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Abstract

Monoclonal antibody pharmaceuticals are the fastest-growing class of therapeutics, with a wide 

range of clinical applications. To assure their safety, these protein drugs must demonstrate highly 

consistent purity and stability. Key to these objectives is higher order structure measurements 

validated by calibration to reference materials. We describe preparation, characterization, and 

crystal structure of the Fab fragment prepared from the NIST Reference Antibody RM 8671 

(NISTmAb). NISTmAb is a humanized IgG1κ antibody, produced in murine cell culture and 

purified by standard biopharmaceutical production methods, developed at the National Institute of 

Standards and Technology (NIST) to serve as a reference material. The Fab fragment was derived 

from NISTmAb through papain cleavage followed by protein A based purification. The purified 

Fab fragment was characterized by SDS-PAGE, capillary gel electrophoresis, multi-angle light 

scattering, size exclusion chromatography, mass spectrometry, and x-ray crystallography. The 

crystal structure at 0.2 nm resolution includes four independent Fab molecules with complete light 

chains and heavy chains through Cys 223, enabling assessment of conformational variability and 

providing a well-characterized reference structure for research and engineering applications. This 

nonproprietary, publically available reference material of known higher-order structure can support 
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metrology in biopharmaceutical applications, and it is a suitable platform for validation of 

molecular modeling studies.
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1. Introduction

The number of FDA-approved monoclonal antibody (mAb) pharmaceuticals has increased 

exponentially since 2000, doubling every four years, and now numbers about 60. Global 

sales of monoclonal antibody pharmaceuticals in 2016 were $105B, comprising greater than 

ten metric tons of material [1,2]. The mAb drugs demonstrate a trend toward smarter, more 

specific, and hence, safer therapeutics. Their production also reflects a significant investment 

since mAbs are among the greatest molecular weight, complex therapeutics ever produced. 

Part of the price for their etiologic specificity is that their production, requiring cultured 

mammalian cells, is highly elaborate, and the proteins themselves are relatively 

heterogeneous and sensitive to their physical environment [3]. Since their clinical efficacy 

depends on their biophysical properties, in particular the higher order structure, it is 

necessary to measure those properties repeatedly and consistently. Therefore, a well-

characterized mAb reference material that can facilitate development of improved analytical 

tools and computational simulations, particularly for characterization of higher order 

structure, will help assure the continued improvement of mAb biotherapeutics.

Reference materials reside at the heart of monoclonal antibody production to assure 

consistent product properties and quality over the lifetime of the therapeutic protein. The 

National Institute of Standards and Technology (NIST) has introduced a IgG1κ antibody 

reference material, NISTmAb (RM 8671) [4,5], as part of a program to develop fundamental 

materials and data in support of the bio-pharmaceutical industry. To support the utility of 

this reference material, it was characterized by over twenty-four analytical methods and the 

results from these studies are presented in three volumes [6–8]. Those volumes focus on the 

mAb and do not include crystal structures for NISTmAb or its Fab fragment.

Here we report the preparation, biophysical characterization, and x-ray crystal structure of 

the Fab fragment derived from NISTmAb material RM 8671. Mass spectrometry indicates 

that heavy chain cleavage by papain occurred after His 227. The crystal structure is 

generally representative of the Protein Data Bank’s repertoire of about 500 human and 

humanized Fab structures [9]. However, the structure is more complete (in particular, 

including the entire light chain and all 5 disulfides per Fab) and includes four independent 

Fab fragments, thus providing information on structural variability. The structure reported 

here is of the Fab fragment in its ligand-free (apo) state, enabling comparison with the 

previously published Fab complex (holo) structure [10] and inferences on complementarity 

determining region (CDR) mobility. The structure provides reproducible reference data to 

support comparisons over time and across Fab-related projects in research and molecular 

engineering.
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2. Materials and methods

2.1. Preparation of Fab fragment

Fab fragment production by cleavage of mAbs using papain, followed by protein A has 

become routine, such that several commercial kits are available, using agarose-immobilized 

forms of the peptidase (extracted from papaya fruit latex) and protein A (from Staph. aureus, 

recombinantly expressed in E. coli) [11]. Papain’s broad specificity enables it to cleave all 4 

subclasses of human IgG in the hinge region, despite their different hinge sequences. 

Cleavage efficiencies correlate with hinge lengths (IgG3 >> IgG1 > IgG2 ~ IgG4) and are 

generally enhanced by reducing agent, suggesting that accessibility of the hinge to the 23 

kDa enzyme is the key to cleavage [12]. For this study NISTmAb, produced in murine cell 

culture, was treated by the components of the Pierce Fab Preparation kit (Model 44985, 

Thermo Scientific, Waltham, MA) to produce the Fab fragment. This method uses 

immobilized papain for cleavage and immobilized protein A to isolate the Fab fragment. For 

a small-scale preparation, 4 mg of NISTmAb in 0.5 mL of 20 mmol/L L-histidine, pH 6.0, 

were pre-equilibrated in cleavage buffer using a zeba spin desalting column and then 

incubated with 0.25 mL (50% slurry) preequilibrated immobilized papain under mixing for 5 

h at 37 °C. The digest was separated from papain by centrifugation (5000 g for 1 min). 

Papain was washed with 0.5 mL sodium phosphate buffered saline (PBS) solution (pH 7.4) 

for complete recovery of the digest. The digest was then applied to a PBS-equilibrated NAb 

column (protein A agarose) and incubated at room temperature for 10 min with agitation to 

capture the Fc and undigested NISTmAb. Fab fragment was then collected as the 

supernatant after centrifugation at 1000g for 1 min. Half of the Fab fragment was dialyzed in 

10 mmol/L disodium phosphate, 10 mmol/L monosodium phosphate, 150 mmol/L sodium 

chloride, pH 7.4, and the other half in 100 mmol/L ammonium acetate, pH 6.0. For 

preparations of Fab from NISTmAb the typical yield is 55%.

2.2. Size exclusion chromatography

200 μL 100 μmol/L filtered Fab protein was applied to a GE Healthcare Superdex 75 10/300 

GL column (GE Healthcare Bio-Sciences, Pittsburgh, PA), which was previously calibrated 

and equilibrated on an ÄKTAPurifier system (Amersham Pharmacia Biotechnology, 

Amersham, UK). (Note: In this text all references to filters refer to a 0.22 μm nominal pore 

size.) The dialyzed Fab samples, with 10 mmol/L disodium phosphate, 10 mmol/L mono-

sodium phosphate, 150 mmol/L sodium chloride, pH 7.4, and 100 mmol/L ammonium 

acetate, pH 6.0, were monitored at 280 nm, and the elution volume was recorded for each 

peak.

2.3. SDS-PAGE

Protein samples and molecular mass markers (Bio-Rad Laboratories, Inc., Hercules, CA) 

were resolved on a 15% SDS-PAGE gel in reducing (incubated at 70 °C for 5 min in Laemni 

buffer (Sigma-Aldrich, Inc., St. Louis, MO) containing 5% β-mercaptoethanol (v/v)) and 

nonreducing (absence of β-mercaptoethanol) conditions. Gels were stained using Coomassie 

blue (Model 1610786, Bio-Rad, Hercules, CA) stain.
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2.4. Capillary gel electrophoresis (CGE)

200 μg filtered Fab was mixed with 100 μL of SDS- sample buffer (100 mmol/L Tris – HCl, 

pH 9.0, 1% SDS) and 4 μL of a 10 kDa internal standard. Half of the sample has been 

treated with 5 μL β-mercaptoethanol to reduce disulfide bonds while the other half was used 

to conduct CGE in non-reduced conditions. Samples were centrifuged at 300 g for 1 min and 

heated at 70 °C for 10 min. A PA 800 Plus Pharmaceutical Analysis System (PA 80 Plus, 

Sciex) with PDA detection at 220 nm was used to analyze Fab in reduced and non-reduced 

conditions. For each separation cycle, the capillary was first preconditioned with 0.1 mmol/L 

NaOH, 0.1 mmol/L HCl, deionized water, and SDS gel buffer. Prior to use, all gel buffers 

were degassed for 2 min under vacuum. Samples were electrokinetically introduced by 

applying voltage at −5 kV for 20 s. Electrophoresis was performed at constant voltage with 

applied field strength of −497 V/cm with a capillary thermostatted to 25 °C, using 

recirculating liquid coolant.

2.5. Mass spectrometric analysis

To determine the molecular weight of the Fab fragment, an aliquot of intact desalted and 

filtered Fab was analyzed by an Agilent Infinity II UHPLC coupled with an Agilent 6545 

(electrospray) Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA). A Bio-

Spin 6 column (Bio-Rad, Hercules, CA) with 50 mmol/L ammonium bicarbonate buffer, pH 

7.4, was used for desalting Fab. The Fab (3 μg) was injected onto an Agilent PLRP-S 

Column (1 mm × 50 mm, 100 nm pore size, 5 μm particle size). The mobile phase 

comprised Solvent A consisting of 0.1% formic acid in water (v/v) and Solvent B consisting 

of 0.1% formic acid in acetonitrile (v/v). After desalting by flowing a mixture of 80% 

Solvent A and 20% Solvent B through the column for 2 min at 0.4 mL/min, the sample was 

eluted from the column as the mobile phase was changed via a linear gradient to 20% 

Solvent A and 80% Solvent B over 18 min. The column was held at a constant temperature 

of 60 °C. The Q-TOF was operated in 2 GHz Extended Mass Range (500–5000 m/z) mode 

at an acquisition rate of 1 spectrum/s. The 1221.990,637 m/z ion of the HP-1221 calibration 

standard (part #G1982-85001, Agilent Technologies, Santa Clara, CA) was used as a 

reference mass throughout the run. Deconvolution of the resulting spectrum was performed 

using BioConfirm 8.0, using the maximum entropy algorithm. The combined uncertainty of 

this mass measurement is ±5 Da.

2.6. Multi angle light scattering

200 μL of 100 μmol/L filtered Fab protein was injected into a Shodex protein KW-804 

column (Showa Denko America, Inc., New York, NY) that was coupled to an Agilent 1200 

HPLC system (Agilent Technologies, Santa Clara, CA), comprising a degasser, an isotropic 

pump, an autosampler and a variable wavelength UV detector. The running buffer was 20 

mmol/L monosodium phosphate, 100 mmol/L sodium chloride, pH 7.3, with a flow rate 0.5 

mL/min. A multi-angle light scattering detector (MALS), model miniDawn Treos (Wyatt 

Technology Corporation, Santa Barbara, CA), operating at a wavelength of 658 nm with an 

Optilab rEX detector (Wyatt Technology Corporation, Santa Barbara, CA), was used for 

molar mass determination. Astra® software version 5.3.4.14 (Wyatt Technology 

Corporation, Santa Barbara, CA) was used to handle signals from the detectors (MALS, 
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differential refractive index (dRI), and UV) to compute the protein Mw and concentration 

values using a refractive index increment dn/dc value of 0.185 mL/g. MALS and dRI 

instruments were operated at 25 °C.

2.7. Crystallography

The Fab fragment was crystallized by vapor diffusion and its structure was determined by 

molecular replacement methods as described in Ref. [13]. Crystal growth, twinning and 

pseudosymmetry caused some complications, but the final structure refined well and has 

been deposited in the Protein Data Bank (PDB) (Ref. #9) as 5K8A. The final structure has 

Rfree = 0.24; other statistics are in the PDB and in Ref. [13].

3. Results

After incubation of NISTmAb with immobilized papain and removal of the protease, the 

material was characterized by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) in non-reducing and reducing conditions (Fig. 1). Under non-reducing 

conditions beta-mercaptoethanol is absent, and SDS detergent stabilizes denaturation. SDS 

negatively charges the proteins, but it does not break disulfide bonds. The intact disulfides 

prevent SDS from fully unfolding the Fab, resulting in two distinct forms of slightly 

different mobility. Under these non-reducing conditions the intact Fab fragment appears in 

the non-reduced SDS PAGE gel as a broadened double band around 50 kDa (Fig. 1A) [14]. 

The clarity of this double band varies with concentration (Fig. 1A, Lanes (b), (c), (e), (f)) 

The gel conducted under reducing conditions, which has broken the disulfide bonds between 

the light and heavy chains, exhibits a distinct 25 kDa band (Fig. 1B) at all concentrations 

(Fig. 1A, Lanes (b’), (c’), (e’), (f’)).

Capillary gel electrophoresis (CGE) has proved to be an efficient and versatile approach for 

physicochemical characterization of bioactive molecules. CGE is used for rapid separation 

of SDS protein complexes according to their molecular masses. A linear relationship exists 

between migration time and log molecular masses [15]. The ability of CGE to separate 

molecules accurately and consistently relies on a constant field strength across the capillary 

and the pH of the buffer solution, and ultimately, on the charge to mass ratio of the 

molecules [16]. Here, we used the PA 800 plus IgG Purity/Heterogeneity Assay (SCIEX, 

A10663) to complement our SEC, MALS, and mass spectrometry data, to verify the present 

interpretation of Fig. 1A, and to provide evidence that the Fab fragment is absent 

heterogeneity and impurities. Fig. 2A presents the capillary gel electrophoresis trace for the 

Fab fragment under reduced conditions. The trace shows only one peak at 15.0 min elution 

time, corresponding to ≈25 kDa, which are the molecular weights of the heavy and light 

chains of the Fab. The minor peak around 12 min elution time is the 10 kDa internal 

standard. Similar profile is obtained for CGE of Fab fragment under non-reduced conditions 

(Fig. 2B). This trace exhibits one major peak at 18.0 min elution time, corresponding to ≈50 

kDa, which is the mass of the intact Fab fragment, as this sample is not reduced. Fig. 2B 

exhibits a small trace at 15 min elution, indicating that a small fraction of Fab fragment has 

been reduced by the presence of SDS. Under both reduced and non-reduced conditions, 
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peaks at lower or higher molecular weight are not observed, indicating the absence of 

impurities and aggregates.

Size exclusion chromatography then yielded Fab protein of purity better than 99% (Fig. 3A). 

Electrospray quadrupole time-of-flight (ESI-Q-TOF) of the size exclusion chromatography 

(SEC) eluent exhibited a series of [M + nH]n+, (n = 1, 2, 3 …) ion peaks (not shown). 

Deconvolution of these peaks reduced to a synthetic [M] neutral mass spectrum of Fab 

fragment, evincing a species of 47,628 (±5) Da [17]. The calculated mass is 47,627 Da; 

hence, the mass spectrum is in accord with the calculated mass. Computation of the 

calculated mass requires a series of adjustments for protein modifications. Popular protein 

mass calculators yield the mass, 47,655 Da, by assuming the presence of a glutamate at the 

N-terminus and four intrachain and one interchain disulfide bonds. However, NISTmAb has 

a pyroglutamate (pGlu) at the N-terminus of the heavy chain, which is a frequently observed 

cyclization of the gene-encoded N-terminal glutamine [18–20]. Accounting for the 

pyroglutamate (−18 Da) and five disulfides (four intrachain and one between chains, thus, 

losing ten hydrogens per Fab (−10 Da) [7,21,22]. Hence, the observed and predicted mass of 

the Fab fragment are in accord and confirm that papain cleaves NISTmAb after CDKTH227. 

Table 1 summarizes these properties of the Fab fragment of NISTmAb. The combined 

uncertainty of each measurement reported in this work is one standard deviation (1σ).

Multi-angle light scattering measurements (MALS) determined the polydispersity values, 

Mw/Mn = 1.004 and Mz/Mn = 1.007 (Table 1), where Mn, Mw, and Mz are molecular 

weights determined by a number average, a mass average, and as the third moment of mass, 

respectively. These polydispersity values indicate that the Fab solution is substantially free 

(over 99%) of aggregates or oligomers. Together the SEC, ESI-Q-TOF, and MALS data 

imply an upper bound on all macromolecular impurities including aggregates and oligomers 

that is well below one half percent.

MALS and SEC measurements indicate that the Fab fragment is resistant to aggregation 

under stresses typical of refrigerated storage or shipping on ice. For example, to determine 

the feasibility for shipping samples, a 1.5 mL Eppendorf tube was filled with 500 μL of Fab 

solution (10 mmol/L disodium phosphate, 10 mmol/L monosodium phosphate, 150 mmol/L 

sodium chloride, pH 7.4, 100 μmol/L Fab, affixed sideways on a vortex platform (Vortex 

Genie 2, Bohemia, NY, USA), and agitated at 3200 repetitions per minute for 4 h at 23 °C. 

The SEC chromatography trace (Fig. 3A, upper trace) and MALS results (Table 1) were 

unchanged. Similar measurements indicated that Fab solutions remain unchanged when 

stored at −20 °C for eight months and that buffered, pH 7.4 solutions prepared from 

lyophilized Fab are also the same (data not shown).

The crystal structure (Protein Data Base (PDB) file 5K8A) [9] contains four independent 

copies of the Fab fragment, each containing the full light chain (213 aa) and heavy chain 

residues 1 to 223. In each Fab fragment the light chain and observed heavy chain carboxyl 

termini (i.e., for heavy chain, Cys 223) form a disulfide bond, the only covalent bond 

between light and heavy chains in the IgG1 subclass (Fig. 4). Most reported Fab structures 

omit this disulfide bond because it is relatively mobile, and thus, unobserved by diffraction. 

The mass spectrum of the crystallized Fab material indicates that heavy chain residues 224 
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to 227 are present in the crystal, but these residues are not observed. In the structure, the four 

Fab heterodimers are designated by chain identifiers LH, MV, AB, and EF. The four 

molecules are related by pseudo symmetry and have generally similar conformations except 

at crystal contacts [13]. Five cis-prolines per Fab are observed at the normal locations. 

Pairwise root-mean-square deviations over their alpha carbon atoms range from 0.07 nm to 

0.12 nm, and the four elbow angles (relating Fv to constant domains), are 140°, 143°, 143°, 

and 145°, respectively [23]. The surface areas buried in the light-heavy interface are 19.24 

nm2, 18.43 nm2, 18.68 nm2, and 19.16 nm2, respectively [24]. The four Fabs have different 

packing contacts and different surface conformations, including a few apparent contact-

induced perturbations of the CDR loop main chains with magnitudes of ≈0.1 nm (Fig. 5). 

Main chain conformations vary significantly only for three residues; for two of these (light 

chain 29 and heavy 222) crystal contacts impinge; the other (heavy chain 140) is between 

glycines in an external loop. Over the 436 residues comprising each Fab fragment (each 

observed 4 times), 83 have some side chain rotamer variation among the four molecules. 

Most of these are surface locations where crystal contacts within 0.5 nm offer a reasonable 

explanation. The Fab molecule with the fewest CDR contacts, LH, is listed first in PDB file 

5K8A and is used for rendering the structure below.

4. Discussion

NISTmAb was produced specifically to support metrology in biopharmaceutical 

applications, and is supported by measurements spanning over twenty-four analytical 

techniques [25], making it the most thoroughly characterized, publicly available, monoclonal 

antibody standard [4,5,7,8]. The NISTmAb can serve as an external system suitability 

control, help optimize measurement methods, determine instrument performance and 

variability, and enable comparison of changing analytical test methods for proteins in 

general. Moreover, because this nonproprietary reference material of known higher-order 

structure is publicly available [5], it is a suitable platform for experimental validation of 

molecular modeling studies. NISTmAb is also well suited to assist with method validation in 

processes focused specifically on Fab fragments. Fab from NISTmAb meets International 

Organization for Standardization (ISO) definitions, as specified in ISO/IEC 17,025 and ISO 

Guide 34 [26,27], for homogeneity, stability, and suitability for its intended measurement 

process.

The present crystal structure of the Fab fragment of NISTmAb provides crucial three-

dimensional structural data that can support the interpretation of higher order measurements. 

For example, NIST has organized two ongoing studies specific to the Fab of NISTmAb. 

Twenty-three laboratories in ten countries are engaged in an NMR interlaboratory 

comparison project that uses the Fab to evaluate the reproducibility of protein NMR 

measurements and to validate NMR structural fingerprinting measurements for assessments 

of higher order structure. In another project, fifteen laboratories in four countries have 

conducted hydrogen-deuterium exchange mass spectrometry (HDX-MS) measurements on 

the Fab fragment of NISTmAb. HDX-MS measurements have become an important tool for 

measurements of mAb dynamics and epitope interactions [28–31]. This inter-laboratory 

study will evaluate the reproducibility of HDX-MS measurements in chromatographically 
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separated peptic digests of the Fab fragment. The NMR and HDX-MS studies will be 

published elsewhere.

To survey trends in available structural information on Fabs, Fig. 6 plots the 498 human Fab 

and four mammalian mAb crystal structures in the PDB database by resolution [9], release 

date from the PDB, and technical application. The symbol, “Y”, marks the publication of 

four intact mammalian IgG structures (1HzH, 1IGT, 1IGY, and 5DK3) [32–35]. Solid 

squares represent the 164 apo-Fabs (Fabs with no bound antigen). Solid triangles represent 

the 275 holo-Fabs (Fab-antigen complexes). Structures associated with clinical applications, 

as defined by key words of “humanized” and “clinical”, are marked by symbols with larger, 

unfilled red outlines. Of these, red unfilled triangles represent the apo-Fabs (30 structures) 

and red unfilled squares represent the holo-Fabs (25 structures). An unfilled oval marks the 

apo-Fab structure reported in this paper, 5K8A. Fig. 6 shows several trends. First, the 

publication rate of antibody structures has shown remarkable acceleration, as nearly half of 

all structures have appeared within the past 4 years. Second, the field is showing a strong 

trend toward study of clinically-relevant structures at high-resolution. In view of the 

increased study of clinical monoclonal mAbs and the structures of their Fabs, the availability 

of a reference mAb material with a well-described Fab may facilitate product quality 

assurance and research objectives.

The crystal structure 5K8A features four independent molecules of the Fab fragment in a 

novel packing arrangement that is described in Ref. [13]. Analysis of thermal parameters 

shows that the most mobile parts of all four Fabs in the crystal are not the CDR loops, which 

tend to be constrained by crystal packing contacts; rather, they are the C-termini (where the 

disulfide does not appear to confer rigidity) and two exposed loops in the heavy chain CH1 

domain (loop CH1-1, residues 135 to 140, and loop CH1-5, residues 193 to 198) [13]. The 

CH1-1 loop has been suggested to have a functional role involving variations in antigen 

affinity and specificity [36]. Superposition of the present structure with its ligand-bound 

precedents 3QWO and 3IXT shows evidence that the CDR loops move very little on binding 

antigen (Fig. 7) [10]. The residue side chain that moves the most, Phe 103 of the heavy 

chain, appears torsionally free in the unbound state, and pressed against the antibody when 

bound. Two ordered water molecules appear to be displaced from the paratope by antigen 

binding, while several others are retained in the interface.

In order to measure the similarity of the reported 5K8A Fab structure to other human Fab 

fragments in the PDB, root-mean-square deviations (RMSD) were calculated over C-alpha 

atoms between the first molecule in 5K8A (LH) and each of the 20 highest-resolution human 

Fabs in the PDB. These RMSD’s were calculated separately for the N-terminal half (i.e., the 

Fv fragment) and the C-terminal half, since for entire Fabs the elbow angle would skew the 

measurements. All 20 of the RMS deviations for Fv fragments are under 0.11 nm, while for 

the Fab C-terminal halves, RMSD’s are between 0.04 and 0.16 nm. The corresponding 

superpositions show that the Fab C-terminal halves generally have their largest structural 

variations in the two heavy chain loops CH1-1 and CH1-5 mentioned above. Thus the four 

structures in 5K8A are generally representative of the set of known human Fab structures, 

reflecting conformational diversity of four distinct types: CDRs, elbow angles, the two 
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uniquely mobile heavy chain loops CH1-1 and CH1-5, and local variations at crystal 

contacts.

5. Conclusion

This report presents the primary reference for the higher order structure of uncomplexed Fab 

fragment from the NIST Reference Antibody RM 8671. The Fab fragment of NISTmAb is a 

homogeneous, unglycosylated protein [37], which is straightforward to prepare, resists 

aggregation, and remains stable during shipping and in storage. Based on the extensive NIST 

experience with the Fab fragment and the availability of the parent NISTmAb, both 

materials are appropriate for laboratory programs that evaluate analytical instrumentation, 

instrument calibration, and variability in analytical test methods. For those fingerprinting 

methods that are particularly sensitive to the higher order structure (e.g., NMR [38], 

hydrogen-deuterium exchange [39], covalent labeling [40]), the reported Fab reference 

structure provides a useful starting point for the interpretation of measurements. This 

nonproprietary reference material is publicly available, which makes it a suitable platform 

for experimental validation of molecular modeling studies. Although NIST does not 

currently offer the Fab fragment of NISTmAb as a reference material, the described 

preparation procedures can efficiently produce material with consistent quality and minimal 

structural variation.
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Fig. 1. SDS-PAGE analysis of different Fab fragment concentrations in non-reducing and 
reducing conditions
A) Non-reduced SDS-PAGE gel. Lane (a) and Lane (d) are the protein standard ladders, 

Lane (b) 1 μg/μL Fab, Lane (c) 1.5 μg/μL Fab, Lane (e) 2 μg/μL, Lane (f) 3 μg/μL Fab. B) 

Reduced SDS-PAGE gel. Lane (a’) and Lane (d’) are the protein standard ladders, Lane (b’) 

1 μg/μL Fab, Lane (c’) 1.5 μg/μL Fab, Lane (e’) 2 μg/μL, Lane (f’) 3 μg/μL Fab.
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Fig. 2. Capillary Gel Electrophoresis of the Fab fragment
A) Electropherogram of the reduced Fab presents at migration time 15 min a single peak 

corresponding to both heavy and light chains (mass ≈ 25 kDa). B. Electropherogram of 

nonreduced Fab presents a predominant peak corresponding to Fab (mass ≈ 50 kDa) at 

migration time 18 min and a minor trace at 15 min corresponding to ≈ 25 kDa. Both 

electropherograms are absent evidence for other species.
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Fig. 3. SEC analysis
A) Lower trace: Size exclusion chromatograph (SEC) of freshly prepared Fab fragment 

(detector set at λabs = 280 nm) that displays a single eluent, corresponding to a ≈50 kDa 

product. Upper trace: SEC of the Fab fragment after shaking for 4 h at 23 °C on the platform 

of a vortex mixer (See text.). B) The deconvoluted electrospray quadrupole time-of-flight 

(ESI-Q-TOF) mass spectrum from effluent at the signal maximum of the SEC 

chromatography trace. Thedeconvoluted peak at 47,628 (±5) m/z, indicates a measured 

molecular weight for the Fab fragment of 4762 (±5) g/mol.
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Fig. 4. Overall view of the Fab fragment (chains L and H) in PDB 5K8A
The 5 disulfides are emphasized using yellow spheres, including the sole interchain link, 

between the observed C-termini at bottom. Cores of the CDR loops are shown in bright 

colors at top. Molecular surface shows the ‘hole’ through the center of the Fab fragment, 

between the elbows. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 5. Superposition of the four independent paratopes in 5K8A
along with five high-resolution precedent structures from the PDB (2VXV, 2XzA, 3N9G, 

3NTC, and 4M5Y). The cores of the six CDR loops are shown in blue, green and red. Apart 

from the CDR loops, the mainchain conformations are all well conserved. In the CDR loops, 

the four structures in 5K8A are also very similar. In the CDR loops, the five precedents have 

not only different sequence, but different lengths, so their conformations show large 

variations. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 6. PDB crystal structures plotted by their resolution, release date, and application
A total of human or humanized 494 Fab structures are included. Triangles represent apo-

Fabs (Fabs with no antigen bound) while squares represent holo-Fabs (Fab-antigen 

complexes). Ordinary structures are represented by small solid black marks (275 black 

squares for the most abundant group, holo-Fabs, and 164 black triangles for apo-Fabs). 

Clinically relevant structures (those identified in the structure title as humanized Fabs or as 

derived from clinical mAbs) are emphasized by using large unfilled red triangles for apo-

Fabs (30 structures) and unfilled red squares for holo-Fabs (25 structures). Also plotted are 

the PDB’s four intact IgG antibodies (blue Y’s), and the Fab fragment structure reported in 

this paper, 5K8A (red unfilled oval). The plot shows the acceleration of the field, with about 

half the structures appearing in the past four years, and a trend toward study of clinically-

relevant structures at high-resolution. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Superposition of 5K8A with ligand-bound precedent structures in the paratope region
The four structures in 5K8A are shown in green, and the two previously reported ligand-

bound structures are shown in purple (PDB:3IXT, resolution 0.275 nm) and dark red (PDB:

3QWO, resolution 0.19 nm), with antigens rendered as transparent, at top. The view 

direction is similar to that in Fig. 5. The eight structures of the interface (both 3IXT and 

3QWO include two independent structures) include dozens of water molecules; eight waters 

are shown here as spheres, using green for six that are conserved (present in both 3QWO 

structures and at least two of the 5K8A structures), and red for two waters that are 

apparently displaced from the paratope by antigen. Rearrangements are small; most CDR 

side chains show no significant motion, and there are no main chain shifts over 0.1 nm. The 

central asterisk marks Phe 103 of the heavy chain (CDR H3), which has the largest shift on 

binding. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)
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