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Abstract. The purpose of this study was to characterize and evaluate differences of protamine sulfate, a highly
basic peptide drug, obtained from five different sources, using orthogonal thermal and spectroscopic
analytical methods. Thermogravimetric analysis and modulated differential scanning calorimetry showed that
all five protamine sulfate samples had different moisture contents and glass transition and melting
temperatures when temperature was modulated from 25 to 270°C. Protamine sulfate from source III had
the highest residual moisture content (4.7+0.2%) at 105°C, resulting in the lowest glass transition (109.7°C)
and melting (184.2°C) temperatures compared with the other four sources. By Fourier-transform infrared
(FTIR) spectroscopy, the five sources of protamine sulfate had indistinguishable spectra, and the spectra were
consistent with a predominantly random coil conformation in solution and a minor population in a 3-sheet
conformation (~12%). Circular dichroism spectropolarimetry confirmed the FTIR results with prominent
minima at 206 nm observed for all five sources. Finally, proton ('H) nuclear magnetic resonance spectroscopy
showed that all five protamine sulfate sources had identical spectra with backbone amide chemical shifts
between 8.20 and 8.80 ppm, consistent with proteins with predominantly random coil conformation. In
conclusion, thermal analyses showed differences in the thermal behavior of the five sources of protamine
sulfate, while spectroscopic analyses showed the samples had a predominantly random coil conformation with
a small amount of p-sheet present.

KEY WORDS: circular dichroism; differential scanning calorimetry; Fourier-transform infrared

spectroscopy; nuclear magnetic resonance; peptide; protamine sulfate; thermogravimetric analysis.

INTRODUCTION

Therapeutic proteins are usually derived from exogenous
sources such as microbial cells (e.g. E. coli.), plants, or animals,
and they play a significant role in pharmacotherapy. Unlike small-
molecule drugs, therapeutic proteins can have higher-order
structure, resulting from folding of their primary amino acid
sequence through numerous relatively weak noncovalent inter-
actions (1). Their manufacturing also involves many steps of
extraction, isolation, and purification, which can affect the protein
structure. Because the manufacturing processes of proteins are
often proprietary, differences may exist between alternate
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manufacturers for the same therapeutic protein (2). Even small
variations during steps of the manufacturing process may result in
chemical (such as glycosylation, oxidation, reduction, and
hydrolysis) and/or physical (differences in folding, aggregation,
precipitation, and denaturation) instability, which could have
significant impact on the protein activity (3,4). As a result,
heterogeneity may exist among the same proteins from different
manufacturers and even between batches from the same
manufacturer (4). This heterogeneity could arise from differences
in amino acid sequences as a result of one or more amino acid
substitutions, deletions, or additions or due to posttranslational
modifications such as glycosylation and pegylation (5).

For protamine sulfate, a highly cationic protein drug that is
derived from the sperm nuclei of chum salmon fish, heterogeneity
in the amino acid sequence has been reported in different samples
from different geographical locations. These reported variations in
amino acid sequence have been attributed to differences among
individual fish from the separate geographical populations, the use
of mixtures of ripe and unripe sperm cells, and/or differences in
methods of preparation (6). For example, considerable differences
in amino acid sequences were reported to exist in protamine
obtained from sperm of fish belonging to the Salmonidae family,
which includes salmon and rainbow trout fish from Denmark,
Japan, and Canada (6-8). Moreover, its commercial extraction
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and purification from fish milt are very complicated, consisting of
at least 18 steps involving the use of organic solvents alcohol,
acetone, or acetonitrile and chemicals such as picric acid (9).
There is, therefore, the need to effectively characterize protamine
sulfate drug substances obtained from different sources to
determine any differences since small differences in their struc-
tures or properties may affect their clinical effects.

The purpose of this research was to identify any
structural similarities or differences in a model protein drug,
protamine sulfate, obtained from three different suppliers
using thermal and spectroscopic analytical methods.

MATERIALS AND METHODS
Materials

Five protamine sulfate drug substances were obtained
from three different suppliers and were labeled as source I
through source V. Source I was protamine sulfate (lot no.
010M1273), USP grade, obtained from Sigma-Aldrich (St.
Louis, MO). Source II was protamine sulfate (lot no. R24334)
obtained from MP Biomedical (Solon, OH). Source III was
protamine sulfate (lot no. D00075119) obtained from Calbio-
chem (Japan). Source IV was protamine sulfate (lot no.
019K1227) grade II obtained from Sigma-Aldrich (St. Louis,
MO), and source V was protamine sulfate (lot no. 079K1504)
obtained from Sigma-Aldrich (St. Louis, MO). All the drug
substances were used as received. All aqueous solutions were
prepared with HPLC-ready 18-M() water, obtained in-house,
from a Milli-Q Gradient A-10 water purification system
(Millipore Corp., Bedford, MA).

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) of protamine sul-
fate samples was carried out on a TA Q5000 instrument
(TA Instruments, New Castle, DE). Approximately 5 mg
of powdered samples was accurately weighed and placed
in aluminum hermetic pans. The pans were sealed to
prevent the effect of moisture on the experiments, since
protamine sulfate is hygroscopic. The instrument is
equipped with a puncher which punched the sealed pan
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before it was placed in the furnace. The percentage
weight loss of the samples was then monitored at the
linear heating rate of 10°C/min from 25 to 280°C. Results
were analyzed using Universal Analysis 2000 software
(TA Instruments, New Castle, DE).

Loss on Drying Experiment

The loss on drying (LOD) of protamine sulfate samples
was carried out according to the USP/NF monograph on
protamine sulfate drug substance (USP 34/NF 29). Briefly,
500 mg each of the five protamine sulfate drug substances was
accurately weighed and evenly spread in a petri dish and
placed in an oven. The samples were heated at a temperature
of 105°C for 3 h and weighed. The difference in weight before
and after heating was determined as the percent moisture
loss.

Modulated Differential Scanning Calorimetry

Thermal transitions in the five protamine sulfate
samples were monitored using a DSC Q2000 (TA Instru-
ments, New Castle, DE). Temperature calibration of the
instrument was performed using indium (melting point=
156.6°C) as a standard reference. To eliminate the effect
of moisture on the analysis, aluminum hermetic pans were
used. Before modulated differential scanning calorimetry
(MDSC) experiments were performed, conventional dif-
ferential scanning calorimetry was performed to determine
the temperature for the various thermal transitions by
applying a linear heating temperature of 10°C/min from
25 to 270°C. Once the transitions were observed, MDSC
experiments were performed by accurately weighing
10 mg of protamine sulfate drug substance from the five
sources and placing in aluminum pans. The pans were
hermetically sealed, equilibrated at 25°C for 5 min, and
then heated from 25 to 270°C at an underlying heating
rate of 4°C/min and a modulation amplitude of +0.636°C
every 60 s. A hermetically sealed empty pan was used as
a reference. Data obtained were analyzed using TA
Universal Analysis 2000 software (TA Instruments, New
Castle, DE).
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Fig. 1. a Overlay of TGA and modulated DSC thermograms of protamine sulfate from source III showing
weight loss, glass transition, and melting endotherms and b overlay of TGA thermograms for all five
protamine sulfate samples showing various levels of weight loss with temperature increase
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Table I. Comparison of Percent Weight Loss of Protamine Sulfate Using TGA and LOD Experiment in an Oven at 105°C

TGA (105°C)

TGA (175°C) LOD (105°C)

Source I 2.01+£0.25
Source 11 1.97+0.09
Source 111 4.70+0.16
Source IV 1.99+0.25
Source V 2.31+0.15

3.26+0.14 4.15+0.30
3.17+0.10 2.51+0.13
7.32+0.24 4.89+0.23
3.47+0.15 2.51+0.19
4.38+0.32 3.21+0.22

Data are representative of three independent experiments
TGA thermogravimetric analysis, LOD loss on drying

Fourier-Transform Infrared Spectroscopy

All five protamine sulfate samples were dissolved in
deionized water. About 100 mg of each sample was accurately
weighed and dissolved in 10 mL of deionized water and
slowly stirred to yield a final concentration of 10 mg/mL.

All spectral measurements were conducted with a CON-
FOCHECK™ Tensor 37 Fourier-transform infrared (FTIR)
spectrometer (Bruker Optics, Billerica, MA) equipped with
OPUS™ software for data analysis. About 25 pL of the aqueous
sample was placed in an AquaAspec™ flow through transmission
cell equipped with CaF, windows of 4 mm thickness and an
optical path length of 7 um. All measurements of 25 scans per
measurement in the range of 3,000 and 1,000 cm ! were carried
out at a constant temperature of 25°C at a resolution of 4 cm ™
and an acquisition time of 30 s per sample. Quantification of the
secondary structure was performed by comparison of the native
transmission protein spectra with a protein transmission spectra
library using partial least squares algorithm. Bovine serum
albumin (BSA) was used as a reference protein in all the analyses.

Circular Dichroism Spectroscopy

Stock solutions of protamine sulfate from the five sources
were prepared by dissolving 20 mg of protamine sulfate in 10 mL
deionized water by gentle stirring to yield a final concentration
of 2 mg/mL. The solutions were then filtered using 0.22-pm low
protein-binding filters. Circular dichroism (CD) spectra were
collected using an AVIV Model 410 Circular Dichroism
Spectrometer (Lakewood, NJ). Protamine sulfate solutions
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were diluted to a concentration of 1 mg/mL with 10 mM
phosphate buffer, pH 7.4, and spectra were recorded at room
temperature from 200 to 260 nm in 1-mm quartz cells with 1-nm
steps with a 1-s averaging time. Samples were maintained at 25°C.
CD spectra were corrected for solvent contributions and
expressed in terms of observed ellipticity versus wavelength.

Nuclear Magnetic Resonance Spectroscopy

All the nuclear magnetic resonance (NMR) experiments
were performed on an Agilent 500-MHz Direct Drive
spectrometer with a cryoprobe. Five-millimeter tubes were
used. A 3-mg aliquot of protamine (~0.8 mM in protamine)
was dissolved in 630 pL of 100 mM phosphate buffer with a
pH of 4.0+0.1. Seventy microliters of D,O was added for the
field-frequency lock with 0.6 mM sodium 2,2-dimethylsila-
pentane-5-sulphonate (DSS) as an internal chemical shift
standard. The Agilent “presat” pulse sequence was used to
reduce the water signal present in the 90% H,O samples. An
acquisition time of 1 s was used with a sweep width of
7,530 Hz and a relaxation delay of 2 s, and 16 scans were co-
added for each sample. A 90° pulse width was used with the
probe air temperature regulated at 25°C.

RESULTS AND DISCUSSION
Thermal Analyses

Thermal analysis provides insights into the physical
behavior and stability of proteins and can be a guide in the
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Fig. 2. a Deconvoluted heat flow signals for MDSC of protamine sulfate from source III showing the reversing heat signal

(top, red), total heat flow (middle, green), and non-reversing

heat signal and b total heat flow thermograms for all five

protamine sulfate samples showing the differences in their glass transition (7,) and melting (7},) endotherms
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Table II. Comparison of Glass Transition and Melting Temperatures
from MDSC Experiments for Protamine Sulfate from Five Different

Sources
T, (°C) T (°C)
Source I 161.63 193.37
Source II 161.63 202.30
Source II1 109.65 184.15
Source IV 158.58 192.66
Source V 152.05 216.11

T, glass transition temperature, Ty, melting temperature

development of an optimized formulation. For example, the
presence of residual moisture in pharmaceutical protein or
peptide drugs could result in water—protein interactions,
which could affect the potency of the drug or cause excessive
increase in the level of decomposition (10). Residual moisture
can act as a reactant or product in the degradation pathways
of the peptide, serve as a medium in which degradation
occurs, or act as a plasticizer by reducing the glass transition
temperature (7,) and enhancing the mobility of reactants in
the solid matrix (11). Residual moisture refers to the low level
of surface water, ranging from less than 1 to 5%, remaining in
a lyophilized biological product after the bulk of the aqueous
solvent has been removed (12).

For protamine sulfate, a hygroscopic drug, the USP
stipulates that its residual moisture loss upon the applica-
tion of heat to a temperature of 105°C for 3 h should not
be more than 5%. Figure 1a shows an overlay of the TGA
and MDSC thermograms for protamine sulfate from source
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III. All the five samples showed various levels of weight
loss between 25 and 270°C (Fig. 1b). Protamine sulfate
from source III had the highest moisture loss of 4.95% at
105°C and 7.32+0.24% at 175°C (Table I). At those two
temperatures, the weight loss for the other four protamine
sulfate samples was less than 4%. At temperatures
between 25 and 105°C, the weight loss was attributed to
loosely bound water from the hydration region. Above
105°C, the weight loss was attributed to moisture loss from
tightly bound water associated with the charged or highly
polar groups of the peptide (10), while beyond 240°C, the
weight loss was attributed to decomposition of the drug
substance (Fig. 1). The moisture loss due to the LOD at
105° was higher than the moisture loss from the TGA
experiment at the same temperature (Table I). We
attribute this difference to the shorter duration of exposure
to the heat of the TGA experiment.

MDSC is an extension of conventional DSC, in which a
sinusoidal wave modulation is superimposed on a linear
temperature program to improve the quality and quantity of
information that may be obtained by conventional DSC (13).
Generally, the total heat flow from a sample experiencing a
linear heating program comprises a heat capacity (reversing)
component and contribution from any kinetically hindered
(non-reversing) thermal event (14). The ability of MDSC to
separate the total heat flow into the reversing and non-
reversing components is the result of the different response of
the two heat flow signals to the underlying and modulated
temperature programs. The application of large modulation
amplitudes and low underlying heating rates results in better
resolution needed to separate two simultaneous events such as
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Fig. 3. Overlaid FTIR spectra of five protamine sulfate samples (black line) and reference standard, BSA (red line)
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Fig. 4. Second derivative FTIR spectra of protamine sulfate amide I
band show two bands at 1,634 and 1,680 cm™! while the reference
standard BSA (red) shows only one band at 1,656 cm ™"

aggregation (exothermic event) and protein unfolding (endo-
thermic event) (15).

When conventional DSC was applied to the protamine
sulfate samples at a heating rate of 10°C/min, a broad
endothermic peak was observed between 130 and 217°C for
all the protamine sulfate samples. The linear heating program
of conventional DSC was not able to separate overlapping
events that occurred during the heating. However, by using a
low underlying heating rate of 4°C/min and modulation
amplitude of 0.636°C every 60 s, MDSC was able to separate
the overlapping events such as glass transition temperature
and melting of the proteins.

MDSC was able to separate the total heat flow into the
reversing and non-reversing flows so that both the heat
capacity events and kinetic events could be easily observed
(Fig. 2a). A look at the total heat flow for the five protamine
sulfate samples (Fig. 2b) revealed a small endothermic event
with onset at about 109°C for source III and between 152 and
161°C for the other four samples (Table IT). This endothermic
event was split into the reversing and non-reversing signals.
The endothermic event in the reversing signal could be
attributed to the glass transition (7,), a reversible transition
in which an amorphous drug changes its behavior from the
glassy state where there is limited molecular mobility to a
state with greater molecular mobility as a result of increase in
heat. The same endothermic event in the non-reversing signal
was due to enthalpic relaxation, a process which is dependent
on temperature and time scale of the measurement and is a
kinetic event (16). The T, and enthalpic relaxation for the
five protamine sulfate samples are shown in Table II.
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Whereas protamine sulfate from sources I and II had similar
T, with onset around 161°C, source III had the lowest T, with
onset at about 109°C, followed by source V at 152°C and
source IV with T, at about 158°C. These differences were
attributed to differences in the amount of residual moisture
present in the samples. For example, the TGA analysis
showed that source III had the highest percent weight loss
(Fig. 1), and this sample had the lowest T, and T}, values
(Table II). Residual moisture has a plasticizing effect on
proteins and acts by reducing the T, of the protein sample
and enhancing molecular mobility in the solid matrix (11). A
second prominent endothermic peak was observed for the
five samples, which could be attributed to melting (7,,). All
the protamine sulfate samples had different melting temper-
atures with protamine sulfate from source V having the
highest melting temperature at 216°C while source III had the
lowest melting temperature at 184°C. These differences in
thermal properties could be a characteristic of the biological
source of the protamine or the process used to manufacture
the drug. The range of values observed here may be the
normal variation in the currently marketed product.

Spectroscopic Analyses

Proteins in solution are frequently composed of a
mixture of secondary structural components such as a-helix,
B-sheet, and random coil which make up the folded segments
of the overall tertiary structure. These secondary structures
have characteristic dihedral angles (¢, ¢) which define the
spatial orientation of the peptide backbone and the presence
of specific hydrogen bonds (17). For proteins and peptides, of
the nine characteristic IR absorption bands, the amide I band
is the most widely used in the studies of protein secondary
structure. This is because in the amide I region (1,700-
1,600 cm '), which is predominantly (approximately 80%)
due to the C=O stretching vibrations coupled with in-plane
NH bending (approximately 20%), there is a high sensitivity
to small variations in molecular geometry and hydrogen
bonding patterns, and the result is that each type of
secondary structure gives rise to a somewhat different C=O
stretching frequency (18).

Figure 3 shows the overlaid FTIR spectra of all the
protamine sulfate samples, together with the spectrum of the
reference protein standard, BSA. Both protamine sulfate and
BSA spectra showed prominent bands at 1,600 and
1,550 cm ! corresponding to amide I and amide II bands,
respectively. The only difference between the protamine
sulfate spectra and that of BSA is the intense band around
1,100 cm ' for protamine sulfate which was attributed to

Table III. Deconvoluted Amide I Band Assignments of 3-Sheet Composition for Protamine Sulfate Samples in Water

Sample a-Helix (%) B-Sheet (%) Malhalanobis distance Limit
BSA 59.0 1.9 0.069 0.12
Source I 0 11.85+0.06 0.013+0.00 0.12
Source 11 0 12.20+0.46 0.012+0.001 0.12
Source III 0 12.28+0.33 0.012+0.001 0.12
Source IV 0 12.15+0.30 0.012+0.001 0.12
Source V 0 12.10+£0.41 0.012+0.001 0.12

BSA was used as a reference standard. Data are representative of three independent experiments for all protamine sulfate samples (n=3)

BSA bovine serum albumin
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Fig. 5. Overlaid CD spectra for the five protamine sulfate samples. The
overlaid spectra show a negative band at 206 nm which is in agreement
with a predominantly random coil structure in solution with a minor
contribution from a population in a 3-sheet conformation

arginine that comprises ~67% of the total amino acid content
of protamine.

However, the observed raw spectra cannot be resolved
by simple visual inspection because the observed amide I
band consists of many overlapping component bands that
represent different populations of structural elements such as
a-helices, (-sheets, turns, and non-ordered or irregular
structures. Thus, identification and assignment of discrete
bands to the particular substructures can be difficult (17).
Second derivative transformation was therefore applied to
the raw spectra to enhance the resolution of the amide I
band. For the protamine sulfate samples, two distinct bands
were observed at 1,680 and 1,634 cm ! consistent with the
canonical values for a protein with some PB-sheet
conformation in water (Fig. 4) (18). By contrast, for the
reference standard, only one band was observed at 1,656 cm !
(Fig. 4). Generally, in water, bands between 1,654 and
1,658 cm™ ! are assigned to a-helices, as observed for the
reference standard, BSA, which has a predominantly a-helix
structure (19).
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Quantitative analysis of the secondary structure was
performed by comparison of the native transmission protein
spectra with a protein transmission spectral library using
partial least squares algorithms. The 3-sheet composition for
the five protamine sulfate samples ranged between 11.9+
0.1% for source I to 12.3+0.3% for source III (Table III). No
a-helical structure was apparent, and the rest of the peptide
structure was assigned as random coil. Analysis of variance
showed no statistical significance in the percent P-sheet
composition of the protamine sulfate samples (p>0.05). This
observation of a predominantly random coil conformation of
protamine sulfate in solution was consistent with the obser-
vations of other laboratories (20). An alternate metric, the
Malhalanobis distance, is a measure of the closeness of the
observed value of the percent p-sheet composition to the
predicted value from the spectral library. A Malhalanobis
distance value of less than the limit of 0.12 for each source of
protamine sulfate clearly indicates the presence of a popula-
tion of B-sheet structures in protamine sulfate solutions.

The secondary structure of the protamine samples was
further examined by CD. CD measures the differential
absorption of left-handed and right-handed circularly polar-
ized light. In a typical CD spectrum, a negative signal or band
means greater absorption of left circularly polarized light
while a positive band denotes greater absorption of right
circularly polarized light (21). Because protamine sulfate has
no aromatic amino acids in its sequence, all measurements
were carried out in the range of 200 to 250 nm, where the
amide chromophores of the peptide bonds predominate (22).
Figure 5 shows the overlaid CD spectra of the protamine
sulfate samples. For all five samples, the most predominant
peak was a strong negative band observed around 206 nm.
The peak at 206 nm is consistent with a mixture of
predominantly random coil peptides with a smaller popula-
tion of peptides with a p-sheet conformation in solution.
Proteins with substantial a-helical structure show negative
bands at 222 and 208 nm while proteins with substantial -
sheets display a negative band near 216 nm and a positive
band between 195 and 200 nm. Proteins with random coil
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Fig. 6. Overlaid spectra of the 0- to 10-ppm portion of the 500-MHz 'H-NMR of the five protamine sulfate samples. The
region between 8.1 and 8.8 ppm shows bands for the backbone amide bonds which are typical for proteins with a
predominantly random coil conformation. Peak assignment of arginine residues is based on previously reported values (29)
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conformation also show a strong negative band at 200 nm
(22,23). The fact that there was no negative band at or close
to 220 nm effectively rules out the presence of a-helix in the
secondary structure of protamine sulfate under the solution
conditions used in this study. These data are consistent with
our FTIR results where no o-helical bands in protamine
sulfate spectra were observed. The CD measurements were
scanned in the 200- to 250-nm range because of noise in the
region at 200 nm and below where the detector became
saturated due to salts in the sample.

One-dimensional proton (‘H) NMR spectroscopy was
also used to study the structure of the five protamine sulfate
samples. Overlaid spectra of the five protamine sulfate
samples showed identical patterns of NMR signal over the
entire chemical shift range (Fig. 6). The sharp singlet at 0 ppm
is the chemical shift reference standard, DSS, and the signal
at ~4.77 ppm is the residual water signal after presaturation
was applied. Prominent signals from the arginine amino acids
are observed (denoted in Fig. 6).

The range of amide or CaH backbone proton chemical
shifts is very sensitive to differences in amino acid sequence,
secondary or tertiary structure, and solution conditions
(24,25). Figure 6 shows an indistinguishable pattern of
backbone amide proton signals between 8.10 and 8.80 ppm
for all five protamine sulfate samples. This chemical shift
range observed for the backbone amide protons (see insert in
Fig. 6) is consistent with a predominately random coil
conformation for protamine at pH 4 in solution (24,26). Thus,
NMR spectroscopy further confirmed the results obtained in
FTIR and CD spectroscopy that all the five protamine sulfate
lots have very similar amino acid composition and are
predominantly random coil conformation in solution.

Peptide Analysis

Protamine sulfate from all the different vendors were
analyzed by a validated HPLC procedure (27), and there were
no observable differences in the peptide abundance for any of
the sources. Also, there were no significant differences in the
impurity profiles of all the sources of the drug substance studied.
Also, another study performed by Hoffman ez al. (28) showed
the amino acid sequence for four peptides of protamine sulfate
from chum salmon source. The protamine sulfate in our study
was obtained from the same biological source, and the profile of
the four peptide peaks from that study (28) matched with our
peak profiles (27). Therefore, further amino acid sequencing
was not conducted in this study.

CONCLUSION

Thermal and spectroscopic analytical techniques were
successfully applied to determine differences in protamine
sulfate obtained from different sources. The five protamine
sulfate samples showed some differences in their thermal
properties such as moisture contents, glass transition, and
melting temperatures. Protamine sulfate from source III had
the highest moisture content among the five protamine sulfate
sources. This high moisture content resulted in low glass
transition and melting temperatures for source III compared
with the other sources. Spectroscopic analytical techniques such
as FTIR, CD spectroscopy, and NMR all showed that the five
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protamine sulfate samples existed in solution as predominantly
random coil conformation with no alpha-helical structures and
small amount of 3-sheet conformation.

For a protein drug such as protamine sulfate, it is not
known how such differences in their thermal characteristics
could affect properties of the drug such as shelf-life stability,
clinical efficacy, and product safety, including immunogenic-
ity. To the best of our knowledge, this is the first study to
systematically characterize the solution conformation of
protamine sulfate from different manufacturers. These find-
ings could be important in establishing guidelines for assess-
ing similar protein drugs from different manufacturers.
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