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FIG . 5A ) Light chain : 42 % sequence coverage FIG . 5B ) Heavy chain : 20 % sequence coverage 
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FIG . 6 A ) Light chain : 32 % sequence coverage FIG . 6B ) Heavy chain : 17 % sequence coverage 
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DIRECT DETERMINATION OF ANTIBODY Top - down and middle - down approaches have the poten 
CHAIN PAIRING tial to reduce peptide assembly and eliminate chain pairing 

challenges associated with bottom - up proteomics methods . 
CROSS REFERENCE TO RELATED Top - down and middle - down de sequencing 

APPLICATION 5 approaches are under development [ 10-14 ) ; however , the 
direct determination of antibody chain pairing at the intact 

This application claims priority to U.S. Provisional Appli- mAb , F ( ab ' ) 2 , or Fab levels poses challenges . These chal 
cation No. 62 / 801,514 filed Feb. 5 , 2019 , herein incorpo lenges are predominantly associated with sequence coverage 
rated by reference in its entirety . limitations imposed by intramolecular disulfide bonds and 

10 intermolecular disulfide bonds that prevent separation of the 
ACKNOWLEDGMENT OF GOVERNMENT intact chains as well as chain fragments during MS / MS 

SUPPORT experiments . Middle - down analyses utilizing branched 
product ions ( i.e. , product ions containing a portion of the 

This invention was made with government support under HC and LC linked by a disulfide bond ) from the Fab 
Contract DE - AC0576RLO1830 awarded by the U.S. 15 fragment of Trastuzumab have demonstrated the potential to 
Department of Energy and under R43GM122131-01 and determine chain pairing from multiplexed MS / MS spectra 
R44GM122131-02 awarded by the National Institutes of [ 15 ] . However , this approach may be limited for antibody 
Health . The government has certain rights in the invention . mixtures due to the large number of possible branched 

product ions which could reduce confidence in identifica 
FIELD 20 tion . A complementary method for determination of chain 

pairing is needed . 
The present disclosure provides methods that use mass A wide variety of MS / MS methods have been used to 

spectroscopy and proteomic analyses for the direct determi- cleave disulfide bonds in both polypeptide cations and 
nation of antibody chain pairing . Such methods can be used anions with varying degrees of efficiency and specificity 
to determine the specific pairing of a light chain ( LC ) and a 25 [ 16-27 ] . The common themes among these methods are the 
heavy chain ( HC ) of an antibody . use of high energy photons ( i.e. , UV or vacuum - UV wave 

lengths ) and ion - electron or ion - ion reactions to induce 
BACKGROUND disulfide bond cleavage . Ultraviolet photodissociation 

( UVPD ) using UV and VUV photons yields homolytic 
Monoclonal antibody ( mAb ) therapeutics are the basis of 30 cleavage of the disulfide bond from an excited electronic 

treatment for many illnesses ranging from viral pathogens to state . UV photons generally provide greater specificity for 
various forms of cancer . To be prepared as new threats disulfide bond cleavage , and VUV photons yield polypep 
emerge and novel immuno - oncology targets are identified , tide backbone fragments as well as disulfide bond cleavage . 
rapid vaccine testing and mAb discovery capabilities are On the other hand , the mechanism and specificity of elec 
critical . One method for interrogation of the polyclonal 35 tron - based methods , such as electron capture dissociation 
antibody ( pAb ) response and discovery of potent human ( ECD ) and electron transfer dissociation ( ETD ) , for disul 
mAbs is isolation of peripheral B cells from survivors / sero- fide bond cleavage has been debated [ 18 , 28 ] . High energy 
positive individuals for single B - cell sequencing [ 1 ] and / or collision induced dissociation and matrix assisted laser 
hybridoma generation [ 2 ] . These methods rely on DNA desorption ionization with in - source decay have been dem 
sequencing and / or tandem mass spectrometry ( MS / MS ) de 40 onstrated to cleave disulfide bonds , but instrumentation with 
novo sequencing [ 3-7 ] to determine the primary amino acid these capabilities is not frequently used in modern pro 
( AA ) sequence of individual heavy chain ( HC ) and light teomics analyses . Although not an MS / MS based method , 
chain ( LC ) mAb protein subunits . It is common to find online electro - chemical reduction of interchain disulfides is 
multiple mAbs from the same host sharing the same HC or another method for rapid separation of heavy and light 
LC , making structural HC / LC pairing crucial . Even 45 chains . 
hybridoma cell lines , which are typically thought to be Top - down analysis of mAbs under denaturing conditions 
monoclonal , can produce multiple ambiguous HC / LC pairs using ECD and ETD have been reported . Polypeptide back 
with frequency > 30 % [ 8 ] . bone cleavage product ions within di - sulfide bridges of the 

The absence of effective pairing in existing mAb sequenc- LC and HC were observed , but intact HC and LC ions were 
ing strategies limits analysis to isolated B cell colonies that 50 not reported . This is most likely due to secondary electron 
each produce a single mAb ( where there is only one possible capture / transfer events by highly charge product ions ( e.g. , 
pair of HC / LC ) , or necessitates the use of B - cell - sorting intact LC or HC ) that undergo further fragmentation . 
techniques . This limitation is profound particularly when 
interrogating the complex pAb response . It is estimated that SUMMARY 
at most 2 % of all pAbs are expressed by peripheral serum B 55 
cells ( compared to B cells in all tissues including spleen , Herein , a new methodology is disclosed for direct deter 
bone marrow , and lymph nodes ) , of which only a fraction mination of antibody chain pairing using top - down and 
may be retained following single - cell sorting or hybridoma middle - down proteomics approaches . The method provides 
fusion [ 9 ] for efficient cleavage of disulfide bonds to enable accurate 
Mass spectrometry ( MS ) based de novo structure charac- 60 mass measurement of intact chain or subunit masses . Fur 

terization of antibodies has the potential to greatly reduce ther , the method yields chain specific product ions . Further 
reliance on B cell sequencing and hybridoma methods for more , the methods disclosed herein enable complete 
antibody discovery . Bottom - up proteomics based de novo sequence coverage of a CDR region of an antibody to be 
sequencing methods have advanced significantly in recent determined , which provides a unique sequence tag for each 
years due to developments in MS instrumentation , method- 65 chain . The approach provides a unique top - down / middle 
ology , and informatics approaches . However , HC and LC down characterization of mAb , pAb , Fab , and F ( ab ' ) 2 from 
pairing information is lost in the bottom - up approach . native like charge states using cleavage methods such as 
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ECD and UVPD . More generally , the approach demon- between consecutive product ions of the first group and / or 
strates disulfide bond cleavage and separation of protein consecutive product ions of the second group ; determining 
subunits in a large native protein complex . an amino acid sequence of the light chain based on a mass 

Provided herein are methods of determining chain pairing difference between consecutive product ions of the first 
of an intact antibody . In some examples , the methods include 5 group and / or consecutive product ions of the second group ; ionizing the intact antibody into precursor ions ; determining determining , from the first and / or second mass spectrum of a mass of the intact antibody from a mass spectrum of the the Fd portion , an amino acid sequence of the Fd portion precursor ions ; selecting one or more precursor ions for based on a mass difference between consecutive product MS / MS analysis ; dissociating by a first dissociation method , ions of the first group and / or consecutive product ions of the a light chain of the intact antibody from a heavy chain of the 10 and determining an amino acid sequence of intact antibody to generate a first type of product ions of the the Fd portion based on a mass difference between consecu light chain and produce a first mass spectrum of the light 
chain ; and dissociating by a second dissociation method , the tive product ions of the first group and / or consecutive 
light chain of the intact antibody from the heavy chain of the product ions of the second group . The method can further 
intact antibody to generate a second type of product ions of 15 include comparing the determined sequence of the light 
the light chain and produce a second mass spectrum of the chain and Fd portion with a database containing amino acid 
light chain , wherein the first dissociation method cleaves a sequences of light chain sequences and heavy chain 
backbone of the light chain at a different location than the sequences ; and determining heavy chain and light chain 
second dissociation method . The method can further include pairing of the antibody fragment . 
comparing the first mass spectrum to the second mass 20 In another example of determining chain pairing , the 
spectrum to identify a first group of the first type of product methods include ionizing an intact antibody or antibody 
ions that differ in mass from a second group of the second fragment into precursor ions ; determining a mass of the 
type of product ions by a constant value ; determining an intact antibody or a mass of the antibody frag 
amino acid sequence of the light chain based on a mass mass spectroscopy spectrum of the precursor ions ; selecting 
difference between consecutive product ions of the first 25 one or more precursor ions for MS / MS analysis ; dissociating 
group and / or consecutive product ions of the second group ; at least a light chain from the intact antibody by cleaving one 
determining a mass of the light chain from the first or second or more disulfide bonds linking a heavy chain and the light 
mass spectrum ; determining a mass of the heavy chain of the chain of the intact antibody , or dissociating an intact light 
intact antibody based on the mass of the intact antibody and chain and a heavy chain fragment from the antibody frag 
the mass of the light chain ; comparing the determined 30 ment by cleaving disulfide bonds linking the heavy chain 
sequence of the light chain and the mass of the heavy chain fragment and the light chain of the antibody fragment . The 
with a database containing amino acid sequences of light method can further include determining a mass of the light 
chain sequences and heavy chain sequences ; and determin- chain of the intact antibody from a mass spectroscopy 
ing heavy chain and light chain pairing of the intact antibody spectrum of a product ion of the light chain of the intact 
or antibody fragment . 35 antibody , or determining a mass of the light chain of the 

Also provided are methods of determining chain pairing antibody fragment from a mass spectroscopy spectrum of a 
of an antibody fragment , such as an Fab or F ( ab ' ) 2 fragment . product ion of the light chain of the antibody fragment and 
Such methods can include ionizing the antibody fragment determining a mass of the heavy chain fragment from a mass 
into precursor ions ; determining a mass of the antibody spectroscopy spectrum of a product ion of the heavy chain 
fragment from a mass spectrum of the precursor ions ; 40 fragment of the antibody fragment ; and comparing the 
selecting one or more precursor ions for MS / MS analysis ; identified mass of the light chain and the mass of the intact 
dissociating by a first dissociation method , a light chain of antibody with a database comprising amino acid sequences 
the antibody fragment from an Fd portion of the antibody of light chain sequences and heavy chain sequences or 
fragment to generate a first type of product ions of the light comparing the identified mass of the light chain and the mass 
chain and a first mass spectrum of the light chain , and a first 45 of the heavy chain fragment with a database comprising 
type of product ions of the Fd portion and a first mass amino acid sequences of light chain sequences and heavy 
spectrum of the Fd portion , wherein the Fd portion is derived chain sequences . The method can further include determin 
from a heavy chain ; dissociating by a second dissociation ing heavy chain and light chain pairing of the intact antibody 
method , the light chain of the antibody fragment from the Fd or antibody fragment . 
portion of the antibody fragment to generate a second type 50 The foregoing and other objects and features of the 
of product ions of the LC chain and a second mass spectrum disclosure will become more apparent from the following 
of the LC chain , and a second type of product ions of the Fd detailed description , which proceeds with reference to the 
portion and a second mass spectrum of the Fd portion , accompanying figures . 
wherein the first dissociation method cleaves a backbone of 
the Fd portion at a different location than the second 55 BRIEF DESCRIPTION OF THE DRAWINGS 
dissociation method . The method can further include com 
paring the first mass spectrum of the light chain to the The patent or application file contains at least one drawing 
second mass spectrum of the light chain to identify a first executed in color . Copies of this patent or patent application 
group of the first type of product ions that differ in mass from publication with color drawing ( s ) will be provided by the 
a second group of the second type of product ions by a 60 Office upon request and payment of the necessary fee . 
constant value ; comparing the first mass spectrum of the Fd FIG . 1 provides an overview of the information needed 
portion to the second mass spectrum of the Fd portion to for unambiguous identification of antibody chain pairing . 
identify a first group of the first type of product ions that Also shown are the location disulfide bonds in the variable 
differ in mass from a second group of the second type of region of IgG1 . 
product ions by a constant value ; determining , from the first 65 FIGS . 2A - 2B is a flowchart of an exemplary method for 
and / or second mass spectrum of the light chain , an amino determining antibody chain pairing in a sample consisting of 
acid sequence of the light chain based on a mass difference one or more types of intact antibodies or antibody fragments . 

a 

a 

a 

a 



10 

15 

US 11,152,198 B2 
5 6 

FIG . 3 is a schematic diagram showing an exemplary FIGS . 12A - 12B . Light chain ( A ) and Fd ( B ) product ion 
Ultra High Mass Range Hybrid Mass spectrometer that may maps for EChcD with 70 eV / q collision energy of the 15+ 
be used for the direct determination of antibody chain charge state of the Trastuzumab Fab fragment . CDR3 is 
pairing in accordance with an embodiment of the present highlighted in yellow . 
disclosure . The spectrometer includes an electrospray ion 5 FIGS . 13A - 13B . Light chain ( A ) and Fd ( B ) product ion 
source , quadrupole mass filter , ECD cell , collision cell / ion- maps for 157 nm UVPD ( 3 pulses at 1 mJ / pulse ) of the 15+ 
trapping device , photon source , and mass analyzer . charge state of the Trastuzumab Fab fragment . CDR3 is 
FIG . 4 is a schematic drawing showing peptide fragmen- highlighted in yellow . 

tation nomenclature . FIGS . 14A - 14D . Zoomed in portions of EChcD with 80 
FIGS . 5A - 5C . Trastuzumab ( herein also referred to as eV / collision energy ( A and C ) and 157 nm UVPD ( 3 pules 

Herceptin ) light chain ( A ) and heavy chain with GOF at 1 m ) ; B and D ) spectra showing species related to the Fd 
glycosylation . ( B ) Product ion maps illustrating sequence subunit ( A and B ) and light chain ( C and D ) resulting from 
coverage produced by EChcD with 80 eV / q collision energy . cleavage of the intermolecular disulfide bond of the 
Intramolecular disulfide bonds are illustrated with dashed Trastuzumab Fab fragment . 
lines , and the CDR3 region of each chain is highlighted . The FIGS . 15A - 15D . Towards polyclonal antibody analysis 
corresponding MS / MS spectrum . ( C ) For the 25+ charge using ECD . Following GingisKHAN digestion of 13 differ 
state of intact Trastuzumab with insets showing the zoomed ent mAbs , including Herceptin , targeted analysis was per 
in region containing the 9+ charge state of the light chain and formed on the resulting mixture of Fab fragments ( A ) . After 
various prod - uct ions . Blue and red product ion labels 20 the mixture of fragments was separated using reverse phase 
correspond to the heavy and light chains , respectively . liquid chromatography on a C4 column ( B ) , each fragment 
Asterisk indicates the mass selected precursor ion . was ionized by ESI - MS at an instrument setting of RP = 15 k 

FIGS . 6A - 6C . Trastuzumab light chain ( A ) and heavy @ m / z 200 ( C ) . A precursor ion for the Fab fragment of 
chain with GoF glycosylation . ( B ) Product ion maps illus- Herceptin ( C , marked in red ) was selected for further 
trating sequence coverage produced by 157 nm UVPD ( 2 25 MS / MS analysis . ECD spectra of the Fab fragment of 
laser pulses at 1 md ) with 20 eVlq collision energy during Herceptin at an instrument setting of RP = 15 k @ m / z 200 
transfer from the HCD cell to the C - trap . Intramolecular was used to determine the mass of LC and Fd portions of the 
disulfide bonds are illustrated with dashed lines , and the Herceptin Fab fragment ( D ) . 
CDR3 region of each chain is high - lighted . The correspond- FIGS . 16A - 16D . Towards polyclonal antibody analysis 
ing MS / MS spectrum . ( C ) For the 27+ charge state of intact 30 using UVPD . Following GingisKHAN digestion of 13 dif 
Trastuzumab with insets showing the zoomed in region ferent mAbs , including Herceptin , targeted analysis was 
containing the 13+ charge state of the light chain and various performed on the resulting mixture of Fab fragments ( A ) . 
product ions . Blue and red product ion labels correspond to After the mixture of fragments was separated using reverse 
the heavy and light chains , respectively . Asterisk indicates phase liquid chromatography on a C4 column ( B ) , each 
the mass selected precursor ion . 35 fragment was ionized by ESI - MS at an instrument setting of 

FIGS . 7A - 7C . 193 nm UVPD spectrum ( A ) of the 25+ RP = 15 k @ m / z 200 ( C ) . A precursor ion for the Fab 
charge state of Trastuzumab acquired using four laser pulse fragment of Herceptin ( C , marked in red ) was selected for 
at 0.3 mJ per pulse and product ion maps for the light chain further MS / MS analysis . UVPD spectra of the Fab fragment 
( B ) and heavy chain ( C ) . 193 nm UVPD yielded 37 % and of Herceptin at an instrument setting of RP = 15 k @ m / z 200 
16 % sequence coverage for the light chain and heavy chain , 40 was used to determine the mass of LC and Fd portions of the 
respectively . Yellow highlight shows CDR3 for each chain . Herceptin Fab fragment ( D ) . 
FIG . 8. Complementary ion pairs from EChcD and 157 

nm UVPD can be used to enhance de novo sequencing DETAILED DESCRIPTION 
capabilities of antibody complementarity determining 
regions . Zoomed in Xtract decharged spectra produced by 45 Unless otherwise noted , technical terms are used accord 
EChcD with 80 eVlq collision energy ( top ) and 157 nm ing to conventional usage . Definitions of common terms in 
UVPD with ( two 1 mJ pulses and 20 eVlq collision energy molecular biology may be found in Benjamin Lewin , Genes 
during transfer from the HCD cell to the C - trap ; bottom ) of VII , published by Oxford University Press , 2000 ( ISBN 
the 25+ and 27+ charge states , respectively , of intact 019879276X ) ; Kendrew et al . ( eds . ) , The Encyclopedia of 
Trastuzumab . Product ion mass measurement accuracy cal- 50 Molecular Biology , published by Blackwell Publishers , 
culated based on neutral monoisotopic mass generated by 1994 ( ISBN 0632021829 ) ; Robert A. Meyers ( ed . ) , Molecu 
Xtract . lar Biology and Biotechnology : a Comprehensive Desk 
FIG . 9 EChcD spectra of the F ( ab ' ) 2 fragment of Reference , published by Wiley , John & Sons , Inc. , 1995 

Trastuzumab . The top spectrum was acquired with ExD ( ISBN 0471186341 ) ; and George P. Rédei , Encyclopedic 
setting that yielded less efficient ECD . The bottom spectrum 55 Dictionary of Genetics , Genomics , and Proteomics , 2nd 
was acquired with ExD cell setting that yielded more Edition , 2003 ( ISBN : 0-471-26821-6 ) . 
efficient ECD and secondary dissociation of the free LC and The singular forms “ a , ” “ an , ” and “ the ” refer to one or 
Fd chains . The Fd subunit was not observed in the bottom more than one , unless the context clearly dictates otherwise . 
spectrum . For example , the term " comprising an antibody ” includes 
FIGS . 10A - 10B . EChcD with 80 eV / q collision energy 60 single or plural antibodies and is considered equivalent to 

( A ) and 157 nm UVPD ( three 1 mJ pulses ; B ) spectra of the the phrase “ comprising at least one antibody . ” The term “ or ” 
15+ charge state of the Fab fragment of Trastuzumab . refers to a single element of stated alternative elements or a 
FIGS . 11A - 11B . Product ion maps for the light chain ( A ) combination of two or more elements , unless the context 

and Fd subunit ( B ) produced by EChcD of the F ( ab ' ) 2 clearly indicates otherwise . As used herein , “ comprises ” 
fragment of Trastuzumab using ExD cell setting that yielded 65 means “ includes . ” Thus , “ comprising A or B , ” means 
more efficient ECD ( FIG . 9 ) . CDR3 regions are highlighted “ including A , B , or A and B , ” without excluding additional 
in yellow . elements . 
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It is further to be understood that all base sizes or amino Typically , a naturally occurring immunoglobulin has 
acid sizes , and all molecular weight or molecular mass heavy ( H ) chains and light ( L ) chains interconnected by 
values , given for nucleic acids or polypeptides are approxi- disulfide bonds . There are two types of light chain , lambda 
mate , and are provided for description . Although methods ( 1 ) and kappa ( k ) . There are five main heavy chain classes 
and materials similar or equivalent to those described herein 5 ( or isotypes ) which determine the functional activity of an 
can be used in the practice or testing of the present disclo- antibody molecule : IgM , IgD , IgG , IgA and IgE . 
sure , suitable methods and materials are described below . Each heavy and light chain contains a constant region and 
All publications , patent applications , patents , and other a variable region ( the regions are also known as “ domains ” ) . 
references mentioned herein are incorporated by reference in In combination , the heavy and the light chain variable 
their entirety . In case of conflict , the present specification , 10 regions specifically bind the antigen . Light and heavy chain 
including explanations of terms , will control . In addition , the variable regions contain a “ framework ” region interrupted 
materials , methods , and examples are illustrative only and by three hypervariable regions , also called " complementar 
not intended to be limiting . ity - determining regions ” or “ CDRs . ” The extent of the 

Except as otherwise noted , the methods and techniques of framework region and CDRs have been defined ( see , Kabat 
the present disclosure can be performed according to con- 15 et al . , Sequences of Proteins of Immunological Interest , U.S. 
ventional methods known in the art and as described in Department of Health and Human Services , 1991 , which is 
various general and more specific references that are cited hereby incorporated by reference ) . The Kabat database is 
and discussed throughout the present specification . See , e.g. , now maintained online . The sequences of the framework 
Sambrook et al . , Molecular Cloning : A Laboratory Manual , regions of different light or heavy chains are relatively 
2d ed . , Cold Spring Harbor Laboratory Press , 1989 ; Sam- 20 conserved within a species , such as humans . The framework 
brook et al . , Molecular Cloning : A Laboratory Manual , 3d region of an antibody , that is the combined framework 
ed . , Cold Spring Harbor Press , 2001 ; Ausubel et al . , Current regions of the constituent light and heavy chains , serves to 
Protocols in Molecular Biology , Greene Publishing Associ- position and align the CDRs in three - dimensional space . 
ates , 1992 ( and Supplements to 2000 ) ; Ausubel et al . , Short The CDRs are primarily responsible for binding to an 
Protocols in Molecular Biology : A Compendium of Methods 25 epitope of an antigen . The CDRs of each chain are typically 
from Current Protocols in Molecular Biology , 4th ed . , Wiley referred to as CDR1 , CDR2 , and CDR3 , numbered sequen 
& Sons , 1999 ; Harlow and Lane , Antibodies : A Laboratory tially starting from the N - terminus , and are also typically 
Manual , Cold Spring Harbor Laboratory Press , 1990 ; and identified by the chain in which the particular CDR is 
Harlow and Lane , Using Antibodies : A Laboratory Manual , located . Thus , a V , CDR3 is located in the variable domain 
Cold Spring Harbor Laboratory Press , 1999 . 30 of the heavy chain of the antibody in which it is found , 

whereas a V , CDR1 is the CDR1 from the variable domain 
I. Explanation of Terms of the light chain of the antibody in which it is found . 

Antibodies with different specificities ( i.e. , different com 
Antibody : A polypeptide ligand comprising at least a light bining sites for different antigens ) have different CDRs . 

chain or heavy chain immunoglobulin variable region which 35 Although it is the CDRs that vary from antibody to antibody , 
specifically recognizes and binds an epitope of an antigen . only a limited number of amino acid positions within the 
Antibodies are composed of a heavy chain ( HC ) and a light CDRs are directly involved in antigen binding . These posi 
chain ( LC ) , each of which has a variable region , termed the tions within the CDRs are called specificity determining 
variable heavy ( V. ) region and the variable light ( VL ) residues ( SDRs ) . 
region . Together , the Vh region and the V? region are 40 References to “ V , or “ VH ” refer to the variable region 
responsible for binding the antigen recognized by the anti- of an immunoglobulin heavy chain , including that of an Fv , 
body . scFv , dsFv or Fab . References to " V , ” or “ VL ” refer to the 

Antibodies include portions of antibodies , such as those variable region of an immunoglobulin light chain , including 
not having an Fc region , such as Fab fragments , Fab ' that of an Fv , scFv , dsFv or Fab . 
fragments , Fab ' ) , fragments , CH2 deleted Ab , single 45 “ Polyclonal antibodies " ( pAb ) are antibodies secreted by 
domain V - region Ab , single chain Fv proteins ( “ scFv ” ) , and different B cell lineages within the body ( whereas mono 
disulfide stabilized Fv proteins ( “ dsFv ” ) . Another exemplary clonal antibodies come from a single cell lineage ) . They are 
antibody fragment is the Fd region . A scFv protein is a fusion a collection of immunoglobulin molecules that react against 
protein in which a light chain variable region of an immu- a specific antigen , each identifying a different epitope . 
noglobulin and a heavy chain variable region of an immu- 50 Polyclonal antibodies include a plurality of different mono 
noglobulin are bound by a linker , while in dsFvs , the chains clonal antibodies , each generated to a different epitope of the 
have been mutated to introduce a disulfide bond to stabilize antigen . 
the association of the chains . The term also includes geneti- A “ monoclonal antibody ” ( mAb ) is an antibody produced 
cally engineered forms such as chimeric antibodies ( for by a single clone of B lymphocytes or by a cell into which 
example , humanized murine antibodies ) , heteroconjugate 55 the light and heavy chain genes of a single antibody have 
antibodies ( such as , bispecific antibodies ) . See also , Pierce been transfected . Monoclonal antibodies are produced by 
Catalog and Handbook , 1994-1995 ( Pierce Chemical Co. , methods known to those of skill in the art , for instance by 
Rockford , 111. ) ; Kuby , J. , Immunology , 3rd Ed . , W. H. Free- making hybrid antibody - forming cells from a fusion of 
man & Co. , New York , 1997 . myeloma cells with immune spleen cells . Monoclonal anti 

In some examples , antibodies include immunoglobulins 60 bodies include humanized monoclonal antibodies . 
that have an Fc region that is mutated or even deleted to A “ chimeric antibody ” has framework residues from one 
substantially decrease the function of the Fc region . In some species , such as human , and CDRs ( which generally confer 
examples , the mutation decreases the function of the Fc antigen binding ) from another species , such as a murine 
region , such as an ability to bind to Fey receptor , by at least antibody . 
50 % , at least 75 % , at least 80 % , at least 90 % , at least 95 % , 65 A “ humanized ” immunoglobulin is an immunoglobulin 
at least 99 % , or 100 % as compared to the function of the Fc including a human framework region and one or more CDRs 
region without the mutation . from a non - human ( for example a mouse , rat , or synthetic ) 
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immunoglobulin . The non - human immunoglobulin provid- interest and its antigen ( see , e.g. , Chen et al . , J. Mol . Biol . 
ing the CDRs is termed a “ donor , " and the human immu- 293 : 865-881 , 1999 ) . In another example , Kd is measured 
noglobulin providing the framework is termed an “ accep- using surface plasmon resonance assays using a BIA 
tor . ” In one embodiment , all the CDRs are from the donor CORES - 2000 or a BIACORES - 3000 ( BIAcore , Inc. , Pis 
immunoglobulin in a humanized immunoglobulin . Constant 5 cataway , N.J. ) at 25 ° C. with immobilized antigen CMS 
regions need not be present , but if they are , they are chips at about 10 response units ( RU ) . 
substantially identical to human immunoglobulin constant Antibody Class : There are five immunoglobulin classes 
regions , i.e. , at least about 85-90 % , such as about 95 % or ( isotypes ) of antibody molecules : IgG , IgM , IgA , IgE and 
more identical . Hence , all parts of a humanized immuno- IgD . They are distinguished by the type of heavy chain they 
globulin , except possibly the CDRs , are substantially iden- 10 contain . IgG molecules possess heavy chains known as 
tical to corresponding parts of natural human immunoglobu- y - chains ; IgMs have u - chains ; IgAs have a - chains ; IgEs 
lin sequences . A “ humanized antibody ” is an antibody have e - chains ; and IgDs have d - chains . The amino acid 
comprising a humanized light chain and a humanized heavy sequences that confer these functional differences are 
chain immunoglobulin . A humanized antibody binds to the located mainly within the Fc domain . Immunoglobulins can 
same antigen as the donor antibody that provides the CDRs . 15 be further broken down into subclasses . For example , for 
The acceptor framework of a humanized immunoglobulin or IgA , there are two ( IgA1 , IgA2 ) and for IgG there are four 
antibody may have a limited number of substitutions by ( IgG1 , IgG2 , IgG3 and IgG4 ) . 
amino acids taken from the donor framework . Humanized or Antibody classes also differ in their valency , i.e. the 
other monoclonal antibodies can have additional conserva- number of arms available to bind antigen . This arises from 
tive amino acid substitutions which have substantially no 20 the ability of certain immunoglobulins to form multimers 
effect on antigen binding or other immunoglobulin func- through linkage of their Fc domains via a J chain . For 
tions . Humanized immunoglobulins can be constructed by example , IgM is a pentamer of five identical “ Y ” shaped 
means of genetic engineering ( see for example , U.S. Pat . No. monomers . Therefore , the complete IgM protein contains 10 
5,585,089 ) . heavy chains , 10 light chains and 10 antigen binding arms 
A “ human ” antibody ( also called a “ fully human ” anti- 25 ( giving IgM a valency of 10 ) . In humans , there are only two 

body ) is an antibody that includes human framework regions kinds of light chains -K and à ( based on amino acid 
and all of the CDRs from a human immunoglobulin . In one differences in the VL and CL regions ) . Any antibody can be 
example , the framework and the CDRs are from the same formed by the association of one heavy chain type with one 
originating human heavy and / or light chain amino acid light chain type . In every possible combination there will be 
sequence . However , frameworks from one human antibody 30 two identical heavy and light chains in the antibody unit 
can be engineered to include CDRs from a different human ( monomer ) . Hence the IgM pentamer can either comprise 
antibody . All parts of a human immunoglobulin are substan- ( u2K2 ) 5 or ( u222 ) 5 . 
tially identical corresponding parts of natural human Electrospray ionization ( ESI ) : A technique used in mass 
immunoglobulin sequences . spectrometry to produce ions using an electrospray in which 

“ Specifically binds ” refers to the ability of individual 35 a high voltage is applied to a liquid to create an aerosol . It 
antibodies to specifically immunoreact with an antigen , is used in producing ions from macromolecules ( such as 
relative to binding to unrelated proteins . The binding is a antibodies or antibody fragments ) because it overcomes the 
non - random binding reaction between an antibody molecule propensity of these molecules to fragment when ionized . 
and an antigenic determinant of the T cell surface molecule . Due to the smaller degree of fragmentation produced via 
The desired binding specificity is typically determined from 40 ESI , the molecular ion is observed and can be used to infer 
the reference point of the ability of the antibody to differ- the mass of the molecule accurately . 
entially bind the T cell surface molecule and an unrelated ESI differs from other ionization processes ( e.g. , matrix 
antigen , and therefore distinguish between two different assisted laser desorption / ionization ( MALDI ) ) since it may 
antigens , particularly where the two antigens have unique produce multiple - charged ions , effectively extending the 
epitopes . An antibody that specifically binds to a particular 45 mass range of the analyser to accommodate the kDa - MDa 
epitope is referred to as a “ specific antibody ” . orders of magnitude observed in proteins and their associ 

In some examples , an antibody or fragment thereof spe- ated polypeptide fragments . Mass spectrometry using ESI is 
cifically binds to a target with a binding constant that is at called electrospray ionization mass spectrometry ( ESI - MS ) . 
least 103 M- greater , 104 M- greater or 10 % M- greater The ionization chamber is kept in a vacuum so the ions that 
than a binding constant for other molecules in a sample or 50 are produced can progress through the instrument without 
subject . In some examples , an antibody ( e.g. , monoclonal running into molecules from air . Next , in the mass analyzer , 
antibody ) or fragments thereof , has an equilibrium constant the ions are accelerated through a potential difference and 
( Kd ) of 1 nM or less . For example , an antibody or fragment focused into a beam . The ion beam passes through a 
thereof binds to a target with a binding affinity of at least magnetic field which bends the charged stream . Lighter 
about 0.1x10-8 M , at least about 0.3x10-8 M , at least about 55 components or components with more ionic charge will 
0.5x10-8 M , at least about 0.75x10-8 M , at least about deflect in the field more than heavier or less charged 
1.0x10-8 M , at least about 1.3x10-8 M at least about 1.5x components . When used , MALDI generates singly charged 
10-8M , or at least about 2.0x10-8 M , at least about 2.5x10-8 , precursor ions . 
at least about 3.0x10-8 , at least about 3.5x10-8 , at least F ( ab ' ) 2 fragment : F ( ab ' ) 2 fragments have two antigen 
about 4.0x10-8 , at least about 4.5x10-8 , or at least about 60 binding Fab portions linked together by disulfide bonds , and 
5.0x10-8M . In certain embodiments , a specific binding therefore are divalent . This fragment is void of most , but not 
agent that binds to target has a dissociation constant ( Kd ) of all , of the Fc region . Pepsin can be used to cleave an 
s104 nM , s100 nM , s10 nM , s1 nM , 50.1 nM , < 0.01 nM , immunoglobulin monomer into an F ( ab ' ) 2 fragment and a 
or s0.001 nM ( e.g. , 10-8M or less , e.g. , from 10-8M to portion of the Fc region . In some examples , an F ( ab ' ) 2 
10-13M , e.g. , from 10 - ' M to 10-13 M ) . In one embodiment , 65 fragment is about 110 kD . 
Kd is measured by a radiolabeled antigen binding assay Fab fragment : A region of an antibody that binds to the 
( RIA ) performed with the Fab version of an antibody of antigen . These fragments are composed of one constant and 
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one variable domain of each of the HC and LC . The variable from each other due to their different degrees of interaction 
domain contains the paratope ( the antigen - binding site ) , with the adsorbent particles . The pressurized liquid is typi 
comprising a set of complementarity - determining regions , at cally a mixture of solvents ( e.g. , water , acetonitrile and / or 
the amino terminal end of the monomer . Each arm of the Y methanol ) and is referred to as a “ mobile phase ” . The 
thus binds an epitope on the antigen . Papain can be used to 5 composition and temperature affect the separation process 
cleave an immunoglobulin monomer into two Fab fragments by influencing the interactions taking place between sample 
and an Fc fragment . In some examples , a Fab fragment is components and the adsorbent . These interactions can be 
about 50 kD . physical in nature , such as hydrophobic ( dispersive ) , dipole 
Fd region : A portion of an antibody located at the N - ter- dipole and ionic , or a combination thereof . 

minal part of the heavy chain . It is an essential component 10 LC performed in tandem with a mass spectrometer is 
of the antigen - binding fragment Fab . Fd , like the light chain , referred to as high pressure liquid chromatography ( HPLC ) , 
contains a C - terminal constant ( CHI ) and N - terminal vari- wherein operational pressures are significantly raised ( e.g. , 
able ( VH ) domain . See FIG . 1 . about 50-350 bar ) through the use of a pressure pump as 

Hinge cleavage enzyme : An enzyme capable of digesting compared to ordinary low pressure liquid chromatography 
or cleaving an antibody at or near the hinge , to produce 15 which relies on the force of gravity to pass the mobile phase 
antibody fragments , such as Fab and F ( ab ' ) 2 . Such enzymes through the column . Due to the small sample amount 
can cleave antibodies below or above the inter - HC disulfide separated in analytical HPLC , exemplary column dimen 
bonds in the hinge region . The immunoglobulin hinge sions are 2.1-4.6 mm diameter , and 30-250 mm length . Also 
( interdomain ) region is a flexible amino acid stretch in the HPLC columns are made with smaller adsorbent particles 
central part of the heavy chains of the IgG and IgA immu- 20 ( e.g. , about 2-50 um in average particle size ) . 
noglobulin classes , which links these two chains by disulfide The HPLC instrument typically includes a degasser , sam 
bonds . In one example , the enzyme digests an intact anti- pler , pumps , and a detector . The sampler brings the sample 
body into an Fab region and an Fc region . Examples of such mixture into the mobile phase stream which carries it into 
antibodies include papain ( a thiol - type protease ) . In another the column . The pumps deliver the desired flow and com 
example , the enzyme digests an intact antibody into an 25 position of the mobile phase through the column . The 
F ( ab ' ) 2 region and a pFc ' region . Examples of such antibod- detector generates a signal proportional to the amount of 
ies include pepsin ( an acid - type protease ) . In one example , sample component emerging from the column ( or “ eluting ” 
the enzyme is ficin ( a thiol - type protease ) , which can digest from the column ) , hence allowing for quantitative analysis 
mouse monoclonal IgG1 into either F ( ab ' ) 2 or Fab frag- of the sample component . In one example , as described 
ments . 30 herein , different components of a sample ( such as a sample 

Isolated : An “ isolated ” biological component ( such as an containing multiple intact antibodies of different types , or 
antibody or antibody fragment ) has been substantially sepa- multiple antibody fragments of different types ) are loaded 
rated , produced apart from , or purified away from other onto the LC column and are eluted into separate fractions , 
biological components in the cell of the organism in which each fraction then analyzed via mass spectroscopy . 
the component occurs , such as chromosomal and extrach- 35 In some examples , pumps used in LC can mix multiple 
romosomal DNA and RNA , and other proteins . Nucleic solvents together in ratios changing over time , generating a 
acids molecules and proteins which have been “ isolated ” composition gradient in the mobile phase . Various detectors 
thus include nucleic acids and proteins purified by standard are in common use , such as UV / Visible , photodiode array 
purification methods . The term also embraces nucleic acid ( PDA ) o mass spectrometry based detection . HPLC instru 
molecules and proteins prepared by recombinant expression 40 ments can also have a column oven that allows for adjusting 
in a host cell as well as chemically synthesized nucleic acids the temperature at which the separation is performed . 
and proteins . A purified or isolated antibody or antibody One exemplary LC method is reverse phase liquid chro 
fragment can be at least 70 % , at least 80 % , at least 90 % , at matography ( RPLC ) that is used to separate non - polar 
least 95 % , at least 96 % , at least 97 % , at least 98 % , or at least molecules in solution . In RPLC , the stationary phase or 

45 adsorbent is non - polar while the mobile phase or solvent is 
Liquid chromatography ( LC ) : An analytical chemistry polar . Example adsorbents used in RPLC columns include 

technique used to separate , identify , and quantify each alkyl groups that are chemically bonded to a silica gel such 
component in a mixture ( for example , separating compo- as butyl group ( C4 ) , octadecyl group ( C18 ) , octyl group 
nents of a biological sample such as a mixture of intact ( C8 ) , trimethyl group , phenyl groups , cyanopropyl group , 
antibodies , or a mixture of antibody fragments ; separating 50 etc. 
natural or synthetic chemicals from each other , etc ) . The Another exemplary liquid chromatography method is 
method uses pumps to pass a pressurized liquid solvent normal phase liquid chromatography , which can be used to 
containing the sample mixture through a column filled with separate polar molecules in solution based on their interac 
a solid adsorbent material . Each component in the sample tion with a polar stationary phase in the presence of a 
interacts differently with the adsorbent material , causing 55 non - polar mobile phase or solvent . 
different flow rates for the different components and leading Mammal : This term includes both human and non - human 
to the separation of the components as they flow out of the mammals . Similarly , the term “ subject ” includes both 
column . The different interactions of each component with human and veterinary subjects ( such as cats , dogs , cows , and 
the adsorbent may be a function of their mass , their charge , pigs ) and rodents ( such as mice and rats ) . 
their ionization state at the pH of the elution buffer , their 60 Mass spectrometry ( MS ) : An analytical technique used to 
hydrophobicity , other parameters , or any combination of the separate the components of a sample ( such as intact anti 
parameters . bodies and antibody fragments ) by their mass and electrical 

The active component of the column , the adsorbent , is charge . A mass spectrometer instrument produces a mass 
typically a granular material made of solid particles ( e.g. , spectrum that plots the mass - to - charge ( m / z ) ratio of com 
silica , polymers , etc. ) , which in some examples are 2-50 um 65 pounds in a mixture . The three main components of a mass 
in size . The components of a sample ( such as one containing spectrometer are the ion source , the mass analyzer , and the 
intact antibodies and / or antibody fragments ) are separated detector . 

99 % pure . 

a 

a 



US 11,152,198 B2 
13 14 

The sample introduced into the mass spectrometer may be antibody , F ( ab ' ) 2 , or Fab needs to be made as accurately as 
a solid , liquid , or gas . The sample is vaporized into a gas and possible , especially if working with pAbs . The intact mass 
then ionized by the ion source , usually by losing an electron of the LC and HC ( or Fd domain ) also needs to be measured 
to become a cation . Ionization occurs from electrons that are as accurately as possible after gas phase cleavage of inter 
produced by heating up a metal coil until it releases elec- 5 molecular disulfide bonds . Finally , product ions that yield 
trons . These electrons collide with sample molecules , sequence coverage of a unique region of the antibody , such 
knocking off one or more electrons . Since it takes more as the complementarity determining regions ( CDRs , such as 
energy to remove more than one electron , most cations CDR3 ) , are needed to unambiguously determine chain pair 
produced in the ionization chamber carry a +1 charge . ing . This information can then used to query antibody chain 

There are several different types of mass analyzers . A 10 sequence databases generated by B cell sequencing , MS / MS 
time - of - flight ( TOF ) analyzer accelerates ions to the same de novo sequencing , or other methods . CDR sequences 
potential and then determines how long is needed for them alone may be sufficient to identify chains in the database . 
to hit the detector . If the particles all start with the same However , in cases where CDR sequences are not unique , 
charge , the velocity depends on the mass , with lighter accurate intact mass of the chains can be used to confirm / 
components reaching the detector first . Other types of detec- 15 eliminate candidate chain sequences . 
tors measure not only how much time it takes for a particle The present disclosure provides methods that allow for 
to reach the detector , but how much it is deflected by an direct determination of heavy chain ( HC ) and light chain 
electric and / or magnetic field , yielding information besides ( LC ) pairing of an intact antibody or antibody fragment , for 
just mass . The detector counts the number of ions at different example , in a sample containing one or more intact poly 
deflections . The data is plotted as a graph or spectrum of 20 clonal antibodies ( pAbs ) , a sample containing one or more 
different masses . Detectors record the induced charge or intact monoclonal antibodies ( mAbs ) , or a sample contain 
current caused by an ion striking surface . Because the ing one or more antibody fragments ( which can be generated 
signal is very small , an electron multiplier , Faraday cup , or from pAbs or mAbs ( e.g. , Fab fragments and / or F ( ab ' ) 2 
ion - to - photon detector may be used to amplify the signal to fragments ) ) . The disclosed methods provide several 
produce a spectrum having a plurality of peaks . 25 improvements over currently available proteomics - based 

Precursor ion : In MS , such as tandem MS , a precursor ion approaches for antibody chain pairing determination . 
is an ion of a particular mass that is selected for fragmen- The method was initially tested using an antibody with a 
tation / dissociation . During ionization , for example ESI ( e.g. , known sequence , Trastuzumab ( Herceptin ) . Trastuzumab is 
using a mass spectrometer ) , a sample can undergo specified an IgG1 . Trastuzumab was examined with all the disulfide 
losses of an electron due to collision induced dissociation to 30 bonds intact and under native electrospray conditions . Effi 
generate precursor ions . cient dissociation of native - like charge state mAb ions was 

Product ion : In MS , such as tandem MS , a product ion is heavily reliant on multiple stages of ion activation . In - source 
an ion of a particular mass generated by fragmentation of a trapping [ 38 ] was used for collision induced unfolding 
product ion . The precursor ion can undergo different types of followed by precursor selection in the quadrupole mass filter 
losses to generate the product ion such as unimolecular 35 and MS / MS using ECD with supplemental collisional acti 
dissociation , ion / molecule reaction , change in charge state , vation in the HCD cell ( termed EChcD ) [ 36 ] or 157 nm 
and / or isomerization . UVPD . 

Sample : Any biological specimen obtained from a sub- The ability to cleave intermolecular disulfide bonds link 
ject , such as a mammalian subject , that contains antibodies . ing the heavy and light chains of a monoclonal antibody at 
Biological samples include all useful clinical samples , 40 the intact and fragment levels under native electrospray 
including , but not limited to , cells , tissues , and bodily fluids , conditions using EChcD and 157 nm UVPD is shown 
such as blood ; derivatives and fractions of blood ( such as herein . This enabled accurate mass determination of the 
serum and plasma ) ; cerebrospinal fluid ; urine ; biopsied or intact light chains and Fd subunit . Extensive sequence 
surgically removed tissue ; fine needle aspirates ; sputum ; and coverage of the regions between intramolecular disulfide 
saliva . 45 bonds yield high sequence coverage of the heavy and light 

Subject : Any mammal , such as humans , non - human pri- chain CDR3s . Additionally , the ability to fragment low 
mates , pigs , sheep , cows , dogs , cats , rodents and the like charge state precursor ions yielded MS / MS spectra far less 
which may have antibodies that can be analyzed using the congested than traditionally observed from denaturing con 
methods provided herein . In two non - limiting examples , a ditions . The results presented here illustrate de novo struc 
subject is a human subject or a murine subject . 50 ture characterization workflows that lessen reliance on 

single - cell B cell sequencing and hybridoma based methods 
II . Overview for therapeutic antibody discovery . 

Methods for determining chain pairing of an intact anti 
As shown in FIG . 1 , immunoglobulins ( Ig ) contain two body are provided . In one example , the method includes 

identical HC and two identical LC linked by a plurality of 55 ionizing the intact antibody into precursor ions ; determining 
disulfide bonds . Antigen specificity is dictated by three a mass of the intact antibody from a mass spectrum of the 
complementarity determining regions ( CDR1 , CDR2 , precursor ions ; selecting one or more precursor ions for 
CDR3 ) in the N - terminal portion of each chain . There are MS / MS analysis ; dissociating by a first dissociation method , 
four subclasses of IgG ( IgG1 , IgG2 , IgG3 , IgG4 ) that are a light chain of the intact antibody from a heavy chain of the 
numbered in order of abundance and differ in the number 60 intact antibody to generate a first type of product ions of the 
and structure of the intermolecular disulfide bonds in the light chain and produce a first mass spectrum of the light 
hinge region . IgG1 has two intermolecular disulfide bonds chain ; and dissociating by a second dissociation method , the 
linking the two HC and one disulfide bond linking the LC to light chain of the intact antibody from the heavy chain of the 
the HC . intact antibody to generate a second type of product ions of 
As shown in FIG . 1 , several pieces of information are 65 the light chain and produce a second mass spectrum of the 

needed to unambiguously determine HC and LC pairing light chain , wherein the first dissociation method cleaves a 
using the disclosed methods . First , intact mass of the intact backbone of the light chain at a different location than the 
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second dissociation method . The methods can further In other examples , determining chain pairing of an or 
include comparing the first mass spectrum to the second antibody fragment , includes ionizing the intact antibody or 
mass spectrum to identify a first group of the first type of antibody fragment into precursor ions ; determining a mass 
product ions that differ in mass from a second group of the of the intact antibody or a mass of the antibody fragment 
second type of product ions by a constant value ; determining 5 from a mass spectroscopy spectrum of the precursor ions ; 
an amino acid sequence of the light chain based on a mass selecting one or more precursor ions for MS / MS analysis ; 
difference between consecutive product ions of the first dissociating at least a light chain from the intact antibody by 
group and / or consecutive product ions of the second group ; cleaving one or more disulfide bonds linking a heavy chain 
determining a mass of the light chain from the first or second and the light chain of the intact antibody , or dissociating an 
mass spectrum ; determining a mass of the heavy chain of the 10 intact light chain and a heavy chain fragment from the 
intact antibody based on the mass of the intact antibody and antibody fragment by cleaving disulfide bonds linking the 

heavy chain fragment and the light chain of the antibody the mass of the light chain ; comparing the determined fragment . The method can further include determining a sequence of the light chain and the mass of the heavy chain mass of the light chain of the intact antibody from a mass with a database including amino acid sequences of light 15 spectroscopy spectrum of a product ion of the light chain of chain sequences and heavy chain sequences ; and determin the intact antibody , or determining a mass of the light chain 
ing heavy chain and light chain pairing of the intact antibody of the antibody fragment from a mass spectroscopy spec 
or antibody fragment . trum of a product ion of the light chain of the antibody 

Also provided are methods of determining chain pairing fragment and determining a mass of the heavy chain frag 
of an antibody fragment . Such methods can include ionizing 20 ment from a mass spectroscopy spectrum of a product ion of 
the antibody fragment into precursor ions ; determining a the heavy chain fragment of the antibody fragment ; and 
mass of the antibody fragment from a mass spectrum of the comparing the identified mass of the light chain and the mass 
precursor ions ; selecting one or more precursor ions for of the intact antibody with a database comprising amino acid 
MS / MS analysis ; dissociating by a first dissociation method , sequences of light chain sequences and heavy chain 
a light chain of the antibody fragment from an Fd portion of 25 sequences or comparing the identified mass of the light 
the antibody fragment to generate a first type of product ions chain and the mass of the heavy chain fragment with a 
of the light chain and a first mass spectrum of the light chain , database containing amino acid sequences of light chain 
and a first type of product ions of the Fd portion and a first sequences and heavy chain sequences . The method can 
mass spectrum of the Fd portion , wherein the Fd portion is further include determining heavy chain and light chain 
derived from a heavy chain ; dissociating by a second 30 pairing of the intact antibody or antibody fragment . 
dissociation method , the light chain of the antibody frag- In some examples , the intact antibody or antibody frag 
ment from the Fd portion of the antibody fragment to ment comprises a plurality of intact antibodies or a plurality 
generate a second type of product ions of the LC chain and of antibody fragments . In some examples , the sequence of 
a second mass spectrum of the LC chain , and a second type the antibody or antibody fragment is unknown prior to 
of product ions of the Fd portion and a second mass 35 analysis with the disclosed methods . 
spectrum of the Fd portion , wherein the first dissociation In some examples , the method further includes enzymati 
method cleaves a backbone of the Fd portion at a different cally cleaving the intact antibody at or near the hinge with 
location than the second dissociation method . The method a hinge cleavage enzyme , such as pepsin or papain , to 
can further include comparing the first mass spectrum of the generate one or more antibody fragments . 
light chain to the second mass spectrum of the light chain to 40 In some examples , the intact antibody is an IgG or IgA , 
identify a first group of the first type of product ions that such as IgG1 . In some examples , the antibody fragment is 
differ in mass from a second group of the second type of Fab , F ( ab ' ) 2 , or both . 
product ions by a constant value ; comparing the first mass In some examples , the method further includes , prior to 
spectrum of the Fd portion to the second mass spectrum of ionizing the intact antibody or antibody fragment , separating 
the Fd portion to identify a first group of the first type of 45 the intact antibody or the antibody fragment into individual 
product ions that differ in mass from a second group of the intact antibody populations or antibody fragment popula 
second type of product ions by a constant value ; determin- tions . For example , the separating can be by mass , total 
ing , from the first and / or second mass spectrum of the light charge , or hydrophobicity of the intact antibody or antibody 
chain , an amino acid sequence of the light chain based on a fragment . In some examples liquid chromatography is used . 
mass difference between consecutive product ions of the first 50 In some examples , the following the separating , the indi 
group and / or consecutive product ions of the second group ; vidual intact antibody populations or antibody fragment 
determining an amino acid sequence of the light chain based populations are eluted into separate fractions . 
on a mass difference between consecutive product ions of In some examples , the ionizing method uses electrospray 
the first group and / or consecutive product ions of the second ionization ( ESI ) . 
group ; determining , from the first and / or second mass spec- 55 In some examples , the dissociation method used is one or 
trum of the Fd portion , an amino acid sequence of the Fd more of electron capture dissociation ( ECD ) , electron trans 
portion based on a mass difference between consecutive fer dissociation ( ETD ) , electron detachment dissociation 
product ions of the first group and / or consecutive product ( EDD ) , or ultraviolet photodissociation ( UVPD ) . 
ions of the second group ; and determining an amino acid In some examples , the first dissociation method is ultra 
sequence of the Fd portion based on a mass difference 60 violet photodissociation ( UVPD ) and the first type of prod 
between consecutive product ions of the first group and / or uct ions are a - ions , and the second dissociation method is 
consecutive product ions of the second group . The method electron capture dissociation ( ECD ) and the second type of 
can further include comparing the determined sequence of product ions are c - ions , and the constant value is 45.0215 . In 
the light chain and Fd portion with a database containing some examples , the first type of product ions are a - ions , and 
amino acid sequences of light chain sequences and heavy 65 the second type of product ions are c - ions , and the constant 
chain sequences ; and determining heavy chain and light value is 45.0215 ; the first type of product ions are a - ions , and 
chain pairing of the antibody fragment . the second type of product ions are b - ions , and the constant 
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value is 27.99495 , or the first type of product ions are c - ions , some examples , the sequence of antibodies 10 or antibody 
and the second type of product ions are b - ions , and the fragments 14 is not known prior to performing the method , 
constant value is 17.0267 . and the method allows for a determination of where the 

In some examples , determining a mass of the intact pairing between HC and LC occurs . In some examples , 
antibody or mass of the antibody fragment from a mass 5 intact antibodies 10 are exposed to an enzyme that can 
spectrum of the precursor ions comprises determining an cleave the antibody at the hinge region 12. Digestion with 
m / z value of a precursor ion having a +1 charge state . such an enzyme produces antibody fragments 14 , such as 

In some examples , selecting one or more precursor ions Fab and F ( ab ' ) 2 . Examples of such enzymes include pepsin 
for MS / MS analysis comprises selecting a most abundant and papain . The resulting antibody fragments 14 can be precursor ion for MS / MS analysis . analyzed with the disclosed methods . However , enzymatic In some examples , the method further includes determin cleavage 12 is optional , as the method can be used to analyze ing a mass of an intact heavy chain from the intact antibody . intact antibodies 10 not previously exposed to an enzyme In some examples , the method further includes comparing that cleaves the antibody at or near the hinge region . the identified mass of the light chain with a calculated 
theoretical mass of each light chain sequence of a database 15 In some examples , the intact antibody 10 or antibody 
comprising a plurality of light chain sequences , and select fragments 14 is subjected to an optional separation step 20 . 
ing a candidate light chain having the calculated theoretical For example , if a sample to be analyzed contains a mixture 
mass within a threshold error of the identified mass of the of different intact antibodies 10 ( such as a mixture of 
light chain ; and comparing the identified mass of the Fd antibodies that bind to the same antigen , or a mixture of 
portion with a calculated theoretical mass of an Fd portion 20 intact antibodies that bind to different antigens ) , or mixtures 
of each heavy chain sequence of a database containing a of different antibody fragments 14 ( such as a mixture of 
plurality of heavy chain sequences , and selecting a candidate antibody fragments that bind to the same antigen , or a 
heavy chain having the calculated theoretical mass within a mixture of antibody fragments that bind to different anti 
threshold error of the identified mass of the Fd portion . gens , or a mixture of antibody fragment types ( such as a 

In some examples , the method further includes comparing 25 mixture of Fab and Fc , or F ( ab ' ) 2 and pFc ' ) , the sample may 
the identified mass of the light chain with a calculated be separated into individual components . Such a separation 
theoretical mass of each light chain sequence of a database step can simplify downstream analysis , as it allows for 
comprising a plurality of light chain sequences , and select individual intact antibodies or individual antibody fragments 
ing a candidate light chain having the calculated theoretical to be introduced into the mass spectrometer and reduces 
mass within a threshold error of the identified mass of the 30 interference of peaks in the resulting spectra . Intact antibod 
light chain ; and comparing the identified mass of the heavy ies or antibody fragments can be separated 20 by mass , total 
chain with a calculated theoretical mass of each heavy chain charge , or hydrophobicity , such as by using liquid chroma 
sequence of a database containing a plurality of heavy chain tography ( LC ) or capillary electrophoresis ( CE ) . 
sequences , and selecting a candidate heavy chain having the The resulting separation allows for eluting of the intact 
calculated theoretical mass within a threshold error of the 35 antibodies or antibody fragments into individual or separate 
identified mass of the Fd portion . fractions 22. For example , the resulting separated intact 

In some examples , the intact antibody or antibody frag- antibodies or antibody fragments can be analyzed serially 
ment is selected for an antigen , and the method further one at a time . 
comprises generating a monoclonal antibody selected for the Intact antibodies 10 and antibody fragments 14 can be 
antigen , wherein the monoclonal antibody includes a light 40 directly used for mass spectrometric analysis . The method 
chain corresponding to the candidate light chain sequence may include performing electrospray ionization ( ESI ) on the 
and a heavy chain corresponding to the candidate heavy intact antibodies or antibody fragments to generate multiple 
chain sequence . charged precursor ions 24. Alternatively , if separation and 

elution of the intact antibodies 10 and antibody fragments 14 
III . Methods of Determining Heavy Chain ( HC ) 45 was performed 20 , 22 , ESI may be performed on the 

and Light Chain ( LC ) Pairing fractions resulting from elution 22. In some examples , the 
ESI equipment may be coupled to LC equipment allowing 

Provided herein are methods for determining the heavy for individual eluting fractions having significant separation 
chain ( HC ) and light chain ( LC ) pairing of an antibody or of individual or populations of intact antibodies or indi 
antibody fragment ( such as Fab or F ( ab ' ) 2 ) . An overview of 50 vidual or populations of antibody fragments to be directly 
the method is provided in FIGS . 2A - 2B . In some examples , electrospray ionized into a mass spectrometer . If eluting 
a plurality of intact antibodies are analyzed using the dis- fractions do not have significant separation , individual elu 
closed methods simultaneously or contemporaneously , such tion peaks corresponding to the eluting fractions may be 
as a plurality of polyclonal antibodies . In some examples , selected for ESI analysis to reduce multiplexing errors . 
the plurality of antibodies are a mixture of antibodies 55 In one example , ESI of one or more intact antibodies 10 , 
specific for the same antigen . In some examples , the plu- one or more antibody fragments 14 , or the individual frac 
rality of antibodies are a mixture of antibodies specific for tions obtained from the elution 22 , generates a correspond 
different antigens . In some examples , a plurality of antibody ing ESI spectra which includes m / z values for each of the 
fragments are analyzed using the disclosed methods simul- multiple charged precursor ions . The ESI spectra generated 
taneously or contemporaneously , such as a plurality of 60 for a given intact antibody 10 or antibody fragment 14 
antibody fragments . In some examples , the plurality of ( which may be in a fraction ) is used to determine the total 
antibody fragments are a mixture of antibody fragments mass of the intact antibody or total mass of the antibody 
specific for the same antigen . In some examples , the plu- fragment 26. Each mass is determined based on one or more 
rality of antibody fragments are a mixture of antibody of : ( 1 ) the m / z value of a given peak , ( 2 ) the multiple 
fragments specific for different antigens . 65 charged state of the precursor ion corresponding to the given 
As shown in FIG . 2A , intact antibodies 10 or antibody peak , and ( 3 ) the relative distribution of other multiple 

fragments 14 can be analyzed for LC and HC pairing . In charged precursor ions . In one example , the mass of the 
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intact antibody or the mass of the antibody fragment can be used , as long as each method produces a different ion . For 
determined from the m / z value of the precursor ion having example , UVPD ( for example at 193 nm and 157 nm ) 
a +1 charge state . generates a - ions , while ECD ( such as EChcD and ECuvPD ) 

After determining the total mass of the intact antibody or or produces c - ions , thus these two methods ( i.e. , UVPD and 
total mass of the antibody fragment 26 , the method selects 5 ECD ) can be used together . As another example , collision 
one or more precursor ions for tandem MS / MS analysis 28 . induced dissociation ( CID ) generates b - ions and can be used 
In one example , the most abundant precursor ion ( s ) ( visible with either or both of the above - mentioned methods that 
as the tallest peak ( s ) ) is selected for MS / MS analysis . In generate a - ions and c - ions . 
other examples , a distribution of precursor ions within the After dissociating one or more disulfide bonds of the 
ESI spectrum is selected for further MS / MS analysis . That 10 precursor ion ( s ) 40 , 30 , the MS / MS spectra are used to 
is , several ( such as all or less than all ) of the precursor ions identify product ions corresponding to the LC , HC , and / or 
may be selected for further MS / MS analysis . Fd portions of the intact antibody or antibody fragment 32 , 

The selected precursor ions 28 are subjected to a disulfide 42. This identification is performed based on the relative 
bond dissociation or cleavage method 40 , 30. That is , the position of product ion peaks relative to the position of the 
method 40 , 30 includes cleaving one or more disulfide bonds 15 precursor ion peak ( s ) on the MS / MS spectra . Precursor ions 
( such as 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , or 10 different disulfide are observed in the MS / MS spectra due to at least a portion 
bonds ) of the selected precursor ion ( s ) of the intact antibody of the original intact antibody or antibody fragment not 
or antibody fragment 30 , 40. In one example , the number of being cleaved during the cleavage step . The mass of the LC , 
disulfide bonds cleaved is dependent on the class and / or HC , and / or Fd portions is then determined , for example from 
subclass of the intact antibody or antibody fragment . For 20 the m / z value and charge state of a product ion and the m / z 
each intact antibody and antibody fragment , at least one value and charge state of a precursor ion corresponding to 
disulfide bond , such as the disulfide bond linking the LC to the given peak . 
the HC , is cleaved . Based on whether the antibody fragment In the proteomics based approach for determining chain 
is a Fab fragment or a F ( ab ' ) 2 fragment , there may be pairing ( “ A ” in FIG . 2A , 2B , steps 40 , 42 , 44 , 46 , 48 , 50 , 52 ) , 
additional disulfide bonds in a hinge region coupling the 25 the determined mass of the LC , HC , and / or Fd portions is 
heavy chains to each other ( such as may be present in the used to query a B cell genomic sequencing database for 
F ( ab ' ) 2 fragment but not the Fab fragment ) . Further , the corresponding LC , HC , and / or Fd sequences that correspond 
number of disulfide bonds coupling the heavy chains to each to the same mass ( or within a threshold mass error tolerance ) 
other in the hinge region are based on the antibody class type and / or which result in a similar MS / MS peak profile 44. For 
( e.g. , based on whether the antibody fragments are IgG 30 example , an algorithm can be used which determines the 
fragments or IgM fragments or IgA fragments , etc. ) . One or theoretical mass of all known LC sequences in the database . 
more of the disulfide binds in the hinge region can be The theoretical masses are compared to the mass of the LC 
cleaved . ( for the intact antibody or antibody fragment ) as determined 

Similarly , in the case of an intact antibody , at least one via MS / MS analysis , and results are filtered to include 
disulfide bond , such as the disulfide bond linking the LC to 35 theoretical masses that are within a threshold mass error of 
the HC , is cleaved . The number of additional disulfide bonds the queried mass . Based on a match between mass values , 
coupling the heavy chains to each other are based on the one or more candidate sequences are identified for the given 
antibody class type ( e.g. , based on whether the antibody LC . In one example , where the mass of the LC determined 
fragments are IgG fragments or IgM fragments or IgA via MS / MS matches a single theoretical mass from the 
fragments , etc. ) . During the cleaving 30 , 40 , one or more of 40 database , the sequence of the corresponding LC is deter 
the disulfide bonds coupling the heavy chains to each other mined to be the sequence of the LC of the given intact 
may be cleaved . antibody or antibody fragment . 

In examples where the methods uses a proteomic Similarly , in the case of an antibody fragment whose Fd 
approach to determine the HC and LC chain pairing , one mass is determined via MS / MS analysis , an algorithm that 
method can be used to cleave one or more disulfide bonds of 45 determines the theoretical mass of all known Fd sequences 
the intact antibody or antibody fragment 40. This results in in the database can be used . The database may include intact 
the generation of one set of MS / MS spectra . In some HC sequences and the algorithm calculates theoretical 
examples , for example when de novo sequencing is used to masses for the Fd portion ( which is a defined portion of the 
determine the HC and LC chain pairing , the method uses at HC sequence ) of each intact HC sequence . The theoretical 
least two different methods ( such as 2 , 3 , 4 , 5 , or 6 different 50 masses are compared to the measured mass of the Fd of the 
dissociation methods ) to cleave one or more disulfide bonds analyzed antibody fragment , and results are filtered to 
of the intact antibody or antibody fragment 30. This results include theoretical masses that are within a threshold mass 
in at least two different sets of MS / MS spectra , each set error of the queried mass . Based on a match between mass 
corresponding to one of the cleavage methods used . Meth- values , one or more candidate sequences are identified for 
ods that can be used to cleave or dissociate one or more 55 the given Fd , and thereby the given HC from which the Fd 
disulfide bonds of the intact antibody or antibody fragment was generated . In one example , where the mass of the Fd 
30 , 40 include one or more of electron capture dissociation determined via MS / MS matches a single theoretical mass 
( ECD ) , electron transfer dissociation ( ETD ) , electron from the database , the sequence of the Fd is determined to 
detachment dissociation ( EDD ) , ultraviolet photodissocia- be the sequence of the HC of the given antibody fragment , 
tion ( UVPD ) ( for example at 266 nm , 248 nm , 213 nm , 193 60 and the sequence of the HC corresponding to the identified 
nm , 157 nm , etc. ) , and high energy collision induced dis- Fd is determined to be the sequence of the HC of the original 
sociation ( CID ) . Each dissociation method produces a intact antibody from which the antibody fragment was 
unique ion , such as an N - terminal ion ( a - ion , b - ion , or c - ion ) generated ( e.g. , via cleavage of the intact antibody at the 
or a C - terminal ion ( x - ion , y - ion , or z - ion ) . As shown in FIG . hinge region ) . 
4 , although different methods may cleave at the same amino 65 As discussed above , the likelihood of cleavage of a 
acids , different methods cleave at different bonds , resulting sufficient number of disulfide bonds in an intact antibody is 
in different masses . Any combination of two methods can be lower than an antibody fragment , and therefore the likeli 

a 

9 



US 11,152,198 B2 
21 22 

hood of detection of an intact HC product ion ( or an Fd a constant difference , the method then determines the mass 
product ion ) for F ( ab ' ) , in the MS / MS spectra of an intact difference of individual amino acids in the sequence of the 
antibody is lower . This is because the intact antibody has two product ion . A mass difference between consecutive first 
or more disulfide bonds linking the two HC in the hinge ions of the first spectra and / or consecutive second ions of the 
region and one linking the HC to LC . In comparison , the 5 second spectra is used to determine the mass of an amino 
F ( ab ' ) , fragment is a result of enzymatic cleavage below the acid at that position , and thereby the identity of the amino 
hinge , so it has two disulfide bonds linking the Fd to Fd and acid . 
one Fd to LC . The Fab is a result of enzymatic cleavage For example , where a first spectra of LC or HC peaks 
above the hinge region , so there is only one disulfide bond generated from an intact antibody via UVPD or a first 
linking Fd to LC . Therefore , when the starting material 10 spectra of LC or Fd peaks generated from an antibody 
includes an intact antibody 10 ( e.g. , not an antibody frag- fragment via UVPD is compared to a corresponding second 
ment 14 , and thus step 12 is omitted ) , the method can spectra of LC or HC peaks generated from the intact 
optionally determine the mass of the intact HC of an intact antibody via ECD , or a second spectra of LC and Fd peaks 
antibody 46 based on a calculated difference between the generated from an antibody fragment via ECD , after align 
measured mass of the intact antibody sample ( as determined 15 ing , the mass difference between consecutive a - ions and / or 
via ESI at 26 ) and the measured mass of the intact LC ( as consecutive c - ions is used to learn the mass of the corre 
determined via MS / MS at 42 ) . sponding amino acid that was cleaved at that location . From 
Once the mass of the intact HC is determined 46 , the the mass of the amino acid , the identity of the amino acid is 

algorithm can be used to query the B cell genomic sequenc- determined . An example sequence determination is shown at 
ing database for HC sequences whose theoretical masses are 20 FIG . 4. It will be appreciated that the method may determine 
within a threshold mass error of the queried HC mass or that an entire sequence of the LC or HC or Fd portion ( based on 
generate a similar peak profile 48. Based on a match whether the spectra of LC or HC or Fd peaks was com 
between mass values , one or more candidate sequences are pared ) , or portions of the entire sequence . 
identified for the given HC . In one example , where the The determined sequence of the LC or HC portion of the 
calculated mass of the HC matches a single theoretical mass 25 intact antibody , or LC or Fd portion of the antibody fragment 
from the database , the sequence of the corresponding HC is is used to query a B - cell genomic sequencing database to 
determined to be the sequence of the HC of the given intact identify a corresponding sequence 39. For example , where 
antibody . the LC spectra comparison is used to determine the sequence 

In the de novo sequencing approach ( “ B ” in FIG . 2A , 2B , of at least a portion of the LC , the sequence is compared to 
steps 30 , 32 , 34 , 36 , 38 , 39 ) , ions are assigned to the MS / MS 30 known sequences in a database to identify a corresponding 
spectra for the LC peaks generated via the two or more sequence . Filter stringency during the matching may be 
dissociation methods 34. For example , a first ion type ( e.g. , determined as a function of the portion of the sequence that 
a - ions ) is obtained from a first dissociation method while a is identified via MS / MS analysis . For example , a higher 
second ion type ( e.g. , b - ions or c - ions ) is obtained from a stringency may be applied when a larger portion of the total 
second / different dissociation method . Similarly , Fd peaks 35 LC sequence is covered by the de novo sequence while a 
and HC peaks from set of spectra generated via a first lower stringency may be applied when a smaller portion of 
dissociation method can be compared to corresponding the total LC sequence is covered by the de novo sequence . 
peaks from spectra generated via the other dissociation Similarly , when Fd spectra comparison is used to determine 
methods and corresponding ions ( e.g. , a- , b- , and c - ions ) are the Fd de novo sequence , a comparison is made to Fd portion 
assigned . Herein , each set of LC peaks corresponds to 40 for Fd portion of known HC sequences in the database ; and 
different LC fragments generated via a particular dissocia- when HC spectra comparison is used to determine the HC de 
tion method . Likewise , each set of Fd peaks corresponds to novo sequence , a comparison is made to known HC 
different Fd fragments generated via a particular dissociation sequences in the database . 
method , and each set of HC peaks corresponds to different In one example , where the de novo sequence of the LC 
HC fragments generated via a particular dissociation 45 matches a single LC sequence from the database , the 
method . sequence of the corresponding LC is determined to be the 

For a given set of peaks ( e.g. , for LC peaks , HC peaks , or sequence of the LC of the given intact antibody or antibody 
Fd peaks ) , a first ion is assigned to a first spectrum generated fragment . In another example , where the de novo sequence 
via a first dissociation method ( e.g. , a - ions for spectra of the Fd portion matches the Fd portion of a single HC 
generated via UVPD ) and a second ion is assigned to a 50 sequence from the database , the sequence of the correspond 
second spectrum generated via a second dissociation method ing HC is determined to be the sequence of the HC of the 
( e.g. , c - ions for spectra generated via ECD ) . The first ions intact antibody from which the Fd portion of the antibody 
from the first spectrum of the LC or HC or Fd peaks are fragment is derived . In yet another example , where the de 
compared to the second ions from the second spectrum 36 of novo sequence of the HC matches a single HC sequence 
the corresponding LC or HC or Fd peaks . In one example , 55 from the database , the sequence of the corresponding HC is 
a - ions for peaks corresponding to the LC , dissociated via determined to be the sequence of the LC of the given intact 
UVPD for example , are compared to c - ions for peaks antibody . 
corresponding to the LC dissociated via ECD ( or ETD ) . In the case of an intact antibody , where Fd data is not 
FIG . 6C shows an example assignment of a - ions to LC available , and MS / MS spectra for the HC was not generated , 
spectra for an intact antibody dissociated via UVPD while 60 after determining the identity of the LC , the method may 
FIG . 6C shows an example assignment of c - ions to LC determine the mass of the HC based on the mass of the intact 
spectra for the same intact antibody dissociated via ECD . antibody relative to the mass of the intact LC 46 and then 

After comparing the spectra of at least two different ions query the database for HC sequences having a match in 
36 , the spectra comparison is used to determine the sequence corresponding theoretical mass 48 as discussed above with 
of the corresponding precursor ion 38. For a given precursor 65 reference to the proteomics approach . 
ion dissociated via two different methods to generate first In some examples , the de novo sequencing approach is 
product ions and second product ions that are aligned to have used to determine at least the sequence of the complemen 
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tarity determining regions ( CDR ) of the antibody or anti- one example , based on the identified pairing , therapeutic 
body fragment . Antibodies , or antibody fragments , may mAbs may be created for the given antigen 52 wherein the 
include CDRs 1-3 which are each part of the variable regions mAbs are engineered to include the specific HC and LC 
of the LC and HC . Together the CDRs create the paratope of identities learned via the MS / MS analysis . For example , 
the antibody that binds to the epitope of the corresponding 5 identified from heavy and light chains ( such as a CDR3 
antigen . CDRs constitute the most variable part of the sequences ) can be grafted into another framework , such as 
antibody , or antibody fragment , and are found at the N - ter- a single chain variable fragment ( scFv ) framework scaffold . 
minal region . Based on the type or class of immunoglobulin , In some examples , the sequence identified is used to make 
the position of the CDRs varies relative to the disulfide a humanized mAb . 
bonds that connect the LC to the HC . For example , in IgG1 , 10 A. Exemplary Antibodies and Antibody Fragments 
CDR3 lies outside the region that is tied by the disulfide Referring to FIGS . 2A - 2B , in one example , a single intact 
binds ( see FIG . 1 ) while CDR1 and CDR2 lie within the antibody 10 is analyzed , such as a monoclonal antibody or 
region . Due to the high variability of the CDR sequence a polyclonal antibody . The polyclonal antibody can be one 
relative to the remainder of an antibody sequence , the CDR that specifically binds to a target . In one example , a plurality 
sequence can be advantageously used as a unique tag for 15 of distinct single antibodies 10 are analyzed , such as a 
identifying LC and HC sequences . population or mixture of two or more different polyclonal 

In one example , when performing de novo sequencing of antibodies ( such as at least two , at least three , at least four , 
an LC peak or spectra for an intact antibody of the IgG class , at least 5 , at least 6 , at least 7 , at least 8 , at least 9 , at least 
or an antibody fragment of the IgG class , generated via 10 , at least 20 , at least 50 , or at least 100 different polyclonal 
UVPD or ECD , the amino acid sequence at the N - terminal 20 antibodies ) . Such a mixture of antibodies may all specifi 
region of the LC , corresponding to the CDR3 region of the cally bind to the same antigen , or may include populations 
LC , may be determined ( for example , as described above , by of antibodies each binding to distinct / different antigens . In 
comparing the UVPD spectra to the ECD spectra ) . The some examples , the intact antibody or antibody fragment 
unique CDR3 sequence is then used to query the database of analyzed with the disclosed methods is isolated or purified . 
LC sequences . Herein , even when the de novo determined 25 In some examples , the intact antibody analyzed is an IgG , 
sequence covers less than the entire length of the LC , by IgM , IgA , IgE or IgD antibody . In some examples , the intact 
relying on the unique sequence region , the LC identity can antibody analyzed is IgA1 or IgA2 . In some examples , the 
be reliably and accurately determined . For example , the intact antibody analyzed is IgG1 , IgG2 , IgG3 or IgG4 . 
CDR3 sequence of the LC of the antibody or antibody In another example , a single antibody fragment 14 is 
fragment determined via the de novo approach may be 30 analyzed , such as an Fab fragment or F ( ab ' ) , fragment . The 
compared to the CDR3 sequence for all LCs in the database , single antibody fragment 14 can be one that specifically 
and an LC having a CDR3 region with a higher than 90 % binds to a target . In one example , a plurality of distinct 
match is identified as the LC sequence . In other examples , antibody fragments 14 are analyzed , such as a population or 
such as where the antibody or antibody fragment is an IgA mixture of two or more different antibody fragments 14 
or IgM , based on the position of the disulfide bond , the 35 ( such as at least two , at least three , at least four , at least 5 , 
sequence of the CDR1 or CDR2 region of the LC may be at least 6 , at least 7 , at least 8 , at least 9 , at least 10 , at least 
determined and compared to the CDR1 or CDR2 region of 20 , at least 50 , or at least 100 different / unique antibody 
LC sequences available in the database . fragments 14 ) . Such a mixture of antibody fragments may all 

Similarly , when performing de novo sequencing of an HC specifically bind to the same antigen , or may include popu 
peak or spectra ( of an intact antibody of the IgG class ) or an 40 lations of fragments each binding to distinct / different anti 
Fd peak or spectra ( for an antibody fragment of the IgG gens . In some examples , the mixture of antibody fragments 
class ) , generated via UVPD or ECD , the amino acid includes both Fab fragments and F ( ab ' ) , fragments . In some 
sequence at the N - terminal region of the HC or Fd portion , examples , the mixture of antibody fragments includes Fab 
corresponding to the CDR3 region of the HC or Fd portion , fragments . In some examples , the mixture of antibody 
may be determined ( for example , as described above , by 45 fragments includes F ( ab ' ) 2 fragments . In some examples , 
comparing the UVPD spectra to the ECD spectra ) . The antibody fragments 14 analyzed using the disclosed methods 
unique CDR3 sequence is then used to query the database of are produced from intact antibodies 10 ( see step 12 ) . 
HC sequences . Herein , even when the de novo determined A sample containing a plurality of the single intact 
sequence covers less than the entire length of the HC or Fd antibodies 10 , plurality of distinct single antibodies 10 , 
portion , by relying on the unique sequence region , the 50 single antibody fragment 14 or plurality of antibody frag 
identity of the HC can be reliably and accurately determined . ments 14 can be analyzed . In one example , such a sample is 
For example , the CDR3 sequence of the HC or Fd portion one obtained from a subject . In some examples the sample 
of the antibody or antibody fragment , respectively , deter- is obtained from a mammalian subject ( such as a human , 
mined via the de novo approach may be compared to the non - human primate , rat , mouse or rabbit ) . In some 
CDR3 sequence for all HCs in the database , and an HC 55 examples , the sample used to obtain the antibodies or 
having a CDR3 region with a higher than 90 % match to the antibody fragments is a blood sample or fraction thereof 
sequence is identified as the HC sequence . In other ( e.g. , plasma , serum ) or ascites fluid . In some examples , the 
examples , such as where the antibody or antibody fragment sample is one obtained from ex vivo culturing conditions , 
is an IgA or IgM , based on the position of the disulfide bond , such as a cell or tissue culture , such as an antibody or 
the sequence of the CDR1 or CDR2 region of the HC or Fd 60 antibody fragment in a cell culture media ( e.g. , excreted by 
portion may be determined and compared to the CDR1 or a cell ) , or one obtained from a cell in culture media ( e.g. , 
CDR2 region of HC sequences available in the database . obtained following lysis or other disruption of a cell mem 
Once the HC and LC sequences are identified , the method brane ) . 

identifies the specific HC and LC pairing 50 for the given B. Exemplary Methods of Cleaving Antibodies at the 
intact antibody 10 or antibody fragment for the given 65 Hinge Region 
antigen that it was exposed to . The identification of the HC In some examples , an intact antibody ( such as a poly 
and LC pairing can then be used for various applications . In clonal antibody ) , is exposed to an enzyme capable of digest 
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ing or cleaving an antibody at or near the hinge , to produce C. Exemplary Methods of Separating Intact Antibodies or 
antibody fragments from the intact antibody , such as Fab and Antibody Fragments . 
F ( ab ' ) 2 fragments see step 12 , FIG . 2A ) . Examples of such In some examples , the intact antibody 10 or antibody 
enzymes include papain ( a thiol - type protease ) . In another fragments 14 are exposed to an optional separation step 20 . 
example , the enzyme digests an intact antibody into an 5 Separation 20 can include the use of methods that result in 
F ( ab ' ) 2 region and a pFc ' region . Examples of such antibod- purification or isolation of unique intact antibody popula 
ies include pepsin ( an acid - type protease ) . In one example , tions or unique / distinct antibody fragment populations . Anti 
the enzyme is ficin ( a thiol - type protease ) , which can digest body purification can include selective enrichment or spe 
mouse monoclonal IgG1 into either F ( ab ' ) 2 or Fab frag- cific isolation of antibodies from serum ( polyclonal 
ments . 10 antibodies ) , ascites fluid or cell culture supernatant of a 

In one example , the intact Ab to be cleaved is an IgG . IgG hybridoma cell line ( monoclonal antibodies ) . Separating 
can be cleaved into one F ( ab ' ) 2 fragment and numerous intact antibodies 10 or antibody fragments prior to subse 
small peptides of the Fc portion using pepsin . The resulting quent steps can simplify downstream analysis , as it allows 
Fab ' ) 2 fragment is composed of two disulfide - connected for individual intact antibodies or individual antibody frag 
Fab units . Pepsin is a nonspecific endopeptidase that is 15 ments to be introduced into the mass spec . In one example , 
active at acidic pH . The Fc fragments can be separated from a sample to be analyzed contains a mixture of different intact 
F ( ab ' ) 2 by dialysis , gel filtration or ion exchange chroma- antibodies 10 , such as a mixture of antibodies ( e.g. , pAbs ) 
tography . IgG can be cleaved into two Fab fragments and that bind to the same antigen , or a mixture of intact anti 
one Fc fragment using papain . Papain is a nonspecific , bodies ( e.g. , pAbs ) that bind to different antigens . In one 
thiol - endopeptidase that has a sulfhydryl group in the active 20 example , a sample to be analyzed contains a mixture of 
site , which is used in its reduced form . In one example , the different antibody fragments 14 , such as a mixture of anti 
intact Ab to be cleaved is a mouse IgG . Mouse mAb IgG1 body fragments that bind to the same antigen , a mixture of 
can be cleaved with ficin ( a thiol - type protease ) to generate antibody fragments that bind to different antigens , or a 
F ( ab ' ) 2 in the presence of 4 mM cysteine , or Fab in the mixture of antibody fragment types ( such as a mixture of 
presence of 25 mM cysteine . 25 Fab and Fc , or F ( ab ' ) 2 and pFc ' ) . 

In one example , the FabRICATOR® ( IdeS ) cysteine Exemplary methods of separation 20 include those that 
protease is used to digest IgG at a specific site below the separate or purify intact antibody 10 or antibody fragments 
hinge yielding F ( ab ' ) 2 and Fc / 2 fragments . FabRICATOR® 14 by mass , total charge , and hydrophobicity . 
cysteine protease can be used to digest all subclasses of In one example , reverse phase chromatography is used for 
human , monkey , rabbit and sheep IgG . FabRICATOR Z® 30 the separation 20. Resins containing varying lengths of 
cysteine protease can be used to digest mouse IgG2a and hydrocarbon chain ( C4 , C8 , or C18 for example ) can be used 
IgG3 . The primary digestion site For FabRICATOR® cys- to bind antibodies and antibody fragments , which can be 
teine protease is ... CPPCPAPELLG / GPSVF .... eluted . In one example , reverse phase liquid chromatogra 

In one example , the FabALACTICA® ( IgdE ) cysteine phy is used for the separation 20 , such as high - pressure 
protease is used to digest human IgG1 at a specific site above 35 liquid chromatography ( HPLC ) . In such a method the 
the hinge generating intact Fab and Fc fragments . FabA- mobile / liquid phase ( which includes antibodies or antibody 
LACTICA? ( IgdE ) cysteine protease digests human IgG1 at fragments ) passes through columns under 10-400 atmo 
one specific site above the hinge ( KSCDKT / HTCPPC ) , spheric pressure , and with a high ( 0.1-5 cm / sec ) flow rate . 
generating intact Fab and Fc fragments . Components of a HPLC device are solvent depot , high 

In one example , the GingisKHAN cysteine protease is 40 pressure pump , commercially prepared column , detector , 
used to digest human IgG1 at a specific site above the hinge and recorder . Duration of separation is controlled with the 
generating intact Fab and Fc fragments . GingisKHAN aid of a computerized system , and material is accrued . [ 
cysteine protease digests human IgG1 at a specific site above In one example , where LC is used for separation , the 
the hinge ( KSCDK / THTCPPC ) , generating intact Fab and matrix ( or column type ) used for the separation , as well as 
Fc fragments . A second digestion site on the Fc may appear 45 the elution buffer , is selected based on the parameter being 
if the N - glycans are removed . used for separation . Further , the buffer being used to elute 

In one example , the FabULOUS® ( SpeB ) cysteine pro- each individual antibody 10 or antibody fragment 14 from 
tease is used to digest human , mouse , rat or goat IgG1 at a the column is selected to vary the pH of the eluting indi 
specific site above the hinge generating Fab and Fc frag- vidual intact antibody or fragment . By adjusting the pH , the 
ments . The primary digestion site on human IgG1 for 50 individual intact antibody 10 or antibody fragment 14 can be 
FabULOUS® ( SpeB ) cysteine protease is . . . KTHT / eluted in either a denatured state ( such as where the pH of 
CPPCPAPE .... the elution buffer is further from the pKa of the eluting intact 

In one example , the FabRICATOR® Z ( Idez ) cysteine antibody or antibody fragment ) or closer to their native state 
protease is used to digest mouse IgG2a and IgG3 at a ( such as where the pH of the elution buffer is closer to the 
specific site below the hinge , generating a homogenous pool 55 pKa of the eluting intact antibody or antibody fragment ) . For 
of Fab ' ) 2 and Fe fragments . some antibodies and antibody fragments , higher peak reso 

In one example , the intact Ab to be cleaved is IgM . Pepsin lution between individual fractions can be achieved by 
can be used to produce Fab ' ) 2 , Fab and Fv fragments from eluting in the denatured state . For other antibodies and 
IgM . Trypsin can generate F ( ab ' ) 2 , Fab , “ IgG® - type and antibody fragments , higher peak resolution between indi 
Fc5u fragments from IgM . 60 vidual fractions can be achieved by eluting in the native 

In one example , the intact Ab to be cleaved is IgA . An IgA state . By improving peak resolution , each eluted fraction 
specific serine endopeptidase protease ( EC 3.4.21.7 ) can be obtained by the separation 22 containing individual intact 
used to cleave IgA1 or IgaA2 at the hinge . IgA proteases antibodies or antibody fragments can be directly used for 
cleave proteins with the amino acid sequence N - X - Z - Pro- ionization and mass spectrometric analysis 24 , allowing for 
Pro / -Y - Pro - C , where the X in the sequence preferably is a 65 more reliable and accurate mass determination . 
Proline or Serine ; the Y = Threonine , Serine or Alanine ; and FIGS . 15B and 16B show example reverse phase LC 
Z preferably is Arginine or Threonine . separation of a sample containing a combination of Fab 
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fragments from different mAbs . Separation of the individual and pass through the detection window , which is sensed by 
samples was achieved over a C4 reverse phase column . Each an ultraviolet ( UV ) absorbance detector at 214 nm . 
eluting peak includes one or more Fab fragments from the D. Exemplary Methods of Performing Ionization 
combination of Fab fragments ( e.g. , each peak may have One or more intact antibodies or antibody fragments , 
only one type of Fab fragment and no Fab fragments of any 5 which may be purified or isolated ( or not ) , are subjected to 
other type , or at least a portion of two or more types of Fab ionization to generate precursor ions . In one example , one or 
fragments from the combination of Fab fragments ) . Each more intact antibodies or antibody fragments , which may be 
eluting peak can then be directed into a mass spectrometer purified or isolated ( or not ) , are subjected to electrospray 
for targeted analysis . ionization ( ESI ) , thereby generating multiple charged pre 

In one example , physicochemical fractionation is used for cursor ions ( step 24 , FIG . 2A ) . ESI can result in precursor 
the separation 20. Such methods result in differential pre- ions of the intact antibody or antibody fragment having 
cipitation , size - exclusion or solid - phase binding of immu- many different positively charged states such as a +1 state , 
noglobulins based on size , charge or other shared chemical +2 state , +3 state , +10 state , +25 state , and so on . In other 
characteristics of antibodies in a sample . This isolates a examples , the one or more intact antibodies or antibody 
subset of sample proteins that includes the immunoglobu- fragments are subjected to matrix assisted laser desorption 
lins . The main classes of serum immunoglobulins ( e.g. , IgG , ionization ( MALDI ) to generate precursor ions . When used , 
IgM ) share the same general structure , including overall MALDI generates singly charged precursor ions compared 
amino acid composition and solubility characteristics . These to the multiple charged ions generated by ESI . 
general properties are sufficiently different from most other 20 With reference to the example discussed above in FIGS . 
abundant proteins in serum , such as albumin and transferrin , 15B and 16B , separation may result in each of the eluting 
that the immunoglobulins can be selected and enriched on fractions ( represented by peaks ) shown in FIGS . 15B and 
the basis of these differentiating physicochemical properties . 16B including only a single type of Fab fragment when 
Examples of physicochemical fractionation methods that starting with a combination of Fab fragments ( such as Fab 
can be used include size exclusion chromatography , ammo- 25 fragments generated from multiple different intact antibod 
nium sulfate precipitation , immobilized metal chelate chro- ies ) . Alternatively , each fraction ( peak ) may include Fab 
matography , thiophilic adsorption , and melon gel chroma- fragments from two or more but less than all the types of Fab 
tography . fragments . 

In one example , class - specific affinity is used for the In one example , where intact antibodies or antibody 
separation 20. In such a method , solid - phase binding of a 30 fragments are separated prior to performing ESI , as they 
particular antibody class ( e.g. , IgG ) by immobilized biologi- elute , each separated fraction is analyzed by ESI mass 
cal ligands ( proteins , lectins , etc. ) that have specific affinity spectrometry wherein precursor ions are generated for the 
to immunoglobulins is used . This purifies all antibodies of intact antibodies and antibody fragments present in that 
the target class without regard to antigen specificity . fraction . 
Examples of class - specific affinity methods that can be used 35 E. Determining Total Mass 
include protein A , G , and L antibody - binding ligands , as Intact antibodies 10 and antibody fragments 14 can be 
well as IgA purification using jacalin . directly used for mass spectrometric analysis . The method 

In one example , antigen - specific affinity is used for the may include performing ionization , such as ESI , on the 
separation 20. In such a method , affinity purification of only intact antibodies or antibody fragments to generate multiple 
those antibodies or antibody fragments in a sample that bind 40 charged precursor ions 24. Alternatively , if separation and 
to a particular antigen molecule through their specific anti- elution of the intact antibodies 10 and antibody fragments 14 
gen - binding domains . This purifies all antibodies or anti- was performed 20 , 22 , ESI may be performed on the 
body fragments that bind the antigen without regard to fractions resulting from elution 22. In some examples , the 
antibody class or isotype . Examples of antigen - specific ESI equipment may be coupled to LC equipment allowing 
affinity methods that can be used include those that utilize 45 for individual eluting fractions having significant separation 
peptide antigens and affinity ligands and protein antigens of individual or populations of intact antibodies or indi 
and affinity ligands . vidual or populations of antibody fragments to be directly 

In one example , capillary electrophoresis , such as capil- electrospray ionized into a mass spectrometer . If eluting 
lary gel electrophoresis , capillary isoelectric focusing , or fractions do not have significant separation , individual elu 
capillary zone electrophoresis ( CZE ) , is used for the sepa- 50 tion peaks corresponding to the eluting fractions may be 
ration 20 ( see for example Espinosa - de la Garza et al . , J. Vis . selected for ESI analysis to reduce multiplexing errors . 
Exp 119 : 55082 , 2017 , herein incorporated by reference ) . In one example , ESI of one or more intact antibodies 10 , 
Capillary electrophoresis ( CE ) is a high - performance sepa- one or more antibody fragments 14 , or the individual frac 
ration technology performed using a narrow fused - silica tions obtained from the elution 22 , generates a correspond 
tube ( um range ) filled with a background electrolyte ( BGE ) . 55 ing ESI spectra which includes m / z values for each of the 
Upon application of an electrical field ( up to 30,000 V ) , multiple charged precursor ions . The ESI spectra generated 
charged molecules migrate towards the electrode with oppo- for a given intact antibody 10 or antibody fragment 14 
site charge ( i.e. , electro - driven separation ) . CZE can be ( which may be in a fraction ) is used to determine the total 
conducted without using denaturants or solid - phase inter- mass of the intact antibody or total mass of the antibody 
faces , allowing the analysis of the inherent heterogeneity of 60 fragment 26. Each mass is determined based on one or more 
intact antibodies or antibody fragments close to their native of : ( 1 ) the m / z value of a given peak , ( 2 ) the multiple 
state . CZE separation of antibodies or antibody fragments charged state of the precursor ion corresponding to the given 
occurs inside of a fused - silica capillary covered with a peak , and ( 3 ) the relative distribution of other multiple 
hydrophilic polymer ( neutral capillary ) and is based on their charged precursor ions . In one example , the mass of the 
different electrophoretic mobility , which is ruled by charge , 65 intact antibody or the mass of the antibody fragment can be 
mass , size and shape ( or hydrodynamic volume ) . Antibodies determined from the m / z value of the precursor ion having 
or antibody fragments are detected when they are mobilized a +1 charge state . 
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In one example , the molecular weight of an intact anti- separated into distinct fractions prior to ionization , each 
body or antibody fragment may be determined using the analyzed fraction may generate an ionization spectrum hav 
equation : ing a clear resolution of peaks . By selecting the most 

abundant precursor ion ( s ) for further MS / MS analysis , prod m / z = ( MW + nH + ) / n , 5 uct ions corresponding to the LC portion of the intact 
where m / z is the mass - to - charge ratio of a selected ion antibody or antibody fragment can be better identified , as 

peak , MW is the molecular mass of the sample , n is the discussed below . 
integer number of charges on the selected ion peak , and H In some examples , a distribution of precursor ions within 
is the mass of a proton ( which is 1.008 Da ) . the ionization spectrum is selected for further MS / MS By analyzing sets of peaks , the mass of the selected ion 10 analysis . Therein , a subset of all the precursor ions , or all of can be determined . For example , take a first peak for a the precursor ions , may be selected for further MS / MS selected precursor ion that appears at m / z 1431.6 and is analysis . This may occur , for example , if multiple precursor assumed to have “ n ” charges . Further , a neighboring peak ions of a given antibody or antibody fragment have similar for the selected precursor ion appears at m / z 1301.4 . Since abundance due to the nature of electrospray settings ( e.g. , 
the peaks are aligned in terms of their m / z , and m is constant , 15 precursor ions of the +2 state of the intact antibody are just the series of peaks are separated by their “ z " value . Thus , as abundant as precursor ions of the +3 state of the intact this second peak is assumed to have “ n + 1 ” charges . Rewrit antibody ) . Alternatively , this may occur due to distribution ing the above equation for these two ions gives : of precursor ions from multiple antibody or antibody frag 

1431.6 = ( MW + nH + ) / n and 1301.4 = [ MW + ( n + 1 ) H + ] / ment species eluting in the same fraction during the sepa 
( n + 1 ) ration step 22. For example , each fraction from the separa 

tion 22 may include two or more types ( or species ) of intact Solving these simultaneous equations and rearranging to antibody or antibody fragments resulting in an ESI spectra exclude the MW term : gives n = 1301.4 - H + ) / ( 1431.6 having multiple families of precursor ions . The distribution 1301.4 ) . Therefore the number of charges on the ions at m / z 
1431.6 = 1300.4 / 130.2 = 10 . Putting the value of n back into 25 includes a distribution of precursor ions for one species or of precursor ions selected for MS / MS analysis 28 then 
the equation results in : 1431.6 = ( MW + nH + ) n and therefore type of antibody or antibody fragment from the two or more a mass ( or molecular weight ) of 14,305.9 Da ( or 14.309 types that eluted in the same fraction . kDa ) . G. Disulfide Bond Cleavage and Identification of Product FIGS . 15B and 16B show example reverse phase LC Ions During MS / MS Analysis separation of a sample containing a combination of Fab 30 The selected precursor ions 28 are subjected to a disulfide fragments from different mAbs . Separation of the individual bond dissociation or cleavage method 40 , 30. That is , the samples is achieved over a C4 reverse phase column . The method 40 , 30 includes cleaving one or more disulfide bonds ESI spectra generated from one individual sample is shown ( such as 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , or 10 different disulfide at FIGS . 15C and 16C . Analysis of the spectra shown in bonds ) of the selected precursor ion ( s ) of the intact antibody FIGS . 15C , 16C is used to determine the mass of the 35 or antibody fragment 30 , 40 . individual antibody or antibody fragment . The mass of the In examples where the methods uses a proteomic selected peak is determined by using the m / z value and approach to determine the HC and LC chain pairing , one charge state of the peak . The charge state can be determined method can be used to cleave one or more disulfide bonds of based on the spacing of isotopic peaks ( i.e. z = 1 / isotope peak the intact antibody or antibody fragment 40. This results in spacing ) . the generation of one set of MS / MS spectra . In some F. Selecting Precursor Ion ( s ) for MS / MS Analysis examples , for example when de novo sequencing is used to Ionization of an intact antibody or antibody fragment determine the HC and LC chain pairing , the method uses at ( which may or may not be purified / isolated ) generates a least two different methods ( such as 2 , 3 , 4 , 5 , or 6 different plurality of precursor ions having a variety of multiple dissociation methods ) to cleave one or more disulfide bonds charge states . Each precursor ion represents an ionized 45 of the intact antibody or antibody fragment 30. This results version of the intact antibody or antibody fragment . A in at least two different sets of MS / MS spectra , each set portion of the total amount of intact antibody or antibody corresponding to one of the cleavage methods used . Meth fragment that is ionized into a precursor ion relative to the ods that can be used to cleave or dissociate one or more portion that remains unionized , as well as the distribution of disulfide bonds of the intact antibody or antibody fragment multiple charged states of the precursor ions ( that is , the 50 30 , 40 include one or more of electron capture dissociation abundance of precursor ions in a +1 state relative to a +2 ( ECD ) , electron transfer dissociation ( ETD ) , electron state and so on ) is determined by settings of the electrospray detachment dissociation ( EDD ) , ultraviolet photodissocia ionization including electrospray voltage . tion ( UVPD ) ( for example at 266 nm , 248 nm , 213 nm , 193 In the ionization spectrum of a given intact antibody 10 or nm , 157 nm , etc. ) , and high energy collision induced dis antibody fragment 14 , each peak ( e.g. , each peak generated 55 sociation ( CID ) . upon electro spray ionization of the given intact antibody or Examples of combinations of dissociation methods 30 antibody fragment ) represents a different precursor ion hav that can be used in de novo sequencing are shown below , ing a distinct multiple charged state . Any precursor ion , or along with the ions produced : combination of precursor ions , can be selected for further 
MS / MS analysis . 

In one example , where the ionization spectrum ( e.g. , the Dissociation Dissociation 
ESI - MS spectrum ) has a clear resolution of peaks , the most ( kDa ) 
abundant precursor ion ( s ) ( visible as the tallest peak ( s ) ) is Example 1 UVPD ( a - ions ) selected for MS / MS analysis . The ionization spectrum may ( c - ions ) have a clear resolution of peaks when an intact antibody or 65 Example 2 UVPD ( a - ions , 44.0136 
antibody fragment of only a single type is being analyzed . In radical ) ( c - ions ) 
one example , when antibody or antibody fragments are 
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-continued Fd portion has a unique signature sequence tag which can be 
used to identify the corresponding HC . During the cleavage 

Dissociation Dissociation treatment 30 , 40 , cleavage of the one disulfide bond between 
Method 1 Method 2 ( kDa ) the LC and variable region of the HC results in release of the 

Example 3 UVPD ( a - ions ) CID ( b - ions ) 5 intact LC from the intact antibody 10 , as well as release of 
Example 4 UVPD ( a - ions , CID ( b - ions ) the intact Fd portion . Therefore , typically , the MS / MS 

radical ) spectra from the antibody fragment will generate predomi 
Example 5 UVPD ( x - ions ) nantly LC and Fd product ions . ( z - ions , 

radical ) LC and Fd product ions are identified on the MS / MS 
Example 6 UVPD ( x - ions , CID ( y - ions , 10 spectrum based on their position relative to the precursor 

radical ) radical ) ion . For example , due to the smaller mass difference Example 7 UVPD ( x - ions ) CID ( y - ions ) between the antibody Fab or F ( ab ' ) 2 fragment and the LC or Example 8 UVPD ( x - ions , CID ( y - ions ) 
radical ) Fd portion , distinct peaks having a mass difference in the 

Example 9 CID ( y - ions ) expected range between an average antibody fragment and 
( z - ions , 15 an average LC or Fd portion can be used to identify the LC 
radical ) or Fd product ions . 

Alternatively , LC product ions are identified based on a 
1. Intact Antibody defined distribution profile . Since it is known that the 
When the precursor ion is an intact antibody , during the cleavage of the precursor ion occurs at the location of a 

MS / MS analysis , the disulfide bond cleavage method ( s ) 20 disulfide bond , product ions corresponding to the LC can be 
identified based on m / z values that have a distribution causes fragmentation of the intact antibody and release of 

the LC . In one example class of the intact antibody , as shown wherein product ions differ from each other by the addition 
or subtraction of an S atom . at FIG . 1 , the LC is coupled to the HC via a disulfide bond , Similarly , Fd product ions are identified based on a and further , the HCs are coupled to each other via two 25 defined distribution profile . Since it is known that the disulfide bond . However , when the intact antibody is of a cleavage of the precursor ion occurs at the location of a different class , there may be additional disulfide bonds disulfide bond , product ions corresponding to the Fd portion coupling the HC chains to each other . During the cleavage can be identified based on m / z values that have a distribution 

treatment 30 , 40 , due to the likelihood of cleavage of one wherein product ions differ from each other by the addition disulfide bond being higher than the cleavage of two disul 30 or subtraction of an S atom . 
fide bonds , there is a higher likelihood of release of the intact By accurately identifying the intact LC or Fd product ion 
LC from the intact antibody 10 , and a lower likelihood of peak , the mass of the intact LC or Fd portion can be 
release of the intact HC from the intact antibody . Therefore , accurately determined , allowing for more a more reliable 
typically , the MS / MS spectra from the intact antibody determination of the sequence of the intact LC or Fd portion 
treated with any method of disulfide bond cleavage ( e.g. , 35 when compared to a database of LC or HC sequences , 
UVPD , ECD , ETD , etc. ) will generate predominantly LC respectively . 
product ions . FIGS . 9 , 10 , 15D and 16D depict examples of identifi 
LC product ions are identified on the MS / MS spectrum cation of LC and / or Fd product ions based on their position 

based on their position relative to the precursor ion ( which in the MS / MS spectra relative to a corresponding precursor 
may be a precursor ion of an intact antibody or a precursor 40 ion . FIGS . 5C , 6C and 14 depict examples of identification 
ion of an antibody fragment , based on the starting material ) . of LC and / or Fd product ions based on their relative distri 
For example , due to the higher mass difference between the bution profile with the addition or removal of an S atom . 
intact antibody and the LC , distinct peaks having a mass H. Determining HC - LC Chain Pairing by De Novo 
difference in the expected range between an average intact Sequencing 
antibody and an average LC can be used to identify the LC 45 After selecting the precursor ion ( s ) for MS / MS analysis 
product ion . 28 , in one example the method includes determining HC and 

Alternatively , LC product ions are identified based on a LC pairing using de novo sequencing . In this method , the 
defined distribution profile . Since cleavage of the precursor method includes cleaving one or more disulfide bonds of the 
ion occurs at the location of a disulfide bond , product ions intact antibody or antibody fragment using at least two 
corresponding to the LC can be identified based on m / z 50 different methods 30. Methods that can be used to cleave or 
values that have a distribution wherein product ions differ dissociate one or more disulfide bonds of the intact antibody 
from each other by the addition or subtraction of an S atom . or antibody fragment 30 include two or more of electron 
By accurately identifying the intact LC product ion peak , capture dissociation ( ECD ) , electron transfer dissociation 

the mass of the intact LC can be accurately determined , ( ETD ) , electron detachment dissociation ( EDD ) , ultraviolet 
allowing for more a more reliable determination of the 55 photodissociation ( UVPD ) ( for example at 266 nm , 248 nm , 
sequence of the intact LC when compared to a database of 213 nm , 193 nm , 157 nm , etc. ) , and high energy collision 
LC sequences . induced dissociation ( CID ) . In some examples , the two or 

2. Antibody Fragment more different methods of disulfide bond dissociation used 
When the precursor ion is antibody fragment 14 ( such as are ECD and UVPD . 

Fab or F ( ab ' ) 2 fragments ) , during the MS / MS analysis , the 60 The application of two or more kinds of dissociation 
selected disulfide bond cleavage method ( s ) causes further results in the generation of corresponding two or more sets 
fragmentation of the antibody fragment and release of the of MS / MS spectra . Each dissociation method produces a 
LC and Fd portions of the fragment . In the antibody frag- unique ion , and the different dissociation methods are 
ment , as shown at FIG . 1 , the LC is coupled to the variable selected to generate different sets of ions . 
region of the HC via a disulfide bond . The first ~ 220 amino 65 1. Intact Antibody 
acids at the N - terminal region of the HC form the Fd portion . When the precursor ion is intact antibody , during the 
Since this is included in the variable region of the HC , the MS / MS analysis , each of two or more disulfide bond cleav 
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