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The NNA7 Fab fragment recognizes the human glycopeptide N

blood-group antigen and has a high af®nity for N-type glycophorin A

(GPA). To provide insight into how antibodies recognize glyco-

peptide antigens, soluble Fab fragments were expressed in Escher-

ichia coli, puri®ed and crystallized using the hanging-drop vapor-

diffusion method at 293 K. The best crystals were obtained from

solutions of PEG monomethyl ether 5000 containing 4±8 mM yttrium

chloride (YCl3). This rare-earth ion, which could be substituted with

various lanthanides, changed the habit of crystals from multi-

nucleated rods with a diffraction limit of 4.25 AÊ resolution to a

diamond-shaped morphology that grew as single crystals and

diffracted X-rays to 1.75 AÊ resolution. Data were collected that

indicated that the crystals belonged to space group P212121, with unit-

cell parameters a = 57.9, b = 77.1, c = 118.1 AÊ and one Fab fragment

per asymmetric unit. A molecular-replacement solution has been

obtained and 86% of the molecule was ®tted by use of an automated

re®nement procedure (ARP).
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1. Introduction

Glycophorin A (GPA) is the most abundant

human red blood cell membrane glycoprotein.

GPA is of biomedical relevance because it

encodes the M and N blood-group antigens,

which are clinically relevant in hemolytic

transfusion reactions and hemolytic disease of

the newborn (Telischi et al., 1976; Sancho et al.,

1998; Parry-Jones et al., 1999). Understanding

the antigenicity of the M and N groups (Fig. 1)

is complicated by the fact that their epitopes

are de®ned both by amino-acid polymorphisms

at positions 1 and 5 of the glycoprotein (Chasis

& Mohandas, 1992) and by O-linked glycans at

residues 2, 3 and 4 (Lisowska et al., 1980).

Although many M- and N-speci®c monoclonal

antibodies have been described (Bigbee et al.,

1983, 1984; Jaskiewicz et al., 1990), few studies

have examined the humoral immune response

to glycopeptide antigens (Hanisch et al., 1995;

Karsten et al., 1998). To this end, we focused on

studying antibodies that recognize the glyco-

peptide epitopes comprising the human M and

N blood-group antigens (Blackall et al., 1992,

1994). We produced an anti-N Fab fragment,

NNA7, the light chain (L) of which was

obtained by selection from an Fab phage

display combinatorial library, whilst its heavy

(H) chain was derived from the parental N92

monoclonal antibody. Consequently, NNA7

retains the immunological characteristics of the

N92 hybridoma antibody (Czerwinski et al.,

1999) but is amenable to manipulation by

molecular-biology techniques (Czerwinski et

al., 2002).

The ability to express large amounts of the

high-af®nity NNA7 Fab fragment makes it an

ideal antibody for the study of the interaction

between an antibody and its glycopeptide

epitope. Such results would have broad impli-

cations for biomedical diagnosis and treat-

ment. Here, we report the crystallization and

preliminary X-ray diffraction analysis of the

NNA7 Fab fragment puri®ed from Escherichia

coli, as well as progress on its structure deter-

mination and re®nement. The re®ned structure

of NNA7 along with known mutants that blunt

NNA7 reactivity, such as G91S in the L chain

of CDR3 (Song et al., 2004), should provide

important insights for understanding the

molecular basis of antibody speci®city for the

N-antigen.

2. Materials and methods

2.1. Protein expression and purification

A phagemid encoding the NNA7 Fab frag-

ment was constructed in the pCom3H vector as

described previously (Czerwinski et al., 1998).

To express a soluble form of the NNA7 Fab

fragment, the pComb3H vector containing the

cDNA sequences of the NNA7 L-chain and

H-chain Fd fragment was restriction-digested

with NheI and SpeI (Roche Diagnostics Co.,

IN, USA), thereby removing the bacteriophage

Figure 1
Positions 1±5 of the M and N blood-group antigens.
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gene III fragment, followed by religation

using T4 ligase (Roche Diagnostics Co.). In

addition, a 6�His af®nity tag was added to

the 30 end of the H-chain Fd fragment. The

resulting vector was electroporated into

E. coli SURE cells (Stratagene, CA, USA)

that were subsequently plated onto LB±

carbenicillin plates. Cells isolated from a

single colony were grown at 310 K overnight

in 0.01 l Super Broth medium supplemented

with 50 mg mlÿ1 carbenicillin and 10 mg mlÿ1

tetracycline (Czerwinski et al., 1998). The

next day 500 ml aliquots from these cultures

were inoculated into 0.2 l Super Broth

containing 50 mg mlÿ1 carbenicillin, 0.1%

glucose and 0.020 M MgCl2 and incubated at

310 K until the OD at 600 nm reached 0.2.

IPTG was added to a ®nal concentration of

1 mM, followed by incubation at 295 K for

an additional 12±16 h. Cells were harvested

by centrifugation at 6000g for 15 min and

periplasmic proteins were released by use

of the B-PER bacterial protein-extraction

reagent (Pierce, IL, USA). The lysate was

centrifuged at 40 000g for 50 min and the

supernatant was dialyzed extensively against

0.050 M NaH2PO4/Na2HPO4 with 0.30 M

NaCl buffered at pH 8.0.

The soluble NNA7 Fab fragments were

collected from 0.5 l bacterial cell lysate and

puri®ed by the use of Ni±NTA resin

(Qiagen, CA) using wash and elution buffers

at pH 6.5; the protein was eluted with 0.10 M

imidazole. The elutant from the Ni±NTA

column was dialyzed against 0.050 M

NaH2PO4/Na2HPO4 pH 8.0 and loaded onto

a 1 ml column of Q-Sepharose (Amersham

Pharmacia Biotech, Sweden). The ¯ow-

through from the column contained the

soluble Fab fragments. This material was

adjusted to 0.30 M NaCl and then loaded

and re-eluted from Ni±NTA agarose (as

described previously). The two-step puri®-

cation was repeated as necessary in order to

obtain pure protein. Following dialysis

against 0.020 M Tris±HCl pH 8.0 containing

0.15 M NaCl, the protein was concentrated

to 6 mg mlÿ1 using a Micro-ProDiCon

ultra®ltration system (Spectrum, TX, USA).

The ®nal protein content was measured

using the bicinchoninic acid protein assay

(Pierce, IL, USA) and the purity of the

protein preparation (�90%) was con®rmed

by SDS±PAGE under reducing and non-

reducing conditions, as described by Czer-

winski et al. (2002). The average protein

yield per preparation is about 300 mg lÿ1.

2.2. Crystallization

Puri®ed NNA7 Fab fragment was dialyzed

against 0.10 M sodium cacodylate buffer pH

6.0 with 0.15 M ammonium acetate and

immediately used for crystallization. The

NNA7 Fab fragment was screened for crys-

tallization using the hanging-drop vapor-

diffusion method at 277 and 293 K with 2 ml

protein solution and an equal volume of

screening reagent. Drops were equilibrated

against 1 ml mother-liquor reservoir solu-

tion contained within the Crystal Tool

(Nextal Biotech, QC, Canada). Crystal

Screen II and the Sodium/Potassium Phos-

phate Quick Screen (Hampton Research,

CA, USA) were used. The best crystals grew

as multinucleated clusters after 6 d at 293 K

from solutions consisting of (NH4)2SO4,

polyethylene glycol monomethyl ether 5000

(PEG MME 5K) and MES buffer. Based on

these conditions, screens were conducted by

varying the pH, salt and PEG concentra-

tions. To further improve the crystals,

Additive Screen 1 (Hampton Research, CA,

USA) was employed as described by the

manufacturer.

2.3. X-ray diffraction experiments

As a prelude to X-ray diffraction analysis,

crystals were cryoprotected by serial trans-

fers into synthetic mother liquor containing

20%(v/v) PEG MME 5K and either 5,

10, 15 or 20%(v/v) glycerol. Crystals were

mounted in 10 mm diameter rayon loops

(Hampton Research) and ¯ash-cooled by

exposure to a stream of nitrogen gas at 95 K

generated by an X-Stream system (Rigaku/

MSC, Japan). X-ray diffraction data were

collected from single crystals using Cu K�
radiation generated by an RU-H2R

rotating-anode generator (Rigaku/MSC,

Japan) operated at 4.5 kW. X-rays were

monochromated and focused with confocal

Blue optics (Osmic, MI, USA) and passed

through a collimator with a 300 mm front-

end pinhole. Intensities were recorded on an

R-AXIS IV image-plate detector (Rigaku/

MSC) with a vertical '-axis. High-resolution

data were recorded at a distance of 165 mm

as 90 � 1� oscillations. Because of spatial

overlaps, a low-resolution data set was

recorded at a distance of 195 mm as 30 � 1�

oscillations. All exposure times were 60 min.

Intensities were reduced and scaled with the

CrystalClear v.1.3.5 software package (P¯u-

grath, 1999). The intensity statistics for the

X-ray diffraction data are summarized in

Table 1.

2.4. Molecular replacement

A molecular-replacement solution for the

NNA7 Fab fragment was obtained using

AMoRe (Navaza, 1994). The search model

was the crystal structure of 48G7 (PDB code

1aj7), an Fab fragment that was expressed in

E. coli as a chimeric protein comprising the

mouse VH and VL regions fused to human

CH1 and CK constant regions, respectively

(Wedemayer et al., 1997). A two-fragment

search was conducted by dividing the struc-

ture of 48G7 into its variable-region residues

(1±105 of the L chain combined with 1±111

of the H chain) and constant-region residues

(111±214 of the L chain and 116±216 of the

H chain). All amino acids of 48G7 were

included in the search model except the

intervening hinge sequences between the

variable and constant regions.

2.5. Automated model building

The molecular-replacement solution was

subjected to 7500 K torsional annealing as

implemented in CNS (BruÈ nger et al., 1998;

®nal Rfactor = 37.1% and Rfree = 44% for data

in the resolution range 2.65±25 AÊ ). The

resulting model was utilized in automated

model building using diffraction data in the

resolution range 1.9±25 AÊ as implemented in

ARP/wARP v.6 (Perrakis et al., 1999). The

initial mode was `automated building

starting from a model'. Re®nement took

place using REFMAC5 (Collaborative

Computational Project, Number 4, 1994) in

`slow' mode using an Rfree test set of 8%.

The `breadth ®rst' C�-recognition option

was selected. Docking of the autotraced

chain to the amino-acid sequence was

implemented after six cycles of autobuilding.

3. Results and discussion

3.1. Crystallization

In order to conserve the amount of NNA7

Fab fragment consumed in crystallization

trials, initial screens were compiled from

Table 1
X-ray diffraction intensity statistics for Fab NNA7.

Values in parentheses correspond to re¯ections in the
highest resolution shell.

Resolution range (AÊ ) 1.83±36.7 (1.83±1.90)
Space group P212121

Unit-cell parameters (AÊ , �) a = 57.9, b = 77.1,
c = 118.1,
� = � =  = 90

No. molecules per AU 1 (450 amino acids)
Unit cell volume (AÊ 3) 527147
Solvent content (%) 56.4
Total No. re¯ections 160483
No. unique re¯ections 43775
Average redundancy 3.7 (1.4)
Completeness (%) 92.4 (53.0)
Rsym² (%) 6.5 (29.3)
I/�(I) 12.9 (2.4)

² Rsym = [
P jI�h�j ÿ hI�h�ij=P I�h�j]�100, where I(h)j is the

observed intensity of the jth measurement of re¯ection h and

hI(h)i is the mean intensity of re¯ection h.
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previously reported Fab structures depos-

ited in the Protein Data Bank (Berman et al.,

2000). The compiled conditions included

various salts such as (NH4)2SO4 or NaCl

combined with PEG 6000 and divalent ions

such as CoCl2. Combinations of these

precipitants were employed in screens over

the pH range 6.5±8.0, but this approach

yielded no suitable crystals. Therefore, a

broader set of conditions was examined by

use of the incomplete factorial compilation

in Crystal Screen 2 (Hampton Research).

Crystals appeared after 10 d at 293 K in

solutions consisting of 0.10 M MES pH 6.5,

0.20 M ammonium sulfate and 30%(v/v)

PEG MME 5K. Subsequently, different

concentrations of ammonium and sulfate

salts including (NH4)2SO4, ammonium

acetate, NH4Cl and Li2SO4 were screened in

the presence of various PEG polymers.

These efforts led to conditions consisting of

22±24%(w/v) PEG MME 5K in 0.10 M MES

buffer pH 6.5 with 0.30 M (NH4)2SO4 that

gave rise to rod-shaped crystal clusters

(Fig. 2a). A few single crystals were

obtained, but these only diffracted X-rays

anisotropically to 4.25 AÊ resolution. To

further improve the quality of the crystals,

Additive Screen 1 (Hampton Research) was

employed, resulting in tetragonal bipyr-

amidal crystals that grew from solutions of

YCl3 after three weeks. Based on this

condition, we optimized the YCl3 concen-

tration and evaluated the effect of other

rare-earth metals including LuCl3, SmCl3

and NdCl3 from the lanthanide series. The

best crystals grew in a tetragonal bipyr-

amidal habit from solutions of 2±8 mM Y3+

or Sm3+ (Fig. 2b).

3.2. X-ray data reduction

The best crystals of the NNA7 Fab frag-

ment diffracted X-rays to 1.75 AÊ resolution

on our in-house source. Complete X-ray

diffraction data were recorded to 2.0 AÊ

resolution, which represents the edge of the

image plate at 165 mm (Fig. 3). Additional

data were recorded in the plate corners to a

level of 53% completeness in the 1.83±

1.90 AÊ resolution shell (Table 1). The high

I/�(I) value of 2.4 in the highest resolution

shell indicated that higher resolution data

could have been obtained, which should be

relevant to future studies of the antibody±

antigen complex. The space group of NNA7

Fab was assigned based upon the auto-

indexing method employed in CrystalClear,

which suggested a primitive orthorhombic

Bravais lattice with unit-cell parameters

a = 57.9, b = 77.1, c = 118.1 AÊ , �= � =  = 90�.
This assignment was consistent with the 2/m

by 2/m reciprocal-lattice symmetry along the

principal axes of the major zones hk0, h0l

and 0kl (Fig. 3). The presence of systematic

absences of the form 2n + 1 from the h00,

0k0 and 00l re¯ection classes suggested the

presence of 21 screw axes indicative of space

group P212121. The resulting VM (Matthews,

1968) was 2.8 AÊ 3 Daÿ1 (solvent content

56.4%), corresponding to one 46.7 kDa

NNA7 Fab fragment per asymmetric unit.

3.3. Molecular replacement

The structure of NNA7 was solved by

molecular replacement by the use of a well

re®ned Fab fragment, 48G7, as a search

model. The 48G7 and NNA7 Fab fragments

have an overall sequence identity of 47%

(62.4% homology). In order to solve the

structure of NNA7, it was necessary to

divide the search model into its variable and

constant regions. The variable regions of the

L and H chains exhibited 55 and 39.6%

sequence identity (68.6 and 61.3%

homology) to those of the NNA7 Fab,

whereas the constant regions of the L and H

chains were 60.2 and 70% identical (87.4 and

84% homologous) to NNA7. The search was

conducted using X-ray data between 3.0 and

15 AÊ resolution and resulted in a top solu-

tion with a correlation coef®cient of 45.5 and

an R factor of 47.8%. The solution had Euler

angles � = 127.3, � = 162.1,  = 149.9� with a

translational component X = 27.3, Y = 18.8,

Z = ÿ13.3 AÊ for the constant region and

� = 77.4, � = 130.3,  = 280.0� with X = 0.1,

Y = 48.9, Z = 51.6 AÊ for the variable region

after rigid-body re®nement. The next

highest solution was false, with a correlation

coef®cient of 36.7 and an R factor of 51.1%.

A comparison of C� residues from the

resulting NNA7 structural solution with the

coordinates of the search model revealed

a signi®cant conformational change in the

relative positions of the constant and vari-

able domains. This change corresponded to a

rigid-body hinge motion of 12� between the

domains and accounted for the fact that the

NNA7 structure could not be solved without

dividing the search model into its respective

variable and constant regions.

3.4. Automated model building

The software package ARP/wARP was

used to ®t the NNA7 L- and H-chain

sequences into electron-density maps

phased by molecular replacement. Nearly

86% of the molecule was ®tted and among

these regions 74% were correct sequences,

2% were ®tted with either poly-Gly or poly-

Ala and the rest were modeled as dummy

atoms (Fig. 4). Overall, the software had a

high success rate in building, but minor

Figure 2
Representative digital images of NNA7 Fab crystals
photographed under polarized light. (a) Rod clusters;
the black bar is 25 mm. (b). Bipyramidal-shaped
crystals grown under the same conditions as (a)
except with 8 mM YCl3 as an additive. The black bar
is 50 mm.

Figure 3
Representative X-ray diffraction image of an NNA7
Fab crystal. The inset box is enlarged. Maximum
resolution in the corner of the plate is 1.75 AÊ .
Observed re¯ections are overlaid with the predicted
diffraction pattern (blue circles). An arrow indicates
Bragg diffraction at 1.88 AÊ resolution.
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mistakes were present. In one instance, two

�-strands were built into a crystallo-

graphically related molecule. Additionally, a

poly-Gly region of the ®rst �-strand was

traced with incorrect strand directionality.

Interestingly, this portion of the structure

was present in the initial search model, but

was removed and later added back by ARP/

wARP. This error was most likely to have

arisen from a combination of two factors.

Firstly, the location of the strand at the

immediate N-terminus of the protein may

have resulted in a lack of restraints for a

proper main-chain connectivity assignment.

More importantly, although the electron

density of this region appeared to be

ordered, the �-strand was of poorer quality

in terms of its signal-to-noise (electrons per

AÊ 3) compared with the core structure. This

attribute may have resulted in a poor prob-

ability score for the initial model that led to

its removal and subsequent replacement

with poly-Gly. Errors in these regions were

detected by comparison of the ARP/wARP

model to the known immunoglobulin fold

and the observation that strand termini were

positioned head-to-head rather than head-

to-tail for peptide-bond formation. Manual

structural re®nement is under way. The ®nal

R factor and Rfree values resulting from

ARP/wARP were 20.6 and 30.4%, respec-

tively. A portion of the electron-density map

and the hybrid from automated building is

shown in Fig. 4.

It is interesting to speculate that the use of

YCl3 may have a general role in improving

the diffraction properties of Fab crystals.

Thus far, only one other Fab structure has

been described in the presence of Y3+.

However, unlike our study, in which YCl3
was employed as a crystallization additive,

the existing Fab structure indicated Y3+ to

be part of the antigenic complex bound in

the variable region (Corneillie et al., 2003).

Therefore, until our NNA7 structure is

re®ned, the location and role of rare-earth

ions in Fab crystallization remain unknown.

In conclusion, the additive YCl3 increased

X-ray diffraction of NNA7 Fab crystals from

4.25 to 1.75 AÊ resolution. A high-resolution

data set was collected to 1.83 AÊ and the Fab

fragment structure was solved by molecular

replacement. The high quality of the data

allowed automated model building by use of

ARP/wARP, which ®tted 86% of the protein

atoms. An examination of minor errors in

the NNA7 hybrid model suggested that

studies utilizing automated building

methods should carefully scrutinize the

veracity of N- and C-terminal structures

comprising �-strands. Overall, this work

represents preliminary progress in our

efforts to understand the molecular deter-

minants leading to antibody recognition of

the human N glycopeptide blood-group

antigen. High-resolution structural infor-

mation should prove useful in combination

with molecular-biology techniques in the

rational design of antibodies with high af®-

nity and high speci®city for targets that

require serological testing in transfusion

medicine.
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Figure 4
Representative portion of a (2Fo ÿ Fc) electron-
density map contoured at the 1.2� level using �calc

from a hybrid model produced by ARP/wARP. The
resolution range for the calculation was 25±1.9 AÊ . A
portion of the model is shown with a tyrosine residue
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