G-CSF observed here share somewhat similar featurescm™ band indicative of nativg-strands of the ligand-bound
with interferony upon receptor binding. The crystal struc- receptor remains unchanged even at63vhile for the free
ture of the interferon+/receptor complex has revealed that receptor it is nearly completely shifted to 1624 <dnat
the AB loop residues of interferopundergo conformational  around 55°C. This suggests that only part of the native
change from disordered structures tel#lix upon complex  S-structure of the ligand-bound receptor becomes unfolded
formation (Walter et al., 1995). at 65°C but the ligand-free receptor unfolds entirely at this
Effects of Complex Formation on the Thermostabilities of temperature. Second, the temperature profile of the 1686
G-CSF and Its ReceptorTo determine the structural impact cm™! band of the ligand-bound receptor is markedly different
of complex formation on G-CSF and the receptor, we have from that of the ligand-free receptor. While the peak of the
collected FTIR spectra of G-CSF, the receptor, and the 1686 cnt! band is completely shifted to 1681 cfat 55
complex in the temperature range from 20 to @ As °C for the ligand-free receptor (Figure 7), it is gradually red-
shown in Figure 6, the isotope-labeled G-CSF alone exhibits shifted with increasing temperature and is completely shifted
a sharp melting transition at approximately 20. This to 1681 cnit at 75°C for the ligand-bound receptor (Figure
thermal transition is marked by the appearences of IR bands8). This is consistent with nativg-strands being more
at 1639 and 1573 cmi which are indicative of intermolecular  thermostable in the complex than in the free receptor.
antiparallel3-sheet, and the disappearance of the 1610'cm To estimate the amount of receptor residues of which the
band that is characteristic @f-helix (~40 cnr?! red-shift native conformations are stabilized by G-CSF binding, we
compared with those of the unlabeled G-CSF; see also Figurecompared the deconvolved FTIR spectrum of the G-CSF/
2). The thermal unfolding of natural G-CSF exhibits receptor complex with that of the free receptor at %5
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(Figure 9). The difference spectrum in Figure 9 was al., 1996) and consequently to the signal transduction on the
computed by subtracting the spectrum of the free receptorcellular level.
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