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Proteins that are heavily glycosylated pose unique
challenges in their biophysical characterization. In
particular, molecular weight analysis is exacerbated
by such glycosylation. For example, glyoproteins are
refractory to careful mass spectrum analysis and often
give anomalous retention times using size exclusion
chromatography. We combine several approaches to
characterize the molecular weights of the extracellu-
lar domains of the glycoproteins CTLA-4 and CD80
using carbohydrate analysis, electrospray mass spec-
trometry, size exclusion chromatography, and analyt-
ical ultracentrifugation. In addition, we have applied
a method described previously, using sedimentation
equilibrium analysis to calculate the contribution of
carbohydrates to the molecular masses of CTLA-4 and
CD80. It is important to understand the oligomeric
states of these protein domains because the interac-
tion between these lymphocyte receptors plays an im-
portant costimulatory role in the T,-cell antigenic re-
sponse. It is thought that extracellular interactions
between these receptors may regulate both the self-
association of these receptor proteins and the oligo-
meric state of the heterocomplex; this regulation has
important consequences for potentiating the signaling
mechanism between T,-cells and antigen-presenting
cells. © 1999 Academic Press

CTLA-4 and CD80 (also named B7-1) are T-cell
and B-cell receptors, respectively (2—4), that induce
a costimulatory response (5, 6) for the activation of
immunocompetent cells in the immune response.
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Such interactions act to modulate the primary inter-
actions that occur between T-cells and B-cells via
presentation of antigen by the MHC class Il receptor
to the T-cell receptor complex. Interactions between
CTLA-4 (or its homolog, CD28) and CD80 (or its
homolog, CD86) can stimulate T-cell proliferation as
well as negatively regulate T-cell activation, depend-
ing on which particular set of receptors are engaged
with one another (7-9).

CTLA-4 exists as a disulfide-linked dimer on the cell
surface; this covalent dimerization is important for
high binding avidity. Evidence suggests that each mo-
nomeric unit of CTLA-4 can bind its coreceptors, CD80
or CD86, independently (10). An understanding of the
structural determinants for this binding has come from
a recent NMR structure of a monomeric, soluble frag-
ment of CTLA-4 (11). Its structure is related to the
immunoglobulin superfamily variable domains. Two
N-linked glycosylation sites at Asn 78 and Asn 111
were observed showing varying degrees of interactions
with the protein; however, neither appear to be impor-
tant for the structure or stability of this domain from
CTLA-4 (Fairman, unpublished results). No detailed
structural information is yet available for CD28, CD80,
or CD86.

Of critical importance in understanding the interac-
tion of these receptors is their oligomeric states,
namely their ability to self-associate because this di-
rectly impacts the magnitude of the binding avidity.
There is some evidence that extracellular interactions
with CTLA-4 drive oligomerization of CD80, thus cre-
ating the potential to regulate intracellular signal
transduction pathways (10). It is important to under-
stand the oligomeric states of these protein—protein
interaction domains to fully understand their roles in
signal transduction and subsequent regulation of the
immune response.
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As a prerequisite to determining the nature of the
heteromeric complexes formed between CTLA-4 and
CD80, it is first necessary to establish the native oli-
gomeric states of these proteins by themselves. The
approach we have taken is to combine several analyt-
ical methods with ultracentrifugation analysis to de-
termine the native molecular weights of the glycosy-
lated extracellular domains of CTLA-4 and CD80 (12).

Glycoproteins provide a significant challenge in de-
termining accurate molecular weights by sedimenta-
tion equilibrium because the partial specific volumes of
such proteins are not readily determined and this is an
essential parameter in sedimentation equilibrium
analysis. If an accurate mass for the linked carbohy-
drate is not known (and this is often the case for gly-
coproteins), it is impossible to determine the correct
partial specific volume to be used. This problem is
compounded because the average partial specific vol-
ume for polypeptide chains (0.73 mL g™) is signifi-
cantly different from that for carbohydrates (0.63 mL
g™ "). One simple method for experimentally determin-
ing the partial specific volume of a protein is to com-
pare the sedimentation in solvents of different densi-
ties such as H,O and D,O (13); however, this method
cannot be applied to heterogeneous systems. Classical
methods to measure this parameter, such as pycnom-
etry, suffer from the requirement for large amounts of
protein. Instead, we use a methodology first described
by Shire (1) to empirically determine accurate molec-
ular weights without knowing the partial specific vol-
ume a priori. Here we show a test of this methodology
using CTLA-4, where we have detailed information
about carbohydrate identity and content and then ap-
ply this to CD80 for which only limited information is
available about its associated carbohydrates.

MATERIALS AND METHODS
Preparation of Protein

Protein was expressed and purified as described in
Metzler et al. (11). The concentrations of the proteins
were determined by UV absorption in 6 M GuCl by the
method of Edelhoch (14).

Size Exclusion Chromatography

Both CTLA-4 and CD80 were analyzed by size exclu-
sion chromatography using a Bio-Sil SEC250-5 column
(Bio-Rad) running on a Pharmacia FPLC system. The
column was equilibrated with phosphate-buffered sa-
line and run using a flow rate of 0.5 mL/min in the
same buffer. Apparent molecular weights were deter-
mined using a standard curve derived from size exclu-
sion chromatography standards from Bio-Rad.

287

Liquid Chromatography/Electrospray lonization Mass
Spectrometry (LC/ESI/MS)

All CTLA-4 samples were subjected to on-line micro-
HPLC to remove nonvolatile salts and to separate
CTLA-4 from other proteins present in the samples.
The micro-HPLC and columns were obtained from
Michrom BioResources (Auburn, CA). Samples con-
taining approximately 100 pmol of CTLA-4 were in-
jected onto a protein trap column (1 X 10 mm PLRP-s
4000 A). The trap column was flushed using a syringe
containing 100 uL of H,O/acetonitrile/acetic acid (78/
20/2), allowing salts to be flushed to waste, while re-
taining protein on the trap column. After the washing
step, the trap column was switched in line and samples
were separated by passing a gradient through the trap
and a second analytical column (0.5 mm i.d. X 50 mm
PLRP-s 1000 A). A gradient from 20 to 95% solvent B
in 22 min at a flow rate of 20 uL/min was used. Solvent
A contained H,O/acetonitrile/acetic acid (96/2/2) and
solvent B contained acetonitrile/n-propanol/H,O/acetic
acid (73/15/10/2). Mass spectrometry was conducted
using a Finnigan MAT TSQ 7000 (San Jose, CA)
equipped with an electrospray ion source. The Finni-
gan TSQ7000 mass spectrometer has a dual mass
range (m/z 10-2500 or 20—4000). Most proteins can
be analyzed successfully by scanning a range of m/z
500-2000; however, for CTLA-4, no detectable ions
were obtained for CTLA-4 in this range. The Finnigan
TSQ7000 was therefore operated in the high mass
range with scanning from m/z 1500 to 3800. The in-
strument m/z scale was calibrated during direct infu-
sion of a 10 wM solution of lysozyme (Sigma Chemical
Co.), which gave ion signals out to m/z 3578 (the +4
charge state). During LC/MS, the instrument was
scanned using the first quadrupole in the positive ion
mode. Data were acquired in the profile acquisition
mode using a scan time of 5 s. ESI mass spectra were
processed using the Finnigan MAT BIOMASS decon-
volution software which converts the multiply charged
ion mass spectra into a zero-charge plot indicating
molecular mass.

Analytical Ultracentrifugation

Samples were dialyzed extensively against 10 mM
Na phosphate, pH 7.0, 150 mM NaF. The loading con-
centrations of CTLA-4 and CD80 were 3.7 and 2.9 uM,
respectively.

Experiments were performed at 4°C in a Beckman
Model XLA ultracentrifuge using an An 60 Ti rotor.
Data were collected at 238 or 239 nm (except for the 8.7
uM CD80 sample, which was collected at 275 nm)
using six-channel Epon, charcoal-filled centerpieces
with a 12-mm path length containing 110 L samples
and 125 uL buffer references. At intervals of 2 h, 20
successive radial scans were averaged using a
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0.001-cm step size and equilibrium was assumed if no
change in distribution was observed between sets of
scans.

Data analysis was performed using both the HID
program obtained from the Analytical Ultracentrifuga-
tion Facility at the University of Connecticut and soft-
ware running under Igor (Wavemetrics, Lake Oswego,
OR) and incorporating the algorithm of M. L. Johnson
(15) obtained as a gift from P. Hensley (Pfizer, Inc.,
Groton, CT). The data were fitted with a single species
model using the equation

Cr=CmeXp[M(1 — Vp)w?(r? — r2)/2RT], [1]

where ¢, and ¢, are the concentrations of the protein at
radial position r and at some reference position m
(often the meniscus), respectively, M is the weight-
average molecular weight, v is the partial specific vol-
ume, p is the solvent density, o is the angular velocity,
r is the radial distance from the center of rotation, r,, is
the distance from the center of rotation to the reference
position, R is the gas constant, and T is the absolute
temperature in Kelvin. The fitting routine used by the
HID program does not require a priori knowledge of
solvent density or partial specific volumes as it fits data
using the parameter, o. This parameter is related to
the buoyant molecular weight as

M(1 — Vp)w?

7= RT ’ [2]
where M(1 — vp) is the buoyant molecular weight.

The densities of the solvents used were measured
gravimetrically (p = 1.0013 *= 0.0014 g/mL for the
standard solvent and p = 1.1112 + 0.0008 g/mL for the
solvent containing 5 M GuHCI. The partial specific
volumes (V) of the polypeptide chains were calculated
as described in Laue et al. (16) and are 0.723 mL g™ * for
CTLA-4 and 0.725 mL g * for CD80 after correction for
temperature using the equation from Laue et al. (16)

Uy = Vps + 4.25 X 10 4T — 298.15), [3]

where V5 is the value calculated at 25°C. A table of
amino acid partial specific volumes has more recently
been reported by Kharakoz (17) that may replace the
table presented by Laue et al. (16) as originally re-
ported by Cohn and Edsall (18) in calculating protein
partial specific volumes. Using this newer table as a
reference, the partial specific volumes obtained for
CTLA-4 and CD80 are both 0.732 mL g * after apply-
ing the temperature correction as shown in Eq. [3].
Since this difference in partial specific volumes as cal-
culated by the two methods is only on the order of 1%,
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the values used in this work are based on the informa-
tion taken from Laue et al. (16).

A temperature-corrected carbohydrate partial spe-
cific volume of 0.641 mL g * was calculated based on
information from carbohydrate analysis of CTLA-4
(16). This same value was assumed for CD80 carbohy-
drates. For 5 M GuHCI, ¢, was used in place of v to
correct for GUHCI effects using the equation from Laue
et al. (16)

¢, =V + {i - \73}(53 — 0381), [4]

where the density of 5 M GuHCI, p = 1.1112 = 0.0008
g mL ™, the partial specific volume of 5 M GuHCI, v, =
0.758 mL g%, the degree of hydration of GUHCI, g, =
1.007 g GuHCIl/g H,0, and the degree of protein hy-
dration (using the value for collagen), 6, = 0.48 g H,O/g
protein. &, is calculated using the relationship

8=Md{N‘_1+N o+ N } [5]
3 Mp 2 aromatic carbohydrate [ 1

where the molecular weight of the denaturant My =
95.54, the molecular weight of CD80 M, = 46,400, the
number of amino acid residues N, = 216; the number of
aromatic residues N omaic = 28, and the number of
carbohydrates (estimated from Table 3) N monyarate =
141.

RESULTS

To determine the native molecular weights of the
glycoproteins CTLA-4 and CD8Q0, it is necessary first to
define their covalent molecular weights as accurately
as possible. SDS-PAGE analysis under nonreducing
conditions for these two proteins suggests that their
molecular weights are about 40,000 for CTLA-4 and
45,000 for CD80 (see Table 4). These weights, when
compared to the expected polypeptide molecular
weights of 27,716 for the disulfide-crosslinked dimer of
CTLA-4 and 24,639 for CD80, indicate a large discrep-
ancy. This must be due, in part, to significant levels of
glycosylation of these proteins, although, in general,
proteins can have aberrant mobility as measured by
SDS—-PAGE due to other effects.

We analyzed more rigorously the molecular weight of
CTLA-4 by electrospray ionization mass spectrometry
(ESI/MS) (Fig. 1). At least 10 peaks are evident, arising
from heterogeneous glycosylation in vivo. CTLA-4 has
two N-linked glycosylation sites at asparagine residues
78 and 111. The major species at Asn 78 is a disialy-
lated biantennary core-fucosylated N-oligosaccharide
as shown below (Wu, unpublished):
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The major oligosaccharide at Asn 111 is a monosial-
ylated biantennary core-fucosylated N-oligosaccha-
ride. Based on the known structures of the oligosaccha-
rides on CTLA-4, it was possible to assign the majority
of the peaks observed in the ESI/MS data. These data
are summarized in Table 1. A large contribution to the
heterogeneity results from the variable number, rang-
ing from 2 to 7, of attached sialic acids to the carbohy-
drate structures. From the data in Fig. 1A and Table 1,
it is evident that the structures containing between 4

Deconvoluted electrospray mass spectra of (A) native CTLA-4, and (B) CTLA-4 after treatment with neuraminidase.

and 5 sialic acids are the most abundant, consistent
with the carbohydrate analysis. Additional heteroge-
neity also arises from variability in the N-terminal
amino acid. The most abundant signals in the ESI data
indicate that the N-terminal alanine is missing from
both CTLA-4 chains. However, another series of peaks
is evident which is shifted higher by 71 Da, indicating
that a smaller percentage of CTLA-4 retains one of the
N-terminal alanine residues.

Differential sialylation represents a major compo-
nent of this heterogeneity as shown by mass analysis
after treatment with neuraminidase, an enzyme that
specifically removes sialic acid (Fig. 1B). The overall
mass of the glycoprotein has been reduced, with the
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TABLE 1
Interpretation of Results from LC/ESI/MS Analysis of Native and Neuraminidase-Treated CTLA-4 Samples

Sample Experimental mass (Da)

Calculated mass (Da) Proposed structures

35228
35525
35803
35870
36096
36167
36387
36451
36758
34483
34640
34707
35004
35070

Native CTLA-4

Desialylated CTLA-4

35218 —2 Ala, —6 NeuNAc
35509 —2 Ala, —5 NeuNAc
35800 —2 Ala, —4 NeuNAc
35871 —1 Ala, —4 NeuNAc
36091 —2 Ala, —3 NeuNAc
36162 —1 Ala, —3 NeuNAc
36382 —2 Ala, —2 NeuNAc
36453 —1 Ala, —2 NeuNAc
36745 —1 Ala, —1 NeuNAc
34474 —2 Ala, —8 NeuNAc, —Gal
34636 —2 Ala, —8 NeuNAc
34707 —1 Ala, —8 NeuNAc
34998 —1 Ala, —7 NeuNAc
35069 —7 NeuNAc

Note. NeuNAc, sialic acid; Gal, galactose. —x NeuNAc indicates that x sialic acids have been removed from the fully sialylated structure.
—x Ala indicates whether one or both N-terminal alanine residues are missing.

predominant species being 34,461. This represents a
loss of four sialic residues (M, 291 per saccharide) from
the predominant peak noted in Fig. 1A (M, 35,805).
The remaining heterogeneity in mass must be due to
variation in addition of other sugars and N-terminal
heterogeneity as described above.

Using the major peak from Fig. 1A as representative
of the average mass of the attached oligosaccharides,
we can derive the molecular weight of the carbohy-
drates by a simple difference from the expected
polypeptide molecular weight. This difference is 8,089
or 23% by weight.

The native molecular weight of CTLA-4 was studied
initially by size exclusion chromatography (Fig. 2; Ta-
ble 4). The retention time compared to several protein
molecular weight standards gave an apparent molecu-
lar weight of 73,800, close to that expected for a dimer.
However, it is well known that retention time by size
exclusion chromatography is both strongly shape de-
pendent and influenced disproportionately by carbohy-
drate content.

A more accurate approach of measuring the native
molecular weight is by sedimentation equilibrium ul-
tracentrifugation. Figure 3 shows ultracentrifugation
data for CTLA-4 collected at three different speeds.
The data are shown fit with a single species model
using the buoyant molecular weight as an adjustable
parameter. The single species model shows a reason-
ably good fit to the data as judged by the randomness of
the residuals. It is unlikely that the small nonrandom
component observed in the residuals from this fit is
caused by carbohydrate molecular weight heterogene-
ity. This heterogeneity is only on the order of =1000 (as
seen by ESI/MS in Fig. 1) in the background of a
covalent molecular weight of approximately 36,000.
This represents only a 3% variation in molecular

weight, well within the 10% error typically seen for
ultracentrifugation sample columns of 2 mm in height.

Therefore, the nonrandom variations in the residu-
als in Fig. 3A must be due to other processes such as
dynamic self-association or aggregration. Additional
evidence for this nonideal behavior comes from the
apparent decrease in molecular weight as a function of
rotor speed (Table 2). Further support for aggregation
comes from the analysis of data collected at different
protein concentrations. As the protein concentration is
increased, the apparent molecular weight increases as
well (data not shown).

7.88

0.6 [ 2 T
o0

04

Absorbance (214 nm)

Retention Time (min.)

FIG. 2. Size exclusion chromatography analysis of CTLA-4 and
CD80. The retention times (RTs) for CTLA-4 and CD80 are 8.45 and
7.88 min, respectively. Retention times of the standards are as fol-
lows: thyroglobulin (M, 670,000; RT = 5.81 min); bovine y-globulin
(M, 158,000; RT = 7.65 min); chicken ovalbumin (M, 44,000; RT =
8.69 min); equine myoglobin (M, 17,000; RT = 10.25 min).
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FIG. 3. Sedimentation equilibrium analysis of CTLA-4. A 3.7 uM
sample of CTLA-4 was run at 4°C in 10 mM Na phosphate, pH 7.0,
150 mM NaF. The data were collected at rotor speeds of 8000, 12,000,
and 16,000 rpm. These data are shown fit globally with a model
describing a single ideal species and allowing the molecular weight
to vary. The residuals from the curve fits are shown as well.

Careful analysis of the SE data suggests that a lim-
ited aggregation state is present. This conclusion is
based on following the change in the square root of the
variance (SQOV) from the fit to the data as a function
of the model being used (Fig. 4A). The model that best
minimizes the SQOV is a monomer—n-mer model
where the n state is an aggregation state of 5. In this
model no more than 5% of the protein is aggregated
(Fig. 4B). NMR data (11) for CTLA-4 are consistent
with a monomeric state being the major species in
solution.

On a more technical note, it is often possible that
single species analysis using global fits can show non-
ideal behavior owing to signficant problems with base-
line absorbance. This can be assessed by depleting the
meniscus of protein at high rotor speeds and evaluat-
ing the residual absorbance. If the residual absorbance
is a significant fraction of the overall starting absor-
bance, then the uncertainty in this parameter will sig-
nificantly affect the accuracy of molecular weight de-
terminations. Such problems are often associated with
incomplete dialysis of samples. The data for CTLA-4
were evaluated for residual absorbance at high rotor
speeds. The residual absorbance was found to be suffi-
ciently low so that it did not impact the conclusions
drawn above. At present, quantitative methods for as-
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sessing the contribution of ill-determined baseline ab-
sorbances are not readily available.

Shire (1) describes a method to determine the molec-
ular weight of a glycoprotein when its partial specific
volume is not known. First, the data must fit reason-
ably well to a single species (as described above) as
judged by the buoyant molecular weight, M(1 — Vp).
Having satisfied this requirement, the buoyant molec-
ular weight can be converted to an absolute molecular
weight by making certain assumptions about the par-
tial specific volume. The partial specific volume of the
polypeptide chain can be calculated from the amino
acid composition as described by Laue et al. (16) and
has been shown to agree well with experimentally de-
termined values; the same can be done for carbohy-
drates. In the case of CTLA-4, the polypeptide partial
specific volume is 0.723 mL g (see Materials and
Methods) and the carbohydrate partial specific volume
is 0.641 mL g™'. Using these values, along with the
experimentally determined buoyant molecular weight,
the carbohydrate content, f,,, can be computed as

f . Mgp,buoy - Mp,buoy
b — T T ’
car Mgp,buoy + (Vp - Vcarb)pMp

(6]

where Mg, .0y is the experimentally determined buoy-
ant molecular weight of the glycoprotein, M, is the
computed buoyant molecular weight for the polypep-
tide chain, M, is the molecular weight of the polypep-
tide chain, and v, and v, are the partial specific
volumes for the polypeptide and the carbohydrate com-
ponents, respectively. This computation gives a value
of 27.4% carbohydrate content by weight for CTLA-4
(Table 3). The average mass percentage as determined
by ESI/MS is 23%, which is 4% smaller than that
measured by SE. This discrepancy in mass can be
accounted for by the observation of a small amount of
aggregation for CTLA-4. Having determined the per-
centage carbohydrate in this fashion, it is then

TABLE 2

Speed Dependence of Apparent Molecular Weights
of CTLA-4 and CD80

Speed (rpm)

Sample 12,000 16,000 20,000
CTLA-4% 46,800 =16 % 41,300 = 6.0% 35,800 * 5.6%
CD80*

Exp 1 57,400 = 11 % 54,000 = 4.2% 45,700 = 3.2%
Exp 2 51,400 = 6.7% 48,500 = 2.2% 44,200 = 1.5%
8.7 uM 46,000 = 6.7% 45,600 = 2.7% 43,300 * 3.1%
+5 M GuHCI 55,900 = 12 % 51,500 = 4.0% 46,200 = 2.1%

@ The partial specific volumes used for CTLA-4 and CD80 are 0.700
and 0.685 mL g ', respectively, as determined in Table 3.
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FIG. 4. Model analysis of sedimentation equilibrium data for CTLA-4 (A) Square root of variance reported for data fitted with various
models. The analysis uses global fits to 8000, 12,000, 16,000, and 20,000 rpm data. The single species model treats the molecular weight as
a varying parameter. Monomer and dimer models are single-species models where the monomer molecular weight is based on the dominant
molecular weight as determined by ESI/MS. The remaining models represent monomer—n-mer fits. (B) Partition of the total absorbance for
the 20,000 rpm data for CTLA-4 between a monomer and a pentamer species.

straightforward, in general, to compute the expected
partial specific volume for a glycoprotein. For CTLA-4,
this computes to 0.700 mL g*; this value can now be

TABLE 3

Effect of Assumed Carbohydrate Partial Specific Volume
on Biophysical Parameters

Protein® Vearn” Vo' M, % carb®
CTLA-4 0.63 0.698 37,800 26.8
0.641° 0.700 38,200 %= 7.5% 27.4
0.65 0.703 38,400 27.9
CD80
(' 0.63 0.679 47,800 48.5
0.64° 0.683 48,500 = 5.2% 49.2
0.65 0.688 49,200 49.9
) 0.63 0.681 45,500 45.9
0.64° 0.685 46,000 *= 3.0% 46.5
0.65 0.690 46,700 47.2
8.7 uM 0.64° 0.687 44,800 = 4.5% 45.0
5 M GuHCI 0.64° 0.688 46,000 %= 4.3% 46.5

@ Protein loading concentration is 2.9 uM.

® Carbohydrate partial specific volume.

¢ Glycoprotein weight averaged partial specific volume as calcu-
lated from the % contributions from carbohydrate (%carb) and pro-
tein content.

9 9% carbohydrate as calculated using Eq. [6].

* Numbers in bold are computed based on Eq. [6]. Nonbold num-
bers represent the effect of using test values of 0.63 and 0.65 mL g *
for the carbohydrate partial specific volume.

(1) and (2) represent two independent experiments.

9 Assumed values for carbohydrate partial specific volume based
on value for CTLA-4.

used to compute the apparent molecular weight from
the buoyant molecular weight and a value of 38,200 is
obtained (Table 3). This molecular weight is consistent
with a monomeric state for this protein.

As an aside, if one uses the partial specific volume for
the polypeptide chain as computed from the Kharakoz
table (17) for this analysis, a molecular weight of
41,000 is obtained, predicting that the carbohydrate is
30% by weight, thus being further removed from agree-
ment with the ESI/MS data. It is unclear what might
be the cause of this further discrepancy.

As Shire points out (1), even if the carbohydrate
composition is unknown, and v, cannot be calculated,
using an estimate of 0.63 mL g~* for this parameter
does not seriously compromise the ability to determine
the molecular weight by this method. Table 3 shows
how the apparent molecular weight for CTLA-4 varies
by using a reasonable range of values of 0.63 and 0.65
for V. ar.

The validation of this SE method using CTLA-4
encouraged us to apply this method to CD80 where
the carbohydrate content is not known. We were not
able to obtain sufficiently resolved peaks in the
ESI/MS data for CD80 due to the increased level of
glycosylation observed in this protein. First, the
CD80 data were analyzed using an ideal single spe-
cies model. The data shown in Figs. 5a and 5b are fit
well using a single species model. However, as with
CTLA-4 some decrease in molecular weight was
noted as a function of increasing rotor speed. In the
case of CD80, this effect is probably not caused by
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FIG. 5. Sedimentation equilibrium analysis of CD80. The same three speeds shown in Fig. 3 were used in the analysis of CD80 at (a) 2.9

1M CD80, (b) 8.6 uM CD80, and (c) 2.9 uM CD80 in 5 M GuHCI.

problems with self-association because the molecular
weight does not increase as a function of protein
concentration (Table 2). In fact, this trend in de-
creasing molecular weight persists even when mea-
sured in 5 M GuHCI (Table 2), a concentration of

denaturant that fully unfolds CD80 (data not
shown). Therefore, in the case of CD80, the apparent
heterogeneity as judged by the effects of rotor speed
on molecular weight must be due to heterogeneity in
the covalent molecular weight (i.e., differential gly-
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TABLE 4
Comparison of Molecular Weights for CTLA-4 and CD80

Mass Analytical
Protein Polypeptide SDS-PAGE?® Gel filtration spectrometry ultracentrifugation
CTLA-4 27,716° 40,000 73,800 35,805 38,200
CD80 24,639 45,000 126,400 — 48,500

@ Samples for SDS—-PAGE were prepared under nonreducing conditions.

® Molecular weight of disulfide-crosslinked species.

cosylation). This type of heterogeneity that is not in
chemical equilibrium is often referred to as polydis-
persity.

Using Eq. [6], we obtain a value of 49.2% carbohy-
drate by weight for CD80. Further computation, using
this percentage, yields a partial specific volume of
0.683 mL g™ and a native molecular weight of 46,400.
This analysis assumes that CD80 is a single ideal
species in solution. Based on these data collected under
native conditions, it is not possible to distinguish be-
tween a highly glycosylated monomer state or a stable
unglycosylated dimer state since the expected polypep-
tide molecular weight is 24,639, or about half the ex-
perimentally determined value. To rule out the dimer
model, CD80 was sedimented in 5 M GuHCI, correcting
for GUHCI effects as described under Materials and
Methods (Fig. 5¢). The molecular weight as measured
in GUHCI agrees well with that determined by SDS—
PAGE (Table 4) and is the same as that measured by
SE under native conditions (Table 3), confirming that
CD80 behaves as a monomer in solution. This can be
contrasted to the behavior observed by size exclusion
chromatography where the calculated molecular
weight is 126,400 (Fig. 2, Table 4), a size nearly three
times the covalent molecular weight of CD80.

DISCUSSION

Determination of accurate molecular weights for
heavily glycosylated proteins can be a difficult task.
Addition of carbohydrates typically results in aber-
rantly high molecular weights as determined by size
exclusion chromatography (Fig. 2). Even determining
the covalent molecular weight can be challenging.
Heavily glycosylated proteins typically are highly dif-
fuse in SDS-PAGE analysis and mass spectrometry
often fails to provide resolution owing to the heteroge-
neity of glycosylation, in both molecular weight and
charge. Therefore, often the only recourse in determin-
ing native molecular weights is by analytical ultracen-
trifugation. Sedimentation velocity experiments suffer
from similar constraints such as size exclusion chro-
matography, particularly with respect to hydrody-
namic radius and shape dependence. In contrast, sed-

imentation equilibrium experiments overcome these
limitations and, with some effort, significant informa-
tion regarding native molecular weights can be ex-
tracted for heavily glycosylated proteins.

Problems associated with glycoproteins that are in-
herent in sedimentation equilibrium include polydis-
persity due to charge heterogeneity (owing to the neg-
ative charges associated with addition of the
carbohydrate, sialic acid) and size heterogeneity. It is
most challenging to distinguish models of self-associa-
tion from polydispersity because these phenomena
have similar hallmarks in their sedimentation equilib-
rium behavior. Distinguishing these two phenomena
requires multiple experiments to study the protein
loading concentration dependence and behavior under
denaturing conditions. CTLA-4 provides a good test of
the sedimentation equilibrium methodology because
we were able to obtain accurate molecular weight in-
formation via ESI/MS. Further, these studies using
CTLA-4 provide an added level of confidence in our
sedimentation equilibrium analysis of CD80 for which
we were not able to get accurate ESI/MS data.

Surprisingly, there is little literature on determining
molecular weights of glycoproteins using sedimenta-
tion equilibrium ultracentrifugation, probably because
of the difficulties in measuring the partial specific vol-
umes correctly and accurately. Because of sample lim-
itations, we could not use pycnometry to directly mea-
sure partial specific volumes. We attempted to
determine partial specific volumes for CTLA-4 and
CD80 by using the well-established H,0/D,0 method
(13). In this method, since the densities of H,O and
D,0O are significantly different, the difference in the
buoyant molecular weights in these two solvent sys-
tems often is sufficiently great to provide reasonably
accurate partial specific volumes. Using this method,
we measured partial specific volumes of 0.716 and
0.711 mL g~ for CTLA-4 and CD80, respectively. We
then used these partial specific volumes to calculate
molecular weights and obtained values of 45,200 and
61,000. The molecular weight for CTLA-4 is in poor
agreement with that determined by ESI/MS and ap-
pears to be a consequence of a gross overestimation of
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the partial specific volume. It is clear that accuracy of
this experimental method is highly dependent on the
degree of heterogeneity of a system and is inadequate
for the systems in consideration here.

Instead, we apply a method first introduced by
Shire (1) where the partial specific volume can be
determined empirically. In addition to determining
the oligomeric state of the protein of interest, one can
also establish the mass fraction of bound carbohy-
drate. A prerequisite for this empirical method is
that one’s data can be treated adequately using a
single species model.

While we show that CTLA-4 is heterogeneous in its
glycosylation, we can still treat the data reasonably
well with a single-species model since the degree of
mass heterogeneity (3%) is within the accuracy of
our measurements of weight (10%). We also find that
a small fraction of the protein is aggregated and thus
contributes to the small amount of nonrandomness
that we observe in the residuals from the curve fits.
This fraction of aggregated material probably leads
to the overestimation of the molecular weight and
carbohydrate content when compared to the ESI/MS
data.

Despite the minor problems owing to aggregation,
the relatively good agreement in molecular weights
obtained for CTLA-4 by SDS-PAGE, ESI/MS, and SE
analytical ultracentrifugation provided us with a suf-
ficient level of confidence to determine the oligomeric
state of the extracellular domain of CD80. Applying the
same SE methodology described for CTLA-4, we show
that CD80 is a monomer in solution with approxi-
mately 49% of its mass being contributed by carbohy-
drates.

Finally, having firmly established the molecular
weights of these extracellular domains of CTLA-4 and
CD80 in solution using an emerging technology, it will
be possible to determine the heteromeric molecular
weight of a CTLA-4/CD80 complex. Critical analysis of
the heteromeric complex should lead to an understand-
ing of the role that this protein—protein interaction
plays in the potential to induce self-association and
subsequent activation of signal transduction mecha-
nisms.
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