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of a relatively large peptide, amyloid (3 peptide (molecular weight,
4.5kDa), across the blood-brain barrier into the bloodstream
(Cirrito et al,, 2005; Kuhnke et al., 2007; Lam et al., 2001). To the
best of our knowledge, the ABCB1 transporter has not been reported
before to be involved in the clearance of block copolymers from
cells. Because ABCB1 transporter is expressed primarily in certain
normal cell types in the liver, kidney, and jejunum (Thiebaut et al.,
1987), the role of ABCB1 transporter as excretion pump of Dox-
bound polymer and the effect of ABCB1 transporter on the polymer
blood level are probably significant from a safety perspective.

Taken together, the findings presented here suggest that Dox-
bound polymers are incorporated by endocytosis. Some of the
incorporated polymers are transferred to the endosome/lysosome
system, and the rest may bypass the endosomal system. Then, the
polymers are likely delivered to other compartments, including
ER and the plasma membrane. The excretion of excess polymers
from the cells is mediated by the ABCB1 transporter. Although in
this system, the conjugated Dox was not designed to be released
from the polymers, our results concerning intracellular trafficking
and clearance of polymers would be very useful to design the car-
rier system where bound drugs are released from the carrier for
pharmacological activity.

4. Conclusion

We investigated the intracellular trafficking of Dox-bound poly-
mers. The polymers are internalized into cells by endocytosis, then
transported to endosomal/lysosomal compartments, followed by
partial distribution to the ER, or transported directly to the ER. The
active excretion of the polymers from the cells may be mediated
by the ABCBT transporter. It is surprising that cells utilize their
endogenous transport system for intracellular trafficking of this
artificial drug carrier. Our results potentially can contribute not
only to the discussion of safety issues of polymeric therapeutics
but also the development of a DDS strategy utilizing or targeting
this endogenous pathway more effectively.
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Recent Topics of Regulatory Science
in the Quality Area of Chemical Drugs

Il
Toru KAWANISHI

Abstract

Recent three topics in the quality area of chemical drugs are introduced as issues which should
be addressed in regulatory science. First, health hazards by adulterated drugs have occurred under
internationalization of drug production including supply of raw materials and drug distribution. To
prevent the hazard, exhaustive impurity test using LC-MS may be useful when raw materials are
selected. Second, application of science-based and risk-based modern quality management techniques
to pharmaceutical production and quality assurance was proposed and the ICH guidelines for the
application have been harmonized. For the implementation, the development and establishment of
Process Analytical Technology by co-operation among industry, government and academia group are
needed. Third, importance of regulatory science in development of innovative drugs is pointed out
by the Council for Science and Technology Policy in the Cabinet Office. The point-to consider about
quality aspects in the development of peptide drugs and nucleotide drugs should be made, because
there is no consensus open.
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Most of the active components of polypeptides have a complex molecular structure, large molecular
size. Such components may also be structurally heterogeneous. Therefore, development of a methed that can
confirm the consistency of polypeptides amino-acid sequences for product characterization is desirable. In
general, it is extremely difficult to distinguish differences of a few amino acid residues in the "H-NMR spec-
trum of polypeptides with molecular weights greater than several thousand. However, we have been able to
distinguish between three insulin species differing in one to three amino acid residues using a combination of
multivariate statistics and "H-NMR spectra. These results demonstrate that this methodology could be useful

for characterization of polypeptides.

Key words insulin; polypeptide; characterization; principal component analysis; 'H-NMR

Nuclear magnetic resonance (NMR), which is frequently
used for structure identification of unknown chemical sub-
stances in the fields of organic and natural products chemistry,
is the only technique that can provide structural information
on all of the components of a chemical substances. Although
NMR techniques uniquely provide spectral information on
primary and higher-order structure of large polymeric com-
pounds such as polypeptides, such spectra are generally dif-
ficult to analyze in detail because of their complexity. NMR
measurement has usually been applied to the structural analy-
sis of single chemical substances, and to date, been not suit-
able for analyzing samples that contain multiple compounds
because of the problem of overlapping peaks in the 'H-NMR
spectrum. However, NMR techniques have come to be used
recently to analyze biogenic substances, which have made it
possible to discriminate between small spectral differences by
performing statistical analysis of the 'H-NMR spectral data.
Multivariate statistical methods, such as principal component
analysis (PCA) and partial least-squares discriminate analysis
(PLS-DA), are often useful for profiling and classifying sam-
ple groups and for characterizing the most effective variables
of separated compounds.*® Currently, multivariate statistical
methods, which combine various analytical methods, have
been widely used to evaluate the quality of drugs and foods,
quantitatively or qualitatively, in addition to enabling predic-
tions of drug metabolism, and toxicity.>?

Compared with small-molecule drugs, polypeptides are
heterogeneous and are more complex in their makeup for a
number of possible reasons including mutations in the amino
acid sequence of the protein, different posttranslational modi-
fications, or by being a mixture of molecules with different
terminal structures due to degradation by contaminating pro-
teases.'” The structural heterogeneity caused by these factors
may affect the physiological activity and pharmacokinetics of
polypeptides, resulting in changes in drug efficacy and safe-
ty.!Y Therefore, the development of analytical procedures that
can confirm the constancy of multiple amino-acid sequences
of a polypeptide for product characterization is desirable.
However, characterizing the full complexity of polypeptides
by presently available analytical methods is still difficult.
Therefore, it is necessary to provide a more detailed evalua-

*To whom correspondence should be addressed.

e-mail: ako-ohno@nihs.go.jp

tion of special characteristics of polypeptides by a new physi-
cochemical index or new analytical techniques. In our recent
study, it was reported that peak changes in the determination
of characteristic spectral changes associated with time-depen-
dent alterations of oxytocin (OXT) were also observed in the
PCA loading plot.%'? Thus, the possibility of evaluating slight
differences in the quality of a polypeptide was demonstrated.

In this study, we examined multivariate statistics coupled
with '"H-NMR to analyze the difference of amino acid se-
quences in three species of insulin and to show this method to
be effective for the characterization of the polypeptides. As a
result, we have succeeded in precisely characterizing human,
bovine, and porcine insulins with sequence differences of one
or three amino acids, by performing 'H-NMR measurements
of the individual insulins and their mixtures followed by PCA
of the spectra. The results suggest that this methodology could
be useful for the characterization of species-related sequence
differences in polypeptides.

Experimental

Chemicals and Reagents All reagents used for 'H-NMR
experiments were of analytical grade (purity >99%) from
Wako Chemicals and were used without further purifica-
tion. Human recombinant insulin expressed in yeast (CAS#
11061-68-0) and insulin from bovine pancreas (CAS# 11070-
73-8) were purchased from Aldrich (St. Louis, MO, U.S.A);
porcine insulin (CAS# 12584-58-6) was purchased from MP
Biomedicals. Acetonitrile-d; for NMR was purchased from
Acros Organics (CN). Deuterium oxide (D,0, isotopic purity
99.9%) and 3-(trimethylsilyl) propionic-2,2,3,3-d, acid, sodium
salt (TSP) were purchased from Aldrich (St. Louis, MO,
U.S.A). TSP was used as an internal standard with a chemical
shift (§) of 0.0ppm in 'H-NMR measurements.

Sample Preparation and 'H-NMR Spectroscopic
Analysis Each insulin (14.7mg) was dissolved in 140uL of
0.1~ HCl, 70uL of 0.1~ NaOH, 200uL of Milli-Q water, 70 uL.
of 5mm TSP/D,0, and the pH was adjusted to 3.6 by adding
aliquots of 0.1n NaOH or HCI. Milli-Q water was added to
give a total volume of 910uL, and this mixture solution was
diluted with 490uL of CD,CN. The solvent used in the pres-
ent work was H,0/D,0 : CD,CN (65/35 vol%). For 'H-NMR

© 2012 The Pharmaceutical Society of Japan
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Table 1. Each Insulin Mixture of the S‘ample Used in This Experiment:
Human Insulin (A), Bovine Insulin (B), and Porcine Insulin (C)

Sample A . B . C

Al
A4B1
AlBI
AlB4

Bl —
B4Cl —
BICl —
BIC4 —

Cl —
AlC4
AlC1
A4C1

AlIBIC1
A2BIC1
A1B2CI
AlBIC2

Eon N S B S e I
Ll m e |
I\)—-—-—«—__..J;.—‘.p.-»_..l

— o= =

measurements, a total sample volume of 700uL with at least
a 1.7mm concentration (pH 3.6) was used.!” Samples of each
insulin mixture ratio are shown in Table 1.

The sample was introduced into an NMR test tube, and
nuclear Overhauser effect spectroscopy ('H-NOESY) spectra
were recorded at 25°C using a Varian 600MHz NMR spec-
trometer equipped with a cold probe. Thirty-two free induc-
tion decays (FIDs) with 75K data points per FID were col-
lected using a spectral width of 9615.4Hz, an acquisition time
of 4.00s, and a total pulse recycle delay of 2.025s. The water
resonance was suppressed using presaturation during the first
increment of the NOESY pulse sequence, with irradiation oc-
curring during the 2.0s relaxation delay and also during the
200ms mixing time. Prior to Fourier transformation, the FIDs
were zero-filled to 128K and an exponential line broadening
factor of 0.5Hz was applied. ™™ Spectral 'H-NMR assign-
ments were achieved according to the literature values of
chemical shifts in various media.'”®

NMR Data Reduction and Preprocessing All 'TH-NMR
spectra were phased and baseline corrected by Chenomx
NMR Suite 6.0 software, professional edition (Chenomx Inc.,
Canada). '"H-NMR spectra were subdivided into regions hav-
ing an equal bin size of 0.04 ppm over a chemical shift range
of 0.04—10.0ppm (excluding the region around the water
signal; 4.2—4.6ppm), and the regions within each bin were
integrated. The integrated intensities were then normalized
to the total spectral area, and the data were converted from
the Chenomx software format into Microsoft Excel format (*.
xlt). The resulting data sets were then imported into SIMCA-P
version 12.0 (Umetrics AB, Umed, Sweden) for multivariate
statistical analysis.

Multivariate Data Analysis PCA was performed to
examine the intrinsic variation in the data sets. The quality
of the models was described by the R?x and O parameters,
which indicate the proportion of variance in the data ex-
plained by the models and the goodness of fit. R?x represents
the goodness of fit of the PCA model, and Q” expresses the
predictability of the PCA model. The quality of the PCA mod-
els was described by the total variance of principal component
1 (PC1) and principal component 2 (PC2) at a confidence level
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Fig. 1. Amino Acid Sequences of Human Insulin (A), Bovine Insulin
(B), and Porcine Insulin (C)

of 95%.

Results

The amino-acid sequences of human, bovine, and porcine
insulins are shown in Fig. 1. Bovine insulin differs from
human insulin at the following positions: alanine (Ala) for
threonine (Thr) at position A8 (8th position on the A Chain),
valine (Val) for isoleucine (Ile) at A10, and Ala for Thr at the
carboxyl terminus of the B-chain. Porcine insulin differs from
human insulin with an Ala substituted for Thr at the carboxy
terminus of the B-chain. 'H-NMR spectra of the three types
of insulin are shown in Fig. 2. While a simple visual inspec-
tion suggests that the three spectra might be indistinguish-
able, actual spectral differences may be detected if changes
can be represented as points in a multidimensional space and
examined using PCA. PCA of each insulin spectrum was per-
formed, and distinct differences among the 'H-NMR spectra
at each sample mixture ratio were readily detected by the
scores of both PCl and PC2, which could be clearly depicted
as points on the lines of the triangular phase diagram as
shown in Fig. 3. In the PCI-PC2 plane, all samples were dis-
played in a triangular phase diagram bearing the three types
of single composition insulin at each vertex. The cumulative
contribution rate by PCA of the first two principal compo-
nents, PC1 and PC2, was 63.8 and 83.3%, respectively. Thus,
a spectrum change was characterized by PCl and PC2 with
species-related differences of insulin at a high contribution
ratio. This result suggests a large contribution of human and
bovine insulin to PCl, indicating that the positive direction
from the center of the PC1 coordinate on the horizontal axis
corresponded to bovine insulin and the negative direction cor-
responded to human insulin. Meanwhile, a high contribution
to PC2 indicated that the positive direction from the center
of the PC2 coordinate on the vertical axis corresponded to
porcine insulin and the negative direction corresponded to hu-
man and bovine insulin. In addition, the mixed sample of all
three types of insulin in a 1:1:1 ratio is in the center of the
triangular phase diagram, and samples of each insulin mixture
ratio radiate from the center toward each vertex.

The loading plot of all the evaluated 'H-NMR signals is
shown in Fig. 4. Each variable represents a peak at a par-
ticular chemical shift in the 'H-NMR spectra shown in Fig.
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Fig. 3. PCA Scores Plot (PC1/2) Derived from the 'H-NMR Spectral
Data for Each Mixed Insulin Ratio

1. This loading plot reveals the contributions of particular
variables towards either an increase or decrease in the in-
tegrated intensities of the 'H-NMR spectra. Six variables
showing typical fluctuations of the different insulin species
were identified (Fig. 4), and the integrated intensities of these
variables corresponding to the insulin ratios are shown in Fig.
5. The tendency of the intensity of each of these variables to
either increase or decrease is evident in the differences of the
mixed insulin ratios and suggests specificity of the variables
for the different insulin species. The corresponding charac-
teristic variables of human, bovine, and porcine insulin were
d 1.1, 0.86 and 4.06 ppm, respectively. In addition, a common
characteristic variable of bovine and porcine insulin occurred
at § 1.3ppm and that of human and porcine insulin occurred
at J 1.18 ppm. The typical chemical shifts responsible for these
variables were shown in Fig. 6. Therefore, these variables
were indicative of the species specificity of insulin since the
insulin species characterized by each variable tended to have
a high intensity either for a single insulin species or for a spe-
cies making up a high proportion of the mixture as shown in
Fig. 5. Next, we examined whether the larger variables char-
acterizing each species were derived from the type of amino
acid residue by analysis of the loading and trend plots.

First, determination of the variables contributing signifi-

Fig. 4. The PCA Loading Plot (PC1/2) Derived from the 'M-NMR
Spectral Data for Each Mixed Insulin Ratio

cantly to the variation of the PC1 coordinate axis for the hu-
man and bovine insulin groups was performed by analysis of
the amino acid residue peaks corresponding to these particular
variables. Peaks for each variable could be identified: the vari-
able at 1.1 ppm was attributed to both the yH of Ile at A10 and
to the yH of Thr at B30; the variable of the amide group re-
gion at 8.06 ppm was attributed to the NH of Thr at A8 of the
characteristic amino-acid sequences of human insulin. On the
other hand, the variable at 0.86ppm was attributed to the yH
of Val at A10; and the variable at 1.5 ppm was attributed to the
FH of Ala at A8 and/or B30; the variable of the amide group
region at 8.46 ppm was attributed to the NH of Val at A10 of
the characteristic amino-acid sequences of bovine insulin.
Next, determination of the variables contributing signifi-
cantly to the variation of the PC2 coordinate axis for the two
groups, porcine, and both human and bovine was performed
by the analysis of the amino acid residue peaks corresponding
to these particular variables. Peaks for each variable could be
identified: the variable at 4.06 ppm was attributed to the oH of
Ala at B30; the variable of the amide group region at 7.78 ppm
was attributed to the NH of Ala at B30 of the characteristic
amino-acid sequences of porcine insulin. Therefore, identified
amino acids for each characteristic variable were by inference
associated with the primary structure of the three types of
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Fig. 5. The PCA Trend Plot: Integrated Intensities of Six Variables Showing Typical Fluctuations of Human Insulin, Bovine Insulin, and Porcine

Insulin on the Loading Plot
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Fig. 6. The Typical Chemical Shifts for the Different Insulin Species
on the PCA Loading Plot: Human (A), Bovine (B), and Porcine (C)

insulin, as shown in Fig. 4.

Discussion

The three insulin species used in this study each consist
of 51 amino acid residues; bovine insulin has three different
positions and porcine insulin has one different position from
human insulin. In general, it is extremely difficult to distin-
guish differences of one to three amino acid residues in the
'‘H-NMR spectrum of polypeptides of approximately MW

6000. However, we succeeded in distinguishing between the
insulin species using a combination of multivariate statistics
and 'H-NMR spectra. PCA of the insulin spectrum for each
mixture ratio was performed, and variables due to several dif-
ferent amino acid residues were detected from both the scores
of PC1 and PC2, clearly depicting three separate groups, as
shown in Figs. 3 and 4. In addition, from the scores plot, the
components of the single insulin species and of mixtures con-
sisting of two-three species were statistically distributed in the
triangular phase diagram according to differences in the spe-
cies composition ratio (Fig. 3, Table 1). This result shows that
it is possible to analyze the composition of a mixture of spe-
cies with a small number of amino acid sequence differences
by taking advantage of the scores plot.

We also examined by PCA the partial aliphatic and amide
regions of each insulin spectrum (data not shown). The de-
termination of the variables contributing significantly to the
variation of the PC1 coordinate axis for the human and bovine
insulin groups and to the variation of the PC2 coordinate axis
for the two groups, porcine, and both human and bovine insu-
lin groups of the loading plots was performed by analysis of
the amino acid residue peaks corresponding to these particular
variables. Differences of the characteristic amino acid residues
for each insulin species as well as the results from analyzing
entire spectra were reflected in the scores plot. It is notewor-
thy that a similar tendency from analysis of the complete
spectral region was observed with the scores plot of the amide
region. These results suggest that it may be possible to dis-
tinguish slight sequence differences of polypeptides by PCA
analysis of the amide region of the NMR spectrum.

On the other hand, the biological effect of polypeptides is
also influenced by differences in their higher-order structure.
It is difficult to evaluate differences in the higher-order struc-
ture of polypeptides by conventional analytical methods. In
this PCA analysis study, it was found that the first and second
principal components accounted for a majority of the vari-
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ability differences of the primary insulin species structures.
Interestingly, there were some variables that were not derived
from the differences of amino acids among the three insulin
types. Through a comparison of the NOESY spectra of the
insulin species, it was proposed that these variables were as-
sociated with differences in the higher-order structures (data
not shown). Therefore, the NMR technique coupled with PCA
might also be useful as a tool for analyzing the higher-order
structure, which is associated with the quality of a polypep-
tide, because in addition to primary structure information of
the amino acid residues, the 'H-NMR spectrum also contains
information related to the three-dimensional structure of a
molecule that is dependent on the solution conformation.

In conclusion, we have succeeded in precisely character-
izing samples of human, bovine, and porcine insulin, mol-
ecules that differ in amino acid sequence from one to three
amino acid residues, by "H-NMR spectroscopy coupled with
PCA. Currently, assessment of the differences of higher-order
structure using PCA analysis of NOESY spectral data are
underway. )
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ARTICLE INFO ABSTRACT

Insulin analog products for subcutaneous injection are prepared as solutions in which insulin analog
molecules exist in several oligomeric states. Oligomeric stability can affect their onset and duration
of action and has been exploited in designing them. To investigate the oligomeric stability of insulin
analog products having different pharmacokinetics, we performed hydrogen/deuterium exchange mass
spectrometry (HDX/MS), which is a rapid method to analyze dynamic aspects of protein structures.
Two rapid-acting analogs (lispro and glulisine) incorporated deuteriums more and faster than recon-
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Inaati binant human insulin, whereas a long-acting analog (glargine) and two intermediate-acting prepara-
I:‘S‘)’(;&S tions (protamine-containing formulations) incorporated them less and more slowly. Kinetic analysis

revealed that the number of slowly exchanged hydrogens (D;) (k < 0.01 min~ ') accounted for the differ-
ence in HDX reactivity among analogs. Furthermore, we found correlations between HDX kinetics and
pharmacokinetics reported previously. Their maximum serum concentration (Cmax) was linearly corre-
{ated with D, (r=0.88) and the number of maximum exchangeable hydrogens (D,.) (r = 0.89). The max-
imum drug concentration time (hn.) was also correlated with reciprocals of D, and D, (r=0.86 and
r=0.96, rgspccli,vely). Here we demonstrate the ability of HDX/MS to evaluate oligomeric stability of
insulin analog products. .

Oligomeric stability

© 2011 Elsevier Inc. All rights reserved.

Insulin is a peptide hormone consisting of two peptides: an A
chain with 21 amino acids and a B chain with 30 amino acids. Insu-
lin is the only hormone in vertebrates to induce cellular uptake of
glucose and lower blood glucose levels, and it is an essential drug
for treating diabetes mellitus. .

As a drug,product, insulin molecules primarily form hexamers,
which diffuse and dilute in the subcutaneous tissue after injection
{1] and dissociate into monomers via dimers or tetramers [1,2].
Monomeric insulin is absorbcd into microvessels to exert its phar-
macological action [3]. Therefore, oligomeric stability is a crucial
property of insulin; determining its onset and duration of action
(Fig. 1). . :

To mimic the intrinsic insulin secretion and enable better con-
trol of blood glucose levels, several recombinant human insulin
analogs with different onset and duration of action have been
developed and marketed. Compared with the basic preparation of
recombinant human insulin, insulin analog products are generally
categorized on the basis of differences in the onset and duration of
their action—rapid-acting, long-acting, and intermediate-acting
groups. Fig. 2 and Table 1 present the primary structures and
several characteristics of insulin analogs investigated in this study
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[4-6). Insulin lispro (lispro) is a rapid-acting insulin analog in
which the positions of proline at B28 and lysine at B29 are re-
versed. Insulin glulisine (glulisine) is another major rapid-acting
analog in which asparagine and lysine at positions B3 and B29
are replaced by lysine and glutamic acid, respectively. The amino
acid substitutions in lispro and glulisine lead to a decrease in olig-
omeric stability; therefore, they act rapidly after subcutaneous
injection. Insulin glargine {glargine) is a long-acting analog in
which asparagine at position 21 on the A chain is substituted by
glycine and two arginine residues are added to the C terminus of
the B chain. Glargine has a higher isoelectric point (6.7) [7,8] than
human insulin and its analogs, which range from 5.0 to 5.5 [9-12].
Glargine formulated at pH 3.5 to 4.5 precipitates in neutral condi-
tions after subcutaneous injection [13,14]. Its precipitant gradually
dissociates and is absorbed slowly into the bloodstream, and there-
by glargine has a slower onset and longer duration of action than
human insulin. Insulin detemir (detemir) is another type of long-
acting analog that was designed with a concept different from
modification of oligomeric stability. Detemir, in which a myristic
acid is covalently bound to lysine at B29, binds to albumin in sub-
cutaneous tissues and plasma. This modification leads to delay in
absorption and prolongation of the serum half-life. The intermedi-
ate-acting group is another type of insulin with longer action in
which the hexameric insulin (analog) is stabilized by forming a



