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Development of a Kinetic Model To Describe the Effective Rate of

Antibody Oxidation by Periodate
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The oxidation of antibody carbohydrate residues by periodate is a common approach used for site-
specific antibody modification and immobilization. This study sought to develop a general kinetic
model that could be used to describe the effective rate of this oxidation for process control. A detailed
analysis of previous data collected for rabbit immunoglobulin G in the presence of excess periodate
indicated that the reaction followed a pseudo-first-order mechanism in which two general classes of
sites were being oxidized. The first class of sites was oxidized fairly rapidly (i.e., within 15—30 min),
while the second class of sites reacted over the course of several hours. From these results, an equation
was developed that gave a good fit under a variety of reaction conditions to the production of oxidized
sites available for coupling with a hydrazide label. On the basis of this equation, data obtained at
several periodate concentrations under the same pH and temperature conditions were used to estimate
the apparent rate and equilibrium constants for the oxidation of each class of sites. The values obtained
by using this approach could be used not only to predict the effective rate of oxidation at other periodate
concentrations but also to provide information on the individual steps involved in the oxidation process.

INTRODUCTION

The oxidation of antibodies by periodate is a popular
means for the site-specific modification of antibodies for
coupling to solid supports or labeling agents. A number
of reviews on the applications of periodate-treated anti-
bodies have appeared previously in the literature (e.g.,
refs 1 and 2); recent examples of specific applications
include those discussed in refs 4—7. During the treat-
ment of antibodies with periodate, diol groups located in
the carbohydrate chains of an antibody are cleaved to
form aldehyde groups. These aldehydes can then be used
as sites for attachment of the antibody to agents that
contain free amine or hydrazide residues. The main
advantage of this approach is that the carbohydrate
residues on antibodies are usually located in regions that
are distant from the antigen binding sites. Thus, the use
of these residues for antibody modification should result
in little or no change in the antibody’s final binding
activity (1, 2).

Despite the potential usefulness of antibody treatment
by periodate, only limited quantitative information is
available regarding the actual nature of this reaction. It
has been shown that the periodate oxidation of glycopro-
teins depends on such factors as periodate concentration,
reaction time, pH, and temperature (3—6, 8, 9). However,
many previous studies with antibodies have examined
only some of these parameters in any detail. To overcome
this limitation, our group has collected data on the
oxidation of rabbit immunoglobulin G (rabbit 1gG) under
a variety of reaction conditions (10). From this work, a
set of empirical guidelines was developed for obtaining
various levels of antibody oxidation while also minimizing
the loss of antibody activity that occurs as a result of the
oxidation process. However, a general model is still
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needed that can be used along with this information to
predict and follow the periodate treatment of antibodies
to obtain a precise means of controlling or adjusting this
reaction.

The goal of the present study is to use previous data
obtained in work with rabbit 1gG to develop a kinetic
model and associated equations that can be used to
describe the effective degree of antibody oxidation (i.e.,
the production of aldehyde groups that are available for
reaction with a hydrazide- or amine-containing reagent)
as a function of time and various reaction conditions that
are commonly used during antibody treatment with
periodate. This type of model would be potentially useful
in allowing for improved control and selection of those
conditions that are needed to obtain a given degree of
antibody modification for labeling or immobilization. The
availability of such a model would also be valuable as a
means for studying the mechanisms involved in the
periodate oxidation of antibodies or other glycoproteins.

MATERIALS AND METHODS

As discussed previously (10), polyclonal rabbit IgG was
selected as the model antibody preparation for this work
since it is a common immunological reagent and a
number of previous studies on antibody oxidation by
periodate have been based, at least in part, on rabbit 1gG
(5, 8). Furthermore, it was felt that the use of a
polyclonal system would help to avoid the variability that
has been noted in previous studies examining the effects
of periodate oxidation on monoclonal antibodies (3—5, 9).
Also, since polyclonal antibody preparations are com-
posed of a large number of distinct antibody lines, this
type of system should be fairly representative of the
average behavior that would be expected for individual
antibody populations when they are treated by a reagent
such as periodate.

The polyclonal rabbit IgG was oxidized with periodate
as described in ref 10. The effective number of aldehyde
groups that were available for coupling was determined
by labeling with the hydrazide-containing dye Lucifer
yellow CH (LyCH), also as described previously (10).
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LyCH was obtained from Aldrich (Milwaukee, WI); rabbit
IgG and the p-periodic acid reagent used to make the
periodate solutions (see ref 10 for further details) were
from Sigma Chemical Co. (St. Louis, MO). Other chemi-
cals used in this study were of reagent grade quality or
better. The degree of antibody labeling by LyCH that
was obtained under each set of oxidation conditions was
measured by flow injection analysis (FI1A), as performed
according to procedures given in ref 11.

The simplex optimization method used for analysis of
the kinetics of antibody oxidation was performed by a
program written in Microsoft QuickBASIC (Redmond,
WA). This program was based on a modified version of
the procedure given by Noggle (12). For simplex opti-
mization performed with the two-site model, the variance
of the fit was calculated by dividing the sum of the
squares of the residuals by N — 4 degrees of freedom,
where N is the total number of points present in the
original data set. All simplex optimization studies were
carried out by examining the results obtained with at
least eight different combinations of estimates for the
initial parameters, as selected from points scattered
throughout the range of allowable results. All fits were
evaluated on the basis of both the residuals or variances
that were obtained and a visual comparison of the
predicted response versus the experimental data.

RESULTS AND DISCUSSION

To obtain a model that described the effective rate of
antibody oxidation by periodate, an analysis was per-
formed on data previously collected for rabbit 1gG in the
presence of a known excess of periodate and at various
pH values and temperatures (10). The range of test
conditions included those typically employed in previous
studies involving the periodate oxidation of antibodies
(1—9) or other glycoproteins (13—16). In each case,
periodate was initially present in at least a 150-fold molar
excess versus the amount of antibody in the sample; this
resulted in a pattern that consisted of a rapid increase
in oxidized sites at short reaction times (i.e., <15—30
min) followed by a much slower increase over longer
reaction times (10). The same type of pattern has been
noted by others not only in the periodate oxidation of
antibodies but also in the treatment of additional glyco-
proteins by periodate (5, 6, 11, 15—17).

As a first step in developing a kinetic model for
antibody oxidation, consideration was given to the vari-
ous mechanisms that have been proposed for the perio-
date treatment of other, low molecular weight com-
pounds. For example, studies with various small 1,2-
diol compounds have found that periodate oxidation can
generally be described by a two-step process:

diol + periodate =
diol—periodate complex — products (1)

The first step of this reaction involves the reversible
formation of a cyclic intermediate complex between the
diol group and 1 equiv of periodate. After this complex
is formed, the diol is cleaved at its carbon—carbon bond
to form two aldehyde groups (18). There are two extreme
cases that can arise from the model in eq 1. In the first
case, formation of the diol—periodate complex is the slow
step, while in the second case the formation of products
from the cyclic complex is rate-limiting. These two
situations are represented by the reaction schemes shown
in eqgs 2 and 3, respectively.

Bioconjugate Chem., Vol. 8, No. 6, 1997 915

k
diol + periodate -

diol—periodate complex fost, products (2)

K
diol + periodate —
k.
diol—periodate complex — products (3)

In this series of reactions, k; is the forward rate constant
for complex formation, k; is the rate constant for product
formation, and K; is the association equilibrium constant
for the diol—periodate complex. Both cases in egs 2 and
3 have been observed in experimental systems (18). For
example, simple diols such as ethylene glycol and 2,3-
butylene glycol readily form a cyclic intermediate with
periodate but have slow cleavage reactions. On the other
hand, highly substituted or hindered diols can have slow
formation of the cyclic intermediate, followed by more
rapid cleavage of the diol carbon—carbon bond (18).

When a large excess of periodate is present in solution,
as was true for rabbit 1gG in this study, it is possible to
represent either of the cases in eqs 2 or 3 by a pseudo-
first-order rate expression. The resulting integrated
equations, expressed in terms of the formation of product,
are given below (19):

B, = nAy(1 — e k) 4
or

In[1 — (B/NAG] = —Kgppt (5)
In egs 4 and 5, B; represents the amount of product that
is present at time t, A, is the initial amount of the
reactant, K.,, is the apparent rate constant for the
conversion of A to B, n represents the moles of B that
are produced per mole of A that is consumed, and nA, is
the maximum amount of product (i.e., labeling sites in
this study) that can result under the given reaction
conditions. Note that the amount of B and A in eqgs 4
and 5 can be expressed in terms of either concentrations,
moles, or mole ratios (e.g., moles of LyCH per mole of
IgG) as long as both A and B are present in the same
solution or reaction compartment. Furthermore, the use
of the proportionality constant n in these equations is
useful in that it allows the reaction rate to be expressed
in terms of any product B whose production is propor-
tional with, but not necessarily identical to, the consump-
tion of A (i.e., where A represents diol groups in this
case). This makes egs 4 and 5 valuable in describing
antibody oxidation in terms of the effective number of
labeling sites that are produced per antibody, since either
one or two aldehyde groups can be generated per oxida-
tion event and not all of these aldehydes might be
available for labeling due to steric hindrance or other
constraints (see discussion at the end of this section).
Although either of the systems in eq 2 or 3 would be
expected to fit a pseudo-first-order model in the presence
of excess periodate, the actual meaning of kapp will differ
depending on which situation is present. In the case
when complex formation is rate-limiting (eq 2), the value
Ao is equal to the initial amount of diol groups that can
take place in the oxidation reaction and the value of Kapp
is given by the equation

Kapp = Kq[periodate] (6)

where [periodate] is the total concentration of periodate
present in solution and k; is the forward rate constant
for complex formation, as defined previously. In the
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Figure 1. Fit of a first-order rate expression to data for the
initial reaction of rabbit 1gG with periodate (W) and over longer
reaction times after correcting the net response for the contribu-
tion predicted by the initial rate analysis (O). This correction
assumes the net rate of oxidation can be described by parallel
reactions with different reacting sites but similar products (19).

situation when cleavage of the carbon—carbon bond is
rate-limiting (eq 3), A is still equal to the total amount
of diol groups (both free and complexed) that is present
prior to the cleavage reaction; however, Kapp iS now given
by the expression

Kapp = Ky (K [periodate])/(1 + K, [periodate]) (7)

The fact that these two cases result in different equations
for Kapp Will be used later to help determine which
mechanism best describes the oxidation of antibodies by
periodate.

Early work in this study examined the fit of a single
first-order expression to data obtained for the oxidation
of rabbit 1gG at pH 5.0 and 25 °C between 0 and 240
min. When this was done, large deviations were noted
between the data and the expected response at all of the
periodate concentrations that were tested (i.e., 1—100
mM). However, data obtained at short reaction times (0—
10 min) did appear to have reasonable agreement with
the pseudo-first-order model. This is shown in Figure
1, which illustrates the fit of eq 5 to data obtained at
periodate concentrations of 1 and 5 mM. Similar results
were obtained when using up to 10 mM periodate. The
correlation coefficients for these plots ranged from —0.9459
to —0.9783 for the four to five points in each graph
between 0 and 15 min. This indicated that even though
data measured over long times did not follow the pseudo-
first-order model, the initial rate did seem to fit this type
of response. The best-fit values for ks, that were
obtained from the slopes of these plots were between 0.2
and 0.3 min~! [i.e., (3—5) x 1072 s71]. The estimated
values for nAo, as determined by iterative testing, varied
from 0.3 to 1.5 mol of LyCH/mol of I1gG.

By assuming that the pseudo-first-order fit to the
initial data represented a single class of fast-reacting
sites, it was possible to use this fit to estimate how many
labeling sites were produced by this oxidation process at
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Figure 2. Overall fit of oxidation data for rabbit 1gG (W) to a
model in which two separate classes of sites for oxidation are
present (types 1 and 2). The lines shown in this graph were
calculated using egs 4 and 6, along with the best-fit parameters
obtained through simplex optimization.

any given reaction time. These values were then sub-
tracted from the total number of labeling sites that were
actually measured. After this was done, the remaining
LyCH/IgG levels were replotted according to eq 5, as
shown in Figure 1. On the basis of this approach, it was
found that the remaining oxidation data again showed
good agreement with a pseudo-first-order model. The fits
obtained for periodate concentrations of 1-10 mM and
reaction times of 0—240 min had correlation coefficients
of —0.9641 to —0.9989 over four to five data points. The
best-fit values measured for kap, Were between 0.004 and
0.007 min~! [i.e., (7—12) x 107°® s71], and the estimated
values for nAg ranged from 1.7 to 4 mol of LyCH/mol of
19G.

From the results in Figure 1, a model was proposed
for the antibody oxidation process in which two distinct
classes of sites were present, each following pseudo-first-
order kinetics in the presence of excess periodate. On
the basis of this model and eq 4, the following equation
was developed to describe the overall oxidation process

B, = (NAy),[1 — e + (nAy),[1 — e *=r?'] (8)

where the subscripts “1” and “2” refer to the parameters
for the first and second types of sites, respectively.

The fit of eq 8 to each set of oxidation data was tested
by using simplex optimization to obtain the best-fit values
for (NAo)1, (NAg)2, Kapp,1, and Kapp2. Figure 2 shows the
fits that were obtained for data measured in presence of
1-5 mM periodate at 5.0 and 25 °C. In both of the given
examples, excellent agreement was seen between the
two-site model and the experimental results over the
entire range of reaction times that were sampled. The
same type of fit was noted when using other periodate
concentrations up to 10 mM. The variance of these fits
was between 0.003 and 0.005 over 8—10 data points. The
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Table 1. Estimated Equilibrium and Rate Constants for
the Periodate Oxidation of Rabbit IgG at pH 5.0 and
25 °ca

nAo
oxidation (mol of LyCH/
site mol of 1gG) Ki (M71) ko (s71)
site class 1 0.7 (£0.1) 240 (+ 90) 8 (£ 3) x 1073
site class 2 1.9(£0.7) 600 (£ 400) 3(+1)x 10

a8 The values in parentheses represent a range of + 1 SD. The
value of nAg, or the effective moles of labeling sites that could be
generated per mole of 1gG, represents the mean result obtained
by simplex optimization over five periodate concentrations between
1 and 10 mM and using two separate batches of antibody.

best-fit values for Kapp1 and Kapp2 in these plots ranged
from 1 x 1073 t0 8 x 103 st and from 7 x 1075 to 40 x
1075 s71, respectively, with both of these parameters
increasing with periodate concentration. The size of
(nAo); and (nAy), varied between 0.5—0.8 and 1.2—2.8 mol
of LyCH/mol of IgG (see Table 1 for mean values) and
showed only random variations as the periodate concen-
tration was changed. Overall, these best-fit parameters
gave good agreement with the kap, and nA, values that
were estimated earlier by linear regression analysis, such
as performed in Figure 1.

By using the best-fit parameters in Table 1 along with
eq 4, it was possible to determine the contribution of each
site to the overall extent of oxidation that was measured
by the LyCH label. The results are included in Figure
2. The picture that results from this is one in which the
first class of sites (type 1) is oxidized within 15—30 min,
followed by slower oxidation of the second class of sites
(type 2) over a period of at least several hours. This
model is consistent with the biphasic behavior that has
often been observed for the oxidation of antibodies by
periodate (5, 6, 10, 11). In addition, these results agree
with past work performed with another glycoprotein,
orosomucoid, in which the presence of different classes
of sites has been proposed as an explanation for the
biphasic nature of the periodate oxidation process (20).

The antibody oxidation process was examined in more
detail by studying the concentration dependence of the
measured Kapp vValues. This was of interest since knowing
the expected relationship between ki, and periodate
concentration would allow the effective rate of antibody
oxidation to be estimated at new periodate levels once it
has been established for several other periodate concen-
trations. To study this, plots were made of 1/kqp, Versus
1/[periodate]. According to eqs 6 and 7, one of the
following linear relationships should result for this type
of plot if the oxidation mechanism is limited exclusively
either by the rate of complex or product formation:

1Ky, = L/(ky[periodate]) (9)
1Ky, = L(K,K [periodate]) + 1/k, (20)

For a reaction that is limited by the rate of complex
formation, eq 9 shows that a plot of 1/k.,, versus
1/[periodate] should result in a linear relationship with
a slope of 1/k; and an intercept of zero. For a reaction
that is limited by the rate of breaking the diol carbon—
carbon bond, eq 10 predicts that a linear response will
also result but with a slope that is now given by 1/(k.K;)
and a nonzero intercept that is equal to 1/k.

Figure 3 shows the graph that was generated when a
plot of 1/kqp, for site type 1 was made versus 1/[periodate].
A linear relationship was obtained, as predicted by egs
9 and 10, with a correlation coefficient of 0.9740 over five
points. The best-fit slope for this graph was determined
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Figure 3. Change in kap, with periodate concentration at site
type 1 on rabbit 1gG. The best-fit parameters are given in the
text. The results shown were obtained at pH 5.0 and 25 °C using
periodate concentrations of 1, 1.3, 2, 5, and 10 mM.

to be 0.49 £+ 0.07 M s (1 SD), and the intercept was 120
4+ 40s. Asimilar plot was found for site type 2, but with
more scatter being present about the best-fit line. In the
latter case, a correlation coefficient of 0.7818 was ob-
tained over five points, with a slope of 7 £ 3 M s and an
intercept of 3800 + 1900 s. These linear relationships
indicate that such plots should make it easy to estimate
kapp @t Nnew periodate concentrations once this apparent
rate constant has been determined at a few surrounding
periodate levels.

A further examination of plots such as those in Figure
3 helped to provide some insight into the nature of the
antibody—periodate reaction. For example, the data for
both classes of sites gave intercepts for plots of 1/Kapp
versus 1/[periodate] that were significantly different from
zero at the 90% confidence level. According to egs 9 and
10, this supports a model in which periodate and diol
groups on the antibody rapidly formed a cyclic complex
(as has been shown to form between periodate and low-
mass diol compounds—see ref 18), followed by the slow
cleavage of this complex to form the aldehyde products.
The same mechanism has been used by Nevell (21) to
describe the oxidation of cellulose by periodate. By
assuming that a cleavage-limited mechanism was indeed
present, it was possible to use eq 10 to determine the
values of k, and K; for the two types of sites under the
given pH and temperature conditions. The results are
summarized in Table 1. For the proposed model, it was
found that the two classes of sites had similar, weak
equilibrium constants for complex formation, with both
K: values falling within the range of 200—600 M.
However, the two classes of sites did differ in the
maximum number of available aldehydes that could be
generated (nAy) and in the rate constants for diol group
cleavage (kz). In this case, site type 1 had a smaller value
for nAy, but the value of k; for this type of site was about
25-fold larger than it was for the second class of oxidation
sites.

The two-site model that was used in this work to
describe antibody oxidation was found to work well not
only at pH 5.0 and 25 °C but also at other pH and tem-
perature conditions. Some typical examples are shown
in Figure 4. The range of conditions that were examined
for antibody oxidation included a pH range of 3—7 (at 10
mM periodate and 25 °C), a temperature range of 4—37
°C (at 10 mM and pH 5.0), and a concentration range of
1-100 mM periodate (at pH 5.0 and 25 °C). In all but
two of these cases there was good agreement between
the actual data and the two-site model, with total
variances that ranged from 0.002 to 0.07 (mean, 0.02 +
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Figure 4. Fit of a two-site model to oxidation data obtained for rabbit 1gG (M) under a variety of pH and temperature conditions.
The dashed and dotted lines show the estimated contributions due to site types 1 and 2.

Table 2. Actual and Predicted Degrees of Antibody
Oxidation by Periodate

degree of oxidation
(mol of LyCH/mol of 1gG)?2

oxidation conditions predicted actual

10 min, pH 7.0, 1.0 (+0.1) 0.9 (+0.1)
10 mM periodate, 25 °C

30 min, pH 5.0, 2.1 (+0.1) 2.0 (+£0.1)
10 mM periodate, 25 °C

60 min, pH 5.0, 2.7(£0.1) 2.9 (£ 0.1)
10 mM periodate, 25 °C

60 min, pH 4.0, 4.1 (£0.2) 3.6(x£0.1)

10 mM periodate, 25 °C

a2 The numbers in parentheses represent a range of + 1 SD.

0.02) over 6—13 points. The only exceptions were those
data sets that were measured at 50 and 100 mM
periodate. In these two cases, significant deviations were
seen from the two-site model at long reaction times (i.e.,
>1-2h). This was expected since these same conditions
were found to result in the formation of a significant
amount of visible precipitate, indicating the possible
presence of side reactions due to overoxidation or anti-
body cross-linking (10).

The accuracy and potential utility of the two-site
kinetic model were next tested by using this model to
predict the effective rate of periodate oxidation for rabbit
IgG. This was done by first using the kinetic fits in
Figures 2—4 and related graphs to choose oxidation
conditions that would be expected to produce approxi-
mately one, two, three, or four active aldehyde groups
per IgG. These conditions were next used to oxidize some
fresh samples of normal rabbit IgG, with the final extent
of oxidation then being measured and compared to the
predicted level. The results are summarized in Table 2,
with all four test conditions giving good agreement
between the actual and predicted degrees of antibody
oxidation. Each set of experimental and predicted oxida-
tion levels overlapped within a range of 2 standard
deviations, and the absolute differences in these values

varied by only —12.2% to +7.4% (mean, —4.9%). This
degree of accuracy was considered to be adequate for most
applications since such differences are less than or
comparable to the within-day precision of 5% and day-
to-day precision of 10—20% expected for the periodate
oxidation of rabbit IgG under constant reaction conditions
(10).

The carbohydrate structure of a typical antibody
(Figure 5) reveals some clues regarding what residues
on the antibody carbohydrate regions might be repre-
sented by the two types of oxidation sites in the proposed
kinetic model. In rabbits and other mammals the oli-
gosaccharides that are attached to IgG are highly het-
erogeneous in nature (22), with Figure 5 showing the
maximum number of sugar units that can be present in
a single carbohydrate chain. However, in reality many
of the actual carbohydrate chains on rabbit 1IgG may lack
the 1' fucose and/or 4" N-acetylglucosamine residues, or
they may contain only a partial extension of the se-
quences shown in the 4—7 and 4'—7' chains (22).

Although the carbohydrate regions for rabbit I1gG are
heterogeneous, the aldehydes that can be generated by
periodate in these regions could occur through the
oxidation of two different types of diol groups: (1) those
present as exocyclic diols on sialic acid residues or (2)
those within the cyclic structures of other sugars in the
carbohydrate chain (13, 15). Of these two types of diols,
those present on sialic acids have long been known to
have the greatest susceptibility to oxidation by periodate
(23). Sialic acids contain diol groups at both the C7—C8
and C8—C9 exocyclic regions. The oxidation of either diol
group results in the formation of a free aldehyde in
solution and a single aldehyde that is attached to the
carbohydrate chain (i.e., n =1 in the term nAg, assuming
100% labeling efficiency by LyCH). Studies with other
glycoproteins have shown that terminal sialic acids are
rapidly oxidized by periodate over a time scale matching
that seen for site type 1 in this study (16, 17, 20, 24). In
addition, data obtained from previous studies that have
examined the extent of rabbit 1gG sialylation (25) give
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Figure 5. Sequence of the fully extended form of an N-linked carbohydrate region on 1gG. The abbreviations indicate the locations
of sialic acid (Sia), S-p-galactose (Gal), 3-p-N-acetylglucosamine (GIcNAc), f-p-mannose (Man), and f-L-fucose (Fuc). The numbers
below each residue indicate the sugar’s position in the chain, based on the scheme of Rademacher et al. (22).

an average number of sialic acids per IgG that shows
good agreement with the value of (nAp);, in Table 1. On
the basis of this information, it was concluded that the
first class of oxidation sites (type 1) probably represents
the exocyclic diol groups on the sialic acid residues.

The second general type of diol groups (i.e., those
suspected to represent cyclic sugar residues) could occur
at a variety of locations within the carbohydrate chains.
For the fully extended structure shown in Figure 5, diol
groups occur within the 1' fucose, 4" N-acetylglu-
cosamine, and two 4/4' mannose residues. Although
some of these sugars have more than one pair of adjacent
diol groups, a maximum of two aldehydes is produced
by the reaction of periodate at any one of these residues.
For carbohydrate chains with a partially extended struc-
ture, additional pairs of aldehyde groups may be pro-
duced by oxidation at a terminal galactose (at the 6- or
6'-positions in the absence of 7 or 7' sialic acids) or a
terminal N-acetylglucosamine (at the 5- or 5'-positions
in the absence of the 6—7 or 6'—7' residues). On the basis
of the different combinations of sequences that have been
noted in mammalian 1gG (22), there is the potential to
generate 8—12 aldehydes per carbohydrate chain in the
absence of any sialic acid and 6—10 aldehydes per chain
when both terminal sialic acids are present (i.e., 4—8
aldehydes from cyclic diols and 2 from sialic acids).
Although not all of these sites may be available for
labeling due to steric hindrance or other factors, the
relatively small nAq value noted in Table 1 for site type
2 suggests that only some cyclic diol groups are repre-
sented by the second class of sites under normal oxidation
conditions. Fucose is one likely source of these groups
since studies with other glycoproteins have found this
sugar to be readily oxidized by periodate on an hour time
scale (16, 17, 20). Terminal galactose residues have also
been noted to undergo relatively fast oxidation by perio-
date, making this sugar another candidate for the type
2 oxidation sites.

Although only a few types of residues might be
represented by site type 2 under standard oxidation
conditions, more residues might be included in this class
of sites when harsher reaction conditions are used. For
example, at an oxidation pH <4.5 or at a reaction
temperature >25 °C there was an apparent increase in
the value of (nAo), that was obtained by simplex optimi-
zation. The extent of this increase ranged from a value
for (nAo), of 1.9 mol of LyCH/mol of IgG at pH 5.0 and
25 °C to levels of 3.4—8.8 mol of LyCH/mol of 1gG at pH
5.0/37 °C and pH 3.0/25 °C, respectively. As discussed
earlier, this suggests that other cyclic diols can also fit

within the two-site model but that not all of these are
amenable to periodate oxidation unless suitably strong
reaction conditions are used. The fact that a relatively
good fit is obtained to a two-site model even under this
fairly wide range of conditions indicates that if multiple
residues are represented by site type 2, then the apparent
rate constants for their oxidation must be fairly similar.
This is useful since it avoids the need for more complex
models to describe the net rate of the oxidation process
under these other reaction conditions.

CONCLUSIONS

In summary, this work examined the development of
a kinetic model to help describe the effective rate of
oxidation of rabbit I1gG by periodate to form aldehyde
groups for labeling or immobilization. The model that
was developed was based on a pseudo-first-order mech-
anism in which two distinct classes of sites were being
oxidized. The first type of site was oxidized fairly rapidly
(i.e., within 15—30 min), while the second type of site
reacted over the course of several hours. It was proposed
that these two classes of sites represented exocyclic and
cyclic diol groups, respectively. From the concentration
dependence of the apparent rate constants, it was further
suggested that this oxidation occurred through a mech-
anism in which the periodate and carbohydrate residues
rapidly form a reversible complex that then undergoes a
slower cleavage reaction. On the basis of comparisons
that have been made between the carbohydrate regions
of mammalian IgG antibodies (22), it is anticipated that
the same kinetic model as developed here for rabbit 1gG
could be applied to other species, including human, sheep,
mouse, and bovine 1gG.

The model and equations developed in this study are
of potential fundamental importance because they pro-
vide a basis for examining the kinetic processes that take
place during the oxidation of antibodies or other glyco-
proteins by periodate. This model and these equations
are also of interest from an applied viewpoint since they
could be used to describe or predict the average number
of labeling or immobilization sites that will be generated
on oxidized antibodies. As shown in this work, the model
developed in this study appears to work under a variety
of pH and temperature conditions. It also appears to
have the ability to separate the overall oxidation process
into the contributions of two distinct classes of sites. This
latter ability is of interest since it could allow the
oxidation reaction to be tailored to emphasize the treat-
ment of a particular group of carbohydrate residues. This
is already done to some extent with glycoproteins through
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the use of low temperatures and neutral pH values for
the oxidation of sialic acid in the presence of other sugars
(14, 25—27). On the basis of the model developed in this
work, it should be possible to further refine the conditions
that are required for this type of selective oxidation.

ACKNOWLEDGMENT

This work was supported by the National Institutes
of Health under Grant GM44931. C.A.W. was supported,
in part, by fellowships through the U.S. Department of
Education GAANN program and the University of Ne-
braska Environmental Toxicology and Carcinogenesis
graduate program. M.R.O was supported by a fellowship
through the Nebraska Center for Biotechnology.

LITERATURE CITED

(1) O'Shannessy, D. J., and Quarles, R. H. (1987) Labeling of
the oligosaccharide moieties of immunoglobulins. 3. Immunol.
Methods 99, 153.

(2) O'Shannessy, D. J. (1990) Hydrazido-derivatized supports
in affinity chromatography. J. Chromatogr. 510, 13.

(3) Fleminger, G., Solomon, B., Wolf, T., and Hadas, E. (1990)
Single step oxidative binding of antibodies to hydrazide-
modified Eupergit C. Appl. Biochem. Biotechnol. 26, 231.

(4) Fleminger, G., Hadas, E., Wolf, T., and Solomon, B. (1990)
Oriented immobilization of periodate-oxidized monoclonal
antibodies on amino and hydrazide derivatives of Eupergit
C. Appl. Biochem. Biotechnol. 23, 123.

(5) Abraham, R., Moller, D., Gabel, D., Senter, P., Hellstrom,
l., and Hellstrom, K. E. (1991) The influence of periodate
oxidation on monoclonal antibody avidity and immunoreac-
tivity. J. Immunol. Methods 144, 77.

(6) Morehead, H. W., Talmadge, K. W., O’'Shannessy, D. J., and
Siebert, C. J. (1991) Optimization of oxidation of glycopro-
teins: an assay for predicting coupling to hydrazide chro-
matographic supports. J. Chromatogr. 587, 171.

(7) Ruhn, P.F., Garver, S., and Hage, D. S. (1994) Development
of dihydrazide-activated silica supports for high-performance
affinity chromatography. J. Chromatogr. A 669, 9.

(8) Hoffman, W. L., and O’Shannessy, D. J. (1988) Site-specific
immobilization of antibodies by their oligosaccharide moieties
to new hydrazide derivatized solid supports. J. Immunol.
Methods 112, 113.

(9) Laguzza, B. C., Nichols, C. L., Briggs, S. L., Cullinan, G. J.,
Johnson, D. A., Starling, J. J., Baker, A. L., Bumol, T. F.,
and Corvalan, J. R. F. (1989) New antitumor monoclonal
antibody-vinca conjugates LY203725 and related com-
pounds: design, preparation, and representative in vivo
activity. J. Med. Chem. 32, 548.

(10) Wolfe, C. A. C., and Hage, D. S. (1995) Studies on the rate
and control of antibody oxidation by periodate. Anal. Biochem.
231, 123.

Hage et al.

(11) Wolfe, C. A. C., and Hage, D. S. (1994) Automated
determination of antibody oxidation using flow injection
analysis. Anal. Biochem. 219, 26.

(12) Noggle, J. H. (1992) QuickBASIC Programming for Sci-
entists and Engineers, CRC Press, Boca Raton, FL.

(13) Van Lenten, L., and Ashwell, G. (1971) Studies on the
chemical and enzymatic modification of glycoproteins. J. Biol.
Chem. 246, 1889.

(14) Lee, K., and Lee, Y. (1994) Transfer of modified sialic acids
by Trypanosoma cruzi trans-sialidase for attachment of
functional groups to oligosaccharide. Anal. Biochem. 216, 358.

(15) Rothfus, J. A, and Smith, E. L. (1963) Glycopeptides. IV.
The periodate oxidation of glycopeptides from human y-glob-
ulin. J. Biol. Chem. 238, 1402.

(16) Eylar, E. H., and Jeanloz, R. W. (1962) Periodate oxidation
of the oy acid glycoprotein of human plasma. J. Biol. Chem.
237, 1021.

(17) Willard, J. J. (1962) Structure of the carbohydrate moiety
of orosomucoid. Nature 194, 1278.

(18) Dryhurst, G. (1970) Periodate Oxidation of Diol and Other
Functional Groups: Analytical and Structural Applications,
Pergamon Press, New York.

(19) Espenson, J. H. (1981) Chemical Kinetics and Reaction
Mechanisms, Chapters 2 and 3, McGraw-Hill, New York.
(20) Krotoski, W. A., and Weimer, H. E. (1966) Peptide-
associated and antigenic changes accompanying periodic acid
oxidation of human plasma orosomucoid. Arch. Biochem.

Biophys. 115, 337.

(21) Nevell, T. P. (1957) The mechanism of the oxidation of
cellulose by periodate. J. Textile Inst. 48, T484.

(22) Rademacher, T., Homans, S., Parekh, R., and Dwek, R.
(2986) Immunoglobulin G as a glycoprotein. Biochem. Soc.
Symp. 51, 131.

(23) Ashwell, G., and Morell, A. G. (1974) The role of surface
carbohydrates in the hepatic recognition and transport of
circulating glycoproteins. Adv. Enzymol. 41, 99.

(24) Popenoe, E. A. (1958) Carbohydrate component of oroso-
mucoid. Fed. Proc. 17, 290.

(25) Massamiri, Y., Durand, G., Richard, A., Féger, and Ag-
neray, J. (1979) Determination of erythrocyte surface sialic
acid residues by a new colorimetric method. Anal. Biochem.
97, 346.

(26) Cheresh, D., and Reisfeld, R. (1984) O-Acetylation of
disialoganglioside GD3; by human melanoma cells creates a
unique antigenic determinant. Science 225, 844.

(27) Norgard, K., Han, H., Powell, L., Kriegler, M., Varki, A.,
and Varki, N. (1993) Enhanced interaction of L-selectin with
the high endothelial venule ligand via selectively oxidized
sialic acids. Proc. Natl. Acad. Sci. U.S.A. 90, 1068.

BC9701120



