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Abstract

Recombinant human bone morphogenetic protein 2 (rhBMP-2) is a disulfide-linked homodimeric glycoprotein
(M, =30 000) which induces bone formation in vivo in several animal model systems. In this paper, we report the
separation of a homogeneous rhBMP-2 sample into nine peaks by capillary zone electrophoresis (CZE), using a
simple, pH 2.5, phosphate buffer containing no additives. The nine peaks have been identified to be glycoforms of
rthBMP-2 [designated as (thBMP-2),-(GlcNAc),(Man, ), where Z varies from 10 to 18]. The difference between
any adjacent pair of peaks is only one mannose residue (M, = 162). The ability of CZE to resolve thBMP-2
glycoforms having the same charge and differing only 0.5% in molecular mass, without resorting to chemical
complexation, is both unexpected and intriguing. Possible mechanisms explaining how the additional mannose can
affect the mobility of thBMP-2 glycoforms were explored. Zeta potentials of various glycoforms were calculated
from their mobilities and interpreted in light of diffuse double layer parameters. Our results suggest that CZE
employing a low-pH buffer, where proteins are highly charged, may be uniquely suitable for complex protein
glycoform analysis.

1. Introduction they are enzymatically released from the glyco-
proteins. High-performance capillary zone elec-
trophoresis (CZE) is emerging as a technique for

studying intact glycoproteins [4-12]. Glycoform

1.1. Overview

Glycoproteins usually exist as heterogeneous
populations of glycosylated variants (glycoforms)
in which assemblies of different oligosaccharides
are attached to each glycosylation site post-trans-
lationally. There is increasing evidence that the
carbohydrate moieties of glycoproteins play
major roles in their structures and functions [1-
3]. Traditionally, glycans are studied only after

* Corresponding author.

analysis is particularly challenging because of the
enormous diversity of oligosaccharide structures.
For example, four different amino acids can only
form 24 different tetrapeptides, whereas four
different monosaccharides can form 36 000 tetra-
saccharides.

There have been numerous reports on the
separation of protein glycoforms using CZE [4-
9]. However, the identities of the resolved peaks
were generally not reported. As a result, it is
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difficult to appraise how difficult a given situa-
tion was and how successful the separation was.
One notable exception is the reports by Rudd et
al. [10-12], who reported the separation of five
ribonuclease B glycoforms (designated as RNase
Man-5, -6, -7, -8, and -9) by CZE using a buffer
containing 20 mM sodium phosphate, 50 mM
SDS, and 5 mM sodium tetraborate at pH 7.2. In
this study, the glycoforms were separated on the
basis of charge differences. Negatively charged
borate—oligomannose complexes introduced
charge differences among the glycoforms which
enabled their separation.

Due to the high purity of our samples, we can
identify all the peaks in the electropherogram
and rule out the possibility of sample contamina-
tion or degradation. As a result, we can demon-
strate that we can separate all the rhBMP-2
glycoforms according to their number of man-
nose residues and that glycoforms that have the
same number of mannose residues cannot be
resolved by our CZE system. We also estimated
that the effect of an additional mannose on
rhBMP-2 mobility is equivalent to about half a
charge.

1.2. rhBMP-2 structure

Recombinant human bone morphogenetic pro-
tein 2 (thBMP-2) is an M, =30000, homo-
dimeric basic protein (p/ >8.5) which has been
shown to induce bone growth in vivo in several
animal models [13-19]. Implantation of rhBMP-
2 in the rat ectopic model induced bone forma-
tion within 14 days [19]. This protein presumably
transforms primitive mesenchymal cells into os-
teoblasts that form host bone. Fig. 1 is a
schematic diagram of the primary structure of
rhBMP-2. Each monomer subunit contains 114
amino acids including 7 cysteines and 1 Asn-X-
Ser/The consensus glycosylation site at Asn™.
The highlighted sequence constitutes the D5
glycopeptide spanning from D>’ to L**. The N-
terminus of rhBMP-2 is a glutamine (Gin) which
can cyclize to form a pyroglutamic acid
(pyroglu). thBMP-2 normally exists as a homo-
dimer via the C’*~C"* interchain disulfide bond.
Fig. 2 is a schematic diagram of an N-linked
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Fig. 1. Primary structure of recombinant human bone mor-
phogenetic protein 2 (thBMP-2).

. Mannose

. N-acetylglucosamine
# o (1-2) mannosidase

# Endo-H

Fig. 2. A diagrammatic representation of an oligomannose 9
structure showing endoglycosidase H (Endo-H) and a(1-
2)mannosidase cleavage sites.
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oligomannose 9 structure with the endoglycosid-
ase H (Endo-H) and a(1-2)mannosidase cleav-
age sites indicated, respectively.

1.3. Diffuse double layer model

Fig. 3 models a diffuse double layer around a
charged colloidal particle, a protein molecule,
for instance, in an electrolyte solution. In any
electrolyte solution, there are counterions. Some
counterions may be associated rather tightly
(fixed diffuse layer), while others more loosely
(mobile diffuse layer). The electrolyte forms an
ion atmosphere around the particle, the ion
atmosphere can effectively reduce the net charge
on the protein because oppositely charged ions
will tend to be attracted to the protein. The
interface between the fixed portion of diffuse
layer and the mobile portion of diffuse layer is
called the surface of shear or the slip plane. It is

m"n of . Mobile portion of
double e IR + -double layer
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Fig. 3. A diagrammatic representation of a charged colloidal
particle in an electrolyte solution, showing the relationship
between the fixed and mobile parts of the diffuse double
layer. Zeta potential {_ is the potential at the shear plane. If
the shear plane was pushed outward (shear plane’). the zeta
potential will decrease to £, .

customary to regard the charges as a continuous
distribution and to ignore individual charges.
The variation of electrostatic potential with dis-
tance from a charged surface of arbitrary shape
in a electrolyte solution is a classical electrostatic
problem described by the Poisson—Boltzmann
equation,

VP =k’® 1)

where « is given by

87TN082 1/2 1

K=\7n—77/) 1 2)
1000 ekT

The ionic strength, I, is sum over all molar

concentrations, C;, and charges of species in the
solution:

=352 3

The solution of Eq. 1 describing the potential at
a distance x away from a uniformly charged
sphere of radius a in an electrolyte solution has
the form

¥ =¥, exp( — xkx) “4)

where a >>r, ¥ is the potential at a distance x
away from the surface of the particle, Z is the
charge of the particle, e is the charge of an
electron, € is the permittivity of the electrolyte
and ¥, is the potential at the Stern layer. The
equation indicates that the potential drops as an
exponential function of distance x from the
surface of the particle. The parameter x ' has
the dimension of length and is sometimes called
the double layer thickness. The k parameter
regulates how fast the potential of an ion falls off
in solution. And « ' is the distance within the
double layer through which the potential drops
37% (1/e). It is evident from Eq. 3 that the
higher the ionic strength, the more effectively
the potential of an ion is screened. In a 0.1 M
solution of phosphoric acid, k' has a value of
approximately 3 A.

The mobility of a spherical molecule with
radius a has been shown to be [20],

€lf,(xa)
2 N )
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where f, is the Henry function, which monotoni-
cally increases from 1.0 at ka=0 to 1.5 at ka =
%, in which case the equation reduces to the
Helmholtz-Smoluchoski equation (Eq. 6) for
the electrolysis of large smooth particles [20].

p=y (6)

2. Experimental
2.1. Instrumentation

All capillary electrophoresis experiments were
performed on the BioFocus-3000 capillary elec-
trophoresis system from Bio-Rad Laboratories
(Hercules, CA, USA). All the capillaries used
were precoated capillaries furnished in the
BioFocus cartridge assembly kit (50 wm 1.D. X
350 pm O.D. X 50 cm) from Bio-Rad Laborator-
ies. The capillaries were cut to desired lengths by
the user (29 cm and 50 cm, respectively). The
cartridge temperature was set at 20°C. Typically,
injections were made electrophoretically at 6 to
12 kV for 4 to 8 s and running voltage was 5 to
12 kV. Detection was performed by UV ab-
sorbance at 200 nm. All rhBMP-2 samples were
either buffer exchanged into or diluted with 10
mM phosphoric acid prior to CZE analysis. The
running buffer was 100 mM phosphate buffer,
pH 2.5.

Oligomannose analysis was done on a Dionex
(Sunnyvale, CA, USA) high-pH anion-exchange
chromatography with pulsed amperometric de-
tection (HPAE-PAD) system consisting of a Bio
LC gradient pump, a PAD2 detector and a PA-
100 (250 x 4 mm [.D.) column. Eluent A was
100 mM sodium hydroxide and eluent B was 100
mM sodium acetate in 100 mM sodium hydrox-
ide. The gradient was 0% B to 100% B in 40
min. The flow-rate was 1.0 ml/min and detection
was by PAD with a gold working electrode and
triple-pulse amperometry.

Peptide mapping and fractionation were per-
formed on a Hewlett-Packard (Palo Alto, CA.,
USA) 1090 HPLC with a Vydac (Sigma Chroma-
tography, St. Louis, MO, USA) C, or C,
column (25x0.46 cm 1.D.). The flow-rate was

1.0 ml/min. Solvent A was 4 mM heptafluoro-
butyric acid (HFBA), 6 mM trifluoroacetic acid
(TFA) in water and solvent B is the same in 95%
acetonitrile. The gradient was 11% B to 100% B
in 75 min. Detection was at 200 nm.

Fast atom bombardment mass spectrometry
was done on the HX110HF/HX110HF tandem
mass spectrometer by JEOL (Peabody, MA,
USA).  Matrix-assisted  laser  desorption
ionization-time of flight (MALDI-TOF) mass
spectrometry was done on a Bruker (Billerica,
MA, USA) REFLEX mass spectrometer
equipped with a reflector.

2.2. Reagents and materials

rhBMP-2 was provided by the Genetics Insti-
tute (Andover, MA, USA). Endoproteinase
Asp-N (Asp-N) was purchased from Boehringer
Mannheim (Indianapolis, IN, USA). Endo-
glycosidase-H (Endo-H) was obtained from
Genzyme (Cambridge, MA, USA). Aspergillus
saitoi  a(1-2)-mannosidase [a(1-2)-mannosid-
ase] was purchased from Oxford GlycoSystems
(Rosedale, NY, USA). Trifluoroacetic acid
(TFA) and heptafluorobuteric acid (HFBA) and
dithiothreitol (DTT) were purchased from Pierce
(Rockford, IL, USA). lodoacetic acid, sodium
salt obtained from Aldrich (Milwaukee, WI,
USA). Trizma Base, disodium EDTA, calcium
chloride, guanidine HCI and glycerol from Sigma
(St. Louis, MO, USA). HPLC grade acetonitrile
was obtained from Burdick and Jackson (Mus-
kegon, MI, USA).

2.3. Sample preparation

Endo-H digestion

rhBMP-2 and glycopeptide DS samples were
buffer exchanged into a pH 5.5, 10 mM sodium
phosphate  solution for endoglycosidase-H
(Endo-H) digestion. A sample of thBMP-2 (2.5
mg/ml) or D5 peptide was incubated with 40
mU/ml of Endo-H (specific activity = 40 U/mg)
for 16 h at 37°C. The pH of the digested samples
was adjusted to 2.5 using 0.1 M HCI before CZE
analysis.
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a(1-2)Mannosidase digestion

rhBMP-2 was digested to rhBMP-2,(GlcNAc), -
(Man5,Man5) with «(1-2)mannosidase at an
enzyme/protein ratio of 50 mU/1 mg in 1 ml of
sodium acetate, pH 5, at 37°C for 48 h.

Reduction and carboxymethylation of rhBMP-2

A 10-ul aliquot of 0.1 M dithiothreitol was
added to 250 g thBMP-2 in 480 ul 0.5 M Tris
buffer, 6 M guanidine, 5 mM EDTA, pH 8.5.
The mixture was spun for 5 min on a bench
centrifuge, layered with argon and was incubated
at 37°C for 1.5 h. After the addition of 10 wl 250
mM iodoacetic acid, the reaction mixture incu-
bated under argon for 1 h in darkness. The
sample was immediately desalted on RP-HPLC
(C, column) and freeze dried.

Glycan mapping

Oligomannoses were released from rhBMP-2
by Endo-H digestion. The deglycosylated protein
was removed by centrifugation in a Amicon
(Beverly, MA, USA) microcon-3 microconce-
ntrator. Desalting was achieved through chroma-
tography on a Bio-Gel P-2 column from Bio-Rad
(Hercules, CA, USA) Oligomannoses were frac-
tionated on a Dionex (Sunnyvale, CA, USA)
Carbopac PA-100 column with pulsed am-
perometric detection. A gradient of sodium
acetate from 0 to 100 mM over 40 min was used
[21-22].

3. Results and discussion
3.1. Mobility calculations

A typical electropherogram of rhBMP-2 is
shown in Fig. 4. The electropherogram shows
nine peaks. The migration times of the nine
peaks and their respective mobilities are summa-
rized in Table 1. The average mobility (u,,.) is
1.32x107" em® V™' s7' and the difference in
mobility between adjacent peaks (Au) is 0.100 x
107" ecm® V7' s7' The efficiency N of the
separation is approximately 350 000 theoretical
plates per 50 cm and the resolution (R,) is
estimated to be 1.12.

0.8 |

0.6 -

0.4 |

0.2

Absorbance {200 nm)

N=2350 000/50 cm s
R=1.12 .

0.0F .
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Fig. 4. CZE of rhBMP-2 in a 50 cm X 50 um [.D. Bio-Rad,

coated capillary. Sample was electroinjected for 4-8 s at 6-12

kV in 0.1 M phosphoric buffer (pH 2.5). Detection is by

absorbance at 200 nm. Capillary cartridge temperature was

controlled at 20°C.

3.2. Peak identifications

Since the polypeptide portion of rhBMP-2 is
homogeneous (data not shown), its microhetero-
geneity is believed to come from the carbohy-
drate portion of the molecule. As &“SerThr is
the predicted glycosylation site, we be%an our
investigation with the glycopeptide Asp *Leu”
(D5). The D5 glycopeptide was purified from the
endoproteinase Asp-N digest of reduced and
alkylated rhBMP-2 using RP-HPLC. Fig. 5 com-
pares the DS peptide before and after Endo-H
digestion. The electropherograms showed that

Table 1
Migration times and mobilities of rhBMP-2 glycoforms

Peak No. Migration time Mobility
(min) (10 %ecm® V's™h)
1 23.20 1.36
2 23.35 1.35
3 23.53 1.34
4 23.73 1.33
5 23.92 1.32
6 2411 1.31
7 24.32 1.30
8 24.52 1.29
9 24.70 1.28
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Fig. 5. Overlay of the CZE profiles of intact and de-
glycosylated DS glycopeptide of rthBMP-2. A Bio-Rad,
coated capillary was used. Sample was injected by electro-
migration for 4-8 s at 6-12 kV in 0.1 M phosphoric buffer
(pH 2.5). Detection is by absorbance at 200 nm. Capillary
cartridge temperature was controlled at 20°C.
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D5 glycopeptide had five peaks before and one
peak after Endo-H digestion. The collapse of the
peaks by Endo-H digestion suggested that the
microheterogeneity is due to a high-mannose-
type carbohydrate. This postulate was confirmed
by our FAB-mass spectrometric data. In order to
enhance the sensitivity and accuracy of the mass
spectrometric analysis, the D5 glycopeptide was
further digested with endoproteinase Lys-C re-
sulting a smaller glycopeptide Asp”> K", which
was recovered by RP-HPLC. Fig. 6 is the FAB-
mass spectrum of the glycopeptide Asp®> K"
[23]. The FAB-mass spectrum shows five distinct
peaks. The masses correspond to the mass of the
peptide (Asp™>-Lys’’) added to the masses of
two N-acetylglucosamine (GlcNAc) residues and
5,6, 7, 8 or 9 mannose residues [Asp’ K-
(GleNAc),Man,, where X=5, 6, 7, 8 or 9].
That is, our MS data confirmed that the putative
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Fig. 6. Fast atom bombardment mass spectrum (FAB-MS) of the D5 glycopeptide of rhBMP-2 showing five glycoforms

(D5-(GleNAc),Man ), where X varies from 5 to 9.



K. Yim et al. / J. Chromatogr. A 716 (1995) 401-412 407

glycosylation site Asn’ is indeed occupied by a
high-mannose-type structure. The D35 electro-
pherogram bears a striking resemblance with its
FAB-mass spectrum, suggesting peak 1 to be
D35-(GlcNAc),Man,, peak 2 to be D5-(GlcNAc),-
Man,, so forth. The migration pattern indi-
cates that the D5 glycopeptide mobility de-
creases as mannose residues are added. The
carbohydrate heterogeneity of thBMP-2 can be
further confirmed by using matrix-assisted laser
desorption ionization-time of flight mass spec-
trometry (MALDI-TOF MS). Table 2 summa-
rizes the mass spectrum of a reduced and
alkylated rhBMP-2 sample [23]. The spectrum
displayed five peaks. Strikingly, each peak in the
mass spectrum corresponds to an individual
glycosylation variant of the monomeric subunit.
The 160 u difference between peaks is in excel-
lent agreement with the mass of a single man-
nose residue (M, =162). The observed masses
for all the peaks are within 0.15% of the theoret-
ical values. This confirmed that the rhBMP-2
monomer exists in five different glycoforms
rhBMP-2-(GIcNAc),Man,,, where X =5,6,7, 8
or 9.

We now turn to intact thBMP-2. Fig. 7 com-
pares intact thBMP-2 before and after Endo-H
digestion. The collapse of the nine rhBMP-2
peaks into one major peak (and two minor
peaks) after Endo-H digestion again confirmed
that its microheterogeneity is due to the high-
mannose-type carbohydrate.

Since intact thBMP-2 is a disulfide-linked homo-
dimer of two identical monomers, simple combi-
natorial calculations, [n +c¢(n,r), where n=35
and r = 2] reveals that there are 15 glycoforms.
The fifteen glycoforms can be represented by

Table 2
MALDI-TOF MS results of reduced and alkylated rhBMP-2
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Fig. 7. Overlay of the CZE profiles of intact and de-
glycosylated thBMP-2. A Bio-Rad, coated capillary was
used. Sample was injected by electromigration for 4-8 s at
6-12 kV in 0.1 M phosphoric buffer (pH 2.5). Detection is
by absorbance at 200 nm. Capillary cartridge temperature
was controlled at 20°C.

the glycoform formula (rhBMP-2),-(GlcNAc),-
(Man,,Man, ), where X and Y can vary from 5
to 9, respectively, and X <Y

However, only nine peaks have been sepa-
rated. A simple hypothesis can be proposed. If
the hypothesis is confirmed, it will also shed light
on the mechanism of separation. The hypothesis
is: Even though there are fifteen rhBMP-2 glyco-
forms, there are only nine groups with distinct
masses. Namely, the groups rhBMP-2,-
(GleNAc),(Man, ) where Z varies from 10 to 18.
Accordingly, if the CZE mechanism separates
with reference to the number of mannoses a
given thBMP-2 molecule possesses, then it could
only resolve nine peaks. For example, the follow-
ing three glycoforms: (thBMP-2),-(GlcNAc),-
(Mang,Mang), (rhBMP-2),-(GlcNAc),(Mang,
Man,).  (thBMP-2),-(GlcNAc),(Man,,Man,),

Peak No. Glycoform Theoretical M, Observed M,
1 BMP-2 (GlcNAc),Man, 14 529 14 520
2 BMP-2 (GlcNAc),Man, 14 690 14 680
3 BMP-2 (GlcNAc),Man, 14 852 14 840
4 BMP-2 (GlcNAc),Man, 15014 15010
5 BMP-2 (GlcNAc),Man, 15176 15 160
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Fig. 8. High-pH anion-exchange chromatography with pulsed
amperometric detection (HPAE-PAD) analysis of the N-
linked oligomannose oligosaccharides released from rhBMP-
2 by Endo-H digestion.

Table 3
The theoretical glycoform distribution calculated from the
N-linked oligomannose analysis results

Species Area Fraction
M35 7.6 0.23
M6 7.5 0.23
M7 6.6 0.20
M8 6.4 0.19
M9 4.9 0.15
Species Isoforms Fraction
M10 55 0.05
Mi11 56,65 0.10
M12 57.75.66 0.14
Mi13 58.,85,67.76 0.18
Mi4 59.95.,68.,86.77 0.20
M15 69.96.78.,87 0.15
M16 79.97.88 0.10
M17 89.98 0.06
M18 99 0.02
a

Absorbance (200 nm)

1 L 4 Jd
22.0 22.5 23.0 23.5 24.0 24.5 25.0
migration time (min)

all have 14 mannose residues each; consequent-
ly, they all have the same mobility and migrate
as one peak.

3.3. Peak assignments

A theoretical glycoform distribution (the rela-
tive proportion of glycoforms) can be calculated
from a thBMP-2 glycan map. A glycan map is
the high-pH anion-exchange chromatography
with pulsed amperometric detection (HPAE-
PAD) chromatogram of the oligosaccharides
released from a glycoprotein by glycosidase
digestion. A typical thBMP-2 glycan map is
shown in Fig. 8. The theoretical distribution of
the thBMP-2 glycoforms is calculated as shown
in Table 3. An electropherogram of thBMP-2 is
compared to theoretical glycoform distributions I
and II, as shown in Figs. 9a and 9b, respectively.
In Fig. 9a, the glycoform distribution I is shown
with number of mannose residues arranged in
descending order. In Fig. 9b, the theoretical
distribution II is shown with number of mannose
residues arranged in ascending order. The simi-
larity between the CZE profile and theoretical
distribution II suggests that the peak assignments
in Fig. 9b are correct. In other words, the
migration time increases (or the mobility de-
creases) as the number of mannoses is increased.

However, an independent verification is still

0.8

0.6

0.4

0.2

Absorbance {200 nm)

0.0

1 1 i i1
22.0 225 23.0 23.5 24.0 24.5 25.0

migration time (min)

Fig. 9. (a) Comparison of the CZE profile of rhBMP-2 with the theoretical glycoform distribution I calculated from the
oligosaccharides analysis results. (b) Comparison of the CZE profile of thBMP-2 with the theoretical glycoform distribution II

calculated from the oligosaccharides analysis results.
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required. A direct proof can be realized if an
enzyme which can convert all thBMP-2 glyco-
forms to (rhBMP-2),-(GicNAc),(Man,,Man,)
can be found. Fortunately, such an enzyme does
exist and it is @(1-2)mannosidase. As shown in
Fig. 10, when rhBMP-2 is digested with a(1-
2)mannosidase, the cluster of nine peaks does
collapse into a single peak coincident with the
(rhBMP-2),-(GlcNAc),(Mang,Mang), thus con-
firming the peak assignments.

3.4. Mobility depends on the number of
mannoses

When the mobilities and migration times of
the rhBMP-2 glycoforms are plotted against the
numbers of mannose residues, two straight lines
with R?>0.999 result. Two observations can be
made from these results. Firstly, the mobility of
a given glycoform decreases when its number of
mannose residues increases. Secondly, the slope
8u/én|, is constant and is equal to 0.1-107* cm’
visTh

Since thBMP-2 is homogeneous in charge and
oligomannoses are neutral, the rhBMP-2 glyco-
forms are not expected to be resolved by CZE as
there are no charge differences. But, interesting-
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Fig. 10. Overlay of the CZE profiles of intact and a(1-2)-
mannosidase digested thBMP-2. rhBMP-2 was digested to
rhBMP-2 oligomannose 10 with a(1-2)mannosidase at an
enzyme—protein ratio of 50 mU/mg in 1 ml of sodium
acetate, pH 5. at 37°C for 48 h.

ly enough, nine peaks were indeed resolved and
it is important to examine possible mechanisms
of separation. In other words, how does an
incremental mannose residue affect the mobility
of thBMP-2?

3.5. Plausible mechanisms

Since mobility of a particle is defined as

-4
k=7 Q)

where w is the mobility of a particle, g is its
surface charge and f its frictional coefficient. A
neutral mannose molecule can reduce the mobili-
ty of thBMP-2 by increasing its frictional coeffi-
cient or decreasing its effective charge.

Effect of mass of a mannose on rhBMP-2
mobility

thBMP-2 belongs to the transforming growth
factor 8 (TGF-B) family of growth factors and is
believed to have a rod shape like TGF-B. If we
assume rhBMP-2 to have a rod shape, then its
frictional coefficient should be proportional to its
molecular mass (M,) raised to the power 0.8
[24]. After substituting M 8 for f, differentiating
Eq. 4 and noting that charge g is constant, we
obtain

d d
CE_ 082 ®)

7 m

This equation states that the fractional change in
mobility is equal to eight tenths the fractional
change in molecular mass. Given that the mass
of a mannose is 162 and that the mass of rhBMP-
2,-(GlcNAc),Man,, is 29 680, the fractional
mass change (dm/m) is 162/29 680 or 0.54%,.
Thus, the calculated fractional change in mobili-
ty (Ap/p) is (—0.8 X 0.54%) or —0.43%. Since
the experimentally determined fractional change
in mobility (A, /u) is (~0.100-107* cm® V'
s71)/(1.32-107* ecm® V7! s7')=—-0.75%, the
incremental mass change of a mannose can
account for (0.43/0.75) =57% of the observed
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mobility change (Aw) on rhBMP-2 through its
effect on the frictional coefficient f.

Effect of one charge on rhBMP-2 mobility

Fig. 11 is the electropherogram of a mixture
two thBMP-2 charge variants. The two charge
variants arise because the N-terminal of rhBMP-
2 is a glutamine (Gln form) which can cyclize to
form a pyroglutamic acid (pyroglu form). The
Gln terminus is positively charged under acidic
conditions while the pyroglu terminus is not; so
there is a two-charge difference between the two
forms (thBMP-2 being a dimer). The mobility
differences between the corresponding pair of
glycoforms should be attributable to their charge
differences alone. In other words, since the
charge difference between the (Gln-rhBMP-2),-
(GlcNAc) Man,, and (pyroglu-thBMP-2),-
(GIeNAc) ,Man,,, forms is two charges, the ‘ef-
fective charge difference’ between adjacent gly-
coforms can be estimated to be 0.51 charges. In
other words, adding a mannose to rhBMP-2 has
the same effect on its mobility as reducing its
total charge by 0.51.

By using a simple particle model, we can
already gain insight on how a mannose residue
can affect the mobility of thBMP-2 through a

T T T

1.0 a mixture of gln and 0:51 charge
pyroglu forms

0.8 |—— pyroglu form alone i

Absorbance (200 nm})

25

migration time (min)

Fig. 11. Overlay of the CZE profiles of a mixture of the
pyroglu and gln forms of rhBMP-2 and that of the pyroglu
form of rthBMP-2.

charge shielding effect, hydrodynamic drag (f)
effect, or a combination of the two.

It is difficult to ascribe a meaning to the
charges on a colloid particle; it is more useful to
consider the electrostatic potential on its surface.
From the mobilities of the rhBMP-2 glycoforms,
their respective zeta potentials can be calculated.
Substituting = 0.010 P and e = 80.4 for water at
20°C into Eq. 6, the zeta potential, ¢, of
(rhBMP-2),-(GlcNAc),(MansMang) is 38 mV
and AZ is —0.29 mV per mannose residue. One
interpretation is that, as shown diagrammatically
in Fig. 3, the zeta potential { of a particle is the
potential at its ‘surface of shear’ or ‘slip plane’.
The location of the ‘slip plane’ or ‘surface of
shear’ is not known independently, but it seems
reasonable that it is not far away from the Stern
plane. It fact, it is often assumed that they
coincide, and that y, = {. It is likely that the slip
plane is just slightly further out into the outer
edge of the Stern layer. The potential { depends
on all those things that fix the structure of the
diffuse double layer, including the presence of
neutral species. The addition of the mannose
units to thBMP-2 has the effect of extending the
shear plane outward, reducing the zeta potential
by 0.29 mV. Whether the incremental mannose
residue extends the shear plane further into the
double layer, thus reducing the zeta potential, or
the incremental mannose residue increases the
frictional coefficient of the particle and at the
same time shields and reduces the ‘effective
charge’ on the protein particle cannot be dis-
cerned. Both the charge and hydrodynamic fac-
tors seem to be involved.

It is illuminating to examine Fig. 12, which is
the X-ray crystal structure of TGF-B2 [25,26]
drawn on the same scale with an oligomannose 9
structure, to obtain an appreciation of their
spatial arrangement. The reader can almost
mentally form a bond between Asn’® and the
N-acetylglucosamine of the oligomannose 9
structure. The most salient feature of the struc-
ture is that the oligomannose 9 structure is large
relative to the protein, considering its molecular
mass. One consequence of this large size is that
the oligomannose may conceivably wrap around
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Fig. 12. X-ray crystal structures of TGF-B2 and an oligomannose 9 (GlcNAc,Man,).

the N-terminal region (where numerous positive
charges are located) and as a result reduces the
‘effective charge’ on the protein particle.

4. Conclusion

We have shown that recombinant human bone
morphogenetic protein 2 (thBMP-2) has fifteen
glycoforms. Their structures can be described by
the formula (thBMP-2),-(GlcNAc),(Man,,
Man, ), where X<Y and X and Y can vary
from 5 to 9, respectively. We have separated the
fifteen glycoforms into nine peaks. The identities
of the nine peaks are (rhBMP-2),-(GlcNAc),
(Man,,Man,) where X +Y=10,11,...,18. In
other words, we were able to separate two
proteins (M, =30 000) that differ by only one

mannose residue. We were not able to separate
the rhBMP-2 glycoforms that have the same
number of mannose residues (stereoisomers).
Since mannose is a neutral molecule and the
protein is homogeneous, all the thBMP-2 glyco-
forms have the same charge and were not ex-
pected to be separated without resorting to
chemical complexation. We explored several
separation mechanisms and concluded that the
size of the mannose residue is the key to the
separation mechanism. The mannose residue is
large compared to the size of a protein. Conse-
quently, it either provides enough drag or shields
enough charges on the -molecule to reduce its
mobility to be resolved. Since the slope of the
mobility versus number of mannose plot (6u/
dn|,) is so constant, we believe the drag effect
rather than charge shielding to be primarily
responsible for the decrease in mobility. The
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novelty of our separation is that no complexation
is invoked and all the glycoforms carry the same
charge. Based on our results, we can infer that
CZE using a simple low-pH buffer can resolve
not only glycoforms with uncharged (neutral)
glycans but also glycoforms with charged glycans
(sialylated species for example) [4]. Therefore,
CZE under low-pH conditions, when the pro-
teins are fully positively charged, is a technique
uniquely suitable for complex glycoform analysis
without resorting to complexation reactions.
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