
Journal of Pharmaceutical and Biomedical Analysis
19 (1999) 709–723

Solution conformation of model polypeptides with the use
of particle beam LC/FT-IR spectrometry and electrospray

mass spectrometry

T.G. Venkateshwaran a, J.T. Stewart a,*, James A. de Haseth b,
Michael G. Bartlett a

a Department of Medicinal Chemistry, College of Pharmacy, Uni6ersity of Georgia, Athens, GA 30602-2352, USA
b Department of Chemistry, Uni6ersity of Georgia, Athens, GA 30602, USA

Accepted 26 October 1998

Abstract

Solution conformations of the polypeptides b endorphin (b-END) and a cysteine peptide (CYSP) were investigated
with the use of particle beam LC/FT-IR spectrometry. Gradient elution HPLC with mobile phases that contained
acetonitrile with 0.1% TFA (v/v) and 0.1% aqueous TFA (v/v) were used. The conformations of both polypeptides
were studied in 0.9% sodium chloride injection USP, 5% dextrose in water injection USP and sterile water for
injection USP. Additional conformational studies over a pH range of 2–10, temperatures of 25, 50, 75 and 100°C and
after storage for 24 h were investigated. The studies indicated that the two polypeptides did not behave similarly
under identical conditions. It was observed that both b-END and CYSP had slightly different conformations in the
various parenteral solutions. It was also shown that the conformation of CYSP changed with both pH and
temperature while b-END was conformationally stable to both temperature and pH. The identity of the peptides and
the conformationally sensitive charge-state intensities of the peptides were investigated with electrospray ionization
mass spectrometry (ESI/MS). The combination of IR and MS data allowed an estimation of solution effects on the
conformations of the model polypeptides. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ineffectiveness of traditional medicines to
cure infectious diseases has led to the widespread

interest in the discovery and characterization of
biologically based therapeutic and diagnostic
drugs [1]. Characterization of these biopharma-
ceuticals has been an issue of recent concern [2].
The complex higher-order structure of peptides,
polypeptides and proteins pose problems in their
purification, storage and administration [3,4]. A
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loss in the higher order structure may lead to a
change in the pharmacological activity. Peptides
and polypeptides are susceptible to both physical
and chemical changes in the gastro-intestinal
tract and hence must be administered intra-
venously. Chemical changes are usually moni-
tored with mass spectrometry [5] or amino acid
sequencing, but there is no defined methodology
to monitor the conformational changes of bio-
pharmaceuticals in aqueous solution.

High performance liquid chromatography
(HPLC) is a well established and reliable tech-
nique for analysis of peptides and their impuri-
ties [6–9]. Ultraviolet detection at 220/215 nm
and fluorescence detection after pre/post column
derivatization have been traditionally used for
peptides, polypeptides and proteins [10–12].
More recently, mass spectrometry (MS) has be-
come a very important tool in the structural
characterization of these compounds [5,13,14]
and LC-MS has been routinely used in such ap-
plications as the characterization of tryptic di-
gests [15].

Infrared spectrometry (IR), as a stand alone
technique, has been used for conformational
analysis of peptides and proteins [16]. The sec-
ondary structural information is primarily con-
tained in the amide I band (1600–1700 cm−1)
[17] which is extremely sensitive to conforma-
tional changes. Lately, there has been interest in
the use of LC/FT-IR interfaces for the analysis
of pharmaceuticals and other products [18–20].
The particle beam (PB) LC/FT-IR interface, de-
veloped at the University of Georgia, is a low
temperature and pressure solvent elimination ap-
paratus that restricts the conformational motion
of proteins [21–24]. The interface has recently
been used to study the conformational states of
chromatographically analyzed proteins [25,26].
Heterogeneity of samples has limited the use of
FT-IR in stability studies. The degradation of
peptides leads to the formation of smaller pep-
tide fragments which can interfere with the IR
spectrum of a sample. In formulations that con-
tain biopharmaceuticals, there are a number of
preservatives that can affect the conformation of
the peptide. Hence, there is a need to remove

these preservatives prior to the conformational
analysis of the peptides.

Recently, higher-order structures of proteins
have been investigated with MS [27–29]. Electro-
spray ionization (ESI), a soft ionization tech-
nique, has been shown to produce intact
multiply-charged gas phase ions from protein
molecules in solution [28–30]. Amide hydrogen/
deuterium exchange rate measurement by ESI/
MS has been used as an analytical technique to
probe protein secondary structure. This tech-
nique was developed over the last few years and
is limited in that only approximate estimates of
a-helical, b-sheet and random coil structures can
be obtained [27,31].

The conformational effects of different HPLC
columns on various forms of bovine ribonuclease
A were investigated with the use of particle beam
LC/FT-IR spectrometry and electrospray ioniza-
tion [32]. Solution conformation of angiotensin I,
a decapeptide and POMC-X, a N-terminal oc-
tapeptide fragment of pro-opiomelanocortin were
also investigated with PB LC/FT-IR and ESI/
MS The data indicated that the technique could
be used as a tool for the analysis of small pep-
tides with 8–10 residues. The objective of this
study was to further investigate the use of PB
LC/FT-IR as an analytical technique to study
the conformational changes of polypeptides in
solution. The b-endorphin (b-END) and CYSP,
31 and 21 residue polypeptides, respectively, were
chosen as model compounds. They were reconsti-
tuted in various parenteral mixtures such as 0.9%
sodium chloride injection USP, 5% dextrose in
water injection USP (D5W) and sterile water for
injection USP and the solution effect on the con-
formation of the peptides was investigated. The
effects of pH, temperature and time on the con-
formation of the model polypeptides in aqueous
media were studied. Electrospray MS was used
as an additional technique to PB LC/FT-IR.
Studies have indicated that PB LC/FT-IR can be
used effectively to identify conformational
changes in model polypeptides. Studies also indi-
cated that the data obtained with ESI/MS corre-
lates well with the IR data obtained with PB
LC/FT-IR.
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Fig. 1. Schematic of the particle beam LC/FT-IR spectrometer and the electrospray LC-MS.

2. Experimental

2.1. Instrumentation

The HPLC system consisted of tandem Varian
model 2510 HPLC pumps (Walnut Creek, CA)
connected to a Varian static mixer. The mixer was
attached to a Rheodyne model 7125 manual injec-
tor (Cotati, CA) equipped with a 100 ml loop. A
Zorbax (Chadds Ford, PA) octadecylsilane ana-
lytical column (2.1×150 mm, 5 mm, 300 Å) was
used to separate the peptides from other compo-
nents. A Micromeritics (Norcross, GA) model 787
variable wavelength UV-Vis detector was used to
detect the analytes. The output was recorded with
a Spectra Physics model 4290 Integrator (San
Jose, CA). The UV detector was connected to the

particle beam interface (Fig. 1). The particle beam
interface was equipped with a 22 cm desolvation
chamber, a single momentum separator and a 5
cm nozzle to substrate distance. The column
effluent was converted into an aerosol with 25 mm
silica tubing (Polymicro Technologies, Phoenix,
AZ). The column was thermostatted at ambient
temperature (23°C) with the use of a column
heater (Fiatron Systems, Milwaukee, WI). Desol-
vated peptide deposits were collected onto cal-
cium fluoride disks (25×2 mm, International
Crystal, Garfield, NJ) and interrogated off-line
with a Spectra Tech IR-Plan™ infrared micro-
scope (Shelton, CT) interfaced to a Perkin-Elmer
1725X FT-IR spectrometer (Norwalk, CT). All
spectra were obtained from 1000 scans at 8 cm−1

resolution. All spectral manipulations including
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second derivative and deconvolution were per-
formed with GRAMS 386™ software (Galactic,
Salem, NH). The mass spectral data were ob-
tained with a VG Quattro II triple quadrupole
mass spectrometer (Micromass, Beverly, MA).
The Q2 and Q3 sections of the MS/MS system
were not utilized as ion detection occurred prior
to Q2 for all experiments described herein.

2.2. Reagents and Chemicals

The b endorphin (b-END) was obtained from
Sigma (St. Louis, MO). CYSP was synthesized
at the molecular genetics facility in the Univer-
sity of Georgia (Athens, GA). Sequences of the
two polypeptides are shown in Fig. 2. The pu-
rity of CYSP was confirmed by HPLC to be
greater than 90%. Trifluoroacetic acid (TFA)
was also obtained from Sigma. Water was
purified by a cartridge system (Continental Wa-
ter Systems, Roswell, GA). Acetonitrile (Fisher,
Pittsburgh, PA) was HPLC grade and all other
reagents used in the assay were Baker Analyzed
reagents.

2.3. Preparation of solutions

Individual solutions (0.2 mg ml−1) of b-END
and CYSP were prepared by weight of 0.2 mg
of each polypeptide in individual 1 ml volumet-
ric flasks followed by addition to volume of ei-
ther 0.9% sodium chloride injection USP, D5W
USP or sterile water for injection USP. Solu-
tions of the polypeptides in the different par-
enteral carriers were stored at ambient
temperature (2392°C) and aliquots were re-
moved and assayed at 0 and 24 h.

A 10 mM volume of ammonium acetate solu-
tions of pH 2.25, 4.0, 6.0, 8.0 and 10.0 were
prepared for the pH studies. Either glacial acetic
acid or ammonium hydroxide was used to ad-

just the pH. Solutions of the model polypeptides
in each acetate buffer were prepared by weight
with the appropriate amounts of the polypep-
tides in separate 1 ml volumetric flasks and am-
monium acetate buffer of the different pH’s
were added to volume.

In the case of temperature studies, individual
solutions of b-END and CYSP were prepared
in water. Individual samples were weighed in
separate 10 ml volumetric flasks and water
added to volume. Separate aliquots of 2 ml were
pipetted into a test tube and heated in a water
bath to 50, 75 and 100°C. They were stored
under the above conditions for 1 h and a de-
posit was obtained with the use of the particle
beam interface. The deposit was then examined
for changes in the conformation of the polypep-
tide.

2.4. Chromatographic conditions

A narrow bore Zorbax SB 300 C-18 column
(2.1×150 mm) with a pore size of 300 Å and
particle size of 5 mm was used for the analysis
of both polypeptides. The mobile phase used
was 0.1% trifluoroacetic acid (TFA) (A) and
0.1% TFA in acetonitrile (B). A gradient pro-
gram of 20–100% B over 40 min at a flow rate
of 0.25 ml min−1 was used for the analysis of
b-END. An injection volume of 100 ml and a
detection wavelength of 220 nm was used to de-
tect the analyte. A gradient program of 10–
100% B over 40 min at a flow rate of 0.25 ml
min−1 was used for the analysis of CYSP. A
100 ml injection volume and a UV detection
wavelength of 220 nm was used for the analysis
of the compound.

2.5. E6aporated film preparation

A total of 0.5 mg each of b-END and CYSP
were weighed into separate 1 ml volumetric
flasks and deionized water was added to vol-
ume. Solid films were prepared by evaporation
of each solution under vacuum onto a calcium
fluoride disk. The resultant deposit was exam-
ined under the IR microscope to obtain a spec-
trum of each polypeptide.

Fig. 2. Amino acid sequence of b endorphin (A) and CYSP
(B).
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Fig. 3. Typical chromatogram of b endorphin (A) in 0.9% sodium chloride injection USP. For chromatographic conditions, see
Section 2.

2.6. Particle beam deposit collection

Deposits of the model polypeptides were col-
lected with the use of the particle beam LC/FT-IR
spectrometer (Fig. 1). The deposits were collected
onto a calcium fluoride disk and investigated with
an IR microscope as previously described by Tu-
rula and de Haseth [21,22]. Silica tubing (25 mm
i.d.) was used to produce an aerosol and con-
nected the UV detector to the particle beam inter-
face. Care was taken to ensure that the HPLC
column back pressure did not exceed 4000 psi.
The distance of the calcium fluoride disk from the
momentum separator in the interface was opti-
mized at 5 mm to obtain uniform deposits of
approximately 50–100 mm in diameter.

2.7. Mass spectral collection

The masses of the polypeptides b-END and
CYSP were confirmed by LC-MS. A megaflow
electrospray probe was used and the polypeptides
were analyzed under the chromatographic condi-
tions described previously. The polypeptides were
collected and reconstituted in ammonium acetate
buffers of various pH. Ammonium acetate buffers

of various pH were also used as the mobile phase
carriers and the peptides were flow injected (KD
Scientific model 200 syringe pump) into the sys-
tem. The flow rate was set at 10 ml min−1 for
both peptides. The needle and cone voltages for
the analysis of b-END were 3.44 kV and 36 V,
respectively, and 3.31 kV and 32 V, respectively,
for CYSP. The MS data were obtained in tripli-
cate and analyzed by plotting the% base peak
intensities versus the charge state ‘n ’ of the multi-
ply charges (M+nH)n+ ions of peptides at vari-
ous pH values.

3. Results and discussion

The b endorphin (A) and CYSP (B) eluted at
13.25 and 14.3 min, respectively, under the HPLC
gradient elution conditions described above. Typi-
cal chromatograms of the two polypeptides are
shown in Fig. 3 and Fig. 4 respectively. Each
polypeptide was individually collected with the
particle beam interface onto a calcium fluoride
window and subjected to infrared analysis [35].
The deposit collection was performed using a 25
mm silica tubing and a narrow bore column at a
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Fig. 4. Typical chromatogram of CYSP (A) and other impurities (B) in water. For chromatographic conditions, see Section 2.

flow rate of 0.25 ml min−1. This disk was exam-
ined offline with the use of IR microscopy.

The PB interface can trap and preserve the
secondary structure of a peptide, polypeptide or a
protein. Experiments previously performed indi-
cated that there was no significant alteration in
the structure and function of proteins during PB
operation [21,22]. It had also been demonstrated
that the deposits collected with the PB technique
retained the solution conformation of the protein
prior to nebulization. Since the PB operated at
sub-ambient temperatures, the biomolecule never
attains the activation energy necessary for global
unfolding during deposit collection, thereby its
solution conformation is preserved. The preserva-
tion of biological activity during PB LC/FT-IR
spectrometry has also been confirmed with a se-
ries of spectrophotometric biological assays re-
ported by Turula and de Haseth [21].

Higher-order protein structural changes have
also been studied using ESI/MS with a good
correlation between solution state conditions and
ion intensity profiles has been established. The
effect of various conditions such as pH, tempera-
ture and organic solvent content on the confor-
mation of model peptides/polypeptides and

proteins have been investigated with ESI/MS. Hy-
drogen exchange ESI/MS has also been demon-
strated as a very efficient technique to study
conformational changes in proteins. This has led
to the hypothesis that transport of proteins from
the solution phase to the gas phase via the electro-
spray interface maintains higher order protein
structure [30]. Recently ESI-MS has been used
with great success to monitor the acid-induced
folding of proteins [33,34]. Experiments per-
formed previously with Ang I, a decapeptide and
POMC-X, an octapeptide indicated that particle
beam and electrospray interfaces produced spec-
tra which were very sensitive to solution state
conformation [35]. Preliminary results obtained
using these model peptides indicated that a com-
bination of these techniques could be useful to
study the solution state stability of peptides. How-
ever, these peptides were only 8–10 residues long
and did not have a definite charge state distribu-
tion pattern. Hence, in these studies, larger
polypeptides b-END and CYSP, 31 and 21
residues in length, were chosen as model com-
pounds and their conformations were investigated
under various solution state conditions.
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Fig. 5. Infrared (IR) and second derivative spectra of b endorphin from (A,E) particle beam (PB) deposit collected with the column
and gradient conditions (for details, see Section 2), (B,F) PB deposit using mobile phase and flow injection, (C,G) PB deposit
obtained from water and (D,H) evaporated film.

3.1. E6aporated film, PB analysis of b-END,
CYSP

Evaporated films of b-END were prepared by
the placement of a drop of a concentrated peptide
solution (in water) onto a calcium fluoride disk
and its evaporation under vacuum. The evapo-
rated film (Fig. 5D) examined with IR microscopy
showed the predominance of a a-helical confor-
mation. This was highlighted by the presence of a
strong amide I band at 1655–1658 cm−1 (Fig. 5).
Mild deconvolution (not shown) and second
derivative spectroscopy (Fig. 5) were used to
confirm the presence and position of these bands.
Apart from the band at 1658 cm−1, there was a
strong band at 1660 cm−1 which was indicative of
the presence of disordered conformation. Weak
bands at 1635 and 1695 cm−1 indicate the pres-
ence of a small percentage of b sheets in the
molecule. This was in agreement with previous
experiments performed with circular dichroism
spectrometry and scanning micro calorimetry that
have indicated the conformation of b-END in
solution to be predominantly a-helical [36,37].
b-END (0.2 mg ml−1) was flow injected into the

particle beam interface and the deposits collected
were examined to see if the PB interface could be
used in our studies. PB spectra of b-END col-
lected from an evaporated film and after flow
injection using 50: 50 (v/v)-0.1% (v/v) aqueous
TFA: acetonitrile containing 0.1% TFA (v/v) were
examined. This experiment was performed to ob-
serve changes, if any, in the conformation of
b-END under elution conditions similar to those
using a C-18 column. The PB and second deriva-
tive spectra (Fig. 5B and 5F, respectively) were
once again very similar to the PB spectra obtained
from water and the evaporated film, indicating
that there was no change in the conformation of
b-END under the mobile phase conditions. The
column was then introduced into the chromato-
graphic system and a PB deposit of b-END elut-
ing from the column was obtained. The IR
spectra of the PB deposit were comparable to the
IR spectra obtained using flow injection of b-
END. This indicated that the introduction of a
column into the system had no significant effect
on the conformation of b-END. The high degree
of similarity in the IR spectra indicated that PB
LC/FT-IR spectrometry did not alter the confor-
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mation of the peptide and could be used for the
conformational analysis of b-END in solution.

The evaporated film of CYSP indicated that its
conformation was totally different from that of
b-END. The IR and second derivative spectra
(spectra not shown) of CYSP had a very strong
band at 1622–1628 cm−1 which confirmed the
presence of a strong b sheet conformation. A
band at 1695 cm−1, seen as a broad envelope in
the IR spectra but as a clear strong signal in the
second derivative spectra, was indicative of b-
bends and confirmed the presence of b-sheets in
the molecule. There was a weak band at 1662
cm−1 that was indicative of the presence of a
disordered structure in the molecule. There was
also a weak band at 1680 cm−1 which was further
indicative of b-bends in the molecule. Amide II
bands at 1550 cm−1 and at 1522 cm−1 were also
seen in the IR spectra. PB deposits collected using
flow injection of the mobile phase also produced
spectra that were comparable to the evaporated
film indicating that the mobile phase did not alter
the conformation of CYSP. PB deposits collected
after elution of CYSP from an octadecylsilane
column were similar to those obtained using flow
injection (without a column), thereby indicating
that the method developed could be used for the
conformational analysis of CYSP in solution.

3.2. PB LC/FT-IR analysis of b-END and
CYSP in parenteral solutions

The b-END and CYSP were then reconstituted
in 0.9% sodium chloride injection USP, D5W
USP and sterile water for injection USP and the
conformation of the model polypeptides was ex-
amined over a 24-h period (Figs. 6 and 7). HPLC
effectively separated the peptides from any impu-
rities formed over the 24-h period and PB LC/FT-
IR was used to monitor the conformational
changes of each polypeptide. Particle beam spec-
tra of b-END from sterile water for injection
USP, 0.9% sodium chloride injection USP and 5%
dextrose injection USP (D5W) at 0 h and after a
24-h storage time are presented in Fig. 6. There
was a strong band at 1658 cm−1 in all spectra
which indicated the presence of an a-helical con-
formation. The presence of a weak band at 1664

cm−1 indicated the presence of disordered confor-
mation in the molecule. Mild deconvolution (not
shown) and second derivative spectroscopy were
used to identify the position of certain bands.
Weak bands at 1695 and 1625–1630 cm−1 indi-
cated the presence of a small percentage of b-
sheet in the molecule. Amide II bands were also
observed at 1545 and 1520 cm−1. The intensity
and the position of the bands were similar in all
the parenteral carriers indicating that irrespective
of the type of carrier used to reconstitute the
compound, b-END had the same conformation.
When deposits of b-END stored in the various
parenteral mixtures over 24 h at ambient tempera-
ture (2392°C) were examined, it was observed

Fig. 6. Particle beam deposits of b endorphin from (A) sterile
water for injection USP, (B) 5% dextrose USP and (C) 0.9%
sodium chloride solution USP at 0 h and (D) sterile water for
injection USP, (E) 5% dextrose USP and (F) 0.9% sodium
chloride solution USP at 24 h.
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Fig. 7. Infrared spectra of CYSP at 0 and 24 h, respectively
from (A,D) 5% dextrose USP, (B,E) 0.9% sodium chloride
solution USP and (C,F) sterile water for injection USP.

greater in 0.9% sodium chloride injection USP
than in sterile water for injection USP. The IR
spectrum of CYSP deposits obtained from D5W
(Fig. 7C) was slightly different in that the primary
bands were that of a disordered conformation and
were observed at 1662–1666 cm−1. The disor-
dered bands were much more intense than the
b-sheet bands at 1628–1630 cm−1. There were
weak IR bands seen at 1695 cm−1 and at 1680
cm−1 indicative of b-bends present in the
molecule. This difference in the relative intensity
of the b-sheet and bands in D5W was attributed
to a change in conformation. The solutions were
stored at ambient temperature (2392°C) for 24 h
and their PB deposits were collected and exam-
ined. The IR spectra of CYSP obtained after a 24
h storage period in D5W at ambient temperature
(Fig. 7D) indicated that there was no change in
the molecule over time. The primary IR bands
were still disordered and were observed at 1662–
1666 cm−1 while b-sheet bands were observed at
1624–1630 cm−1. The intensity of the disordered
bands was still greater than the intensity of the
b-sheet bands. The IR spectra of PB deposits of
CYSP collected after a 24 h storage time in sterile
water for injection USP and 0.9% sodium chloride
injection USP were also similar to the deposits
collected at 0 h. The primary IR band represent-
ing a b-sheet was observed at 1622–1628 cm−1

while there was a weak band at 1662–1664 cm−1

which represented a disordered conformation.
The spectra was identical both in intensity and in
the position of bands to that obtained at 0 h
indicating that the molecule had not undergone a
change over time. The CYSP had retained its
conformation in all three parenteral carriers when
stored 24 h at ambient temperature (2392°C).
Whether the difference in conformation observed
in D5W as compared to sterile water for injection
USP or 0.9% sodium chloride injection USP
would lead to a change in the biological activity
of CYSP is unknown.

3.3. Effect of pH on b-END and CYSP
conformation

Previous studies from this laboratory using var-
ious buffers on the PB apparatus have indicated

that there was practically no change in the confor-
mation from that seen at 0 h indicating that
b-END was very stable when stored for 24 h at
ambient temperature.

When polypeptide deposits collected from the
parenteral solutions were examined, it was ob-
served that the IR spectra of CYSP deposits from
sterile water for injection (Fig. 7A) and 0.9%
sodium chloride injection (Fig. 7B) were similar.
The spectra contained strong bands at 1622–1628
cm−1 which were representative of a b-sheet con-
formation and the weak band at 1662–1664 cm−1

represented disordered conformation. There were
also amide I bands at 1695 cm−1 and at 1680
cm−1 representative of b-bends. There was a
weak band at 1655–1663 cm−1 indicative of a
slight a-helical character in the molecule. The
relative intensity of the b-sheet band was slightly
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that ammonium acetate buffer was the most com-
patible buffer primarily due to its volatility [38].
Furthermore, the interference produced by am-
monium acetate in the IR spectra of the peptides
was also minimal. Ammonium acetate buffers of
various pH were used to reconstitute the peptides
and PB deposits were collected. The IR bands of
b-END indicated the presence of a small percent-
age of a-helical conformation under all conditions
with a band at around 1655–1660 cm−1 (Fig. 8).
The second derivative spectra of b-END indi-
cated the presence of a slight amount of disor-
dered conformation. As with parenteral mixtures,
there were weak bands at 1625–1630 cm−1 and
1695 cm−1 that indicated the presence of b-sheets
in the molecule. As the pH increased from 2–10,
there was little change observed in the conforma-
tion of the molecule. The relative intensity and
position of the various IR bands were the same,
thereby indicating that there was little, if any
conformational change in the molecule with a
change in the pH of the solution.

It is well known that peptides and proteins are
very susceptible to denaturation at extremes of
pH. Denaturation leads to unfolding of the
biomolecules which result in a change in the ESI
charge state intensities. As the peptides or
proteins unfold, the number of exposed amino
acids increases thereby increasing the number of
ionizable sites in the molecule. This leads to a
shift in the charge state intensities towards lower
M/Z values. There have been a number of studies
where electrospray ionization (ESI) has been used
to study the denaturation of proteins [27–30]. The
ESI has been used to probe conformational
changes that cause an enzyme to loose activity but
cause little variation in UV, CD spectrum and
fluorescence intensity [39]. Hence, experiments
were performed to see if the results obtained using
ESI-MS correlate to those obtained using PB
spectrometry. The charge state distributions of
b-END obtained at a pH range of 2–10 are
shown in Fig. 9. It was observed that a change in
the pH did not result in a change in the charge
state distribution of b-END indicating that the
molecule was extremely stable to variations in pH.
This correlated well with the IR data obtained
using the PB technique. Hence, it could be con-
cluded that b-END was stable in a pH range of
2–10 and maintained its a-helical character.

The PB deposits of CYSP were collected at
various pH values (Fig. 10) Examination of the
solutions indicated a slight change in the confor-
mation of CYSP with a change in the pH. It was
observed that the primary peak in all the deposits
was around 1624–1630 cm−1 which was indica-
tive of a b-sheet conformation. This was further
confirmed by the presence of strong IR bands
observed at 1695–1700 cm−1. These bands were
characteristic of b-bends. Apart from this, strong
IR bands at 1665–1670 cm−1 and weak bands at
1656–1663 cm−1 representative of disordered
conformation and a-helical conformation were
also observed. However, the intensity and posi-
tion of these bands varied slightly with a change
in pH. The IR (Fig. 10D) and second derivative
spectra for water indicated that CYSP in water
had IR bands representing a b-sheet, disordered
conformation and a slight percentage of a-helical
character. As the pH decreased from 7 to 2, it was

Fig. 8. b Endorphin: infrared spectra of particle beam deposits
from (A) pH 2.0, (B) pH 4.0, (C) pH 6.0, (D) water (E) pH 8.0
and (F) pH 10.0.
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Fig. 9. Effect of pH on the charge state intensities of b endorphin.

observed that the relative intensity of the disor-
dered band relative to the b-sheet band increased
thereby, indicating a change in the conformation
of the molecule with a decrease in pH. As the pH
increased from 7 to 8, there was little change seen
in intensity or position of the bands, However as
the pH increased to 10.0, there was an increase in
the intensity of the band at 1665 cm−1 (disor-
dered conformation) relative to the b-sheet band.
This data was interpreted under the assumption
that the population equilibrium at a pH of 7.0
(water) was representative of the native conforma-
tion of CYSP. Similar studies were carried out
using the electrospray MS and the charge state
intensities were observed as a function of a change
in pH (Fig. 11). The CYSP has 5 charge states

(3–7) and it was observed that the ion with a +5
charge state in water was most intense (Fig. 11).
At all other pH’s, the ion with a +4 charge state
was most intense while the ion with a +5 charge
state had a relative intensity of 60–70%. This
indicated that there was a slight change in the
conformation of the molecule with a change in
pH. It was also observed that as the pH increased
to 10.0 or decreased to 2, the charge state inten-
sity profile shifted more towards lower M/Z val-
ues. This shift in the charge state intensity
(envelope) profile with a change in pH was inter-
preted as a slight change in the conformation of
the molecule and was consistent with the IR data.
The observed shift in the charge-state distribution
could also be caused by the addition or removal
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of charge sites as the pH of the solution ap-
proaches or exceeds the pKa value of acidic and
basic side-chains. These changes in side-chain
charging may well be the cause of the observed
conformational changes rather than the confor-
mational changes exposing additional charge
sites.

3.4. Effect of temperature on b-END and CYSP
conformation

The effect of temperature on the conforma-
tion of the model polypeptides was also exam-
ined (Figs. 12 and 13). PB deposits of b-END
heated to temperatures of 50, 75 and 100°C
were collected and examined under the IR mi-
croscope. The IR spectra (Fig. 12) collected
from b-END were similar to the IR spectrum
obtained from water at ambient temperature.
The primary band was observed at 1655–1662
cm−1 and represented a a-helical conformation.
Apart from this, there were IR bands character-

istic of disordered conformation and b-turns.
There was no difference in the IR spectra col-
lected at various temperatures indicating that
the conformation of the molecule was very sta-
ble to a change in temperature.

The IR spectra of CYSP deposits heated to
temperatures of 50, 75 and 100°C (Fig. 13) were
similar to IR spectra of PB deposits collected
from water at ambient temperature. The IR
band at 1625–1630 cm−1 indicative of a b-sheet
was observed in all the spectra. The IR spectra
collected from a solution heated to 75°C when
compared to a spectra collected from solutions
stored at ambient temperature or heated to
50°C indicated that there was an increase in the
intensity of the disordered conformation band
with an increase in the temperature of the solu-
tion. This indicated a change in the conforma-
tion of the molecule with an increase in
temperature. IR spectra collected from PB de-
posits of a solution heated to 100°C indicated
that the intensity of the disordered conformation
band relative to the b-sheet band had increased
considerably, thereby, indicating a further
change in the conformation of the molecule.
This increase in the intensity of the b-sheet
band was assumed to be due to intermolecular
hydrogen bonding between the denatured
molecules.

4. Conclusions

The use of PB LC/FT-IR as a tool for the
investigation of conformational changes in
polypeptides such as b-END and CYSP has
been described. The b-END had an a-helical
conformation and was very stable to a change
in environmental conditions. The conformation
of the molecule in the various parenteral carriers
was identical thereby indicating that the
molecule was very stable in all the carriers
tested. CYSP had a b-sheet conformation and
was sensitive to the parenteral carriers. PB de-
posits of CYSP in D5W when compared to PB
deposits from water or 0.9% sodium chloride in-
jection showed a difference. The conformation

Fig. 10. CYSP: Infrared spectra of particle beam deposits from
(A) pH 2.0, (B) pH 4.0, (C) pH 6.0, (D) water (E) pH 8.0 and
(F) pH 10.0.
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Fig. 11. Effect of pH on the charge state intensities of CYSP.

of b-END and CYSP did not change over a 24
h period indicating that the molecule was confor-
mationally stable. CYSP reconstituted in D5W
retained its disordered conformation thereby in-
dicating that it was conformationally stable over
a 24 h period. A change in the pH from 2–10
did not affect the conformation of b-END, but
there was a change in the conformation of
CYSP. As the pH of the solution decreased from
7 to 2, the intensity of the disordered conforma-
tion band in CYSP increased and this was ac-
companied by a corresponding decrease in the
b-sheet intensity of the molecule. As the pH
increased from 7–10, a change similar to that
observed with decreasing pH was noticed. This

indicated that CYSP was sensitive to a change in
pH and undergoes conformational changes at ex-
tremes of pH. This observation was further
confirmed using electrospray MS where a change
in the charge state intensities with a change in
pH was observed. Temperature studies with b-
END indicated no change in the molecule with
an increase in temperature. However, tempera-
ture studies with CYSP indicated a conforma-
tional change at higher temperatures. Hence,
from these experiments, it can be concluded that
the technique can be used to study polypeptides
that are 20–35 residues long. Presently the tech-
nique is being extended to study proteins that
have a much longer chain length.
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Fig. 12. Effect of temperature on the conformation of b

endorphin, (A) ambient (23°C), (B) 50°C, (C)75°C and (D)
100°C.
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