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The glycoprotein rhamnogalacturonan acetylesterase from

Aspergillus aculeatus has been crystallized in two crystal

forms, an orthorhombic and a trigonal crystal form. In the

orthorhombic crystal form, the covalently bound carbo-

hydrate at one of the two N-glycosylation sites is involved in

crystal contacts. The orthorhombic crystal form was obtained

at pH 5.0 and the trigonal crystal form at pH 4.5. In one case,

the two crystal forms were found in the same drop at pH 4.7.

The differences in crystal packing in the two crystal forms can

be explained by the pH-dependent variation in the protona-

tion state of the glutamic acid residues on the protein surface.
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1. Introduction

Crystallization of the protein remains as one of the bottle-

necks in protein structure determination by X-ray crystallo-

graphy. The quality of the crystals depends strongly on the

intermolecular protein±protein interactions. In a study by

Janin & Rodier (1995), protein±protein contacts were

analyzed with respect to their number and size, disregarding

the chemical nature of the residues engaged in the inter-

actions. They found that the contact areas between protein

molecules in crystals are much smaller than those found in

biologically active protein complexes, such as an antibody±

antigen complex. The areas of the protein buried in crystal

contacts are comparable to the interfaces created at random in

computer simulations of two proteins tossed against each

other (Cher®ls et al., 1991). These ®ndings agree with the

conclusions reached by Crosio et al. (1992) from a study of the

protein±protein interactions in six different crystal forms of

bovine pancreatic ribonuclease. They found that the inter-

actions were non-speci®c and involved practically all regions

of the protein surface.

Although the crystal packing may generally be non-speci®c,

the literature contains several examples of how the crystal-

lization process can be in¯uenced by selective engineering of

the amino-acid residues involved in crystal contacts. Some

illustrative examples are the study of glutathione reductase

(Mittl et al., 1994) and the cross-linking of a dimer in one of

the crystal forms of lysozyme through the formation of

disul®de bridges (Heinz & Matthews, 1994). Human H ferritin

was genetically modi®ed in the intermolecular-contact region

to create a Ca2+-binding site at the site where Cd2+ binding

took place in the horse and rat enzymes. This chemical change

improved the diffraction quality of the crystals signi®cantly

(Lawson et al., 1991). In a recent study of aspartyl-tRNA

synthetase by Charron et al. (2002), point mutations were

introduced at the contact surfaces in order to analyse the

effect of ionic interactions and hydrophobic contacts. Gener-

ally, disruption of contacts, both ionic and hydrophobic,



hindered crystallization, but when contacts were added the

diffraction quality of the crystal was improved.

The pH of the medium may in¯uence the ionic crystal

contacts and it is well known that pH can be an important

parameter that in¯uences the quality and growth of protein

crystals. The variation in the protein charge will be most

signi®cant at pH values around the pI of the protein, normally

where the solubility is lowest.

Rhamnogalacturonan acetylesterase from Aspergillus

aculeatus (RGAE) is a 24.6 kDa glycoprotein. Together with

rhamnogalacturonan lyases and hydrolases, RGAE degrades

the backbone of rhamnogalacturonan I, the highly branched

part of pectin, which is one of the major components of the

primary cell wall in higher plants (Schols et al., 1990; Kofod et

al., 1994; Searle-van Leeuwen et al., 1992; Kauppinen et al.,

1995). RGAE is a member of carbohydrate esterase family 12

(Henrissat, 1991) and belongs to the GDS(L) lipase family

(Upton & Buckley, 1995), also referred to as the SGNH

hydrolase family (Mùlgaard et al., 2000). RGAE has been

crystallized in orthorhombic and trigonal crystal forms

(Mùlgaard et al., 1998), both of which were obtained at pH

values close to the pI (Kauppinen et al., 1995) of the protein,

which makes them suitable for an investigation of crystal

packing as a function of pH. The crystal structure of RGAE

was determined for the orthorhombic crystal form at 1.55 AÊ

resolution (Mùlgaard et al., 2000) and subsequently to a higher

resolution (1.12 AÊ ) based on synchrotron-radiation data,

which enabled an anisotropic description of the thermal

parameters and its carbohydrate struc-

ture (Mùlgaard & Larsen, 2002). The

good diffraction quality of the ortho-

rhombic crystals was unexpected as

RGAE is heavily glycosylated. The

trigonal crystals are of poorer quality,

diffracting to a maximum resolution of

2.5 AÊ at an in-house source. Both crystal

forms appear in the pH range 4.5±5.0,

which is close to the pI of RGAE, with

the orthorhombic form appearing at the

higher pH. Thus, RGAE provides an

opportunity to investigate how pH in¯u-

ences crystal packing; we report here the

structure determination for the trigonal

form of RGAE. In contrast to the

orthorhombic form, the trigonal form contains two RGAE

molecules in the asymmetric unit. An analysis of the two

structures showed that the differences in the crystal packing

can be rationalized in terms of the protonation state of the

glutamic acid residues on the surface of the protein.

2. Methods

2.1. Crystallization, data collection and processing

The enzyme was crystallized as described previously and

two different crystal forms were obtained: an orthorhombic

form at pH 5.0 and a trigonal form at pH 4.5 (Mùlgaard et al.,

1998) (see Table 1). At intermediate pH, both crystal forms

were found in the same drop. X-ray intensity data for the

trigonal crystal form were collected in-house using a Rigaku

R-AXIS IIC image-plate system and were processed using the

HKL package (Gewirth, 1994) and the CCP4 package

(Collaborative Computational Project, Number 4, 1994) as

previously described (Mùlgaard et al., 1998). Experimental

details are listed in Table 2.

2.2. Structure determination and refinement

The structure of the trigonal crystal form was solved by

molecular replacement (MR) using the previously determined

1.55 AÊ orthorhombic structure of RGAE (1deo) as a search

model. The program used was the original version of AMoRe

(Navaza, 1994) and re¯ections in the resolution range 15.0±

3.0 AÊ were used for all MR calculations. The rotation search

gave two clear peaks, one for each of the two molecules in the

asymmetric unit, with a correlation coef®cient of 77.9% and an

R factor of 27.7%. When the correct space-group symmetry

(P3121) was applied to the MR solution, there were no over-

laps in the crystal packing.

The structure was re®ned using X-PLOR v.3.851 (BruÈ nger,

1992b). The geometry was restrained using the parameter set

of Engh & Huber (1991) and 10% of the data were kept out of

the re®nements and used to calculate an Rfree value (BruÈ nger,

1992a). An initial round of re®nement was performed using

strict NCS restraints between the two molecules. A bulk-

solvent correction was performed using the method of Jiang &
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Table 1
Crystallization.

Orthorhombic
Orthorhombic
and trigonal Trigonal

Crystallization
conditions

1.4 M Li2SO4 or
1.4 M (NH4)2SO4,
0.1 M NaOAc pH 5.0

19% PEG 4000,
18% 2-propanol,
0.1 M citrate buffer
pH 4.7

18% PEG 4000,
20% 2-propanol,
0.1 M citrate buffer
pH 4.5

Space group P212121 P212121 and P3121 P3121
Z 4 4 and 12 12
Unit-cell parameters (AÊ )

a 52.14 75.36
b 56.87
c 71.89 212.30

VM² (AÊ 3 Daÿ1) 1.90 3.06
Solvent content (%) 35 60

² Assuming an average glycosylation of 3.5 kDa.

Table 2
Data-collection statistics.

Values in parentheses are for the outer resolution shell.

No. re¯ections used² 124934
No. rejected³ 5507
Resolution range (AÊ ) 30.0±2.49 (2.62±2.49)
Completeness(%) 98.8 (93.0)
I/�(I) > 2 (%) 87.9 (71.6)
Rmerge (%) 8.7 (45.2)
Multiplicity 5.0 (5.6)
Biso from Wilson plot (AÊ 2) 56.8

² Number of re¯ections with a partiality above 0.5. ³ Number of re¯ections failing the
merging procedure.
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BruÈ nger (1994). No carbohydrate or water molecules were

included in this initial model. The electron-density maps were

examined and two GlcNAc residues were included in the

model, one at each of the two N-glycosylation sites, Asn104

and Asn182. The electron-density maps did not reveal the

additional features of the carbohydrate structure that were

identi®ed in the orthorhombic form. The next round of

re®nement was performed using restrained NCS. The initial

weights on the NCS restraints were taken as the default values

from X-PLOR and were applied to all residues. After this, a

round of rebuilding was performed and water molecules were

added. The residues involved in crystal contacts were identi-

®ed and the NCS restraints were loosened for these residues.

A round of slow-cooling simulated annealing was performed

to allow these residues to adopt independent conformations.

The ®nal round of re®nement yielded R = 0.182 and

Rfree = 0.222. The ®nal model included two molecules, each

with 233 amino-acid residues, two GlcNAc residues and 59

water molecules. The average B factors for the two molecules

were 43.8 and 44.0 AÊ 2, respectively. The two NCS-related

molecules superimpose with an overall r.m.s.d. of 0.096 AÊ

based on the C� atoms.

2.3. Analysis of crystal packing

The interfaces of the crystal contacts were identi®ed in the

orthorhombic and the trigonal crystal forms of RGAE by

manual inspection of the structures using the program

TURBO-FRODO (Roussel & Cambillau, 1992); the accessible

surface areas were calculated using the program NACCESS

(Hubbard & Thornton, 1993). The CCP4 program CONTACT

was used to obtain a list of the pairwise interactions between

intermolecular residues (Collaborative Computational

Project, Number 4, 1994).

The area buried in an interface is de®ned in the following as

Bint = (A1 + A2) ÿ A12, where A1 and A2 represent the

accessible surface area of the independent molecules and A12

is the accessible area of the pair. Bint thus describes the area

buried on both molecules involved in the interface. The

accessible surface area corresponds to the area covered by

rolling a probe with radius 1.4 AÊ all over the van der Waals

surface of the protein (Lee & Richards, 1971). In Tables 3

and 4, each contact is only represented once and the total

buried area of all the contacts represents the total area buried

for one molecule. In the case of the trigonal crystal form, the

total buried area is for the AB pair of NCS-related molecules,

except for contact 1, which is the contact between the two

independent molecules.

3. Results and discussion

3.1. Overall differences in the crystal packing

When the two molecules from the trigonal crystal form are

superimposed with the molecule from the orthorhombic

crystal form, the average r.m.s.d. is 0.33 AÊ based on C� atoms,

indicating that the molecular structure is identical in the two

crystal forms. All distances above 0.5 AÊ correspond to resi-

dues involved in different crystal contacts in the two crystal

forms, the largest being 1.06 AÊ for Ser80. The two crystal

forms have no crystal contacts in common.

The most obvious difference between the two crystal forms

of RGAE is the large difference in packing density. The lower

solvent content of �35% in the orthorhombic crystal form

compared with the �60% solvent content in the trigonal

crystal form is re¯ected in the much greater number of crystal

contacts in the orthorhombic form (ten per molecule versus

nine for the AB pair of molecules in the trigonal form) and the

buried surface area (32% in the orthorhombic crystal form

versus 17% in the trigonal crystal form) (see Tables 3 and 4).

These differences may very well account for the lower

diffraction quality of the trigonal crystals of 2.5 AÊ compared

with the 1.55 AÊ obtained for the orthorhombic crystal form at

the in-house source.

Chains of molecules related by crystallographic twofold

screw axes are important for the crystal packing in both crystal

forms, but the molecules are oriented differently relative to

the twofold screw axis in the two crystal forms, leading to

distinct differences in the crystal packing. In the orthorhombic

crystal form, the chains of molecules generated by the twofold

screw axis parallel to c (Fig. 1) contains the largest buried area

(contact area 1 in Table 3). Together with the contact area

between the chains, also shown in Fig. 1 (contact 2 in Table 3),

they comprise more than half of the totally buried area per

monomer. The interactions of these chains caused by the

twofold screw axis parallel to the b axis (contacts 3 and 4 in

Table 3) form the second strongest interactions. The weakest

Figure 1
The crystal packing in the ac plane in the orthorhombic crystal form,
showing the chains of molecules connected by a 21 axis along the c axis.
The carbohydrates at the Asn104 and Asn182 N-glycosylation sites are
shown in yellow and purple, respectively. Residues involved in crystal
contacts are shown in green. The ®gure was prepared with the program
MOLSCRIPT (Kraulis, 1991).



interactions are along the a axis, where there is only one

contact area, re¯ecting the smallest buried area.

The two independent molecules (A and B) in the asym-

metric unit of the trigonal crystal form are not related by

point-group symmetry. The interactions between the A and B

molecules comprise the largest buried surface area (contact 1

in Table 4). The AB interactions between the two independent

molecules in the AA and BB chains (contact 1) generate layers

of molecules in the ab plane. The different chains of the A and

B molecules that are generated by the symmetry of the

twofold screw axis have a buried area of almost identical size

(contacts 2 and 5) that is comparable to the area buried

through the interaction between the two independent mole-

cules (contact 1). Figs. 2(a) and 2(b) illustrate the chains of

molecules in the trigonal form and how the interactions

between the AA and BB chains generate layers of molecules

in the ab plane. The other contacts (3 and 4) lead to smaller

buried areas. Contact 3 relates molecules by the threefold

screw axis generating the packing with large solvent channels

shown in Fig. 2(c) formed by alternating AA and BB layers as

shown in Fig. 2(d).

The nature of the interactions that form the crystal contacts

will be examined more closely in the following in terms of salt

bridges, which are known to have an important role in creating

intermolecular contacts in crystals and the role of the carbo-

hydrate in crystal packing.

3.2. Analysis of the crystal contacts

Intermolecular contacts of less than 3.4 AÊ in the two crystal

forms are listed in Tables 5 and 6. In the orthorhombic form

this only involves contact areas 1 and 5. An unusual feature of

the crystal packing in this form is the carbohydrate at the

Asn182 N-glycosylation site, which is involved in crystal

contacts between four symmetry-related molecules (Mùlgaard

& Larsen, 2002), as illustrated in Fig. 1. For this reason, the

glycan structure at Asn182 is quite well resolved in the

electron-density maps in this crystal form. In the trigonal

crystal form it is only possible to identify one carbohydrate

molecule at each of the two N-glycosylation sites. Table 6

shows that the similar packing of the AA and BB chains in

Figs. 2(a) and 2(b) is caused by very similar hydrogen-bond

interactions between the monomers. Glu202 plays an essential

role for the interactions within the AA and BB chains; its side

chain forms hydrogen bonds to the residues in the segment

91±95. One of them is to Glu94; the distances of 2.64 AÊ

(molecule B) and 2.81 AÊ (molecule A) are in the range for

hydrogen bonds between protonated carboxylic acid groups.

Another hydrogen bond that must play a role in the chain

formation is the hydrogen bond between the hydroxy group of

Ser89 and the backbone carbonyl group of Ser227. A similar

short hydrogen bond is seen in the orthorhombic form

between the backbone carbonyl of Ala123 and the hydroxy

group of Tyr188.

The crystal contacts in the trigonal form do not include any

salt bridges; however, the interface between the A and B

molecules contains two very short hydrogen bonds connecting

the hydroxy group of SerB18 to the backbone carbonyl of

ThrA141 and the SerA80 hydroxy to the carboxylate group of

AspB59, suggesting that Asp59 is deprotonated. The largest

contact in the orthorhombic form involves two salt bridges:

Glu55±Lys210 and Lys124±Glu229. The distance between the

hydrogen-bond donor and acceptor in the Glu55±Lys210 salt

bridge is 3.12 AÊ and the side chain of Glu229 shows disorder

that makes it dif®cult to de®ne the distance of the hydrogen-

bond interactions. Considering the pH of 5 of the crystal-
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Table 4
Crystal contacts in the trigonal crystal form.

Contact Symmetry operation
Total buried area
per contact (AÊ 2)

1² (x, y, z) 1192
2³ (ÿx + 1, ÿx + y + 1, ÿz + 1/3),

(ÿx + 1, ÿx + y, ÿz + 1/3)
1059

3 (ÿx + 1, ÿx + y + 1, ÿz + 1/3),
(ÿx + 1, ÿx + y, ÿz + 1/3)

496

4 (ÿx + y, ÿx + 1, ÿz ÿ 1/3),
(ÿy + 1, x ÿ y + 1, z + 1/3)

229

5§ (y ÿ 1, x, ÿz),
(y, x + 1, ÿz)

1053

Total buried area (AÊ 2) 3433
Total area in molecules A + B (AÊ 2) 20105
Fraction of protein surface buried (%) 17

² Contact between the two molecules in the asymmetric unit. ³ AA chains. § BB
chains.

Table 3
Crystal contacts in the orthorhombic crystal form.

Contact Symmetry operation
Total buried area
per contact (AÊ 2)

1 (ÿx + 3/2, ÿy + 1, z ÿ 1/2),
(ÿx + 3/2, ÿy + 1, z + 1/2)

1233

2 (ÿx + 5/2, ÿy + 1, z ÿ 1/2),
(ÿx + 5/2, ÿy + 1, z + 1/2)

663

3 (ÿx + 2, y + 1/2, ÿz + 3/2),
(ÿx + 2, y ÿ 1/2, ÿz + 3/2)

665

4 (ÿx + 2, y + 1/2, ÿz + 1/2),
(ÿx + 2, y ÿ 1/2, ÿz + 1/2)

451

5 (x ÿ 1/2, ÿy + 1/2, ÿz + 1),
(x + 1/2, ÿy + 1/2, ÿz + 1)

444

Total buried area (AÊ 2) 3456
Total area in monomer (AÊ 2) 10790
Fraction of protein surface buried (%) 32

Table 5
Crystal contacts shorter than 3.4 AÊ in the orthorhombic crystal form.

Contact 1
Ser29 OGÐLys119A NZ 3.33
Ser29 OGÐLys119B NZ 3.08
Glu55 OE1ÐLys210 NZ 3.12
Glu55 OE1ÐPhe228 O 3.09
Glu55 OE2ÐPhe228 O 3.37
Ala58 OÐGlu229 OE2A 3.12
Asp59 OD1AÐGly230 N 3.07
Ala123 OÐTyr188 OH 2.76
Lys124 NZÐGlu229 OE2A 3.18

Contact 5
Ser18 OGÐAsp59 O 3.19
Glu55 OE2ÐMan6 O3 2.71
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Figure 2
(a) The crystal packing in the ab plane in the trigonal crystal form, showing only the AA chains of molecules connected by a 21 axis. The carbohydrates at
the Asn104 and Asn182 N-glycosylation sites are shown in yellow and purple, respectively. The residues involved in AA crystal contacts are shown in red
and those involved in BB contacts are coloured green. Interlayer AB contacts are shown in blue. (b) The same orientation as in Fig. 2(a), showing both
the AA (white) and the BB (red) chains. (c) Several AB layers in the ab plane, also shown in Figs. 2(a) and 2(b). Here, the AA chains and BB chains are
shown in red and blue, respectively. The solvent channels along the c axis can be clearly seen. (d) The crystal packing in the ac plane showing the stacking
of the AA and the BB layers perpendicular to the c axis. The AA chains and BB layers are shown in red and blue, respectively. The ®gures were prepared
with the programs MOLSCRIPT (Kraulis, 1991) and O (Jones et al., 1991).



lization conditions relative to the pK value for the Glu side

chain (4.3±4.5) and the presence of positive charge close to the

side chains of Glu55 and Glu229, it is likely that they are

negatively charged. In the trigonal crystal form, Glu55 points

out into the solvent with no intramolecular contacts shorter

than 3.4 AÊ . Glu229 OE1 accepts a hydrogen bond from the

backbone amide of a symmetry-related Val95; OE2 does not

participate in any hydrogen bonds.

The molecules in the orthorhombic form contain a very

short hydrogen bond (2.49 AÊ ) between Glu202 and Glu206

corresponding to the very strong hydrogen bond observed

between carboxylic acid and carboxylate groups, which implies

that one of them must be deprotonated.

Glu202 accepts an additional hydrogen

bond from Tyr30 in the same molecule, but

neither of the two glutamic acid residues are

directly involved in crystal contacts. Their

other hydrogen-bond partners are water

molecules. The glutamic acid±water mole-

cule hydrogen bonds are all relatively short,

between 2.70 and 2.82 AÊ .

As mentioned earlier, the same two Glu

residues and Glu94 are engaged in the

contacts in the AA and BB chains in the

trigonal form (Table 6 and Fig. 2b). Glu206

is hydrogen bonded to the backbone

carbonyl group of Ser89, showing that the

Glu206 side chain must be protonated. The

hydrogen-bond pattern around Glu202 is

more complex, as shown in Fig. 3.

Glu202 OE2 accepts a hydrogen bond

from OG1 from a symmetry-related Thr91.

Four potential hydrogen-bonding partners

are within 3.2 AÊ of OE1: two backbone

amide hydrogen-bond donors and two

hydrogen-bond partners which may be

donors or acceptors, a water molecule and

Glu94 OE2. The protonation state of

Glu202 cannot therefore be determined

unambiguously from the hydrogen-bonding

pattern. However, the hydrogen-bonding

distances involving these glutamic acid side

chains are generally longer in the trigonal

crystal form than in the orthorhombic

form, which suggests that they are proton-

ated in the trigonal form. Glu94, another

residue that is engaged in the crystal

contacts in the trigonal form, is engaged in

an intramolecular hydrogen bond in the

orthorhombic from to the backbone amide

group of Gly92. All other glutamic acids

either have identical conformations in the

two crystal forms or point out into the

solvent.

Of the nine crystal contacts formed for

the pair of molecules in the trigonal crystal

form (Table 4), four of them are intra-chain

AA and BB contacts, including the three

glutamic acids discussed here. These intra-

chain contacts represent 62% of the total

buried area and thus a small part of the

protein surface constitutes the major

packing interaction in this crystal form.
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Table 6
Crystal contacts shorter than 3.4 AÊ in the trigonal crystal form.

AA contacts BB contacts
Contact 2 Contact 5

TyrA30 OHÐGlyA90 N 3.36 TyrB30 OHÐGlyB90 N 3.36
SerB78 OGÐThrB226 OG1 2.92

LeuA79 NÐSerA227 OG 3.05 LeuB79 NÐSerB227 OG 2.75
SerB80 OGÐThrB226 OG1 3.21

SerA89 NÐSerA227 O 3.37 SerB89 NÐSerB227 O 3.36
SerA89 OGÐSerA227 O 2.67 SerB89 OGÐSerB227 O 2.78
SerA89 OÐGluA206 OE2 3.24 SerB89 OÐGluB206 OE2 2.94
GlyA90 NÐTyrA30 OH 3.36 GlyB90 NÐTyrB30 OH 3.36
ThrA91 NÐGluA202 OE1 2.98 ThrB91 NÐGluB202 OE1 3.13
ThrA91 NÐGluA202 OE2 3.30 ThrB91 NÐGluB202 OE2 3.38
ThrA91 OG1ÐGluA202 OE1 2.97 ThrB91 OÐGluB202 OE1 3.15
ThrA91 OG1ÐGluA202 OE2 2.81 ThrB91 OG1ÐGluB202 OE2 2.89
GluA94ÐOE1 GluA202 OE1 3.40 GluB94 OE1ÐGluB202 OE1 3.33
GluA94 OE2ÐGluA202 OE1 2.81 GluB94 OE2ÐGluB202 OE1 2.64
ValA95 NÐGluA229 OE1 3.14
ValA95 OÐGlyA230 N 3.37

PheB144 OÐLysA124 NZ 3.13

AB contacts
Contact 1

SerA9 OGÐAspB101 OD2 3.20
GlyA42 NÐAspB101 O 3.34
AsnA74 OD1ÐAspB101 OD1 2.82
SerA78 OGÐAsnB56 OD1 2.92
SerA80 OGÐAspB59 OD2 2.53
ThrA141 OÐSerB18 OG 2.43
AspA192 OD2ÐTyrB100 OH 3.30
HisA195 NE2ÐAspB101 OD2 3.03

Contact 3
LysA220 NZÐAspB59 O 2.95
SerA221 OGÐTyrB4 OH 3.13
ThrA226 OG1ÐAspB59 OD2 2.88

Contact 4
LysA124 NZÐPheB144 O 3.13

Figure 3
An overlay of the orthorhombic (yellow) and the trigonal (purple) crystal form at the trigonal
AA and BB crystal contacts. The ®gure was prepared using the program MOLSCRIPT
(Kraulis, 1991).
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The crystal contacts in the orthorhombic crystal form are

much less speci®c and involve a much larger part of the

protein surface. The three glutamic acids involved in the major

crystal contact in the trigonal crystal form are all engaged in

intramolecular hydrogen bonding in the orthorhombic crystal

form.

3.3. Discussion

The differences in crystal packing in the two crystal forms of

RGAE can be rationalized in terms of the differences in the

protonation states of the glutamic acid residues that are

located at the patch of the surface which in the trigonal crystal

form is involved in the intra-chain AA and BB crystal contacts:

Glu94, Glu202 and Glu206. Small variations in pH close to the

pI of the protein in¯uence the overall charge of the protein

from neutral in the crystallization conditions for the trigonal

form to a more negatively charged protein at pH 5, the crys-

tallization conditions for the orthorhombic form. This change

in charge is likely to be accommodated by deprotonation of

some of the glutamic acid residues, which have a pK value

close to 4.5. Deprotonation of these glutamic acid residues

in¯uences the surface charge of the protein and leads to the

formation of two salt bridges in the most signi®cant crystal

contact area in the orthorhombic crystal form. Also, the main

crystal contact in the trigonal crystal form is no longer possible

owing to deprotonation of the Glu residues in this area, which

leads to the strong intramolecular Glu202±Glu206 hydrogen

bond. The signi®cance of the overall charge for the crystal-

lization of RGAE explains why the two crystal forms could be

obtained in the same drop at an intermediate pH and shows

the signi®cance of pH as a parameter in protein crystallization.
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