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R
ecom binant mon ocl on a l
a n ti bodies (rMAbs) are the
predominant bi o t h era peu-
tic pro tein under devel op-
m ent tod ay.1 F DA requ i re s

the stru ctu re ch a racteri z a ti on of r M Ab s
and other recom binant pro teins to gra n t
m a rketing approva l .2,3  Ch a racteri z i n g
su ch com p l ex , i n h eren t ly heterogen eo u s
m o l ecules is a significant analytical ch a l-
l en ge that requ i res a broad array of phys i-
co - ch emical te s t s . This arti cle reports the
use of revers ed phase high - perform a n ce
l i quid ch rom a togra phy (RP- H P LC) wi t h
on-line el ectro s pray ion i z a ti on mass
s pectrom etry (ESI-MS) to ra p i dly deter-
mine the glycoform com po s i ti on and the
h e avy chain C-terminal lysine hetero-
gen ei ty of an intact rMAb. In ad d i ti on , a
n ovel mu l ti d i m en s i onal ch rom a togra ph i c
p l a tform was devel oped to inve s ti ga te the
t wo - d i m en s i on a l , s i ze exclu s i on ch ro-
m a togra phy (HPSEC) sep a ra ti on of t h e
r M Ab fo ll owed by RP- H P LC (HPSEC-
R P- H P LC) with on-line ESI-MS analys i s .
Su ch analyses can ch a racteri ze ,i den ti f y, a n d
con f i rm the stru ctu re of an intact rMAb.

Recom binant MAbs are com p l ex
com pounds with a high avera ge molec u-
lar wei ght of c a . 150 kDa, and consist of

t wo heterod i m eric disu l f i de - l i n ked ligh t
and heavy chains con n ected thro u gh
i n ter- chain disu l f i de bri d ge s .4 Th ey are
su bj ect to heavy chain po s t - tra n s l a ti on a l
m od i f i c a ti ons su ch as pro teo lytic cl i p-
ping of the C-terminal lys i n e , dehyd ra-
ti on of the N-terminal glutamic ac i d
re s i du e , and incom p l ete oligo s acch a ri de
ex pre s s i on .5 The oligo s acch a ri de stru c-
tu re consists of an asialyl a ted , bi a n ten-
n a ry, core fuco s yl a ted oligo s acch a ri de

term i n a ting with ga l actose on aspara gi n e
of the heavy ch a i n .6 , 7 A heterogen eo u s
pop u l a ti on of o l i go s acch a ri des ari s e s
f rom the pre s en ce or absen ce of ga l acto s e
re s i dues at the oligo s acch a ri de termini to
form three disti n ct glycoform s : G0

( a ga l acto ) , G1 ( m on oga l acto ) , and G2

( d i ga l acto) — 0, 1 , or 2 ga l actose re s i du e s ,
re s pectively. The C-terminal heavy ch a i n
lysine heterogen ei ty and the oligo s acch a-
ri de micro h eterogen ei ty com bine to
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Figure 1.The basic heterodimeric structure of an IgG4 MAb shows the light chains (red), the
h e avy chains (blue), the site of papain cleavage at the disulfide bri d g e, and the oligosacchari d e
microheterogeneity at asparagine 297. The heavy chain may terminate with or without lysine and
the asialylated biantennary oligosaccharide chains may terminate with and without galactose (Gal).

N N

N N

Hinge
Papain

Fab

Fc dimer

Heavy Chain
Light Chain

O l i g o s a c c h a ri d e

CC

Lys Lys

O l i g o s a c c h a ri d eO l i g o s a c c h a ri d e

CC

S   S
S   S

GlcNac-Fuc

GlcNac

Man

GlcNac

Gal0,1

GlcNac

Gal0,1



38 BioProcessing Journal • May/June 2003

form unique mass isoforms that can be
d i f feren ti a ted by mass spectrom etry (Fig.
1 ) . The rMAb’s glycoform com po s i ti on
m ay affect its bi o l ogical activi ty.6 – 1 2

Bi om o l ecular mass analysis with mass
s pectrom etry is essen tial to the stru ctu re
ch a racteri z a ti on of r M Ab bi o t h era peuti c s .
Ma tri x - a s s i s ted laser de s orpti on ion i z a-
ti on ti m e - of - f l i ght mass spectrom etry
( M A L D I - TO F-MS) and ESI-MS have
been used to elu c i d a te the stru ctu re of
recom binant DNA- derived bi o t h era peu-
ti c s .1 3–1 6 However, the high molec u l a r
wei gh t , com p l ex stru ctu re , and large
nu m ber of po ten tial mass isoforms pre s en t
s i gnificant ch a ll en ges to the mass spec-
trom etric analysis of r M Ab s . Th erefore ,
to determine rMAb s’ s tru ctu re thro u gh
mass analys i s ,t h ey are typ i c a lly converted
to small er fra gm ents su ch as heavy ch a i n ,
F c , Fc/2 fra gm en t s , and pepti de s .1 7 – 3 0

Al t h o u gh MALDI-TOF MS lacks su f-
f i c i ent re s o luti on to iden tify the intact
r M Ab glycoform prof i l e , it can report the
avera ge molecular mass (Mr) .1 7 – 1 9 , 3 1

E a rly ESI-MS analyses of i n t act rMAbs by
i n f u s i on and RP- H P LC-ESI-MS also
reported the  avera ge Mr.1 8 – 2 1 , 3 2

However, l i ke MALDI-TOF MS, the re s o-
luti on and/or limited mass ra n ge of t h e
mass spectrom eter preven ted determ i n a-
t i on of the g lycoform prof i l e .
Su b s equ en t ly, the glycoform profiles of
i n t act rMAbs were analy zed via infusion
and flow injecti on analys i s .1 7 ,3 1 In f u s i on
of an intact rMAb has been reported as a
qu a l i ty con trol release test in wh i ch five
glycoforms were detected fo ll owing tre a t-
m ent with carbox ypeptidase B to rem ove
C - terminal lysine heterogen ei ty.3 3 An
e a rly ESI-TOF mass analysis also reported

an avera ge Mr of an intact rMAb with a
mass acc u racy of ±100 Da wi t h o ut glyco-
form ch a racteri z a ti on while a more
recent ESI-TOF stu dy determ i n ed glyco-
form heterogen ei ty.3 4 , 3 5

Mu l ti d i m en s i onal ch rom a togra phy
( M DC) is gen era lly def i n ed for HPLC as
the autom a ted sep a ra ti on of com p l ex
com pounds using sequ en tial and ort h og-
onal modes of ch rom a togra phy de s i gn ed
to ach i eve ef f i c i ent sep a ra ti on s . Sa m a i n
revi ewed early MDC app l i c a ti ons in
bi o tech n o l ogy that inclu ded two - d i m en-
s i onal HPSEC-RP- H P LC sep a ra ti on s .3 6

Nu m erous revi ews of M DC have since
been publ i s h ed .3 7 – 4 3 The two - d i m en s i on a l
s ep a ra ti on and analysis of an intact rMAb
with HPSEC fo ll owed by immu n oa f f i n i ty
s ep a ra ti on has also been reported .4 4

We report the app l i c a ti on of an on -
line RP- H P LC-ESI-MS met h od that can
be used as a one dimen s i onal met h od or
com bi n ed with HPSEC in a two - d i m en-
s i onal sep a ra ti on for the analysis and stru c-
tu re ch a racteri z a ti on of an intact rMAb.
The RP- H P LC-ESI-MS met h ods can be
a pp l i ed to com p a re ex peri m ental lots of
the rMAb from different cell cultu re and
p u ri f i c a ti on proce s s e s , to con f i rm iden ti ty,
and to determine lot-to-lot con s i s ten c y.

Tools & Te c h n i q u e s

Mass Spe ctro m etry
A Perk i n - E l m er SCIEX A PI 165 singl e

qu ad ru pole ESI-MS (Con cord , O n t a ri o,
Ca n ada) was used for mass analys i s . Th e
mass scan ra n ge was 30–3,000 Da. Th e
mass spectrom eter was initi a lly equ i pped
with an Ion Spray™ source .
Su b s equ en t ly, a Tu rbo Ion Spray™ source

was install ed to increase sen s i tivi ty by
using heated nitrogen nebu l i zer gas to
i n c rease ion form a ti on and the nu m ber
of i ons en tering the mass analy zer.

The mass spectrom eter was tu n ed for
m a x i mum mass-to - ch a r ge (m/z) re s o lu-
ti on using the manu f actu rer ’s po lypropy-
l en e glycol (PPG) standard kit before
a n a lysis of the rMAb. Mass analysis was
perform ed in the po s i tive ion mode . Th e
ESI-MS source and Qo RF qu ad ru po l e
f i l ter were cl e a n ed reg u l a rly to en su re
optimal m/z signal inten s i ty and acc u rac y.
The step size was 0.2 amu and the dwell
time was 1.0 m/second for all analys e s
reported .

The Ion Spray mass spectrom eter scan
ra n ge was 1,400–2,300 amu with an ori-
f i ce vo l t a ge of 50 vo l t s . The scan time was
4.5 seconds per scan for the intact rMAb.
The Tu rbo Ion Spray scan ra n ge was
1,500–2,300 amu (4 second scan ti m e )
for analysis of the intact rMAb. Th e
n i trogen nebu l i zer gas was heated to 120°
C with an ori f i ce vo l t a ge of 40 vo l t s . A
scan ra n ge of 400–2,400 amu (10 secon d
scan time) was used for analysis of t h e
redu ced and alkyl a ted rMAb heavy ch a i n .
The ori f i ce vo l t a ge was 50 vo l t s .

Mu l ti d i m ensional Chro m a togra p hy
A Wa ters All i a n ce 2690 HPLC sys tem

( Mi l ford , MA) equ i pped with sample
coo l er (5° C), co lumn heater, and 996
ph o tod i ode array (PDA) detector was
u s ed for the ch rom a togra phic sep a ra-
ti on s . The co lumn eluant en tering the
mass spectrom eter was split 3:1 with the
m a j ori ty directed to waste or to a fracti on
co ll ector.

The All i a n ce 2690 ch rom a togra ph
was uniqu ely con f i g u red with three
Rh eodyne LabPro co lumn sel ectors
( Rh eody n e , Co t a ti , CA) to provi de a mu l-
ti d i m en s i onal ch rom a togra phic platform
for stru ctu re ch a racteri z a ti on . Two 6-co l-
umn sel ectors were used before the PDA
detector to sel ect the HPSEC co lumn for
the first dimen s i on analysis or to sel ect
the RP- H P LC co lumn for the secon d
d i m en s i on analys i s . A 3-co lumn sel ector,
u s ed after the PDA detector, d i rected the
co lumn ef f lu ent to the mass spectrom eter
or to waste .

The All i a n ce 2690 ch rom a togra ph and
Wa ters Mi ll en n ium 32™ cl i en t / s erver
s of t w a re can con trol one co lumn sel ector

Table 1: RP-HPLC-ESI-MS Mr Glycoform Determination of Intact rMAb with 
C-terminal Lysine Truncation.

Note: Mr for five lots of the rMAb is reported in which the C-terminal lysines are
truncated. The RP-HPLC mobile phase modifier was 0.1% TFA. The ESI-MS was
configured with the Ion Spray source. Lot 5 is the control. ND = not detected.
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Figure 2.The RP-HPLC-ESI-MS analysis of intact rMAb is presented using formic acid as the RP-HPLC mobile phase modifier. The upper
panel shows the ESI-MS TIC. The middle panel shows the ESI-MS mass spectrum. The lower panel shows the deconvoluted ESI-MS mass
spectrum of the intact rMAb with the eight glycoforms detected. See Table 2 for the Mr glycoform mass assignments.
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with its internal swi tch e s . The PDA’s two
con t act cl o su res were used to sequ en ti a lly
control the first 6-column selector and
the 3-column selector. The second 6-
column selector was controlled by the
chromatograph’s TTL switch to rapidly
and non - s equ en ti a lly sel ect the R P-
H P LC co lumn to captu re pure com-
ponents eluting from the HPSEC col-
umn for subsequent analysis. A Waters
SAT/N module was installed to power
the third column selector.

R P- H P LC
Mobile phase A (0.1% Tri f l o u roaceti c

acid (T FA ) , Sequanal grade) (Pierce ,
Rock ford , I L ) , Mi lli-Q water (Mi ll i pore ,
Bed ford ,M A ) , and mobile phase B (90%
aceton i tri l e , Optima grade) (Fisher,
Fa i rl awn , N J ) , and 0.1% TFA Mi ll i - Q
w a ter were used with the Ion Spray
s o u rce . A five - m i nute , 45–55% grad i en t
was used with a Wa ters Sym m etry C-18
co lumn (2.1 x 150 mm, 300 An gs trom , dp
5 µm) at 45° C to introdu ce the rMAb

i n to the Ion Spray source for mass analys i s .
Mobile phase A (0.25% formic ac i d )

( Si gm a , S t . Lo u i s , M O ) , Mi lli-Q water,
and mobile phase B (100% aceton i tri l e ,
0.25% formic acid) were used with the
Tu rbo Ion Spray source . A Poros R2/20
R P- H P LC co lumn (2,000 An gs trom , 2.1 x
30 mm) (Per Septive Bi o Sys tem s , In c . ,
Fra m i n gh a m ,M A ) , was used for the RP-
H P LC sep a ra ti on of the intact rMAb at
60° C. A Poros R2/10 RP- H P LC co lu m n
(1,000 An gs trom , 2.1 x 30 mm) at 60° C
was used for the RP- H P LC sep a ra ti on of
the redu ced and alkyl a ted rMAb. A gra-
d i ent of 25–50% mobile phase B over 15
m i nutes was used for the intact rMAb
and for the redu ced and alkyl a ted rMAb.

A 25–65% aqu eo u s , aceton i tri l e ,
0.25% formic acid grad i ent over 20 min-
utes (including an initial five minute hold
to rem ove salts) was used for the RP-
H P LC assay in the mu l ti d i m en s i on a l
H P S E C - R P- H P LC-ESI-MS analysis of
the intact rMAb. All RP- H P LC sep a ra-
ti ons used linear grad i ents at 0.2
m l / m i nute ,m on i tored at 214 nm.

Si ze Exclusion Chro m a togra p hy
( H P S E C )

A Toso Haas G3000SW SEC co lu m n
(7.5 x 300 mm) (Phen om en ex , Torra n ce ,
C A ) , at ambi ent tem pera tu re with a flow
ra te of 0.5 ml/minute was used for the
SEC sep a ra ti ons of the rMAb and aggre-
ga te s . UV detecti on was at 214 nm. Th e
m obile phase was 0.1M Na2H P O4
( F i s h er ) , with pH 7.0, and con t a i n ed
0.1M Na Cl (Fisher) in Mi lli-Q water.

Note : Mr for five lots of the rMAb is reported using 0.25% formic acid as the RP- H P LC mobile phase mod i f i er. The ESI-MS was con f i g u red with a Tu rbo Ion
S pray source . The cDNA- derived mass for G0, G1 and G2 is shown under each of the three C-terminal lysine heavy chain mod i f i c a ti on s . Lot 5 is the
con tro l . NF = not found.MDC reports Mr determined with multidimensional chromatographic analysis of the rMAb.

Table 2: RP-HPLC-ESI-MS Mr Glycoform Determination.

Figure 3.The HPSEC and RP-HPLC two-dimensional separation is depicted with the Alliance
HPLC system and the ESI-MS mass spectrometer. HPSEC is used as the first dimension
followed by RP-HPLC as the second dimension which is combined on-line with ESI-MS to
provide structure analysis of the intact rMAb.
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Re du ctive Al k yl a tion of i n t a c t rMAb4 5

100 µL (ca. 2 mg) of r M Ab was dilut-
ed with 500 µL (0.1M) Tris Base (Fisher ) ,
2mM EDTA (Al d ri ch , Mi lw a u kee , W I ) ,
and 6M Sequ a n a l - grade guanidine
hyd roch l ori de (Pierce) at pH 8.4 then
tre a ted with 10 µL of 1.0M DTT (Si gm a )
at 65° C for 1.5 hours . The redu ced
r M Ab was coo l ed to room tem pera tu re ,
a l kyl a ted with 50 µL of 0.5M iodoac-
et a m i de (Si gma) in the dark with vortex-
ing for 45 minute s , and qu en ch ed with 30
µL of 1.0M DTT.

R e s u l t s

R P- H P LC-ESI-MS analysis of t h e
r M Ab con trol (lot 5) was first inve s ti ga t-
ed with aqu eous aceton i trile (0.1% TFA )
grad i en t s . The ESI-MS was con f i g u red
with the Ion Spray source to determ i n e
glycoform com po s i ti on and lot-to - l o t
con s i s ten c y.

The aceton i trile RP- H P LC grad i en t ,
com bi n ed with the ESI-MS analysis of
the rMAb con tro l ,s h owed pop u l a ti ons of
mu l tiple masses indicating heterogen ei ty.
The predominant ob s erved micro h etero-
gen ei ty corre s pon ded to the major glyco-
forms that re sult from tru n c a ti on of t h e
h e avy chain C-terminal lysine (G0, G1,
and G2) . G lycoforms containing the heav y
chain C-terminal lysine were not detected
n or was the aglyco s yl a ted rMAb at 143561
D a . The rMAb pepti de map also lacked
the corre s ponding aglyco s yl a ted pepti de
f ra gm ent (data not shown) furt h er indi-
c a ting com p l ete oligo s acch a ri de site
occupancy at the heavy chain aspara gi n e .

The acc u racy of an ESI mass spec-
trom eter is 0.01% for pure com po u n d s
i n f u s ed into the ESI-MS. Thu s , t h e
ex pected Mr for a rMAb with a calculated
m o l ecular mass of 150 kDa would be 150

kDa ±15 Da. The Mr of the rMAbs in this
s tu dy were therefore capable of d i s ti n-
guishing the glycoforms pre s en t , a ll of
wh i ch differed by the ad d i ti on or del eti on
of a ga l actose re s i due with a mass of 1 6 2
Da and/or a lysine re s i due with a mass of
128 Da. However, the mass acc u racy is
i n su f f i c i ent to determine de a m i d a ti on of
an aspara gine with a mass shift of 1 Da.
The dehyd ra ti on of the heavy chain N-
terminal glutamic acid and met h i on i n e
ox i d a ti on with mass shifts of 18 Da and
16 Da is po ten ti a lly within the capabi l i ti e s
of the ESI-MS. However, those mass
shifts are near the limit of mass acc u rac y
for the 150 kDa rMAb and are difficult to
i den tify with cert a i n ty.

The RP-ESI-MS analysis was used to
com p a re rMAb lots derived from differ-
ent ex peri m ental cell cultu re and puri f i-
c a ti on processes for produ ct iden ti ty and
for lot-to-lot con s i s ten c y. Mrs for the
i n t act rMAb glycoforms detected in the
con trol and the ex peri m ental lots of t h e
r M Ab were com p a red to their cDNA-
derived masses. The glycoforms pre s en t
in all lots were G0 ≥ G1 > G2 with tru n-
c a ti on of the heavy chain C-term i n a l
lys i n e . The cDNA- derived masses of t h e
i s oforms and Mr for the intact rMAb
re su l ting from the com bi n ed glycoform
m i c ro h eterogen ei ty and the C-term i n a l
lysine heterogen ei ty are shown in Ta ble 1.

The deconvo luted mass spectral pe a k
i n ten s i ty of e ach glycoform is assu m ed to
derive from the po s i tively ch a r ged rMAb
s tru ctu ral fra m ework and to be com p a ra-
ble to each other because the rMAb gly-
cans are asialyl a ted and lack ch a r ged
gro u p s .2 3 , 2 5 The diga l acto glycoform
s h owed the gre a test va ri a bi l i ty in the ex per-
i m ental lots. It was not ob s erved in lot 2.

Thu s , this RP- H P LC-ESI-MS inve s ti-
ga ti on su cce s s f u lly determ i n ed profiles of

the three major glycoforms pre s ent in an
i n t act rMAb of mass ca. 150 kDa and was
a ble to com p a re ex peri m ental lots. In
ad d i ti on , R P- H P LC-ESI-MS analys i s
determ i n ed that the rMAb glycoform
profile con s i s ted exclu s ively of the C-ter-
minal lysine tru n c a ted heavy ch a i n .
However, R P- H P LC-ESI-MS analysis of
tryptic digests reve a l ed the pre s en ce of
t wo C-terminal heavy chain pepti de fra g-
m ents in wh i ch the predominant pepti de
f ra gm ent term i n a ted wi t h o ut lysine wh i l e
the less-abundant pepti de fra gm ent ter-
m i n a ted with lysine (data not shown ) .
Th erefore , the RP- H P LC-ESI-MS analys i s
of the intact rMAb lacked the sen s i tivi ty
requ i red to detect the less abundant C-
terminal heavy chain lysine glycoform s .

The ESI mass spectrom eter sen s i tivi ty
is typ i c a lly low for these large molec u l a r
wei ght bi om o l ec u l e s . This is pri n c i p a lly du e
to limited pro ton a ti on and nebu l i z a ti on
of the ion i zed species gen era ted ,d i luti on
of s i gnal strength re su l ting from the large
nu m ber of m a s s - to - ch a r ge (m/z) fra g-
m ents gen era ted , ch emical noi s e , and the
l i m i ted nu m ber of scans attainable wi t h
the RP- H P LC peaks used to introdu ce the
r M Ab sample into the ESI-MS source .

The Tu rbo Ion Spray source was
i n s t a ll ed on the A PI 165 mass spectrom e-
ter to increase nebu l i z a ti on of the rMAb
i on clu s ter to en h a n ce ESI-MS sen s i tivi ty
in an attem pt to detect the less-abu n d a n t
h e avy chain C-terminal lysine glyco-
form s . In ad d i ti on , the RP- H P LC mobi l e
phase mod i f i er was ch a n ged from TFA to
formic acid to furt h er en h a n ce ion for-
m a ti on and sen s i tivi ty because TFA can
su ppress the ion i z a ti on of pro tei n s .
Hu ber showed that a 35 to 160-fo l d
i m provem ent in RP- H P LC - E S I - M S
detection of proteins with masses of
14–80 kDa can be ach i eved with the use
of formic acid versus TFA .4 6

ESI-MS mass analysis with form i c
acid as the RP- H P LC mobile phase mod-
i f i er su cce s s f u lly detected the three major
C - terminal heavy chain tru n c a ted lys i n e
glycoforms and the three less-abu n d a n t
glycoforms in wh i ch the C-term i n a l
h e avy chain term i n a ted with lys i n e . Th e
glycoform profile was gen era lly ob s erved
a s : G0 > G1 > G2 ( F i g. 2 ) .

Recom binant MAbs in wh i ch on ly
one of the two C-terminal heavy ch a i n s
term i n a ted with lysine were also detected

Table 3: Calculated and Experimental (Mr) Masses (Da) of rMAb Alkylated Heavy
Chain Glycoforms.

Note: Alkylation of the 11 sulfhydryl groups with iodoacetamide (-CH2CONH2,
57 Da) adds mass of 627 to the heavy chain. NF = not found.
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Figure 4.The multidimensional HPSEC-RP-HPLC-ESI-MS analysis of the rMAb is show n . The upper left panel represents the HPSEC UV plot in which the UV
signal is lost during the switch to the RP-HPLC column and capture of the rMAb. The two observed peaks are due to refra c t i ve index changes in the UV. T h e
inset shows the HPSEC separation without RP-HPLC capture. The upper right panel shows the UV plot of the captured rMAb eluted from the RP-HPLC
c o l u m n . The lower panel is the deconvoluted mass spectrum for the intact rMAb showing the nine glycofo rms detected. See Ta ble 2 for the Mr g l y c o fo rm mass
a s s i g n m e n t s. Mr 146847 corresponds to an isofo rm with two C-terminal Lysine heavy chains and a single galactose residue (cDNA deri ved mass = 146869).
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in some ex peri m ental lots. An intact
r M Ab ex pre s s ed with lysine on on ly on e
h e avy chain can be detected by ESI-MS
a n a lysis of the intact rMAb or the Fc fra g-
m ent derived from papain tre a tm en t .2 5

The abi l i ty to detect those rMAbs in
wh i ch on ly one C-terminal heavy ch a i n
term i n a tes with lysine is lost wh en heav y
chain rMAb fra gm ents are mass analy zed .
Thu s , ESI-MS analysis of an intact rMAb
can provi de more inform a ti on than analy-
s i s of r M Ab fra gm en t s . A furt h er adva n-
t a ge of a n a lysis of the intact rMAb is that
it does not requ i re sample prep a ra ti on .

The Mr acc u racy of the glycoform s
reported in Ta ble 2 ra n ges from less than
0.01% to ca. 0.021% of the cDNA-
derived mass. This com p a res favora bly
with the theoretical mass acc u racy of
0.01% for an ESI-MS sys tem ach i eved
with the infusion of p u re com po u n d s .
The mass acc u racy reported for the RP-
H P LC-ESI-MS analysis of the rMAb is a
re sult of the com p l ex m/z envel ope , t h e
nu m ber of i ons form ed , i on ad du cti on ,
the limited nu m ber of scans that can be
ach i eved as the eluting rMAb RP- H P LC
peak passes thro u gh the mass scan ra n ge ,
and the re s o luti on of the mass spectrom-
eter.1 7 – 2 0 However, c a reful con trol of t h e
mass spectrom eter and RP- H P LC con d i-
ti on s , and tuning the ESI-MS for maxi-
mum re s o luti on can acc u ra tely iden ti f y
C - terminal lysine heterogen ei ty and the
glycoform en s em ble in intact rMAb s .

The re sults of this RP- H P LC - E S I - M S
a n a lysis of the intact rMAb were su bj ected
to con f i rm a ti on by analysis of the small er
mass heavy chain (50 kDA) wh i ch is more
a m en a ble to acc u ra te mass determ i n a ti on
than the larger intact rMAb (150 kDA ) .
The three tru n c a ted lysine glycoforms and
t h ree less abundant lysine glycoforms were
ob s erved in the RP- H P LC analysis of t h e
h e avy chain (Ta ble 3). Th erefore , the RP-
H P LC-ESI-MS determ i n a ti on of lys i n e
and glycoform heterogen ei ty in the intact
r M Ab was con f i rm ed to be con s i s ten t
with the RP- H P LC-ESI-MS analysis of t h e
redu ced and alkyl a ted rMAb heavy ch a i n .

M DC perform a n ce is depen dent on the
a bi l i ty of the HPLC sys tem to use mu l ti-
p l e , of ten incom p a ti bl e , m obile ph a s e s
and to con trol two or more co lumn sel ec-
tors . M DC sep a ra ti ons have been report-
ed using com m erc i a lly ava i l a ble sys tem s
and with ch rom a togra phs mod i f i ed wi t h

the ad d i ti on of co lumn sel ectors .4 6 – 5 8

A Wa ters All i a n ce 2690 ch rom a to-
gra ph with a 996 PDA detector was com-
bi n ed with three Rh eodyne LabPro co l-
umn sel ectors under the con trol of
Wa ters Mi ll en n ium 32 ch rom a togra phy
s of t w a re to provi de a novel MDC plat-
form to com bine with ESI-MS for rMAB
ch a racteri z a ti on . The RP- H P LC - E S I - M S
a n a lysis was com bi n ed with high - per-
form a n ce size exclu s i on ch rom a togra phy
(HPSEC) to inve s ti ga te the fe a s i bi l i ty of
the two - d i m en s i onal ch rom a togra ph i c
s ep a ra ti on of the rMAb with ESI-MS
a n a lys i s . The rMAb was sep a ra ted from
its aggrega tes by HPSEC in the firs t
d i m en s i on and captu red by the RP-
H P LC co lumn beginning at 12.2 minute s
with captu re ending at 13.8 minute s . Th e
HPSEC sep a ra ti on was term i n a ted after
15 minute s . The RP- H P LC eluti on of t h e
R P- H P LC captu red rMAb began imme-
d i a tely upon com p l eti on of the HPSEC
s ep a ra ti on . E ach two - d i m en s i onal analy-
sis requ i red 60 minutes for com p l eti on .

The two - d i m en s i onal HPSEC-RP-
H P LC-ESI-MS mass determ i n a ti on of
the rMAb glycoforms is shown in Figure
4 . The three major C-terminal heav y
chain tru n c a ted lysine glycoforms and
the three less abundant C-terminal lys i n e
glycoforms were determ i n ed in this
mu l ti d i m en s i onal HPSEC-RP- H P LC -
ESI-MS mass analysis (Ta ble 2).
Recom binant MAbs containing 1-lys i n e
were also detected with the on e - d i m en-
s i onal RP- H P LC-ESI-MS analysis of t h e
r M Ab reported above . A rMAb in wh i ch
both heavy chains term i n a te with lys i n e
and in wh i ch on ly one ga l actose re s i due is
a t t ach ed to one of the two heavy ch a i n
o l i go s acch a ri des was also detected in the
M DC analysis of the rMAb (Mr 1 4 6 8 4 7 ,
c D NA- derived mass 146869). Ad d i ti on a l
s tudies are being con du cted to opti m i ze
this mu l ti d i m en s i onal sep a ra ti on for the
a n a lysis of r M Ab s . Thu s , it has been
dem on s tra ted that it is fe a s i ble to
em p l oy two - d i m en s i onal HPSEC-RP-
H P LC-ESI-MS for the stru ctu re ch a rac-
teri z a ti on of r M Ab s .

Summary

This stu dy dem on s tra tes that on - l i n e
R P- H P LC-ESI-MS can ra p i dly iden ti f y
the mass of i n t act rMAb s , determ i n e

h e avy chain C-terminal lysine amino ac i d
h eterogen ei ty, and profile the glycoform
com po s i ti on re su l ting from oligo s acch a-
ri de va ri a bi l i ty. Ei ght of 15 po s s i ble iso-
forms of the intact rMAb — the three
m a j or C-terminal heavy chain tru n c a ted
lysine glycol-form s , the three less-abu n-
dant C-terminal heavy chain lysine glyco-
form s , and glycoforms in wh i ch one of
the two C-terminal heavy chain lys i n e s
has been pro teo lyti c a lly cl i pped — were
determ i n ed with RP- H P LC com bi n ed
with on-line ESI-MS analys i s .

The fe a s i bi l i ty of a MDC approach
that incorpora tes HPSEC as the firs t
d i m en s i on sep a ra ti on on-line with RP-
H P LC-ESI-MS has been dem on s tra ted
for the first ti m e . In ad d i ti on , this is the
f i rst report of a Wa ters All i a n ce 2690
ch rom a togra ph con f i g u red to perform
M DC and com bi n ed with ESI-MS for the
s tru ctu re ch a racteri z a ti on of a rMAb.

These on-line RP- H P LC - E S I - M S
a n a lyses may be used to ch a racteri ze ,
i den ti f y, and con f i rm the stru ctu re of i n t act
r M Abs for produ ct con trol and to mon i-
tor produ ct qu a l i ty du ring devel opm en t .
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