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The NNA7 Fab antibody fragment recognizes the human

N-type blood-group antigen comprised of the N-terminal

glycopeptide of glycophorin A (GPA). A mutant form of this

Fab fragment, NNA7-G91S, exhibits markedly reduced

antigen binding. To provide insight into how these Fab

fragments recognize this glycopeptide antigen, the crystal

structures of NNA7 and NNA7-G91S were solved and refined

to 1.83 and 1.97 Å resolution, respectively. Both molecules are

composed of the same heavy (H) chain Fd fragment, but each

contains a slightly different light (L) chain owing to the G91S

substitution. Specifically, the G91S mutation pushes the

backbone of the neighboring H chain away from comple-

mentarity-determining region 3 (CDR3) of the L-chain

variable region, allowing an additional glycerol cryoprotectant

molecule to enter the antigen-combining site near the putative

location of O-linked glycosylation. Each Fab fragment also

possesses a well defined 2-(N-morpholino)ethanesulfonic acid

(MES) molecule trapped in its antigen-combining site, as well

as a crystallographic symmetry-related molecule comprising

an amino-acid sequence that is virtually identical to the

N-terminus of GPA. The MES molecule interacts with

the H-chain CDR in a manner reminiscent of antibody–

carbohydrate complexes. These results suggest a model for

recognition of the glycopeptide antigen that accounts for the

deleterious effect of the G91S substitution.
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1. Introduction

Glycophorin A (GPA) is the most abundant glycoprotein on

the human red blood cell membrane and is of clinical impor-

tance in blood transfusion because it harbors the allelic blood-

group M and N antigens (Telischi et al., 1976; Sancho et al.,

1998). These blood-group antigens are localized to the

N-terminus of the GPA polypeptide, which exhibits amino-

acid polymorphisms at positions 1 and 5 (Blumenfeld &

Adamany, 1978), thereby differentiating the M and N blood

types (Fig. 1). In addition, there are O-linked disialylated

tetrasaccharides at the Ser and Thr residues at positions 2 and

3, as well as the Thr residue at position 4 (Lisowska et al.,

1980). Many mouse monoclonal antibodies (MoAb) and

human polyclonal antisera recognizing the M or N antigens

have been described (Anstee & Edwards, 1982; Bigbee et al.,

1983, 1984; Rubocki & Milgrom, 1986; Lisowska et al., 1987;

Wasniowska et al., 1988; Anstee & Lisowska, 1990; Jaskiewicz

et al., 1990, 1994; Duk et al., 1994), most of which will only bind

the relevant target if both the correct amino-acid sequence

and the attached oligosaccharides are present (Judd, 1979;

Sadler et al., 1979; Bigbee et al., 1983; Rubocki & Milgrom,

1986; Wasniowska et al., 1988; Jaskiewicz et al., 1990; Duk et al.,



1994). Thus, these antibodies recognize glycopeptide epitopes

and therefore provide a model system for studying the

molecular basis of the humoral immune response in which the

antigenic specificity is dictated by both the underlying peptide

sequence and the attached carbohydrates (Hanisch et al., 1995;

Karsten et al., 1998). At present, no crystal structures of such

glycopeptide-specific antibodies have been determined.

Nonetheless, detailed characterization of individual antigenic

determinants is of clinical importance for the identification of

blood that is compatible for transfusion, as well as for diag-

nosing hemolytic disease of the newborn.

Efforts to elucidate the respective contributions of the

peptide and carbohydrate moieties of the MN antigens in

eliciting a humoral immune response led to the sequencing of

the IgG2a anti-N N92 mouse MoAb derived from a hybrid-

oma cell line (Wasniowska et al., 1988; Czerwinski et al., 1994).

Molecular biological and Fab-phage display techniques were

then employed to construct and purify the N92 Fab fragment

(Czerwinski et al., 1999). N92 recognizes a carbohydrate-

dependent but sialic acid-independent epitope of GPA in

which the Leu residue at position 1 (Fig. 1a) is the immuno-

dominant amino acid (Wasniowska et al., 1976; Blackall et al.,

1994). Studies using light-chain shuffling to produce high-

affinity anti-M or anti-N Fab fragments led to the identifica-

tion of a particular L chain obtained from a Fab-phage display

library that, in combination with the parental N92 H-chain Fd

fragment (Czerwinski et al., 1998), resulted in the high-affinity

NNA7 anti-N Fab fragment. Interestingly, the N92 Fab frag-

ment and the library-derived NNA7 Fab fragment had iden-

tical L-chain CDR1 and CDR2 sequences and only four

amino-acid differences in their L-chain CDR3 sequences. The

sequences of the NNA7 and N92 Fab fragments also differed

at L-chain positions 1–7. Despite these subtle differences, the

NNA7 Fab had significantly higher affinity for the N-antigen

compared with the parental N92 Fab (Czerwinski et al., 1998).

To identify the basis for enhanced antigen-binding affinity by

the NNA7 Fab fragment, its L-chain CDR3 sequence was

mutated from Gly to Ser at position 91 (i.e. the G91S muta-

tion) to match that of the parental, lower affinity N92 Fab

fragment. This single change dramatically decreased the affi-

nity for N antigen of the resulting NNA7-G91S Fab fragment

as determined by ELISA and by its failure to agglutinate

human red blood cells (Song, Czerwinski et al., 2004).

To elucidate the molecular basis for NNA7 binding to the

glycopeptide N antigen, as well as a reason for the markedly

decreased affinity caused by the G91S substitution, we solved

the crystal structures of the NNA7 and NNA7-G91S Fab

fragments by molecular replacement. The structures revealed

that the antigen-combining site forms a large crescent-shaped

cleft consistent with the need to accommodate glycopeptide

antigens. Owing to the absence of antigenic ligand during

crystallization, an MES buffer molecule was trapped within

the antigen-combining site and interacted with residues

derived from the H-chain CDRs. The six-membered hetero-

cyclic ring of the MES molecule adopted a chair conformation

which resembles a carbohydrate hexose subunit. Comparison

of the structure of the NNA7–MES complex with the binding

modes of natural protein–carbohydrate interactions suggested

that this buffer molecule provides insights into the recognition

determinants of the NNA7 Fab fragment for the glycan moiety

of its target antigen. The L-chain G91S mutation falls within

the crescent-shaped antigen-combining cleft and correlates

well with the location of antigen binding. In addition, the

G91S substitution in the L chain has structural consequences

resulting in a deflection of the adjacent peptide backbone of

the H-chain CDR3. The steric clash changes the variable-

region structure at the confluence of the H-chain and L-chain

CDRs, which is manifested by changes in crystal packing.

These results are discussed in light of the crystal contacts with

the Ser0-Ser0-Thr0-Lys0-Val0 sequence, which may mimic the

natural GPA-encoded peptide (Fig. 1a), and nearby GOL

molecules occupying the antigen-combining pocket, which are

possible mimics of the O-glycans of the glycopeptide N

antigen.

2. Methods

2.1. Protein purification and crystallization

Protein expression and purification methods have been

described previously (Song, Xie et al., 2004). Using hanging-

drop vapor-diffusion methods, crystals of NNA7 grew after 6 d

at 293 K from 22–24%(w/v) polyethylene glycol 5000 mono-

methylether, 0.10 M MES buffer pH 6.5, 0.30 M (NH4)2SO4

and 2–8 mM YCl3. Crystals of the NNA7-G91S mutant were

obtained under comparable conditions, but were significantly

smaller (50 � 50 � 100 mm) and required longer than three

weeks to reach maximum size.

2.2. X-ray data collection, processing and structure
determination

X-ray diffraction data were collected on a single crystal of

NNA7 to 1.83 Å resolution using an in-house X-ray source as

described elsewhere (Song, Xie et al., 2004). Diffraction data

for the NNA7-G91S mutant were collected at station A1 of

the Cornell High Energy Synchrotron Source (CHESS, Ithaca,

NY, USA). Intensities were recorded on a Quantum 210 CCD

detector (ADSC) using a crystal-to-detector distance of
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Figure 1
Schematic depiction of the primary sequence of the antigenic GPA
glycopeptide. (a) The polypeptide sequence of the N-terminus depicting
the amino-acid polymorphisms that differentiate the M and N antigens.
O-Glycosylated residues are marked with asterisks. (b) Structures of the
O-glycans at positions 2, 3 and 4 that contribute to MN antigenicity. The
sugars are abbreviated as follows: Gal, galactose; GalNAc, N-acetyl-
galactosamine; NANA, N-acetylneuraminic (sialic) acid.



220 mm and an exposure time of 60 s per degree. Data were

processed and scaled with the Crystal Clear software package

(Pflugrath, 1999). Crystals of NNA7 and NNA7-G91S

belonged to space group P212121, with unit-cell parameters

a = 57.9, b = 77.1, c = 118.1 Å and a = 57.60, b = 71.12,

c = 122.9 Å, respectively, with one Fab molecule per asym-

metric unit. Data-reduction statistics are summarized in

Table 1.

Each Fab fragment structure was solved by molecular

replacement using AMoRe (Navaza, 1994). The NNA7 struc-

ture was solved using the 48G7 Fab fragment (PDB code 1aj7)

as a search model (Wedemayer et al., 1997), whereas the

structure of NNA7-G91S was solved using the NNA7 struc-

ture as a search model. Both search models were divided into

their respective constant (C) and variable (V) regions, with the

intervening hinge sequences removed. Rotation- and

translation-function searches were conducted using structure-

factor amplitudes between 3.0 and 15.0 Å resolution and

resulted in solutions with a correlation coefficient of 45.5 and

an R factor of 47.8% for the NNA7 structure and a correlation

coefficient of 52.6 and an R factor of 46.2 for the NNA7-G91S

structure.

2.3. Structure refinement

The molecular-replacement solution of NNA7 was

subjected to 7500 K torsional annealing as implemented in

CNS (Brünger et al., 1998) (final R factor of 37.1% and Rfree of

44% for data between 2.65 and 25 Å resolution). The resulting

model was utilized in automated model building using

diffraction data from 1.90 to 25 Å resolution as implemented

in ARP/wARP v.6 (Perrakis et al., 1999). The final R factor and

Rfree of the model were 20.6 and 30.4%, respectively. The

resulting electron-density maps were of sufficient quality that

a majority of the side chains and their rotamers could be

assigned by inspection of (2Fo � Fc) and (Fo � Fc) maps in O

(Jones et al., 1991). During the refinement process it was

discovered that nearly 20% of the protein sequence in CH1

differed from the expected sequence (Song, Xie et al., 2004).

DNA sequencing and conceptual translation into an amino-

acid sequence corroborated the electron-density observations

and the final sequence was defined accordingly. The structure

was refined by cycles of manual rebuilding in O with cycles of

simulated annealing, positional and individual B-factor

refinement in CNS (Brünger et al., 1998) to a final resolution

of 1.83 Å. A comparable strategy was used to refine the

NNA7-G91S structure. The final refinement statistics are

summarized in Table 1.

Throughout this paper, the amino-acid numbering system of

the L chain of the NNA7 Fab fragment follows the standard

immunological approach (Wu & Kabat, 1970; Kabat et al.,

1977), which was used in the initial description of NNA7

(Czerwinski et al., 1998). Similarly, the sequence and

numbering of the NNA7 H chain were provided in the initial

description of the N92 MoAb (Czerwinski et al., 1994); the

N92 H-chain Fd fragment was used to construct NNA7 (Song,

Czerwinski et al., 2004). Additional details for the numbering

scheme were derived from http://www.bioinf.org.uk courtesy

of Dr A. C. R. Martin. The complete amino-acid sequences of

the NNA7 L chain and of the NNA7 H-chain Fd fragment,

along with the Kabat numbering, are provided as supple-

mentary material1.

3. Results and discussion

3.1. Structure determination and fold of the NNA7 Fab
fragment

The structures of the NNA7 and NNA7-G91S Fab frag-

ments were solved by molecular replacement. The quality of

each structure is indicated by its high-resolution diffraction

data, refinement statistics (Table 1), R/Rfree values of 20.4/

24.7% and 22.2/26.3%, respectively, and representative

electron-density maps (Figs. 2a and 4a). There is one Fab

fragment (one L-chain and one H-chain Fd fragment) per

asymmetric unit. Of the total of 220 amino acids in the L chain,

217 were observed for NNA7 and the G91S mutant. Of the 230
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Table 1
Intensity and refinement statistics for NNA7 and NNA7-G91S structures.

Values in parentheses are for the highest resolution shell.

NNA7 NNA7-G91S

Intensity statistics
Resolution range (Å) 1.83–36.7 (1.83–1.90) 1.97–24.4 (1.97–2.04)
Space group P212121 P212121

Unit-cell parameters
(Å)

a = 57.9, b = 77.1,
c = 118.1

a = 57.6, b = 71.1,
c = 122.9

Molecules per AU 1 1
Solvent content (%) 56.4 50.7
No. of measurements 161696 147694
No. of unique reflections 38051 (953) 35107 (2741)
Average redundancy 3.7 (1.4) 4.21 (3.34)
Completeness (%) 92.4 (53.0) 96.4 (88.1)
Rsym† (%) 6.5 (29.3) 7.0 (42.4)
I/�(I) 12.9 (2.4) 9.6 (2.6)

Refinement statistics
Resolution range (Å) 1.83–36.7 1.97–24.4
Total No. of reflections 45378 35104
No. of protein atoms 3889 [430 amino acids] 3296 [429 amino acids]
No. of water atoms 612 246
No. of glycerols 2 5
No. of MES molecules 1 1
R factor/Rfree/Rcryst‡ (%) 20.4/24.7/20.1 21.8/26.2/22.0

R.m.s. deviations from ideality
Bond lengths (Å) 0.005 0.009
Bond angles (�) 1.4 1.6

Ramachandran plot§
Most favored (%) 91.9 90.5
Additionally allowed (%) 7.6 9

Temperature factors
hB factori, protein (Å2) 29.0 41.0
hB factori, waters (Å2) 61.4 63.3

† Rsym = ½
P
jIðhÞj � hIðhÞij=

P
IðhÞj� � 100, where I(h)j is the observed intensity of the

jth measurement of reflection h and hI(h)i is the mean intensity of reflection h. ‡ R =
ð
P�
�jFoj � jFcj

�
�=
P
jFojÞ � 100, where Fo and Fc are the observed and calculated

structure-factor amplitudes. Rfree is calculated using a test set of reflections that were
randomly selected and excluded from the refinement, Rwork is calculated using the
remaining reflections and Rcryst is calculated using all reflections in the resolution range of
refinement. § As described by Laskowski et al. (1993)

1 Supplementary material has been deposited in the IUCr electronic archive
(Reference BE5042). Services for accessing these data are described at the
back of the journal.



amino acids in the heavy chain, 213 were observed for NNA7

and 212 were observed for the G91S mutant. The main-chain

electron density for both structures is well defined and

contiguous with exception of a disordered loop (Fig. 2c) within

the C-terminal portion of the H chain (residues H130–H133 of

NNA7 and H128–H133 of the G91S mutant). A C� super-

position of the refined NNA7 Fab fragment and the molecular-

replacement search model indicated that the principal axis of

rotation relating the L and H chains deviated by 16� (Fig. 2b).

Although the individual domains superimposed with an
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Figure 2
Representative electron density and schematic diagrams of the Fab fragment structure. (a) Omit electron-density map for the NNA7-G91S mutant Fab
fragment with coefficients (Fo � Fc). The map is contoured at the 3.5� level. The H-chain (Asp58) and L-chain (Tyr32 and Ser91) residues are colored
blue and pink, respectively, with the symmetry-related H-chain residues (His1990, Pro2000, Ser2020 and Ser2030) in cyan. Glycerol (yellow) and water
molecules (i.e. W139) are shown in the antigen-combining pocket. (b) C� superposition of the NNA7 Fab fragment and the 48G7 search model. The
alignment was performed by superimposing the constant regions. The NNA7 Fab fragment is shown in yellow and 48G7 is depicted in blue. (c) Ribbon
representation depicting the global fold of the NNA7 Fab fragment. The L and H chains are shown in pink and blue, respectively. The CDRs from L and
H chains are shown in light grey and light blue, with respective text labels in grey and blue. The �-helices of the L chain are in red (denoted �) and those
of the H chain are purple. The MES and GOL molecules are represented by yellow and red space-filling models. The dashed blue line indicates a break in
the chain arising from disordered electron density.

r.m.s.d. of 0.8 Å, the relative constant (C) and variable (V)

region orientations exhibited a significant rigid-body move-

ment relative to the search model, which implied that the

linkers (Fig. 2c) possess considerable flexibility; this is relevant

in documenting the effects of the site-directed G91S mutation,

which impacts the L-chain/H-chain interface. Nonetheless, the

buried surface area at the L-chain/H-chain interface remains

fairly constant despite changes in conformation and sequence,

with 11 296 Å2 buried for the search model compared with

11 598 Å2 for NNA7 (Fraczkiewicz & Braun, 1998). Notably,

crystal contacts at the V and C regions of NNA7 promote

ordered linkers (Fig. 2c) and this region is devoid of confor-

mational heterogeneity in both the wild-type and mutant

structures.

The global fold of NNA7 comprises L and H chains, each

with V and C regions that are joined through a well structured

linker (Fig. 2c). Each region represents a conserved

immunoglobulin Greek-key �-barrel structure whose walls are

formed by three-stranded and five-stranded antiparallel

�-sheets. Additional short �-helices were found in the loop

regions of the V and C regions of the L chain (VL and CL), as

well as in the V region of the H-chain Fd fragment (VH); these

represent atypical secondary-structural elements, since anti-

bodies traditionally comprise primarily �-sheet structures

(Schiffer et al., 1973). The respective helices of the L and H



chains are: �1 (L79–L83, H83–H87), �2 (L121–L127, H97–

H100B) and �3 (L183–L187, H200–H203) (Fig. 2c).

3.2. Structural changes resulting from the G91S mutation

It became clear during the initial crystallographic analysis

that the NNA7-G91S mutant exhibited significantly altered

unit-cell parameters relative to the wild-type NNA7 Fab

fragment (Table 1). This suggested that the mutant Fab

structure underwent conformational changes as a result of the

single amino-acid change in the L-chain CDR3. A super-

position analysis of the global wild-type and mutant structures

revealed that the overall structures differed in a significant

way, with an overall r.m.s.d. of 0.82 Å distributed over all

C�-atom pairs (Table 2). A comparison of the structures

resulting from a C-region superposition revealed that the V

regions underwent a modest rigid-body change that propa-

gated through the linker residues (Figs. 3a and 3b). To discover

additional differences in the individual domains or chains,

further paired superpositions were performed to reveal the

largest backbone differences. The

results demonstrated that the N-termini

of the chains were most different and

that changes were greater in the H

chain compared with the L chain

(Table 2). However, differences were

greater in VL compared with VH.

Furthermore, the greatest r.m.s. differ-

ences were observed when comparing

the local CDR3 sequences of either the

H or L chains (Table 2).

The antigen-combining site of a Fab

fragment comprises six CDRs: three in

VL and three in VH (Fig. 2c). The CDRs

comprise genetically diversified loops

and strands located on the periphery of

the �-barrel of each paired VL and VH.

The remaining portions of the V

regions consist primarily of �-sheets

that provide a framework to support

the CDRs. Hence, the CDRs determine

both the antigen-specificity and affinity

of the antibody, which are fine-tuned by

clonal selection in germinal B-cell

centers (French et al., 1989). Prior

studies of antigen–antibody inter-

actions showed that CDRs contribute

differently to antigen binding; among

L-chain CDRs, CDR3 residues domi-

nated these contacts, especially the

amino acids at positions 91, 94 and 96

(Wedemayer et al., 1997). Our obser-

vation that the CDRs of NNA7 and

NNA7-G91S have relatively different

backbone agreement (maximum

r.m.s.d. values of 0.45 and 0.40 Å,

respectively; Table 2) supports the prior

evidence documenting that a single

amino-acid change at L-chain position

91 markedly modifies the affinity of the

NNA7 Fab fragment (Song, Czerwinski

et al., 2004).

The largest changes in the antigen-

binding pockets occur at position 91 of

the L-chain CDR3 (the site of the single

amino-acid change) and at residue

Tyr100b of the H-chain CDR3. In
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Figure 3
‘Side’ view (a) and 90� rotated ‘front’ view (b) of the superposition of the NNA7 and NNA7-G91S
structures. NNA7 is yellow and NNA7-G91S is blue. The L chain containing Ser91 is pink and the H
chain containing Tyr100b is cyan; both residues are shown as space-filling models. In the NNA7 and
NNA7-G91S structures, L-chain CDR3 sequences and their associated linkers are shown in orange
and magenta, respectively. (c) Crystal packing diagram of NNA7 and (d) of NNA7-G91S. Structures
are in similar orientations. Yellow and blue molecules represent symmetry-related objects. Only the
packing partners flanking the top and bottom of the red molecule are shown.



addition, changes at the confluence of these two critical CDR3

sequences are manifested as changes in the backbone that

propagate to and terminate at the respective linker regions

(Figs. 3a and 3b), which absorb the movement owing to their

inherent flexibility (Fig. 2b). The net result is a rigid-body

motion of the V region relative to the C region (Figs. 3a and

3b) that impacts not only the V-region alignment between

wild-type and mutant structures, but also the crystal packing

(Figs. 3c and 3d). Although the crystal packing of both

structures is very similar, the G91S mutant displayed a more

compact structure in which two symmetry-related objects are

closer by approximately 3 Å compared with the wild-type

structure (Figs. 3c and 3d). Such differences provide a

plausible explanation of how the G91S mutation causes subtle

changes in the molecular shape of the Fab fragment and its
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Figure 4
Close-up views of the antigen-combining site of the NNA7 and NNA7-G91S structures. (a) Surface representation of the antigen-combining site of the
NNA7 Fab fragment complexed with MES (ball-and-stick model). The L chain is pink and the H chain is blue. The position of the L-chain G91S mutation
is shown as a red patch. Simulated-annealing omit (Fo � Fc) electron-density map for the NNA7 MES molecule is shown at the 3� contour level. (b)
Schematic diagram of the mode of MES binding to NNA7. (c) A theoretical model of galactose binding to the same site as in (b). All amino-acid residues
are positioned exactly as in the experimental NNA7 structure. Dashed lines indicate possible hydrogen bonds with associated distances; the red spheres
indicate water molecules.

interaction with the relevant ligand (see below). Additional

structural analysis will be required to determine the exact

molecular basis by which these two Fab fragments differen-

tially bind to the authentic N-type glycopeptide antigen.

3.3. A portion of the antigen-combining site is occupied by a
molecule of MES

The antigen-combining site of the NNA7 Fab fragment is a

semicircular cleft at the apex of the V regions that is

approximately 9 Å wide by 12 Å deep (Figs. 2c and 4a). The

dimensions of the pocket are consistent with the ascribed

biological function of the antibody, which entails recognition

of up to five amino acids at the N-terminus of GPA and at least

some of the attached O-glycans (Fig. 1). Although no antigen

was included in the crystallization medium, the antigen-

combining site is occupied by a MES molecule derived from

the crystallization buffer (Fig. 4a). The residues interacting

with MES are exclusively in VH and participate in (i) elec-

trostatic interactions, (ii) hydrogen bonds and (iii) hydro-

phobic contacts (Fig. 4b). For example, three H-chain residues

donate hydrogen bonds to the sulfonic acid moiety of the MES

molecule, including the backbone amide group of Gly33, the

amide side chain of Asn95 and the �-OH group of Ser53. The

hydroxyl group of Ser53 engages in a bifurcated hydrogen-

bond interaction with the sulfonic acid group and also donates

a hydrogen bond from its backbone amide (Fig. 4b). Such

complementary electrostatic interactions are unlikely to be

related to GPA binding since specificity has been reported to

be sialic acid-independent. Other hydrogen bonds include

involvement of the hydroxyl group of Tyr100b, which interacts

with the tertiary amine of the morpholino ring. Finally,



hydrophobic contacts and complementary fit contributed to

MES binding. In particular, the side chains of Trp52 and Tyr98

engage in edge-to-face contacts with each side of the

morpholino ring (Figs. 4a and 4b). Additional evidence

supporting the relevance of the MES-binding site for blood-

group N-antigen recognition is suggested by the observation

that the NNA7 Fab fragment differed from the parental N92

MoAb at positions 1–7 at the N-terminus of its L chain (Song,

Czerwinski et al., 2004). Although the actual distance between

the MES molecule and the N-terminus is 22 Å, a simple

conformational change in CDR3 could result from changes to

the N-terminal sequence, which makes direct contacts to

CDR3 in the NNA7 structure (Fig. 2c). This spatial proximity

reveals a rationale for how modest changes in the N-terminus

of the L chain could influence the antigen-combining site as

suggested previously (Song, Czerwinski et al., 2004).

3.4. MES as a structural mimic for galactose

Structurally, the morpholino group of an isolated MES

molecule is a molecular mimic for hexose sugar subunits, such

as those of the O-glycans attached to GPA. In contrast, the

sulfonic acid group is spatially equivalent to a �-glycosidic

linkage, although stereochemically distinct. To explore

whether the interaction of this buffer molecule with the Fab

fragment serves as a mimic for the natural mode of glyco-

peptide antigen recognition, a galactose molecule from the

human galectin-3 carbohydrate-recognition domain (PDB

code 1a3k; Seetharaman et al., 1998) was manually super-

imposed upon the MES molecule in the antigen-combining

site of the NNA7 Fab. Interestingly, the morpholino ring

possessed a similar pucker to galactose and

several hydrogen-bond interactions were

possible between the Fab fragment and the

sugar (Figs. 4b and 4c). The protein residues

involved were exclusively located in the

H-chain CDR sequences. For example, the

O-2 hydroxyl group of the galactose could

form a hydrogen bond with the Tyr100b

hydroxyl group (Fig. 4c). In addition,

carbohydrates are known to participate in

hydrogen bonds with water molecules that

are pre-bound to the protein (Cygler et al.,

1991). As such, it is possible that the O-4

and O-6 hydroxyl groups of the super-

imposed galactose could form hydrogen

bonds with water molecules W8 and W173

that are observed in the NNA7 structure

(Fig. 4c). W8 is located within hydrogen-

bonding distance of the Gly54 backbone

amide group, whereas W173 binds to the

Asp58 carboxyl group. Such indirect

contacts are present in the galectin-3

carbohydrate-recognition domain structure,

although in this case the O-4 and O-6

hydroxyl groups of galactose not only

contacted certain amino-acid residues

through interactions with water molecules,

but also formed direct hydrogen bonds with

specific side chains (Seetharaman et al.,

1998). The hypothetical MES-derived polar

interaction with the O-4 hydroxyl group of

the galactose model is especially important
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Table 2
Superposition of C� atoms between NNA7 and NNA7-G91S.

Superposition
type

R.m.s.
deviation
(Å)

Maximum
displacement
(Å) Location/residue

Overall 0.822 2.58 H chain, 212 (C-terminus)
L chains 0.685 1.94 187
H chains 0.817 2.70 212 (C-terminus)
Constant regions 0.369 1.08 L chain, 187
Variable regions 0.212 1.01 L chain, 2 (N-terminus)
L-chain variable 0.245 — —
H-chain variable 0.129 — —
CDR1 L chain 0.183† 0.307 27B
CDR2 L chain 0.165† 0.209 54
CDR3 L chain 0.264† 0.451 91
CDR1 H chain 0.157† 0.218 27
CDR2 H chain 0.146† 0.175 54
CDR3 H chain 0.237† 0.397 100b

† Based on the mean r.m.s.d. values obtained only from CDR atoms, whose positions
were obtained from a superposition between all C� atoms of the wild type and mutant in
the variable region.

Figure 5
Stereoviews of crystal contacts at the antigen-combining site. (a) NNA7 Fab fragment, (b)
NNA7-G91S Fab fragment. The H-chain and L-chain residues are blue and pink, respectively.
Residues derived from the symmetry-related H-chain crystal contact are shown in cyan; the
remaining residues on the symmetry-related H chain are shown in white. MES and GOL
molecules are depicted as ball-and-stick models. Conserved hydrogen bonds are shown as
dashed green lines. The residues that exhibit noticeable structural changes as a result of the
G91S mutation in the L chain are depicted in purple. The particular hydrogen bonds that are
unique to the wild-type and mutant structures are shown in orange (a) and blue (b).



because the orientation of the O-4 hydroxyl group is often a

key feature for the selectivity of recognition of specific

carbohydrates by proteins (Bush et al., 1999).

3.5. A model for glycopeptide recognition

As described above, the high-resolution diffraction results

obtained in this study identified the presence of a bound MES

molecule in the antigen-combining site. However, in the

crystal structures, the antigen-combining site is also occupied

by a �-strand from the H-chain constant region (CH1) of a

symmetry-related Fab molecule (Fig. 5a). Significantly, the

sequence of this �-strand, Ser2020-Ser*0-Thr*0-Lys*0-Val2060, is

very similar to that of the natural GPA N-terminal peptide

sequence (Fig. 1a), with two of the three residues that corre-

spond to O-glycosylation sites of GPA (marked with asterisks)

occupied by either GOL or MES (Fig. 5a). In particular,

Ser2030 and Lys2050 interact with and are adjacent to GOL

and MES, respectively. GOL was used as a cryoprotectant for

the crystal and was observed during structure refinement

(Table 1 and Fig. 2a); its hydroxyl-rich structure has been

noted previously to be analogous to that of a sugar (Unligil &

Rini, 2000).

Collectively, the ‘surrogate ligands’ described above provide

the basis for a model of glycopeptide binding by NNA7 that

also accounts for the loss in affinity resulting from the G91S

mutation (Fig. 5b). In this model, the �-strand and GOL

molecule serve as putative mimics of the respective peptide

and sugar moieties of the GPA antigen. Specifically, these

ligands form site-directed and unique contacts only to CDR

residues derived from the L (e.g. His27D, Tyr32 and Gly91)

and H (e.g. Ser31 and Tyr98) chains (Fig. 5a). As such, the

details and location of these interactions were highly sugges-

tive of a glycopeptide ‘readout’ model. Notably, no compar-

able interactions were observed at any other location in the

structure. With regard to the interaction details, both wild-type

and mutant NNA7 Fab structures indicated that Ser2030 O�

hydrogen bonds with a GOL molecule that mediates a

hydrogen-bond contact to the carbonyl O atom of the L chain

at Gly/Ser91 (Figs. 5a and 5b). In GPA the corresponding

Ser2* (Fig. 1b) is glycosylated, suggesting that the observed

hydrogen-bonding pattern may reflect how this O-linked

oligosaccharide interacts at Gly91. The interpretation of GOL

as a glycan mimic is supported by solution evidence suggesting

that disruption of the Gly91 local structure results in a loss in

antigen affinity for the mutated NNA7 (Song, Czerwinski et

al., 2004). Similarly, the backbone of Lys2050 may be a mimic

for Thr4* of GPA, with MES serving as a mimic of the

attached glycan (Figs. 1a and 5a). This model is based on the

observation that the Lys2050 amide backbone accepts a

hydrogen bond from the H-chain hydroxyl group of Tyr98, i.e.

a side-chain-independent readout mechanism. Furthermore, if

the Lys2050 side chain were substituted with Thr (as in GPA),

the peptide would be approximately positioned for an

O-glycosidic linkage to a monosaccharide at position O-1

(Fig. 4c). These observations further strengthen the hypothesis

that MES is a conformational mimic of a hexose. Finally, this

proposed model suggests that if Thr2040 of the �-strand crystal

contact were equivalent to Thr3 on GPA (Figs. 1a and 5a),

then the O-glycan attached to this residue of GPA points

‘away’ from the antigen-binding cleft of NNA7 and does not

contribute to antigen–antibody binding. Although the specific

details of carbohydrate recognition have not been examined

for each GPA residue, the model provides a testable hypoth-

esis that can be addressed in future experimental studies.

3.6. The effect of the G91S mutation on antigen binding

The Gly-to-Ser substitution at L-chain position 91 signifi-

cantly lowers the binding affinity of the mutated NNA7 Fab

fragment for the N antigen (Song, Czerwinski et al., 2004). A

comparison of the wild-type and mutant structures (Figs. 5a

and 5b) revealed two immediate effects of this mutation upon

the antigen-combining site. Firstly, a single hydrogen-bond

contact is lost between His27D of the L chain and Ser2030 in

CH1, the putative mimic of the N antigen (Figs. 5a and 5b).

Secondly, the longer side chain of L-chain Ser91 in NNA7-

G91S establishes two new hydrogen-bond contacts: with the

His34 imidazole ring of the L chain and the carbonyl O atom

of Tyr98 of the H chain (blue lines in Fig. 5b). The latter two

contacts are absent in the wild-type structure and appear to

make the L-chain CDR3 more rigid. Consequently, the larger

conformationally restricted side chain of Ser91 pushes the

H-chain CDR3 outwards, causing a significant shift at the

L-chain/H-chain interface. This effect accounts for the signif-

icant r.m.s.d.s of 0.45 and 0.40 Å in the pairwise superposition

of CDR3s at amino acids Ser91 and Tyr100b (Table 2). The

overall effect of the Gly-to-Ser substitution is the generation

of a slightly wider antigen-binding cleft in the mutant,

resulting in the trapping of an additional GOL molecule in the

antigen-combining site (Fig. 6). In addition, the movement of

the H chain is greater than that of the L chain, as shown by the

r.m.s.d.s for these regions of 0.82 and 0.69 Å, respectively. The
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Figure 6
Superposition of the structures of the antigen-combining sites of NNA7
(yellow) and NNA7-G91S (blue). Differences in the structures are
accentuated by changes in the label color.



net effect is that the movement of the H chain is propagated in

both directions throughout VH (Figs. 3a and 3b), which is

likely to have significant consequences for antigen binding.

4. Summary and conclusions

Multiple antibodies recognize glycopeptide antigens

comprising peptide and carbohydrate components. However,

none of these interactions has yet been characterized at the

molecular level. As such, we solved the structure of the NNA7

Fab fragment, which recognizes the human blood-group N

antigen, to elucidate the molecular interactions with the

clinically relevant GPA-encoded glycopeptide antigen. Struc-

tures of the wild-type NNA7 Fab fragment and of the NNA7-

G91S loss-of-function mutant were determined by the

molecular-replacement method and refined to high resolution.

Both crystal structures identified an MES buffer molecule

trapped in the antigen-combining site that appeared to be a

structural mimic of galactose. Analysis of the crystal-packing

interactions suggested a mode of glycopeptide antigen binding

that could account for the deleterious effects of the G91S

substitution in the L chain. Diminished antigen binding by

NNA7-G91S was attributed to steric clashes between the

Ser91 side chain of the L chain and the backbone of the

H-chain CDR3. The resulting clash caused a subtle backbone

rearrangement that propagated through the V regions. This

model provides testable hypotheses for future structure–

function studies and establishes the structural groundwork for

crystallographic analysis of the NNA7 Fab fragment liganded

with its bona fide glycopeptide antigen, which is necessary to

validate the conclusions presented in this study.
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