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The role of contact interactions in the crystallization of

membrane proteins was assessed by mutation of amino-acid

residues on the surface of the reaction center from

Rhodobacter sphaeroides. Five single-site mutants were

constructed, with changes in contact regions found in the

trigonal and tetragonal forms but not the orthorhombic form.

Crystallization trials for the tetragonal form yielded either no

crystals or crystals with an altered morphology, whereas

crystals grew in the other two forms, indicating that these

interactions are essential for the stability of the tetragonal

crystals. Changes in the structures determined by X-ray

diffraction of trigonal crystals for each mutant were related to

the quality of the diffraction. Signi®cant differences in the

resolution limit of the crystals were associated with the loss of

speci®c interactions between neighboring proteins. The results

suggest that the contact regions are crucial for obtaining

highly ordered crystals of membrane proteins.
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1. Introduction

Integral membrane proteins play critical roles in many cellular

processes, but our understanding of their function remains

limited owing to the challenges in obtaining crystals of these

proteins that are suitable for X-ray diffraction studies (Bowie,

2000). Dif®culties stem from the detergents needed to solu-

bilize these proteins by binding to the region of the protein

normally found in the membrane. This requirement both

tremendously increases the number of crystallization condi-

tions that must be screened and excludes a large region of the

protein surface from the formation of protein±protein

contacts that are necessary to stabilize the crystalline state.

Membrane proteins such as the reaction center, the cyto-

chrome bc1 complex and cytochrome c oxidase contain large

extramembranous segments on one or both sides of hydro-

phobic transmembrane �-helices; the contacts in crystals of

these proteins are generally found in these hydrophilic regions

(Deisenhofer et al., 1985; Iwata et al., 1995; Tsukihara et al.,

1996; Xia et al., 1997; Zhang et al., 1998). Packing in crystals of

proteins that do not include any signi®cant portion of the

protein that extends from the membrane shows even more

limited protein±protein contacts. For example, only one or two

major interactions are found in crystals of the light-harvesting

complex II from Rhodopseudomonas acidophila (McDermott

et al., 1995) and the KcsA ion channel (Doyle et al., 1998). In

several cases, signi®cant contacts are provided by bridging

molecules such as heptanetriol in the crystals of the light-

harvesting complex II from Rhodospirillum molischianum

(Koepke et al., 1996) and a gold compound in crystals of the
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MscL channel (Chang et al., 1998). Speci®cally bound deter-

gent molecules also have been found to play a critical role in

establishing crystal contacts involving a hydrophobic region of

fumarate reductase (Iverson et al., 1999). Thus, a challenge for

the crystallization of membrane proteins is that these few

interactions provide a tenuous opportunity for the ordering of

the proteins in crystals.

The role of surface residues in crystallization has been

characterized for water-soluble proteins such as lysozyme

(Matthews, 1995; Iyer et al., 2000), but less is known about

their signi®cance in the crystallization of membrane proteins,

where they are likely to be more prominent because these

favorable interactions are restricted to regions external to the

membrane. The contribution of contact regions in the crys-

tallization of membrane proteins has been examined by

addition of a hydrophilic domain, use of a protein isolated

from several different species and manipulation of surface

residues (Iwata et al., 1995; Zhang et al., 1998; Pautsch et al.,

1999); however, a general mechanism for optimizing these

interactions has not been developed. In this work, we report

on how alterations of the amino-acid residues at contact sites

in the reaction center, a model membrane-protein system,

in¯uence the ability to crystallize the protein in several forms

as well as the quality of the crystals as measured using X-ray

diffraction. Since the reaction center packs differently for each

of several space groups, the contact sites can be selectively

altered and the effects on the crystallization of each form

compared.

The reaction center serves as a useful model system for

studying the crystallization of membrane proteins as the

protein is stable in a variety of detergents, can be altered using

molecular genetics and has been extensively characterized

(Feher et al., 1988). The reaction center from Rhodobacter

sphaeroides can be crystallized in three different space groups

yielding wild-type structures (Allen et al., 1987; Chang et al.,

1991; Ermler et al., 1994; Stowell et al., 1997) with resolution

limits of 2.8 AÊ for the orthorhombic form (P212121), 2.65 AÊ for

the trigonal form (P3121) and 2.2 AÊ for the tetragonal form

(P43212). The residues from the three protein subunits, L, M

and H, participating in the contact sites are found in different

hydrophilic regions of the reaction center (Fig. 1a). Several

regions are common to all three forms, but other regions of the

protein participate in contact sites only in one or two of the

forms. In general, the orthorhombic form, which diffracts the

poorest of the three forms, has the fewest contact regions. The

tetragonal form has a unique contact formed by GluL205 and

residues TyrM76 and LysM110 from a symmetry-related

protein (Fig. 1b). Similarly, an interaction involving ThrM21,

TyrL73 and LysL82 is found in the trigonal and tetragonal

forms but not in the orthorhombic form.

To test the importance of the protein±protein interactions in

establishing the crystal order, we targeted speci®c amino acids

in the contact regions of particular forms. These mutants were

constructed to determine if a single protein interaction would

have an effect on the crystal order and were not necessarily

designed to produce better quality crystals. In most of the

mutants, an interaction such as a hydrogen bond is necessarily

removed by the amino-acid change. Five single-site mutations

were made. The changes ThrM21!Leu [TL(M21)] and

ThrM21!Asp [TD(M21)] were designed to in¯uence

Figure 1
Structure of the wild-type reaction center from R. sphaeroides. (a)
Backbone with the residues that have been found in a contact site in any
one of the three crystal forms. All of the residues are located in the
hydrophilic regions away from the central membrane-spanning region.
The three residues at which mutations were made are labeled. (b) One of
the contact interactions that is found only in the tetragonal form. Shown
are residues GluL205 of one protein (shaded with atom types colored)
and TyrM76 and LysM110 of a neighboring protein (shaded light tan).
The residues form a bridge and hydrogen bonds that probably contribute
to the high degree of crystalline order of this form.



primarily both the trigonal and tetragonal forms, while

the mutations TyrM76!Phe [YF(M76)], TyrM76!Lys

[YK(M76)] and GluL205!Leu [EL(L205)] were designed to

act preferentially upon the tetragonal form.

2. Experimental

2.1. Mutagenesis, protein isolation and crystallization

Mutants of the reaction center were constructed and the

proteins isolated as previously described (Williams et al.,

1992). Before crystallization, samples were further puri®ed

with a tertiary amine column using FPLC (Pharmacia LKB,

Uppsala, Sweden). After this chromatography step, the

protein was used either directly for the crystallization solu-

tions or dialyzed against either 15 mM Tris±HCl pH 8, 0.025%

LDAO , 1 mM EDTA or 15 mM Tris±HCl pH 8.0, 0.8% �-octyl

glucoside, 1 mM EDTA. Preparations and crystallization trials

for the wild-type reaction center were performed in parallel

with the mutants.

Crystallization trials were performed for the reaction

centers from the wild type and each mutant in the ortho-

rhombic, trigonal and tetragonal forms (Allen et al., 1987;

Ermler et al., 1994; Allen, 1994). For all three cases, drops

containing 20±50 ml of a protein solution were equilibrated by

vapor diffusion against a 1 ml reservoir. For the orthorhombic

form, the protein solution contained reaction centers at a

concentration of 10 mg mlÿ1, 0.06% LDAO, 12% poly-

ethylene glycol 4000, 0.3 M NaCl, 3.9% heptanetriol and

15 mM Tris±HCl pH 8.0. The reservoir contained 22% poly-

ethylene glycol 4000, 0.6 M NaCl and 15 mM Tris±HCl pH 8.0.

For the trigonal form, the protein solution contained

20 mg mlÿ1 protein, 0.08% LDAO, 0.75 M potassium phos-

phate pH 7.5, 3.5% heptanetriol and the reservoir contained

1.6 M potassium phosphate pH 7.5. For the tetragonal form,

the protein solution contained 16 mg mlÿ1 protein, 5.0%

polyethylene glycol 4000, 0.85% �-octyl glucoside, 0.4%

benzamidine hydrochloride and the reservoir contained 32%

polyethylene glycol 4000. In addition to tests with these

speci®c conditions, crystallization trials were performed in

each case with small variations of approximately 10% in the

concentrations of the detergents and amphiphiles and larger

(�30%) variations in the salt and protein concentrations. For

every set of conditions, 5±10 identical wells were prepared.

2.2. Measurement of X-ray diffraction data

For the wild type and each mutant, data were initially

measured using a rotating-anode X-ray generator with an

R-AXIS II detector (Rigaku, The Woodlands, Texas) and

processed using DENZO (Otwinowski & Minor, 1997). To

measure the diffraction data at the maximum possible reso-

lution, data sets were subsequently measured at the Stanford

Synchrotron Radiation Laboratory (beamline 7-1) and

processed using MOSFLM (Leslie, 1999). For the wild type

and each mutant, the data sets were collected from crystals in

the trigonal form mounted in capillaries at room temperature.

Low-temperature measurements were avoided because of the

possible introduction of disorder arising from freezing. Data

sets obtained from one crystal were used for most mutants,

except that two data sets were merged for TL(M21). Three

mutants exhibited an apparent increase in sensitivity to

X-rays: TL(M21), YF(M76) and YK(M76). As a result of this

sensitivity, the use of single data sets for YF(M76) and

YK(M76) resulted in a low level of completeness. The

incompleteness of the most X-ray sensitive mutant TL(M21)

was overcome by merging three data sets, but the resulting

Rmerge was high. The highest quality data sets are from the

synchrotron data, except for EL(L205), which exhibited an

unusually large variation in diffraction quality, with the best

data set being measured using the R-AXIS system. For each

mutant, diffraction data were measured from between two and

four crystals and were processed independently.

2.3. Structure determination

The three-dimensional structure was determined for the

wild type and each of the single-site mutants using X-ray data

measured for the trigonal crystals. The starting model was the

reaction center solved in the trigonal form (McAuley et al.,

1999; PDB ®le 1qov) with the appropriate amino-acid substi-

tutions at the mutated sites. Each model was re®ned using
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Figure 2
Crystals, grown under identical conditions, of reaction centers from (a)
wild type and (b) the mutant EL(L205). The wild-type crystals shown in
(a) belong to the tetragonal space group P43212 (Table 1). The mutant
shows a clearly different morphology to that observed for wild-type
reaction centers and a signi®cant decrease in size. The scales are the same,
with the wild-type crystal having a length of 10 mm.
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rigid-body re®nement followed by least-squares re®nement

and molecular dynamics using CNS (BruÈ nger & Rice, 1997)

and modeled using O (Jones et al., 1991). The mutant struc-

tures were re®ned without the presence of the water molecules

and ions at the contact sites. The re®nement statistics and the

quality of the models were evaluated using PROCHECK

(Laskowski et al., 1993). Figures were produced using

Raster3D (Merritt & Bacon, 1997) and XTALVIEW (McRee,

1993). Evident in the electron density for the wild-type

structure were features not previously identi®ed, which will be

described elsewhere.

3. Results

3.1. Effect of mutations on crystallization

For each mutant and the wild type, crystallization experi-

ments were set up using individual conditions that result in the

three crystal forms for the wild type (Table 1). Between ®ve

and ten identical wells were prepared with each of the three

crystallization solutions and these trials

were repeated using two or three different

preparations of the protein. Crystals were

obtained in the orthorhombic form for all

mutants except for YK(M76). These crystals

had a similar morphology and diffraction

quality as the wild type, but because of the

limited quality of this form further char-

acterization of these crystals was not

pursued and the lack of crystals for

YK(M76) may be spurious. We conclude

that to a ®rst approximation the orthor-

hombic form was not strongly affected by

the mutations, consistent with the design

that these changes are not in contact regions for this form.

For the trigonal form, crystals were obtained for each

mutant with the same morphology as wild type. Crystals of one

mutant, TL(M21), only appeared after two months compared

with two to three weeks for the wild type and the other

mutants. In contrast, only two mutants, YK(M76) and

EL(L205), yielded crystals using the tetragonal conditions.

These crystals were small and had a different morphology to

the wild type (Fig. 2). The mutations clearly had a drastic

effect on the ability to obtain the tetragonal form, consistent

with the location of these residues in a contact region for this

form. These results show that a single amino-acid residue in a

unique contact region can govern the disposition of a crys-

tallization trial.

3.2. Structural changes associated with crystalline order

To relate the diffraction quality to speci®c structural

changes, full data sets were measured for crystals of each of

the mutants in the trigonal form and the three-dimensional

structures were solved. Representative sets

are presented in Table 2 and only those

features found in every data set are

described. The diffraction data for the

TL(M21), YF(M76) and YK(M76) mutants

have a quality comparable to wild type,

while the data from crystals of the

TD(M21) and EL(L205) mutants were

consistently of poorer quality. The three-

dimensional structures showed that the

only signi®cant alterations were near the

mutation sites, with minimal backbone

changes compared with the wild-type

structure, indicating that the lower diffrac-

tion quality was a consequence of speci®c

changes at the contact sites.

Examination of the contact region near

ThrM21 showed a region containing several

water molecules that provides an inter-

acting bridge between the symmetry-

related proteins in the wild type through a

hydrogen-bond network (Fig. 3). The

mutation of Thr to Leu at M21 results in

Table 1
Crystallization summary for the wild type and mutants.

Observation of crystals² for different strains³

TL(M21) TD(M21) YF(M76) YK(M76) EL(L205)
Wild type Thr!Leu Thr!Asp Tyr!Phe Tyr!Lys Glu!Leu

Orthorhombic P212121 + + + + ÿ§ +
Trigonal} P3121 + + + + + +
Tetragonal P43212 + ÿ ÿ ÿ New form²² New form²²

² Sizes of the crystals varied, with the largest crystals typically having dimensions of 1 � 1 � 10 mm for
orthorhombic, 3� 3� 10 mm for trigonal 10 � 10 � 2 mm for tetragonal. ³ Subunit and residue number shown
in parentheses of strain name; the mutation is listed on the second line. § The lack of crystals for YK(M76) may
be spurious. } All of these crystals yielded diffraction data as summarized in Table 2. ²² These crystallization
conditions yielded a new crystal form as shown in Fig. 2(b). Typical tetragonal crystals for the wild type are shown
in Fig. 2(a).

Figure 3
Stereo diagram of a contact region for the trigonal form in the wild type (blue shade) and the
TD(M21) mutant (green shade). In the wild type, residue ThrM21 of one protein forms a
contact with residue TyrL73 of the neighboring protein through a bridging molecule that is
tentatively identi®ed as an ion (dark sphere). Also involved in these contact interactions are
HisH126 near M21, GluL72 and LysL82 (not shown) of the symmetry-related protein and
several water molecules (light spheres). Replacement of Thr by Asp in the TD(M21) mutant
results in loss of all electron density associated with the bridging ion and water molecules,
resulting in no close contacts between the two proteins. The electron-density maps are
contoured at 1� and calculated at the highest resolution possible in each case; calculation of
each map at 3.0 AÊ resolution does not alter the features discussed.



some changes to the contact region, but interactions involving

the bridging solvent network remain. When ThrM21 is

replaced by Asp in the TD(M21) mutant, most of the electron

density for the solvent is lost. Although identi®cation of the

molecule bridging M21 and L71 in the wild type is not de®-

nitive, it is most likely a negative ion that is lost owing to an

unfavorable interaction with the negatively charged carboxylic

group introduced in the TD(M21) mutant.

Although residue GluL205 is not directly involved in any

contact interaction in the trigonal form, this residue does

interact with HisH68, which is part of a loop that closely

interacts with the same region from a symmetry-related

protein (Fig. 4). The electron density of the EL(L205) mutant

indicates that the replacement of Glu by Leu results in the

incorporation of an ion near L205 and H68.

Associated with these structural changes is

an alteration in the position of H68 and a

shift of the H68±H72 loop coupled with the

loss of water molecules at the interface

between neighboring proteins. Thus,

EL(L205) mutations led to the loss of

speci®c protein±protein interactions at the

contact sites for the trigonal form. Thus, for

both the TD(M21) and EL(L205) mutants

there is a speci®c interaction loss at a

contact site for the trigonal form. In both

cases, a change in a charged surface residue

disrupts an interaction mediated by solvent

molecules. The loss of the interacting bridge

appears to lead to a signi®cant decrease in

the contact strength and a consequent

increase in the disorder of the crystal.

4. Discussion

The nature of the protein±protein contacts

was found to have a signi®cant impact on

the morphology and diffraction quality of

the crystals. The alterations resulted both in

the loss of the tetragonal crystals and in changes in the order

of the diffraction data for crystals in the trigonal form. The

change of a single amino-acid side chain was suf®cient to

affect the crystal quality, even though the reaction center is

large, with over 800 amino acids. Since the structures of the

mutants are essentially the same as the wild type, the changes

in crystal quality can be interpreted in terms of changes in

bond interactions arising from the mutations and not gross

structural rearrangements of the backbone. Interactions

mediated by ions or water molecules appear to be particularly

susceptible to alterations involving ionizable residues because

of compensation for changes in the charge distribution on the

surface of the protein by the loss or addition of bound solvent

molecules.

For water-soluble proteins, the impact of

surface residues in controlling protein

solubility and providing protein±protein

contacts has been established by studies

that systematically altered such residues

(McElroy et al., 1992; Jenkins et al., 1995;

Matthews, 1995; D'Arcy et al., 1999, Long-

enecker et al., 2001). Single-site mutations

were shown to lead to new crystalline

forms (see, for example, Longenecker et al.,

2001), consistent with the observations for

the reaction-center mutants. The applic-

ability of altering surface residues for

integral membrane proteins was demon-

strated by crystallization studies of two �-

barrel proteins, OmpA and OmpX, in

which membrane-exposed regions of the

protein were mutated (Pautsch et al., 1999).
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Figure 4
Stereo diagram of a contact region for the trigonal form in the wild type (blue) and the
EL(L205) mutant (red). In the wild type, GluL205 interacts with HisH68, which is part of a loop
formed by residues H68±H74 that is close to the same loop of a symmetry-related protein. This
contact interaction is mediated by water molecules (blue) associated with ThrH72 and ThrH74.
The substitution of Leu for Glu at L205 results in the association of a molecule, probably an ion
(red), near L205 and H68 and loss of the bridging water molecules.

Table 2
Diffraction and structural data for the wild type and mutants.

Values in parentheses are for the last 0.1 AÊ shell.

Strain²

TL(M21) TD(M21) YF(M76) YK(M76) EL(L205)
Wild type Thr!Leu Thr!Asp Tyr!Phe Tyr!Lys Glu!Leu

Unit-cell parameters³ (AÊ )
a, b 141.8 142.6 142.1 141.7 142.6 141.8
c 187.5 187.4 187.7 186.8 187.6 187.4

Resolution limit§ (AÊ ) 2.55 2.8 3.0 2.7 2.7 3.5
Total re¯ections 157490 155581 128588 75641 177373 114799
Unique re¯ections 68536 51118 39407 35679 42176 26839
F/� 37.0 (3.1) 20.2 (2.9) 21.0 (2.3) 18.0 (2.1) 25.2 (2.4) 21.0 (1.7)
Rmerge (%) 14.7 (18.2) 25.4 (35.8) 14.3 (26.6) 10.3 (21.0) 16.6 (32.5) 23.2 (28.1)
Completeness (%) 95.9 (85.4) 93.5 (87.2) 88.8 (51.4) 59.5 (38.7) 69.1 (53.1) 95.9 (93.6)
Rcryst (%) 18.5 20.9 19.9 21.2 20.9 21.6
Rfree (%) 20.7 23.6 23.8 25.2 24.4 26.1
R.m.s. deviations

Bonds (AÊ ) 0.007 0.007 0.008 0.008 0.008 0.008
Angles (�) 1.46 1.28 1.61 1.31 1.33 1.57

Ramachradran plot
Most favorable (%) 91.4 90.3 88.2 84.7 87.7 88.5
Additionally allowed (%) 8.6 9.7 11.8 15.3 12.3 11.5
Disallowed (%) 0.0 0.0 0.0 0.0 0.0 0.0

Average B factor (AÊ 2) 36.5 42.0 45.4 48.0 52.5 65.0

² Subunit and residue number shown in parentheses of strain name; the mutation is listed on the second
line. ³ All diffraction data are from crystals in the trigonal space group P3121 (Table 1). § The lower resolution
limit was set to 30 AÊ for all data sets.
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For both proteins, mutations resulted in new crystalline forms

that diffracted better than the native forms. Our results show

that mutations of �-helical integral membrane proteins also

can produce new forms, indicating that this is probably a

general aspect of membrane-protein crystallization.

The role of protein±protein interactions is balanced by the

role played by detergent molecules, which occupy a large

fraction of the space in crystals of membrane proteins. Since

crystals are often formed in conditions near consolute

boundaries (Garavito et al., 1996), interactions involving

detergent molecules probably help to form protein aggregates.

The arrangement of the bulk of the detergent molecules is

random, so these interactions necessarily are limited in their

ability to order the protein in the crystals. Interactions invol-

ving protein side chains and ions provide the speci®c

connections that are needed to precisely arrange the proteins.

If the contact interactions are too limited, crystals may form

but be too disordered to diffract X-rays to high resolution.

Thus, there are several factors that can be altered in order

to improve on the tenuous nature of the contacts needed for

the crystallization of membrane proteins. Most crystallization

attempts involve changing the composition of crystallization

solutions using a trial-and-error process. Complicating the

crystallization screening of membrane proteins are the added

parameters introduced by the presence of the detergents and

amphiphiles. By utilizing conditions that are speci®c to the

choice of detergent, the number of initial conditions tested can

be greatly decreased (Garavito et al., 1996). The number of

amphiphiles tested in the screening process can be reduced by

matching the amphiphiles to physical properties of the

detergents (Rosenow et al., 2001). In addition to issues

concerning protein solubility and stability, the choice of

detergent is crucial, as the detergent molecules can play

critical roles in establishing contact sites involving hydro-

phobic regions of the protein as found in fumarate reductase

(Iverson et al., 1999). The use of mutants with alterations of

surface-exposed loops can potentially provide new interac-

tions between proteins that will facilitate crystallization.

Finally, once crystals are obtained, improvement in the crys-

talline quality should be achievable by using low-resolution

structural models to target the alteration of amino-acid

residues that are providing the speci®c protein±protein

interactions at the contact sites.
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