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New Trace Analysis Products

As developments in analytical instrumentation for trace
analysis push detection limits progressively lower, the low-
est possible level of unwanted contaminants in standards
becomes more critical. Aldrich is a unique source for both

42,892-2  Ammonium hydrogenphosphate 100mL $150.00
matrix modifier solution, 99.999% 500mL $375.00
(40% ammonium hydrogenphosphate in water)

42,893-0 Ammonium nitrate matrix 100mL $100.00
modifier solution, 99.999% 500mL $250.00
(5% ammonium nitrate in 1% HNO,)

42,886-8 Calcium matrix modifier 100mL $125.00
solution, 99.9995% 500mL. $315.00
(2% caicium in 1% HNO,)

42,888-4 Lanthanum matrix modifier 100mL  $90.00
solution, 99.999% 500mL $225.00
(5% lanthanum in 1% HCI, specially purified to remove Ca and Mg)

42,887-6  Lanthanum matrix modifier solution, 100mL  $90.00
99.999% 500mL $225.00
(5% lanthanum in 1% HNO,, specially purified to remove Ca and Mg)

42,889-2  Magnesium matrix modifier solution, 100mL  $75.00
99.9995% 500mL $187.50
(2% magnesium in 1% HNO,}

42,890-6  Nickel matrix modifier solution, 100mL $125.00
99.999% 500mlL. $315.00
(5% nickel in 1% HNQ,, specially purified to remove Se)

42,891-4  Palladium matrix modifier solution,  100mL $225.00
99.999% 500mL $565.00
(2% palladium in 1% HNO,, specially purified to remove As, Cu, Pb,
Sb, 8e, TI; chiride-free)

42,931-7  Environmental methods 100mL $112.50
standard QC19 500mL $281.20
{contains 100ug/ml. each in 5% HNO As, Be, Ca, Cd, Co, Cr, Cu,
Fe. Mg, Mn, Mo, Ni, Pb, Sb, Se, Ti, T, V. Zn)

42,930-9 Environmental methods 100mL $125.00
standard QC21 500mL $312.50
(contains 100ug/mL each in 5% HNO,: As, Be, Ca, Cd, Co, Cr, Cu,
Fe, Li, Mg, Mn, Mo, Ni, Pb, Sb, Se, Sr, Ti, T, V, Zn}

43,1826  Holmium ICP/DCP standard solution 100mL  $45.00
(10,060p1g/ml. He in 1-3 wt. % HNO,}

43,181-8  Lutetium ICP/DCP standard solution 100mL $115.00
(10,000ug/mL Luin 1-3 wt. % HNO;)

43,179-6  Thuiium ICP/DCP standard solution  100mL  $80.00
(10,000ug/mL Tm in 1-3 wt. % HNO, }

43,183-4  Silicon ICP/DCP standard solution ~ 100mL  $50.00

(10,000ug/mL Si. free of fluoride and 500ml. $125.00

alkali metal ions)

specially purified standard solutions and the highest purity
raw materials for preparing standards. Some new addi-
tions to the Aldrich product line are listed below.

/ntrodu .
Aldrich’s specially purified clng!
solutions (Figure 1), specially purified
raw materials, expertise, and production
facilities that are used to prepare our ICP/DCP and atomic
absorption standards are also employed in preparing
custom standards to your specifications with:

o prompt service
o Aldrich’s committment to high quality
Please call our Technical Services Department at

and ask for a quotation for your custom stan-
dards requirements.

w

407.64 407.73 407.82 407.91

Figure 1. Strontium in Barium ICP Standards.
S, ICP signal for Sr at 407.7nm in a 0,1pg/mL Sr
ICP standard; C, a commercial 1,000ug/mL Ba
ICP standard prepared from Ba(NO,),; and £\,
an Aldrich 1,000ug/mL Ba ICP standard (Aldrich
Cat. No. 35,606-9) prepared from purified
Ba(ND,),.
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Do You Need
A Comprehensive GC/MS Solution?

The Shimadzu GC/MS QP-5000. The new generation. of features are truly impressive. The overall width of
Compact and complete. the GC and MS is just 72.5 cm (28.5”). All system oper-
Regardless of whether you work in water, air, or soil ations are controlled by Microsoft® Windows™-based soft-
analysis, or whether you are o : ware. The GC/MS QP-5000 is a
looking for environmental analysis, highly sensitive bench-top
additives in food, or forensics drug GC/MS with computer-simula-
abuse, our new GC/MS QP-5000 tion-optimized ion optics and

is sure to exceed your expecta- fully automated vacuum control.
tions. Its mass spectrometer, Available options include a jet-
covering the range 10 amu to separator interface, a high capac-
700 amu, is coupled to the proven ity turbomolecular pump, chemi-
performance of the GC-17A cal-ionization, and a direct inlet
gas chromatograph, including system for low volatiles. Call

AFC for setting carrier related R your nearest Shimadzu

flows and pressures. Our new Representative today for more
GC/MS QP-5000 has been designed for the most details on the GC/MS QP-5000. You can count on a
stringent analytical methodology as well as routine prompt response from us.

analytical laboratory work. Its compactness and range Windows™ is a regi of Microsoft Corporati Wa, USA.

SHIMADZU CORPORATION, SHIMADZU EUROPA GmbH For more information, please contact us.

International Marketing Rivision 3 - &
3, Kanda-Nishikicho 1-chome, Chiyoda-ku, Tokyo 101, Japan Foone 45BN ke 49(203765625 Germany'

<) SH
Phone: 81(3)3219-5641 Fax.: 81(3)3219-5710 SHIMADZU (ASIA PACIFIC) PTE LTD. @ lMADZU

Phone: 65-778 6280 Fax.: 65-779 2935 Si ; ;
SHIMADZU SCIENTIFIC INSTRUMENTS, INC. s ESPERER SR Solutions for Science
7102 Riverwood Drive, Columbia, Maryland 21046, US.A. SHIMADZU OCEANIA PTY. LTD. :
Phone: 1(410)381-1227 Fax.:1(410)381-1222 Phone: 61(2)684-4200 Fax.: 61(2)684-4055 Australia. since 1875



This small EFTA cell...

ARE WE  RE

...converts the best Trace Andlyzer
into a unique
Flow-Through Trace Analyzer.

For excellent results where spectroscopy
approaches its limits.

The new Metrohm Electrochemical Flow-Through Trace
Analyzer (EFTA) uses a novel flow-through cell for determining
trace metals (ppb) in different matrices.

Samples are introduced via a loop into the eluent stream.
lons to be analyzed are preconcentrated as the sample passes
the working electrode. Fresh eluent s introduced into the cell,
the flow stopped and the concentration determined,
all automatically.

EFTA gives convenient sample introduction and high throughput
in an easy to use, precise system. To learn more about how
EFTA can simplify your trace analysis, contact Metrohm at:

L) Metrohm BRINKMANN

lon analysis Qualityproducts for research and control.

e

METROHM Ltd. Westbury, NY 11590 9974
CH- 9101 Herisau 800-645-3050, Fax 516-334-7506
Tel. +4171538585 In Canada

Fax +4171538901 800-263-8715
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Get the product data you need fast...

By Phone: Use the reference list below, and contact the companies to fill an immediate need, or...
By Fax: Use the fax form on the opposite page to send a direct written request.
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Analytical Innovations 467 A 8/1/95 6 800-901-8576 513-298-4807 John H. Garrett
J. T. Baker 451 A 8/1/95 7 ® 800-582-2537 908-859-9318 William Broad
Bear Instruments 503 A 8/1/95 47 408-773-0462 408-773-0463 Urs Steiner
Beckman Instruments 622 A 1011/95 410 [ ] 800-742-2345 714-773-8186 Amy Bratcher
Bioanalytical Systems 564 A 9/1/95 408 [ 317-403-4572 317-497-1102 Craig Bruntlett
Bruker Instruments 498 A, 502 A 8/1/95 401, 411 ® 508-667-9580 508-663-9177 Mark Chaykovsky
Bruker Instruments 560 A 9/1/95 401 ® 508-667-9580 508-66-3954 Mark Chaykovsky
Carl Zeiss 565 A 9/1/95 415 ® 800-356-1090 914-681-7443 Irv Toplin
Carl Zeiss Jena GmbH 623 A 10/1/95 417 49-3641-64-2500 |  49-3641-64-3311 | Zeiss Gruppe
Cetac Technologies 502 A 8/1/95 413 [ ] 800-369-2822 402-733-5292 John J. Uhr
Chem Service 538 A 9/1/95 1 [ ] 800-452-9994 610-692-8729 Ron Gray
Comstock 498 A 8/1/95 402 ® 615-483-7690 615-481-3884 Susan Zell
EG&G Instruments (Princeton) 475 A 8/1/95 8 [ ] 609-530-1000 609-883-7259 Ruth Rearick
EG&G Instruments (Princeton) 610 A 10/1/85 10, 11 ® 609-530-1000 609-883-7259 Ruth Rearick
Finnigan MAT 459 A, 502 A 8/1/95 5, 408 ® 408-433-4800 408-433-4823 Gary Spear
Finnigan MAT 498 A 8/1/95 403 ® 44-1442-233555 44-1442-233666 Stan Evans
Finnigan MAT 529 A 9/1/95 9 [ ] 408-433-4800 408-433-4823 Gary Spear
Finnigan MAT 574 A 10/1/95 9 ® 408-433-4800 408-433-4823 Gary Spear
Finnegan/Tremetrics 565 A 9/1/95 411 [ ) 512-251-1565 512-251-1597 Elaine Moody
Fisons Instruments 499 A 8/1/95 404 L ] 508-524-1000 508-524-1100 Cathy Schaub
Fisons Instruments 622 A 10/1/95 413 o 508-524-1000 508-524-1100 Cathy Schaub
Fisons Instruments 618 A 10/1/95 401 L] 508-524-1000 508-524-1100 Cathy Schaub
Fluka Chemie 509 A 9/1/95 5 41-81-7552511 41-81-7565449
Fluka Chemie 571 A 10/1/95 1 [ ] 41-81-7552511 41-81-7565449
Galileo Electro-Optics 503 A 8/1/95 418 [ 508-347-9191 508-347-3849 Laurie Placella
Hamamatsu 487 A 8/1/95 none 800-524-0504 908-231-1218 Robert Wisner
Hamilton IFC 8/1/95 9 L ] 800-648-5950 702-856-7259 B. Milne/R. Beavers
Hamilton OBC 9/1/95 8 L ) 800-648-5950 702-856-7259 B. Milne/R. Beavers
Hewlett-Packard 499 A 8/1/95 415 L) 415-857-5603 415-857-8228 Doug Forsyth
Hewlz=tt-Packard 618 A 10/1/95 402 o 415-857-5603 415-857-8228 Doug Forsyth
Hiden Analytical 623 A 10/1/95 416 44-1925-445225 44-1925-416518 lan D. Neale
Hinds Instruments 564 A 9/1/95 410 L ] 503-690-2000 503-690-3000 Ted Oakberg
Hi-Tech Scientific 564 A 9/1/95 409 ® 44-722-323643 44-722-412153 David Mitchell
IN/US Systems 622 A 10/1/85 407 [ ] 800-875-4687 813-620-3708 John Hnizdil
Isco 502 A 8/1/95 412 L 402-464-0231 402-464-0318 Gary Bakken
Jeol USA OBC 8/1/95 10 [ 508-535-5900 508-536-2205 Brian Musselman
Jeol USA 561 A 9/1/95 402 [ ] 508-535-5900 508-536-2205 Robert DiPasquale
Jeol USA Inc. OBC 10/1/95 7 [ ] 508-535-5900 508-536-2205 Brian Musselman
John Wiley & Sons 581 A 10/1/95 5 L] 212-850-6137 212-850-6264 S. NelsonK&M
Electronics 475 A 8/1/95 2 [ ) 413-781-1350 413-737-0608 Rick Brighenti
Labsphere 622 A 10/1/95 412 ® 603-927-4266 603-927-4694 Joan A. Beaulieu
Macherey-Nagel 580 A 10/1/95 2 (02421) 969-0 (02421) 969-199
McPherson 502 A 8/1/95 411 ® 800-255-1055 508-263-1458 Christi Schoetfel
Melles Griot 822 A 10/1/95 409 800-835-2626 714-261-7589 Lynn Strickiand
Metrohm 454 A 8/1/95 1 [ 41-071-538-585 41-071-538-9041 R. Steiner
Metrohm 512A 9/1/95 2 [ ] 41-071-538-585 41-071-538-9041 R. Steiner
Metrohm 584 A 10/1/95 3 ° 41-071-538-5 41-071538-90 R. Steiner
Metrohm 6C 10/15/95 none L J 41-071-538-5 41-071538-90 R. Steiner
Mettler-Toledo 565 A 9/1/95 412 L J 800-638-8537 609-426-0121 Al Beronio
Molecular Dynamics 564 A 9/1/95 407 800-333-5703 408-773-1493 Jim Bull
PE Nelson 618 A 10/1/95 408 L] 408-577-2200 408-894-9307 Alycia Cortez-Frank
Perkin-Elmer 0OBC 9/15/95 none [ 203-761-2574 203-762-6000 Mary Cooke-Kager
Perkin-Elmer 1BC 9/15/95 none [ 415-570-6667 415-638-6199 Valerie Tucker
Perkin-Elmer 502 A 8/1/95 410 [ ] 203-761-2574 203-762-6000 Carol Blaszczynski
Perkin-Elmer 589 A 10/1/95 6 L] 415-570-6667 415-638-6199 Valerie Tucker
Perkin-Elmer 0oBC 10/15/95 none [ ] 203-761-2574 203-762-6000 Mary Cooke-Kager
Perkin-Eimer IBC 10/15/95 none ® 415-570-6667 415-638-6199 Valerie Tucker
PerSeptive Biosystems 499 A 8/1/95 406 ® 800-899-5858 508-383-7885 Charles Cuneo
Photometrics 564 A 9/1/95 405 [ ] 602-889-9933 602-573-1944 Michelle Downs
Quadrex Corporation 503 A 8/1/95 414 [ ] 800-275-7033 203-393-0391 John Lipsky
Sapidyne Instruments 622 A 10/1/95 408 208-345-7677 208-392-4985 Steve Lackie
Scott Specialty Gases IFC 9/1/95 7 ® 215-766-8861 215-766-0320 Donna M. Vito
Scott Specialty Gases 599 A 10/1/85 8 [ ] 215-766-8861 215-766-0320 Donna M. Vito
Shandon Lipshaw 565 A 9/1/95 413 800-547-7429 412-788-1138 Beverly Miller
Shimadzu Scientific Instruments 499 A 8/1/95 407 ® 800-477-1227 410-381-1222 Roger Greathead
Shimadzu Scientific Instruments IFC 9/15/95 none [ ] 800-477-1227 410-381-1222 Roger Greathead
Shimadzu Scientific Instruments IFC 10/1/95 4 [ ] 800-477-1227 410-381-1222 Roger Greathead
Shimadzu Scientific Instruments 5C 10/15/95 none ° 800-477-1227 410-381-1222 Roger Greathead
Siemens Industrial Automation 622 A 10/1/95 411 ® 404-740-3931 404-740-3998 Herbert Stuhler
Supelco 623 A 10/1/95 414 ® 800-247-6628 800-447-3044 Michael Gray
Teledyne Electronic Technologies 521 A 9/1/95 3 ® 415-962-6526 415-967-4353 Sharon Gomez
Thermo Separation Products 619 A 10/1/95 404 [ ] 800-532-4752 408-526-9810 Brent Davis
Topac Scientific Instruments 565 A 9/1/95 414 617-740-8778 617-740-8779 Antoni Drybanski
Upchurch Scientific 503 A 8/1/95 415 [ ] 800-426-0191 800-359-3460 Amy King
Varian Associates 561 A 9/1/95 403, 404 [ ] 415-424-6786 415-858-0480 Carl Hadjis
Varian Associates 619 A 10/1/95 405 L] 415-242-6880 510-945-2335 Deborah Kohnstamm
Varlen Instruments 564 A 9/1/95 406 800-729-4447 816-729-3700 Steve Klinger
Waters 619 A 10/1/95 406 L ] 800-252-4752 508-482-2674 Tony Lewtas
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An integrated Strategy for Structural
Characterization of the Protein and Carbohydrate
Components of Monoclonal Antibodies:
Application to Anti-Respiratory Syncytial Virus

MAb

Gerald D. Roberts, Walter P. Johnson, Sudhir Burman, Kalyan R. Anumula, and Steven A. Carr*

SmithKiine Beecham Pharmaceulticals, King of Prussia, Pennsylvania 19406-0939

The relatively rapid and extensive characterization of the
amino acid sequence and site-specific carbohydrate struc-
tures of a recombinant, reshaped human monoclonal
antibody directed against respiratory syncytial virus
(RSHZ19) is presented. The integrated strategy used a
combination of mass spectrometric and conventional
methodologies. Liquid chromatography/electrospray mass
spectrometry was used for peptide mapping and selective
identification of glycopeptides, and Edman degradation
and tandem mass spectrometry were used to define the
sequences of selected peptides. Matrix-assisted laser
desorpton/ionization mass spectrometry provided the M,
of the intact protein and was used to characterize endo-
and exoglycosidase digests of isolated glycopeptides to
identify the glvcosylation-site peptide and define the
structures of the carbohydrates at that site. These experi-
ments verified 99.1% of the light- and 99.3% of the heavy-
chain amino acid sequences. The N and C termini of both
chains were confirmed, and the nature and extent of
heterogeneity at the N and C termini of the heavy chain
were determined. Oxidation of a specific methionine
residue to the sulfoxide was demonstrated by sequencing
the N-terminally blocked peptide by tandem MS. Carbo-
hydrate was found exclusively at Asn?%¢ of the heavy chain.
There was no evidence for a nonglycosylated form of the
molecule or for the presence of O-linked carbohydrate.
The qualitative distribution of glycoforms at this site was
determined by MS of the isolated, tryptic glycopeptide and
compared with results obtained by high-performance
anion exchange chromatography and high-resolution gel
permeation chromatography of oligosaccharides released
by hydrazinolysis. The sequence and linkage of individual
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glycan species were determined using matrix-assisted
laser desorption/ionization MS to monitor the results of
a series of controlled digestions with specific exoglycosi-
dases. The set of glycoforms consists predominantly of
biantennary, core fucosylated carbohydrates lacking sialic
acid. The present study is one of the first to directly
evaluate the quantitative as well as qualitative consistency
of the MS methods with conventional methods for carbo-
hydrate analysis.

Respiratory syncytial virus (RSV) is the major cause of serious
lower respiratory tract disease in infants and young children
worldwide.! Infection can lead to bronchiolitis and pneumonia
and results in an estimated 91 000 hospitalizations and 4500 deaths
anpually in the United States alone? Outbreaks of the disease
oceur in a predictable yearly fashion, coincident with outbreaks
of the other major respiratory viruses, influenza and parainfluenza.’
No vaccine is presently available for RSV, and the only approved
treatment is with a relatively nonselective anti-viral agent ribavirin,
a drug that has gained only limited acceptance in the medical
community.

The World Health Organization and National Institute of
Allergy and Infectious Diseases have given a high priority to
development of effective methods to prevent and treat RSV
infection. Several active and passive immunization strategies are

) Levin, M. J. J. Pediat. 1994, 124, $22~S27.

(2) Heilman, C. A J. Infeci. Dis. 1990, 161, 402~406.

{3) Hall, C. B. Science 265, 1994, 1393—13%4.

{4) Chanock, R M.: Parrott, R. IL; Conners. M.; Collins, P, L.: Murphy, B. R
Pediatr. 1992, 90, 137—143.
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being explored in this regard.)3® Active immunization methods
include use of formalin-inactivated vaccines, subunit vaccines, or
live attenuated virus strains. Passive immunization therapies have
focused on neutralization of the glycoproteins expressed on the
surface of the virus. The genome of RSV encodes for 10 proteins
of which 4 are glycoproteins displayed on the outer membrane
of the virus.”% Two of these proteins, the F and G envelope
glycoproteins are of particular interest because polyclonal and
monoclonal antibodies to these proteins alone have been shown
to confer protective immunity in animal models.719 The G
glycoprotein is believed to be important for attachment of virus
to the cell, while the F glycoprotein mediates cell fusion and
formation of the giant, multinucleated cells from which the virus
derives its name. Particular attention has focused on the F
glycoprotein because its amino acid sequence is highly conserved
(~90% identical) between the two antigenic subgroups A and B,
whereas the sequence of the G glycoprotein is not {(~50%
identical).}1-

We have been developing a reshaped human monoclonal
antibody (MAb) directed against the highly conserved F glyco-
protein for passive immune therapy of RSV infection. The
molecule, which we refer to here as RSHZ19. consists of two [gG1
heavy chains and two light () chains in which the complemen-
tarity determining regions from an F-protein-specific murine MAb
have been substituted into otherwise human variable framework
regions.™ The protein, which has been cloned and expressed at
high levels in Chinese hamster ovary cells, is presently in clinical
trials for treatment of infants and young children with RSV
infection and prophylaxis in patient populations at high risk due
to preexisting conditions such as bronchopulmonary dysplasia or
congenital heart disease. RSHZ19 is effective at preventing or
clearing pulmonary infection in animal models of RSV infection.'

As with all recombinant proteins, it is necessary to rigorously
characterize the structure of RSHZ19 to satisfy the requirements
of regulatory agencies when approving these forms of therapy. A
number of diagnostic imaging and human therapeutic products
based on MAbs have already been introduced, and many more
are nearing or are in clinical trials. Mass spectrometry has been
extensively used to determine the molecular weights of MAbs
and subunits derived therefrom.'®-22 None of these reports has
been especially exhaustive, particularly with regard to character-
izing the oligosaccharide component, and only one group has

(5) Groothius. I. R /. Pediatr. 1994, 124, S28—-S31.
(6) Du, R-P;Jackson, G. E. D.; Wyde, P. R.: Yan, W.-Y,
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83, 7462—T7466.
(8) Walsh, E. E; Cote, P. J; Fernie, B. F.; Schlessinger, J. J.; Brandris, M. W.
J. Gen. Virol. 19886, 67, 505~513.
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[ Infect. Dis. 1987, 155, 1198—1204.
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described the use of MS to study a MAD at the peptide level™
While molecular weight information is extremely valuable, it
cannot be substituted for more detailed analysis of the protein in
order to detect and characterize covalent modifications or variants
of the protein that may be present.?® Because of the increasing
interest in this class of molecule in industry and academia, we
have tried to develop a generally applicable, comprehensive
strategy to characterize the amino acid sequence of MAbs and to
identify modifications such as glycosylation, truncation, oxidation,
deamidation, etc., that might be present. The overall strategy
includes the following steps: {1) M, measurement of the intact
MAD by MS; (2) separation and M, measurements by MS of each
of the separated light and heavy protein chains produced by
reduction and alkylation of the intact MAb; (3) high-performance
liquid chromatography/electrospray (LC/ES) MS analysis of the
separated reduced and S-carboxymethylated light and heavy
chains with stepping of the collisional excitation potential to
produce carbohydrate-specific marker ions at low m/z; @) a
detailed sequence and linkage determination of the oligosaccha-
ride structure using high-performance anion exchange chroma-
tography, high-resolution gel permeation chromatography, and
matrix-assisted laser desorption/ionizadon (MALDI) MS for
analysis of the products arising from reaction of the isolated
glycopeptides with glycosidases of known specificity; and (5)
Edman degradation and tandem MS to define the sequences of
selected peptides. This strategy is presented here for the
reshaped human MAb, RSHZ19.

EXPERIMENTAL PROCEDURES

Materials. Reshaped, human monoclonal antibodies against
the F glvcoprotein of RSV (RSHZ19) were produced in Chinese
hamster ovary cells as previously described’™ (RSHZ19 is de-
scribed as HuRSVI9VHENS/VK in this reference). All chemicals
and reagents used were of the highest purity commercially
available. Proteolytic enzymes used were “sequencing grade”
from Boehringer-Mannheim (Indianapolis, IN). Recombinant
peptide N-glycosidase F (PNGase F) was obtained from Genzyme
(Cambridge, MA). Exoglycosidases were obtained from Oxford
Glycosystems (Rosedale, NY). Model glycopeptides were ob-
tained from Accurate Chemical (Westbury, NY) or were derived
from RNase B or fetuin as previously described. 2

Reduction, Alkylation, and Separation of Light and Heavy
Chains. Native RSV was reduced and S-carboxymethylated
(RCM) using published procedures.?% The chains were sepa-
rated using two TSK G3000SW size exclusion columns (Supelco,

(17) Siegel. M. M.; Hollander, 1. J.. Hamann, P R.: James, J. P.; Hinman. L.;
Smith, B. J.; Famsworth, A. P. H.; Phipps. A: King. D. I Karas, M.
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Rellefonte, PA) coupled in series and operating isocratically, using
3.0 M guanidine hydrochloride in 50 mM sodium phosphate
buffer, pH 6.2. Fractions containing the RCM light and RCM
heavy chains were desaltec by dialysis into 1.0 M acetic acid (500
ml x 4) over 48 h.

VALDI-MS of Intact RSHZ19. Approximately 3 piol of the
sample was examined in a matrix of sinapinic acid on the VG
TofSpec laser desorption mass spectrometer. Light from a 337-
nm pulsed Ny laser was focused on the target, and a laser energy
setting of 3:126 and an acceleration voltage of 27 kV were used.
A total of 43 laser shots were averaged to produce the spectrum.
The mass scale was calibrated externally with bovine serum
albumin.

ESMS of Intact RSHZ19. Stabilizing buffers and impurities
were removed from a solution (10 mg/mL) of the intact protein
by centrifugal ultrafiltration with a Centricon-1C small-volume
concentrator (Amicon, Inc., Beverly, MA) having a molecular
weight cutoff of 30 000. The purified protein was collected in 10%
acetic acid. The solution was adjusted to ~27% acetonitrile in 30%
acetic acid and, using flow injection, was examined by ESMS on
a PE-Sciex APHII triple—quadrupole mass spectrometer fitted with
5 fully articalated ion spray probe and an atmospheric pressure
ionization source (PE-Sciex, Ontario, Canada). The mass spec-
trometer was scanned continuously from m/z 1800 to 2400 with
a scan step of 0.2 and a dwell time per step of 3.0 ms resulting in
a scan duration of 9.29 s. The orifice voltage was set at 100 V.
The mass szale was caidbrated as previously described % Tt is
important © note that automatic mass assignment algorithms
applied to ESMS data have difficulty in properly assigning peak
centroids—and, therefore, charge state—to broad, statistical m/z
peaks such as those typically produced for large glycoproteins
isee Discussion). In such cases we find that manual centroid
assignment produces better M, values with lower standard
deviation.

ESMS of Separated Light and Heavy Chains. Each of the
samples was examined by ESMS on the Sciex electrospray MS
system. The RCM light chain was flow injected in 1.0 M acetic
acid, and the RCM heavy chain was infused in a solution of ~22%
acetonitrile 'n 25% acetic acid. A high concentration of acid was
used to denature the protein and to maximize the degree of
protonation/charging. For the RCM light chain, the mass
spectrometer was scanned continuously from m/z 400 to 2400 with
2 scan step of 0.2 and a dwell time per step of 1.0 ms resulting in
a scan duration of 10.55 5. The orifice voltage was set at 80 V.
For the RCM heavy chain, the mass spectrometer was scanned
continuously from m/z 600 to 2000 with a scan step of 0.2 and a
dwell time per step of 1.93 resulting in a scan duration of ~14 s.
The orifice voltage was setat 90 V.

Reversed Phase LC/ESMS of Tryptic Digests of Light and
Heavy Chains. A 160 gL aliquot of a tryptic digest solution (110
pmol/ul) of the RCM light chain or 150 xL of a tryptic digest
solution (120 pmol/ul) of the RCM heavy chain was analyzed
using a 4.6 xm x 25 cm Vydac Cis column connected to the Sciex
APTHII electrospray MS system. The column was heated to 45
°C. The HPLC system (Beckman System Gold) was operated at
a flow ratc of 1 mL/min beginning with a mobile phase of 100%
solvent A (0.1% TFA), which was increased linearly to 50% solvent
B (80% CHiCN, 0.1% TFA) in 65 min. A 142:1 split was used

(28) Huddlesion, M. J.; Bean, M. F.; Carr, 5. A. Anal. Chem. 1993, 65, 877~
&84,

posteolumn to divert 993 4L/min to a UV detector (4 = 215 nm)
and fraction collector, and 7 #1./min to the Sciex mass spectrom-
eter. The mass spectrometer was scanned continuously Tom #/z
140 to 2400 with a scan step of 0.2 m/z and a dwell time per step
of 0.32 ms resulting ir. a scan duration of 4.5 s. The orifice veltage
was changed during each scan from a value of 135 V between
m/z 140 and 400 to a value of 65 V from m/z 401 to 2400. This
was done to increase fragmentation of glycopeptides to enhance
their detectability as previously described 28 All significant peaks
appearing in the UV trace were fraction collected and kept at —70
°C for further analysis as might be deemed necessary.

Electrospray Tandem MS. Selected HPLC fractions were
concentrated to near dryness on a Speed-Vac centrifuge (Savant
Instruments, Farmingdale, NY) and reconstituted in ~2(—100 L
of 1:1 methanol/H,0 (v/v), 0.2% in formic acid. Approximately
1-5 uL of each sample was introduced into the mass spectrometer
by either flow injection or infusion. The mobile phase (1:1
methanol/H;0 v/v, 0.2—8% in formic acid) was delivered using a
infusion pump (Harvard Apparatus, South Natick, MA) at a flow
rate of 1 41/min. Doubly-charged parentions, (M + 2H)%", were
selected with Q1 for collisioninduced decomposition in Q2 of the
triple—quadrupole. Quadrupole-3 of the triple—quadrupole system
was scanned from m/z 10 to 2400 with a mass step of 0.25 Da
and 10 ms dwell/step. Argon was used as the collision gas with
a calculated collision energy of ~50 eV. Parent ion transmission
was maximized by reducing the resolution of Q1 to transmit a
~2—3 m/z window about the selected parent ion. Daughter ion
spectra were obrained from an injection of 1-5 L of the samples
at a concentration of ~2.5—10 pmol/ul.

MALDI-MS of Peptides and Analysis of Metastable Ions.
MALDI-MS analyses of peptides were carried out using a Fisons
VG TofSpec SE mass spectrometer (Manchester, UK), a single-
stage reflectron instrument with a maximum resolution in the
reflecting mode of m/Am 6000 (fwhm) using photon irradiation
from a 337-nm pulsed nitrogen laser and 25keV accelerating
energy. The instrument was externally mass calibrated in the
linear and reflectron modes using a mixture of peptides of known
M, Aliquots of the HPLC fractions were mixed (1:2 v/v) with
o~cyano-4-hydroxycinnamic acid (10 mg/mL in 1:1 CHsCN/H,0),
spotted onto the stainless steel target and allowed to air-cry prior
to insertion into the mass spectrometer. Structural information
may be discerned from MALDI-MS by analysis of metastable ions
formed in the field-free drift region of the time-offlight analyzer.”
Metastable ion mass spectra were acquired in eight consecutive,
overlapping mass scale segments, each representing a 25% mass
change from the previous segment. The segments were com-
bined and externally mass calibrated (vs a metastable ion
spectrum of a mode! peptide such as renin tetradecapeptide or
substance P, residues 2—11) by the data system.

Carbohydrate Composition Analysis. The carbohydrate
composition of anti-RSV-MAb was determined using methods
previously described.®® The method involves release of monosac-
charides by acid hydrolysis followed by their derivatization with
anthranilic acid to yield fluorescent derivatives.

Hydrazinolysis Release of Carbohydrates from the Gly-
coprotein and Separation and Analysis of Carbohydrates by
High-Performaice Anion Exchange Chromatography. O~
gosaccharides were isolated from the glycoprotein using Glyco-
prep 1000 (Oxford Glycosystems, Oxford, UK), which operates

(29) Anumula, K. R. Anei. Bivchem. 1994, 220, 275—283.
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using the hydrazinolysis methodology developed by Kobata and
colleagues.® Samples for hydrazinolysis were prepared by organic
solvent precipitation in the reactor vessels (glass screw-cap tubes
13 x 65 mm). Less than 2.0 mg each of the glycoproteins was
made up to 0.5 mL using a fresh 1% NH,;HCO; solution. Glyco-
proteins were precipitated using 4 volumes f ethyl alcohol/ethyt
acetate (1:1) containing 1% acetic acid miXture at room temper-
ature for 30 min. Precipitated proteins were collected by cen-
trifugation (table top) and were resuspended in 0.5 mL of
NH HCO; solution. A total of three precipitations was found to
be satisfactory for oligosaccharide relcasc by removing the
interfering substances such as buffer salts, excipients, and
detergents from the samples. The glycoprotein precipitates were
dried using a vacuum centrifuge (Savant, with nio heat) for at least
3 h. The samples were installed into the Glycoprep 1000, which
was set up to release oligosaccharides using the “N” program
option according to the manufacturers instructions. Oligosaccha-
ride pools were dried by lyophilization and an aliquot (~5-—10%)
was analyzed by high-performance anion exchange chromatog-
raphy with pulsed amperometric detection (HPAZ-PAD) as previ-
ously described.#

Hydrazinolysis Release of Carbohydrates from the Tryptic
Glycopeptide and Analysis of Fluorescently Labeled Carbo-
hydrates by HPLC and High-Resolution Gel Permeation
Chromatography. Oligosaccharides were also released by hy-
drazinolysis from glycopeptides identified in the LC/ESMS experi-
ments. Dry glycopeptide samples supplied to Oxford GlycoSys-
tems (12 nmol) were transferred to the GlycoPrep 1000 reactor
vessels using TFA (0.1% v/v), and the oligosaccharides released
and recovered using the “N + 0” program. The sample was
fluorescently labeled by reductive amination with 2-aminobenza-
mide, and derivatized oligosaccharides were separated from
excess reagents using Whatman 3MM chromatography paper and
subjected to ascending paper chromatography using 1-butanol/
ethanol/water (4:1:1) . The 2-aminobenzamide-labeled oligosac-
charides remained at the origin and were subsequently eluted
with water. An aliquot of the total pool of this sample was
separated by HPLC on a2 4.6 mm x 100 mm GlycoSep C column
using acetonitrile and ammonium formate as eluent according to
the standard experimental protocol ASPO0C1 from Oxford Gly-
cosystems. A second aliquot of the sample was subjected to high-
resolution gel permeation chromatography. To accomplish this,
the fluorescently labeled oligosaccharides were suspended in an
aqueous solution of a partial acid hydrolysate of dextran (internal
standards for glucose units) and applied to a gel permeation
column in the RAAM 2000 Glycosequencer (Oxford Glycosys-
tems). The column was eluted with water at 55 °C at a flow rate
of 30 uI/min over 21.6 h. Detection was by an in-iine fluorescence
flow detector and an in-line differential refractometer.

Exoglycosidase Digestion of the Glycopeptide. In three
ditferent experiments the glycopeptide isolated from the tryptic
digest was subjected to digestion with individual or combinations
of the exoglycosidases f-galactosidase (source, Streptococcus
preumoniae; specificity, Galg1-4GlcNAc) and 3-N-acetythexosamini-
dase (source, S. preumoniae). The latter enzyme is specific for
GleNAcB1-2Man at low enzyme concentration (0.01 milliunit/u1),
while it exhibits broader specificity for GlcNAc-$1-2,4, or 6Man
at high concentration (0.1 milliunit/xL). The final incubation

(30) Takasaki, S.; Mizuochi, T.; Kobata, A. Methods Enzymol. 1982, 83, 268—
277.
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Table 1. Determined M, Values on Anti-RSV MAb and
the Reduced and Alkylated Light and Heavy Chains

sample ESMS

anti-RSV Mab (intact) 149265 £ 100¢ 145518 = 300¢
light chain (reduced, alkylated} 24368 + 3¢ nd*
heavy chain (reduced, alkylated) 51250 4+ 50 ngs

MALDI-MS?

2 Estimated crror (Da). ? Calibrated with bovine serum albumin.
¢ Not determined.

solution (total volume, 10 L} of the first experiment consisted of
a f-galactosidase concentration of 0.08 milliunit/xL and a subsirate
concentration of 10 mM. The final incubation solution (total
volume = 10 ul) of the second experiment consisted of a
B-galactosidase concentration of 0.08 milliunit/uL, a f-N-acetyl-
hexosaminidase concentration of 0.1 milliunit/xL, and a substrate
concentration of 10 mM. A third experiment was performed
identically to the second, except the S-N-acetylhexosaminidase was
used at a 10-fold lower concentration tc obtain highly specific
cleavage. At time points T = 0, 2, 4, 8, and 24 h, 0.5-xL aliquots
of the digests were removed and spotted on a laser target with a
matrix of a-cyano-4hydroxycinnamic acid and examined by
MALDI-MS.

RESULTS

The M, values of the intact glycoprotein and the separated light
and heavy chains (following reduction and S-carboxymethylation)
were determined by ESMS and MALDIMS and are shown in
Table 1. The M, of the polypeptide chain of RSHZ19 deduced
from the cDNA sequence is 146 242. This value takes into account
16 disulfides formed by the 32 Cys present. The measured M.
values of the intact glycoprotein obtained by ESMS {Figure 1a)
and MALDI-MS differ from the calculated value by 3023 and 3277
Da, respectively, indicating the presence of a modification having
substantial mass, presumably carbohydrate. The M. of the
reduced and S-carboxymethylated light chain obtained by ESMS
(Figure 1b) was within 1 Da of the predicted value (24 367 Da),
whereas the M, of the reduced and S-carboxymethylated heavy
chain was heavier than the mass calculated for the reduced and
alkylated polypeptide chain (49 699 Da) by 1551 Da (Figure 1c).
The 1551-Da difference must be multiplied by 2 to take into
account that there are two heavy chains (and two light chains) in
the intact MAb. The 3102 Da so obtained accounts well for the
total mass discrepancy observed for the intact MAb and suggests
that all of the modifications present reside on the heavy chain.

Establishing the M, values for the intact MAb and its heavy
and light chains rapidly provides important information in the
characterization of the MAb structure. However, it is necessary
to further characterize the glycoprotein by conducting studies on
smaller fragments in order to locate posttranslational modifications
such as sites of glycosylation, ragged termini, and sites of
oxidation or deamidation. This is readily accomplished using LC/
ESMS with infine UV detection on mixtures of relatively small
peptides generated by use of a proteolytic enzyme that will cleave
predictably and with reasonable specificity. % # The reduced

(31) Hemling, M. E; Roberts, G. D.; Johnson, W.; Carr, S. A. Bigmed. Environ.
Mass Spectrom. 1990, 19, 677-691.

(32) Covey, T. R; Huang, E. C; Henion, J. D. Anal. Chem. 1991, 63, 1163~
1200.
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and carboxymethylated light and heavy chains were digested in
separate experiments with trypsin and then analyzed by LC/
ESMS. The UV and total ion current (TIC) traces produced
during the analyses of the light- and heavy-chain digests are
presented in Figures 2 and 3, respectively. Peptide signals were
assigned to specific sequence locations with the aid of an
interactive computer program developed in-house.® The program
(Rosetta, available commercially from PE-Sciex as PeptideMap)
deleruines the M. of all of the peptides in the LC/ESMS data set
and matches them, if possible, to the calculated M, of all peptides
that would he expected to form based on the reaction conditions
used and the predicied sequence. The following cleavage site
criteria were used to make assignments: (1) a tryptic site at both
ends; (2) a wyptic site at one end and a chymotryptic site at the
other: (3) a chymotryptic site at both ends; and (4) any of the
above with one uncleaved, internal tryptic site (e.g., Arg-Glu).
The predicted sequences of the heavy and light chains are
shown in Figures 4 and 5, respectively. Peptides identified in the
LC/ESMS experiments are indicated with their determined M,
and the scan numbers at which they were found. In general, the
determined /. values were <0.2 Da of calculated. The data
obtained by the LC/ESMS of the mixtures of tryptic peptides
provided 99.1% coverage of the 219 amino acid light chain and
99.3% of the 446 amino acid sequence of the heavy chain. Only
two of the 22 predicted unique tryptic fragments of the light-chain
sequence were not detected. One of these corresponds to a single

/.. Canova-Davis, E.; Stults, J. T Haneack, W. S
, 2909-2915.

A; Hemling, M. E.; Taylor, A.; Bonner, R.: Roberts,
M. nan, R S;; Johnson, W. Proceedings of the 42nd ASMS
Conference on Mass Specirometry and Allied Topics;, Chicago, IL, 1994; »
662,

arginine (Arg!®); however this residue is detected In a partial
tryptic fragment (Val'”—Arg?®) formed by incomplete cleavage
between two consecutive tryptic sites. The other corresponds to
a dipeptide (His'*—1ys'%). Except for two, all of the 37 predicted
unique tryptic fragments of the heavy chain were detected
(analysis of the glycopeptide is described below). These cor-
respond to a single lysine (Lys?'®) and  dipeptide (Ser™—Arg*'9).
It is often difficult 1o detect dipeptides by LC/ESMS since they
usually elute in the high-agueous porton of the chromatogram
where buffer salts present in the sample also elute. These
excipients tend to suppress peptide-related signals. In cases where
the determined M, was higher than the predicted M, by more
than 0.5 Da, deamidation of Asn to Asp was suspected to have
occurred (see peptides identified with a subscript d in Figures 4
and 5). The M, of these peptides were redetermined by infusion
of the correspending fractions to confirm the observed mass shift.

There is generally excelient agreement between the UV traces
and the total ion current traces from the LC/ESMS experiments
with respect to the presence and relative abundances of peaks.
However, discrepancies can arise because the detectors are
measuring different physical parameters of the molecules. The
UV response is a product of concentration and molar absorptivity
at the given wavelength, while the response in MS is a function
of the number of ions produced within the mass range monitored.
In the UV trace of the light chain (Figurc 2), the peak at a
retention time of ~24.2 min is very strong, whereas in the TIC
trace it is very weak, The observed M, of this component is 560.4,
which corresponds to a predicted tryptic tetrapeptide (Val'Sl—
Lys®™). The sequence of this peptide was confirmed by electro-
spray tandem MS (ESMS/MS; see below) and by analysis of
metastable ions in MALDIMS (the so-called postsource decay
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peaks appear in the UV trace ~0.4 min later than they appear in the TIC trace.

technique).” In this case, the considerable difference in response was not reproduced in subsequent injections of this same sample.
is due to the presence of the strong UV absorber Trp in the small The expected N and C termini of both chains were identified
peptide. The raised baseline at ~17 min in the UV chromatogram on the basis of the observed M; in the LC/ESMS data (Figures 4
of the light chain was most likely caused by an air bubble and and 5). A peptide 16 Da heavier than the predicted, blocked
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N-terminal wyptic peptide of the heavy chain was also observed
in the LC/ESMS data eluting ~2 min prior to the predicted
N-terminal peptide (585 vs 60.6 min, Figure 3). Attempts to
sequence this peptide by Edman degradation failed, presumably
due 10 the presence of a blocked N terminus. The sequences of
this pepiide, and that of the blocked N-terminal peptide with the
expected M., were established by mass spectrometric peptide
sequencing by electrospray tandem MS.# Both peptides pro-
duced an identical serics ¢f N-terminal (b;—bs) fragment ions,
demonstrating that the peptides have the same sequence through
residue 5 (data not shown). Similarly, the C-terminal (ya—vs)
fragment ions corresponding to the partial sequence HisTrpValArg
were obtained for both peptides. However, beginning at vs, the
v fragment ions in the spectrum of the earlier eluting peptide shift
upward by 16 Da relative to those in the spectrum of the predictad
N-terminal peptide, demonstrating that Met™ is oxidized. The
sequence of the predicted N-terminal peptide was also cor-
roborated by Edman degradation following treatment with pyro-
glutamate aminopeptidase to remove <Glu! at the N terminus.
The ratio of the predicted N-terminal peptide to the modified
N-terminal peptide is ~1.8:1 based on the jon current response
for the respective (M + 3H)3* ions.

Two forms of the heavy-chain C-terminal tryptic peptide were
also observed by LC/ESMS: Ser®—Gly*® and Ser#3—Lys*6,
Approximately 85% of the heavy chain is in the des-Lys form based
on the ion current response and the UV absorbance for the
respective forms of the peptide. Partial removal of the C-terminal
Lys of the heavy chain of MAbs has been previously reported
and may be due to carboxvpeptidaee B-like activity present during
the fermentation process 2 Similarly, the predicted amino ter-
minus, Asp'—Arg'® and the carboxyl terminus, Gly*'"—Cys??, of
the light chain were identified by mass spectrometry and, in these

cases, confirmed by Edman degradation.

Avariety of techniques yielding an increasing level of structural
detail were employed to study the glycosylation of the RSHZ19.
Carbohydrate composition analysis obtained on the intact MAb
indicated the presence of the following sugars in moles of
carbohydrate per mole of MAb: fucose (Fuc) 1.8; N-acetylglu-
cosamine (GIcNAc) 6.4; galactose (Gal) 1.2; mannose (Man) 4.9;
and N-acetylncuraminic acid (NANA) 0.1. These values are not
corrected for the losses encountered during hydrolysis.? These
data are consistent with the presence of complex, N-linked

oligosaccharide; the absence of galactosamine suggests that no
O-linked carbohydrates of the usual type are present.

LC/ESMS was used to locate glycopeptides in the complex
digest mixtures and to preparatively fraciionate them for further
structural studies. We recently described a general approach for
selective detection of a variety of posttranslational modifications
in proteins during LC/ESMS analysis of digests.?2 The method
relies on the formation and detection of low-mass fragmen:
(marker) ions that are specific for the modification(s) of interest.
The natural abundanice of these low-mass marker ions in normal
electrospray mass spectra is often quite low, but their abundance
can be significantly enhanced by collisioninduced decompositior
of the parent ions. This is accomplished by stepping the potential
that controls the extent of collisioninduced decomposition of
source-produced fons from a high voltage, to maximize fragment
ion production during acquisition of low m/z ions, to a lower
voltage to yield intact ionized molecules during the remainder of
the scan. In this way, both intact parent ions and abundant marker
ions are observed in the same #/z scan. A selected ion current
trace for one or more of the marker ions reveals where in the
chromatogram the modified peptide is eluting. Glycopeptides in
complex mixtures may be selectively detected on the basis of
production of diagnostic sugar cxonium jons, particularly the
HexNAcT and Hex-HexNAc* fragments.

The elution position of the glycopeptide in the HPLC separation
of the tryptic digest of the heavy chain was established by plotting
a selected ion current (SIC) trace for the sum of the m/z 366
HexHexNAc™ and m/z 168 (HexNAc — 2H,0)* carbohydrate
marker ions produced in the manner described above. These ions
mayimize at ~19.5 min in the chromatogram (Figure 3¢). The
mass spectrum obtained by averaging the scans representing the
entire glycopeptide peak envelope (UV retention times of 19.1—
19.6 min.) is shown in Figure 6. Clusters of ions are observed in
three distinct regions of the mass spectrum which correspond to
the M -+ SH)**, M + 2H)?® and @M+3H)*" of the glycopeptide.
The jons in each of these clusters are separated by the incremental
masses of various monosaccharides. For example, the peaks at
m/z 1398.8 and 1317.8 differ by 81 Da; because these ions are
doubly charged, the wue mass difference is 162, which corre-
sponds to the incremental mass of a hexose (e.g., Gal or Man).
The observed distribution of peaks provides a snapshot of the
glycoform heterogeneity at this specific site. We also routinely
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Figure 5. Predicted amino acid sequence of RSHZ19 heavy chain indicating the peptides (underlined) identified by reverse phase LC/CSMS
of a reduced and S-carboxymethylated tryptic digest of reduced and S-carboxymethylated protein. Dotted underlines correspond to sequences
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reanalyze small aliquots of the HPLC fraction(s) containing the
entire glycopeptide pool(sy by infusion ESMS to determine
whether minor glycoforms may be present that have gone
undetected due to the relatively fast scan conditons employed in
the LC/ESMS analyses. In the present case, the infusion data
(data not shown) and the LC/ESMS data for the glycopeptide
pool showed the same distribution of M, for the glycoforms.
"The only consensus sequence for N-glycosylation (Asn-X-Ser/
Thr, where X = any amino acid except Pro) in the protein is Asn?,
which is found in the tryptic peptide Glu®?—Arg®®, The identity
of this glycopeptide was established by digestion of a small portion
of the fraction with peptide—N-glycosidase F. This releases the
entire carbohydrate en bloc from the peptide and converts the
attachment site Asn to Asp.2* Analysis of the digest by MALDI-
MS after ~1 min of reaction time revealed the presence of a new
M = H)* signal at m/z 1191.2 (calclulated, m/z 1191.2) corre-
sponding uniquely to the (M + H)* for Glu2%—Arg® in which
Asn®® had been converted to Asp. The (M + H)* for Glu™—
Arg®™ in which Asn® is unsubstituted was not detected in the
LC/ESMS data, and therefore, we conclude that the protein is
fully glycosylated at this site. Subtracting the peptide mass from
the determined glycoformn masses vields a series of residual
carbohydrate masses. All potential carbohydrate compositions
that fit these masses were generated with the computer program
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Gretta's Carbos (Wade Hines and Brad Gibson, UCSF). Unique
compositions were identified for each parent glycoform. The
predominant anti-RSV carbohydrates have compositions of Hex,-
HexNAc,dHex (39%) and HexsHexNAc:dHex (37%), presumably
corresponding to highly processed biantennary, core fucosylated
structures (see below). The mixture of carbohydrates attached
to the intact MAb was also released by hydrazinolysis and
analyzed by HPAE-PAD. The retention times of the major species
correspond to neutral, biantennary oligosaccharides, core fuco-
sylated carbohydrates lacking sialic acid, in agreement with the
MS data, Carbohydrate analysis was also performed on oligosac-
charides released from the tryptic glycopeptide sample and
analyzed by HPLC anion exchange chromatography and gel
permeation chromatography. The anion exchange chromatogra-
phy indicated that the oligosaccharides are largely neutral (>95%).
Consequently, deacidification was deemed unnecessary prior to
gel permeation analysis. By high-resolution gel permeation
chromatography, at least six components are indicated with
hydrodynamic volumes ranging from 8.0 glucose units to 15.3
glucose units (data not shown). These data are in agreement with
the ESMS, MALDEMS, and the HPAE-PAD data (Table 2).

To further elucidate the oligosaccharide structure in terms of
sequence and linkage information, aliquots of the HPLC fraction
known to contain the glycopeptides were digested with specific
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Table 2. Carbohydrate Structures of Anti-RSV MAb

ESMS proposed
(M -+ 2Hi M, (Det)) struciure?
GRI-4GNp1-2Ma-t | Fot argoo0
1480.0 2058.0 3Mﬁ1-4GN[}1-4G?¢-Asnm
Gp1-4GNB1-2Mo1 aluze2
1407.8 28136 —F
1398.8 27956 -G
1326.0 2650.0 -G, -F
1317.8 2633.6 —2G
1297.0 2592.0 -G, -GN
2488.9 -2G, -F
2430.0 ~2G, -GN

rel % composition carbohydrate

ESMS HPAE-PAD? MALDI-MS HRGPe

8 14 6 7

3 nd¢ 1 nd
36 45 36 3¢

3 it 4 nd
34 30 36 25

8 5 7 8

1 nd 4 nd

6 2 6 8

¢ The firsi entry in the column is the most heavily glycosylated structure observed. All subsequent entries differ from the first entry by the loss
of the indicated sugars. * High-performance anion exchange chromatography with sulsed amperometric detection. Equal responses are assumed
for all the ol gosaccharides. HPAE-PAD detected <5% monosialyated oligosaccharides. ¢ Highresolution gel permeation chromatography. ¢ nd,

not determined.

exoglycosidases. The time course of these reactions was moni-
tored by MALDI-MS.® The mixture of glycopeptides was sub-
jected to concurrent, controlled digestion with two highly specific
exoglycosidases, a f-galactosidase (specificity, Galg1-4GlcNAc and
Galf1-4GalNAe) and a S-N-acetylhexosaminidase (specificity,
GlcNAGf1- 2Man under low enzyme-to-substrate ratio conditions).
These enzymes were chosen on the basis of the structural types
proposed from the ESMS and MALDIMS analyses of the
glycopeptide pools, as well as the HPAE-PAD data. The resulting
products were ther analyzed directly by MALDI-MS. These
results indicate that in a sample of the digest taken immediately
all of the terminal Gal residues and a minor amount of terminal

{35) Suttea. C. W.; O'Neill, . A.; Cotirell, J. S. Anal. Biochem. 1994, 218, 34—
46.

GleNAc residues were removed from the glycopeptide. At 8 h
most of the GlcNAc residues were removed, and at 24 h digestion
of the oligosaccharide by both enzymes appeared to be complete
(Figure 7). Complete removal of GleNAc with the 1-2 specific
enzyme rules out the presence of bisecting GlcNAc which, if
present, would be linked 1—4 to the Alinked Man of the
trimannosyl core. The RSV glycopeptide was also evaluated using
three different o-fucosidases: chicken liver o-fucosidase (specific-
ity = Fucal-2,4,6)), bovine epididymis o-fucosidase (specificity
= Fucal-6(>2,3,4)), and almond meal c-fucosidase (specificity
= Fucul-3/4). Unfortunately, the results obtained with these
enzymes were inconclusive. The enzyme with the broadest
specificity released a significant amount of Fue, but not all (Figure
8d). Furthermore it was found to be contaminated with galac-
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Figure 8. MALD! mass spectra of (a) the mixture of tryptic glycopeptides of RSHZ19 and the same glycopeptides following digestion with (b)

f-galactosidase and (c) 5-galactosidase combined with S-N-acetylhexosaminidase. Panel d is the glycopeptide after digestion with c-fucosidase
from chicken liver.

tosidase. A small but significant amount of Fuc was removed after These results demonstrate that RSHZ19 is glycosylated with
22 h using the 1—6-specific enzyme, whereas no reaction was a family of core fucosylated, (predominantly) nonsialylated,
obtained with the 1~3/4-specific enzyme. These data are most biantennary oligosaccharides having Galf1-4GlcNAcS1-2Man as
consistent with attachment of Fuc to the 6-position of GlcNAc, the outer chains. The electrospray, MALDI-MS, HPAE-PAD, and
but we cannot rule out attachment to the 3-position as well. gel permeation data are summarized in Table 2. Eight glycoforms
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are detected by MS, while at least five and six different glycoforms
were observed by HPAE-PAD and gel permeation chromatogra-
phy, respectively. The relative ratios of the glycoforms are derived
from (e peak heights of the respective components in the
MALDIMS and ESMS data {2+ series) and the peak areas from
the HPAE-PAD and gel permeation data. These ratios are
generally in very close agreemen: with each other, with the MS
discerning a few additional minor glycoforms (Table 2).

Itis now possible to reevaluate the determined M; of the intact
glycoprotein to see whether the modifications to the polypeptide
chain determined to be presen: fully account for the mass
difference of 3023 Da (determined by ESMS) to the calculated
mass of the protein. The studies described above have established
that (1) the heavy chain has pyroglutamic acid (<Glu) at the N
terminus; (2) ~88% of the heavy chain (predicted to be 446 amino
acids long) lacks the Cterminal Lys residue; (3) the light chain
is 219 amino acids long and corresponds precisely 1o the sequence
predictad by the cDNA; @) there is one N-linked glycosylation
site located on each heavy chain; and (5) the distribution of
glycoforms at each of the two N-linked sites in the intact MADb is
identical with an average incremental mass of 1601 Da based on
ESMS analvsis of wyptic glveopeptides (see below). This number
is also consistent with that calculated from the observed relative
molar raties of carbohydrate obtained by carbohydrate composi-
ilon anelysis (see above). The M, calculated for the intact protein
taking these modifications into account (assuming 100% of heavy
chain is des-Lys) is 14S 154 Da. The M, determined by ESMS is
within 111 Da o7 0.07% of this velue, whereas the MALDI-MS value
is within 560 Da or 0.2% (Teble 1). The close agreement between
the calculated anc predicted M; provides a high degree of
confidence that all modificetions with significant mass have been
accounted for and that the overall sequence has a very high degree
of fidelity to that predicted from the cDNA.

DISCUSSION

We have demonstrated that the primary structure of large
glycoproteins like the ant-RSV-MAb described here may be
extensively characterized through a combination of LC/ESMS and
MALDIMS, supplemented as necessary with Edman degradation
and tandem MS 1o aid in the sequence analysis of specific peptides.
To our knowledge, the present study is one of the most detailed
characterizations of the primary structure of a humanized MAb
and its postiranslational modifications. These experiments verified
99.1% of the light and 99.3% of the heavy-chain amino acid
sequencss, confirmed the N and C termini of both chains, and
demonstrated the nature arnd relative extent of heterogeneity at
the N and C termini of the heavy chain. A previous LC/ESMS
study achieved only 31% coverage of the molecule anc reported
cnly very limited characterization of the carbohydrate 22 The study
ol RSHZ19 reporied here illustrates some of the unique capabilities
that mass spectrometry provides for identifying sites and struc-
tures of modifications such as glycosylation, N-termninal blocking
groups, and C-terminal proteolytic clipping. While it would be
possible, in principal, to use conventional methodologies for
confirmation of amino acid sequence, the various modifications
noted above that were idertified in RSHZ19 would have been
difficalt to detect and characterize without MS. In addition to
improving the completeness and accuracy of the structural
characterization, the use of MS also greatly increased the speed
of the overall analysis.

To our knowledge, the present study is the first to directly
compare MALDI-MS and ESMS of glycopeptides with high-
performance gel permeation chromatography and HPAE-PAD of
enzymatically and chemically released carbohydrates to assess
the capabilities of the respective techniques for providing quantita-
tive as well as qualitative information on the carbohydrates
present. These data indicate that, for oligosaccharides of the types
found in MAbs, the agreement among these techniques is very
good (Table 2). The relative ratios of the glycoforms are derived
from the peak heights of the singly charged (M + H)* in the
MALDIMS, the (M — 2H)?* in the ESMS data, and the peak areas
from the HPAE-PAD and gel permeation data. Quantification of
the entire carbohydrate distribution requires that the glycopeptide
sample analyzed contain all of the heterogenous carbohydrate
species present at that site. Isolation of the glycopeptide pool(s)
from the glycoprotein digest is greatly simplified by the stepped
collision energy scan employed here during the LC/ESMS
analyses*% This technique selectively identifies glycopeptides
and the start and end points of their elution profiles in the
chromatographic data. In general, we select the lowest charge
state with good ion statistics that is observed in ESMS to correlate
peak height with relative solution concentration. By choosing the
lowest charge state. we minimize any effect that charging of the
carbohydrate structures may have on the apparent glycopeptide
distribution. Such differences in charging can affect the observed
peak ratios, as illustrated by the ratio of the glycoform peaks in
the (M + 3H)* cluster vs those of the (M + 2H)2* cluster in
Figure 6. An assumption of this method is that the peptide picks
up charge at low pH more readily than does the carbohydrate
and dominates the charge character of the glycopeptide. This
assumption is supported by the higher relative gas phase basicities
of the primary amine (NHy terminus and Lys) and/or guanido
(Arg) functionalities present on the peptide® vs the lower gas
phase basicities of the N-acetyl groups of the carbohydrate Tn
the case of carbohydrates (as opposed to glycopeptides), the
relative abundances of peaks of a given charge state in the ESMS
data cannot be used for quantitation because carbohydrates with
additional chargeable groups (like sialic acid or HexNAc) will have
charge distributions different from those with fewer chargeable
groups. Summing the abundances at each charge state has been
suggested as a means of obtaining quantitative information in this
case.

Another unique aspect of the work described here was the
use of MALDI-MS to monitor the results of a series of controlled
digestions with specific exoglycosidascs.™ The mass shifts
observed provided the sequence and linkage of individual glycan
species. Direct analysis of the glycopeptide by MS has several
advantages over these approaches. First, it is unnecessary to have
amethod for quantitatively releasing the oligosaccharides without
degrading them. Both chemical and enzymatic methods of release
have specific drawbacks with respect to these issues® Second,
as demonstrated here, the glycopeptide is amenable to either
sequential or paralle!l exoglyosidase digestion with MALDI-MS
readout of the structural information. Importantly, there is no
need to purify the product prior to analysis by MALDI-MS if

(36) Wu, Z,; Fenselau, C. Rapid Commuen. Mass Sgectrem. 1092, 6, (03405

(37) Meot-Ner (Mauiner), M. J. Am. Chem. Soc. 1994, 106, 278—283.

(38) Linsley, K. B; Chan, 5:Y.; Reinhold, B. B.; Lisj, P. J.; Reinhold, V. N. Angl.
Biochem. 1994, 219, 207-217.

(39) Dwek, R A Edge, C. J.: Harvey. D. J.: Wormald, M. R.; Parekh, R B.
Ann. Rep. Biocham. 1993, 62, 65—100.
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suitable care has been taken to control the amount of salt in the
digests (see below). The peptide portion of the molecule serves
as a “derivative”, which allows the conjugate to lonize and desorb
efficiently, and it also shifts the region in which ions from the
molecule are observed to higher mass, effectively eliminating
potential problems with low-mass interferences such as the matrix
used in MALDIMS. Third, the exoglycosidese sequencing
experiments may be carried out on simple mixtures of oligosac-
charides attached to a common peptide backbone (Figures 7 and
8). Mixture analysis is possible whenever the resulting products
of a given digest have masses different from other sample
constituents. In contrast, conventional approaches for the analysis
of either sequential or parallel exoglycosidase digests may only
be reliably used to sequence pure oligosaccharides3%% 1t is
important to note that the MS techniques readily detected several
minor glycoforms which were not discerned by either of the
conventional techniques. This may be due to overlap of the
chromatographic peaks of these carbohydrates with those of other
carbohydrate constituents of the sample. Small peaks are often
present in the chromatograms, particularly in the HPAE-PAD
technique, which are due to degradation of the carbohydrate or
which are non-carbohydrate in origin.*** These peaks can also
obscure minor carbohydrate components or make the analyst
overlook them.

The validity of using exoglycosidases to provide detailed
structural information hinges on the use of highly pure enzyme
preparations that do not contain unacceptably high levels of
contaminating glycosidases. Several sources of highly purified
glycosidases are now available commercially, but it is well advised
to be skeptical of the claimed specificities and lack of contamina-
tion, For example, we have confirmed the observation®™ that
certain preparations of S. pneumoniae f-N-acetylhexosarninidase
are contaminated with an endoglycosidase H-like enzyme. In an
8 digest of the RSV glycopeptide with this enzyme at the higher
E:S ratio, a strong peak is observed at m/z 1538 that corresponds
to (M -+ H)* for the tryptic peptide with only one GlcNAc and
one Fuc residue still attached, indicating that cleavage has
occurred between the GlcNAc residues of the chitobiose unit
(Figure 8). In this case, the presence of the unexpected
endoglycosidase H-like activity provided additional sequence
information, placing the Fuc on the ultimate GlcNAc residue. The
peak at m/z 1392 indicates a minor amount of the analogous des-
Fuc glycopeptide. Similarly, digestion of the RSV glycopeptide
with a chicken liver o-fucosidase advertised as specific for Fuc
linked o-1-2,4,6 to GleNAc removed a significant amount of the
Gal in addition to Fuc following a 22-h digest (Figure 8d). Another
problem with commercially available exoglycosidases is that they
contain buffers such as sodium citrate/phosphate which at
relatively high concentrations can cause problems in obtaining
useful MALDI-MS signals due to signal suppression. Use of lower
levels of enzyme than recommended by the supplier decreases
the ratio of salt to analyte and frequently results in sufficient
cleavage to provide diagnostically useful analytical data. Clearly,
mass specirometry Is an exquisitively sensitive method for
detecting aberrant glycosidase activity as long as that aberrant
activity produces a species having a unique mass. When possible,

(40) Kobata, A.; Yamashita, K.; Takasaki, S. Methods Enzymol. 1987, 138, 84—
94,

(41) Lee, Y. C. Anal Biochem. 1990, 189, 151—162.

(42) Hardy, M. R; Townsend, R. R. Proc. Natl. Acad. Sci. US.A. 1988, 85,
3289-3293.
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suitable model studies should be performed and the products
analyzed by MS to confirm the cleanliness and specificities of the
enzymes used. In the present study, the galactosidases and
N-acetylhexosaminidases were checked using commercially avail-
able model glycopeptides whose structures have been cor-
roborated by NMR or glycopeptides derived from well-character-
ized glycoproteins such as RNase B or fetuin.

The carbohydrates of IgG have been shown to have a role in
the binding and activation by the antibody of complement, binding
to macrophage Fc receptors, and antibody-dependent cellular
cytotoxicity.®  Abnormal glycosylation of IgG has alsc been
associated with specific disease states such as rheumatoid
arthritis.*¢® The structures of the carbohydrates on recombinant
glycoproteins vary depending upon the specific cell expression
system and the culture conditions used. For these reasons, it is
important to characterize the glycosylation of recombinant MAbs.
The pool of carbohydrate structures identified in IgGs purified
from human, rabbit, and bovine sera contain predominantly
biantennary structures, with significant populations of species
having core fucosylation, terminal sialic acld, and bisecting
GlcNAc.* The carbohydrate structures determined here are most
similar to the carbchydrate structures found in the mouse*” in
that they are highly fucosylated and do not contain bisecting
GlcNAc. Sialic acid appears to be absent from the carbohydrates
of RSHZ19 expressed in CHO cells. The absence of sialic acid is
consistent with the structures of N-linked carbohydrate found in
a MAb directed against the interleukin 2 receptor expressed in
Sp2/0 cells?? and in a humanized murine anti-CD18 MADb ex-
pressed in NS/O mouse myeloma cells.* Significant amounts of
oligomannose structures were also reported in the NS/O mouse
myeloma-derived MADb. Highly sialylated tri- and tetrantennary
structures (some having two sialic acids on a single branch) were
reported for the mouse MAb OKT3 isolated from hybridoma
culture fluid.®

The analyses described here were all carried out using
nanomole levels of glycoprotein. We and others have shown that
detailed characterization of large glycoproteins by MS can be
accomplished with picomole quantities of starting material 2%
The sensitivity in ESMS is more closely related to the sample
concentration than mass flow into the mass spectrometer. There-
fore, when only small amounts of sample are available (<100
pmol), it is necessary to use small internal diameter HPLC
columns (<1 mm), which operate at lower flow rates (<40 ul/
min), and small UV detector flow cells (<1 x1). Lower flow rates
put increased demands on the flow rate stability of the pumps,

(43) Rademacher, T. W.; Parekh, R B.: Dwek, R A Annu. Rev. Slochem. 1988,
57, 7185—838.

(44) Parekh, R. B.; Dwek, R. A; Sutton, B. J.; Fernandes, D. L.
Stanworth, D.; Rademacher, T. W.; Mizuochi, T.; Taniguchi,
K,; Takeuchi, F.; Nagane, Y.: Miyamoto, T.; Kobata, A. Netvre 1985, 316,
452—457.

(45) Kobata, A. Glyeobiology 1990, 1, 58,

(46) Tancai, M.; Endo, T.; Sasaki, S; Masuho, Y.: Kochibe, N,;
Biociem. Biophys. 1991, 291, 338—348.

{47) Mizuochi, T.; Hamako, J.; Titani, K. 1987. Arch. Biochen:. Biophys. 257,
387-394.

(48) Yulp, C. C.; Miller, W.J; Silberklang, M.; Mark. G.
L.; Glushka, J.; Van Halbeek, H.; Zhu, J.;: Alhadeff, J.
Biophys. 1994, 308, 387-39%9.

(49) Krotkiewski, I.; Gronberg, G.. Krotkiewsia, B.
J. Biol. Chem. 1990, 265, 20195—20201.

(50) Henzel, W. J.; Bourell, J. H,; Stults, ]. T. Anal. Biochem. 1990, 187, 228.

(51) Della-Negra, S.; LeBeyec, Y. Anal. Chem. 1985, 57, 2035. Tang,
W.; Standing K. G.; Westmore J. B. Anal. Chem. 1988, 60, 1791. Speng
B. Kirsch, D,; Kaufmann R. /. Piys. Chem. 1992, 96, 9678,
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and the ability of the mixer to mix mobile phases produces
reproducible gradients. However, when recombinant MAb's (or
other reccmbinant proteins) are characterized for regulatory
purposes, it is generally unnecessary to use such small amounts
of sample since they must be produced in quantities that are very
large by MS standards. This is important because there are
specific advantages to using larger amounts of sample for the LC/
ESMS as well as many of the conventional analyses described.
For example, standard internal diameter HPLC columns (2.1 or
4.6 mm) may be used rather than columns with internal diameters
of 1 mm or less. The larger internal diameter columns are more
robust, and it is easier to obtain reproducible, high-resolution
separations on these columns using standard HPLC equipment.
Furthermore, because there is no significant benefit in directing
more than a small percentage of the column flow to the mass
spectromezer for LC/MS, the majority of the sample may,
simultaneous to the LC/MS experiment, be fraction collected for
additional experiments such as tandem MS, infusion of selected
fractions to obtain better ion statistics (important for glycopep-
tides), Edman degradation, carbohydrate analysis, efc., as re-
quired, based on the observed molecular species in each fraction.
All of the LC/ESMS experiments described here were performed
in this manner.

The ease with which the M, of large glycoproteins may now
be obtained by MS has provided a degree of mass measurement
accuracy heretofore unavailable. However, the amount of struc-
cural information provided by such a measurement is still mited
by the relatively poor capability to resolve variants of very large
molecules that have slightly different masses than that of the
parent protein. In both ESMS and MAALDI-MS, the width of the
unresolved parent molecular ion envelope of large, unmodified
proteins is almost always greater than calculated on the basis of
the natural abundance of the isotopes present and the resolution
of the analyzer. This is due to significant gas phase adduction of
alkali metals (e.g., Na), sinall molecules (e.g., NHs), or the matrix
used for the MALDI-MS experiment (e.g., sinapinic acid). These
adducts are usually not resolved from the (M + H)* envelope,
and their contribution causes an unpredictable shift upward in
mass of the apparent centroid of the molecular ion cluster. The
presence of actual heterogeneity in the protein structure only
ampifies this effect. Analysis of the intact MAb provided no
information regarding the heterogeneity due to carbohydrate,
ragged termini, and deamidation. Analysis of the separated light

and heavy chains was a significant improvement, permitting
sequence variants of the light chain and some level of heterogene-
ity of the heavy-chain carbohydrate to be observed. However,
neither the true extent of heterogeneity nor its origing could be
ascertained with certainty until the protein was cleaved to peptides
of mass spectrometrically manzgeable size where the accuracy
and resolution permitted single dalton differences to be readily
determined.
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GLOSSARY

RSV respiratory syncytial virus

MAb monoclonal antibody

RSHZ19 a reshaped human MAb specific for the fusion
(F) protein of RSV

LC/ESMS liquid chromatography/electrospray mass spec-
trometry

MAIDIMS  matrix-assisted laser desorption/ionization mass
spectrometry

PNGase F peptide MN-glycosidase F

RNase B ribonuclease B

RCM reduced and carboxymethylated

HPAE-PAD high-performance anion exchange with pulsed
amperometric detection

HPLC high-performance liquid chromatography

TIC total ion chromatogram

MS/MS tandem mass spectrometry

HRGP high-resolution gel permeation

<E and <Glu pyroglutamic acid
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Monitoring the stability of immunoglobulin G (IgG) type
antibodies is a crucial analytical issue spanning a wide
variety of immunological/biotechnological studies, which
includes the analysis of conjugated IgG’s for drug delivery.
Capillary electrophoresis {CE) has proven valuable for the
analysis of proteins and has the potential to separate and
detect native antibody components. An ideal complement
to CE, which is capable of providing the desired detection
specificity to provide species identification information,
is matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS). Utilizing these two techniques we
have developed an antibody examination procedure and
monitored the degradation of an internalizing chimeric
(human/mouse) monoclonal antibody (BR96). Electro-
pherograms of the antibody after up to 166 h of thermal
stress are presented; MALDI mass spectra of the stressed
antibody were acquired at the same time points. At 166
h, the percentage of ionization carried by the intact
antibody molecular ions M~, M2?”, etc., had clearly de-
creased, while that due to additional ion species had
significantly increased. Ions corresponding in mass to
loss of one light chain, loss of an Fa, arm to yield an Fap/.
type fragment, and formation of separated heavy-chain
and light-chain moieties were observed. Several of these
fragments result from simple disulfide linkage disruption.
In addition, species less in mass than common antibody
subunits were also observed, demonstrating peptide as
well as disulfide bond cleavage. The observation that a
small number of well-defined species were formed during
the study suggests that the cleavage induced by thermal
stress is very site-specific within the IgG.

The analytical examination of an immunoglobulin (IgG)
antibody represents a substantial challenge. These large pro-
teinaceous species consist principally of two larger heavy-chain
strands covalently attached to two smaller light-chain strands by
disulfide bonds, as depicted in Figure 1. The variable carbohy-
drate content is typically present only on the heavy chain.! Since
1gG antibodies possess an average molecular mass of 150 000 Da
and multiple forms varying only slightly in amino acid and
carbohydrate content, examinations based on molecular weight

(1) Gooding, K. M.; Regnier, F. E. In HPLC of Biological Macromolecules, Marcel
Dekker: New York, 1990; pp 487-528.
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(MW) differences alone would not be expected to be useful.
Liquid chromatographic separatory procedures. principally size
exclusion, ion-exchange, affinity, hydrophobic interaction, and
hydroxylapatite chromatography, have proven useful for antibod-
ies? Of these techniques, ion-exchange chromatography, is
possibly the most selective procedure for large proteins, perhaps
implying that charge-dependent separations show substantial
promise. Capillary electrophoresis (CE), which separates species
on the basis of molecular mass and net charge, has been used
for analysis of peptides and a few proteins such as adrenocorti-
cotropin, ransferrin, ribonuclease, insulin, and growth hormone 23

CE peptide separation studies have principally nvolved syn-
thetic (or known) species® and peptides resulting from protein
digestion. CE tryptic mapping procedures are available for human
recombinant insulinlike growth factor I (rhlgG-D),* myoglobin,”
hemoglobins,? o-1-acid glycoprotein, and human growth hormone
(hGH).%® Comparisons of enzymatic digestion protocols have
previously been performed,’! as well as alternative forms of
detection.”? Comparison of the selectivity of CE peptide separa-
tions with the more established liquid chromatographic techniques
has generally supported the primary or complimentary use of the
CE technique 47813

Large proteins, glycoproteins, and metal-associated proteins
require particularly selective techniques of analysis to represent
the multiple, closely related forms present in acrual samples.
Importantly, protein studies performed by CE have been shown
to be able to separate the major species arising from degradative
deamidation and amino acid and glycan microheterogeneity.i
Whereas peptide CE separations have often been adequately

(2) Guttman, A Paulus, A; Cohen, A, S.; Karger, B. L.; Rodriques, H.; Hancock,
W. S. In Electrophoresis 88; VCH Publishers: New York, 1988; pp 151~
160.
(3) Grossman, P. D.; Colburn, J. C.; Lauer, H. H,; Nielson, R. G.: Riggin. R.
M.; Sittampalam, G. S.; Rickard, £. C. Anal. Chem. 1989. 61, 1186.
(4) Zhang, Y. X; Chen, N; Wang, L. Biomed. Chromatogr. 1993, 7 (2;, 75—
77.
(6) Gaus, H. J.: Beck-Sickinger, A. G.: Bayer, E. Anal. Chem. 1993, 65. 1399~
1405,
(6) Hilser, V. J.; Worusila, G. D.: Rudnick, S. E. J. Cliromaiogr. 1993, 6320,
329-336.
(7) Cassiano, L.; Rabine, R;; Rossett, D. V.: Bassi, F. A. . Chromatogr. 1991,
572, 51-58.
(8) Ross, G. A Lorkin, P.; Perrert, D). J. Clromatogr, 1993, 636, 69~79.
(9) Nashabeh, W.; el Rassi, Z. . Chromatogr. 1991, 536, 31
(10) Nielsen, R. G.; Rickard, E. C. j. Chromatogr. 1990, 516, 99.
(11) Cobb, K. A; Novotny, M. V. Anal. Chem. 1992, 64, 879.
(12) Lee, T.T.; Lillard, S. ].; Yeung, E. S. Elecirophoresis 1993, 14, 429,
(13) Sutcliffe, N.; Corran, P. H. J. Chromatogr. 1993, 6386, 95.
(14) Compion, B. J.: O'Grady, E. A Anal. Chem. 1991, 63, 2597,
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Figure 1. Schematic representation of chimeric BR96 (human/mouse) monoclonal antibody.

described by simple charge and mass electrophoretic models’
(although the exponent of the mass in the defining equation is
not firmly established), proteins require a more complex separa-
tion model. Even in peptide separations, the importance of
hydrophobicity and conformation has been observed.> Specificity
related to conformation presumed to occur due to different
hydrodynamic profiles for different conformers has been observed
in protein studies. The unfolding of human serum transferrin has
been studied by CE and found to be dependant on iron content,
but independant of carbshydrate content.® Similarly, free solution
CE has been used to monitor the temperature-dependent unfold-
ing of lysozyme™" at low pH.

Although CE studies on antibodies are not abundant, one
combined theoretical and empirical study®® demonstrated that a
single amino acid difference in a chimeric IgG antibody form was
detcctable. In a second study, a micellar CE procedure was
developed that was capable of separating IgG monoclonal anti-
body, alkaline phosphatase (MW 140 000), and an alkaline
phosphetase—IgG conjugate ¥ Micellar CE procedures have also
been developed for the znalysis of recombinant proteins in
fermentation broth” and a chimeric monoclonal antibody—cyto-
oxin conjugate®’

Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) generates molecular ions of predominantly low
charge state (MH** with # = 1~4), which are generally detected

{18) Wy, S. L. Teshima, G.; Cacia, J: Hancock, W. S, J. Chromatogr. 1991,
3
3

J. Chromatogr. 1993, 638, 269.
ila. G. D.; Freire, E. Anal. Biochem. 1993, 208, 125.

2L T. M. T Chromatogr. 1991, 559, 385.
. J. Chromatogr. 1993, 635, 313.

with a mass accuracy of £0.1%, or better, using a time-ofdight
(TOF) mass analyzer?! The technique is extremely sensitive,
requiring low picomole to subpicomole amounts of material, and
has a mass range in excess of 200 000 Da. 1t is also particularly
well suited to the analysis of large bivmolecules, as it is relatively
ingensitive to the presence of buffering agents, salts, and denatur-
ants, which are often essential to maintain sample stability?? A
significant exception to this is the influence of sodium dodecyl
sulfate (SDS), which causes spectral degradation at levels as low
as 0.01%% which is unfortunate, as this detergent is used
extensively in CE separations. For this reason, no attempt was
made in this study to directly peak collect and analyze the CE
fractions by MALDI-MS. Several offline CE/MALDI-MS studies
have been reported in the literature;?-% however, these have
predominantly addressed the separation and detection of peptides
and small proteins (<~30kDa). As far as we are aware, extension
of this methodology to antibodies has yet to be demonstrated.
Relatively few studies involving the application of MALDI-MS to
the characterization of intact IgG’s have becn reported. Siegel et
al.® showed it to be a particularly elegant method for determining

(21) Hillenkamp, F.; Karas, M, Beavis, R. C.; Chait, B. T. Anal. Chem. 1991,
63, 1193A—12034A.

(22) Mock, K. K;; Suttor, C. W.; Cottrell, . S. Rapid Commun. Mass Specirom.
1992, 6, 233-238.

{23) Keough, T.: Takigiku. R; Lacey. M. P.: Purdon, M. Anal. Chem. 1992, 64,
1594—1600

(24) Van Veelen, P. A Tjaden, U. R; Van der Greef, J.: Ingendoh, A.; Hillenkamp,
F.J. Chromatogr. 1993, 647, 367—374.

(25} Castorq, J. A; Chiu. R W.; Monnig, C. A; Wikins. C. L. /. 4. Ciem. Soc
1992, 114, 7571-7572.

(26} Siegel, M. M.; Hollander, 1. J.: Hamann, P. R.; James J. F.; Hinman. T ;
Smith B, J.; Farnsworth, A. P. H.; Phipps. A; King D. J.; Karas. M.:ingendoh,
A.: Hillenkamp, F. Anal. Chem. 1991, 62, 24702481
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the carbohydrate and drug content of a range of conjugated
monoclonal IgG’s. Other, more recent studies have concentrated
on developing comprehensive strategies, of which MALDI-MS
molecular weight determination on the intact antibody and
subunits is an integral part, for the characterization of monoclonal
1gG’s of therapeutic interest.?”* To date, however, we have not
located any papers in which this technique has been applied to
the analysis of degraded antibodies.

Utilizing MALDI-MS in conjunction with CE , we have
developed a general antibody examination procedure and moni-
tored the heat degradation of an internalizing chimeric (human/
mouse) monoclonal IgG. A preliminary report of part of this work
was presented previously.?

EXPERIMENTAL SECTIOM

Material and Reagents. All reagents were analytical grade.
Sodium citrate, sodium chloride, and sodium borate were obtained
from Fisher Scientific. Sedium dodecyl sulfate was electrophore-
sis grade from Sigma Chemical Co. and sinapinic acld was
purchased from Aldrich Chemical Co. Polyclonal antibodies
(horse, mouse, dog, goat, bovine, rat, sheep, rabbit, cat, pig,
chicken, guinea pig) were obtained from Sigma Chemical Co.
while monoclonals were obtained from Calbiochem (La Jolla, CA)
except for chimeric BR96, which was manufactured by Bristol-
Myers Squibb Co.

CE Instrumentation. The CE separadon was performed
using a Beckman P/ACE system with a 50 cm x 75 pm id.
uncoated fused-silica capillary. The mobile phase was 12 mM
sodium borate buffered to pH 9.4 containing 25 mM SDS. After
pressure injection, the separation was performed at 30 kV for 8
min at 25 °C and monitored at 214 nm. Lyophilized samples were
diluted with water to a concentration of 1 mg/mL prior to injection.
Neutral species were determined to migrate at 2.3 min.

Mass Spectrometry Instrumentation. MALDI mass spectra
were obtained using a Bruker Instruments Reflex TOF mass
spectrometer, equipped with a nitrogen laser (337 nm). Spectra
were obtained using an ion extraction voltage of 30 kV and a
transient recorder time resolution of 10 ns. The detector response
from low-mass matrix ions was minimized by the application of a
5 us deflection pulse. The onset for ion attenuation from this pulse
extends to ~7000 Da. Spectra were externally calibrated using
the singly and doubly charged ions from bovine albumin dimer
(MW 133 048% ). Samples containing ~1—10 mg/mL protein
were typically diluted 10:1 or 20:1 with an aqueous saturated
solution of sinapinic acid (SA) containing 25—33% acetonitrile. A
1.0 uL sample of this mixture was deposited on a stainless steel
sample stage and allowed to air-dry. Both the in-house and
commercial monoclonal IgG samples used in this study contained
either 15 mM phosphate or 25 mM citrate stabilizing buffers.
These buffers were nof removed prior to analysis. Polyclonal IgG
samples were dissolved in water to a concentration of 1 mg/mL.
The spectra shown were obtained using the linear detector and
represent the summation of 20 consecutive laser shots. A nine-

(27) Ashton, D. S.; Beddell, R. C.; Cooper, D. 1.; Craig, S. J; Lines, A. C.; Oliver,
R W. A Smith. M. A. Anal. Chem. 1995, 67, §35—842.

{28) Johnston, W. P.: Roberts, G. D.; Burman, S.; Carr, S. A. Proceedings of the
425t ASMS Conference on Mass Spectrometry and Alited Topics, Chicago,
IL, May 29~June 3, 1994; ASMS: East Lansing, MI, 1994; p 669.

(2§) Alexander, A. .. Hughes, D. E. Proceedings of the 41st ASMS Conference on
Muass Spectrometry and Allied Topics, San Francisco, CA, May 30~June 4,
1993; ASMS: East Lansing, MI. 1993; pp 420a—420b.

(30) Blackledge, J. A Alexander, A J. Anal. Chem. 1995, 67, 843—848.
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Figure 2. Typical electropherograms obtained from the CE analysis
of polycional guinea pig IgG (A} and monacional anti-(human-o-1-
antitrypsin) murine 1gG (B).

point smoothing function was applied to the raw data prior to
plotting.

1gG Degradation Conditions. A chimeric (human/mouse)
monoclonal antibody at a concentration of 10 mg/mL in a 25 mM
sodium citrate/250 mM sodium chioride agueous buffer at pH
8.5 was heat-stressed at 60 °C for a period of 166 h. At discrete
time points, sample aliquots were removed and analyzed by CE
and MALDEMS. In each case, the aliquoted material was diluted
20-fold with matrix solution prior to analysis by MALDI-MS. The
commercially available monoclonal and polyclonal IgG's were used
without further purification or exchange of buffers and diluted in
a manner similar to the chimeric antibody.

RESULTS AND DISCUSSION
The experimental procedure was applied to the analysis of 16

polyclonal and monoclonal antibodies. All of the antibodies were
able to be examined without modifying the CE conditions. One
typical monoclonal and a polyclenal antibody are analyzed by both
CE and MALDI-MS in the next two sections. Aftention is then
turned to the chimeric (human/mouse) monoclonal IgG BRI6
and the four conformation peaks identified; the antibody is
thermally degraded and the identity of the resulting peaks in the
electropherogram inferred by MALDI-MS.

Capillary CE Separations of Monoclonal and Polyclonal
Antibodies. Figure 2 presents typical electropherograms ob-
tained from the CE analysis of polyclonal guinea pig IgG and
monoclonal anti-thuman-a-1-antitrypsin) murine [gG. Both elec-
tropherograms are complex. The monoclonal IgG exhibits at least
four well-resolved peaks with a main peak efficiency of ~40 000
theoretical plates/m. On the basis of protein unfolding studies
performed on the BR96 antibody (see below) and a common
molecular weight, these species are postulated to be protein
conformers. Polyclonal guinez pig IgG is characterized by several
poorly resolved peaks with a main peak efficiency of ~500
theoretical plates/m. One of these peaks is of particular interest
in that it is relatively intense and also appears at the characteristic
migration time of separated light chain (~5.7 min). The electro-
pherograms are consistent with the expected presence of a family
of related IgG molecules in the case of the polyclonal and distinct
species in the case of the monoclonal antibodies.
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Figure 3. MALDI! mass spectra of polyclonal guinea pig IgG {upper spectrum) and monociona! anti-(human-o-T-antitrypsin) murine igG (lower
spectrum}. n each case, 3.5 pmol of the artibody was loaded on the probe tip. Matrix, sinapinic acid.

MALDI Mass Spectra of Monoclonal and Polycional
Antibodies. Figure 3 illustrates the MALDI mass spectra
obtained from the above samples and are typical of spectra
whtained from a range of polyclonal and monoclonal antibodies,
respectively. Each spectrum was obtained under identical condi-
dons from 3.5 pmol of material loaded on the probe dp. In addition
lo tae charged molecular ions M*, M%7, M3, M*, and 2M?*,
typically present in MALDI mass spectra of monoclonal antibod-
ies, 47 there are other significant, but less abundant ions, present
‘n the mass spectrum. Of these, jons corresponding in mass to
‘0ss of one Ight chain, M — LC)*, M — LC)¢Y, and the separated
light chain (LC) - are clearly discernable. As IgG molecules are
constructed from LC and HC subunits that differ in molecular
weight by a factor of ~2, the possibility exists that ion signals
resulting from multiple charging of the intact antibody (M2F, M3+,
eic,) could also arise from singly charged fragments generated
by disulfide bond cleavages. Such species would not be distin-
guishable due to the relatively low resolution of the MALDITOF
experiment (M/AM < 1000). For example, a fragment corre-
sponding to (LC + HC)*, ie., half the molecule, would have an
m/z value very similar (within 50 Da} to that of the doubly charged
intact molecule (M27). This ambigulty can generally be resolved
by examination of the peak widths of the ion signals, since these
will decrease proportionally with increasing charge for multiply
charged ions. Peak widths for M2, M%, and M?** ions will be
/4, /s, and 1/y, respectively, of the peak width for the M* ion
signal. Thisis clearly evident in the spectra of monoclonal [gG's
(Figure 3, lower spectrum), although it can be less discernable

in the case of polyclonal specics (Figure 3, upper trace) due 1o
the greater asymmetry of the ion signals.

In the spectra of polyclonal species, the LC* signal was found
to vary widely in intensity compared to that observed for most
monoclonal IgG’s. In many samples studied by both CE and
MALDI, the presence of the LC species in the sample solution
has been inferred from the CE chromatogram, although it cannot
be ruled out that there might be some contribution to the LC~
ion intensity from MALDHnduced dissociation of the disulfide-
linked antibody. The presence of an ion corresponding to
separated LC was observed previously in the MALDI mass spectra
of monoclonal antibodies, even when no LC was observed in the
samples by traditional bioanalytical methods.?®® Monoclonal anti-
(human-o.I-antitrypsin) murine IgG, has been previously examined
by electrospray ionization after removal of the stabilizing buffer.?
Using 242 pmol of sample, a molecular mass of 148484 = 4 Da
was established.

In general, the MALDI jon signals from the polyclonal species
are wider and more asymmetric than those obtained from
monoclonal IgG antibodies. This is consistent with the increased
microheterogeneity of the polyclonal sample. For the majority
of polyclonal samples studied, the signal/noise was a factor of
5—10 times less than that obtained for monoclonal species using
the same experimental conditions.

Thermally Induced Chaotropic Unfolding of the BR96
Antibody. BR96 antibody in solution is represented in the CE

(31) Feng, R; Konisht, Y. Anal. Chem. 1992, 64, 2090—2095.
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Figure 4. Thermally induced unfolding of the chimeric BR96

Time
antibody in the presence of the chaotropic agent sodium dodecyl
sulfate: {A) CE separation at initial conditions; (B) CE separation after
2 min at 80 °C.

0

electropherogram by multiple peaks (See Figure 44). To deter-
mine which peaks simply represent conformational forms of the
antibody (and not, for example, impurities), a sample solution
containing the chaotropic agent SDS at a concentration of 12 mM
was heated for 2 min at 40, 60, and 80 °C. The critical micellar
concentration for SDS is 8 mM. The antibody progressively
distributed itself into species with longer migration times as the
temperature was increased; the highest temperature (80 °C for 2
min) is represented in Figure 4B. The conclusion is that the SDS/
thermally induced IgG unfolding allowed greater antibody/SDS
interaction, resulting in a larger net negative charge on the
unfolded conformer and hence longer migration times during
cathodic electrolysis. The peaks identified as A—D are hence
assumed to be conformational isomers of intact antibody. Al
though this could not be directly confirmed by MALDI-MS due
to the presence of SDS, this assumption is supported by the fact
that only one molecular species, of mass 149 671 £127 Da (n =
4, average determined from M~ and M ion signals), was
observed for chimeric BR96 1gG in the absence of SDS. This
value is also in good agreement (—145 Da, 3.10%) with that
calculated for the glycosylated antibody derived from the theoreti-
cal mass of the cDNA sequence plus the experimentally derived
N-linked carbohydrate mass (data not shown).

Heat Degradation of a Chimeric (Mouse/Human) Mono-
clonal IgG and Parallel Examination of Products by CE and
MALDI-MS. Electropherograms of the undegraded IgG and the
antibody after 47, 94, and 166 h of thermal stress are shown in
Figure 5. As illustrated, the unstressed antibody is represented
by four major peaks {peaks A—D, assumed tc be conformers)
and a relatively low level of antibody-related species. Note that
the electropherograms for chimeric BR96 in Figures 4A and 5 (¢
= () are dissimilar despite the identical separatory conditions.
The difference is due to the initial conditions o which the IgG
was subjected. In Figure 4A, the dissolution buffer was 25 mM
sodiurn citrate/250 mM sodium chloride, pH 5.5, in the presence
of SDS. In Figure 5 (t = 0), the dissolution buffer was 25 mM
sodium citrate/250 mM sodium chloride, pH 85 (to promote the
ensuing thermal degradation). The distribution of conformers
A—D and the presence or absence of minor species is therefore
not identical for the two samples, with perhaps the most striking
difference the preference at pH 8.5 for conformers Cand D. As
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Figure 5. CE electropherograms of heat-degraded chimeric BR98
monocloral antibody after 0, 47, 94, and 166 h of thermal stress at
60 °C.

Table 12
electrophoretic mass
peak no. assigned (Da) structural assignment
1 not obsd multimer aggregate
2 not obsd multimer aggregate
3 not obsd noncovalent aimer?
4 101 850 1gG — Fup type fragment
5 125 540 IgG — one light chain®
[ 50 980 1¢G heavy chain
7 24 070 1gG light chain

2 Note: Under the CE conditions employed, early migrating species
have been shown to be of higher molecular weight; hence peaks 1
and 2 would be expected to be due to aggregaled species. No ions
corresponding to these species were observed, or would be expected,
using MALDY, as these species are generally not covalently linked and
thus do not survive the ionization process (see text for further
discussion). ¥ Deduced from size exclusion measurements (data not
shown). ¢ Tentative assignment only—within mass measurement ac-
curacy other possibilities exist—such as loss of both light chains.
4 Tentative assignment only—within mass measurement accuracy other
possibilities exist,— such as loss of an N-terminus fragment from a
heavy chain.

degradation proceeds, peaks 2, 4, 6, and 7 are formed. Peaks 1,
3, and 5 also increase in height.

Figure 6 illustrates the MALDI mass spectra of the heat-
stressed antibody at the same (0—166 h) time points. The initial
spectrum (¢ = 0) was obtained from 3.3 pmol of IgG loaded on
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Figure 8. MALD| mass spectra of heat-degraded chimeric BR96 monocional antibody obtained from the samples shown at the same time
noirts in Figure 8. The initial spectrum (¢ = 0) was obtained from 3.3 pmol of IgG loaded on the prcbe tip. Matrix, sinapinic acid.

the probe tip; subsequent spectra were obtained with progressively
less intact TgG as the degradation progressed. Comparing the 0
and 166 h data, the percentage of ionization carried by the
molecular ions M*, M?*, M, and M#* has clearly decreased while
that due to additional ion species, particularly below m/z 16 000,
has significantly increased. On closer examination of the plots,
several ion signals at #/z 125 600, 101 800, 50 900, and 24 070
orogressively increase with time. This is illustrated graphically
i Figure 7. Thesc ions correspond in mass to loss of one light
chain from the antihody (M — LC)*, loss of an F, arm to yield
an Faye type fragment (M — Fa)~, and formation of separated
heavy-chain (HC™) and lightchain (L.C*) moieties, respectively.
Although the terms F,, and F, refer to IgG fragments specifically
generated by papain cleavage of both heavy chains at specific sites
i the hinge region {as illustrated in Figure 1), they are used here
in the generic sense, without reference to the exact sites of
cieavage. An Fu,. type fragment, formed after loss of one Fuy

arm, would therefore consist of the second F,, arm, plus the
remaining F. portion of the IgG. The above types of fragments
have been previously identified in monoclonal antibody degrada-
tion studies, although the authors note that such degradation
processes are antibody dependent®¥ By comparison of the
MALDI-MS and CE data at the respective time points, and since
the CE migration rates have been shown for this system to
increase with decreasing fragment mass, tentative mass assign-
ments have been made for some of the CE peaks. These are
presented in Table 1. Within the accuracy of the mass measure-
ment, and considering the multitude of possible degradative
pathways available, these structural assignments are only tentative.
However, despite this limitation, it is clear that MALDI-MS

(32) Jiskoot, W.; Beuvery, E. C.; de Koning, Ada A. M.; Herren, J. N Crommelin,
D.J. A Pharm. Res. 1990, 7, 1234—1241.

(33) Roa, P.E.; Kroon, D. . In Stability of Protein Pharmaceutical Case Hisiories:
Wang, J.. Born, M. P, Eds.: Plenum: New York, 1992
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provides a very useful “fingerprint” for assessing degradative
change in such studies.

The increasing solution phase aggregation, typical of stressed
antibodies™ and apparent by CE (peaks 1-3, Figure 3), was not
ohserved by MALDI-MS. This is not apparent from Figure 6 as
the spectra are shown truncated at ~180 000 Da for the sake of
clarity, however, data were acquired to >400000 Da. This
observation is consistent with the majority of the dimer (peak 3)
and higher order aggregates (peaks 1 and 2) being present as
noncovalently linked species. In our experience, such species are
not detected by MALDI-MS, whereas covalently bound antibody-
type molecules generally survive the desorption/ionization process
and are detected predominantly as intact molecular ions, in both
linear and reflectron modes of operation (data not shown). Thus,
the low-intensity ions at about 99 000 @M**), 222 750 (3M?*), and
297 000 Da (2M*) observed in Figure 3B and in other published
MALDI-MS spectra of antibodies® presumably arise from gas
phase reactions in the relative high pressure “plume” of material
desorbed by the laser pulse.

Itis also interesting to note that the same degradation species
are present after 166 h; that is, no significant new peaks were
observed in the CE electropherogram or the MALDI mass
spectrum at masses greater than the pulser cutoff mass (~7000
Da). This suggests that the cleavage induced by thermal stress
is very site-specific within the antibody. Also, the intensities of
the species at m/z 15202, 13568, and 11999 correlate with
increasing hours of thermal stress (see Figure 7). These species
are all significantly less in mass than any of the common antibody

(34) Paborii, M.; Pochopin, N. L.; Coppola, W. P.; Bogardus, J. B. Plurm. Res.
1994, 11, 764—71.

3632 Analytical Chemistry, Vol. 87, No. 20, October 15, 1995

subunits (ight and heavy chains) and thus must result from
cleavage of peptide bonds rather than just disulfide linkages.
Electropherograms of monoclonal antihodies were invariably
characterized by a set of relatively wellresolved peaks (see
Figures 2 and 5), whereas polyclonal antibody electropherograms,
apparently due to extensive microheterogeneity, were invariably
similar to the guinea pig IgG shown in Figure 2. The migration
times for all antibodies studied and their degradation products
were within 8 min, allowing the CE procedure to be generally
useful for IgG analysis. Due to the extensive microheterogeneity
of the polyclonal antibodies, degradation into fragments was less
dramatic than with monoclonal antibodies since the polyclonal-
related species formed were often not well resolved from the intact
1gG. Hence, with both polyclonal and monoclonal species,
comparison with the intact (undegraded) IgG is strongly recom-
mended fo estimate the state of degradation of a given sample.

CONCLUSIONS

A generally applicable analytical protocol for CE and MALDIL-
MS has been developed to examine both polyclonal and mono-
clonal IgG antibodies. Sixteen antibodies have been successfully
examined by the combined procedure. The thermal stability of
one of the monoclonal antibodies (chimeric BR9S) was then
studied in detail. In comparisen to traditional electrophoretic and
liquid chromatographic methods of analysis, CE provides the very
selective separation of antibody-related chains and fragments
required for the examination of degraded samples. MALDI-MS
provides a complimentary “fingerprint” or impurity profile of an
antibody from which it is possible to assess the degree of
degradation and gain specific molecular weight information on
the resulting species formed.

In the case of chimeric BR96 IgG, heat degradation at 60 °C
for a period of 166 h produced only a few well-defined fragments.
Despite the size and complexity of the antibody, the bonds cleaved
by thermal stress are apparently very site-specific within the
molecule.
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Electrochemical Detection of Exocytosis at Single

Rat Melanotrophs

Charina D. Paras and Robert T. Kennedy*

Department of Chemistry, P.O. Box 117200, University of Florida, Gainesville, Florida 32611-7200

Amperometry at a carbon fiber microelectrode was used
to monitor secretion of peptide hormone from single
melanotrophs of the intermediate lobe of the rat pituitary.
The method is based on electrochemical oxidation of
tryptophan and tyrosine residues of small proopiocortin-
derived peptides secreted from these cells. For single-
cell measurements, the electrode, which had a sensing
diameter of ~9 gm and a total tip diameter of 30 ym, was
positioned ~1 gm away from single melanotrophs. When
cells were stimulated by application of 64 mM K*, a series
of randomly eccurring current spikes with an average area
of 34 + 8 fC was observed. The current spikes were
strongly dependent on the presence of Ca?". Current
spikes of nearly identical area and shape were also elicited
by mechanical simulation. Cyclic voltammograms ob-
tained from cell releasates confirmed that the substance
detected was a tryptophan- or tyrosine-containing peptide.
On the basis of amperometric tests of the most abundant
peptides in melanotrophs, it is concluded that the current
spikes are due to detection of primarily a-melanocyte
stimulating hormone, The spike area corresponds to 0.32
amol of c-melanocyte stimulating hormone. It is con-
cluded that the current spikes represent detection of
concentration pulses that are expected following exocy-
tosis events.

Peptide hormones secreted from pituitary cells control a wide
variety of biological functicns. In addition, these cells serve as
useful models for the study of neurons. An understanding the
regulation and mechanism of secretion of these peptides is
therafore of considerable interest. A significant limitation in the
study of pituitary cells has been the lack of methods to monitor
peptide release on the same time scale that cells regulate
secretion.  For example, although it is generally agreed that
pituitary cells releasc peptide by exocytosis, the direct measure-
men: of peptide secretion with the temporal and spatial resolution
to detect single exocytosis events has not been accomplished. The
most commonty used method for monitoring secretion is to assay
fractions collected from perfusion of large collections of cells.'~
This method provides temporal resolution on the minute time

i, M.: Eskay, R. L. Kebabian, J. W. Endocrinology 1980, 106,

.; Grewe, C. Wi Cote, T. E.; Eskay, R. L.; Kebabian, J. W.
gy 1982, 110, 1133.

Lowry, P. J. Neuronendocrinology 1983, 37, 248.

: Lepine, J.; Giguere, V.; Lissitzky, J-C.: Cote, J; Labrie, I
ell. Endocrinel. 1981, 22,
.. Shivuya, L; Jehar

ra, M. Dougias. W. W. Endocrinology
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scale and is not compatible with single cells. Cell capacitance
measurements have allowed secretory activity at single cells to
be measured; however, for pituitary ceils the sensitivity has not
been sufficient to detect single exocytosis events.’

Several recent reports have focused on the use of microelec-
trodes for detection of exocytosis at single cells.’~" In this
technique, an electrode, typically a carbon fiber microelectrode
of about the same size as the cell, is posifioned adjacent to a single
cell. Substances secreted from the cell are detected after they
diffuse the short distance between the cell and electrode. Exo-
cytosis of epinephrine and norepinephrine from adrenal cells,
dopamine from PC12 cells,” serctonin from mast cells,” and
insulin from pancreatic f-cells” has been detected using electro-
chemical methods. Both amperomctry and voltammetry have
been used for detection. For both methods, high temporal
resolution and mass sensitivity results from the close proximity
of the cell and electrode and the fast response time of the
electrodes. When used to measure exocytotic release, stimulation
of a cell results in a series of current spikes observed at the
electrode. It has been demonstrated that the current spikes
correspond to direct detection of multimolecular packets released
from vesicles. Ir many cases. it is found that isolated current
spikes correspond to single exocytosis events.

In this report, we describe the extension of this technique to
monitoring c-melanocyte stimulating hormone (o-MSH) and
related peptides secreted from single melanotrophs of the pars
intermcdia of the rat pituitary gland. We have found that current
spikes are obtained at carbon fiber microelectrodes following
stimulation of melanotrophs which correspond to detection of
concentration pulses resulting from exocytosis. The observations
are the highest resolution yet obtained for detection of a-MSH
secretion and demonstrate the first direct detection of peptide
secreted from pituitary cells at the level of single exocytosis events.
Since the exocytosed material is detected directly, this method
should allow the kinetics of release scparate from the kinetics of
pore openings and endocytosis to be studied. Thus, the method
provides information complementary to the cell capacitance
method of monitoring secretion in these cells.

(©) Thomas, P Surprerant, A.; Almers, W. Newron 1990. 5, 723.
(7) Leszezyszyn, D. J.; Jankowski. . A
J. A Wightman, R. M. [ Biol. Chem. 1990, 265, 14736.
(8) Wightman, R. M,; jankowski, J. A; Kennedy, R T. Kawagoe, K T:
Schroeder, T. J.: Leszczyszyn, D. J.; Near, J. A; Dillberto. E. L.: Viveros, O.
H. Proc. Netl. Acad. Sci. US.A. 1991, 88, 10754,
@) Chow, R. H.; von Ruden, L Neher, Nature 1991, 356, 60.
(10y Chen, T. K.: Lue, G.: Ewing, A. G. Anal. Chem. 1994, 66, 3031.
(11) Alvarez de Toleds, G.; FemandezChacon. R; Fernandez, ]. M. Nature
1993, 363, 554.
(12) Kernnedy. R T.: Huang, L. Atkinson, M. A Dush. P. Anai Chem. 1993,
65,1882,
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EXPERIMENTAL SECTION

Cell Isolation and Cultare. Melanotrophs were isolated and
dispersed using a procedure similar to that described elsewhere 6
Pituitaries were obtained from three adult male Sprague-Dawley
rats weighing 200—300 g. The pituitaries were washed with a
Ca®*free balanced salt solution (137 mM NaCl, 5 mM KCl, 0.7
mM Na,HPQ,, 25 mM HEPES, 10 mM glucose, adjusted to pH
7.25). The neurointermediate (NI) lobe was separated from the
anterior lobe under a dissecting microscope. The isolated NI
lobes were rinsed twice with the Ca®*free balanced salt solution
and then transferred into a sterilized centrifuge tube with a
siliconized Pasteur pipet. The tissues were digested in 0.5 mL of
collagenase (2 mg/mlL in Ca?*-free balanced salt solution) at 37
°C for 30 min. They were then digested in 0.5 mL of trypsin (0.5
mg/mL in Ca?*free balanced salt solution) at 37 °C for 15 min.
During digests the cells were triturated three times using a fire-
polished, siliconized Pasteur pipet. After each digest, the cells
were centrifuged at 550g for 4 min at room temperature. After
dispersion, the cells were washed with Dulbecco’s modified
Eagle’'s medium (DMEM; GIBCO Catalog No. 11885) and plated
in small spots on seven polylysine-coated Petri dishes. The cells
were incubated at 37 °C, 100% humidity, and 5% CQ, in DMEM
containing 10% fetal calf serum. 100 uM glutamine, 0.081 g/L
nonessential amine acid supplement (Sigma Chemical Co., Catalog
No. 2025), 100 000 units/L penicillin, and 100 mg/L streptomycin.
Cells were used on days 2—6 of culture.

Electrode Preparation and Testing. Glass-encased carbon
fiber microelectrodes were prepared using previously described
techniques.” Briefly, a glass capillary (AM systems) containing
a single, carbon fiber of 9 um diameter (P-55S from Amoco
Performance Products) was pulled to a fine tip on a commercial
pipet puller (Narishige PE-2). The carbon fibers were sealed in
the pipet tip by dipping them in epoxy. Once the epoxy was cured,
the electrodes were polished at a 30—45° angle on a micropipet
beveler (Sutter Instruments). Immediately after polishing, elec-
trodes were dipped in 2-propanol for 10—15 min and then
ultrasonicated in H,O for 5 min.

Calibration and other electrode tests were performed using a
flow injection apparatus similar to that described elsewhere 2 This
systemn consisted of a syringe pump (Harvard Apparatus 11)
connected to a two-position, six-port valve (Valco AC6UHC)
equipped with a 1 mL sample loop. The outlet of the valve emptied
into a glass cell via 0.25 mm inner diameter tubing. The working
electrode was positioned in the outlet of the tabing using a
micromanipulator. The entire flow injection system was housed
in a Faraday cage. Data were collected using an EI-400 poten-
tiostat (Ensman Instrumentation, Bloomington, IN). For ampero-
metric recordings, the electrode was poised at +0.80 V (all
potentials are versus sodium-saturated calome! electrode). Am-
perometric data were collected at 300 Hz and low-pass filtered
with a cutoff frequency of 100 Hz. The data were collected by an
IBM-compatible personal computer (Gateway 2000 486-66 MHz)
via a National Instruments multifunction boarc.

Fast-scan cyclic voltammetry was performed as described
elsewhere. Briefly, the potential on the elecirode was linearly
scanned from 500 to 1100 mV and back to 500 mV at a rate of 300
V/s. Each scan took 3.3 ms, and scans were obtained at a rate of

(13) Kelly, R. 8.; Wightman, R M. Anal. Chim. Acta 19886, 187, 79.
{14) Bauer, j Kristensen, E. W.; May, L. M.; Wicdemann, D. J.; Wightman,
R. M. Aual. Chem. 1991, 60, 1268.
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10 Hz. All voltammograms shown are background subtracted.
The background was obtained prior to application of substances
to the electrode or, in the case the single cell measurements, prior
to the stimulation. The cyclic voltammograms were filtered at 2
kHz.

The number of electrons transferred per mole () was
determined using chronoamperometry at a microelectrode ac-
cording to a previously described method.'® For this experiment,
the background-subtracted steady state current (A7) was measured
following a potential step from +0.40 to +0.80 V. Values for =
were calculated according to the following equation: #n = Ai/
4rCDF, where 7 is the radius of the electrode (disk carbon
electrodes were used for these experiments), C is the concenira-
tion of e-MSH, D is the diffusion coefficient, and F is the Faraday
constant.

The diffusion coefficient for a-MSH used for these calculations
was 3.75 x 1075 cm?/s. This value was calculated by measuring
the dispersion of an o-MSH concentration pulse as it flowed
through a capillary tube. At sufficiently high flow rates, the Golay
equation’® simplifies to D = d%v/(96H), where d is the inner
diameter of the capillary, v is the flow velocity in the capillary,
and H is plate height. Details of using this method are given
elsewhere.’?

Single-Cell Measurements. Single-cell measurements were
performed in a manner similar to that described elsewhere.™ Petri
dishes containing the cells were rinsed three times with balanced
salt solution (same composition as the solution used for cell
isolation except 2.0 mM CaCl, was also added). The dish was
filled with the balanced salt solution and placed in a microincu-
bator (Medical Systems, Inc) on the stage of an inveried
microscope (Zeiss Axiovert 35). The microincubator maintained
the temperature at 34 °C. To perform measurements, a cell was
located with the microscope and a working microelectrode
brought to within 1 #m of a cell using a micropositioner Burleigh
PC-1000).

Substances were applied to individual cells by pressure-gjecting
solutions from the tips of micropipets which were positioned ~30
um from the cell. Flow rates through the pipet tips were ~1 al/
s. Stimulants were dissolved in balanced salt solution. For K*
stimulation, 64 mM KCI was added to the balanced salt solution
with an equivalent amount of NaCl removed. For mechanical
stimulation, the electrode was pressed against the cell, usually
until current spikes were observed, and then retracted until the
electrode was ~1 pgm away from the cell.

All cell data are reported as the mean - 1 stancard deviation.
Spikes were counted and measured only if their peak height was
3 times the peak-to-peak noise.

Chemicals. Unless stated otherwise, all chemicals used for
standards and buffers were obtained from Sigma Chemical Co.
(St. Louis, MO) and cell culture chemicals and media were
obtained from GIBCO (Grand Island, NY).

RESULTS AND DISCUSSION
Electrochemical Detection of o-MSH. Melanotrophs se-

crete a collection of peptides derived from the cleavage of
proopiocortin.  Primary secretory products are o-MSH, corticotro-

(15) Heinze, J. Angew. Chem., Int, Ed. Engl. 1993, 32. 1268.

(16) Golay, M. In Gas Chromaiography 1958; Desty, D. H., Ec.; Butterworths:
London, 1959; p 36.

{17y St. Claire, R L., IIl Ph.D. Disscrtation, University of North Carolina at Chape!
Hill, 1986.
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Figure 1. Flow ‘njection analysis of proopioccortin peptides. Sub-
stances were injectec at 1.0 «M each. Duplicate injections were
performed ~8 s apart. Substances injected are (A) f-endorphin, (B)
CLIP, and (C) a-MSH.

phin-like intermediate lobe peptide (CLIP), lipotropin {y-LPH), and
p-endorphin or variants of these peptides with posttranslational
modifications.*™% In addition, a 16 kDa fragment (16K) of
proopiocortin is also a major vesicle component.¥-% It is well-
knowr. that simall peptides contalning tryptophan and tyrosine can
be detected by oxidation at carbon electrodes.?’™# Since many
of the secretory products of melanotrophs contain these aming
acids, it seemed reasonable that it would be possible to detect
secretory activity at a carbon microelectrode through detection
of one or more of these products.

Figure 1 illustrates flow injection analysis for o-MSH, CLIP,
and S-endorphin. In this experiment, the electrode potential was
fixed at +0.80 V and 1 uM of each peptide was injected. At this
potential, «-MSH gave a signal 9 times higher than $-endorphin
and 10 times higher than CLIP. (y-LPH produced no signal under
these conditions.) This selectivity is partially attributed to the
presence of tryptophan in o-MSH. Of the two electroactive
residues, tryptophan gives 5 times the current at carbon fiber
microelectrodes for a given concentration, as llustrated in the
cyclic voltammograms in Figure 2A. o-MSH contains a single
uyptophan while the other electroactive peptides contain no
tryptophan and just single tyrosine residues. The selectivity for
wryptophan is useful in this case, but surprising, since other types
of carbon elecirodes have much less selectivity for tryptophan
over tyrosine The other factor contributing to selectivity for
- MSH is its relatively small size, 13 amino acids, compared to
F-endorphin (31 amino acids), CLIP (21 amino acids), and y-1PH
(68 amino acids). The Yikelihood of electroactivity being observed
in a peptide decreases with increasing size since in larger peptides
the electroactive residues may be sterically hindered from
interacting with the electrode surface.

Figure 2B Hllustrates a background-subtracted fastscan cyclic
coltammogram of 100 uM «-MSH obtained by flow injection
analysis. The voltammogram is compared to that obtained for
tryptophan at 100 M. The similarity in the shape of the
voltammograms suppor?s the idea that the electroactivity observed
s due to the tryptophan residue. o-MSH, which has the structure
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Figure 2. Background-subtracted fast-scan cyclic voltammograms
for (A) 0.1 mM tyrosine (solid circles) and 0.1 mM tryptophan (sofid
line) and (B) 0.1 mM o-MSH (solid circles) and 0.1 mM tryptophan
(solid line). The current bar is 3 nA for tryptophan and 0.1 nA for
a-M8H. Each voltammogram is the average of 10 scans.

of N-acetyl adrenocorticotropin hermone 1-13, is actually one of
three peptides with the same amino acid sequence released from
melanotrophs. In addition, N,0O-diacetyl o-MSH and desacetyl
o-MSH are found. Approximately 86% of the o-MSH-like material
released is N,C-diacetyl o-MSH.? Only ~9% of the a-MSH-like
substance is o-MSH, which is the form used for calibrations.
However, all forms of o-MSH are detected equally (res